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Dear Dr. Yin,

Please, find attached our revised manuscript entitled “Dynamics of primary productivity in the
northeastern Bay of Bengal over the last 26,000 years” by Zhou et al., which I would like to resubmit
as an Article to Climate of the Past. We truly thank the 2 reviewers for their constructive remarks.
Their expertise in the field gave us a chance to take some aspects of our work a step further and provide,
what we feel is a much improved manuscript. Particularly, we followed the proposition made by
Reviewer #1 regarding the structure of our manuscript and as previously explained in our reply to
reviewers, an entire chapter is now devoted to the results that are now discussed regarding the three
time-intervals highlighted by Reviewer #1 (the last glacial period, the last deglaciation and the
Holocene). Besides, model outputs are now fully integrated with proxy data which help better setting
our arguments up and present our findings in a clearer way.

In the current revised manuscript, all the fundamental changes mentioned in our previous responses to
reviewers have been carefully added, so that the message remains unchanged. We have however
merged some figures and removed a few supplementary ones to provide what we feel is a much clearer
manuscript. You will find below our previous response to the reviewers with changes marked.

Based on the positive feedbacks we received from the referees, highlighting the novelty of our study,
we are further confident that our manuscript, will be of interest to the broad climate science community
and will provide a novel insight into a yet overlooked aspect of the relationship that exists between the
Indian Monsoon and Primary Productivity in the past.

Our resubmission consists of a central text, eight colour figures and five supplementary figures.
On behalf of the co-authors,

Yours sincerely,
Xinquan Zhou



Response to Reviewer #1

Dear reviewer,

Please find below our answers to the constructive remarks you raised regarding our manuscript. They
all have been carefully considered and will provide what we feel is a much improved manuscript. You
will also find all of the modified figures of the new manuscript and Supplementary Material.

Comment #1 (C1): The overall structure of the manuscript and occasional lack of clarity in some
sections is a major shortcoming of the manuscript. For example, results from the model outputs are
not fully integrated with proxy data and are rather independently summarized. Although, this
manuscript presents an important dataset, which is of interest for the scientific community, some of
the interpretations need to be significantly refined and | find few of them not convincing at all (see my
comments on the discussion section below). The fact that only figures are provided as the
supplementary information is also unhelpful and | believe a short text summary is warranted. To
summarize, the manuscript in its present form does not meet the following CP peer review
guidelines/criteria:

1. Are substantial conclusions reached? Needs to be improved (see detailed comments below). 2. Are
the results sufficient to support the interpretations and conclusions? In general yes but some of the
interpretations need to be improved. 3. Is the overall presentation well structured and clear? Needs
to be improved. 4. Is the language fluent and precise? In general yes but there is occasional lack of
clarity in some sections. 5. Should any parts of the paper (text, formulae, figures, tables) be clarified,
reduced, combined, or eliminated? Some discussion sections can be combined to improve clarity and
train of thought. 6. Is the amount and quality of supplementary material appropriate? The
supplementary information lack sufficient information and needs to be significantly improved.

Reply #1 (R1): We agree with Reviewer #1 that despite the important dataset we provide in the
manuscript, some changes in the structure of the manuscript might help describing our results more
clearly, and improving our interpretations and conclusions. Now we clearly separate the result and
discussion sections (new sections 4 and 5, respectively), and fully discuss the model outputs together
with the empirical data in subsections 5.1 to 5.3 (see our Reply 6). This change relies on the relocation
of figures from the Supplementary Material to the main core of the manuscript, and on the addition of
new figures related to simulated Primary productivity (PP) and oceanic profiles in the results. The
number of figures in the supplementary Material is thus reduced, and we significantly improved the

explaining text for all of the remaining figures.

C2: Line 30: The way the monsoon is currently defined need to be improved.

Here, the monsoon is practically presented as a giant sea breeze that is responsive to changes in the
land-sea thermal contrast alone and excludes the more complex aspects of the monsoon and its
relation with the tropical ocean on seasonal to interannual to decadal timescales (e.g. ENSO and 10D).

R2: In addition to the simple ‘sea-breeze’ description of the monsoon, there is, indeed, a description
that focuses on its energetic aspects and provides a broader overview of the mechanisms behind
monsoon variability (Schneider et al., 2014). In the revised manuscript, we now mention both aspects,



and added a few sentences to mention the interannual and decadal changes of monsoon related to
ENSO and 10D variability, an important aspect of Indian Monsoon natural variability. It also echoes
the seasonal and interannual PP changes we describe in the introduction. However, since the present
manuscript chiefly deals with orbital to millennial climate changes, we chose to not fully detail this
aspect in the introduction.

C3: Line 40-53: The subsequent section provides a detailed summary of the oceanographic setting in
the Bay of Bengal and Andaman Sea. To be more articulate and improve clarity, it’s probably best that
comparisons within the Arabian Sea and differences with in the broader Northern Indian Ocean
oceanography are presented in the introduction section.

R3: We totally agree with Reviewer #1. Indeed, in this section, we highlight the specific patterns of
PP in the Bay of Bengal and the Andaman Sea compared to the Arabian Sea. PP in the Arabian Sea is
particularly high compared to the Bay of Bengal and the Andaman Sea during Summer Monsoon, due
to the occurrence of important coastal upwelling that bring nutrients into the photic zone. To the
contrary, summer monsoon is associated with important freshwater inputs in the Bay of Bengal that
cause salinity-driven, water column stratification, resulting in a reduced nutrient input to the upper
water column, and thus subdued PP. Such broad PP difference is an important aspect that we also
highlight when discussing about past evolution (new section 5) and compare our results with previous
works (Schulz et al., 1998; Ivanochko et al., 2005). It seems therefore very important to mention such
modern pattern in the introduction.

Lines 40-53 might not be clear enough, particularly when dealing with acronyms such as the
Andaman Sea or Arabian Sea. Since we don’t refer to the Andaman Sea very often in the manuscript,
we only use diminutives for the Bay of Bengal and the Arabian Sea. We also describe more clearly the
relationship that actually exists between the upwelling system and PP in the Arabian Sea, adding a few
sentences and references (Bartolacei-and Euther 1999 Anderson and Prell, 1992; Madhupratap et al.,
1996; Gardner et al., 1999; Wiggert et al., 2005;:Eiao-et-al;2016) on this aspect. We are aware that in
the western Arabian Sea, the summer upwelling system is quite complex, with for example, a branch

that can transport nutrient to the central part of the Arabian Sea. However, we prefer to not mention
PP distribution in a very detailed way, because we are not able to discuss its evolution and distribution
with such details in the past due to a lack of high-resolution PP.

C4: 2) Site description and oceanographic setting

This section provides a detailed summary of the oceanographic setting of the studied site and is well
written.

Are there any notable differences in seasonal PP variability between the Bay of Bengal and the
Andaman Sea? Perhaps a sentence or two addressing the above question will be helpful.

R4: Geographically and oceanographically speaking, our site is located at the junction between the
northeastern Bay of Bengal and the northern Andaman Sea. These two parts represent open oceanic
settings and are both influenced today by low SSS seawaters originating from the Irrawaddy-Salween
river system (Figs. 1g, f). They are both characterized by annual rates of PP around 100-140 gC m™
yr'' (Fig. 1h, i). Very high annual PP (up to 340 gC m™ yr'') can be observed in coastal settings that



are under the direct influence of river-driven nutrients, but these nutrients are actually consumed in

these proximal environments and do not reach the studied site. Such configuration may have changed
in the past partlcularly durlng the LGM when sea-level was relatlvely low (see Reply 8) However,

m—a—eemp%eteky—diﬁefem—way—&ndeﬁsaeh—emaé&em—éﬁg—H—aﬂd—the most hkely forcmg factor that

might drive orbital and millennial PP changes is monsoon, modulated by sea-level, insolation and/or
AMOC dynamics. Our core location is therefore suitable to test the relationships between these
parameters. As suggested by Reviewer #1, we added a sentence to highlight such similarities between
the northeastern Bay of Bengal and the northern Andaman Sea, in the new version of the manuscript.

C5: 3) Materials and Methods

This section provides a detailed summary of the methodology and is generally well written. However,
information provided on age model reconstruction is insufficient and citation of Figure 2 is not very
useful either. | suggest that the authors provide a summary of the age model including changes in the
rate of sedimentation etc. This can be included in the same section or in the form of a supplementary
material.

RS5: The age model used herein has originally been described in Marzin et al., (2013), and has latterly
been used by Yu et al., (2018) and Ma et al., (2019). Indeed, Marzin et al. (2013) devoted an entire
chapter to this chronological aspect (in their chapter 2.1), and already described all of the important
information required herein, such as the sedimentation rate (represented in their Fig. 3). Therefore, we
decided to refer to Marzin et al. (2013) but we added a figure including the sedimentation rates of the
core within the Supplementary Material (new Figure S1). We discuss this part with extreme caution to
avoid any confusions regarding the age model, and clearly demonstrate its robustness. The Figure 2
has been modified compared to the initial submission. It is now new Figure 23 that includes relative
abundance of coccoliths and reconstructed PP.

C6: 4) Results and discussions

This section of the manuscript is poorly structured and in my opinion, the weakest part of the
manuscript. For example, a large chunk of the text (e.g. section 4.3, section 4.3.1: lines 300 — 317)
should have been included in the methodology section. This has made the discussion section overall
very descriptive and lacking in substance, and most crucially hard to follow. One way of overcoming
this predicament is to divide this section in to two separate sections (i.e., Results and Discussions). For
example, the proxy data and model data results can be grouped into two subsections and the
discussion section should focus on the dynamics of PP variability over the studied time interval. The
Discussion section should also integrate both proxy data and model inferences to build a more
coherent understanding of PP variability over the last 26 kyrs.

Looking at the PP record, it is clear that there are three distinct time intervals that can be discussed
separately including the highly variable LGM (?), the last deglaciation period marked by an abrupt
shift in PP centered around the BA and the Holocene period, which displays a more gradual change.
Therefore, dividing the discussion section accordingly and zooming on these three distinct periods will
significantly improve clarity



R6: We believe that the proposition made by Reviewer #1 regarding the structure of our manuscript
will certainly clarify it, therefore helping to improve the description of our results as well as the
interpretations. Therefore, we changed our manuscript in the light of the suggestions. An entire chapter
is now devoted to the results. In the discussion, empirical data and model outputs are interpreted
simultaneously, which is helpful to build a more coherent scheme behind PP variability. Our results
are now discussed regarding the three time-intervals highlighted by Reviewer #1.

