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Résumé en français 
 
       Sous l'influence du réchauffement climatique entraîné par l'émission croissante de gaz à effet de 

serre d’origine anthropique, le climat de la Terre connait des changements importants. Pour mieux 

prévoir les changements futurs, il est important de connaître leur variabilité dans le passé et d'en 

comprendre les mécanismes. Aujourd’hui, des milliards de personnes vivent sur les pourtours de 

l’Océan Indien tropical, où l’évolution future de la dynamique du climat qui présente de fortes 

saisonnalités, reste mal connue. L'océan Indien tropical est sous l'influence de i) la mousson indienne 

caractérisée par des vents du sud-ouest en été et du nord-est en hiver, et ii) la circulation zonale de 

Walker représentée par des vents d'ouest équatoriaux qui impactent à leur tour, la distribution de la 

productivité primaire marine (PP) actuelle et passée. Très peu de reconstructions de PP dans le passé 

(paléo-PP) existent dans cette zone, et c'est particulièrement le cas lorsqu'on s’intéresse aux 25 000 

dernières années qui enregistrent pourtant des changements importants des conditions climatiques 

limites liées à l’insolation, au volume de glace, au niveau marin et/ou aux concentrations en gaz à effet 

de serre. Cette période enregistre par ailleurs, d'importants changements dans la circulation méridienne 

de retournement Atlantique (AMOC) qui module le transport latitudinal de chaleur, en particulier 

pendant le Stade Heinrich 1 (HS1 ; 17.5-15 ka) et le Bølling-Allerød (BA ; 14.7-13 ka) et pendant le 

Dryas récent (YD ; 12.9-11.5 ka), respectivement caractérisés par des conditions froides et chaudes 

dans l'hémisphère Nord. 

 L'objectif de ce travail est de reconstruire les changements orbitaux à millénaires de la PP de 

l'océan Indien tropical depuis le dernier maximum glaciaire (DMG) via l’étude des assemblages de 

coccolithes de quatre carottes sédimentaires récoltées dans le Golfe du Bengale (GdB)/mer d'Andaman. 

(MD77-176, MD77-191, et BAR94-24) et la mer d'Arabie (MAr) (MD00-2354), et comprendre leurs 

relations avec la dynamique de la mousson indienne et de la circulation de Walker en utilisant les 

sorties des modèles IPSL-CM5A-LR (IPSL), AWI-ESM-1-1-LR (AWI), et CCSM3. Les résultats de 

la modélisation permettent d’interpréter à grande échelle, les données de paléo-PP obtenues qui sont 

comparées aux données paléoclimatiques de la littérature. 

 

 Cette thèse comprend six chapitres. 

 Le chapitre 1 repose sur la présentation des contextes atmosphérique, océanique et biologique 

de l'océan Indien tropical en se focalisant particulièrement sur la distribution de la PP dans les zones 

étudiées. Un « état de l'art » des travaux publiés dans la littérature permet de mettre en évidence les 
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questions restant en suspend quant à la dynamique de la circulation de la mousson indienne et de 

l'Indian Ocean Walker depuis le DGM et ainsi, de formuler les principaux objectifs de cette étude. 

 Le chapitre 2 décrit le matériel et les méthodes utilisés pour répondre aux objectifs énoncés, 

et donne des informations spécifiques sur les modèles d'âge des carottes de sédiments, les estimations 

de paléo-PP, et la modélisation climatique. Les changements de PP dans le passés sont reconstruits à 

l'aide d'une fonction de transfert basée sur la relation existante entre les pourcentages de l’espèce de 

coccolithes Florisphaera profunda (Fp %) dans les sédiments de surface et les teneurs en chlorophyll 

des eaux océaniques de surface. Par ailleurs, Fp habite la zone photique inférieure. Son abondance 

relative est donc directement liée aux changements de profondeur de la nutricline et l’étude des spéci-

mens fossiles préservés dans les carottes sédimentaires permet aussi de reconstruire la dynamique de 

la nutricline dans le passé. Quatre simulations exécutées avec les modèles de l’IPSL ont été étudiées 

sous les conditions préindustrielles (CTRL), de l’Holocène moyen (HM), du DMG et du DMGf. Dans 

la simulation DMGf, un flux d'eau douce de 0,2 Sv est simulé dans l'océan Atlantique Nord pour forcer 

l'arrêt de l'AMOC par rapport à la simulation du DGM et ainsi se rapprocher des conditions du HS1. 

Trois simulations exécutées avec AWI ont été étudiées dans des conditions de CTRL, HM et DMG. La 

simulation transitoire, TraCE-21, a été exécutée avec CCSM3, dont les sorties couvrent les 22 derniers 

ka. 

 Le chapitre 3 présente les données de paléo-PP du site MD77-176, afin d'étudier la dyna-

mique de la mousson d'été indienne (MEI) et son impact sur la PP du Nord-Est du GdB au cours des 

26 derniers ka. Aujourd'hui, les changements de PP sont associés à des changements de la stratification 

des eaux océaniques de surface, liés aux conditions de salinité (SSS), elles-mêmes influencées par les 

apports en eau douce du système fluviatile Irrawaddy-Salween qui sont tributaires des changements 

d’intensité de la MEI. Au cours du DMG, les évènements de forte PP correspondent à des périodes ou 

des conditions de faible salinité prévalent (et vice versa). Ces relations suggèrent l'influence des ap-

ports fluviatiles et probablement ceux en nutriments depuis les embouchures des fleuves Irrawaddy-

Salween alors devenues plus proximales, en raison d’un niveau marin plus bas. Dans un tel contexte, 

une plus forte (faible) MEI entraînerait un ruissellement plus élevé (réduit) sur les continents, des 

apports en nutriments fluvatiles plus forts (faibles) et une PP plus élevée (faible). Au cours de la der-

nière déglaciation et de l'Holocène, la relation entre la PP et la salinité des eaux de surface s'inverse et 

les intervalles de forte PP correspondent à des périodes ou les eaux de surface sont plus salées (et vice 

et versa). Ceci est particulièrement évident pendant les périodes HS1 et YD, lorsque la MEI est plus 

faible, et inversement pendant le B-A, lorsque la MEI est plus forte. Ces hypthèses sont confirmées 
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par les résultats des simulations DMGf et HM du modèle de l’IPSL et celles du modèle TraCE21 qui 

montrent que lorsque l'AMOC s’affaiblit (HS1, YD), la PP du site MD77-176 devient plus élevée en 

raison d’une augmentation de la SSS et d’une stratification plus faible dans le Nord Ouest du GdB. A 

l’inverse, lorsque l’AMOC se renforce (B-A) ou que des conditions de forte insolation estivale dans 

l’Hémisphère Nord (Holocène précoce à moyen, 8−6 ka) prévalent, la PP du Nord Ouest du GdB 

devient plus faible à cause d’une salinité plus faible, et d'une stratification renforcée. 

 Le chapitre 4 traite des variations de PP de la carotte MD00-2354 afin d'étudier la dynamique 

de la mousson indienne dans le Nord-Ouest de la Mer d’Arabie au cours des 23 derniers ka. Aujour-

d'hui, les changements de PP y sont contrôlés à la fois par l'upwelling côtier associé aux vents du sud-

ouest en été, à la fois par le mélange des eaux océaniques de surface, induit par les vent du nord-est et 

le refroidissement de surface enregistrés en hiver. A l’échelle des 23 derniers ka, il semble que la PP 

était d'environ 90 % plus élevée au DMG qu'à l'Holocène. Ces résulats suggèrent la forte influence des 

conditions de mousson d'hiver sur la PP dans la région d’étude. En effet, lorsque la mousson d'hiver 

s’intensifie sous les conditions glaciaires caractérisées par des calottes de glace plus étendues et des 

concentrations en gaz à effet de serre plus faibles, un mélange plus fort des eaux de surface pendant 

l'hiver, associé à une diminution des températures pourraient augmenter la PP. Des tendances opposées 

seraient retrouvées au cours du B-A. et à l’HM, lorsque prévalent les conditions de déglaciation carac-

térisées par des calottes glaciaires réduites et des concentrations plus élevées en gaz à effet de serre. 

De telles hypothèses sont confirmées par les résultats de la simulation DMG exécutée avec IPSL. Tou-

tefois, dans un tel contexte, on ne peut exclure que la fertilisation des eaux océaniques de surface par 

des apports éoliens (riches en nutriments) accrus, ait également contribué à l'augmentation de la PP. 

    Le chapitre 5 combine les résultats des chapitres 3 et 4 et se concentre sur la dynamique de la stra-

tification des eaux océaniques de surface depuis le DMG, via l’utilisation des pourcentages de Fp des 

carottes MD77-176 et MD00-2354, et les simulations du modèle TraCE 21, en supposant que la stra-

tification des eaux de surface dans le nord-est du GdB et le nord-ouest de la mer d’Arabie était respec-

tivement contrôlée par la mousson d'été (chapitre 3) et la mousson d'hiver (chapitre 4). Les résultats 

les plus frappants montrent que lors de la dernière déglaciation, la mousson d’été était en opposition 

de phase avec la mousson d’hiver et toutes deux étaient rythmées par des changements d’intensité de 

l'AMOC. Pendant les périodes HS1 et YD, l’affaiblissement du transport de chaleur en Océan Atlan-

tique Nord, lié à un affaiblissement de l’AMOC, accompagné par un refroidissement du continent 

eurasiatique, aurait été associé à une MEI plus faible et une MHI plus forte. Inversement, pendant la 
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période du B-A, lorsque l'AMOC s’intensifie, le renforcement du transport de chaleur en Océan Atlan-

tique Nord, accompagné par une réchauffement du continent eurasiatique, se serait accompagné d’une 

MEI plus forte et d’une MHI plus faible. 

    Le chapitre 6 présente la PP reconstruite au niveau des carottes BAR94-24 et MD77-191, prélevées 

respectivement au large de la pointe nord-ouest de Sumatra et au large de la pointe sud de l'Inde, afin 

d’étudier la dynamique des vents zonaux et, par conséquent, les changements de la circulation de Wal-

ker depuis le DMG. Les données de PP de la carotte MD77-191 ne couvrant que les derniers 16 ka, 

elles ont été comparées et par des données de PP indirectes, et obtenues via le pourcentage de Globi-

gerina bulloides d'une carotte sédimentaire voisine. Aujourd'hui, les deux carottes se situent au cœur 

d’upwelling côtiers générés par les vents d'ouest équatoriaux en été (MD77-191) et les vents d'est 

équatoriaux d'hiver (BAR94-24) et la PP est directement liées à la dynamique de la circulation de 

Walker. En assumant que cette relation se vérifie dans le passé, il semblerait que pendant le DMG, de 

plus fortes PP enregistrées au large de Sumatra et au large de l'Inde, suggèrent des vents d’est plus forts 

en hiver et des vents d'ouest plus forts en été. De telles assomptions sont confirmées par les sorties de 

modèles qui simulent des anomalies à la fois dans les vents équatoriaux d'Est en été, et dans les vent 

équatoriaux d’ouest en hiver. Dans tous les cas, les simulations des conditions moyennes annuelles 

révèlent des vents équatoriaux d’Est plus forts dans l’Océan Indien de l'océan Indien, et indiquent ainsi 

une circulation de Walker plus faible. Pendant l’HM, des PP plus faibles sont enregistrés au large de 

Sumatra et au large de l'Inde. Ces résultats corroborent les simulations numériques qui décrivent des 

vents d'est plus faibles au large de Sumatra pendant l'hiver, et des vents d’ouest plus faibles au Sud de 

l’Inde en été. Dans tous les cas, il semblerait que les vents d’Est dominent à l’échelle de l’année, et par 

conséquent, que l'océan Indien soit également associé à une circulation de Walker plus faible pendant 

cette période de temps. Par conséquent, la circulation de Walker dans l'océan Indien était plus faible 

qu'elle ne l’est actuellement pendant le DMG et le début de l'Holocène moyen, mais les deux états 

auraient une saisonnalité différente dans les changements de vents équatoriaux. Une circulation de 

Walker plus faible pendant le DMG était probablement liée à l'exposition des plateaux continentaux 

sous des conditions de Bas Niveau Marin tandis que celle enregistrée à l’HM était probablement asso-

ciée à une insolation plus forte de l’Hémisphère Nord.  

 

 Globalement, ce travail confirme que le paléo-PP dans l'océan Indien tropical peut bien refléter 

les variations paléoclimatiques. Les variations de PP sont liées à des changements de teneur en 

nutriments dans la zone photique qui peuvent être influencés par des processus variés. Ces derniers 
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comprennent les gradients de salinité et de température de la partie supérieure de l'eau de mer qui 

contrôlent la stratification, les vents côtiers qui peuvent entraîner la remontée des eaux et les apports 

éoliens qui peuvent apporter des nutriments des continents. Dans tous les cas, ce travail permet de 

mieux comprendre la dynamique de la mousson indienne et son lien avec l'AMOC et la circulation de 

Walker avec des applications probables pour les projections climatiques futures. 
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Abstract in English 
 
       Under the influence of global warming driven by the increasing emission of anthropogenic 

greenhouse gases, the earth's climate will have significant changes. To better predict climate change in 

the future, it is important to know climate variability in the past and understand its mechanisms Today, 

billions of people live on the lands surrounding the tropical Indian Ocean, where climate evolution, 

characterized by strong seasonality, remains unknown. The tropical Indian Ocean is under the influence 

of both, the Indian monsoon characterized by southwesterly winds during summer and northeasterly 

winds during winter, and the zonal Walker circulation characterized by annual mean equatorial 

westerly winds. These mechanisms impact marine primary productivity (PP) today and in the past. 

However, very few paleo-PP reconstructions exist in that area so far, and this is particularly the case 

when dealing with the last 25 000 years (25 ka) despite their major contribution in understanding low-

latitude climate patterns under changing boundary conditions such as insolation, ice volume, sea-level, 

and greenhouse gases concentrations. It also witnesses significant changes in the Atlantic Meridional 

Overturning Circulation (AMOC) that modulates latitudinal heat transport, particularly during the 

Heinrich Stadial 1 (HS1; 17.5−15 ka) and the Bølling–Allerød (B-A; 14.7−13 ka), as well as during 

the Younger Dryas (YD; 12.9−11.5 ka), characterized by cold and warm conditions in the northern 

hemisphere, respectively. 

    The aim of this work is to reconstruct orbital- to millennial-scales PP patterns of the tropical Indian 

Ocean since the Last Glacial Maximum (LGM) based on coccolith assemblage analyses of four 

sediment cores retrieved in the Bay of Bengal (BoB)/Andaman Sea (MD77-176, MD77-191, and 

BAR94-24) and the Arabian Sea (AS) (MD00-2354), and understand their relationships with the Indian 

Monsoon and Walker circulations using outputs from IPSL-CM5A-LR (IPSL), AWI-ESM-1-1-LR 

(AWI), and CCSM3 models. The modelling results help better interpret the paleo-PP records and 

published paleoclimate records on a broad overview. 

 

This thesis includes six chapters. 

Chapter 1 is related to the atmospheric, oceanic, and biologic contexts of the tropical Indian Ocean 

with a special focus on PP distribution in the studied areas. A “state of the art” of published studies 

helps to highlight the unsolved questions concerning the dynamics of the Indian Monsoon and Indian 

Ocean Walker circulation since the LGM and thus, to formulate the aims of this study. 

Chapter 2 describes the material and methods used to fullfill the objectives, and give specific 
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information on sediment core age models, paleo-PP estimates, as well as climate modelling. 

Reconstructed paleo-PP are obtained using a transfer function based on Florisphaera profunda 

percentages (Fp %). Fp is a coccolithophore dwelling in the lower photic zone. Its relative abundance 

is sensitive to changes of nutricline depth and thus, to PP. Four simulations run with IPSL have been 

studied under conditions of pre-industrial (CTRL), mid-Holocene (MH), LGM, and LGM freshwater 

hosing (LGMf). In the LGMf simulation, a freshwater flux of 0.2 Sv was prescribed over the North 

Atlantic Ocean to force the AMOC shutdown in respect to the normal LGM simulation. Three 

simulations run with AWI have been studied under conditions of CTRL, MH, and LGM conditions. 

The transient simulation, TraCE-21, was run with CCSM3, whose outputs cover the last 22 ka.  

Chapter 3 focuses on paleo-PP dynamics of site MD77-176, in order to study the dynamic of the 

Indian Summer Monsoon (ISM) in the northeastern BoB over the last 26 ka. Today, changes in PP are 

associated to changes in sea surface salinity (SSS)-related stratification that is driven by freshwater 

input from the Irrawaddy-Salween river systems and hence, by changes in the ISM. During the LGM, 

millennial-scale fluctuations of PP are found, and it appears that higher PP intervals correspond to 

fresher upper seawater (and vice versa). These relationships suggest the influence of nutrient inputs 

from closer river mouths associated with a lower sea level situation. In such a context, stronger (weaker) 

ISM might resulted in higher (reduced) run-off, stronger (lower) inputs of nutrients to the core site and 

thus higher (lower) PP. During the last deglaciation and the Holocene, the PP-salinity relationship is 

reversed compared to the LGM, and higher PP intervals correspond to saltier upper seawater (and vice 

versa). This is particularly obvious during HS1 and YD, when ISM is weaker, and inversely during B-

A when ISM is stronger. Such patterns are confirmed by the results of LGMf and MH simulations run 

with IPSL as well as TraCE-21run with CCSM3. They both show that under AMOC shutdown (HS1, 

YD), PP became higher due to weaker freshwater input and salinity stratification while under stronger 

AMOC (B-A) and early-middle Holocene (EMH; 8−6 ka) characterized by a maximum in Northern 

Hemisphere summer insolation, PP became lower due to stronger freshwater input and salinity 

stratification.  

    Chapter 4 deals with paleo-PP variations from core MD00-2354 in order to study the dynamic of 

the Indian Monsoon in the northwestern AS over the last 23 ka. Today, PP changes at the study site are 

controlled by both, the coastal upwelling driven by southwesterly winds during summer, and the sea-

surface mixing induced by northeasterly winds and surface cooling during winter. Over the last 23 ka, 

it appears that PP was about 90 % higher during the LGM than the Holocene. Relatively high PP is 

also found during HS1 and YD when AMOC shutdown, while relatively low PP is recorded during B-
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A when AMOC reinforces. These patterns suggest the strong influence of winter monsoon conditions 

as well as high latitude climate conditions on PP. When Indian Winter Monsoon (IWM) intensified 

under glacial conditions characterized by larger ice sheets and lower greenhouse gases concentrations, 

stronger surface cooling and stronger mixing during winter increase PP in the northwestern part of the 

Arabian Sea. Opposite trends (and thus low PP) are found during the B-A. and the Holocene when 

deglacial conditions characterized by reduced ice sheets and higher greenhouse gases concentrations, 

prevailed. Such assumptions are supported by the results of LGM simulation run with IPSL. In such a 

context however, one cannot exclude that sea surface fertilization by increased nutrient (iron) rich 

aeolian inputs also contributed in rising PP during the LGM.  

    Chapter 5 combines results of chapters 3 and 4 and focuses on the upper seawater stratification 

dynamic since the LGM based on Fp% from cores MD77-176 and MD00-2354, and TraCE-21 

simulations, assuming that stratification in the northeastern BoB and northwestern ArS were generally 

controlled by ISM (chapter 3) and IWM (chapter 4), respectively. The results show that during the last 

deglaciation, the ISM and IWM were anti-phased and both paced by millennial-scale fluctuations of 

the AMOC strength. During HS1 and YD, when AMOC shutdown, as the northward heat transport 

over the Atlantic Ocean weakened, Eurasia cooled, and the ISM weakened, while the IWM was 

stronger. Conversely, during B-A, when AMOC strenghtened, the northward heat transport over the 

Atlantic Ocean reinforced, Eurasia was warmer, and the ISM was stronger, while the IWM was weaker.  

    Chapter 6 presents reconstructed paleo-PP from cores BAR94-24 and MD77-191, retrieved off the 

northwestern tip of Sumatra and off the southern tip of India respectively, in order to infer zonal wind 

dynamics and hence, Indian Ocean Walker circulation changes since the LGM. Since core MD77-191 

has no data in the LGM, PP off India is inferred from a record of Globigerina bulloides percentage 

from a nearby core. Empirical data are compared to simulations from the AWI model. Today, both 

cores are located within coastal upwelling cells that are driven by equatorial summer westerly winds 

and winter easterly winds, respectively. During the LGM, higher PP are recorded off Sumatra and off 

India, suggesting stronger winter easterlies and stronger summer westerlies, respectively. Such patterns 

are supported by the model outputs that simulate anomalous equatorial easterlies over the eastern 

Indian Ocean during winter, and anomalous westerlies over southern India, during summer. Overall, 

the model simulates annual mean equatorial easterlies over the equatorial Indian Ocean, with relatively 

less influent equatorial westerlies, thus indicating a weaker Walker circulation. During the EMH, lower 

PP are recorded both, off Sumatra and India. These results corroborate numerical simulations that 

depict weaker easterlies over the northwestern Sumatra during winter, and anomalous equatorial 
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easterlies over southern India and the eastern Indian Ocean during summer. The weaker winter 

easterlies are associated to anomalous cross-equator winds driven by anomalous meridional SLP 

gradient between Eurasia and the anomalous equatorial easterlies are associated to an anomalous zonal 

gradient of sea level pressure over the Indian Ocean. The model also reveals that the anomalous winds 

during summer dominate the annual state. As a result, annual mean equatorial easterlies are found in 

the eastern Indian Ocean, indicating an overall weaker Walker circulation. Consequently, the Indian 

Ocean Walker circulation was weaker than present during both, the LGM and EMH, but the two states 

show different seasonal patterns in equatorial winds. Weaker Walker circulation is probably driven by 

the exposure of continental shelves of the Maritime Continent during the LGM and to higher insolation 

during the EMH. 

 Overall, this work confirms that paleo-PP in the tropical Indian Ocean can well reflect the 

paleoclimate variations. PP variations are tied to the changes in nutrients contents in the photic zone. 

Several processes linked to climates can drive the changes. It includes the salinity and temperature 

gradients of the upper seawater that control the stratification, alongshore winds that can drive 

upwelling, and aeolian input that can bring continental nutrients. In all cases, this work helps better 

understanding the patterns and timing of the Indian monsoon and its link to the AMOC and the Walker 

circulation with probable applications for model projections under the recent global warming. 
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General Introduction 
 

The atmosphere and hydrosphere of the Earth are two crucial reservoirs supporting lives and 

ecosystems. Within the atmosphere, the latitudinal distribution of heat results in pressure gradients that 

drive a large-scale meridional circulation. Because of the earth rotation and the Coriolis effect, the 

atmospheric movements are divided into several cells which constitute the so-called “atmospheric 

general circulation” (Fig. 1).  

 
Fig. 1. Schematic representation of the general atmospheric circulation of the Earth with equinox conditions in 
the absence of land-sea contrasts. The cloud patterns mark the ICTZ. (Modified after Wallace and Hobbs, 2006). 

Among these cells, the Hadley ones, located on either side of the equator, shape the Intertropical 

Convergence Zone (ITCZ) that represents the latitudinal belt with the strongest heating, ascending 

movements, and heaviest rainfall (Waliser et al., 1993; Fig. 1). The meridional thermal gradient is 

modulated by the seasonal insolation leading to the seasonal shifts of the ITCZ and the occurrence of 

monsoon climate systems. During summer, when the Northern Hemisphere more straightly receives 

the insolation, the ITCZ moves northward. It is accompanied by southeasterly winds over the northern 

tropical oceans, and high precipitation rates over the surrounded lands. During winter, when Southern 

Hemisphere more straightly receives the insolation, the ITCZ moves southward, southeasterly winds 



Introduction 

 12 

over the northern tropical oceans turn to northeasterly, and the boreal precipitation rates get lower. Due 

to local land-sea configurations and interactions that drive specific feedbacks within the ocean-

atmosphere, the amplitudes of both, the ITCZ shift and the monsoon systems, have zonal discrepancies. 

The largest amplitude of the ITCZ shift is found in the tropical Indian Ocean and South Asia due to 

the significant effect of thermal contrast between Eurasia and the tropical Indian Ocean (Fig. 2). It is 

associated with the most prominent of the world’s monsoon systems that is the Indian monsoon, 

characterized by strong seasonal contrasts in the wind and precipitation patterns (Shankar et al., 2002; 

Gadgil, 2003). During summer, the southwesterly winds with moisture blow from the cooler Indian 

Ocean to the warmer South Asia resulting in heavy rainfall. During winter, the northeasterly winds 

blow from the lands carrying cold and dry air to the warmer Indian Ocean, and the South Asian rainfall 

becomes weaker. 

 
Fig. 2. The seasonal shift of the ITCZ and regional monsoon precipitation domains (in green) where local 
summer-minus-winter precipitation exceeds 300 mm, and the local summer precipitation exceeds 55% of the 
annual total. The dry regions, where local summer precipitation is < 150 mm are shown in yellow. The blue 
(red) lines indicate the ITCZ position for August (February). Solid lines are used to denote monsoon troughs 
while dashed lines mark trade wind convergences. The tropical monsoon wind domains are outlined by the 
black lines, which are delineated by the annual reversal of the 850 hPa zonal winds. EA = East Asia, IN = India, 
WNP = western North Pacific, AUS = Australia, NAF = North Africa, SAF = South Africa, NAM = North 
America, SAM = South America (from Wang et al., 2017). 