Below is the new structure of chapters 4 and 5:
4. Results
4.1. Coccolith abundances and reconstructed primary productivity over the last 26 kyrs

4.2. Slmulated prlmary productwlty and physwochemlcal proﬁles—m—&h&neﬁheas%ePn—Bay—ef—Beﬁgal

eempaﬂseﬁlescussmn Forcing factors behmd PP variations over the last 26 kyr as revealed by a

model-data comparison

5.1. BuringtThe glacial period
5.2.-PuringtThe last deglaciation
5.3. Buring tThe Holocene

In detail:

e In section 4.1, we present and describe coccolith species abundances and reconstructed PP
(Figure 1 of Author Responsc (Fig. ACHnew Fig. 2).

e Section 4.2. relies on new IPSL-CM5A-LR figures dedicated to model results, that help
understanding and improving model output interpretations i.e. i) simulated PP maps (Fig:
AC2new Fig. 3), and ii) simulated vertical profiles of potential temperature, salinity, potential
density, and nitrate content of the Ganges-Brahmanputra-Meghna and Irrawaddy-Salween river

mouth systems (new Figure 4) and of the northeastern Bay of Bengal under four experimental
runs (Eig—AC3new Fig. 5), under two and four experimental runs, respectively. Itthat helps
discussing climate conditions for the LGM (LGMc), the Heinrich Stadial 1 (LGMf), and the
Mid-Holocene (MH), compared to preindustrial (CTRL). We show the results of annual mean,

summer seasons mean (from June to August, JJA) and winter seasons mean (from December
to February) for all these specific time intervals, in order to evaluate PP changes during the
monsoonal seasons.

e In sections 5.1 to 5.3., we compare our reconstructed PP signal with the published empirical
records previeusty-decumented-inFig—AC4, and with TraCE-21 transient simulations of the
upper water column stratification, SSS, SST and net precipitation (P-E);—previeusty
decumented-inFigS(new Fig. 6). We have mMergeding our previous Figures 4 and 5 into thea
new Figure 6-(Fig-AC4),allews to better discuss PP variations in the monsoonal context. We
also combine atmospheric and oceanic outputs of the four experiments run together with the
simulated PP obtained by the IPSL-CMS5A-LR model (new Fig. 7) in order to better discuss
and interpret our reconstructed PP during the last glacial period (section 5.1;Fig, AC5,-ACH),
the last deglaciation (section 5.2:Fig-AC7-AE8) and the Holocene (section 5.3:FigAC9), as
proposed by Reviewer #1. A new Figure 8 merged from our previous Figures 6 and 8, has been
put in section 5.2.




At last, we moved lines 300 — 317 and all the parts referring to the description of the chosen simulated
variables to the section 3 (Material and Methods).

C7: Lines 205 — 208: the authors write ‘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 ice core 6180 record, representing the rapid climatic changes in north hemispheric high-
latitude areas (Fig. 2; Stuiver and Grootes, 2000).”

But it is stated in section 3.1 that the age model, although primarily based on 31 AMS 14C dates, it
was still tuned to GISP2 Greenland ice core 6180 curve. Can this be considered circular reasoning?

R7: We thank Reviewer # 1 for highlighting this peculiar aspect. Indeed, it might be seen as a circular
reasoning. However, our micropalaecontological data are well in phase with numerous geochemical
data obtained elsewhere in the Tropical Indian Ocean and the Chinese continent, based on sediment
cores and speleothems with totally independent age models, respectively. They also match very well
TraCE-21 and IPSL-CMS5A-LR outputs. Besides, as mentioned above (Reply 5), the age model of core
MD77-176 has already been used by Marzin et al., (2013), Yu et al. (2018), and Ma et al. (2019), i.e.
papers discussing geochemical data at regional and global scales. All these highlights point to a robust
age model and demonstrate that our micropalaeontological data can-be properly be discussed in the
light of the rapid climatic changes recorded in the northern high latitudes. To avoid any confusion, we
rephrased this part of the manuscript focusing on the relationship that exists between PP and SSS of
MD77-176.

C8: Lines 255 — 229: the authors write, ‘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’.
a) Can you independently verify if the wind-driven mixing in the Northern Indian Ocean was
enhanced during the LGM?
b) Which are the intervals of low salinity during the LGM?
c) Isn’t the LGM Andaman Sea significantly more saline compared to other periods such as the
Holocene?
d) How does precipitation minus evaporation impact PP variability in general?
e) What inferences can be made on LGM PP variability from the LGM experiments?

R8: We appreciate these remarks that rise further questions and clearly help us improving our
interpretations. We first answer your questions one by one and then develop a more detailed response
that echoes question a—e.

a) We checked the modeling outputs of surface winds during the both monsoonal seasons. It shows
stronger summer wind and weaker winter wind intensities over the Bay of Bengal and Andaman Sea

during the LGM (Fig-AC6new Fig. 7i, j).



b) The short intervals of low salinity are shown by the SSS record of MD77-176. They are recorded at
~21 kyr BP and ~23 kyr BP (Fig-—A€4new Fig. 6h). However, it is not possible to test such specific
short-term intervals with model outputs that give mean states of chosen parameters during the LGM.
c¢) The modeling outputs show that generally, Bay of Bengal and Andaman Sea behave the same way.
That is only in the northeastern Bay of Bengal, close to the coasts, that a significant difference may be
seen. Indeed, according to these model outputs, they are both getting saltier during the LGM, while
the northeastern BoB is unchanged or a little fresher (Fig—AC€5new Fig. 7h). The Andaman Sea doesn’t
appear specifically more saline than the BoB during that time interval.

d) According to IPSL-CM5A-LR outputs, it appears that if the net precipitation is lower during the
LGM, the Bay of Bengal and Andaman Sea might get saltier and PP might increase due to weaker
salinity stratification.

e) The LGMc experiment gives a mean state of PP during LGM. Generally, it shows higher PP in the
BoB and the Andaman Sea. Under weaken AMOC condition, LGMf experiment shows higher PP
compared to LGMc matching our reconstructed PP results from the LGM to the Heinrich 1.

General reply:

During glacial times (26—19 kyrs), high (low) PP intervals do match low (high) SSS ones, as
shown by low (high) values in seawater oxygen anomalies recorded at the same site (Marzin et al.,
2013; Fig-AC4new Fig. 6h, 1).

There is no doubt that the South Asia and the North Indian Ocean are drier during the LGM due
to relatively lower precipitation over the South Asia, as demonstrated by previous empirical data (Dutt
et al., 2015; Contreras-Rosales et al., 2014; Kudrass et al., 2001) as well as numerical outputs here
(Figs-AC4-ACSnew Fig. 71, g). However, the outputs of IPSL-CMS5A-LR simulations, together with
TraCE-21 ones show that, compared to preindustrial, weaker winter winds, stronger summer winds,
and saltier sea surface conditions, generally prevailed in the Bay of Bengal and the Andaman Sea
during the LGM (LGMc in-Fig-AES new Fig. 7). These results suggest that the interpretation we have
made for the last deglaciation and the Holocene, stating that a stronger summer monsoon and/or a
weaker winter monsoon, induce increased precipitation, decreased SSS and thus, stronger salinity
stratification and subdued PP is not always verified, and particularly during the LGM. In such a case,
we cannot exclude that stronger and drier summer winds during that time interval (as suggested by
model here), could eventually lead to enhanced sea-surface mixing, thus triggering upper water mixing,
higher SSS, and higher PP as observed in the Arabian Sea today. However, as mentioned in the
introduction of our manuscript, the Arabian Sea behave in a very different way than the Bay of Bengal,
notably thanks to the development of massive upwelling on its western coasts, and the direct
comparison of both basins may be questioned. Unfortunately, we cannot test such sea-surface mixing
hypothesis with TraCE-21 or IPSL-CM5A-LR outputs, so far.

Spatial discrepancies of SSS are also found with model outputs. This is particularly the case when
dealing with the northeastern Bay of Bengal and northern Andaman Sea areas. First, models in PMIP3
(Braconnot et al., 2012) show different results of SSS for the LGM: some models show fresher water,
while others depict saltier conditions (Fig—AC+0). Second, when dealing with the outputs of IPSL-
CMS5A-LR, such area (that include our core site) has very limited SSS increases during the LGM, if it
doesn’t show sometimes SSS decreasing trends (Fig-—ACSnew Fig. 7¢g). Such discrepancies have also
been reported once by empirical data. Indeed, Sijinkumar et al. (2016) depict lower SSS in the northern



Andaman Sea during the LGM, i.e. under lower sea-level conditions. It may highlight the complex

area that is the northeastern Bay of Bengal and northern Andaman Sea due to the Irrawaddy mouth
influence. It might also partly explain the millennial-scale relationship documented at our core between
SSS and PP at that time, i.e. under relatively low sea-level when site MD77-176 is located in a more
proximal environment. Indeed, one cannot exclude that under such conditions, the PP increases
(decreases) observed when SSS decreases (increases), reflect an increases (decreases) of nutrient
together with freshwater inputs from the Irrawaddy river, respectively. Such assumption is confirmed

in Figures AC2Z-and- AC3new Fig. 3g —where PP strongly increases{Fig-AL2), and in the new vertical
oceanic profiles we provide (Fig. 5e,j), wheren increased PP are accompanied by increased nutrient in

surface layers thanks to a more proximal environment at our studied site highlighting a change vertical

profiles-elearly-ehange-from an open ocean type to a more coastal one-ene{Fig—AEC3). Our scenario

appears therefore to be a suitable explanation for the PP pattern obtained herein during the LGM.

However, in all cases, it seems difficult at that point, to deeply compare thoroughly (and discuss)
the millennial PP changes obtained at our core site, to mean state simulations of local PP and SSS,
obtained for the northern Bay of Bengal and Andaman Sea during the LGM. Additional high-
resolution PP records and further numerical simulations are required in the area, in order to discuss

this issue properly. As-an-example;a PP record-further south-in-the- Andaman-Sea;+e—far-away from
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i the reconstructed PP
variations observed at site MD77-176 during the last glacial as the result of nutrient conditions changes
within the upper layers, thanks to both, lower sea-level and enhanced influence of the Irrawaddy-

JIn conclusion, we now interpret

Salween river mouth system.

C9: In section 4.1 (line 217): The authors write that, ‘PP peaks are related to low SSS intervals before
the LGM, and high SSS intervals over the last 19 kyr’.

Although, PP did not significantly change over the course of the Holocene, there appears to be a clear
discrepancy between the gradual monsoon intensification over the Holocene and PP variability. PP
variability over the course of the last deglaciation and the Holocene are clearly different. Proxy data
shown in Figure 2 suggest that estimated PP has lower valued during the Mid-Holocene (~90 gC m-2
yr-1) compared to late — Holocene (~130 gC m-2 yr-1). This, however, is not discussed in any detail and
the way the discussion section is structured is at fault again.

R9: We agree with Reviewer #1. While the mechanisms controlling PP variations during the last
deglaciation and the Holocene are similar and related to salinity stratification, PP variability is different
over these two time intervals. They are characterized by rapid and large amplitude PP changes during
the deglaciation, and rather gradual PP trends during the Holocene. Both periods are under the
influence of insolation and AMOC forcing that impact land-sea thermal distribution over low latitudes,
thus moderating monsoon strength, and controlling oceanic stratification and PP. However, to the
different of the Holocene, rapid changes occur in the AMOC strength during the deglaciation, and they
are clearly reflected in the Indian monsoon and PP dynamics at that time.



Therefore, such different PP patterns between the last deglaciation and the Holocene is clearly
related to AMOC vs insolation imprints other the last 19 kyrs. Rapid changes in PP patterns during the
last deglaciation clearly reflect the rapid changes in the AMOC strength. To the opposite, long-term
changes in PP during the Holocene most probably reflect long-term changes in insolation and
associated feedbacks with the ocean-atmosphere system. We now discuss the deglacial and Holocene
PP variabilities separately, in our revised sections 5.2 and 5.3, respectively.

C10: In section 4.1 (lines 204 — 205): it is briefly mentioned that PP variability shows ‘an opposite trend
compared to insolation (Fig. 4a, h)’ and in section 4.3.1 it is stated that ‘insolation is the main climate
forcing factor during the Holocene”’.