Today, the Indian summer monsoon contributes about 80% of the rainfall over the Indian 

Peninsular, the southern foot of the Himalaya, and the northern Bay of Bengal (Wang and Ding, 2008). 

It supports Asian agricultural production and sustains the lives of billions of people. Therefore, 

anomalous rainfall associated either with droughts or floods has great impacts on the Earth population 
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as crops are damaged in both cases (Mall et al., 2006). Throughout the year, the Indian monsoon is 

linked to the Atlantic Meridional Overturning Circulation (AMOC), the zonally integrated component 

of surface to deep current in the Atlantic Ocean that transports heat from low- to high-latitude regions 

in the Atlantic, and thus modulates the meridional heat distribution of the Earth with specific impact 

on the thermal/pressure over the Eurasian continent (Liu et al., 2009). At interannual scale, anomalous 

states of the Indian monsoon are strongly coupled with, and modulated by, internal feedbacks within 

the ocean-atmosphere system, such as the El Niño-Southern Oscillation (ENSO) and the Indian Ocean 

Dipole (IOD) (Kumar et al., 1999; Ashok et al., 2001). These modes are tied to the sea surface 

temperature anomalies in the tropical Pacific and Indian Oceans. They also control the variability of 

the Walker circulation i.e., the zonal cells driven by the Indo-Pacific Warm Pool, the warmest oceanic 

region on the Earth (Bjerknes, 1969; DiNezio, 2010).  

The Indian monsoon and Walker circulations impact bio-physical-chemical processes in the upper 

seawater as well, including primary productivity (PP), which is important in marine ecology, fisheries, 

and on a wider perspective, the global carbon cycle (Cermeño et al., 2008; Conti and Scardi, 2010). 

PP is the producing rate of organic carbon by ocean phytoplankton. During photosynthesis, single-

celled plants convert light energy into chemical one and transform the water into oxygen and carbon 

dioxide (inorganic carbon) into organic carbon. Despite light availability, PP is modulated by the 

concentrations of available macro- and micro-nutrients in the euphotic zone that come either from the 

atmosphere or from below, and in all cases that are distributed according to the position of the 

nutri/thermocline (Fig. 3). When the nutricline get shallower (deeper), nutrients contents in the upper 

euphotic zone with strong light intensity become higher (lower), and thus, PP increases (decreases) 

(Fig. 3). This relationship is particularly obvious in the tropical Indian Ocean and within the Arabian 

Sea, one of the most productive marine areas of the world, characterized by an important upwelling 

system off Somalia and Oman during summer and a significant surface cooling-driven mixing off 

Pakistan during winter, that bring nutrient to the euphotic zone. It is also well expressed in the northern 

Bay of Bengal and the Andaman Sea that, contrary to the Arabian Sea, receive a huge amount of 

freshwater during summer and are therefore characterized by low sea-surface salinity conditions, a 

“barrier layer effect” (Prasanna Kumar et al., 2002; Madhupratap et al., 2003), and relatively low PP. 
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Fig. 3. (a) Key features of the upper layer of the ocean that determine primary production distribution in the tropical 
oceans. The photic zone, where photosynthesis occurs, typically extends to the depth that receives 0.1% of the surface 
light intensity in tropical areas. Below this, is the aphotic zone, where there is insufficient light for photosynthesis. 
The warmer mixed surface layer is separated from the deeper cold layer at the thermocline, where water temperature 
decreases abruptly. The thermocline is a barrier to mixing and the transfer of nutrients from the cold, deep water to 
the surface mixed layer. The cold layer is supplied with nutrients brought up from the aphotic zone by mixing, 
diffusion, and vertical advection (upwelling), depending on the location (from Le Borgne et al., 2011). (b, c) 
Schematic representations of the processes that can increase the nutrient availability and PP in the tropical oceans. 
These processes are strengthened surface winds and surface cooling and getting salty (from Doney, 2006). (d) 
Schematic representations of coastal upwelling driven by alongshore winds and the Ekman transport (from Ruddiman, 
2013).  

Since the industrial revolution, atmospheric and oceanic reservoirs are severely impacted by 

anthropogenic activities, and this is particularly the case within the climate system over the tropical 

Indian Ocean. It appears that because of greenhouse gas emissions due to human activities (mainly 

carbon dioxide), global temperature has increased by about 1 � relative to the preindustrial period 

(IPCC, in press). Under such conditions, the dry areas on the earth appear to get drier, while the wet 

areas seem to get wetter (Seager et al., 2010; Trenberth et al., 2014). As for the Indian monsoon, the 

atmospheric circulations related to dynamic moisture flux do not strengthen, but the atmospheric 

specific humidity increase over the ITCZ that is expected to be strengthened in the future (Seager et 

al., 2010). This changed pattern triggers the increase of global monsoon area and precipitation rate (e.g. 

Hsu et al., 2011, 2012; D’Agostino et al., 2019), and results in substantial increases in mean peak 
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discharges of the South Asian rivers that can increase the occurrence of flooding (Mirza et al., 2002). 

Remarkably, PP in the tropical Indian Ocean is sensitive to the changing climate under global warming. 

The tropical Indian Ocean gets warmer and fresher, and as a result, the stratification becomes stronger 

leading to lower PP (Roxy et al., 2016). Actually, the response of the ocean-atmosphere feedback to 

global warming is still questioned. This is especially the case when dealing with the complex area that 

is the tropical Indian Ocean as it is under the influence of the Indian monsoon and Walker circulations 

that may be modulated by the AMOC, the ENSO, and the IOD, and as discrepancies still exist between 

the observation and modelling data (e.g. Bayr et al., 2014; Chen et al., 2017; Cai et al., 2021).  

One of the major factors that precludes our complete understanding of climate variability today 

and in the future, is the short instrumental climatic records. If one wants to tackle the complexity of 

Earth climate mechanisms, climate variability in the past (i.e., at geological time scale) is a window 

into our future since it provides information facilitating the understanding of Earth system response to 

various external/internal forcing which can, under some circumstances, be analogies to the future. In 

other words, “the Past holds the key to the Future” and studying the past, makes it possible to study 

the mechanisms of climate changes in response to changing boundary conditions.  

Monsoon and Walker circulation dynamics in the past have been the focus of recent decades’ 

studies involving multi-timescale and multi-forcing factors (Fig. 4).  

 
Fig. 4. Paleoclimate variability on multi-timescale and the forcing factors (From An et al., 2015). 
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Variations on the tectonic scale are not concerned in this study as it focuses on the period since 

the Last Glacial Maximum (LGM, 23�19 ka). Within this time interval, climate variability is 

comparable to past and present human civilizations, while several changing boundary conditions may 

be linked to those in the foreseeable future. Particularly, the LGM offers an excellent case study to 

investigate the ocean-atmosphere system response to conditions including relatively low atmospheric 

pCO2 (about -100 ppm), low temperature (about -6 � global averaged), large high-latitude ice sheets 

leading to low global sea-level (about -120 m), compared to preindustrial times (Peltier, 2004; Joos 

and Spahni, 2008; Kageyama et al., 2018; Tierney et al., 2020). During the deglaciation (19–11.5 ka), 

the glacial features gradually fade, while millennial scale oscillations are found in the AMOC, 

particularly during the Heinrich Stadial 1 (17.5–14.8 ka) and Younger Dryas (12.9–11.8 ka) cold 

periods, the Bølling–Allerød warm period (14.8–12.9 ka), characterized by significant changes in the 

input of melted freshwaters from the high-latitude North Atlantic regions (McManus et al., 2004; 

Clement and Peterson, 2008). The Holocene (11.5 ka–present), is associated with significant changes 

in the precession that modulates the seasonal and meridional distributions of the incoming insolation 

(Laskar et al., 2004). 

There is no doubt that all the aforementioned forcing factors significantly impacted the climate 

over the tropical Indian Ocean (e.g., Schultz et al., 1998; Kudrass et al., 2001; Rashid et al., 2007; Dutt 

et al., 2015; Marzin and Braconnot, 2009; DiNezio and Tierney, 2013). However, uncertainties and 

questions remain unsolved, and this is particularly the case when dealing with the Indian monsoon and 

Walker circulation dynamics and their relationships with PP. First, there is still a lack of high-

resolution quantitative PP reconstructions since the LGM. As mentioned above, PP is at the very 

interface between the atmosphere and the ocean and its variations in the past are therefore sensitive to 

temperature, freshwater input (rainfall), and wind dynamics that all can modulate the upper seawater 

stratification and the nutrient availability in the euphotic zone (Fig. 3). Consequently, paleo-PP has 

wide applicability in indicating paleoclimate, especially for the tropical Indian Ocean where different 

processes induce the hydrological discrepancy between the northeastern and northwestern parts. 

Second, it is necessary to use paleoclimate model-data comparisons considering changing boundary 

conditions since the LGM. Although the Indian monsoon and the Walker circulations have been the 

focus of numerous studies using general coupled models, very few deal with PP patterns and their 

relationships with atmospheric changes in the past (Bassinot et al., 2011; Le Mézo et al., 2017). 

Empirical data usually reflect local to regional signals, while model outputs can provide atmospheric 

and oceanic processes over a wide and usually global area. Therefore, it is important to combine these 

two crucial technical routes to explore the ocean-atmosphere system in the past and to obtain more 
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accurate paleoclimate interpretations.  

Here, I’ve studied the variations of coccolith assemblages and report high-resolution paleo-PP 

records since the LGM from four well-dated sediment cores retrieved in the tropical Indian Ocean, 

based on the empirical equations that exist between the relative abundance of the lower euphotic zone 

dweller, Florisphaera profunda and annual PP (Molfino and McIntyre, 1990a; Beaufort et al., 1997, 

Hernández-Almeida et al., 2019). Cores MD77-176 and MD00-2354 collected in the northeastern Bay 

of Bengal and the northwestern Arabian Sea respectively, are closed to Eurasia, and are probably under 

the influence of land-sea interactions and thus, the Indian monsoon. Cores MD77-191 and BAR94-24, 

retrieved in the coastal upwelling systems off the southern tip of Indian and the northwestern tip of 

Sumatra are probably under the influence of equatorial winds and thus, the Walker circulation. 

I’ve also used the outputs of three general coupled or earth system models. The IPSL-CM5A-LR 

model in the framework of the Paleoclimate Modelling Intercomparison Project (PMIP) phase 3 with 

a biogeochemical component, and the AWI-ESM-1-1-LR model in the framework of PMIP phase 4, 

both provide simulated results under LGM (21 ka) and Mid-Holocene (6 ka) conditions. The TraCE-

21 transient simulation run with CCSM3 covers the last 22 kyr. The comparison between proxy records 

and modelling results is an important part of this study. It is particularly helpful to see if the conceptual 

atmospheric and oceanic interpretations of the paleo-PP records match the simulations. The conceptual 

interpretations come from the relationship between PP, seawater structures, and atmospheric 

circulations revealed by instrumental observations. I’ve identified the biophysical processes 

controlling PP changes in different regions by using observation data or reviewing previous studies. 

This thesis is divided into six chapters. Chapters 1 and 2 are devoted to the context and the material 

and methods I’ve used in this work. Chapters 3 to 6 are presented as “published”, or “about to be 

published” papers. I am aware that this hybrid structure implies repetitions. However, it provides 

crucial and complementary information that makes what I feel is a much-improved doctoral thesis. In 

detail, in Chapter 1, I provide a synthesis of the atmospheric, oceanic, and biological contexts of the 

tropical Indian Ocean, and their variations in the past as revealed by previous studies. It helps me 

detailing the main questions that exist so far. Chapter 2 contains the descriptions of the materials and 

methods I’ve used in this study. In Chapter 3, I present the PP reconstruction obtained at site MD77-

176 and combine the result with the outputs of IPSL-CM5A and TraCE-21. I highlight that paleo-PP 

in the Bay of Bengal reflects the variations of seawater stratification controlled by sea surface salinity 

and summer monsoon rainfall. In Chapter 4 I’ve used the same strategy as in chapter 3, but this chapter 

focuses on the result of core MD00-2354 located in the northwestern Arabian Sea. Paleo-PP in the 

Arabian Sea appears mainly influenced by processes linked to the winter monsoon and aeolian input. 
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In Chapter 5, I try and provide a broader overview of the evolution of seawater stratification in the 

northern Indian Ocean and its relationship with the Indian winter and summer monsoons by comparing 

the coccolith records (Fp%) shown in chapters 3 and 4 with TraCE-21 outputs. I highlight that the anti-

phase between summer and winter monsoons in response to the AMOC forcing. In Chapter 6, I show 

PP reconstructions at sites MD77-191 and BAR94-24, as well as outputs of AWI-ESM-1-1-LR. The 

records reveal evolutions of equatorial winds and Indian Ocean Walker circulation since the LGM. 

Both, the empirical and modelling data highlight weakened Walker circulation during the LGM and 

the Early-Mid Holocene.  
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Chapter 1 
 

Atmospheric, oceanic, and biological contexts 
of the tropical Indian Ocean 

 

 

 

In this chapter, I present modern climatological and oceanographical settings of the tropical 

Indian Ocean and its surrounding lands, with specific highlights on the bio-chemo- and physical 

processes in the northern and equatorial Indian Ocean, including interannual anomalies of the climate 

and oceanic systems. I also make a brief review of previous studies focusing on climate and oceanic 

changes in South Asia and the northern Indian Ocean since the Last Glacial Maximum, with a special 

focus on the primary productivity signal. 
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1.1. Geographical setting  

The tropical Indian Ocean, between 30°N and 30°S, is surrounded by lands/islands that are, in a 

clockwise direction: East Africa, Arabian Peninsula, Iranian Plateau, South Asia, and Southeast Asia 

(belonging to the Eurasian Continent), Sumatra, Java, and Australia (Fig. 1.1). The northwestern and 

northeastern parts of the Indian Ocean are represented by the Arabian Sea (AS), and the Bay of Bengal 

(BoB) /Andaman Sea (ADS), respectively (Fig. 1.1). The AS and the BoB are separated by the Indian 

Peninsula, while the BoB and the ADS are separated by the Andaman Islands. The northeastern AS is 

connected to the Gulf of Oman and the Persian Gulf through the Strait of Hormuz; its western part is 

connected to the Gulf of Aden and the Red Sea through the Mandab Strait. Deserts prevail over the 

Arabian Peninsula and Iranian Plateau. These areas are therefore important dust sources to the Arabian 

Sea (Ackerman and Cox, 1989; Husar et al., 1997). 

 
Fig. 1.1. Geographic setting and bathymetry/Topography of the Indian Ocean and surrounding lands. ADS = 
Andaman Sea; GMB = Ganges-Brahmaputra-Meghna river system; IS = Irrawaddy-Salween river system. 

Several large rivers originating from the Tibetan Plateau and the Himalayas i.e., the region with 

the highest topographic prominences in the world, drain the South Asian subcontinent and feed the 

northern Indian Ocean. These rivers made part of large river systems such as the Ganges-Brahmaputra-

Meghna, the Irrawaddy-Salween, and the Indus ones, that provide a large amount of freshwater to the 

BoB (~1300 km3 y-1), the ADS (~1000 km3 y-1), and the AS (~243 km3 y-1), respectively. These river 

systems carry huge amounts of sediments as well. They create important fans, the Bengal fan being 

the largest submarine fan in the world (Curray et al., 2002). Moreover, several smaller rivers, such as 
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the Godavari and Krishna rivers originating from the mountains on the west coast of India, flow into 

the western Bay of Bengal as well. 

1.2. Atmospheric context  

1.2.1. Indian monsoon  

The tropical Indian Ocean is under the influence of the Indian monsoon, also named the South 

Asian monsoon, which can be defined according to the land-sea thermal contrast that exists in the area 

(Webster and Fasullo, 2015; Fig. 1.2). It can be interpreted as dynamic sea-breezes resulting from the 

differential heating. 

 
Fig. 1.2. Climatology of (a, c, d) summer (May−September) and (b, d, f) winter (November−March) mean. Data are 
from the ERA5 reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) of the period 1979-
2919. (a, b) Sea level pressure (shaded, hPa) and air surface temperature (contours, °C). (c) and (d) Precipitation rate 
(shaded, mm day-1) and 925 hPa wind speed (vectors, m s-1). (e) and (f) Vertically integrated moisture flux (kg m-1 s-

1).  
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During summer, Eurasia becomes warmer than the Indian Ocean, and a low-pressure cell is 

generated over the Arabian Peninsula and South Asia, while the pressures over the Indian Ocean and 

Australia are higher (Fig. 1.2a). This feature is associated with low tropospheric winds that blow from 

the southern Indian Ocean and Australia to South Asia. These winds split into two branches in the 

northern Indian Ocean, one over the AS and one over the BoB. They carry a large amount of moisture 

and result in heavy rainfall over South Asia (Figs. 1.2c, e). The summer monsoon rainfall peaks in 

August contributing to about 70−80 % of the annual rainfall in most of India (Dixit and Tandon, 2016). 

Remarkably, the southeasterly winds that occur off Java are tied to the Australian (austral) winter 

monsoon.  

During winter, Eurasia is cooler than the Indian Ocean. A high-pressure cell is found over Siberia 

and Mongolia, while the pressure over the Indian Ocean is lower (Fig. 1.2b). Low tropospheric winds 

blow from the lands to the Indian Ocean, carrying continental cold and dry air that results in relatively 

weak rainfall over South Asia (Figs. 1.2d, f). Once they crossed over the Indian Ocean, they transport 

moisture to southeastern India and Africa, resulting in relatively strong local rainfall (Figs. 1.2d, f; 

Srinivasan and Ramamurthy, 1973; Chevalier et al., 2017).  

1.2.2. Walker circulation 

The tropical Indian Ocean is also under the influence of the Walker circulation (Bjerknes et al., 

1969; Lau and Yang et al., 2015). Indeed, it belongs to the western part of the Indo-Pacific Warm Pool 

(IPWP) that is characterized by the warmest surface seawater in the world with mean seawater 

temperatures as high as 28°C (Fig. 1.3).  

 

Fig. 1.3. Annual mean climatology of SST (°C). The region of the Indo-Pacific Warm Pool (IPWP) is defined by the 
28 °C isotherm line. Data is from NOAA OI SST V2 (https://psl.noaa.gov/data/gridded/ 
data.noaa.oisst.v2.highres.html). 
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The IPWP drives strong convections and upward air movements over the Maritime Continent 

(Fasullo et al., 1999; Neale et al., 2003). One branch of this ascending air moves eastward aloft over 

the Pacific Ocean, descends over the eastern Pacific, and moves back westward at low levels. Another 

branch moves westward aloft over the Indian Ocean, descends in the western Indian Ocean, and moves 

back eastward through low-level winds (Fig. 1.4). In short, for the tropical Indian Ocean, a strong 

convergence zone occurs over the eastern Indian Ocean and the Maritime Continent, while a 

divergence zone is found over the western Indian Ocean (Figs. 1.4b, c).  

 

Fig. 1.4. The pattern of Indian Ocean Walker circulation is shown by annual mean climatology. (a) Precipitation rate 
(shaded, mm day-1) and 850 hP wind speed (vectors, m s-1). (b) Vertical velocity at 500 hPa level (shaded, Pa s-1) and 
sea level pressure (contours, hPa). (c) Vertical velocity (Pa s-1) over the equatorial Indian Ocean (10°S−10°N 
averaged). 

This pattern creates the zonal atmospheric cell over the tropical Indian Ocean i.e., the Indian Ocean 

Walker circulation s.s., different from the meridional Hadley cells that are controlled by the meridional 

differential heating. In all cases, the Walker circulation controls the annual mean states of rainfall over 

the equatorial Indian Ocean, usually characterized by wet conditions to the east and dry ones to the 

west (Neale et al., 2003; Dayem et al., 2007; Limbu et al., 2019; King et al., 2021; Fig. 1.4a). However, 

to the difference of the Pacific branch, the Indian Ocean Walker circulation has strong seasonal and 

interannual variations coupled to the Indian monsoon. Indeed, the equatorial westerly winds usually 
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peak from spring to autumn and are weaker in winter.  

1.3. Oceanic context 

1.3.1 Surface circulation 

The monsoonal winds impact the surface of the tropical Indian Ocean and therefore, seasonal 

reversal currents are observed (Schott and McCreary, 2001; Shankar et al., 2002). During summer, 

southwesterly winds drive a general clockwise circulation that is well represented in the AS by 

seawater flowing northeastward in its western part (Fig. 1.5), creating the East African Coast Current 

(EACC), and by seawater flowing southward along the western coast of India, that is the West Indian 

Coast Current (WICC). This latter one makes part of the Southwest Monsoon Current (SMC) that 

connects the southeastern AS to the southwestern BoB. In the BoB, a strong northward flow called the 

East Indian Coast Current (EICC) is found along the eastern coast of India. During winter, 

northeasterly winds are accompanied by a general anti-clockwise circulation. The directions of the 

EICC and WICC are reversed. They both are connected by the Northeast Monsoon Current (NMC) 

flowing from the southwestern BoB into the southeastern AS (Fig. 1.5). 

 
Fig. 1.5. A schematic representation of identified current branches during the summer and winter (Schott and 
McCreary, 2001), including some choke point transport numbers (Sv). SEC = South Equatorial Current; SECC = 
South Equatorial Countercurrent; NEMC, SEMC = Northeast and Southeast Madagascar Current; EACC = East 
African Coast Current; SC = Somali Current, SG = Southern Gyre; GW = Great Whirl and associated upwelling 
wedges; SE = Socotra Eddy; RHJ = Ras al Hadd Jet and upwelling wedges off Oman; WICC = West Indian Coast 
Current; LH, LL = Laccadive High and Low; EICC = East Indian Coast Current, SMC, NMC =  Southwest and 
Northeast Monsoon Current; JC = South Java Current; LC = Leeuwin Current.  

Over the entire year, the surface currents around 20°S are represented by a westward zonal flow, 

the South Equatorial Current (SEC), that is forced by the annual southeast trade winds. This flow turns 

into a northward direction on the western coast of the Indian Ocean and forms an eastward flow near 



Chapter 1: Contexts 

 26 

the equator, called the Wyrtki Jet or the South Equatorial Countercurrent (SECC) (Fig. 1.5). The 

Wyrtki Jet is tied to the Indian Ocean Walker circulation and is thus relatively strong from spring to 

autumn and relatively weak during winter (Wyriki et al., 1973). 

1.3.2 SST, SSS, and density distributions 

The sea surface temperature (SST) in the northern Indian Ocean has significant seasonal variations 

(Figs. 1.6a−c; Shenoi et al., 2009). It ranges between 24 °C and 29 °C during summer and between 

24 °C and 27 °C during winter, with annual means of 26−28 °C. The SST difference between the BoB 

and the AS is the largest during summer, thanks to the IPWP and the strong surface cooling that occurs 

in the western part of the AS due to the occurrence of coastal upwelling off Somalia and Oman (see 

section 1.3.3.2 for details). During winter, surface cooling occurs in both, but the one observed in the 

AS is stronger and has a larger southward extension than the one recorded in the BoB. 

The spatial discrepancy is also significant in the sea surface salinity (SSS) conditions (Figs. 1.6d−f; 

Rao and Sivakumar, 2003; Subrahmanyam et al., 2011). SSS in the BoB is lower than 34−35 psu (Figs. 

1.6d, e) while SSS in the AS is higher than 35−36 psu during both monsoonal seasons (Figs. 1.6d, e). 

Throughout the year, it results in an overall ~ 2 psu east-west SSS gradient in the northern Indian 

Ocean (Fig. 1.6f). Such gradient is smaller (0.5−1 psu) over the equatorial Indian Ocean. Remarkably, 

the lowest SSS (< 30 psu) is found nearby the river mouths in the BoB and the ADS during summer, 

reflecting the peaks of river discharges (Fig. 1.6d). 

The features of SST and SSS shape those of sea surface density (sigma-t, σ0m, kg m-3) and 

significant differences are indeed highlighted between the BoB and the AS, and between the eastern 

and western equatorial Indian Ocean (Figs. 1.6g−i). During summer, σ0m in the BoB ranges between 

17 and 21 kg m-3, while in the AS, it is of ~ 23 kg m-3 (Fig. 1.6g). Over the equatorial Indian Ocean, 

the eastern part is ~ 1 kg m-3 lower than the western part (Fig. 1.6g). During winter, σ0m in BoB is 

between 20 and 21 kg m-3, while in the AS, it varies between 23 and 24 kg m-3 (Fig. 1.6h). The 

discrepancy between the equatorial eastern and western parts is smaller than during summer (Fig. 1.6h). 

Throughout the year, such patterns result in an east-west σ0m gradient of ~ 3 kg m-3 in the northern 

Indian Ocean (Fig. 1.6i) and 1−2 kg m-3 in the equatorial Indian Ocean (Fig. 1.6i). The density 

difference between 150 m and the surface (Δσ150−0m, kg m-3) can help to quantify the upper seawater 

stratification (Figs. 1.6j−l). Its spatial pattern in the tropical Indian Ocean usually reflects the σ0m 

distribution during the two monsoonal seasons (Figs. 1.6i, k). Throughout the year, strong stratification 

(Δσ150−0m > 5 kg m-3) is found in the BoB and the equatorial eastern Indian Ocean, while the density 

difference in the AS is relatively low (~2 kg m-3) (Fig. 1.6l).   
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Fig. 1.6. Climatology of (a−c) sea surface temperature (SST, °C), (d−f) sea surface salinity (SSS, psu), (g−i) sea surface density (sigma-t, σ0m, kg m-3), and (j−l) upper seawater 
stratification quantified by the density difference (Δσ150−0m, kg m-3) between 150 m and the surface. The left column is the summer mean (June−July−August, JJA). The middle 
column is the winter mean (December−January−February, DJF). The right column is the annual mean. Data are the World Ocean Atlas 2018.  
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In summary, the eastern part of the Indian Ocean, including the BoB has higher SST, lower SSS, 

and stronger upper seawater stratification than its western part that includes the AS. Such features are 

controlled by the IPWP, the Indian monsoon, and the Walker circulations. 

1.3.3. Primary productivity patterns 

Primary productivity (PP) of the tropical Indian Ocean fluctuates between ~ 50 and 450 gC m-2 yr-

1 in open-sea settings (Fig. 1.7) and reaches up to 1000 gC m-2 yr-1 in coastal areas (Behrenfeld and 

Falkowski, 1997), as documented in the northernmost BoB and ADS off the Ganges-Brahmaputra-

Meghna and the Irrawaddy-Salween river systems (Fig. 1.7). 

 
Fig. 1.7. (a) Summer, (b) winter, and (c) annual mean integrated primary productivity (gC m-2 yr-1). Data is from the 
Ocean Production website (http://sites.science.oregonstate.edu/ocean.productivity).  

The most striking pattern documented at this scale is the overall wide cells of very high PP within 

the AS during both winter and summer seasons compared to the BoB/ADS and the equatorial eastern 

tropical ocean. PP is particularly high in the western AS in the coastal upwelling system off Oman and 

Somalia (see section 1.3.3.2 for details). High PP is also observed off the Southern tip of India and to 

a lesser degree off Java and Sumatra, where seasonal upwelling systems are created as well.  

1.3.3.1 In the Bay of Bengal and the Andaman Sea 

The low PP in the BoB and the ADS mainly results from the “barrier layer effect” that is caused 

by the freshwater input from river systems leading to the low SSS (Prasanna Kumar et al., 2002; 
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Vinayachandran et al., 2002a; Fig. 1.6). This is reflected in the vertical profiles of seawater temperature, 

salinity, and density in the BoB (Fig. 1.8; Vinayachandran et al., 2002a). Freshwater plumes result 

from both rivers and rainfalls, and lead to decreased SSS, while SST remains stable. The lower SSS 

makes the density gradient to be larger in the upper water column and limits the mixing of seawater. 

Compared to the AS, the upper seawater in the BoB is very stable (Fig. 1.9), and the monsoonal winds 

are generally unable to overcome the barrier layer. As a result, the upward movements of the eutrophic 

subsurface seawater are generally inhibited, and the nutrients contents in the euphotic zone are thus 

usually low, resulting in low PP (Prasanna Kumar et al., 2002; Madhupratap et al., 2003). 

 
Fig. 1.8. An observation of the barrier layer formation. Time depth sections of (a) temperature, (b) salinity, and (c) 
density (sigma-t) at a CTD site (17.5°N, 89°E) (Vinayachandran et al., 2002a). The barrier layer induced by surface 
freshening starts at the end of July 1999.  
 
 

 
Fig. 1.9. Profiles of upper ocean static stability parameter in the northern Arabian Sea (19°N, 64°E) and Bay of 
Bengal (19°N, 88°E) (Prasanna Kumar et al., 2002).  



Chapter 1: Contexts 

 30 

Despite the strong “barrier layer effect”, seasonal and regional blooms occur when the barrier layer 

can be broken by some dynamic processes. These regions are the northwestern and southwestern BoB 

in summer, and the western BoB and the southern ADS off Sumatra in winter. The alongshore westerly 

winds during summer drive a very strong upwelling cell off the southern tip of Indian resulting in high 

PP (Figs. 1.10a, b; Rao et al., 2006; Thushara and Vinayachandran, 2020). This high PP cell can invade 

into the southern BoB under the influences of eastward surface currents and the positive wind stress 

curls (Vinayachandran et al., 2004). Summer southwesterly winds can also drive coastal upwelling off 

northeastern India but this bloom is relatively weak and disappears further east, once it reaches the 

south-westward extension of the low SSS river plume (Thushara and Vinayachandran, 2016). Winter 

winds have positive wind stress curls over the southwestern BoB and northwestern Sumatra that 

together with the coastal Ekman transport drive high PP (Figs. 1.10a, b; Vinayachandran et al., 2005; 

Tan et al., 2006). 

1.3.3.2 In the Arabian Sea 

Contrary to the BoB and the ADS, the upper seawater column of the AS is relatively instable, 

showing lower static stability (a variable quantifying the seawater vertical density gradient of seawater), 

by an order of magnitude (Prasanna Kumar et al., 2002; Fig. 1.9). This is the main factor resulting in 

the major PP differences that exist between the two parts of the northern Indian Ocean. 

 
Fig. 1.10. Summer (JJA) and winter (DJF) primary productivity (gC m-2 yr-1) and surface winds (vectors; m s-1). Data 
is from the Ocean Production website (http://sites.science.oregonstate.edu/ocean.productivity), and the ERA5 
reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) 
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Several physical processes make the AS be one of the most productive oceanic regions in the world 

(Madhupratap et al., 1996; McCreary et al., 1996). During summer, southwesterly winds contain a 

relatively straight jet that is called the Findlater Jet. To the left of this jet, wind stress curls are positive, 

while to the right, they are negative (Fig. 1.11a). The alongshore winds together with the positive curls 

drive coastal upwelling and together with the Ekman pumping they form a large-sale seawater area 

characterized by low SST, shallow mixed-layer, and high PP (McCreary et al., 1996; Lee et al., 2000; 

McCreary et al., 2009). The upward movement of the seawater has been observed in the upper 200 m 

(Lee et al., 2000). The nutrients from the eutrophic subsurface seawater are dynamically driven to 

move upward feeding the upper euphotic zone and sustain the high PP. The offshore currents and 

eastward advection promote the extension of this high PP seawater to the central AS (Prasanna Kumar 

et al., 2001a). 
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Fig. 1.11. (a) Schematic representations of the various physical processes that may act during the summer (left) and 
winter (right) monsoons (Lee et al., 2000). The large hollow arrow marks the Findlater Jet in the summer monsoon 
schematic (right). The three smaller vectors represent weaker, less concentrated winds during the winter monsoon 
(left). Coastal upwelling occurs during the summer monsoon in the western Arabian Sea, and this seawater is advected 
eastward. Convection mixing occurs during the winter monsoon in the northern and central Arabian Sea. (b) Vertical 
profiles of monthly mean climatology of temperature, salinity, and density (sigma-t) in the northern Arabian Sea 
(22−24°N, 62−66°N) (Prasanna Kumar et al., 2005). 

During winter, the coastal upwelling in the western AS disappears, as the northeasterly winds are 

not accompanied by significant positive wind stress curls (Fig. 1.11a). Instead, winter winds that carry 

cold and dry air drive strong surface evaporation and cooling in the northern AS (Prasanna Kumar et 

al., 2001a, 2005). They result in a deeper mixed-layer and smaller density gradient in the upper 

seawater (Fig. 1.11b). Sometimes, the subsurface density is even lower than the surface and convective 

mixing happens. This process can also bring nutrients from the subsurface to the surface and result in 

high PP in the northern Arabian Sea. 
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1.3.3.4 Off Sumatra and Java coasts 

PP off Java is high in boreal summer. It reflects the coastal upwelling system driven by 

southeasterly alongshore winds (and associated with the Australian winter monsoon). The western 

Sumatra coast is closed to the equator, and thus the Coriolis effect is weak resulting in a weaker 

upwelling. Moreover, the Wyrtki Jet linked to the Indian Ocean Walker circulation generates 

downwelling Kelvin waves propagating to the eastern equatorial Indian Ocean which can deepen the 

thermocline and nutricline (e.g. Vinayachandran et al., 2002b). As a result, PP off the Sumatra is lower 

than in the equatorial western Indian Ocean and off Java (Figs. 1.7, 1.10c, d). 

1.4. Atmospheric and oceanic modulations  

The tropical Indian Ocean is under the influence of a complex ocean-atmosphere system that is 

involved in many teleconnections at both regional and global scales. 

On a regional point of view, the Indian monsoon is directly connected to the East Asian and 

Australian monsoons (Wang et al., 2003). The summer southwesterly winds over the northern Indian 

Ocean extent to the South China Sea and transport moisture to Southeast and East Asia. This moisture 

flux contributes to the East Asian monsoon even if this system is also strongly influenced by the heat 

contrast between China mainland and the western Pacific Ocean. The winds that flow over the Indian 

Ocean across the equator, connect the Indian and Australian monsoons. It results in their reversed 

seasonality of rainfall patterns. During boreal summer, the winds blowing from northern Australia and 

the tropical southeastern Indian Ocean join the southeasterly trade winds that are associated to the 

Indian summer monsoon. During boreal winter, the winds that blow from Eurasia, bring moisture to 

northern Australia and are linked to the austral monsoon rainfall. Anomalous states of the heating over 

the East Asia/Pacific and Australia/southeastern Indian Ocean can thus modulate the Indian monsoon 

and the tropical Indian Ocean hydrology. On interdecadal and interannual scales, the Indian monsoon 

is coupled with tropical ocean-atmosphere modes, such as the El Niño-Southern Oscillation (ENSO) 

or the Indian Ocean Dipole (IOD) (Fig. 1.12). The ENSO reflects the anomalous state over the Pacific 

Ocean and can be quantified by the SST anomaly in the central tropical Pacific (Trenberth and Hoar, 

1997). When a positive ENSO event occurs during the summer monsoon season, a warmer tropical 

Pacific drives a large-scale atmospheric convergence and divergence over the Maritime Continent and 

South Asia respectively, and thus, South Asian rainfall becomes weaker than normal (Ju and Slingo, 

1995; Ashok et al., 2001; Godgil et al., 2004). When a negative ENSO event happens associated with 

a colder tropical Pacific, the anomalous atmospheric circulation is opposite to that during a positive 
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ENSO, and an anomalous convergence favours the above normal South Asian rainfall (Mujumdar et 

al., 2012; Aneesh and Sijikumar, 2018). The IOD is quantified by the difference of SST anomalies 

between the western (10°S−10°N, 50°E−70°E) and southeastern (10°S−0°, 90°E−110°E) Indian 

Ocean (Saji et al., 1999). When a positive IOD event occurs during summer and autumn, the surface 

cooling in the tropical southeastern Indian Ocean drives a divergence zone together with cross-equator 

southeasterly wind anomalies, that can transport a higher amount of moisture to South Asia leading to 

a stronger than normal rainfall in that region (Ashok et al., 2001; Ashok et al., 2004; Krishnaswamy et 

al., 2015). When a negative IOD event occurs, the anomalous circulation is opposite, and South Asian 

rainfall becomes weaker than normal (Ashok et al., 2001). The interaction between ENSO and IOD is 

important in driving the Indian summer monsoon anomalies considering both rainfall amount and 

intra-seasonal cycle (Wu and Kirtman, 2004; Ajayamohan et al., 2008; Ratna et al., 2020). They have 

opposite effects since the positive IOD can reduce the drier tendency caused by the positive ENSO 

(Ashok et al., 2001; Ashok et al., 2004; Hrudya et al., 2021; Ratna et al., 2020). Both the ENSO and 

IOD also control equatorial processes that are tied to the Walker circulation (e.g., Lau and Nath, 2000; 

Krishnamurthy and Goswami, 2000; Tozuka et al., 2016; Limbu and Guirong, 2019). The IOD is 

important here, in the sense that it directly controls the equatorial processes over the Indian Ocean. 

The SST anomaly in the southeastern Indian Ocean can drive anomalous equatorial winds and 

modulate the rainfalls over the Indonesian and East Africa (e.g., Abram et al., 2003; Ummenhofer et 

al., 2009; Cai et al., 2009; Brown et al., 2009; Lim and Hendon, 2015). The anomalous equatorial 

winds can further influence the equatorial ocean currents and the thermocline/nutricline depths in the 

entire equatorial Indian Ocean (e.g. Murtugudde et al., 1999, 2000; Vinayachandran et al., 2002b; 

Iskandar et al., 2009; Wiggert et al., 2009; Currie et al., 2013; Shi and Wang, 2021). A positive IOD 

can drive a shallower (deeper) thermocline/nutricline depth and thus higher (lower) PP in the equatorial 

eastern (western) Indian Ocean, while a negative IOD leads to opposite conditions (Vinayachandran 

et al., 2002b; Thushara and Vinayachandran, 2020; Shi and Wang, 2021). 

 On a wider point of view, the Indian monsoon belongs to the Global Monsoon System (Wang and 

Ding, 2008), which is described by the worldwide seasonal displacement of the Inter Tropical 

Convergence Zone (ITCZ) related to the meridional energy balance (Schneider et al., 2014) (Figs. 1 

and 2 in General Introduction). Today, the mean ITCZ is generally located north of the equator because 

the Atlantic Ocean circulation transports energy/heat northward, which renders the Northern 

Hemisphere warmer than the Southern Hemisphere (Philander et al., 1996). However, if/when this 

northward energy flux or the Northern Hemisphere insolation is weaker, the ITCZ moves southward. 

The southward movement is associated with weaker summer monsoon rainfalls and stronger winter 
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monsoons over the Northern Hemisphere (Schneider et al., 2014). Therefore, anomalous states of the 

Atlantic Ocean circulation can modulate the Indian monsoon, and the tropical Indian Ocean hydrology 

as well. Remarkably, the Atlantic Meridional Overturning Circulation (AMOC), which includes the 

northward flow of warm salty water in the upper Atlantic and the southward flow of the relatively cold 

and fresh North Atlantic Deep Water in the deep Atlantic, is a major source for the substantial 

northward Atlantic heat transport across the equator (Ganachaud and Wunsch, 2000; Talley, 2003; 

Trenberth and Solomon, 1994; Trenberth and Caron, 2001; Trenberth and Fasullo, 2008). The 

modulation of AMOC is reflected in the multidecadal variability of the tropical Indian Ocean climate 

(Fig. 1.12). Multidecadal variability of the AMOC drives the Atlantic Multidecadal Variability (AMV) 

that is defined by SST anomalies in the northern Atlantic Ocean (Kerr, 2000; Rayner et al., 2003; 

Zhang et al., 2019). Numerous studies have found that during a positive AMV phase associated to a 

stronger AMOC, the northward heat transport over the Atlantic is stronger leading to warming over 

Eurasia. Under this change, the ITCZ shifts northward and the Indian summer monsoon becomes 

stronger, while the winter monsoon gets weaker (e.g. Goswami et al., 2006; Lu et al., 2006; Zhang and 

Delworth, 2006; Wang et al., 2009; Luo et al., 2011). 

 
Fig. 1.12. (a) All Indian rainfall (10-year smoothing). (b) Atlantic Multidecadal Oscillation quantified by the 10-year 
smoothing SST anomaly in the northern Atlantic (0°−65°N, 80°W−0°E). (c) 10-year smoothing ENSO index defined 
by NINO3 SST (5°S−5°N, 150°W−90°W). (d) 10-year smoothing IOD index defined by SST anomalies between the 
western (10°S−10°N, 50°E−70°E) and the southeastern (10°S−0°, 90°E−110°E) Indian Ocean. (e) All Indian summer 
rainfall. (f) ENSO index. (g) IOD index. Data are from https://climatedataguide.ucar.edu/climate-data/atlantic-multi-
decadal-oscillation-amo; https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino3/; https://tropmet.res.in/. 
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All these studies and findings reveal the complexity of the climate variability over the studied area. 

However, the period with observations is limited, and it hampers the accurate future climate 

simulations as we lack a complete understanding of the mechanisms controlling the variability at 

different time scales. The teleconnections and ocean-atmosphere interactions also exist in the past, and 

studying the past will help us obtain a more complete knowledge of the climate variability over the 

tropical Indian Ocean. 

1.5. Past changes since the Last Glacial Maximum 

The Indian (summer and winter) monsoon together with the Walker circulation witness significant 

variations since the Last Glacial Maximum (LGM). Previous studies are usually based on proxies and 

simulations that mainly focus on parameters such as wind intensity, precipitation, SST, and SSS. 

Marine PP reconstructions are usually based on sedimentary TOC records. Due to the importance of 

such data in this work, and because they are not always included within a regional paleoclimate 

scenario, I have chosen to devote a single section to PP at the end of this section. 

1.5.1. Indian monsoon patterns 

1.5.1.1 During summer 

• Empirical data 

Studies focusing on the dynamic of Indian summer monsoon in the past, are usually based on the 

reconstructions of i) rainfall patterns over South Asia (e.g., Contreras-Rosales et al., 2014; Dutt et al., 

2015), ii) southwesterly wind intensity over the AS (e.g. Ivanochko et al., 2005; Bassinot et al., 2011) 

and iii) SSS conditions in the BoB and the ADS (e.g. Kudrass et al., 2001; Rashid et al., 2007) (Fig. 

1.13). Additionally, several studies based on lacustrine sediments help to infer climate patterns and 

more particularly monsoon rainfall over the continents. High-resolution records exist for the southern 

Tibetan Plateau and southwestern China (e.g., Kasper et al., 2015; Zhang et al., 2020), a few reach the 

LGM in northern and northwestern India (e.g. Sinha et al., 2006). Most of the records from South Asia 

only span the Holocene interval (Misra et al., 2019; Dixit, 2020). The proxies that are commonly used 

are (clay) mineral assemblages, stable isotopes signals, pollen assemblages, and sedimentary organic 

contents (e.g. Menzel et al., 2014; Prasad et al., 2014; Dixit et al., 2014a; Sarkar et al., 2015; 

Rajmanickam et al., 2016; Sandeep et al., 2017; Kumar et al., 2019). Results and interpretations of the 

main studies are highlighted in Fig. 1.13 (see Tables A1−A3 in Appendix), based on the differences 

between the LGM and the Late Holocene (LH), and between the Early-Mid Holocene (EMH) and LH.  
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Depending on the proxies, the lacustrine sediment records indicate that the summer monsoon was 

weaker during the LGM, HS1, and YD as arid conditions prevailed, and was stronger during the B-A 

and EMH as wetter conditions prevailed (Wasson et al., 1984; Sharma et al., 2004; Sinha et al., 2006) 

(Fig. 1.13). Reviews on the Holocene records have been given by Misra et al. (2019) and Dixit (2020). 

Most of these records reveal a peak in the summer monsoon and wettest climate during the EMH 

corresponding to the so-called Holocene Climate Optimum, and a trend to drier conditions from the 

EMH to the Late Holocene. Some records reveal centennial scale events that document drier conditions 

at 8.2 ka and 4.2 ka (Dixit et al., 2014a, 2014b). The lacustrine records from India are supported by 

those from southwestern China and the southern Tibetan Plateau (e.g., Nishimura et al., 2014; Günther 

et al., 2015; Kasper et al., 2015; Zhu et al., 2015; Peng et al., 2019; Sun et al., 2019; Zhang et al., 2020; 

Fig. 1.13), and confirm summer monsoon variations since the LGM revealed by records from South 

Asia. 

�

Fig. 1.13. Network of summer monsoon proxies capturing climate changes (a) between LGM and Late Holocene, 
and (b) between the Early-Mid Holocene and Late Holocene. The means of LGM, Early-Mid Holocene, and Late 
Holocene were respectively calculated by the available values that are within the periods 23−18 ka, 8−5 ka, and 4−0 
ka. The triangles mark the records of terrestrial proxies of moisture/rainfall, e.g. speleothem δ18O, pollen assemblages, 
and lacustrine TOC%, δ13Ccarb, δ13Corg signal. The dots mark the SSS records. The rectangles indicate the records of 
summer upwelling that indicate the alongshore winds that are reconstructed by the G. bulloides %. The core/site 
names, coordinates, proxies, and references of these paleoclimate records are shown in Tables A1−A3, in the 
Appendix.   

In detail, speleothem records from South Asia, which are mainly based on δ18O signals, have been 

the focus of the paleoclimate community as they can provide paleoclimate signals from decadal to 

centennial scales (Kaushal et al., 2018). It exists two useful referee speleothem δ18O records that help 

to reconstruct the summer Indian monsoon dynamic so far: in the Mawmluh Cave (northeastern India) 
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(Berkelhammer et al., 2013; Dutt et al., 2015; Lechleitner et al., 2017; Huguet et al., 2018), and in the 

Bitto Cave (northwestern India) (Kathayat et al., 2016). Despite some hiatus, both signals together 

indicate that the Indian summer monsoon was weaker during the LGM, HS1, and YD and stronger 

during B-A and EMH. Moreover, these records show that the insolation might directly force the 

summer monsoon, while ice volume might account for the glacial-interglacial cycles.  

Marine sediments have been widely studied to reconstruct the Indian summer monsoon as it 

provides continuous paleo-records. The evolution of SSS in the BoB and the ADS, based on the 

seawater oxygen isotope signal from planktonic foraminifera calibrated by SST and ice volume effects, 

has been widely used to unravel precipitation changes (Duplessy, 1982; Kudrass et al., 2001; Rashid 

et al., 2007; Govil and Naidu et al., 2011; Marzin et al., 2013; Gebregiorgis et al., 2016; Sijinkumar et 

al., 2016; Nisson-Kerr et al., 2019; Liu et al., 2021). These studies show that SSS in the BoB was 

higher than present during the LGM, HS1, and YD, and lower than present during the EMH, which is 

in agreement with the terrestrial records (Fig. 1.13). As for the ADS, SSS during the LGM is 

comparable to the present, implying a local relative freshness (Rashid et al., 2007; Sijinkumar et al., 

2016). Additionally, trace element ratios such as Ba/Ca and Mn/Ca obtained on surface-dwelling 

foraminifera have been related to river runoff (Gebregiorgis et al., 2016; Nisson-Kerr et al., 2019), 

while the δD and δ13C signals obtained on sedimentary plant waxes have been used to represent 

vegetation types and moisture conditions (Contreras-Rosales et al., 2014). These proxies all show 

similar results as those associated to SSS conditions. The evolution of upwelling intensity in the 

western AS, usually based on the abundance of planktonic foraminifer Globigerina bulloides, has been 

considered to represent the variations of summer southwesterly winds (Clemens et al., 1991; Curry et 

al., 1992; Schulz et al., 2002). The results since the LGM are in agreement with the reconstructions 

from South Asia and the BoB related to rainfall showing weaker southwesterly winds during the LGM, 

HS1, and YD, and stronger during the B-A and EMH (Naidu and Malmgren, 1996; Gupta et al., 2003, 

2013, 2015; Bassinot et al., 2011). 

In conclusion, as shown in Fig. 1.13, it appears that nearly all the terrestrial and marine records 

reveal drier conditions associated with weaker summer winds over the Arabian Sea during LGM, and 

a wetter condition during the EMH. 

• Modelling studies 

Modelling studies on the Asian monsoon started in the 1980s using uncoupled general circulation 

models (Kutzbach et al., 1981; Kuzbach and Street-Perrott, 1985). These studies find that the monsoon 

circulation can be strengthened under the Early-Holocene orbital parameters as the smaller precession 
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increases solar radiation in summer and warms the land more relative to the ocean. Since the 1990s, 

the Paleoclimate Modelling Intercomparison Project (PMIP) started conducting simulations run with 

atmosphere general circulation models designed by different institutes and aimed at studying two 

periods: the LGM (21 ka) and the Mid-Holocene (MH, 6 ka) (Joussaume et al., 1999).  