Why do we have the monsoon peaking later during the mid-Holocene lagging maximum Northern
Hemisphere summer insolation by few kyrs then? The lagged response of the monsoon to insolation
forcing suggests that orbital scale monsoon variability is more complex (see Clemens et al., 2003;
Caley et al., 2011; Gebregiorgis et al., 2018). Having this in mind, | would therefore encourage the
authors to have a more critical outlook on PP variability over the course of the Holocene. | also
recommend including Figure S3 — S6 in the main text body and can be used to gain some unique
insights on LGM, deglacial and Holocene PP variability. Perhaps Fig. 3 can be moved to the
supplementary section.

R10: During the Holocene, our PP record shows a minimum at ~6—8ka, lagging of about few
centuries3-5—5-5-ky¥, the maximum North Hemisphere august insolation curve. However, it is clearly
in phase with geochemical records obtained in the area that document high PP in the Arabian sea
(Schulz et al., 1998; Ivanochko et al., 2005) and high precipitation over South Asia during that time
interval (Dutt et al., 2015; Contreras-Rosales et al., 2014; Fig-AC4new Fig. 6). Such results show that
during the Holocene, PP from the northeastern Bay of Bengal is highly related to monsoonal dynamic,
and more particularly, precipitation. Summer winds triggers strong coastal upwelling and high PP in
the Arabian Sea. They also transport moisture to the South Asia where the summer precipitation is
strong. Such increase in precipitation causes strong salinity stratification over the northeastern Bay of
Bengal and thus low PP.

The references cited in reviewer’s comment argue for the hypothesis that tropical monsoon
variability is dominated by, and responds directly to the North Hemisphere summer solar radiation,
and point out the importance of internal climate forcing and oceanic feedbacks, such as latent heat
export from the southern Indian Ocean. Clemens et al., (2003) particularly point out that the minima
of SST in the southern subtropical Indian Ocean are synchronous with the maxima of summer monsoon,
and the moderating effect of ocean thermodynamic features on monsoon circulation is important. In

all cases this aspect is an (usually) inexplicable issue.
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C11: Line 57: What ‘fast changes’? Please rephrase.

R11: We have rephrased to ‘abrupt changes’



C12: Line 61: PP record or paleo-PP record. Stick with one for consistency.
R12: We sSticked with ‘PP record’.

C13: Line 61: Da Silva et al., 2017 is a relevant reference here.

R13: We have cited this.

C14: Line 62: ‘tropical ocean ecology’ is very broad and | am not sure this is accurate as well. Perhaps
Northern Indian Ocean ecology is more appropriate.

R14: We agree with this suggestion and made the changes in the light of the comment.

C15: Line 73: ‘High-time-resolution’ or ‘High-temporal-resolution’? ‘High-resolution’ is a perhaps a
better phrase.

R15: We have rephrased to ‘high-resolution’

C16: Line 74: Why is it important that the ‘studied period covers a complete precession cycle’? This
sentences need to be qualified or delete otherwise.

R16: We’ve removed this sentence.

C17: Line 80: ‘interpret’ is perhaps a better word here than ‘analyze’,

R17: We agree with this suggestion and made the changes when necessary.
C18: Line 199-200: ‘At orbital scale’ — remove.

R18: It has been done.

C19: Line 202: use ‘maximum or minimum Northern Hemisphere (NH) summer insolation’ instead of
low or high insolation with no reference to the latitude or the season.

R19: It has been done.
C20: Line 205: ‘On millennial timescale...”
R20: It has been done.

C21: Line 211: ‘Synchronous vs. asynchronous’ rather than ‘Negatively vs. positively correlated’ and
of course ‘correlation’ being a statistical term.



R21: We agree with this suggestion and made the changes in the light of the comment.

C22: Line 290-291: Rephrase or remove
‘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.

R22: We have removed this sentence.

C23: Line 291-292: Rephrase. Perhaps, a sentence along these lines will do: ‘the response of the Indian
monsoon to changes in orbital insolation has previously been examined using both AGCMs and ocean—
atmosphere general circulation models. . .(Refs).)’

‘The mechanisms that force monsoon climate to change were studied by many modeling works (Refs).”

R23: We have removed this part, because of the new manuscript structure.

C24: Figures S1, S5, S6 are not cited in the main text and please add supplementary text to the
supplementary information. Also make sure that the figures are in chronological order.

1) Eig Ay : y : e - 9The figure
showing IPSL-CMS5A results have been merged and moved to the main text (new Fig. 8). We show
four groups of maps, which are the CTRL results as well as the differences between LGMc and CTRL,
LGMf and LGMc, MH and CTRL. The variables are annual net precipitation (precipitation minus
evaporation), annual SSS, annual potential gradient between 200 and 5 m, JJA surface wind speed and
DIJF surface wind speed.

removed the maps of TraCE-21 as they are similar to the IPSL-CMS5A results.
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Fig. AC1. Relative abundance changes of main coccolith species and reconstructed PP.
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LGMf and LGMec. Results of annual mean, JJA mean and DJF mean are shown. PP is in gC m™ yr'.
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Fig. AC3. Simulated ocean profiles in four experiment run with IPSL-CM5A-LR. (a)—(e) Results of
JJA mean. (f)—(j) Results of DJF mean. Grid of data extracting see Fig. AC12. The parameters shown
here are potential temperature (Tp), sea surface salinity (SSS), potential density (sigma-t, or), nitrate

content of seawater (NO3") and total primary productivity (PP).
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Fig. AC4. (a) August mean insolation and at 25°N. (b) AMOC strength indicated by **'Pa/**"Th ratio
of marine sediment from the western subtropical Atlantic Ocean (in pink, McManus et al., 2004). The
changes of the maximum in the AMOC stream function below 500 m (AMOC strength) in TraCE-21
(in gray). (c) Mawmluh Cave speleothem 3'°0 (Dutt et al., 2015). (d) Alkane 3D in marine sediment,
core SO188-342 (in green, Contreras-Rosales et al., 2014) and simulated precipitation minus
evaporation of TraCE-21 (in gray). (¢) Seawater 3'°O record of core RC12-344 (Rashid et al., 2007).
(f) Simulated SST in the NE-BoB. Grids of data extracted see Fig. S2. (g) Ba/Ca ratios derived from
mixed layer foraminifer species Globigerinoides sacculifer from core SK 168/GC-1(Gebregiogis et al.,
2016). (h) Seawater 3'°0 anomaly record of core MD77-176 (Marzin et al., 2013). (i) Estimated PP
record of core MD77-176 (this study, in red) and simulated potential density gradient between 200 and
5m of TraCE-21 (in gray). (i) Ba/Al ratio of marine sediment, core 905 (Ivanochko et al., 2005). (j)



Total organic carbon weight percentage of marine sediment, core SO90-136KL (Schulz et al., 1998).

Core locations of all these records above are marked in Fig. 1a. TraCE curves are shown using 100-yr

averaged results.
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Fig. ACS. (a)—(c) Annual mean precipitation minus evaporation (P-E), sea surface salinity (SSS) and

potential density gradient between 200 and 5 m of CTRL. (d)—(f) Differences of the same parameters
between LGMc and CTRL.
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Fig. AC6. (a) and (b) JJA and DJF mean surface wind speed and vectors of CTRL. (c) and (d)
Differences of the same parameters between LGMc and CTRL.
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Fig. AC7. (a)—(d) Crossplots between different oceanic parameters of LGMc and LGMf (grids of data
extracted see Fig. AC12). (e) and (f) Vertical profiles of nitrate content and PP of LGMc and LGMf
(grids of data extracted see Fig. AC12). All the results are DJF mean and every curve represents an

average of ten model years.
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Fig. AC8. As in Fig. AC5 (d)—(f) and Fig. AC6 (c) and (d), but between LGMf and LGMc.
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Fig. AC9. As in Fig. ACS (d)—(f) and Fig. AC6 (c) and (d), but between MH and CTRL.
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Fig. AC10. PMIP3 models and TraCE-21 outputs. Result of SSS difference between LGM and CTRL
(late Holocene for TraCE-21) of PMIP3 models and TraCE-21. PMIP3 data source is Earth System
Grid Federation (https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/). The dots mark the results of
reconstructed SSS (see Sijinkumar et a., 2016)
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Fig. AC11. Tuned age model of MD77-176. The age model used in this studied is a tuned model
constructed by Marzin et al., 2013. Details can be found in that article.

Fig. AC12. The grids of data extracting. Black cross are grids for TraCE-21 atmospheric outputs. Blue
grids are for TraCE-21 oceanic outputs. Pink cross are grids for IPSL-CMS5A-LR oceanic and

biogeochemical outputs
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Fig. AC13. Changes of the maximum in the AMOC stream function below 500 m (AMOC strength)

in TraCE and melt water of ice sheets single forcing simulation (MWF).
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Fig. AC14. Results of TraCE-21 of three periods mean are shown: late Holocene (LH, from 1 kyr BP
to presen), middle Holocene (MH, from 6.5 to 5.5 kyr BP), and the Last Glacial Maximum (LGM,
from 23 to 19 kyr BP). (a)—(e) Annual mean precipitation minus evaporation (P-E), sea surface salinity
(SSS) and potential density gradient between 200 and 5 m, JJA mean and DJF mean surface wind of
LH. (f)—(j) Differences of the same parameters between MH and LH. (k) —(o) Differences of the same
parameters between LGM and LH.
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Fig. AC15. Results of TraCE-21 of three periods mean are shown: Belling-Allered (BA, from 14.5 to
13 kyr BP), and Heinrich Stadial 1 (HS1, from 17 to 15.5 kyr BP), and the Last Glacial Maximum
(LGM, from 23 to 19 kyr BP). (a)—(e) As in Fig. AC13 (f)—(j), but between between BA and HS1. (f)—
(j) As in Fig. AC13 (f)—(j), but between HS1 (melt water single forcing simulation) and LGM (full
simulation). We can see the results are similar to the differences of the same parameters between LGMf

and LGMc (see Fig. AC5, AC6).
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Fig. AC16. Annual mean results of precipitation minus evaporation, SSS, SST and potential density
difference between 200 and 5 m (APD) in TraCE-21 simulation (FULL) and single forcing experiments.
The single forcing experiments are with other forcing fixed at their values at 19 kyr BP and forced by
changing orbital insolation (ORB), green-house gas concentration (GHG), meltwater flux (MWF) and
ice sheet (ICE). During the last deglaciation from 19 to 11 kyr BP, we can see that the millennial-scale
variations of these parameters are mainly contributed by MWF forcing which moderated AMOC

strength. The changes of SST during the deglaciation is very limited.



Response to Reviewer #2

Dear reviewer,

Please find below our answers to the constructive remarks you raised regarding our manuscript below.
They all have been carefully considered and will provide what we feel is a much improved manuscript.
You will also find, below, all of the modified figures of the new manuscript and Supplementary
Material, below.

Comment #1 (C1): The structure of the manuscript needs some improvement. While the first part
(Introduction, Material and Methods) are very well written (although lacking some details about age-
model), the discussion relative to the model outputs is not so clear. | find the discussion about model
output section very difficult to follow, needs to be simplified in order to improve the understanding
and to be better integrated with the proxy data, not to be discussed separately.