 
Fig. 1.14. Hydroclimate-δ18O evolution in the iTRACE simulation and observation related to the Indian summer 
monsoon: records of speleothem δ18O record from Mawmluh Cave, total reflectance in the Arabian Sea, and AMOC 
proxy (231Pa/230Th); modelling annual δ18O of precipitation, annual precipitation, Arabian Sea upwelling 
(southwesterly) intensity, and AMOC strength. (From He et al., 2021) 

After the PMIP phase 1, ocean-atmosphere coupled models started to be used such as for the 

following PMIP phases (Braconnot et al., 2007a, 2012). The coupled ocean–atmosphere general 

circulation models make the studies on the feedbacks between the ocean and the Indian summer 

monsoon possible (e.g., Braconnot et al., 2000; Zhao et al., 2005; Marzin et al., 2009). The 

incorporation of the dynamic ocean induces a one to two-months delay of the warming over the ocean 

compared to the land and drive the convection over the ocean in the late summer that is favorable for 

the retreat of monsoon rainfall over the land (Zhao et al., 2005; Marzin et al., 2009). The MH 

simulations in the framework of PMIP phases 2 and 3 all show stronger summer and annual rainfall 

over South Asia, and northward movement of the ITCZ relative to the pre-industrial period (Zhao et 

al., 2005; Braconnot et al., 2007b; Zhao and Harrison, 2012; Boos and Korty, 2016; D’Agostino et al., 

2019). The stronger summer precipitation is mainly due to the strengthened dynamic monsoon 

circulations and moisture flux (D’Agostino et al., 2019). Orbital parameters during the LGM are 

similar to the pre-industrial, but the greenhouse gases concentrations are much lower and ice sheets 
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are much larger. Most of the LGM simulations in the framework of different PMIP phases indicate 

weaker summer and annual precipitation over South Asia, and southward movement of the ITCZ 

(Braconnot et al., 2007b; Jiang et al., 2015; Yan et al., 2016). The global monsoon precipitation and 

domain are both reduced under LGM conditions (Jiang et al., 2015; Yan et al., 2016). Single forcing 

experiments show that the effects of greenhouse gas and ice sheet on the Indian summer monsoon 

rainfall are similar, which can both reduce the land-sea thermal contrast (Shi et al., 2019).  

Paleoclimate records reveal the abrupt changes of the Indian summer monsoon during the last 

glaciation and deglaciation corresponding to the North Hemisphere ice core records (e.g. Schulz et al., 

1998; Marzin et al., 2013). The teleconnection between these abrupt changes and the fluctuations of 

AMOC strength has been studied by using general coupled models. In the simulations, freshwater flux 

is applied in the North Atlantic to force the AMOC to collapse and shutdown, which are the so-called 

fresh water hosing experiments (e.g. Kageyama et al., 2013). Kageyama et al. (2013) used multi-model 

to run the fresh water hosing experiments under LGM conditions and find that the North Atlantic is 

colder under the weakened AMOC in most of the simulations, and a drier climate prevails over South 

Asia in at least half of the simulations. Latterly, Marzin et al. (2013) did several fresh water hosing 

experiments under LGM conditions using the IPSL-CM4 model and proposed that a dipole of SST 

anomalies in the tropical Atlantic under a weakened AMOC state is key to weaken the Indian summer 

monsoon. Recently, based on a transient simulation under the near-realistic forcing, He et al. (2021) 

find that the southwesterly monsoon winds and Indian summer monsoon rainfall are enhanced during 

the B-A with stronger AMOC compared to the HS1 and YD, and this changed pattern is responsible 

for the depletion in speleothem δ18O (Fig. 1.14).  

1.5.1.2 During winter 

The studies focusing on the evolution of the winter Indian monsoon are much less than those on 

the summer monsoon so far, partially because of the lack of proxies restricted to the signal of winter 

wind intensity. A summary of the representative records with winter monsoon interpretations are 

shown in Fig. 1.15 (see Table A4 in Appendix), highlighting the differences between LGM and Late 

Holocene, and between Early-Mid Holocene and Late Holocene. 

One strategy is to focus on the low-salinity tongue from the BoB invading the eastern AS, a process 

controlled by the surface current driven by winter northeasterly winds (Sarkar et al., 1990; Mahesh 

and Banakar, 2014). Stronger northeasterly winds can drive further westward inflow and induce lower 

SSS in the eastern Arabian Sea. This situation was proposed to occur during the LGM under stronger 

winter monsoon. However, the SSS itself is controlled by the summer rainfall as well.  
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A few works aim at differentiating between the summer and winter monsoon signals in the AS, 

based on sedimentary planktonic foraminifera species that show summer vs winter blooms (Schulz et 

al., 2002; Ishikawa and Oda, 2007; Singh et al., 2016). For example, while G. bulloides is a widely 

used indicator of the upwelling driven by summer southwesterly winds, Globigerina falconensis and 

Neogloboquadrina dutertrei, were suggested as typical species of the winter monsoon. Ishikawa and 

Oda (2007) showed that the variations of relative abundance of winter monsoon species in the western 

AS are reversed to the G. bulloides in glacial-interglacial cycles, implying that the winter monsoon 

was strengthened during the LGM while the summer monsoon was weakened. However, these results 

are very few and only qualitative. Additionally, since strong surface cooling and convective mixing 

occur in the northern AS during winter (section 1.3.3.2), the SST records have been used to unravel 

winter monsoon intensity in the past (e.g. Böll et al., 2014; Böll et al., 2015). Over the last 25 kyrs, 

Dahl and Oppo (2006) revealed that the SST in the AS is much lower than present (of ~1−4 °C) in the 

northern part during the LGM and the Early-Holocene implying the strengthened winter monsoon 

during these periods.  

�
Fig. 1.15. Network of winter monsoon proxies capturing climate changes (a) between LGM and Late Holocene, and 
(b) between the Early-Mid Holocene and Late Holocene. The means of LGM, Early-Mid Holocene, and Late 
Holocene were respectively calculated by the available values that are within the periods 23−18 ka, 8−5 ka, and 4−0 
ka. The triangles mark the proxy using foraminifer assemblage. The dots indicate the SST record with winter 
monsoon interpretation. The diamonds and rectangles show the winter monsoon interpretation related to the SSS 
anomaly. Red (blue) markers indicate the interpretation of stronger (weaker) winter monsoon in the original papers. 
The core/site names, coordinates, proxies, and references of these paleoclimate records are shown in Tables A4 in 
the Appendix.  

In conclusion, it appears that the very few data dealing with the Indian winter monsoon so far, 

come from the AS (Fig. 1.15). They all indicate a stronger winter monsoon during the LGM while 

conditions during the Early-Mid Holocene are not obvious.  
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1.5.2. Indian Ocean Walker circulation 

A few studies focused on the evolution of Walker circulation over the Indian Ocean associated 

with the rainfall patterns over the Maritime Continent and eastern Africa, and the changes of upper 

seawater structure in the equatorial Indian Ocean. The results of reconstructed rainfall indicate drier 

conditions over the Maritime Continent and wetter ones over equatorial eastern Africa during the LGM, 

thus implying a weaker Walker circulation (DiNezio and Tierney, 2013; DiNezio et al., 2018; Fig. 

1.16a, see Table A5 in Appendix). This anomalous state is supported by several modelling data 

showing anomalous divergence and convergence cells over the Maritime Continent and the western 

Indian Ocean respectively, which are associated with anomalous surface southeasterlies and equatorial 

easterlies over the Indian Ocean (DiNezio and Tierney, 2013; DiNezio et al., 2018; Fig. 1.17). This 

anomalous circulation is probably induced by the exposure of Sahul Shelf and Sunda Shelf under LGM 

conditions, which can drive a Bjerknes feedback in the southeastern Indian Ocean and strengthen the 

anomalous westward zonal winds (Bjerknes, 1969; DiNezio et al., 2016). On the other hand, a stronger 

Walker circulation during the LGM is proposed by Mohtadi et al. (2017), based on the reconstructed 

deeper thermocline depth in the southeastern Indian Ocean. This stronger Walker circulation is also 

supported by some other modelling data (Mohtadi et al., 2017) (Fig. 1.17). 

 
Fig. 1.16. Network of terrestrial hydroclimate/rainfall records in the between 15°S and 15°N from the Maritime 
Continent and eastern Africa (a) Climate changes between LGM and Late Holocene, and (b) between the Early-Mid 
Holocene and Late Holocene. The means of LGM, Early-Mid Holocene, and Late Holocene were respectively 
calculated by the available values that are within the periods 23−18 ka, 8−5 ka, and 4−0 ka. The core/site names, 
coordinates, proxies, and references of these paleoclimate records are shown in Tables A5 in the Appendix.  



Chapter 1: Contexts 

 43 

 

Fig. 1.17. Results of PMIP3 and PMIP3 models showing the difference between the LGM and pre-industrial. LGM 
thermocline depth anomaly in the eastern Indian Ocean vs. equatorial Indian Ocean zonal wind anomaly. ΔT is used 
as a measure for thermocline depth and defined as the annual mean temperature difference between surface and 70 
m averaged over the eastern Indian Ocean region 4° N–6°S, 94° E–104°E. Ueq is defined as the annual mean zonal 
low-level (925 hPa) wind averaged over 5°N–5°S, 50°E–100°E. HadCM3 model (No. 1) simulates a weaker Walker 
circulation during the LGM, while CCSM3 (No. 13) and FGOALS-g1.0 (No. 14) models simulate a stronger Walker 
circulation. (From Mohtadi et al., 2017). 

The discussions on the response of Walker circulation to the precession parameter over the 

Holocene are less developed despite the occurrence of rainfall records over the Maritime Continent 

and eastern Africa during that period (Fig. 1.16b, Table A5). The wetter climate during the EMH over 

Africa is proposed as a strengthening of the North Africa monsoon (Chevalier et al., 2017). The 

moisture over the Maritime Continent is nearly unchanged (Fig. 1.16b). These results indicate a 

different pattern of rainfall during the EMH compared to that during the LGM, which implies a 

different response of Indian Ocean Walker circulation. Moreover, weakened summer westerly winds 

over the equatorial Indian Ocean during this period have been found by both proxies and models (e.g., 

Bassinot et al., 2011), which suggest a weakened Walker circulation. Recently, paleoclimate 

simulations reveal that during the Holocene, the Indian Ocean Walker circulation was reacted to the 

precession-related changes in seasonality and that stronger seasonality could drive more frequent 

positive IOD events in the southeastern Indian Ocean, and thus weaker Walker circulation (Iwakiri 

and Watanabe, 2019). 
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1.5.3. Paleo-PP data 

Paleo-records related to PP are mainly reported in the AS since very few exist in the BoB so far 

(Fig. 1.18). They are based on sedimentary total organic carbon contents (percentages or mass 

accumulation rates), excess barium (Ba/Al) signals, and biogenic opal fluxes (e.g., Reichart et al., 1997; 

Schulz et al., 1998; Budziak et al., 2000; Pattan et al., 2003; Ivanochko et al., 2005; Banakar et al., 

2005; Singh et al., 2006; Ishfaq et al., 2013; Phillips et al., 2014; Li et al., 2019). Only two records are 

based on the relative abundance of the coccolith Florisphaera profunda (Fp%) in the northern and 

western AS (Rogalla and Andruleit, 2005). In all cases, very few provide high time resolution patterns 

since the LGM.  

 

Fig. 1.18. Representative PP records covering the last 24 kyr in the northern (N), western (W), and eastern Arabian 
Sea (E), and the Bay of Bengal (BoB). Common PP proxies are the total organic carbon content, excess Ba (Ba/Al 
ratio or Ba MAR), biogenic opal MAR, and relative abundance of F. profunda. Data are from Reichart et al. (1997), 
Schulz et al. (1998), Budziak et al. (2000), Pattan et al. (2003), Ivanochko et al. (2005), Rogalla and Andruleit (2005), 
Banakar et al. (2005), Singh et al. (2006), Ishfaq et al. (2013), Phillips et al. (2014), and Li et al. (2019). 

In detail, high-resolution TOC contents have been measured on marine sediment cores from the 

northeastern AS, closed to the Indus river mouth (Schulz et al., 1998; Deplazes et al., 2014). The 

records show lower TOC% during the LGM, the HS1, and the YD, and higher TOC% during the B-A 

and the EMH (Fig. 1.18). The higher values are interpreted either as stronger advection of upwelling 
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in the west, or stronger Indus river discharge that are both related to the strengthening of the Indian 

summer monsoon (Schulz et al., 1998; Deplazes et al., 2014). However, another TOC% record from 

the northern AS shows a very different trend with a decrease from the LGM to Holocene. TOC% 

discrepancies are also found in the eastern AS between two cores that are very closed to each other 

(Fig. 1.18). 

Excess Ba is also used as a PP-related proxy, as it is proposed to be possibly associated with 

phytoplanktonic organic carbon (Dymond et al., 1992; Dehairs et al., 2000). However, in both, the AS 

and the BoB, excess Ba signals do not match TOC% from nearby sites (Fig. 1.18). That is only in the 

western AS, that a high-resolution excess Ba record (core 905) shows similar variations compared to 

TOC% from the northern AS. The data showing higher PP during B-A and EMB, and lower PP during 

LGM, HS1, and YD, suggest the summer monsoon interpretation of excess Ba. 

In the tropical Indian Ocean, the biogenic opal is related to diatom productivity. Therefore, rather 

than the total PP, the flux of opal is linked to the siliceous primary productivity. This proxy is widely 

used in high-latitude oceanic regions where the nutrients concentrations and especially those of 

phosphorus are high enough to support diatoms (e.g., Charles et al., 1991; Pondaven et al., 2000; 

Bradtmiller et al., 2009). Interestingly, it appears that a few records of opal fluxes mirror some TOC% 

in the eastern AS and the BoB (Pattan et al., 2003; Balaji et al., 2018; Fig. 1.18). 

Fp% has been proved to be related to PP based on a transfer function method where relatively low 

Fp% reflects relatively high PP and vice versa (Beaufort et al., 1997; see chapter 2 for details). Since 

the two Fp% signals obtained in the northern and western AS are relatively low during the LGM, PP 

is most probably high during this time interval compared to the Holocene, which questions numerous 

TOC and excess Ba signals obtained in the area, so far. Unfortunately, Fp% records are very few in 

the tropical Indian Ocean and only depict low time-resolution trends. Besides, they have not been used 

to reconstruct quantitative PP. 

Even if multi-proxy studies are crucial to reconstruct paleoenvironmental conditions and hence 

paleo-PP, the aforementioned results highlight some limitations associated with low-resolution 

sedimentary organic carbon and excess Ba signals when referring to PP in the tropical Indian Ocean. 

The content of organic carbon in marine sediments can be influenced by several factors in addition to 

PP. Indeed, TOC% may not only reflect phytoplankton productivity but can also be associated with 

terrestrial carbon input, especially nearby river mouths. It can also be impacted by the efficiency of 

the exported productivity and hence, remineralisation processes in the seawater column and at the sea 

floor which are tied to the seawater oxygen content, the texture of sediments, and the dilution by detrital 

materials (Paropkari et al., 1992; van der Weijden et al., 1999; Cowie et al., 2005). Excess Ba may 



Chapter 1: Contexts 

 46 

also be influenced by several other factors than PP, such as the amount of terrigenous Ba inputs, and 

redox conditions in the sediments (Babu et al., 2002; Nair et al., 2005). 

In all cases, it appears that our knowledge of PP distribution in the tropical Indian Ocean since the 

LGM is limited, which restricts our clear understanding of the regional air-sea dynamics, and more 

especially, the relationship between the climate setting and the upper seawater structure. This 

limitation is associated to both, the lack of direct quantitative reconstruction of PP based on the 

powerful tool that is the transfer function that links Fp% to PP (Beaufort et al., 1997); and the lack of 

studies considering both, PP reconstructions and simulations in the area (Bassinot et al., 2011; Le Mézo 

et al., 2017). 

1.6. Summary 

The main key points of this chapter are: 

i- Today, the hydrology and PP in the tropical Indian Ocean are highly coupled to the 

atmospheric circulations i.e., the Indian monsoon and the Walker circulations. The 

mechanisms controlling PP in the BoB/ADS and the AS Indian Ocean are very different.  

ii- The climate variability of the tropical Indian Ocean is complex and several factors, 

including teleconnections within the ocean-atmosphere system, have important effects, 

particularly on multidecadal to interannual scales. 

iii- Studying the climate and ocean variability since the LGM helps us better understanding the 

mechanisms and feedbacks within the ocean-atmosphere system under changing boundary 

conditions. However, the evolution of the Indian summer monsoon is better studied than 

the winter monsoon and Walker circulation.  

iv- Paleo-PP variations can represent processes at the interface between ocean and atmosphere, 

but (low-resolution) data that exist so far, show some discrepancies which highlight the 

need for quantitative PP reconstructions since the LGM. 

v- In all cases, proxy reconstructions and paleoclimate simulations appear to be two important 

ways to fulfill the aforementioned objectives.  

Following these, it appears necessary to improve the study on the climate variability in the tropical 

Indian Ocean since the LGM based on new high-resolution PP records, published terrestrial and marine 

data compilations, and model-proxy comparisons. PP records (and particularly those related to Fp %) 

are important as they provide crucial information at the very interface between the ocean and the 

atmosphere. They also have the potential to reconstruct the variability of both, Indian summer and 
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winter monsoons, together with the Indian Ocean Walker circulation. Convincing paleo-PP records 

combined with published hydroclimate data can improve our knowledge of the variability of climate 

systems and their interactions on a regional scale, considering both the atmosphere and ocean realms 

and their interactions. The model-data comparison can further give a deeper and broader understanding 

of these regional signals in the context of changing boundary conditions on a global scale. 
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Chapter 2 
 

Materials and Methods 
 

 

 

This chapter focuses on the materials and methods. First, I present the four sediment cores I’ve 

selected to fulfill my objectives. Second, I describe methods to prepare and analyze coccolith smear 

slides as well as the principle of the transfer function used to estimate PP based on the percentages of 

Florisphaera profunda retrieved in each core. Third, I describe the outputs I’ve used from the CCSM3, 

IPSL-CM5A-LR, and AWI-ESM-1-1-LR climate models.  
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2.1. Sediment cores, age models, and sampling strategy 

Four marine sediment cores retrieved in the tropical Indian Ocean have been chosen for PP 

reconstructions to fulfill our scientific objectives (Fig. 2.1). These are: 

i- core MD77-176 from the northeastern BoB where the “barrier layer” effect is significant 

due to the strong rainfall and freshwater input of the Irrawaddy-Salween river system, and 

where PP patterns might be associated with the summer monsoon intensity.  

ii- Core MD00-2354 from the northwestern Arabian Sea where PP may be influenced by both, 

the summer and winter monsoons.  

iii- Cores BAR94-24 and MD77-191, closed to the equator, within coastal upwelling systems, 

and under the influences of equatorial zonal winds. PP signals from these two cores might 

be suitable to unravel the Walker circulation dynamic. 

 
Fig. 2.1. Ocean bathymetric maps and locations of the studied cores (a) MD77-176, (b) MD00-2354, (c) 
BAR94-24, and (d) MD77-191. 
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2.1.1. Northeastern Bay of Bengal: core MD77-176 

Core MD77-176 (14.52°N, 93.13°E; Fig. 2.1a) was retrieved in the NE BoB, at the junction with 

the ADS, during the OSIRIS 3 cruise of the R.V. Marion Dufresne in 1977. The site lies � 200 km 

southwest of the modern Irrawaddy River mouth, in-between the Myanmar shelf and the Andaman 

Islands. It was retrieved on the continental slope at a water depth of 1375 m, i.e., above the modern 

lysocline located between � 2000 and � 2800 m in the N BoB (Cullen and Prell, 1984). The lithology 

consists of olive grey terrigenous clay and silty clay layers with foraminifera- and nannofossil-bearing 

oozes. Its age model was previously established by Marzin et al. (2013) based on 31 accelerator mass 

spectrometry (AMS) 14C ages combined with the MD77-176 high-resolution oxygen isotope record 

obtained on the planktonic foraminifera Globigerinoides ruber, which were correlated with the GISP2 

Greenland ice core oxygen isotope curve. The correlated age model is consistent with the AMS 14C 

age model, especially after 20 ka (Marzin et al., 2013). The sedimentation rates recorded at site MD77-

176 (�25 cm kyr−1 and up to 40 cm kyr−1 for the Holocene) provide a good opportunity to study 

productivity patterns over the last 26 kyr with millennial to centennial resolutions (Fig. 2.2). A total of 

212 samples were analyzed, with temporal resolutions between �50 and 400 years.  

2.1.2. Northwestern Arabian Sea: core MD00-2354  

Core MD00-2354 (21.04°N, 61.475°E; Fig. 2.1b) was collected in the NW AS by R.V. Marion 

Dufresne in 2000. It is located ~210 km off the Oman Margin on the southwestern slope of the Murray 

Ridge, at 2740 water depth i.e., above the modern lysocline (~3300 m; Cullen and Prell, 1984). The 

lithology of this sediment core mainly consists of homogenous grey clay and foraminifera- and 

nannofossil-bearing oozes. Its age model has been established by Böll et al. (2015) based on the 

correlation of the δ18Ο signal obtained on foraminifera G. ruber to the δ18ΟG. ruber record of 74KL 

sediment core retrieved in the western AS, and the δ18Ο signal of GISP2 ice core (Fig. 2.2). The studied 

interval spans the last ~23 kyr, with sedimentation rate ranging between ~10 and 110 cm kyr-1. A total 

of 300 samples were analyzed, with temporal resolutions between ~20 and 100 years. 

2.1.3. Southeastern Andaman Sea: core BAR94-24 

Core BAR94-24 (6.73°N, 94.83°E; Fig. 2.1c) was collected in the SE ADS aboard the N/O Baruna 

Jaya, during the BARAT cruises (1994). The site lies �150 km off the northwestern tip of Sumatra, in-

between the tip and the Andaman Islands. The water depth of the site is 2676 m. The lysocline is 

approximately 3800 m in the eastern equatorial Indian Ocean, and thus this core locates above the 
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lysocline (Cullen and Prell, 1984). 

 
Fig. 2.2. Age models of the studied cores. The dots with error bars are the age points calculated from AMS 14C 
ages (Mathien-Blard , 2008; Bassinot et al., 2011; Marin et al., 2013; Ma et al., 2020; this study). The green 
curve is the tuned age model of core MD77-176 (Marzin et al., 2013). The pink dots are the GISP2 δ18O events 
(Böll et al., 2015). 

The age model of this core is based on 10 AMS 14C ages obtained on planktonic foraminifera 

G.ruber and Globigerinoides sacculifer. Six data are from the PhD thesis of Mathien-Blard (2008), 

and four data have been obtained here, using the same method. The AMS 14C ages are converted to 

calendar ages using the online software CALIB version 8.2, and the MARINE20 curve (global ocean 

age: 550 years) (Fig. 2.2). The studied interval covers the last 26 kyr with sedimentation rates varying 

between 8 and 23 cm kyr-1 (average of 16 cm kyr-1). A total of 175 samples were analyzed, with 

temporal resolutions between � 50 and 250 years. 

2.1.4. Southern tip of India: core MD77-191 

Core MD77-191 (7.5°N, 76.72°E; Fig. 2.1d) was collected off the southern tip of India aboard the 

R.V. Marion Dufresne during the OSIRIS 3 (1977) cruise. The water depth of this core is 1254 m that 

is above the lysocline (see above). Its age model is based on 13 AMS 14C ages from Bassinot et al. 

(2011) and Ma et al. (2020). The AMS 14C ages are converted to calendar ages using the online 
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software CALIB version 8.2, and the MARINE20 curve (global ocean age: 550 years) (Fig. 2.2). Core 

MD77-191 spans the last 16 kyr with sedimentation rates ranging between 13 and 90 cm kyr-1 (average 

of 58 cm kyr-1). A total of 406 samples were analyzed, with temporal resolutions between � 20 and 85 

years.  

2.2. Paleo-PP estimations based on coccoliths 

2.2.1. Basic information 

Coccoliths are calcareous scales secreted by coccolithophores. Coccolithophores are marine micro-

algae (Billard and Inouye, 2004), and taxonomically belong to Kingdom Chromista, Phylum 

Haptophyta, and Class Coccolithophyceae (AlgaeBase: http://www.algaebase.org). Coccolithophores 

are one of the main open-ocean primary producers with a distinctive role in the plankton. They 

contribute to about 10 to 20 % of the total chlorophyll-a and primary production in the non-bloom 

open-ocean, and up to 40 % in the regions of coccolithophore blooms (Poulton et al., 2007; Poulton et 

al., 2013). This primary production is, therefore, an important part of the exported primary productivity 

that accounts for the soft tissue pump. Coccolithophores also play an important role in the carbonate 

export and participate in the carbonate counter pump (Rost and Riebesell, 2004; Duchamp-Alphonse 

et al., 2018). Indeed, the coccoliths they produced, contribute to a large fraction of the deep-sea 

calcareous sediment (Young and Ziveri, 2000; Ziveri et al., 2007; Broecker and Clark, 2009). 

Coccolithophores are sensitive to the changes of conditions in the euphotic zone, including light 

intensity, nutrients contents, temperature, and salinity. Early studies have revealed the significantly 

biogeographic distributions of the coccolithophore assemblages characterized by the latitude zones 

(Winter et al., 1994). Although some species are ubiquitous and thrive within large ranges of 

environmental variables, most of the coccolithophores have environmental preferences (Young, 1994; 

Winter et al., 1994; Balch et al., 2004). Therefore, the distributions of coccoliths assemblages in marine 

surface sediments generally reflect the biogeography of coccolithophores (Roth et al., 1994; Baumann 

et al., 2004; Ziveri et al., 2004; Boeckel et al., 2006; Saavedra-Pallitero et al., 2010).  

Coccoliths from sediment cores are documented as good materials for paleoenvironmental 

reconstructions. Variations of coccolith assemblages in the sedimentary sequences are usually related 

to past changes in climate and hydrological conditions and have been used in broad topics of 

paleoclimatology and paleoceanography including changes in nutrient availability, SST, and SSS (e.g., 

Flores et al., 1999; Kinkel et al., 2000; Baumann and Freitag, 2004; Saavedra-Pellitero et al., 2011). 

In the tropical oceans, coccoliths assemblages are efficient for the reconstructions of PP and nutricline 

depth that are related to wind dynamics (e.g. Molfino and McIntyre, 1990a, Beaufort et al., 1997; see 
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section 2.2.2). In the tropical Indian Ocean, the reports of coccolith assemblage are sparse in 

paleoclimate studies, and records with high-resolution since the LGM are rare (Beaufort et al., 1997; 

Rogalla and Andruleit, 2005; Andruleit et al., 2008; Tangunan et al., 2017).  

2.2.2. Coccolith analysis 

Slides for the coccolith analysis are prepared using the “settling” technique described in Duchamp- 

Alphonse et al. (2018) after Beaufort et al. (2014). About 0.004 g of dry sediment is diluted in 28 mL 

LuchonTM water (pH 8, bicarbonate 78.1 mg L−1, total dissolved solid 83 mg L−1) within a flat beaker 

and settled on a 12 × 12 mm coverslip for 4 hours. After pumping the clear liquid out, the coverslip is 

then dried at 60 °C in an oven and mounted on a slide with NOA74 glue. This technique ensures a 

homogenous distribution of coccoliths on the coverslip.  

 
Fig. 2.3. Optical micrographs of the common coccoliths that were observed in this study. All micrographs are crossed 
polar images at × 1000 magnification and from different depths of the core MO00-2354 located in the northwestern 
Arabian Sea. The lengths of the white scales represent 2 µm. (a, b) Florisphaera profunda (4−5 cm, 201−202 cm). 
(c) Gephyrocapsa oceanic (201−202 cm). (d, e) small Gephyrocapsa spp. (134−135 cm). (f−i) Emiliania huxleyi 
(4−5 cm, 134−135 cm, 201−202 cm). (j) Calcidiscus leptoporus (4−5 cm). (k) Umblicosphaera sibogae (179−180 
cm). (l) Oolithotus fragilis (153−154 cm). (m) Helicosphaera carteri (4−5 cm). (n) Helicosphaera wallichii (179−180 
cm). (o) Syracosphaera spp. (p) Rhabdosphaera spp. (201−202 cm). (q) Calciosolenia spp. (179−180 cm).  



Chapter 2: Materials and Methods 

 56 

Slides are analyzed with a polarized light microscope (Leica DM6000B) at × 1000 magnification 

at the Geoscience Paris-Saclay (GEOPS, Orsay, France). For each slide, at least 500 coccolith 

specimens were counted by human eyes under at least three random fields of view. The relative 

abundance of each species is calculated as X% = 100 · (species X number / total coccolith number). 

The “settling” technique allows the calculation of absolute abundance of each species, through the 

equation: AA = (N · S) / (f · n · W), where AA means the absolute abundance (n/g sediment), N is the 

total counted number of this species, S is the bottom area of the beaker (diameter: 70 mm), f is the area 

of the coverslip, n is the number of counted fields of view, W is the sediment weight diluted in the 

water. The coccolith taxonomy and identification is based on Young (1998) and the Nannotaxa3 

website (https://www.mikrotax.org) The common species observed in this study are shown in Fig. 2.3.  

The coccoliths of F. profunda, which constitute the artichoke-like coccosphere, are rectangle-like 

single calcite crystals, and are slightly tapered and terminate at the broader end by a pair of crystal 

faces (Fig. 2.3). Most of the coccoliths of upper euphotic zone dwellers from the tropics belong to the 

Noelaerhabdaceae Family, such as Emiliania huxleyi, and Geophyrocapsa oceanica, whose coccoliths 

are shield-like constituted by multi-calcite crystal (Fig. 2.3).  

2.2.2. Use of coccoliths as nutricline depth and paleo-PP indicators  

The most workable and efficient application of coccolith assemblages is in the nutricline depth and 

PP reconstructions. While most of the species of coccolithophore live in the upper euphotic zone and 

prefer high light intensity conditions, Florisphaera profunda lives in the lower euphotic zone at water 

depths of ~100−200 m where light intensity and temperature are reduced, but where the nutrients 

contents are higher than those in the upper euphotic zone (Okada and Honjo, 1973; Okada and 

McIntyre, 1979; Venrick, 1982; Reid, 1980; Fig. 2.4a). When the nutricline gets shallower, more 

nutrients are brought into the upper euphotic zone where the light intensity is high, and this can make 

the bloom of the upper dwelling coccolithophores possible, while the relative abundance of F. 

profunda (Fp%) decrease. Conversely, when the nutricline becomes deeper, the abundances of upper 

dwellers reduce, while the relative abundance of F. profunda increases (Figs. 2.4b, c).  
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Fig. 2.4. (a) Species distribution in the upper 200 m water column along a traverse in the Pacific (155°W) during 
August to November 1969 (modified from Okada and Honjo, 1973). (b) Conceptual model of nutricline control of 
the abundance (in sediment samples) of F. profunda, which dwells the lower euphotic zone while all other 
coccolithophores inhabit the upper euphotic zone (from Molfino and McIntyre, 1990a). (c) Plots of F. profunda 
percentage in a transect of surface sediment samples (10°W−13.5°W), and the nutricline depth of the upper seawater, 
defined by the depth of the 1.0 µmol L-1 phosphate value (from Molfino and McIntyre, 1990a). 

The relative abundance of fossil specimens of F. profunda was used for the first time by Molfino 

and McIntyre (1990a, 1990b) for reconstructing the variations of nutricline depth in the equatorial 

Atlantic at orbital and millennial scales. They have been helpful to reconstruct the evolution of the 

upwelling in the eastern equatorial Atlantic associated to the intensity of the equatorial easterly winds. 

Latterly, Beaufort et al. (1997) developed a transfer function method to quantify the primary 

productivity (PP) using sedimentary Fp% signal. They first established an Fp%-annual PP empirical 

relationship in the AS and the western Indian Ocean based on PP estimates from satellite observations 

and Fp% in surface sediments. This method has been used for PP reconstructions in the tropical seas 

to reflect the wind dynamics related to the climate evolutions (e.g. Beaufort et al., 1997, 2003, 2010; 

de Garidel-Thoron et al., 2001; Liu et al., 2008; Zhang et al., 2016). Recently, Hernández-Almeida et 
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al. (2019) further proved the robustness of Fp% as a quantitative proxy of annual PP by investigating 

surface sediments and sediment trap Fp% signals worldwide. They suggest that this method is 

workable for the tropical oceans (30°S−30°N) and provide several specific empirical equations of Fp% 

related -PP for each tropical region (Fig. 2.5).  

 

Fig. 2.5. (a) Correlation between global surface sediment F. profunda % and net primary productivity (Npp) for 
samples between 30°N and 30°S, after potential outlier removal (>2SD) (n = 571). Epac = East Pacific; Ind = Indian 
Ocean; NAtl = North Atlantic; SAtl = South Atlantic; SCS = South China Sea; WPac = West Pacific. (b) Correlation 
between surface sediment F. profunda % and Npp for samples between 30°N and 30°S in the Indian Ocean. Blue 
lines represent the logarithmic regression. (From Hernández- Almeida et al., 2019) 

Here, I’ve used the equation published by Hernández- Almeida et al. (2019), which is suitable for 

the tropical Indian Ocean (Fig. 2.5b): PP = [10(3.27−0.01×Fp%)] × 365/1000. The unit of estimated 

PP is grams of carbon per meter squared per year (g C m−2 yr−1). Fp% is the abundance of F. profunda 

relative to the total abundance of coccoliths.  

2.3. Models and paleoclimate simulations 

2.5.1. IPSL-CM5A-LR 

IPSL-CM5A-LR (Institut Pierre-Simon Laplace Coupled Ocean-Atmosphere General Circulation 

Model) is an Earth System Model that contributes to the Coupled Model Intercomparison Project phase 

5 (CMIP5; Taylor et al., 2012) and the Paleoclimate Modelling Intercomparison Project phase 3 

(PMIP3; Braconnot et al., 2012). It belongs to the IPSL-CM5 platform that allows for a consistent suite 
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of models with various degrees of complexity and number of components, and different resolutions 

(Dufresne et al., 2013). IPSL-CM5A-LR is composed of the LMDZ5A atmospheric general circulation 

model (Hourdin et al., 2013) directly coupled to the ORCHIDEE land surface model (Krinner et al. 

2005), and the NEMO v3.2 ocean model (Madec, 2011) (Fig. 2.6a). The ocean model includes the 

OPA9 ocean general circulation model, the LIM2 sea-ice model (Fichefet and Maqueda, 1997), and 

the PISCES biogeochemical model (Aumont and Bopp, 2006). The atmospheric model has a regular 

horizontal grid of 96 × 96 (lon × lat) points that consists of 26 vertical levels. The horizontal oceanic 

grid is irregular with 189 × 149 (lon × lat) points corresponding to a nominal resolution of 2° and 

consists of 25 vertical levels with intervals from 10 m for the first 150 m and up to 500 m for the 

bottom of the ocean.  

 
Fig. 2.6. Schematic overview of the components of (a) IPSL-CM5A-LR, (b) AWI-ESM-1-1-LR, and (c) CCSM3. 

Three simulations exploited here are in the framework of CMIP5 and PMIP3: the pre-industrial 

controlling experiment (CTRL), the Mid-Holocene experiment (MH), and the Last Glacial Maximum 

experiment (LGM). The boundary conditions include the ice sheets volumes, sea level height, earth 

orbital parameters, and greenhouse gases concentrations. The ice sheet reconstruction and evolution 

are based on the Pmip3 (Abe-Ouchi et al., 2015). The set-ups of these three simulations can be seen in 

Table 2.1. The fourth simulation is a freshwater hosing experiment, in which a fresh water flux of 0.2 

Sv is applied over the North Atlantic Ocean under the same boundary conditions of LGM. The fresh 

water flux can force the AMOC to slow down (Fig. 2.7a).  
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Fig. 2.7. Changes of the maximum in the AMOC stream function below 500 m (AMOC strength) in (a) the LGM 
and LGMf simulations run with IPSL-CM5A-LR, and (b) the TraCE-21 full and MWF simulations.  

An advantage of IPSL-CM5A-LR is that it can simulate the oceanic biogeochemical variables by 

the PISCES model. This model includes two phytoplankton types, i.e., nannophytoplankton and 

diatoms, whose growth rates are directly limited by the external availability of nutrients. Five different 

nutrients are involved: nitrate, ammonium, phosphate, silicate, and iron. For the simulations used in 

this study, the nutrients supplied by rivers and aeolian dust to the oceans, are set to be the same. 

Therefore, any change of nutrient contents in the euphotic zone in these simulations is linked to the 

oceanic processes, such as the upwelling and seawater mixing. The PISCE model has been used for 

studying the global scale carbon cycles and PP (e.g., Aumont and Bopp, 2006; Gehlen et al., 2006; 

Mariotti et al., 2012). Le Mézo et al. (2017) have used the PISCES model coupled in IPSL-CM5A-LR 

to study the dynamics of summer PP in the AS and its linkage to the changes of summer monsoon 

pattern.  

Table 2.1. Forcing and boundary conditions of the simulation run with IPSL-CM5A-LR (Le Mézo et al., 2017) 
and the simulations in the framework of PMIP4 (in the brackets; Eyring et al., 2016; Kageyama et al., 2017; 
Otto-Bliesner et al., 2017). Precession is defined as the longitude of the perihelion, relative to the moving vernal 
equinox, minus 180°. Pmip3 ice sheet stands for the PMIP3 ice sheet reconstruction (Abe-Ouchi et al., 2015). 
ICE-6G_C is the ice sheet stands for the PMIP4 ice sheet reconstruction (Peltier et al., 2015). 

Simulation name CTRL MH LGM 

Time (ka) 0 6 21 

Ice sheets present present pmip3 (ICE-6G_C) 

Sea level difference (m) 0 0 -120 
Eccentricity 0.016715 (0.016764) 0.018682 0.018994 

Obliquity (°) 22.392 (22.459) 24.105 22.949 

Precession (ω−180°) 102.7 (100.33) 0.87 114.42 

CO2 (ppm) 284 280 (264.4) 185 (190.0) 
N2O (ppm) 275 (273) 270 (262) 200 

CH4 (ppm) 791 (808.2) 650 (597) 350 (375) 
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2.5.2. AWI-ESM-1-1-LR 

AWI-ESM-1-1-LR (Alfred Wegener Institut Earth System Model; termed AWI-ESM), which 

contributes to the Coupled Model Intercomparison Project phase 6 (CMIP6; Eyring et al., 2016) and 

the Paleoclimate Modelling Intercomparison Project phase 4 (PMIP4; Kageyama et al., 2018) is an 

extension of the AWI-CM model (Sidorenko et al., 2015). It has three components: the ECHAM6 

atmospheric general circulation model (Stevens et al., 2013), the JSBACH land surface model 

(Raddatz et al., 2007), and the FESOM sea ice-ocean model (Sidorenko et al., 2011) (Fig. 2.6b). The 

atmospheric model has a regular horizontal grid of 192 × 96 points that consists of 47 vertical levels. 

The FESOM model is based on the finite-element approach, designed to work on unstructured meshes, 

and discretized on a triangular grid. Therefore, it has various resolutions in different regions, from ~ 

20 to 150 km (Fig. 2.8). 

 
Fig. 2.8. FESOM mesh resolution applied in AWI-ESM simulations (From Shi et al., 2020). 

Three simulations exploited here are in the framework of CMIP6 and PMIP4: the CTRL, MH, and 

LGM. The ice sheet reconstruction and evolution are based on the ICE-6G_C reconstruction (Peltier 

et al., 2015). The set-ups of these three simulations can be seen in Table 2.1. The oceanic unstructured 

meshes are a unique feature of AWI-ESM. The multi-resolution capability of FESOM model allows 

for regional focus in an otherwise global setup and can avoid the effect of geography (Sidorenko et al., 

2011; Wang et al., 2014). The AWI-ESM has been used to the global climate changes on multi-

timescale (Lohmann et al., 2020; Shi et al., 2020). 
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The simulations were conducted by the Alfred Wegener Institute Helmholtz Center for Polar and 

Marine Research (Bremerhaven, Germany), and the data were provided by Xiaoxu Shi and Gerrit 

Lohmann. 

2.5.3. TraCE-21 

TraCE-21 is a transient paleoclimate simulation run with the National Center for Atmospheric 

Research Community Climate System Model Version 3 (CCSM3, Collins et al., 2006a; Liu et al., 2009; 

Fig. 2.6c). CCSM3 is composed of the CAM3 atmospheric model (Collins et al., 2006b), the POP 

oceanic model (Smith and Gent, 2002), the CLM-DGVM land surface and vegetation model (Bonan 

et al., 2002; Dickinson et al., 2006), and the CSIM sea-ice model (Briegleb et al., 2004). The 

atmospheric model has a regular atmospheric horizontal grid of 96 × 48 (lon × lat) points that consists 

of 26 vertical levels. The horizontal oceanic grid is irregular with 100 × 116 (lon × lat) points with 25 

vertical levels. 

TraCE-21 was started at the end of an 1800-year LGM equilibrium simulation run with CCSM3 

and then was forced by the realistic climatic forcing (Fig. 2.9), including orbital parameters, 

greenhouse gases concentrations, and ice sheets (ICE-5G reconstruction) (Peltier et al., 2004). Four 

single forcing sensitivity experiments are also integrated into the full TraCE-21 simulation: the orbital 

parameter experiment (ORB), greenhouse gases experiment (GHG), ice sheet experiment (ICE), and 

melt water flux experiment (MWF). The melt water flux is set to force the AMOC strength to fluctuates 

(Fig. 2.7b), and details of its scheme can be found in He (2011). 

An advantage of TraCE-21 simulation is its transient outputs. It is very useful for studying the 

atmospheric and oceanic variations during the last deglaciation concerned with the forcing of the 

AMOC (Liu et al., 2009). It has been used to study the evolution of the East Asian monsoon 

considering both the wind intensity and precipitation rate (e.g. Liu et al., 2014; Wen et al., 2016), the 

climate over the Tibetan Plateau (Yan et al., 2020), and the African rainfall (Otto-Bliesner et al., 2014). 

One limitation of using TraCE-21 simulation is that its oceanic outputs are only available for the annual 

mean. Moreover, this simulation does not contain the oceanic biogeochemical outputs. 

I use the decadal mean seasonal averaged datasets. Data are available on the website of Earth 

System Grid: https://earthsystemgrid.org/project/trace.html. 
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Fig. 2.9. Evolutions of external forcing used in TraCE-21 simulation. (a) Orbital parameters including the standard 
precession parameter, obliquity, and eccentricity. (b) Summer and winter insolation at 30°N (Laskar et al., 2004). (c) 
Atmospheric greenhouse gas concentration is represented by carbon dioxide (Joos and Spahni, 2008). (d) Meltwater 
fluxes in the Southern Hemisphere and Northern Hemisphere. (e) Ice volumes in the Southern Hemisphere and 
Northern Hemisphere (Peltier, 2004).  
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Chapter 3 
 

Dynamics of primary productivity in the northeastern Bay of Bengal 
over the last 26 000 years 

�

�

�

A very few paleo-PP records have been reported in the Bay of Bengal so far. Here I provide a new 

one, spanning the last 26 kyr, based on the Florisphaera profunda (%) signal of core MD77-176, 

retrieved at 14.5°N of latitude, at the junction between the Bay of Bengal and the Andaman Sea. 

Together with published PP and paleoenvironmental records that I combine to model outputs from 

IPSL-CM5A-LR and TraCE-21, I suggest this reconstructed-PP to be highly related to SSS and the 

“barrier layer” effect that characterize this basin especially between 19 and 1 ka, including the last 

deglaciation and the Holocene. This record represents the Indian summer monsoon rainfall modulated 

by AMOC strength and precession. �

The coccolith data of core MD77-176 can be found by this link :  

https://cp.copernicus.org/articles/16/1969/2020/cp-16-1969-2020-supplement.pdf  
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Chapter 4 
 

Variations of primary productivity in the northwestern Arabian Sea 
since the Last Glacial Maximum and their paleoclimate implications 

 

 

 

Although paleo-PP has been studied in the Arabian Sea, it lacks high-resolution quantitative 

records. Here, I provide a PP record with a time resolution shorter than 1000 years, by using 

Florisphaera profunda % of core MD00-2354, retrieved at ~21°N of latitude, in the northwestern part 

of the basin. Together with published PP and paleoenvironmental records and model outputs from 

IPSL-CM5A-LR and TraCE-21, I suggest that this reconstructed-PP mainly reflects winter monsoon 

processes, and especially convective mixing and aeolian dust input. 
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Variations of primary productivity in the northwestern Arabian Sea since the 
Last Glacial Maximum and their paleoclimate implications 

 

Xinquan Zhou1, Stéphanie Duchamp-Alphonse1, Masa Kageyama2, Franck Bassinot2, Florian 

Doressoundiram - Catherine Kissel2 

 
1Université Paris-Saclay, Géosciences Paris Saclay, CNRS, Rue du Belvédère, 91405 Orsay, France 
2Laboratoire des Sciences du Climat et de l'Environnement, CEA/CNRS/UVSQ, Université Paris-

Saclay, Centre CEA-Saclay, Orme des Merisiers, 91191 Gif-sur-Yvette, France 

 

In preparation 

 

Abstract: The Arabian Sea is one of the most productive oceanic regions in the world due to the 

control of nutrient availability by summer and winter monsoons. The previous studies of the imprint 

of oceanic primary productivity (PP) in sediments from the Arabian Sea yielded diverse results 

depending on the used proxies with still unprecise paleoclimatic interpretations. Here, we provide a 

new high-resolution annual PP record since the Last Glacial Maximum (LGM) based on the variations 

of coccolith assemblage in a sediment core (MD00-2354) from the northwestern Arabian Sea. Our 

record shows a ~90 % higher PP during the LGM relative to the Holocene. In addition, significant 

millennial-scale variations are described during the last deglaciation with higher PP during the cold 

periods of Heinrich Stadial 1 (HS1) and Younger Dryas (YD) and lower PP during the warm Bølling-

Allerød (B-A) period. Over the Holocene, PP is slightly lower during the Early-Mid Holocene (EMH) 

than the Late-Holocene. Based on the model-data comparison, we propose that when the summer 

monsoon was weakened during the LGM, HS1, and YD, higher PP were driven by the strengthened 

surface-cooling driven convective mixing associated to stronger winter monsoon processes, and by the 

increase of aeolian input. During HS1 and YD, high PP was also associated to a weaker AMOC, while 

the pattern was reverse during the B-A warm period characterized by lower PP. During the EMH, the 

summer monsoon was at maximum while PP was at a minimum. Our interpretation is that this pattern 

results from the restricted advection of summer upwelling cell under negative wind stress curls, limited 

winter convective mixing, and lower aeolian input. 

 

Key words: Northwestern Arabian Sea, annual primary productivity, Last Glacial Maximum, last 

deglaciation, winter monsoon, aeolian input 
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1. Introduction 

The Arabian Sea (AS) is one of the most productive oceanic regions in the world due to the 

important supply of nutrients to the euphotic zone either from surrounding continents through aeolian 

dust activity, or from below through wind-driven coastal upwelling or surface cooling-driven 

convective mixing (Lee et al., 2000; Prasanna Kumar and Narvekar, 2005; Jickells et al., 2005; Bali et 

al., 2019). Indeed, this semi-enclosed basin is surrounded by vast arid and supra-arid lands and collects 

a substantial amount of dust material, mainly from the Arabian Peninsula and Iran (Yu et al., 2013; 

Notaro et al., 2015; Rezazadeh et al., 2013; Ramaswamy et al., 2017; Mashat et al., 2018), that provides 

a combination of the essential nutrients nitrogen, phosphorus, and iron for primary producers (Jickells 

et al., 2005; Patra et al., 2007; Singh et al., 2008; Banerjee and Prasanna Kumar, 2014; Guieu et al., 

2019; Bali et al., 2019). It is also under the influence of the Indian monsoon system, characterized by 

seasonal shifts of prevailing surface winds and precipitations that shape the AS upper circulations, and 

nutrient and PP distributions. During the summer monsoon i.e., from May to September, strong wet 

southwesterly winds, run diagonally across the AS and contribute to the development of clockwise 

upper ocean circulation (Schott and McCreary, 2001; Wang and Ding, 2008). Associated with intense 

alongshore winds and Ekman pumping, it creates a strong coastal upwelling off Somalia and Oman, 

that brings cold and nutrient-rich waters to the euphotic zone and hence, sustains a high PP cell that 

extends up to the central parts of the basin (Bartolacci and Luther, 1999; Lee et al., 2000; Prasanna 

Kumar et al., 2001a; Fig. 4.1). During the winter monsoon i.e., from November to March, dry and cold 

winds blow from the Asian continent to the southwest. They result in an anti-clockwise pattern 

associated with a convective mixing north of 15°N that leads to the development of a high productivity 

cell in the northern part of the AS as cold and nutrient-rich intermediate waters resurface (Schott and 

McCreary, 2001; Prasanna Kumar et al., 2001b; Prasanna Kumar and Narvekar, 2005; Fig. 4.1). 

The imprint of PP in marine sediments from the AS has already been the focus of studies that 

aimed at understanding the Indian monsoon dynamic in the past on different time scales (e.g., 

Shimmield et al., 1990; Anderson and Prell, 1993; Ziegler et al., 2010a, 2010b; Agnihotri et al., 2002; 

Jung et al., 2002; Gupta et al., 2003, 2015; Bialik et al., 2020). The studies concluded about 

strengthened upwelling and summer southwesterly winds during the interglacial and interstadial 

periods (e.g., Bølling-Allerød and Holocene), and weakened upwelling and summer winds during the 

glacial and stadial ones. On interannual and decadal timescales, the Indian monsoon system and thus, 

the AS, is particularly sensitive to fluctuations in the ocean-atmosphere coupled system with remote 

connections to the El Niño Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD). (Kumar 
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et al., 1999; Ashok et al., 2001; Krishnamurthy and Kirtman, 2003; Hong et al., 2005; Kumar et al., 

2006; Abram et al., 2007; Liu et al., 2007; Charabi et al., 2009). On centennial and millennial 

timescales, paleoclimatic studies have shown that the Indian monsoon is mainly influenced by 

oscillations of the Atlantic Meridional Overturning Circulation (AMOC) strength (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; Kageyama et al., 2013; Marzin et al., 2013; Zhou et al., 2020). However, 

relationships between paleo-PP and monsoon patterns in different regions of the AS are still 

improperly understood as several synergistic mechanisms are involved and paleo-PP records may be 

linked to different paleoclimate interpretations depending on the proxies they are based upon. A proxy-

model study recently weakens the usual paradigm that a stronger summer monsoon should induce a 

stronger upwelling and thus increased PP in the AS (Le Mézo et al., 2017). In the eastern AS where 

both summer and winter monsoons influence PP changes, the interpretations of the paleo-PP records 

are with uncertainties. Some records show a summer monsoon pattern, while the others have 

contrasting results suggesting a winter monsoon control (Schulz et al., 1998; Banakar et al., 2005; 

Singh et al., 2011; Cabarcos et al., 2014; Naik et al., 2017). 