Reply #1 (R1): We agree with Reviewer #2. Therefore, we revised the structure of our manuscript,
based (as well) on Reviewer #1° suggestions. An entire chapter is now devoted to the results. In the
discussion, empirical data and model outputs are interpreted simultaneously in chapter 5. Particularly,
sections 5.1 to 5.3 discuss PP patterns regarding the LGM, the deglaciation, and the Holocene,
respectively. We believe that this new structure is helpful to build a more coherent scheme behind PP
variability.

Below is the new structure of chapters 4 and 5:
4. Results
4.1. Coccolith abundances and reconstructed primary productivity over the last 26 kyrs

4.2. Slmulated primary product1v1ty and phy51cochem1cal proﬁles—m—eh%neﬁheas{em—Bay—ef—BeHgal

eempaﬂsemlescussmn Forcing factors behind PP variations over the last 26 kyr as revealed by a

model-data comparison

5.1. BuringtThe glacial period
5.2. PBuringtThe last deglaciation
5.3. Buring tThe Holocene

In detail:

e In section 4.1, we present and describe coccolith species abundances and reconstructed PP
(Figure Hof Auther Reponse-(Fig-ACHnew Fig. 2).

e Section 4.2. relies on new IPSL-CMS5A-LR figures dedicated to model results, that help
understanding and improving model output interpretations i.e. i) simulated PP maps (Fig:
AC2new Fig. 3), and ii) simulated vertical profiles of potential temperature, salinity, potential
density, and nitrate content efnear the river mouths and the northeastern Bay of Bengal under

four experimental runs (Fig-AC3new Fig. 4 and 5), that help discussing climate conditions for
the LGM (LGMc), the Heinrich Stadial 1 (LGMY), and the Mid-Holocene (MH), compared to
preindustrial (CTRL). We show the results of annual mean, summer seasons mean (from June




to August, JJA) and winter seasons mean (from December to February) for all these specific
time intervals, in order to evaluate PP changes during the monsoonal seasons.
e In sections 5.1 to 5.3, we compare our reconstructed PP signal with the published empirical

records-previeusty-decumented-inFig-AC4and with TraCE-21 transient simulations of the
upper water column stratification, SSS, SST and net precipitation (P-E);—previeusty

decumented-nFig—S. and Merginghave merged our previous Figures 4 and 5 into thea new
Figure (Fig-AC47),-allews to better discuss PP variations in the monsoonal context. We also
combine atmospheric and oceanic outputs of the four experiments run together with the
simulated PP obtained by the IPSL-CMS5A-LR model (new Fig. 7) in order to better discuss
and interpret our reconstructed PP during the last glacial period (section 5.1;Fig ACSAECH),
the last deglaciation (section 5.2:Fig- AC7-ACE) and the Holocene (section 5.3;-Fig; AC9). A

new Figure 8 merged from our previous Figures 6 and 8, has been put in section 5.2.

C2: The figure 2 is not very useful, it repeats data that are shown later in other figures several times.
For example, showing the d180sw and the GISP2 ice-core d180 is not really relevant, as we see the
proxy data already tuned to the ice-core data. | assume that Marzin et al., (2013) contains a plot
showing this, so these two curves are not needed here. An important point regarding the age-model
is that if, despite the large number of radiocarbon ages, the proxy data is tuned to the GISP ice-core
d180, later comparisons between proxy and ice-core data are not very well sustained (circularity). The
authors should keep this in mind when discussing about it at L. 205-207.

R2: The initial Figure 2 does not exist anymore. GISP 8'*0 and 8'°0 ¢, Obtained on core MD77-
169 are now only evoked when dealing with the age model (new Fig. S1). Florisphaera profunda
distribution and PP reconstructions are presented within the a new figure (Fig-ACtnew Fig. 2), that is
entirely devoted to micropalacontological results (i.e. abundances of F. profunda, Gephyrocapsa spp.
and Emiliania huxleyi together with PP estimates).

We thank Reviewer # 2 for highlighting that our phrasing in lines 205-207 could be seen as a
circular reasoning, since proxy data are in part tuned to the GISP &'°O signal. However, our
micropalaeontological data are well in phase with numerous geochemical data obtained elsewhere in
the Tropical Indian Ocean and the Chinese continent, based on sediment cores and speleothems with
totally independent age models. They also match very well the TraCE 21 and IPSL-CM5A-LR outputs
obtained here. Such feature, together with its use in previous works (Marzin et al., 2013; Yu et al.,,
2017; Ma et al., 2019), point to a robust age model and demonstrate that our micropalaeontological
data can be discussed properly in the light of the rapid climatic changes recorded in northern high-
latitudes. To avoid any confusion, we rephrased lines 205-207 of the manuscript focusing on the
relationship that exists between PP and SSS.

C3: | find particularly intriguing the change in the salinity-PP relationship before and after LGM (L.
213-222).. The authors suggest that the higher PP during low salinity between 26-19ka are due to
higher wind mixing. Are there independent proxy evidence of this coupling? For example, loess
deposits that could record changes in wind intensity which could support their view? And why the
wind-forcing gets weaker after the LGM?



R3: To our knowledge, there is a high-resolution record of loess grain size from the northeastern China
which indicates the local winter wind intensity (Sun et al., 2012; Zhang et al., 2016). The record shows
that the winter wind is stronger during LGM than during the late Holocene. However, there is no
published record of wind intensity for the Bay Bengal and Andaman Sea. We think it might be
questionable to use the wind record over the northwestern China to interpret the Bay of Bengal as these
two regions are not close to one another and the wind directions are different (Fig. 1c¢; Sun et al., 2012).
We checked the modeling outputs and found that compared to preindustrial (CTRL), stronger summer
winds and weaker winter winds prevailed over annually saltier sea surface in the Bay of Bengal during
the LGM (Fig-ACS5;-AC6new Fig. 71, j). This implies that the winter wind over the northwestern China
and the Bay of Bengal are not strengthened at the same period during the LGM. Therefore, we think
if wind-mixing is stronger over the Bay of Bengal during the LGM, it should be related to strengthened
summer winds. However, the relationship between PP and SSS of MD77-176 encourages us to explore
further mechanisms behind PP (and SSS) variability at that time. We have also found that IPSL-CMS5A-
LR outputs show spatial differences of SSS in the Bay of Bengal, and particularly, that the studied area
could have been associated to low SSS during the LGM (Sijinkumar et al. (2016). Our best explanation
is that during the LGM, i.e. under relatively low sea-level, and a more proximal environment for
MD77-176, PP and SSS react to the Irrawaddy dynamic in the same way as proximal environment do,
today (Fig. 1). Indeed, higher (lower) nutrient and freshwater inputs from the Irrawaddy river, may
trigger higher PP and lower SSS, and vice versa. Such assumption is eenfirmed-inindicated in Fig:
AC2-and AC3new Figure 3, where PP strongly increases, and in new Figure Se and j(Fig-A€2), when
PP vertical profiles clearly depict a change from open ocean type to coastal one near the studied core.

Fig—AEC3). Our scenario seems therefore to provide a suitable explanation behind the PP pattern
reconstructed for the LGM.

Bearing in mind that the LGMc experiment of IPSL-CM5A-LR gives us a mean state of PP and
SSS conditions and may not simulate the high-resolution PP changes discussed here, we only evoke
the possible Irrawaddy river influence on PP distribution during the LGM, with caution.

C4: Finally, in the section Data availability the authors indicate that “Data to this paper can be
required. Please contact the X. Zhou or S. Duchamp-Alphonse.”. Copernicus journals (including Climate
of the Past) have a very clear policy regarding data curation (https:.//www.climate-of-the-
past.net/about/data_policy.html), which “requests depositing data that correspond to journal articles
in reliable (public) data repositories, assigning digital object identifiers, and properly citing data sets
as individual contributions”. Clearly the current statement about data availability does not meet this
criteria, and all data and code should be archive somewhere or included as supplementary material.

R4: Thanks for this reminding. We have added our data in the supplementary materials.

C5: Some minor corrections: L. 104. Abbreviate Arabian Sea L. 177. Strange symbol between longitude
and latitude.

R5: We have corrected them.

C6: Fig. 1f, why choosing SON instead of JIA as the other panels?



R6: Because the occupation of the input fresh water is the largest during SON in the northeastern
Indian Ocean at modern time, lagging the maximum precipitation over the South Asia.
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Fig. AC1. Relative abundance changes of main coccolith species and reconstructed PP.
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Fig. AC2. Simulated PP of CTRL and PP differences between MH and CTRL, LGMc and CTRL, and

LGMf and LGMec. Results of annual mean, JJA mean and DJF mean are shown. PP is in gC m™ yr'.
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Fig. AC3. Simulated ocean profiles in four experiment run with IPSL-CMS5A-LR. (a)—(e) Results of
JJA mean. (f)—(j) Results of DJF mean. Grid of data extracting see Fig. AC12. The parameters shown
here are potential temperature (Tp), sea surface salinity (SSS), potential density (sigma-t, or), nitrate

content of seawater (NO3") and total primary productivity (PP).
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Fig. AC4. (a) August mean insolation and at 25°N. (b) AMOC strength indicated by **'Pa/**"Th ratio
of marine sediment from the western subtropical Atlantic Ocean (in pink, McManus et al., 2004). The
changes of the maximum in the AMOC stream function below 500 m (AMOC strength) in TraCE-21
(in gray). (c) Mawmluh Cave speleothem 3'°0 (Dutt et al., 2015). (d) Alkane 3D in marine sediment,
core SO188-342 (in green, Contreras-Rosales et al., 2014) and simulated precipitation minus
evaporation of TraCE-21 (in gray). (¢) Seawater 3'°O record of core RC12-344 (Rashid et al., 2007).
(f) Simulated SST in the NE-BoB. Grids of data extracted see Fig. S2. (g) Ba/Ca ratios derived from
mixed layer foraminifer species Globigerinoides sacculifer from core SK 168/GC-1(Gebregiogis et al.,
2016). (h) Seawater 3'°0 anomaly record of core MD77-176 (Marzin et al., 2013). (i) Estimated PP
record of core MD77-176 (this study, in red) and simulated potential density gradient between 200 and
5m of TraCE-21 (in gray). (i) Ba/Al ratio of marine sediment, core 905 (Ivanochko et al., 2005). (j)



Total organic carbon weight percentage of marine sediment, core SO90-136KL (Schulz et al., 1998).