Organic proxies (total organic carbon, biomarkers) (e.g., Schulz et al., 1998; Schulte and Müller, 

2001; Pourmand et al., 2007) or inorganic proxies (biogenic silica, biogenic barium, planktonic 

foraminifera) (e.g., Shimmield et al., 1990; Naidu and Malmgren, 1996; Reichart et al., 1997; Schulz 

et al., 2002; Pattan et al., 2003; Invanochko et al., 2005; Balaji et al., 2018) that are used for PP 

reconstructions provide important insights into specific oceanic nutrient dynamics and particulate 

carbon exports, but they might not be representative of quantitative PP that is a signal restricted to the 

euphotic zone. In 1997, Beaufort et al. provided an empirical function to transfer the relative abundance 

of coccolith Florisphaera profunda (Fp%) from sediments into quantitative annual PP, based on the 

study of surface sediments and satellite chlorophyll data from the AS and the western Indian Ocean. 

Lately, Rogalla and Andruleit (2005) and Cabarcos et al. (2014) showed that the Fp% is lower 

(indicating higher PP) during the LGM than during the Holocene in the northern, western, and eastern 

AS. High-resolution, quantitative PP reconstructions using this Fp% proxy have never been obtained 

in the northwestern AS where PP is strongly influenced by both summer and winter monsoons. As for 

modelling studies, those of Bassinot et al. (2011) and Le Mézo et al. (2017) are the only ones to 

simulate PP patterns in response to changed boundary conditions in the past (e.g., Mid-Holocene and 

Last Glacial Maximum) considering both summer and winter monsoons, based on the IPSL-CM4 and 

IPSL-CM5 models with biogeochemical components. 
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�
Fig. 4.1. (a) Geographic setting and bathymetric map created by the Ocean Data View software (©Reiner Schlitzer, 
Alfred Wegener Institute) with its built-in global high-resolution bathymetric data (GlobHR). The red dot marks the 
location of core MD00-2354 for PP reconstruction in this study. The black dots and cross mark the locations of 
sediment cores and speleothem with published paleoenvironmental records discussed in this study. The green and 
blue arrows schematically depict the summer southwesterly (Findlater Jet) and winter northeasterly. The dash line 
cycles show the potential source areas of the aeolian dust transported to the Arabian Sea. The Indus River injects the 
northeastern Arabian Sea. KSB = Konor Sandal peat boot; MC = Mooni Cave. (b)−(m) Climatology (period 
2003−2019) of PP (color, gC m-2 yr-1), SST (contours, �), and surface wind (vectors, m s-1). PP was calculated by 
VGPM model based on MODIS chlorophyll-a concentration dataset (Behrenfeld and Falkowski, 1997). PP data are 
from the “Ocean Productivity” website (http://sites.science.oregonstate.edu/ocean.productivity). SST data are from 
the NOAA OI SST V2 High-Resolution Dataset (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html). 
Wind speed data are from the ERA5 reanalysis dataset (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-
datasets/era5). 
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In this study, we provide the first millennial-scale record of paleo-PP in the northwestern AS over 

the last ~23 kyr, based on the analysis of the coccolith assemblages of sediment core MD00-2354 

(61.48°E, 21.04°N). This time interval witnesses a glacial-interglacial transition and covers an entire 

precession cycle together with important fluctuations in the AMOC during the last deglaciation 

(McManus et al., 2004). It is therefore a perfect case study to explore the impact of key Earth’s climate 

forcing mechanisms on PP for both, past and future climate conditions, such as ice volume, sea level, 

and atmospheric CO2 concentration. We combine our PP estimates with published records of exported 

PP (mass accumulation rate of total organic carbon), upwelling in western AS (percentage of 

foraminifer Globigerina bulloides), sea surface temperature (SST) in the northern AS, and aeolian 

input. We also compare the reconstructed PP with outputs of the Earth System model IPSL-CM5A-

LR (IPSL-CM5A in the following) and the transient simulation TraCE-21 (termed TraCE in the 

following). This allows us to evaluate the response of PP to changing surface oceanic and atmospheric 

conditions over the last ~23 kyr, with special a focus on the Last Glacial Maximum (LGM, 21 ka) and 

the Mid-Holocene (MH, 6 ka).  

2. Materials and methods 

2.1 Core location and age model 

Core MD00-2354 was collected in the northwestern AS on board the R.V. Marion Dufresne, in 

2000. It is located on the southwestern slope of the Murray Ridge, at 2740 m water depth i.e., above 

the modern lysocline (~3300 m; Cullen and Prell, 1984) (Fig. 4.1a). The surface waters at that site, 

about 210 km off the Oman Margin, are under the direct influence of the upwelling off Oman and the 

convective mixing cell off Iran/Pakistan that drive high PP during summer and winter, respectively 

(Figs. 4.1b−m). The site is also far from the influence of rivers that flow mainly in the south of Sindh 

Province in Pakistan, especially the Indus river which flows into the northeastern Arabian Sea 

(Shimmield et al., 1990) (Fig. 4.1a). The lithology of this sediment core mainly consists of 

homogenous grey clay and foraminifera- and nannofossil-bearing oozes. Its age model has been 

established by Böll et al. (2015) based on the correlation of the δ18Ο signal obtained on foraminifera 

Globigerinoides ruber (δ18ΟG. ruber) to the δ18ΟG. ruber record of 74KL sediment core retrieved in the 

western Arabian Sea, in turn, correlated to the δ18Ο signal of GISP2 ice core. The upper 3 m of the 

sediments span the last 23.3 kyr, with sedimentation rate ranging between ~10 to 110 cm.kyr-1 (Fig. 

4.S1).  
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2.2 Coccolith analysis  

Coccoliths are the calcite scales produced by coccolithophores, the only phytoplankton group 

responsible for the export of both organic and carbonate particles to the sedimentary reservoir. Because 

of their abundance in marine sediments as fossil remains, they have been widely used to infer physio-

chemical conditions of the euphotic zone in the past, and this is particularly the case when dealing with 

the species Florisphaera profunda and Calcidiscus leptoporus. F. profunda is restricted to the lower 

euphotic zone and has been used to reconstruct variations in the nutricline depth (McIntyre and 

Molfino, 1990, 1996; Castradori, 1993; Bassinot et al., 1997; Cheng and Wang, 1998; Okada and 

Matsuoka, 1996; Kinkel et al., 2000; Liu et al., 2008; Su et al., 2013), and hence in PP (e.g. Beaufort 

et al. 1997; de Garidel-Thoron et al., 2001; Beaufort et al., 2010; Zhang et al., 2016; Zhou et al., 2020).	

C. leptoporus flourishes in mixed and nutrient-rich waters and has therefore been used to reflect 

nutrient contents in surface layers, either in coastal upwelling from low to mid-latitude settings 

(Fincham and Winter, 1989; Giraudeau, 1992; Cachão and Moita, 2000), or in frontal zone settings 

from high-latitudes (Flores et al., 1999; Findlay and Giraudeau; 2000; Flores et al., 2003; Baumann et 

al., 2004; Malinverno et al., 2005; Boeckel et al., 2006; Marino et al., 2008; Saavedra-Pellitero et al., 

2017).  

In this study, we use the relative abundance of F. profunda (Fp% = 100 × (Fp number / total 

coccolith number) from sediment core MD00-2354 to reconstruct PP variations in the northwestern 

Arabian Sea over the last ~23 kyr. The 95% confidence interval for Fp% was calculated following the 

method of Patterson and Fishbein (1984), and the errors are smaller than ±5 %. We converted Fp% 

into PP by using the tropical Indian Ocean empirical equation proposed by Hernández-Almeida et al. 

(2019): PP = [10(3.27−0.01×Fp%)] × 365/1000. The unit of estimated PP is grams of carbon per square 
meter per year (gC m-2 yr-1). We also propose that the absolute abundance of C. leptoporus (n/g of 

sediment) is an indicator of the upwelling dynamic off Oman. In the same way, as for the planktonic 

foraminifera G. bulloides (Curry et al., 1992; Naidu and Malmgren, 1996; Schulz et al., 2002; Conan 

et al., 2000; Bassinot et al., 2011), we interpret its variations as changes in summer southwesterly 

intensity. 

A total of 300 samples at 1 cm interval was analysed at the Geoscience Paris-Saclay laboratory 

(GEOPS, Orsay, France) for coccolith data, with time resolutions ranging from ~20 to 100 years. The 

“settling” technique of Duchamp-Alphonse et al. (2018) after Beaufort et al. (2014) was used to 

prepare coccolith smear slides. For each slide, at least 500 coccolith specimens were counted by human 

eyes, under at least 3 random fields of view using a polarized light microscope (Leica DM6000B) at 



Chapter 4: Paleo-PP in the Arabian Sea 

 97 

×1000. 

2.3 Climate model and simulations 

2.3.1 IPSL-CM5A-LR 

Paleoclimate simulations were run with the IPSL-CM5A coupled model (Dufresne et al., 2013), 

which has three model components: the atmospheric general circulation and physics LMDZ5A model 

(Hourdin et al., 2013), the land surface ORCHIDEE model (Krinner et al., 2005), and the ocean-

biogeochemistry NEMO-PISCES model (Aumont and Bopp, 2006; Madec, 2008). Simulations were 

run for the pre-industrial control (CTRL) in the framework of the Coupled Modelling Intercomparison 

Project phase 5 (CMIP5; Taylor et al., 2012) and for the LGM and the MH in the framework of 

Paleoclimate Modelling Intercomparison Project phase 3 (PMIP3; Braconnot et al., 2012). The 

comparison of LGM and MH mean states with CTRL are expressed in terms of experiment differences 

(LGM−CTRL and MH−CTRL) to highlight specific atmospheric and oceanic responses under LGM 

and MH conditions. Compared to CTRL, MH is characterized by a smaller precession parameter, while 

larger ice sheets, lower greenhouse gases concentrations, and lower sea level are set for the LGM. 

Nutrient supply from dust, rivers, and sediments to the ocean is assumed to be constant during LGM, 

MH, and CTRL. Details of the model and the boundary conditions for these three experiments can be 

found in Dufresne et al. (2013) and Le Mézo et al. (2017).  

In brief, surface wind speed (m s-1) and wind stress curl (N m-3) were extracted to describe 

atmospheric conditions, while net evaporation (evaporation minus precipitation, mm day-1), surface 

nutrient content (mmol m-3), mixed-layer depth (m), seawater vertical mass transport (upper 200 m 

mean, kg s-1; Lee et al., 2000), together with temperature (°C), salinity (psu) and potential density (kg 

m-3) were extracted to infer oceanic conditions. Temperature (salinity) gradients were calculated based 

on the difference between 0 m (200 m) and 200m (0 m) water depths, termed ΔT0-200m (ΔS200-0m) in the 

following. The vertically averaged stable stability of the upper 200 m (termed E0-200m, m-1) was 

calculated based on the normalized vertical density gradient: E = -(1/ρ)·(∂ρ/∂z), where z is the water 

depth (m), which represents the upper seawater stratification (Prasanna Kumar et al., 2002). The 

variables used here are in the seasonal and annual mean. 

2.3.2 TraCE-21 

TraCE-21 is a transient simulation of global climate evolution over the last 22 kyr run with 

Community Climate System Model version 3 (Collins et al., 2006; Liu et al., 2009). The simulation 

was initialized from a previous LGM equilibrium simulation of CCSM3 (Otto-Bliensner et al., 2006) 
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and is then forced by a set of realistic transient climate forcing including orbital parameters, greenhouse 

gases concentration, continental ice sheets, and glacial meltwater discharge. The last one can force the 

AMOC strength to change. Outputs of the single forcing experiments are available (Liu et al., 2009). 

We extracted annual mean temperature and salinity at 0 and 200 m, and calculate annual mean 

vertically averaged stable stability of the upper 200 m (E0-200m, m-1) to describe oceanic conditions 

around the MD00-2354 site (21°N−23°N, 60°E−65°E). 

3. Results 

3.1. Coccolith assemblage and reconstructed PP 

At site MD00-2354, Gephyrocapsa spp. (including G. oceanica and small Gephyrocapsa), 

Emiliania huxleyi and F. profunda together represent more than 70 % of the coccolith assemblage (Fig. 

4.2), while Calcidiscus leptoporus, Umblicosphaera sibogae, and Helicosphaera. carteri account for 

up to ~25 %. 

�

Fig. 4.2. Relative abundances (%) of coccolith species in core MD00-2354 (black), and the estimated PP (red) 
calculated by the Indian Ocean empirical equation (Hernández-Almeida et al., 2019). 
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Other species such as Syracosphaera spp. and Rhabdosphaera spp. are rare and altogether, never 

exceed 5 %. The most striking patterns are those of F. profunda and G. oceanica i.e., the two most 

abundant species, that depict opposite trends over the last 23 kyr. While F. profunda shows a minimum 

(~15 %) during the LGM, a two-step increase during the deglaciation, and a maximum (~60 %) during 

the Holocene, G. oceanica shows its maximum (~60 %) during LGM, a two-step decrease during the 

deglaciation and a minimum (~25 %) during the Holocene. Overall, small Gephyrocapsa and E. 

huxleyi depict lower percentages during the LGM (averages of ~1 % and 1.5 %, respectively) 

compared to the Holocene (averages of ~4.5 % and 5 %, respectively), while C. leptoporus, U. sibogae 

and H. carteri show higher proportions during the LGM than during the Holocene. Interestingly, 

during the deglaciation, G. oceanica and F. profunda have opposite millennial-scale variations. F. 

profunda (G. oceanica) shows averaged abundances of ~30 % (~52 %) and ~35 % (~35 %) during 

HS1 and YD and of ~39 % (~30%) during B-A. C. leptoporus shows values as low as 0.5 % during 

HS1 and depicts an increasing trend during the B-A with proportions as high as 2.5%. 

Reconstructed PP varies between 150 and 500 gC m-2 yr-1 (Fig. 4.2). Despite rather scattered values 

during the LMG, it appears that PP during this period (average of ~382 gC m-2 yr-1) is about ~90 % 

higher than during the Holocene (average of ~203 gC m-2 yr-1). Indeed, maximum and minimum are 

found during the LGM and the Early-Holocene, respectively. During the deglaciation, PP averages are 

346 gC m-2 yr-1 and 305 gC m-2 yr-1 during HS1 and YD, and neither exceed 300 gC m-2 yr-1 during the 

B-A. 

3.2 Simulated PP  

The results of simulated PP (CTRL, LGM−CTRL, and MH−CTRL) are shown in Fig. 4.3. Accord-

ing to the CTRL, the coastal areas off Somalia-Oman and off Northern Oman and Pakistan appear to 

be the most productive areas during preindustrial summer and winter (> 400 gC m-2 yr-1) which is 

consistent with the VGPM modern features (Figs. 4.3a−f) (Behrenfeld and Falkowski, 1997). The dif-

ference in annual PP between LGM and CTRL reveals a strong increase (> 50 gC m-2 yr-1) in the 

northern and northeastern parts of the basin and a strong decrease (< -50 gC m-2 yr-1) along the coastal 

areas off Somalia and Oman (Fig. 4.3g). The PP increase in the northern part of the basin is mainly 

related to the winter pattern (Fig. 4.3i), while the PP decrease in the western part is mainly associated 

to the summer one (Fig. 4.3h; Le Mézo et al. 2017).    
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�
Fig. 4.3. (a)−(c) Annual mean (ANN), summer (June−July−August−September, JJAS), and winter 
December−January−February−March, DJFM) integrated PP (gC m-2 yr-1) calculated by VGPM model based on 
MODIS chlorophyll concentration data (Behrenfeld and Falkowski, 1997). (d)−(f) Annual mean, summer, and winter 
integrated PP simulated by CTRL experiment. (g)−(i) Differences of annual mean, summer, and winter integrated PP 
between LGM and CTRL experiments. (j)−(l) Differences of annual mean, summer, and winter integrated PP 
between MH and CTRL experiments. The dots mark the locations of cores MD00-2354, OPD723A, NIOP464, and 
GeoB 3005 (see Fig. 4.1a).  
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The difference in annual PP between MH and CTRL shows an overall decrease in annual PP. It is 

only in the northwestern AS off Oman that a PP increase (10−25 gC m-2 yr-1) is simulated as a result 

of a strong signal of higher PP in that area during summer (Figs. 4.3j, k; Le Mézo et al., 2017). The 

annual pattern also reflects at some points, the high PP simulated by CTRL and VGPM off northern 

Oman during summer. 

4. Discussion: atmospheric and oceanographic implications behind PP patterns  

4.1. Today 

During summer, southwesterly winds alongshore Oman and Somalia, are accompanied by positive 

wind stress curls and upward seawater movements related to the coastal upwelling system (Figs. 

4.4a−h). This mechanism increases the nutrients contents in surface layers and results in relatively 

high PP (Figs. 4a−d). This high PP pattern is clearly not related to a weaker upper seawater 

stratification in the northwestern AS as no stronger net evaporation, no deeper mixed-layer, no lower 

stable stability, and no smaller temperature and salinity gradients are observed (Figs. 4.4e−h). During 

winter, no important positive wind stress curls and upwelling are found (Figs. 4.4l). During that season, 

northeasterly winds across AS, are associated with strong net evaporation in the northern part of the 

basin that, together with an important sea surface cooling, causes the temperature gradient and hence 

the upper seawater stratification to collapse (Figs. 4.4m−o). These processes help to sustain a 

substantial amount of nutrients in the upper layers which appears to drive high PP (Figs. 4.4i−k).  
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Fig. 4.4. Analysis of PP using CTRL outputs in (a)−(h) summer (JJAS) and (i)−(p) winter (DJFM). (a) and (i) 
Integrated PP (color, gC m-2 yr-1) and surface wind (vectors, m s-1). (b) and (j) Surface concentration of nitrate (NO3, 
mmol m-3) and surface wind intensity (contours, m s-1). (c) and (k) Surface concentration of phosphate (PO4, mmol 
m-3). (d) and (l) Mean vertical mass transport of the upper 200 m seawater (VMO, color, kg s-1) and wind stress curl 
(VR, contours, 107 N m-3). (e) and (m) Net evaporation (EV−PR, mm day-1). (f) and (n) Upper seawater stratification 
quantified by mean stable stability of the upper 200 m (E0-200m, color, 106 m-1) and mix-layer depth (contours, m). (g) 
and (o) Upper seawater temperature gradient quantified by the difference between the surface and 200 m (ΔT0-200m, 
color, �) and sea surface temperature (contours, �). (h) and (p) Upper seawater salinity gradient quantified by the 
difference between 200 m and the surface (ΔS200-0m, color, psu) and sea surface salinity (contours, psu). The dots 
mark the locations of cores MD00-2354, OPD723A, NIOP464 and GeoB 3005 (see Fig. 4.1a). 

The results of CTRL simulations document well the processes encountered in the upper layers of 

the AS during summer and winter seasons, when wind-driven coastal upwelling off Somalia and Oman, 

and surface cooling-driven convective mixing off North Oman and Pakistan drive high PP, 

respectively. They are also consistent with the findings of previous studies based on in-situ data (e.g. 

Lee et al., 2000; Prasanna Kumar et al., 2001a). As a result, the annual PP is relatively important in 

the northwestern AS off Oman i.e., where the studied core has been retrieved. The seawater is therefore 

under the direct influences of the major seasonal phytoplankton blooms of the basin.  
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4.2 During the LGM 

At MD00-2354, high PP signal (~380 gC m-2 kyr-1) associated with low C. leptoporus abundance 

(0.8 109 n/g) confirm previous evidence of high sedimentary TOC (~0.1 gC cm-2 kyr-1) associated with 

low G. bulloides abundance (~32 %; weak upwelling) on sites GeoB 3005, NIOP464 and ODP723A, 

respectively (Naidu and Malmgren, 1996; Reichart et al., 1997; Budziak et al., 2000; Figs. 4.5c, e−h).  

 
Fig. 4.5. (a) Alkenone-derived SST in core SO90-136KL (Böll et al., 2015). (b) Annual sea surface temperature (SST) 
in the northern Arabian Sea (AS) (21°N−23°N, 60°E−68°E) simulated by TraCE-21 (c) Relative abundance of G. 
bulloides in core OPD723A indicating the variations of Oman upwelling intensity (Naidu and Malmgren, 1996). (d) 
Speleothem δ18O record from the Mooni Cave indicating the variations of summer surface winds in the western AS 
(Shakun et al., 2007). (e) Absolute abundance (n/g) of Calcidiscus leptoporus in core MD00-2354 (5-point moving 
average). Mass accumulation rates (MAR) of total organic carbon (TOC) of cores (f) NIOP464 from the northern AS 
(Reichart et al., 1997) and (g) GeoB 3005 from the western AS (Budziak et al., 2000). (h) Reconstructed PP in core 
MD00-2354. (i) Summer (June-July-August) insolation at 30�N (Laskar et al., 2004). (j) Seawater δ18O anomaly 
record of core MD77-176 indicating the variations of South Asian summer monsoon rainfall (Marzin et al., 2013). 
(k) AMOC strength revealed by the 231Pa/230Th ratio in marine sediments from the western subtropical Atlantic Ocean 
(McManus et al., 2004). 230Th-normalized detrital flux of cores (l) 93KL from the northern AS (Pourmand et al., 
2004) and (m) RC-27-24 from the western AS (Pourmand et al., 2007), both indicating aeolian dust flux. (n) 
Downcore Ti abundance measured by XRF of a sediment core from the Konar Sandal peat bog, southeastern Iran 
(Safaierad et al., 2020). (o) GISP2 ice core δ18O record (Stuiver and Grootes, 2000). (p) Annual mean seawater 
stratification in the northwestern AS simulated by TraCE-21. (q) Reconstructed PP in core MD00-2354.  
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These results reveal the occurrence of an extended high (exported-) PP cell in the northern and 

northwestern parts of the AS and are in agreement with the low-resolution Fp% data previously 

obtained by Rogalla and Andruleit (2005). These data also indicate that relatively high PP in that area 

during the LGM is not associated to the development of a strong upwelling system off Somalia and 

Oman, as the Indian summer monsoon was probably weaker during that period. Such assumption is 

confirmed by the positive  d18Osw anomaly from core MD77-176 in northeastern BoB, which indicates 

lower Indian summer monsoon rainfall during the LGM (Fig. 4.5j). In parallel, the alkenone-SST data 

from core SO90-136KL documents a stronger surface cooling in the northern AS during the LGM (Fig. 

4.5a), which suggests that forcing factors driving this higher PP might therefore be found within 

mechanisms involved under stronger winter monsoon conditions. Such an assumption is coherent with 

the extended ice sheets and the lower greenhouse gas concentrations that characterize the LGM and 

make Eurasia much colder than the northern Indian ocean (e.g., Peltier, 2004; Braconnot et al., 2007; 

Joos and Spahni, 2008; Jiang et al., 2015; Tierney et al., 2020). It is also well expressed by the 

LGM−CTRL experiments that document northwesterly and northeasterly anomalies during winter and 

summer, respectively (Figs. 4.6a, d), and by TraCE that simulates the exact same SST trends as those 

obtained in the area, especially at site SO90-136KL (Figs. 4.5a, b). 
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Fig. 4.6. Differences between LGM and CTRL experiments in (a) –(c) summer and (d)–(i) winter. Differences between MH and CTRL experiments in (j)–(l) summer and (m)–
(r) winter. The parameters are the same as those in Fig. 4.5.  
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Under such cold and dry conditions, another plausible explanation behind the aforementioned PP 

patterns is the fertilization of the euphotic zone by windblown nutrient-rich dust during a glacial period 

favorable for the increase of global dust emission and deposition (e.g., Winckler et al., 2008; Martínez-

García et al., 2009; Maher et al., 2010; Lambert et al., 2013; Lamy et al., 2014; Albani et al., 2016, 

2018). Stronger aeolian inputs are documented in the northern and western AS by the 230Th-normalized 

detrital flux records obtained at sites 93KL and RC-27-42 (Poumand et al., 2004; 2007; Figs. 4.5l, m). 

In addition, sensitive experiments of dust deposition from the biogeochemical model PISCES have 

recently demonstrated that the aeolian flux could influence PP in a large area including the northern 

and western AS, and that null dust accumulation could reduce PP by 50 % (Guieu et al., 2019). 

However, the 40% stronger aeolian flux recorded during the LGM relative to the Holocene cannot 

fully account for the observed ~90 % higher PP (Figs. 4.5l, m). 

Another plausible cause might be a stronger convective mixing and a weaker stratification in the 

euphotic zone as suggested by the LGM−CTRL winter experiments (Figs. 4.6d−i). According to the 

results of LGM−CTRL, stronger winter surface winds are accompanied by stronger surface cooling, 

stronger net evaporation (Figs. 4.6d−f), and hence, a smaller temperature gradient leading to a weaker 

stratification in the northern part of the AS (Figs. 4.6g−i). This winter pattern dominates the annual 

mean of LGM−CTRL (Figs. 4.7a−c), which is also simulated by TraCE that shows low values of 

annual mean seawater stratification corresponding to a smaller temperature gradient in the studied area 

(Figs. 4.5p, 4.7d−f). It is worth mentioning that in the LGM−CTRL experiment, the summer season 

appears to be associated with northeasterly anomalies along the coastal area off Somalia and Oman, 

that drive positive wind stress curl anomalies over the western AS and a slight increase of PP (Le Mézo 

et al., 2017; Figs. 4.6a−c). However, as previously highlighted, the annual mean of PP mainly reflects 

PP patterns of the winter season, and summer mechanisms are of minor importance (Figs. 4.3g−i). 
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Fig. 4.7. Differences of annual mean E0-200m (106 m-1), surface wind (vectors, m s-1), ΔT0-200m (�C), and ΔS200-0m (psu) between (a)−(c) LGM and CTRL experiments of IPSL-
CM5, between (d)−(f) LGM and Late Holocene of TraCE-21, between (g)–(i) BA and HS1 of TraCE-21, between (j)–(l) BA and HS1 of MWF, between (m)–(o) MH and 
CTRL experiments of IPSL-CM5, and between (p)–(r) LGM and CTRL experiments of IPSL-CM5.  
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In summary, the high PP observed in the northern part of the basin during LGM most likely reflects 

the combined effects of stronger aeolian input and stronger surface cooling-driven mixing. The LGM 

conditions can enhance the impact of dust supply, and lead to a more “winter monsoon-like” interval. 

4.3 During the deglaciation 

The long-term decreasing trend of PP (from 400 to 200 gC m-2 kyr-1) and the long-term increasing 

trend of C. leptoporus abundance (from 0.8 to 1.2 109 n/g) mimic TOC and G. bulloides signals 

previously obtained in the studied area (Figs. 4.5c, e−h). In the same way, as for the LGM period, these 

results most likely indicate a reduction of PP in the northern part of the AS as the winter monsoon 

decreased, while the coastal upwelling off Somalia-Oman strengthens as the summer monsoon 

reinforced. Together with the overall increase in SST in the area (Figs. 4.5a, b), and the general 

decrease in the aeolian flux (Figs. 4.5l, m), these findings confirm terrestrial and marine climatic 

records that point to a transition from cold and dry LGM conditions to warm and wet Holocene 

conditions. This is expected when the North Hemisphere summer insolation increased (e.g. Sowers 

and Bender, 1995; Renssen and Isarin., 2001; Tierney et al., 2008; Blaga et al., 2013; Cheng et al., 

2016), which together with the retreat of ice sheets and the increase of greenhouse gas concentrations, 

induced faster warming of Eurasia with respect to the northern Indian ocean (Peltier, 2004; Joos and 

Spahni, 2008; Clark et al., 2012; Shakun et al., 2012). 

Interestingly, millennial-scale PP and C. leptoporus records change in concert with regional 

climate data, particularly those related to aeolian supply from the Iranian Plateau and summer wind 

intensity over the western AS (Shakun et al., 2007; Safaierad et al., 2020; Figs. 4.5d, n). They highlight 

the HS 1 (17.5−15 ka), the B-A (14.8−13 ka), and the YD (12.8−11.5 ka) climate periods i.e., the three 

stages that correspond to significant changes in the AMOC strength (Figs. 4.5k, q; Elliot et al., 2002; 

McManus et al., 2004). During the cold HS1 and YD, relatively high PP are accompanied by relatively 

low Indian summer monsoon rainfall and high aeolian dust deposition over the AS and the Iranian 

Plateau (Figs 4.5j, l−m), while SST is lower (Figs. 4.5a, b) and the summer southwesterly winds and 

coastal upwelling are weaker (Figs. 4.5c−e). Conversely, during the warm B-A, low PP is associated 

with high monsoon rainfall and low aeolian supply, while SST increases, and the summer winds and 

coastal upwelling strengthen. TraCE, which is forced by North Atlantic melt water fluxes during the 

deglaciation, simulates a weaker (stronger) upper seawater stratification driven by stronger (weaker) 

surface cooling during the HS1 and YD (B-A) (Figs. 4.5a, p; Fig. 4.S2). When considering the annual 

surface winds and seawater stratification, TraCE shows that during the B-A, anomalous southerly 

winds prevail over the AS, and the stratification gets stronger corresponding to a larger temperature 
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gradient compared to HS1 (Figs. 4.7g−l). Therefore, it appears that the stratification could be mainly 

controlled by temperature rather than salinity conditions. Indeed, the temperature gradient fluctuates 

up to 1 �C, thanks to significant changes in SST, while changes in salinity gradient are limited within 

0.25 psu (Fig. 4.8). 

 
Fig. 4.8. Cross plots showing correlations between ΔT0-200m and E0-200m, and between ΔS200-0m and E0-200m. The data 
are the TraCE-21 simulation in the northern Arabian Sea (21�N−23�N, 60�E−68�E) over the past 22 kyr.   

These findings suggest that the AMOC controls the inter-hemisphere heat transport (e.g., Liu et al., 

2009, Kageyama et al., 2013; Marzin et al., 2013; Obase and Abe-Ouchi, 2019), and hence, millennial-

scale climatic changes in the AS (e.g., Schulz et al., 1998; Ivanochko et al., 2005; Shakun et al., 2007). 

During the HS1 and the YD, weakened AMOC and northward heat transport from the tropical Atlantic 

made the Euro-Asian continent cooler throughout the year. They reduced and enhanced the land-sea 

thermal contrasts over the African-Asian monsoon regions during summer and winter respectively, 

and thus, drove a weaker summer monsoon and a stronger winter one (Fig. 4.S3; Huang et al., 2011; 

Marzin et al., 2013; Otto-Bliesner et al., 2014; Liu et al., 2014; Wen et al., 2016). It is most probable 

that colder and dryer surface winds help providing higher bioavailable nutrients to PP through both, 

stronger aeolian inputs and weaker stratification (Figs. 4.5n, p). During the B-A, when the AMOC 

recovered, winter monsoon and dust supply were weaker compared to the HS1 and YD, and thus, 

lower PP is found due to stronger stratification and lower aeolian nutrient input. 

Previous studies have demonstrated that the variations of East Asian winter and summer monsoons 

were anti-phased during the last deglaciation (Huang et al., 2011; Wen et al., 2016). Here, such an anti-

phased pattern is revealed by PP that seems, in the same way as during LGM, representative of changes 
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in winter monsoon intensity (Figs. 4.5c−e; Fig. 4.S3). Indeed, one could have expected an increase of 

PP during the warm period as SST raised and the coastal upwelling off Somalia and Oman reinforced. 

However, it clearly appears that fertilization of the euphotic zone under stronger winter monsoon 

conditions is much more efficient on PP. 

4.4 During the Holocene 

Values of PP (average of ~200 gC m-2 yr-1) and TOC (averages of 0.03 gC cm-2 kyr-1 and 0.06 gC 

cm-2 kyr-1) obtained at sites MD00-2354 and GEOB 3005 and NIOP464, together with the abundances 

of C. leptoporus (1.2 109 n/g) and G. bulloides recorded at sites MD00-2354 and ODP723A, show that 

the Holocene is characterized by the lowest PP values and the highest intensity of coastal upwelling 

off Somalia-Oman over the past 23 kyr (Figs. 4.5c, e−f). Together with relatively high SST, low 

aeolian flux, and high monsoon rainfall conditions, they reveal that the warm and humid conditions 

took place and reached their maximum as the summer monsoon intensified and the winter monsoon 

weakened compared to the glacial period (Figs. 4.5a, l, m). Overall, the Holocene conditions are well 

expressed by the MH-CTRL experiments. In particular, it appears that the annual mean atmospheric 

and ocean simulations reflect summer season patterns that are characterized by stronger southwesterly 

winds (Figs. 4.6j, 7m, p). The negative wind stress curl anomalies during summer in the western AS 

can limit the advection of the stronger coastal upwelling off Somalia and Oman resulting in a small 

area with higher PP (Figs. 4.6j−l; Le Mézo et al., 2017), while PP is generally low elsewhere (Fig. 

4.5j). The winter winds simulated by IPSL-CM5 are only slightly stronger in the northern AS (Fig. 6j), 

and the changes of stratification are limited in both winter and annual mean (Figs. 4.5p−r, 4.7m−r).  

In detail, PP and C. leptoporus reach minima and maxima values during the EMH (10−8 ka), before 

showing slightly increasing and decreasing trends, respectively (Figs. 4.5e, h). Such features are 

consistent with TOC and G. bulloides records (Figs. 4.5c, g), as well as with the aforementioned PP 

and climate data, that testify for slightly lower annual PP and a paroxysmal phase in summer monsoon 

conditions with stronger coastal upwelling dynamics off Oman and Somalia, and weaker aeolian inputs 

during the EMH (Fig. 4.5l) (e.g., Gupta et al., 2003; Ivanochko et al., 2005; Jiménez-Espejo et al., 

2014). This time interval is probably characterized by an enhanced vegetation cover in today’s arid 

regions surrounding the AS, that reduces the aeolian supply (e.g., Hoelzmann et al., 1998; Davies, 

2006; Kuper and Kröpelin, 2006; Engel et al., 2012; Swann et al., 2014). In all cases, these conditions 

are expected as the result of smaller precession leading to higher Norther Hemisphere summer 

insolation, and stronger summer monsoon intensity. As such, because of the restricted extension of 

coastal upwelling cell due to the negative wind stress curl anomalies, the nearly unchanged convective 
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mixing associated to the slight increase of winter wind intensity, and the weaker aeolian input 

associated to a wetter period, the annual PP was at a minimum in the northwestern AS. From 8 ka to 

present, such conditions gradually changed to let the winter monsoon conditions better express and 

dust supply strengthen, as slightly higher aeolian inputs and slightly higher PP are observed, 

particularly between 4 and 2 ka. 

5. Conclusions 

We have provided a record of PP variations in the northwestern AS over the last 23 kyr, 

reconstructed from the coccolith assemblages of core MD00-2354. Our data show the influence of 

several processes taking place during both summer and/or winter monsoon seasons and controlling the 

supply of nutrients in the ocean surface layers either from the subsurface or from surrounding 

continents. During the LGM, the summer monsoon was weaker and PP was higher relative to the 

Holocene. This high PP under stronger glacial conditions resulted from the increase of aeolian input, 

and the strengthened surface cooling-driven mixing associated to a stronger winter monsoon. Our PP 

record clearly shows millennial-scale variations corresponding to the fluctuations of AMOC and high-

latitude climate events. The higher PP during the HS1 and YD cold periods was linked to the 

strengthened winter monsoon processes under weaker AMOC, while the lower PP during the B-A 

warm periods was due to an inverse pattern. PP is generally low during the Holocene as the winter 

monsoon was weaker. During the EMH, the summer monsoon was at maximum but the PP was at 

minimum. This is because of the restricted advection of summer upwelling cell under negative wind 

stress curls, limited winter mixing, and lower aeolian input.   
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Supplementary figures 

 

�

Fig. 4.S1. Age model and linear sedimentation rates of core MD00-2354. Dots are the calendar age in 

GISP2 ice core oxygen isotope record (Böll et al., 2015). 
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Fig. 4.S2. Results of E0-200m simulated by TraCE-21 single forcing experiments: (ORB) orbital 

parameter, (GHG) greenhouse gases concentrations, (MWF) melt water flux that can drive the AMOC 

to change, and (ICE) ice sheets volumes.  

 

 

 
Fig. 4.S3. Differences of surface temperature (color, �C) and surface wind (vector, m s-1) between the 

Heinrich Stadial 1 (HS1, 17−15.5 ka) and Bølling–Allerød (BA, 14.7−13 ka during (a) winter and (b) 

summer in the MWF single forcing experiment. These differences indicate the responses of meridional 

and land-sea thermal gradients, and summer and winter monsoons a ~6 Sv weakening of the AMOC.  
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Chapter 5 
 

Evolution of the upper seawater stratification in the northern Indian 
Ocean since the Last Glacial Maximum and its relationship with the 

dynamics of summer and winter monsoons 
 

 

 

In this chapter, I combine the two records of Florisphaera profunda (%) previously obtained in 

the northeastern Bay of Bengal (Chapter 3) and the northwestern Arabian Sea (Chapter 4) to provide 

a regional overview of the evolution of the upper seawater stratification over the last 22 kyr. Modern 

observations reveal that the stratification patterns of these two basins are linked to the Indian summer 

and winter monsoons, respectively. Therefore, these two records, combined with published data, and 

compared to outputs from TraCE-21, have the potential to help better understanding summer vs winter 

monsoons dynamics in the past. I suggest that the Indian summer and winter monsoons intensities have 

in-phased responses to the glacial-interglacial difference and orbital forcing, and for the responses to 

the AMOC strength during the last deglaciation, they are anti-phased on millennial scale.  
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1. Introduction 

Modern observations show that the upper seawater stratification of the northern Bay of Bengal 

(BoB) and Arabian Sea (AS) are highly controlled by Indian summer and winter monsoons, 

respectively (Prasanna Kumar et al., 2002; Vinayachandran et al., 2002; Prasad et al., 2004). During 

summer, the southwesterly winds blowing from the ocean transport a huge amount of moisture that 

result in heavy rainfall over South Asia (Wang and Ding, 2008). This rainfall leads to an important 

amount of freshwater input to the northern BoB and Andaman Sea (ADS), either from the direct rainfall 

over the seas or from the runoffs of Ganges-Brahmaputra-Meghna and Irrawaddy–Salween river 

systems. The strong freshwater input results in low SSS that forms a barrier layer making the upper 

seawater very stable in the BoB and ADS (Howden and Murtugudde, 2001; Vinayachandran et al., 

2002; Sengupta et al., 2006; Thadathil et al., 2007; Akhil et al., 2014). Conversely, in the northern and 

western AS, rainfall is much weaker, and strong surface evaporation occurs, which together result in 

high SSS (Prasanna Kumar and Prasad, 1999; Rao and Sivakumar, 2003). During winter, the 

northeasterly winds blow from Eurasia driven by the Siberian high pressure, resulting in relatively dry 

conditions over the northern Indian Ocean. They are accompanied by a strong surface cooling in the 

northern AS, which makes the upper seawater very instable (Prasanna Kumar and Prasad, 1996; 

Prasanna Kumar et al., 2001; Prasanna Kumar and Narvekar, 2005). Remarkably, previous studies 

revealed that the stability of the upper seawater in the northern AS is one order of magnitude lower 

than in the northern BoB (Prasanna Kumar et al., 2002). Additionally, the Siberian high pressure during 

winter has significant impacts on the Northern Hemisphere climate over a large area of Eurasia (Cohen 

et al., 2001; Hasanean et al., 2013; Riaz et al., 2017; Labban et al., 2020; Salahi et al., 2020).  

As previously highlighted in Chapters 1, 3, and 4, the Indian summer monsoon variability since 

the LGM, is better documented than the winter monsoon, thanks to the occurrence of numerous proxies 

associated to rainfall (see Chapters 1, 3, and 4) (e.g. Kudrass et al., 2001; Rashid et al., 2007; Contreras-

Rosales et al., 2014; Dutt et al., 2015; Kathayat et al., 2016). Indeed, proxies related to winter monsoon 

are lacking and only a very few low-resolution records exist in the AS, showing stronger winter 

monsoon during the LGM with respect to the Holocene (Fig. 1.15 in Chapter 1) (e.g., Sarkar et al., 

1990; Mahesh and Banakar, 2014). Compared to Indian winter monsoon over the northern Indian 

Ocean, the variability of East Asian winter monsoon in the past is better studied (e.g. Huang et al., 

2011; Wang et al., 2012; Zhang et al., 2016). Wen et al., (2016) have proposed that the East Asian 

summer and winter monsoons are anti-phased on millennial-scale during the deglaciation in response 

to the oscillations of AMOC. They have shown that the winter (summer) monsoon was stronger during 
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HS1 and YD (B-A). However, the relationship between Indian summer and winter monsoons is seldom 

studied. In parallel, Florisphaera profunda (Fp%) records previously obtained in the northeastern BoB 

(Chapter 3) and the northwestern AS (Chapter 4) appear to be directly associated to the position of the 

nutricline during summer and winter monsoons, respectively. Studied together, they open the field of 

possibilities when referring to these climate conditions since the LGM. 

Here, I discuss Fp% data from marine sediment cores MD77-176 and MD00-2354 in terms of 

upper seawater stratification in the northeastern BoB and northwestern AS since the LGM, respectively. 

Together with published records of South Asian rainfall, SSS, and SST, as well as paleoclimate 

simulations of TraCE-21 (termed TraCE in the following) they are helpful to understand the 

mechanisms that control stratifications of both basins, reconstruct summer and winter monsoon 

dynamics, and discuss the processes at play. Particularly, the millennial resolution of the datasets 

during the deglaciation offers the possibility to discuss the relationship between seawater stratification, 

summer/winter Indian monsoon, and the AMOC. 

2. Data 

2.1. Empirical data 

Information about age models of sites MD77-176 (14.52°N, 93.13°E) and MD00-2354 (21.04°N, 

61.48°E), together with their Fp% records, are available in Chapters 3 (Zhou et al., 2020) and 4 (Zhou 

et al., in preparation), respectively. Fp% data of core MD77-176 have been compared with SSS and 

SST data from core SO93-126KL from the northern BoB and core RC12-344 from the ADS (Kudrass 

et al., 2001; Rashid et al., 2007). SST in core SO93-126KL was estimated by alkenones (U37
K’), while 

SST in core RC12-344 was based on the Mg/Ca ratio obtained on planktonic foraminifera. SSS in both 

cores is quantified by the seawater δ18O anomaly (δ18OSW) i.e. the temperature- and ice volume-

correlated planktonic foraminifera δ18O. Such pair-measurements of SST and δ18O are not available in 

the northern Arabian Sea. Fp% data of core MD00-2354 have been compared to the alkenone-SST 

record of core 136KL from the northern AS (Schulz and Müller, 2001), and the δ18OSW−SSS record of 

core 905 from western AS (Anand et al., 2008). The south Asian rainfall signals come from the 

speleothem δ18O record from the Mawnluh Cave, located in northeastern India (Dutt et al., 2015), and 

the hydrogen isotope (δD) signal of terrestrial plant waxes of core SO188-342KL, retrieved in the 

northern BoB (Contreras-Rosales et al., 2014). All the locations of the records are shown in Fig. 5.1. 
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�
Fig. 5.1. Geographic setting and bathymetric map created by the Ocean Data View software (©Reiner Schlitzer, 
Alfred Wegener Institute) with its built-in global high-resolution bathymetric data (GlobHR). The red dot marks the 
location of core MD00-2354 for PP reconstruction in this study. The red dots and cross mark the locations of sediment 
cores and speleothem with published paleoenvironmental records discussed in this study: 1 = 136KL, 2 = MD00-
2354, 3 = 905, 4 = Mawmluh Cave; 5 = SO93-126KL and SO188-342KL, 6 = MD77-176, 7 = RC12-344, and 8 = 
MD12-3428. The black rectangles or polygon mark the regions with modelling data extraction.  

2.2. Modelling data 

Information about TraCE-21 is provided in Chapter 1. Here, I focus on three oceanic regions (Fig. 

5.1): the northern BoB (NBoB; 16°N−19°N, 85°E−93°E), the ADS (7°N−12°N, 92.5°E−96.5°E), and 

the northern AS (NAS; 20°N−23°N, 60°E−68°E). The extracted variables are SST, SSS, the 

temperature at 200 m (T200m), salinity at 200 m (S200m), and the upper seawater stratification. The 

salinity (temperature) gradient of the upper seawater is quantified by the difference between 200 m 

(the surface) and the surface (200 m), termed ΔS200-0m (ΔT0-200m). The stratification is calculated by the 

vertically averaged stable stability of the upper 200 m (E0-200m, m-1; Prasanna Kumar et al., 2002). E is 

the stable stability at single depths: E = -(1/ρ)·(∂ρ/∂z), where z is the water depth, and ρ is seawater in-

situ density. 

The South Asian rainfall is represented by the area of average precipitation in the polygonal region 

(SA; Fig. 5.1). I also use the Indian summer monsoon index quantified by the area of average vertical 

shear of southerly winds (ISMVI; difference of V winds between 850 and 200 hPa levels) over the 

region between 10°N−30°N and 70°E−110°E (Goswami et al., 1999), and the Siberian High index 

quantified by the area of average sea level pressure (SLP minus 1000 hPa) over the region between 

40°N−60°N and 80°E−120°E (Wu and Wang, 2002) to evaluate the dynamics of Indian summer and 

winter monsoons.  
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3. Evolution of the stratification over the last 22 kyr 

3.1. The northeastern Indian Ocean 

Core MD77-176 has been retrieved at the junction between the BoB and the ADS, and seawater 

conditions from both basins could have significant influences on the stratification pattern over the site. 

However, when comparing the Fp% record to TraCE stratification simulations for both basins, it 

appears that it is rather consistent with the patterns of the ADS, particularly consider the offset between 

the LGM and the Holocene (Fig. 5.2c). In the NBoB, TraCE simulates significantly stronger 

stratification during the LGM with respect to the Holocene (Fig. 5.2b). 

 
Fig. 5.2. (a) GISP2 ice oxygen isotope record (Stuiver and Grootes, 2000). (b) TraCE-21 simulated annual mean E0-

200m (upper seawater stratification) in the northern Bay of Bengal (NBoB; Fig. 1). (c) TraCE-21 simulated annual 
mean E0-200m in the Andaman Sea (ADS; Fig. 1) and the F. profunda % record of core MD77-176 (Zhou et al., 2020). 
(d) TraCE-21 simulated annual mean E0-200m in the northern Arabian Sea (NAS; Fig. 1) and the F. profunda % record 
of core MD00-2354 (Zhou et al., in preparation). The larger value of E0-200m indicates stronger upper seawater 
stratification. The lower value of F. profunda % indicates shallower nutricline and weaker upper seawater 
stratification. HS1 = Heinrich Stadial 1; B-A = Bølling–Allerød; YD = Younger Dryas; LGM = Last Glacial 
Maximum. 
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In detail, Fp% average values, and thus the ADS stratification are comparable between the LGM 

(~ 78 % and 2.4×105 m-1) and the Holocene (~ 78 % and 2.37×105 m-1). The strongest variability occurs 

during the last deglaciation and is in phase with the abrupt climate changes recorded in northern high 

latitudes, as revealed by the Greenland GISP2 ice core δ18O (Fig. 5.2a). Lower Fp%, which indicates 

a shallower nutricline and a weaker upper seawater stratification, is found during the cold periods of 

HS1 and YD, while higher Fp%, which reflects a deeper nutricline and a stronger stratification, is 

recorded during the warm period of B-A (Fig. 5.2c). During the Holocene, the Fp% maximum is re-

corded at ~8 ka. 

3.2. Upper seawater stratification in the northern Arabian Sea 

In general, the Fp% curve obtained at site MD00-2354 shows similar a trend as the simulated 

stratification in NAS, and particularly during the deglaciation that, as for site MD77-176, is associated 

with significant variations (Fig. 5.2d). The simulated stratification during LGM (0.5×105 m-1) is 

stronger than during the Holocene (0.6×105 m-1). Although this difference also reflects in the Fp% 

curve, the patterns of simulated stratification and Fp% show discrepancies with each other. For 

example, Fp% during the LGM is lower than during the HS1, which is opposite to the simulated 

stratification. Such discrepancies are probably linked to the fact that coccolith assemblages and thus, 

F. profunda can be modulated by secondary factors than the upper sea water stratification. It is not 

excluded that relatively low Fp% during LGM testify for higher aeolian input to the AS during the 

LGM (Pourmand et al., 2004, 2007), as previously documented in chapter 4. Indeed, it might be 

associated with higher nutrient supplies to surface waters and higher proportions of upper dweller 

forms such as Gephyrocapsa spp. and Emiliania huxleyi at the expense of F. profunda. In all cases, 

during the deglaciation, Fp% are relatively low during HS1 and YD, and relatively high during the B-

A. Fp% maximum is found during the Holocene (up to 56 %), at ~10 ka, which is consistent with the 

simulated stratification maximum (0.63×105 m-1; Fig. 5.2d).  

3.3. Inter-basin discrepancy of control factors 

As highlighted by reconstructed records and revealed by TraCE outputs shown here, changes in 

SSS are the largest in BoB, and the weakest in the AS over the last 22 kyr, especially during the 

deglaciation (Kudrass et al., 2001; Anand et al., 2008; Figs. 5.3a, c). The limited variability of the 

signal from the AS shows that SSS is not the major forcing factor behind seawater structure in this 

basin (Fig. 5.3c). Changes in SST are significant in both basins. However, the AS registers variations 

with a higher magnitude between the LGM and the Holocene, but also during the HS1, B-A, and YD 
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climate periods (Fig. 5.3f). This is mainly associated to the fact that the LGM and the HS1 both witness 

a ~ 3 �C surface cooling in the NAS, which is larger than the cooling in the NBoB and ADS (Fig. 

5.3d−f). 