Core locations of all these records above are marked in Fig. 1a. TraCE curves are shown using 100-yr

averaged results.
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Fig. ACS. (a)—(c) Annual mean precipitation minus evaporation (P-E), sea surface salinity (SSS) and

potential density gradient between 200 and 5 m of CTRL. (d)—(f) Differences of the same parameters
between LGMc and CTRL.
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Fig. AC6. (a) and (b) JJA and DJF mean surface wind speed and vectors of CTRL. (c) and (d)
Differences of the same parameters between LGMc and CTRL.
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Fig. AC7. (a)—(d) Crossplots between different oceanic parameters of LGMc and LGMf (grids of data
extracted see Fig. AC12). (e) and (f) Vertical profiles of nitrate content and PP of LGMc and LGMf
(grids of data extracted see Fig. AC12). All the results are DJF mean and every curve represents an

average of ten model years.
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Fig. AC8. As in Fig. AC5 (d)—(f) and Fig. AC6 (c) and (d), but between LGMf and LGMc.
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Fig. AC9. As in Fig. ACS (d)—(f) and Fig. AC6 (c) and (d), but between MH and CTRL.
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Fig. AC11. The grids of data extracting. Black cross are grids for TraCE-21 atmospheric outputs. Blue
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Fig. AC12. Changes of the maximum in the AMOC stream function below 500 m (AMOC strength)

in TraCE and melt water of ice sheets single forcing simulation (MWF).
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Fig. AC13. Results of TraCE-21 of three periods mean are shown: late Holocene (LH, from 1 kyr BP
to presen), middle Holocene (MH, from 6.5 to 5.5 kyr BP), and the Last Glacial Maximum (LGM,
from 23 to 19 kyr BP). (a)—(e) Annual mean precipitation minus evaporation (P-E), sea surface salinity
(SSS) and potential density gradient between 200 and 5 m, JJA mean and DJF mean surface wind of
LH. (f)—(j) Differences of the same parameters between MH and LH. (k) —(o) Differences of the same
parameters between LGM and LH.
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Fig. AC14. Results of TraCE-21 of three periods mean are shown: Belling-Allered (BA, from 14.5 to
13 kyr BP), and Heinrich Stadial 1 (HS1, from 17 to 15.5 kyr BP), and the Last Glacial Maximum
(LGM, from 23 to 19 kyr BP). (a)—(e) As in Fig. AC13 (f)—(j), but between between BA and HS1. (f)—
(j) As in Fig. AC13 (f)—(j), but between HS1 (melt water single forcing simulation) and LGM (full
simulation). We can see the results are similar to the differences of the same parameters between LGMf

and LGMc (see Fig. AC5, AC6).
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Fig. AC15. Annual mean results of precipitation minus evaporation, SSS, SST and potential density
difference between 200 and 5 m (APD) in TraCE-21 simulation (FULL) and single forcing experiments.
The single forcing experiments are with other forcing fixed at their values at 19 kyr BP and forced by
changing orbital insolation (ORB), green-house gas concentration (GHG), meltwater flux (MWF) and
ice sheet (ICE). During the last deglaciation from 19 to 11 kyr BP, we can see that the millennial-scale
variations of these parameters are mainly contributed by MWF forcing which moderated AMOC

strength. The changes of SST during the deglaciation is very limited.
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Abstract. At present, variations of primary productivity (PP) in the Bay of Bengal (BoB) are driven byare
respending—te salinity-related-stratification, which is controlled by the Indian Summer Monsoon (ISM). The

relationships between PP, precipitationtSM, and more generally climate in the past, are not clearly understood-te-a

. Here, we present a
new record of PP based on the examination of coccolithophore assemblages in a 26,000-—years sedimentary

seriesreeerd, retrieved in the northeastern BoB (core MD77-176). We €compareisens our PP records with-to

published climate and monsoon records, as well as outputs from numerical experiments obtained with the Earth

System Model IPSL-CMS5A-LR, including marine biogeochemical component PISCES, and with the transient

climate simulation TraCE-21. —a

that PP was most probably controlled by nutrient contents and distribution within the upper water column, that

were predominantly influenced by (1) regional river systems between 26 and 19 kyr BP, i.e. when sea-level was

relatively low, and climate was relatively dry and (i1) salinity-related stratification over the last 19 kyr BP, i.e. when

sea level rose and more humid conditions prevailed. During that period, salinity and stratification were directly

related to monsoon precipitation dynamics, which were chiefly forced by both insolation and AMOC strength.

During Heinrich Stadial 1 and Younger Dryas, i.e. when the AMOC collapsed, weaker South Asian precipitation

diminished stratification and enhanced PP. During Bolling-Allered, i.e. when the AMOC recovered, stronger South

Asian precipitation increased stratification and subdued PP. Similarly, the precipitation peak recorded around the

1
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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). During the northern hemisphere summer season, the North Indian Ocean is strongly

influenced by the southwesterly winds blowing from the sea toward the Asian continent, thus carrying large

amounts of moisture on land. During the winter season, the winds blow over the continent toward the Indian Ocean

from the northeast, thus causing relatively dry conditions on land, with precipitations moved over the ocean.

Monsoon precipitations are directly associated to the position of the Inter Tropical Convergence Zone (ITCZ;

Schneider et al., 2014), whose latitudinal displacementThetndianMenseon-is-asubsystem-ofthe large-seale Asian
Menseen;whieh is paced by seasonal changes in insolation due to the obliquity of the Earth’s axis and precession,

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). It is also influenced by teleconnections with

the El Nifio—Southern Oscillation and the Indian Ocean Dipole, two climate modes of interannual variability that

develop from air—sea interactions in the tropical Pacific, and drive significant changes within the Indian Ocean

(Ashok et al., 2004; Wang et al., 2008; Currie et al., 2013; Jourdain et al., 2013).

Remarkably,

pbmedheseeheen bess s hees isaenen censen b semeioe Lose s s o8 e Doseee e castern 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 pattern,Fhis-diserepaney together with

differences in local evaporation result in hydrological and ecological differences between these two areas (e.g.

2
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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 Andaman SeaABS 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

seawater column and an impoverishment of nutrients in surface layers (Vinayachandran et al., 2002; Madhupratap

et al., 2003; Gauns et al., 2005). In contrast, the AS has a high PP which is mainly associated with high nutrient
content in the upper layer, thanks to wind driven mixing during winter and coastal upwelling during summer (Schott,
1983; Anderson and Prell, 1992; Madhupratap et al., 1996; Gardner et al., 1999;Veldhuis-etal; 1997 Keenetal;
1997- Prasanna Kumar et al., 2001; Wiggert et al., 2005). Both, the BoB and AS are characterized by a relatively

small sea surface temperature (SST) seasonal cycle. Thus %&weﬁem—aﬁd—eas%em—paﬁs—eﬁﬂ&%Nefﬁa—Lndmﬂ—Qeeaﬂ
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and-for-whieh-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 salinity-related stratification of the upper
seawater column in relation to local evaporation-precipitation balance and river runoff, and/or dynamical processes
such as wind-driven mixing/upwelling; —and/ferbysalinity-related-stratificationef the upper seawatercelumn-in

i 3 ati ipitati ala 3 i : (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). Far less is known about past changes in PP in the BoB and their link to changes in monsoon

precipitation, although reconstructions and climate model simulations have clearly pointed important changes in

ISM precipitation driven by

Indian-Summer Monsoenprecipitationissensitive-te both, theslow-orbital forcing and then-fast changes efat high-
latitude, preeesses-such as those associated with the Atlantic meridional overturning circulation (AMOC) and-the

temperaturefluctuationsinthe Nerth-Atlantie(e.g. Braconnot et al., 2007a, 2007b; Kageyama et al., 2013; Marzin

et al., 2013; Contreras-Rosales et al., 2014). The poorer attention devoted to past PP in the BoB is in part due to
the absence of high time-resolution PP records in the BoB and the Andaman SeaHewever;therelationship-between

90

PP record-in-the BeB-and-the ADS (Phillips et al., 2014; Da Silva et al., 2017; Li et al., 2019), which precludes our
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complete understanding of how monsoon climate changes impact tropical ocean ecology through different

mechanisms and at different time-scales. To fill this gap, reliable paleo-PP records are needed for that region.a

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).

__ Inthis 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
hemisphereie 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),- as observed during the cold periods Heinrich Stadial

1 (17—14.8 kyr BP) and Younger Dryas (12.9—11.8 kyr BP) when massive collapses of northern hemisphere ice

shelves release prodigious volume of icebergs and freshwaters in the North Atlantic Ocean (Heinrich, 1988). In

addition, we used the outputs of paleoclimate experiments obtained with the “Institut Pierre Simon Laplace” Earth

System Model version 5 (IPSL-CM5A-LR) (Dufresne et al., 2013) in which marine biogeochemistry is represented,

and the transient climate simulations run with the Community Climate System Model version 3 (CCSM3) (He et

to analyze our reconstructed PP results in terms of local evolution of upper seawater stratification, as well as

monsoon climate ISM—and-AMOEC—dynamics. Based on our reconstructed PP record and modelling results

documented through integrated PP maps as well as oceanic parameters profiles and cross plots, we ean-unravelled

the dynamical relationship between PP in the NE-northeastern BoB and the Indian Monsoon at both orbital- and

millennial- timescales.

2. Site description and oceanographic setting
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Core MD77-176 (14°30'5"N, 93°07'6"E) was retrieved from the northeastern BoB, at the junction with the
Andaman Sea, during the OSIRIS 3 cruise of the R.V. Marion Dufresne in 1977 (Fig. 1a). The site lies ~200 km
southwest of the modern Irrawaddy River mouth. and-is—elose—te-the-limit-betweenthe northern BoB-and-the
nerthern-ADSIt was retrievedisloeated on the continental slope, at a water depth of 1375 m, i.e.whieh-is above
the modern lysocline located between ~ 2000 m and ~ 2800 m in the northern BoBefthe BeB (Fig—ta:Cullen and

Prell, 1984; Belyaeva and Burmistrova, 1985). The lithology consists of olive grey terrigenous clay and silty clay
layers with foraminifera- ex-and nannofossil-bearing oozes{Gehﬁ—et—al—z()%)

At our core site,

isrelatively-small—Tthe lowest (—26-2C)-and highest SST—€~%8—2—9—G) are-recorded #-during winter (~26 °C) and
summer_(~28—29 °C), respectively, reflect well the relatively low amplitude SST seasonal changes (~ 2-3°C)

observed in the area (Locarnini et al., 2010). The oceanic environment surreunding-the-stadied-site-is under the
influence of the Indian Monsoon and shows strong seasonal variations in evaporation/precipitation that is expected
under such conditions (Webster et al., 1998; Schott and McCreary, 2001; Shankar et al., 2002; Gadgil, 2003).

During the summer, moisture-rich southwesterly surface winds blowing from the Indian Ocean result in heavy
precipitation ever-Seuth-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 and result in drier conditionste-the-ecean (Fig. lc, e).

The summer precipitation rates over the BoB and the Andaman SeaADS and over the surrounding lands (up
to 15 mm/day) are much higher than that in the AS (1-3 mm/day; Fig 1d, k). This heavy precipitation area covers

the catchments of —Ganges-Brahmaputra-Meghna (GBM) and Irrawaddy-Salween (IS) river systemsriver

catchments—on-the-land-surrounding the BeB-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 depletesgenerates-a-tonsue-oflow

sea surface salinity (SSS) at our core site (lower than 33 psu) in the same way as the entire northern BoB and

Andaman Seaeeceupyingthe northernBeB—and-ADS, that is occupied by a low salinity tongue, with awhese

extenstonis largest extension in November, several months later than the peak of summer precipitation (Akhil et

al., 2014; Fournier et al., 2017; Fig. 1f, g, ). %Hew%SS%eﬁgue%egeﬂ&er—wﬁh—ehe—d&eekmmfaﬂ—eﬂ—sea—&mfaee
—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 (around 100—140 ¢C m> yr'l) in this areain
the BeB-and-ADS (Prasanna Kumar et al., 2002; Madhupratap et al., 2003; Fig. 1h, i)-, with maxima being reached

during winter, when increased surface wind intensity together with decreased precipitation enhance upper seawater
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column mixing. The low annual PP at the studied site indicates that this area is not significantly influenced by

nutrient inputs from rivers to the difference of the near-shore settings, characterized by annual PP maxima (up to
340 ¢C m> yrh). By contrast, evaporation is high andwith-dewer precipitation_is lowover the AS. [tArabian-Sea;
generates higher SSS (higher than 35 psu)explainingthatSSS than in the BoB (Fig. 1f, g, 1).; Such SSS conditions

and therefore, the absence of a strong stratification, makes it possible the development of upwelling and convective

mixing during summer and winter respectively, and thus, high PP through the year (up to 320-340 ¢C m” yr'l, Fig.

3. Materials and Methods

3.1 Age model and sampling

The age model of core MD77-176 was previously established by Marzin et al., (2013) based on 31 Accelerator

Mass Spectrometry (AMS) '*C ages combined with the MD77-176 high-resolution oxygen isotope record obtained
on planktonic foraminifera Globigerinoides ruber, which were correlated to themeasured—en—planktonic

S ] . Jrg@gw)—aﬁem-a}y
eurve-with-the GISP2 Greenland ice core 8 *0-oxygen isotope curve{Fig—2). The correlated age model is consistent
with the AMS "*C age model, especially after 20 kyr BP (Marzin et al., 2013). The sedimentation rates recorded at

site MD77-176 (~25 cm/kyr and up to 40 cm/kyr for the Holocene) provide a good opportunity to study productivity

patterns over the last 26 kyr, with millennial to centennial resolutions (Fig. S1).Ferthepresentstudy,—~wvesampled

3.2 Coccolith analysis and PP reconstruction
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For coccolith data, a total of 212 samples were analyzed, with a temporal resolution of ~50 to 400 years. Slides-for
coceolith-analysis were prepared using a-the “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 MclIntyre, 1990a, 1990b). To

the difference of most coccolith species that are found in the upper photic zone (< 100 m water depth).Aeeording

to-early-studies; F. profunda thrivesinthetroptesand-dwells in the lower photic zone, at water depth of ~100-200
m; in-thelewerphotiezene(Okada and Honjo, 1973). Therefore, W-when nutricline gets shallower, more nutrient

is brought into the upper euphotic zone and primary production increases, while relative abundance of F. profunda

decreases.

i —PFO —By contrast, when nutricline becomes deeper_and primary

production decreases, the relative abundance of F. profunda increases. This relationship between Fp% and

nutricline depth is the basement base-offer PP reconstructions via Fp% in marine sediment. Beaufort et al., (1997)
first established a Fp%-PP empirical relationship in the AS based on PP estimates from satellite observations and
Fp% in surface sediments.the-study-ofsurface-sediments: In this study, we estimated PP for the last 26 kyr using a
recently published Fp%-PP empirical equation suited for tropical Indian Ocean (Hernandez-Almeida et al., 2019):
PP =[10" (3.27 — 0.01 x Fp%)] x 365 / 1000. The unit of estimated PP is gram of carbon per meter square per

year (gC m™ yr'").

3.3 Paleoclimate simulations

3.3.1 Experiments run with IPSL-CM5A-LRTraCE-21simulation

IPSL-CMS5A-LR (termed “IPSL-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

(CMIP5; Taylor et al., 2012) and the Paleoclimate Modelling Intercomparison Project phase 3 (PMIP3; Braconnot
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et al., 2012)—exereises. It is composed of several model components representing the atmospheric general
circulation and physicsthe (LMDZ5A-atmospheric—general-circulationmodel{;Hourdin et al., 2013), the land-
surface (ORCHIDEE; land-surface-medel{Krinner et al., 2005) and the ocean (NEMO v3.2; ecean-medel{Madec,
2008) which includes the ocean general circulation and physics (OPA9)-ecean-generaleiretlationmodel, sea-icethe
(LIM-2; Fichefet and Maqueda, 1997)-sea-tee-meodel, and themarine biogeochemistry (PISCES; —biogeochemieal
medeltAumount and Bopp, 2006). The LMDZ atmospheric gridFheatmespheric-grid-ofthisESM-medel is regular
in the horizontal with 96x95 points in longitudex—<>= latitude (corresponding to a resolution of ~3.75°%1.9°) 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 metre-details for these three experiments can

be found in Le Mézo et al. (2017). The fourth experiment (LGMI) is a freshwater “hosing” simulation similar to
the IPSL-CM4 freshwater “hosing” simulation (as-#+Kageyama et al., 2013), in which which-was-appliedunder
it erimentthe only difference is that an-additienal a freshwater flux of
0.2 Sv is applied under LGM (LGMc) conditionswas-added over the North Atlantic Ocean, the —and-Nordic Seas,
and the Arctic Ocean, in-the EGMfexperiment—Thefreshwaterfluxthat causes the AMOC to slow down (Fig.
S23b). Both LGMf and LGMc were run for nearly 500 model years. The monthly outputs averaged over the last
100 years of the four experimentseach experiment-were used to compare their mean statesin—this—study. In

addition,Metreover; we focused onused monthly results averaged over successive periods of 10 years for the LGMc

and LGMTf experiments to analyze the transient effects of the-chaneesof AMOC strenethchanges.

In the glacial experiments (LGMc and LGMI) the sea level is lower, resulting in more extensive continents,

including in the study area. The core location is then closer to the coast. In these simulations, the river mouth

locations, at which fresh water and nutrients from rivers are brought to the ocean, are moved together with the

modified coastline. In particular the GBM river mouth is brought to the south of its present location, while the IS

river mouth is brought northeastward. These locations have been chosen as they reflect the closest LGM coastal

points to the present river mouths, and the most probably river paths during low sea-level conditions. In our

relatively simple set up, for the MH, LGMc¢ and LGMTf simulations we are using the same nutrient content of river

inputs for the CTRL simulations, in which they are prescribed according to Ludwig et al. (1996). However, due to

the sea level drop and associated continental extension under glacial conditions, in LGMc¢ and LGMT, the nutrients

from rivers are less diluted before reaching a fixed location.
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Several parameters were extracted to describe climate conditions: surface wind speed and precipitation minus

evaporation rates (P-E), as well as ocean conditions: potential temperature (Ts), salinity, nitrate content (NOs),

upper seawater stratification based on potential density (or) difference between 200 m and 5 m ( APD; Behrenfeld

et al., 2006), and primary productivity (PP). Ty and salinity of the top layer of the oceanic model are used as SST
and SSS.F+a i i i i i i

3.3.2 TraCE-21 simulationExperimentsrun-with IPSE-CMSA-ER

TraCE-21 (termed “TraCE” in the following) is a transient simulation of the global climate evolution over the last

22 kyr which was 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 components representing
atmosphere ation(CAM3:; Collins et al., 2006b),
land surfacethe-Community Land-Surface Model-version3 (CLM3; Dickinson et al., 2006), sea icethe-Cemmunity
Sealee Meodelversions (CSIMS; Briegleb et al., 2004), and oceanthe Parallel OceanProgram-version1-4-3 (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), ehanges-in atmospheric greenhouse gases as measured in ice cores
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(GHG), in topography, land surface type, coastlinesmedification-of-tepegraphy-land surface type-and coastlines
4 (ICE-5G; Peltier, 2004),
and changes-in freshwater discharge from melting ice sheets which force the AMOC strength to change (MWE;
Fig. S3a). In addition to the full TraCE-21 simulation-(termed—TraCE>in-the-following), we used thethere-are four
single-forcing-sensitivity experiments:—the— (ORB, GHG, MWEF, 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.

Atmosphere decadal-mean seasonal averaged and ocean decadal-mean annual averaged datasets were downloaded

from the website of Earth System Grid: https://earthsystemgrid.org/project/trace.html. They have been used to

provide the same atmospheric and oceanic parameters simulated by the IPSL model, but over the last 26 kyr, and

with the exception of marine biogeochemical variables which are not computed in the CCSM3 .Meotre-detatls-about

4. Results-and-diseussion
4.1 Coccolith abundances and reconstructed PP over the last 26 kyrPaleepreduetivity reeord-in-the
northeastern Bay of Bengal

At the studied site, coccolith assemblages mainly consist ofthe-main-ceceolith-speeciesare Florisphaera profunda,

Emiliania huxleyi. Gephyrocapsa—eceanica;—small—Gephyrocapsa—{Gephyrocapsa spp. <3tm)—and—Emiliania
huxteyi—F. profunda largely dominates the assemblage (> 60%) over the last 26 kyr, while E. huxleyi and

Gephyrocapsa spp. never exceed 23 % (Fig. 2)va

assemblage-overthelast 26-deyr(Fig2-and-S1). Such relative contributions are coherent with coccolith distribution

in sediment traps from the northern BoB (Stoll et al., 2007), that shows a high abundance of F. profunda due to a

strong salinity-related stratification and low surface nutrient concentration (see section 2).Fhe-high-abundanceof

The most striking shifts of coccolith abundances are observed between ~20 and ~11 kyr BP, and particularly

around 15-14 kyr BP, when F. profunda drastically increases from 60 to 93 %, while E. huxleyi decreases from 22

to 1 % and Gephyrocapsa spp. slightly decreases from 12 to 5 %. Such patterns subdivide the record into three

main time intervals: (i) from ~26 to 19 kyr BP, when F. profunda depicts relatively high amplitude variations,

10
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ranging from 60 to 85 % with minima at ~ 25, 23 and 21 kyr BP, while E. huxleyi and Gephyrocapsa spp. both

average ~10%; (i1) from 19 to 11 kyr BP, when F. profunda, E. huxleyi and Gephyrocapsa spp. depicts their highest

variations (up to about 33 %, 21 % and 15% in amplitude, respectively) and (ii1) from 11 to 1 kyr BP, when F.

profunda shows a long-term increasing trend up to 8 kyr, a maxima of 85% between 8 and 6 kyr, and a long-term

decreasing trend up to 1 kyr, while Gephyrocapsa spp. abundances exceed those of E. huxleyi despite minima of

~7 % between 8 and 6 kyr BP. P%%e%eﬂvw%%@%&d%é@g@méﬁf+@ig%%aﬁaﬂeably—es+ﬂﬁﬁed—%%es

Estimated PP varies between 80 and 170 gC m> yr' (Fig. 2). Remarkably, values obtained during the late

Holocene (~125 ¢C m> yr'l) are comparable to those recorded in the study area today (annual PP mean of ~135 gC

m™ yr'). Because estimated PP is inversely related to F. profunda percentages (see section 3.2), PP reconstructed

over the last 26 kyr mirrors F. profunda distribution. It is characterized by peaks higher than 140 gC m> yr'1 at ~25,

23 and 21 kyr BP. Changes with largest amplitude are found over the deglaciation with a maximum (~170 gC m>

yr')) and a minimum (~80 ¢C m™ yr'") observed at ~15 and 14 kyr BP, respectively. Relatively low PP are recorded
during the Holocene, with minima of 90 ¢C m™ yr'' obtained between 8 and 6 kyr BP.The PP record-of-core MD77-
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4.2 Simulated PP and physicochemical profileshifluence—of North-Atlanticclimate-and Indian

Summer-Monsoon-on PP

Simulated annual and seasonal (summer and winter) patterns of PP (gC m> yr'l) are shown for the BoB and the

Andaman Sea in Figure 3, where the MH and LGMc simulations are compared to the CTRL one, and where the

LGMT{ simulation is compared to the LGMc one, highlighting the effects of the AMOC slowdown. According to

the CTRL simulation, the coastal northern BoB and Andaman Sea as well as the southwestern BoB appear to be

the most productive areas under pre-industrial conditions, which is in accordance with the Vertical Generalized

Production Model (VGPM), representing in situ PP distribution based on satellite derived Chlorophyll
concentration (Fig. 1h, i; Behrenfeld and Falkowski, 1997). In all cases, high PP (> 220 ¢C m> yr'') is related to

high nutrient contents in the upper column, thanks to the influence of river discharges (northern coastal BoB and

Andaman Sea) or the development of coastal upwelling (southwestern BoB; Vinayachandran et al., 2004). Hence,

despite its coarse spatial resolution, the IPSL-CMS5A model is able to represent the main area of high PP and their

seasonal cycles. The differences of annual PP between MH and CTRL reveal a dipole structure in the studied area,

with slightly lower PP in the western part of the BoB and slightly higher PP in the eastern part including the

Andaman Sea. Strong signal of lower PP is found in the southwestern BoB during summer, and in the northern

BoB during winter. Slightly higher PP is found in the eastern BoB and the Andaman Sea, mainly during summer.

The overall increase in annual PP simulated within the center part of the BoB during LGM compared to

preindustrial (LGMc—CTRL), reflects well the general PP increase simulated during the summer season. This area

1s an extension of the high PP found by the CTRL simulation within the southwestern BoB. One of the most striking

pattern highlighted by this comparison is the important increase in annual PP in the northeastern part of the BoB at

the junction with the Andaman Sea, that reflects significant increases of PP during both summer and winter seasons,

while PP in the northern BoB and the whole Andaman Sea is lower. This pattern highlights the CTRL river mouth

grids shift toward the northeastern BoB during the LGM (section 3.3.1), and its most probable location closer to
the MD77-176 site at that period. Between LMGf and LGMc, PP is lower in the entire BoB, except in the

northeastern part of the BoB in winter, for which a higher annual PP is simulated.
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Summer and winter vertical profiles are extracted from grids at the GBM and the IS river mouths for CTRL and

MH (Fig. 4), and from grids at the northeastern BoB, near the location where core MD77-176 has been retrieved,
for CTRL, MH, LGMc and LGMTf (Fig. 5).

CTRL and MH river mouth profiles depict PP maxima within the surface layers (0—50 m), where reduced

salinity and density conditions help maintaining a nutricline around 50 m water depth in both seasons (Fig. 4). In

all cases, temperatures and SSS are lower during the MH compared to CTRL. The most striking difference is

observed for the GBM river mouth system, where salinity is clearly lower within the surface layer (0—30 m) during

MH compared to CTRL, especially during winter, while temperature change is limited. Such pattern results in

lower density in the surface layer and stronger density gradient within the upper 200 m of the seawater (i.e. stronger

salinity-related stratification) during winter season of MH. Under such conditions, nutrient content and thus PP,

are lower in the upper 30 m water depth.

For the CTRL profiles of the northeastern BoB, PP maxima are found at ~75 m water depth, just above the

nutricline, in both seasons (Fig. 5). Such a pattern reflects well what is found in the open sea environment of the

BoB at present (Madhupratap et al., 2003). MH PP profiles show no large difference compared to the CTRL ones.

It is only during winter, that salinity is significantly lower between 0 and 50 m water depth, and that the associated

increase in the density gradient within the photic zone is related to slightly lower PP.
PP profiles of LGMc¢ and LGMT{ are very different from those of CTRL and MH. They are associated with

generally saltier and/or colder surface waters. Interestingly, high PP is found in the surface layers (0—50 m) where

nutrient contents are higher than CTRL and MH conditions (Fig. 5). Such distributions show that nutrient content

and PP are comparable to those found in the CTRL river mouth profiles, and particularly case during winter, where

LGMc and LGMTf simulations of salinity gradient show a shallower halocline that rises the density gradient of

surface layers and is thus accompanied by a shallower pycnocline. It indicates that PP reacts to the shift from the

open sea environment configuration during CTRL and MH simulations to the more coastal one during LGMc and

LGMITf simulations, as previously documented in section 3.3.1. Interestingly, during the winter, PP and nutrients

contents between 0 and 30 water depths of LGMT{ are higher than those of LGMc¢. Such patterns are associated with

higher salinity in surface waters and a reduced density gradient that might promote upper layer mixing. Overall,

the LMGec, LMGf and MH simulations do not show strong difference in the vertical variation of temperature

compared to the MH. Changes in PP and nutrient contents are rather associated to modifications in density gradient,

thanks to salinity changes which highlight the importance of salinity-related stratification vs mixing in the PP

distribution in the past.
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5. Discussion: Forcing factors behind PP variations over the last 26 kyr as revealed by a model-

data comparisond4.2.2 Last deglaciation to present (19 — 1 kyr BP)
5.1 The last glacial period

2042)-During the LGM (23-19 kyr BP), i.e. when drier conditions prevailed in the area, our reconstructed PP

estimates average ~120 gC m> yr'l, which is nearly the same value as the one reconstructed for the late Holocene

(2—1 kyr BP) (Figs. 61 and 7f, g). An important discovery is the high-amplitude millennial-scale variations that PP

depicts from 26 to 19 kyr BP. Such variations mirror those of SSS (seawater 5'%0 anomaly signal) obtained on the

same core (Fig. 6h), and to some extent in the Andaman Sea (Fig. 6e, g), thus documenting high PP intervals at

times of low SSS pulses and vice versa. In such a context, the most plausible explanation for higher PP coeval with

low SSS deals with higher nutrient inputs from rivers. Indeed, during the LGM and relatively low sea-level, more
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proximal IS river mouth system might promote freshwater and terrigenous nutrient transfer to our core site, thus

decreasing (increasing) SSS and increasing (decreasing) nutrient content and PP, according to South Asia

precipitation and riverine flux dynamics. Such millennial-scale variations are readily seen in the record of South

Asian monsoonal precipitation, thus confirming our assumption. Indeed, despite long-term aridity during the LMG,

as documented by the net precipitation results of the TraCE simulation together with 5'%0 and 3D alkane signals

from cave speleothems and marine sediments respectively (Fig. 6¢, d), rapid SSS decreases at our core site are in

phase with short-term increases in precipitation and vice versa (Figs. 6h). They are also found in IPSL-CMS5A

simulations where higher PP and higher nutrient contents within the upper 50 m of the photic zone during LGMf

and LGMc compared to MH and CTRL, reflect higher terrigenous nutrient inputs to the studied site, as the the IS

river mouth system migrates probably northward, i.e closer to our core site (section 4.2). Interestingly, the highest

reconstructed PP (~160 gC m> yr'l) remains lower than the simulated PP at river mouths (>220 gC m> yr'), thus

suggesting that core MD77-176 is not within the coastal environment during the LGM, but is rather influenced by

the nutrient enriched-river system plume. The local specificities of the area have in part been highlighted by

Sijinkumar et al. (2016) that reported lower SSS compared to the modern time in the northern Andaman Sea due

to major changes in basin morphologies between both periods, thanks to the sea-level significantly lower during

the LGM compared to modern times. Therefore, in such contexts, one cannot exclude that both, the low sea-level

conditions and the migration of the IS river mouth system, might result in the specific SSS and PP records obtained

at our core site. In all cases, it appears that between 26 and 19 kyr BP, the IS river system renders MD77-176 PP

sensitive to millennial-scale variations in South Asian monsoonal precipitation, as it modulates riverine flux and

the extent of the nutrient-rich riverine plume in the area.

5.2 The last deglaciation
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(19—11 kyr BP), the most striking changes of reconstructed PP covary positively with SSS, especially after the 19-

17 kyr BP transient period, when high PP intervals correspond to high SSS ones, and vice versa (Fig. 6h, i). Both

signals show three stages that correspond to abrupt temperature changes in the North Atlantic Ocean, i.e. the cold
Heinrich Stadial 1 (HS1; 17-14.8 kyr BP), the warm Bglling-Allerod (B-A; 14.8-12.9 kyr BP) and the cold
Younger Dryas (YD; 12.9-11.8 kyr BP), which are characterized by changes in AMOC strength (Fig. 6b, h, i;
Elliot et al., 2002; McManus et al., 2004). The AMOC is a component in inter-hemispheric transport of heat (e.g.

Liu et al., 2009; Buckley and Marshall, 2016) and its changes in intensity, which are related to inter-hemisphere

temperature gradient, have a strong influence on tropical Atlantic (Wang et al., 2004; Peterson et al., 2000; Peterson
and Huaug, 2006; Swingedouw et al., 2009), and South Asia rainfalls (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).

Cold periods in the North Atlantic are associated with relatively weak AMOC and low monsoon precipitation, and

vice versa. The relationship between South Asian rainfall and AMOC during the last deglaciation has been studied
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by Marzin et al., (2013), based on several water hosing experiments run with IPSL.-CM4 model. They found a

strong positive correlation between the AMOC strength and South Asian summer precipitation rates and pointed

out that temperature anomalies over the tropical Atlantic Ocean are key elements in modulating the tele-connection

mechanisms between the AMOC and South Asian rainfall. It has been proposed that a southward shift of the ITCZ

was triggered by low tropical Atlantic Ocean temperatures and weakened AMOC during HS1 and possibly the YD
(Stocker and Johnsen, 2003; Gupta et al., 2003; Goswami et al., 2006; Li et al., 2008; Pausata et al., 2011; McGee
et al., 2014; Schneider et al., 2014). Such variations of moisture are simulated here, in the IPSL-CM5A housing

simulation (LGMf), that shows weaker summer winds and drier climate over the AS and South Asia when AMOC

1s weakened compared to the LGMc simulation (Fig. 7k, n). They are also observed in the TraCE simulation over

the deglaciation, with millennial-scale variations of net precipitation being mainly forced by changes in AMOC

strength, and the colder periods (HS1 and YD) being associated with weaker precipitation (Figs. 6d, S4). More

importantly, the reconstructed records and TraCE results, together show that weaker net precipitation intervals

correspond to higher SSS ones, which indicates that South Asian net precipitation controls the salinity budget in
the BoB and Andaman Sea (Figs. 6d, h). Since SSS and PP variations of MD77-176 site are highly correlated to

upper seawater density gradient (stratification) while SST remains relatively stable (Figs. 6f, h, i), it seems

reasonable to propose that during the last deglaciation, PP variations are directly driven by precipitation dynamics

through changes in upper water column stratification associated to SSS variations (the so-called “barrier layer”

effect). An important finding is that millennial-scale variations of MD77-176 PP are anti-phased with those in the

western and northern AS (Fig. 61, k), which are indicators of local summer wind strength. We interpret this anti-

phased PP patterns by the fact that weaker summer winds (i.e. reduced PP) over AS, by bringing less moisture to

South Asia, result in subdued freshwater inputs within the NE-BoB, that weaken stratification and increase PP. To

the opposite, stronger summer winds (i.e. higher PP) over AS, reinforce precipitation over South Asia, enhance

freshwater inputs within the NE-BOB, and ultimately decrease PP through enhanced stratification.

The relationships between ITCZ, southwesterly winds over the AS, South Asian rainfall, SSS, and
stratification over the northern BoB and Andaman Sea, are confirmed by IPSL-CM5A. Compared to LGMc, LGMf

clearly show higher SSS and weaker stratification, especially in the northeastern BoB, under weakened AMOC

condition (Fig. 7k—0). The areas with higher PP in the northeastern BoB, that corresponds to the LGMc¢ river mouth

grids, match well those with the largest increase of SSS (Figs. 3] and 7m), indicating that salinity-stratification

controls PP, even under unchanged amount of nutrient inputs from rivers (section 3.3.1). The relationship that

exists between the salinity-stratification and PP of these grids is shown in Fig. 8. It clearly shows a positive

correlation between PP and nitrate contents and between nitrate contents in the upper photic zone (0—50 water

depth) and SSS. In such a context, PP is therefore inversely correlated to the stratification, with high PP being
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associated to high nutrients, high SSS and reduced vertical density gradient. Moreover, the annual simulated PP

increase is mainly associated to PP increase during winter (Fig. 31), which mirrors well the winter peak of PP

observed in modern times (Fig. 1m).

Although LGMT is not set under the complete conditions of HS1 or YD (higher atmospheric pCO, and sea-

level compared to the LGM), it helps deciphering the control that salinity-stratification exerts on PP in the

northeastern BoB under weakened AMOC condition and lower South Asian rainfall. Together with the robust

relationships that exist between reconstructed PP, SSS, South Asia rainfall, and AS southwesterly winds, we can

conclude that as the sea-level rises during the last deglaciation, the location of MD77-176 is less influenced by

nutrient inputs from the IS river mouth system than during the last glacial period, and that the “barrier layer” effect

dominates. Therefore, PP variability is highly controlled by the changes of salinity-stratification that is linked to

the changes of AMOC strength and monsoon precipitation.
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(Beharaand-Vinayachandran; 2046).During the Holocene (11-1 kyr), long-term decreasing trends in reconstructed

PP match long-term decreasing trends in SSS, increasing trends in South Asian precipitation, and increasing trends

in AS PP, while simulated SST show a gradual increase of ~1°C across the area (Fig. 6). Therefore, the relationships

between these parameters are similar to those we observed over the last deglaciation. The most obvious pattern is

found during the early-middle Holocene (86 kyr BP) when PP and SSS minima correspond to South Asian

precipitation and AS PP maxima. This time interval, also called the Early Holocene Climatic Optimum (EHCO;

e.g. Ciais et al., 1992; Contreras-Rosales et al., 2014), is characterized by higher North Hemisphere (NH) summer

insolation compared to present, as highlighted by a maximum in the 30°N August mean insolation (Fig. 6a), and

the peak of insolation difference between 6 kyr BP and present day over low- and mid-latitude areas (Marzin and

Braconnot, 2009). Under enhanced boreal summer insolation, the MH simulation reveals stronger southwesterly

summer winds over the AS and enhanced net precipitation over South Asia (Fig. 7p, s), thanks to the northward
shift of the ITCZ system (Bassinot et al., 2011; McGee et al., 2014; Schneider et al., 2014). Lower SSS and higher

density gradient (stronger stratification) are concomitantly documented over the entire BoB, but they are

particularly obvious in the northern BoB (Fig. 7q, 1), that are directly influenced by freshwater budget and input

from the GBM river system (Behara and Vinayachandran, 2016). All these elements suggest that during the

Holocene PP changes in the northeastern BoB were most probably driven by salinity-stratification associated to

the changes in precipitation. This is confirmed by the comparison between the MH and CTRL profiles of the GMB

river mouth system, that highlights lower nutrient contents and PP in the upper seawater associated with reduced

SSS and increased density gradient between 0 and 30 m water depths (section 4.2, Fig. 4).
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65. Conclusion

We document for the first time,We-haverecenstrueted a 26 kyr PP record for the northeastern BoB_—everthelast

—using an empirical equation relating Fp% to PP. Comparisons of this PP signal with previous geochemical
g p q grp

data and new model outputs helped us proposing two coherent scenarios behind PP distribution during 2619 kyr

BP and 19-1 kyr BP intervals, respectively. In all cases, PP is related to nutrient content and distribution in sea

surface. From 26 to_19 kyr BP, when drier and lower sea-level conditions prevailed, millennial-scale PP changes

are most probably related to nutrient discharges from the Irrawaddy-Salween river mouth system, that are paced

by South Asian monsoon precipitation changes. —finehading-the EGM);—datasuggest-that PP-inthe northeastern

o on olled o da= a a a fa d

O O O11Ta o D s W y—Ci cl O GItio Cl C Cl

i - ed—Over the last 19 kyr, while the sea-level rise and more humid conditions

prevailed, millennial-scale PP variations over the deglaciation and long-term trend over the Holovene are rather

controlled by salinity-related-stratification that monitor nutrient distribution within the photic zone and is therefore

23



695
696
697
698
699
700
701
702
703
704
705
706
707
708

709

710
711

712

713

714

715
716
717
718

719

720

less influenced by nutrient inputs from the IS river mouth system. We demonstrate more generally that stratification

dynamic during that period, is driven by Indian Monsoon precipitation changes, that generates changes in

freshwater supplies to the ocean. The analysis of climate model outputs provides additional evidences for that

salinity-stratification hypothesis and help demonstrating that palacoceanographic changes are forced by AMOC
dynamic during the last deglaciation, and insolation during the Holocene. —the PP variations—in-the NE-BoB-are
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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 Ganges-Brahmaputra-Meghna river system

(GMB), and the Irrawaddy-Salween river system (IS). The map was created by the Ocean Data View software

(©Reiner Schlitzer, Alfred Wegener Institute) with its built-in global high resolution bathymetric data (GlobHR).
Location of the sediment core ef-MD77-176the-eurrent-stady is marked by the red circle. Black circles mark the
locations of published records shown in Fig. 64. (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 Vertical Generalized Production Model (VGPM; Behrenfeld and Falkowski,

1997)-medel (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-seleeted regions of data extracting are

marked by color rectangles in (e). Data sources are the same with above.
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DJF) seasons. The rectangles 1 and 2 on (d), mark the grids from which the vertical profiles on Fig. 4 are extracted.

The rectangle 3 on (e), marks the grids from which the vertical profiles on Fig. 5 are extracted. The black dots mark
the location of core MD77-176.€a
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120 Fig. 4. Simulated ocean profiles between 0 and 200 water depths, in the MH and CTRL simulations run with [PSL.-

Depth (m)
g
1

(s)

DJF

CMS5A-LR. Data of (a)—(i) have been extracted from the grids located in the Ganges-Brahmanputra-Meghna river

mouth (the rectangle 1 on Fig. 3d). (a)—(e) Results of summer (June—July—August, JJA). (f)—(i) Results of winter

(December—January—February, DJF). Data of (j)—(s) have been extracted from the grids located in the Irrawaddy-
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Salween river mouth (the rectangle 2 on Fig. 3d). (})—(n) Results of summer (JJA). (0)—(s) Results of winter (DJF).

125 The parameters shown here are potential temperature (Tp), salinity, potential density (sigma-t, or), nitrate

concentration of seawater representing seawater nutrient content (NO5'), and total primary productivity (PP).

Nutricline, halocline, pycnocline are the depths with largest vertical gradients of nutrient content, potential density

and salinity under the upper seawater layers.
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Fig. 5. Simulated ocean profiles between 0 and 200 water depth, in four experiments run with IPSL-CMS5A-LR.

(a)—(e) Results of summer (June—July—August, JJA). (f)—(j) Results of winter (December—January—February, DJF).

Data have been extracted from the grids located in the northeastern part of the BoB closed to the MD77-176 core

site (the rectangle 3 on Fig. 3e). The parameters shown here are potential temperature (To), salinity, potential

density (sigma-t, or), nitrate concentration of seawater representing seawater nutrient content (NO5’), and total

primary productivity (PP). Nutricline, halocline, pycnocline are the depths with largest vertical gradients of nutrient
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Fig. 6. (a) 30°N August insolation (Laskar et al., 2004). (b) AMOC strength indicated by 21pa/2Th ratio of marine
sediment from the western subtropical Atlantic Ocean (in pink, McManus et al., 2004). The changes of the
maximum in the AMOC stream function below 500 m (AMOC strength) in TraCE-21 (in gray). (¢) Mawmluh
Cave speleothem 5"%0 signal (Dutt et al., 2015). (d) Alkane 8D signal in marine core SO188-342 (in green,

Contreras-Rosales et al., 2014) and simulated annual mean precipitation minus evaporation of TraCE-21 (in gray).

(e) Seawater 830 record of core RC12-344 (Rashid et al., 2007). (f) Simulated annual mean SST in the NE-BoB.

(2) Ba/Ca ratio derived from mixed layer foraminifer species Globigerinoides sacculifer from core SK 168/GC-1

(Gebregiogis et al., 2016). (h) Seawater 5"%0 anomaly record of core MD77-176 (Marzin et al., 2013). (1) Estimated

PP record of core MD77-176 (this study, in red) and simulated annual mean potential density gradient between 200

and 5 m of TraCE-21 (in gray), that reflect the stratification of the upper seawater (Behrenfeld et al., 2006). (3)

Ba/Al ratio of sediment core 905 (Ivanochko et al., 2005). (k) Total organic carbon weight percentage of core

S090-136KL (Schulz et al., 1998). TraCE curves are shown using 100-yr averaged results. The results of single

forcing experiments are shown in Fig. S4. Core locations of all these records above are marked in Fig. 1a. Grids of

extracted TraCE data are shown in Fig. S5. High-resolution reconstructed and Trace21 data provide coherent

climate patterns: 1) For 26-19 kyr BP when higher PP is associated with lower SSS and lower moister conditions

and vice versa, highlighting the control that river mouth system exert on PP; ii) for 19—11 kyr BP, when higher PP,

in phase with AMOC strength, is associated with higher SSS and reduced precipitation, highlighting the impact of

high-latitude climate on South Asian precipitation, salinity-related stratification and PP; iii) for 11-1 kyr BP, when

higher PP, in phase with August insolation, is associated with higher SSS and reduced precipitation, highlighting

the impact of insolation on South Asian precipitation on salinity-related stratification and PP, during the Holocene,
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180 Fig. 7. IPSL-CMSA-LR outputs. (a)—(e) Results of CTRL. (f)—(j) Differences between LGMc and CTRL. (k)—(0)

185

Differences between LGMTf and LGMec. (p)—(t) Differences between MH and CTRL. The parameters are annual

mean precipitation minus evaporation (P-E, net precipitation), sea surface salinity (SSS), potential density gradient

between 200 and 5 m (stratification of the upper seawater; Behrenfeld et al., 2006), summer (June—July—August,

JJA) and winter (December—January—February, DJF) surface wind speed and vectors. These figures give the results

of simulated changes of climates and oceanic conditions over South Asia and the northern Indian Ocean. Stronger

net precipitation is marked by blu color, higher SSS is marked by red color, stronger stratification is marked by

blue color and stronger surface wind is marked by red color.
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Fig. 8. IPSL-CMS5A-LR outputs. (a)—(d) Crossplots between different oceanic parameters of LGMc and LGMT. (e)
190 and (f) Vertical profiles of nitrate content and PP of LGMc and LGMT. All the results are from winter (December—

January—February) and every curve represents an average of ten model years. Data have been extracted from the

orids located in the northeastern part of the BoB closed to the MD77-176 core site (the rectangle 3 on Fig. 3e).

They highlight the control salinity stratification exerts on upper layer nutrient content and integrated PP: higher PP

is found when higher SSS drive weaker stratification. Vertieal-prefiles-ef-oceanie parameters-ef the JRPSE-CMS5-ER
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