 
Fig. 5.3. The and reconstructed TraCE-21 simulated (a−c) SSS and (d−f) SST in studied areas (see sections 2.1 and 
2.2) (Kudrass et al., 2001; Schulz and Müller, 2001; Rashid et al., 2007; Anand et al., 2008). The regions of 
modelling data extraction are marked in Fig.5.1. 

TraCE cross plots between the seawater temperature/salinity and the upper layer stratification are 

provided in Fig. 5.4. In the NBoB and ADS, as revealed by R2 values of 0.97 and 0.81 between ΔS200-

0m and E0-200m, and by R2 values of 0.19 and 0.24 between ΔT0-200m and E0-200m, it appears that the upper 

seawater stratification is correlated to the salinity gradient rather than the temperature one in these 

regions (Figs. 5.4a, b, e, f, 5.S1). Notably, the salinity gradient is mainly controlled by SSS changes 

rather than the subsurface salinity (Figs. 5.4c, d, g, h). In the AS, according to the R2 values of 0.09 

between ΔS200-0m and E0-200m, and by R2 values of 0.82 between ΔT0-200m and E0-200m, it appears that the 

stratification is correlated to the temperature gradient, rather than the salinity one (Figs. 5.4, 5.S1). 

However, changes in the temperature gradient are complex. While it seems mainly controlled by SST 

during the LGM and the deglaciation, lower SST does not correspond to weaker stratification over the 

Holocene (Figs. 5.4k, l). The subsurface temperature has a larger range of variations during that period: 

when the cooling at the subsurface is stronger than the surface, the temperature gradient is larger, and 

this is accompanied by a stronger stratification (Fig. 5.S1).  
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Fig. 5.4. Cross plots showing correlations between TraCE-21 simulated oceanic variables over the last 22 kyr in (a−d) 
the northern Bay of Bengal (NBoB; Fig. 5.1), (e−h) the Andaman Sea (ADS; Fig. 5.1), and northern Arabian Sea 
(NAS; Fig. 5.1). The variables are described in section 2.2. 

3.3.2 Relationship between upper seawater stratification and Indian monsoon 

3.3.2.1. During summer  

Simulated annual and summer precipitation curves obtained by TraCE in South Asia since the 

LGM are well in agreement with the reconstructed ones based on sedimentary plant wax δD and 

speleothem δ18O (Fig. 5.5), and confirm that summer monsoon rainfall mainly contributes to the annual 

mean (Fig. 5.5h). It also clearly appears that when South Asian rainfall is stronger, SSS in the 

BoB/ADS is lower due to higher river runoff and freshwater input (Figs. 5.5i, j), while Fp% (and thus, 

stratification) is higher (stronger) (Fig. 5.2c). In other words, summer monsoon rainfall drives 

stratification patterns in the BoB. The TraCE simulation reveals a stronger correlation (R2=0.94) 

between annual precipitation and SSS in the BoB than in the ADS (R2=0.66) (Figs. 5.5d, e). In ADS, 

the SSS during LGM is not significantly higher when the summer monsoon is weaker (Figs. 5.3b). 

This is probably because of a relative freshness in this region, a result of basin morphology during sea-

level low stand as proposed by Sijinkumar et al. (2016). As highlighted above (section 3.1), the result 

of Fp% of MD77-176 implies that during the LGM the core site is probably more influenced by the 

seawater from the ADS.  
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Fig. 5.5. (a) TraCE-21 simulated Indian summer monsoon index and (b) summer precipitation over South Asia. (c) 
F. profunda % record of MD77-176 (Zhou et al., 2020). (d) TraCE-21 simulated annual precipitation over South 
Asia. (e) Mawmluh cave speleothem δ18O and (f) core SO188-342KL plant was δD both indicating precipitation 
(Dutt et al., 2015; Contreras-Rosales et al., 2014). Cross plots show correlations of TraCE-21 simulate variables: (b) 
Indian summer monsoon index vs the precipitation discrepancy between summer and winter (seasonality), (c) 
summer precipitation vs annual precipitation, (d) annual precipitation vs SSS in the northern Bay of Bengal, and (d) 
annual mean precipitation vs SSS in the Andaman Sea. The regions of modelling data extraction are marked in Fig.5.1. 

Consequently, the Fp% record of MD77-176 reflects local SSS-related stratification, and it can 

represent the summer monsoon variations, particularly from 19 ka to the present. The record indicates 

stronger summer monsoon during B-A and Early-Mid Holocene, and weaker summer monsoon during 

HS1 and YD (Fig. 5.5c). 

3.3.2.2. During winter 

The Siberian High Index (SHI) simulated by TraCE that represents the Asian winter monsoon 

forcing, has the same glacial-interglacial trend as the SST anomaly and the Fp% record of MD00-2354 

obtained in the northern AS (Figs. 5.6a−c). This confirms that winter monsoonal winds mainly 

contribute to the stratification of the AS since the LGM. It needs to be pointed out that the maximum 

in stratification documented at the Early Holocene by an Fp% peak does not correspond to a minimum 

in surface cooling (Figs. 5.6b, c). Since the winter monsoon-related Fp% record obtained in the 

northern South China Sea shows relatively high values at that time, particularly when comparing to 

the Late Holocene (Liu et al., 2002; Chen, 2005; Zhang et al., 2006; Fig. 5.6d), it implies that the 

winter monsoon is not the only control factor of seawater stratification in the northern AS during the 



Chapter 5: Summer monsoon vs winter monsoon 

 137 

Holocene. As documented above (section 3.3.1), the stratification pattern of the AS that is well 

correlated to the temperature gradient during the LGM and the deglaciation seems complex during the 

Holocene. TraCE provides an interpretation that the subsurface cooling at Early Holocene is stronger 

than the surface cooling resulting in a larger temperature gradient (Figs. 5.6e, f). However, such a 

mechanism has not been documented by empirical data so far. It could be linked to an anomalous 

shallow overturning circulation in the western AS (Schott, 2005; Meng et al., 2020), but further studies 

are needed to better understand the mechanisms.   

 
Fig. 5.6. (a−d) The TraCE-21 simulated Siberian High index (SHI), surface cooling in the northern Arabian Sea 
quantified by the SST values minus the Late Holocene mean (1−0 ka), and F. profunda % records of cores MD00-
2354 from the northern Arabian Sea (Zhou et al., in preparation) and core MD12-3428 from the northern South China 
Sea (Zhang et al., 2016). The stratification maximum in the northern Arabian Sea is found during the Early Holocene. 
(e) The anomalies of surface temperature, subsurface temperature cooling, temperature gradient, and stratification in 
the northern Arabian Sea simulated by the TraCE-21. The anomalies are calculated by the values minus the Late 
Holocene means. (f) The 62�E longitude slice of annual mean seawater temperature simulated by TraCE-21. The 
values are the differences between the Early (10−9 ka) and Late Holocene (1−0 ka).  

Consequently, at least for the LGM and the deglaciation, the Fp% record of MD00-2354 mainly 

reflects SST-related stratification in the northern AS, and represents winter monsoon variations, 

particularly before the Holocene. The record indicates stronger winter monsoon during the LGM, HS1, 

and YD, and weaker winter monsoon during the B-A.  
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3.3.3. Relationship between the meridional thermal contrast and Indian summer/winter 

monsoon dynamics 

The simulation of surface temperature and sea level pressure by TraCE show that changing 

meridional/land-sea contrast is in phase with the winter vs summer monsoon dynamics documented 

above (section 3.3.2) (Figs. 5.7 and 5.8). 

 

Fig. 5.7. Differences between LGM (21−20 ka or 19−18 ka) and Late Holocene (1−0 ka) in (a−c) TraCE-21 full 
simulation, (d−f) TraCE-21 greenhouse gas single forcing experiment, and (g−i) TraCE-21 ice sheet single forcing 
experiment. (Left column) Summer (JJA) sea level pressure (SLP, contours, hPa), surface temperature (TS, shaded, �
C), and wind vectors at 850 hPa level (UV850, vectors, m s-1). (Middle column) Summer precipitation rate (P, shaded, 
mm day-1) and moisture transport at 850 hPa level (MT850, vectors, g kg-1 m s-1). (Right column) Winter (DJF) sea 
level pressure, surface temperature, wind vectors at 925 hPa level (UV925). The SLP and TS differences are sub-
tracted by the globally averaged differences.  

Differences between the LGM and the Late Holocene show that under LGM conditions that are 

characterized by larger ice sheets and lower greenhouse gases concentrations (Peltier, 2004; Joos and 

Spahni, 2008), a strong cooling occurs over North Europe throughout the year, with an extension 

westward and northward to Mongolia-Siberia and the subtropics (Figs. 5.7a, c). It results in a smaller 

meridional gradient of sea level pressure during summer and a larger one during winter, thanks to the 

redistribution of heat. The strengthening of the Siberian High is much stronger than the pressure over 

the Indian Ocean, which drives northerly wind anomalies over the northern Indian Ocean in both 
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summer and winter seasons. The moisture transport over the AS during summer is, therefore, weaker 

leading to a drier climate over South Asia (Fig. 5.7b). Interestingly, the single forcing experiments of 

TraCE indicate that the lower greenhouse gas condition (and not necessarily larger ice sheets) mainly 

drive the meridional gradients and the anomalous winds over the AS blowing from the lands (Figs. 

5.7d−i).  

The main forcing factor influencing Indian summer and winter monsoons dynamics during the 

Holocene is the precession parameter. During the Early Holocene, precession is smaller than during 

the Late Holocene, resulting in higher North Hemisphere summer isolation and lower winter insolation 

(Marzin et al., 2009; Wen et al., 2016). Because of the land-sea discrepancy of heat capacity, the 

meridional thermal and sea level pressure gradients are larger both, in summer and winter, and thus 

the summer and winter monsoons are stronger (Figs. 5.8a−c). The stronger summer southwesterly 

winds over the AS drive a stronger moisture transport and a wetter climate over South Asia, while the 

stronger winter northerly winds are associated with stronger surface cooling.  

 
Fig. 5.8. (a−c) Differences between Early Holocene (10−8 ka) and Late Holocene (1−0 ka) in TraCE-21 full 
simulation. (d−f) Differences between Heinrich Stadial 1 (17−15.5 ka) and Bølling–Allerød (14.7−13 ka) in TraCE-
21 full simulation. (g−i) Differences between Heinrich Stadial 1 (17−15.5 ka) and Bølling–Allerød (14.7−13 ka) in 
TraCE-21 melt water flux experiment. (Left column) Summer (JJA) sea level pressure (SLP, contours, hPa), surface 
temperature (TS, shaded, �C), and wind vectors at 850 hPa level (UV850, vectors, m s-1). (Middle column) Summer 
precipitation rate (P, shaded, mm day-1) and moisture transport at 850 hPa level (MT850, vectors, g kg-1 m s-1). (Right 
column) Winter (DJF) sea level pressure, surface temperature, wind vectors at 925 hPa level (UV925). The SLP and 
TS differences are subtracted by the globally averaged differences.  
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The last deglaciation witnesses the millennial-scale fluctuations of the AMOC corresponding the 

abrupt meltwater flux events (McManus et al., 2004; Clement et al., 2008) (Fig. 5.9a). The two Fp% 

records well in agreement with the simulated ISMVI and SHI during this period, indicate the phases 

on millennial scale between the Indian summer and winter monsoons (Figs. 5.9b, c). Obviously, they 

are anti-correlated.  
 

     
Fig. 5.9. Paleoclimate variations during the last deglaciation (19−11 ka). The simulated results are from the TraCE-
21 meltwater flux single forcing experiment. (a) Simulated AMOC strength and 231Pa/230Th ratio in marine sediments 
from the western subtropical Atlantic Ocean indicating the AMOC strength (McManus et al., 2004). (b) Simulated 
Indian summer monsoon index (ISMVI) and the F. profunda % records of core MD77-176 representing the Indian 
summer monsoon intensity (Zhou et al., 2020). (c) Simulated Siberian High index (SHI) and the F. profunda % 
records of core MD00-2354 indicating the winter monsoon intensity (Zhou et al. in preparation). 

During the HS1 and YD, when the AMOC shutdown, the poleward heat transport in the Atlantic 

is weaker resulting in the cooling over Eurasia throughout the year. Like the LGM patterns, the heat 

redistribution results in the smaller meridional gradient of sea level pressure during summer and the 
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larger gradient during winter, and thus weaker summer monsoon and stronger winter monsoon relative 

to the B-A (Figs. 5.8d, f). Drier climate prevails over South Asia due to weaker moisture transport in 

summer (Fig. 5.8e). The results of the single forcing experiment reveal that the differences between 

HS1 and B-A are mainly the responses to the changed AMOC strengths induced by meltwater flux 

(Figs. 5.8j−l).   

4. Summary and perspectives 

The upper seawater stratification in the northeastern and northwestern Indian Ocean are 

respectively controlled by the freshwater input and the surface cooling. Therefore, the evolution of 

stratification in these two basins can respectively represent the dynamics of Indian summer monsoon 

and winter monsoon. The comparison of proxy results and modelling data proves that the F. profunda % 

records, which indicate the stratification, of cores MD77-176 and MD00-2354 can respectively be seen 

as summer and winter monsoon proxies. However, there are two special cases in these two records. 

The LGM values of MD77-176 are similar to the Late Holocene values, which reflects a relative 

freshness of the Andaman Sea, rather than an unchanged summer monsoon. Stratification maximum 

during the Early Holocene is found in MD00-2354 despite the surface cooling and winter monsoon are 

strong. This strong stratification in the Arabian Sea is probably due to a strong subsurface cooling 

making a larger temperature gradient. The anti-correlation of the two F.profunda % records during the 

last deglaciation indicates the anti-phased responses of summer and winter monsoons to the AMOC 

fluctuations. The model-proxy comparison reveals that the Indian summer monsoon has a significant 

response to the LGM conditions, and implies that the proxies related to SSS in the northern Bay of 

Bengal closed to the river mouth are more sensitive to the glacial-interglacial cycles. Salinity budget 

and regional discrepancy in the northeastern Indian Ocean are important for the interpretations of SSS 

records. The stratification and SST in the northwestern Indian Ocean are strongly influenced by the 

glacial-interglacial cycles. But in the precession band, other factors, such as the subsurface temperature, 

in addition to the winter monsoon can influence the upper seawater stratification and nutrient contents 

in the euphotic zone. Records of F. profunda % are not reported in the northern Bay of Bengal, and 

such a record compared with the MD77-176 one is important to further support the interpretation of 

regional discrepancy of SSS changes. The lack of subsurface temperature in the Arabian Sea hampers 

our understanding of the changes in upper seawater stratification. The subsurface cooling during the 

Early Holocene shown by TraCE-21 needs results of multi-model to support.  
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Supplementary figure 
 

 
Fig. 5.S1. TraCE-21 simulated profiles between 0 and 200 m water depth in (left column) the northern Bay of Bengal 
(NBoB), (middle column) the Andaman Sea (ADS), and (right column) the northern Arabian Sea (NAS). The regions 
for data extractions are shown in Fig. 5.1.   
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Chapter 6 
 

Variations of the Indian Ocean Walker circulation since the Last 
Glacial Maximum revealed by reconstructed and simulated zonal wind 

intensity 
 

 

 

No paleo-PP records have been provided within the equatorial Indian Ocean so far. It is probably 

because most of the palaeoceanographic studies (and particularly those dealing with PP) focus on the 

Indian Monsoon dynamic and its link to the AMOC in the past, thus, usually neglecting the Walker 

circulation despite its crucial role in the ocean-atmosphere system of the area. Here, I provide two 

high-resolution quantitative PP records in the Northern tip of Sumatra and the Southern tip of India, 

based on the Florisphaera profunda (%) signals obtained on cores BAR94-24 and MD77-191, 

respectively. As they are located within equatorial coastal wind-driven upwelling systems, they present 

great potentials to reflect Walker circulation dynamic in the past. For the first time, I interpret Fp% 

data as a zonal wind intensity proxy. Combined with the use of AWI-ESM model outputs, I show that 

the Indian Ocean Walker circulation was weaker than present during both the LGM and Early-Mid 

Holocene. �
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Abstract: The zonal Walker circulation, characterized by seasonal to interannual variability associated 

with the Indian Ocean Dipole mode (IOD), has a strong impact on the climate over the equatorial 

Indian Ocean and its surrounding realm. Despite its crucial role in the modern climate, its future 

evolution is still under debate and requires that we better understand its variability and changes over 

timescales exceeding those available with recent meteorological data. Here, we reconstruct coastal 

upwelling dynamics over the equatorial Indian Ocean (10°S−10°N) to document the evolution of the 

zonal wind intensity associated with the Walker circulation since the Last Glacial Maximum (LGM) 

based on: i) coccolith related primary productivity anomalies (PPA) from two sediment cores collected 

off the southern tip of India (MD77-191) and off the north-western tip of Sumatra (BAR94-24), and 

ii) latitudinal differences of sea surface temperature anomalies (SSTA) calculated based on published 

SST data previously obtained from three sediment cores retrieved off western (SO189-39KL and 

GeoB10029-4) and southwestern (GeoB10038-4) Sumatra (Mohtadi et al., 2010; 2014). A comparison 

of reconstructed PPA and SSTA to published records, in conjunction with the analysis of the coupled 

climate model AWI-ESM, reveals anomalous (south-) easterly winds associated with a relatively weak 

Indian Ocean Walker circulation from the LGM to the Early-Mid Holocene and anomalously strong 
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westerly winds associated with a well-established Indian Ocean Walker circulation during the Late 

Holocene. The LGM and the Early-Mid Holocene periods were both associated with “positive IOD-

like” modes. The LGM mean state bears similarities with the 1997 episode, when a broad coastal 

upwelling system developed off (north-) western Sumatra, related to strong equatorial easterlies during 

winter. The Early-Mid Holocene mean state has similarities with the 2006 situation, when a coastal 

upwelling developed off southwestern Sumatra occurred, associated to both, equatorial easterlies and 

vigorous southeasterlies alongshore southwestern Sumatra and Java during summer. 

 

Key words: Indian Ocean Walker circulation, coastal upwelling, equatorial zonal wind, Last Glacial 

Maximum, Early-Mid Holocene 
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1. Introduction 

At present, the Walker circulation over the tropical Indian Ocean is a zonal atmospheric 

overturning cell characterized by an updraught (relatively low sea-level pressure) over Indonesia and 

a downdraught (relatively high sea-level pressure) over eastern Africa (Fig. 6.1; Bjerknes, 1969; Lau 

and Yang, 2015). It is accompanied by annual mean surface westerlies along the equatorial Indian 

Ocean and results in relatively wet conditions in the eastern Indian Ocean, and relatively dry ones over 

the western Indian Ocean. On seasonal-to-interannual timescales, it is closely tied to the east-west SST 

gradient along the equator and is therefore coupled with the Indian Ocean Dipole (IOD) (Saji et al., 

1999; Webster et al., 1999). The negative IOD mode is characterized by warmer than normal seawater 

in the east, and cooler than normal seawater in the west (Saji et al., 1999), generating a stronger and 

broader east-west gradient of sea-level pressure (SLP) anomaly and more intense convection in the 

east (Behera and Yamagata, 2003). It is associated with enhanced westerly winds along the equator 

and stronger rainfall over Indonesia and western Australia (D’ Arrigo and Wison, 2008; Ummenhofer 

et al., 2009; Cai et al., 2009; Trewin and Ganter, 2019). The positive IOD mode features opposite 

anomalies over these areas, as the east-west sea surface temperature (SST) anomaly gradient reverses. 

It is accompanied by the positive SLP anomaly in the east that creates anomalous easterly winds along 

the equator and results in anomalously dry conditions in the eastern Indian Ocean and wet conditions 

in central and western parts. As an example, the 1997 positive IOD event caused disastrous droughts 

in Indonesia and Australia and catastrophic floods in eastern Africa (Abram et al., 2003; Ummenhofer 

et al., 2009; Cai et al., 2009; Brown et al., 2009; Lim and Hendon, 2015).  

Interestingly, it appears that the anomalous physical structures associated with the IOD, and 

particularly those related to zonal wind intensity, are accompanied by profound biological 

reorganizations over the entire tropical Indian Ocean, and particularly within phytoplankton biomass 

and primary productivity (PP), as they directly react to changes in surface ocean dynamics and more 

particularly in thermocline (nutricline) depth (Wiggert et al., 2009; Currie et al., 2013). During the 

intense 1997, 2006, and 2019 positive IOD modes, when anomalous easterly and southeasterly winds 

were accompanied by a rising thermocline in the eastern part of the basin and a deepening one in its 

central and western parts, stronger than normal chlorophyll blooms were observed in the coastal 

upwelling area off Sumatra and Java, whereas weaker than normal ones were documented in the 

coastal upwelling systems off southern India and eastern Africa/Oman (e.g. Murtugudde et al., 1999, 

2000; Vinayachandran et al., 2002; Iskandar et al., 2009; Wiggert et al., 2009; Girishkumar et al., 2012; 

Currie et al., 2013; Shi and Wang, 2021). Conversely, during the recent 2016 negative IOD mode, 
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when anomalous westerly winds triggered a deepened thermocline in the eastern part of the basin and 

a shallower one in its central and western parts, weaker and stronger chlorophyll blooms were 

documented off Sumatra and Java and off southern India, respectively (Thushara and Vinayachandran, 

2020). Therefore, it appears that physical and biological structures of the tropical Indian Ocean react 

in concert to changes in the Walker circulation. However, the future response of the Walker circulation 

to global warming and its influence on the climate and ecosystems of the Indian Ocean realm is still 

under debate, and studies of its dynamics in the past, particularly those related to the IOD-like modes, 

are required to better constraint projections (e.g., Vecchi et al., 2007; L’Heureux et al., 2013).  

The impacts of Walker circulation and IOD variability on the physical structure of the Indian Ocean 

during the Last Glacial Maximum (LGM) and the Early-Mid Holocene (EMH) have been the focus of 

numerous studies. Both periods are perfect study cases to explore the impact of key internal or external 

Earth’s climate forcing mechanisms and boundary conditions. The LGM makes it possible to study the 

Indian Ocean Walker circulation response to larger ice volume, lower sea-level, and lower greenhouse 

gases concentrations than today, while the EMH, which is characterized by a lower precession 

parameter, making it possible to decipher the impact of a strong Northern Hemisphere summer solar 

insolation and stronger seasonality in a period with high sea-level and low ice volume. Several sea 

surface salinity (SSS) and precipitation proxies derived from terrestrial and marine records point to a 

drier Indonesia and wetter eastern Africa during both periods (e.g., Tierney et al., 2011, 2012; DiNezio 

and Tierney, 2013; Bloszies et al., 2015; Chevalier et al., 2017; DiNezio et al., 2018) and suggest, 

therefore, anomalous easterlies and a weaker Walker circulation during LGM and EMH (Tierney et al., 

2012; DiNezio et al., 2018). However, the debate is still opened since another study, from Mohtadi et 

al. (2017), concluded about a stronger Walker circulation during the LGM, based on its reconstruction 

of a deeper thermocline in the eastern Indian Ocean. Paleoclimate simulations under LGM conditions 

show a broad range of contrasting Walker circulation scenarios (see DiNezio and Tierney, 2013; 

Chevalier et al., 2017; Mohtadi et al., 2017; DiNezio et al., 2018), with the HadCM3 and CESM1.2 

models simulating a weaker Indian Ocean Walker circulation, while the CCSM3 and FGOALS-g1.0 

models simulate a stronger one and other models do not show significant changes in the zonal gradient 

over the Indian Ocean between the two periods. Besides, only a few studies focus on the reconstruction 

of zonal wind anomalies over the equatorial Indian Ocean despite their close relationship with the 

Walker circulation and their direct impact on coastal upwelling dynamics, well characterized by in-

situ PP and/or SST patterns (e.g., Mohtadi et al., 2014; Bassinot et al., 2011). 
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Fig. 6.1. (a) Geographic setting and bathymetric map created by the Ocean Data View software (©Reiner Schlitzer, 
Alfred Wegener Institute) with its built-in global high-resolution bathymetric data (GlobHR). The locations of the 
sediment cores retrieved in the coastal upwelling systems studied here are marked by red (PP reconstruction) blue 
(SST anomalies) and green (published PP-related records) circles. Climatology (period 1979−2019) of surface wind 
(vectors, m s-1) and sea level pressure (color, hPa) during (b) the summer monsoon season 
(May−June−July−August−September) and (c) the winter monsoon season 
(November−December−January−February−March). (d) Annual mean vertical velocity at 500 hPa level (Pa s-1, with 
blue (red) colors indicating ascending (descending) air motion), surface wind (vectors, m s-1), and SLP (contours 
between 992 and 1032 hPa with 2 hPa spacing). Climatology (period 2003−2019) of PP (color, gC m-2 yr-1), surface 
wind (vectors, m s-1), and SST (contours, ) during the (e) summer (May−June−July−August−September), (f) winter 
(November−December−January−February−March), and (g) the annual mean. Atmospheric data are from ERA5 
reanalysis dataset (monthly; https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5; Hersbach et al., 
2020). PP data are from the “Ocean Productivity” website (http://sites.science.oregonstate.edu/ocean.productivity), 
that were calculated by the Vertically Generalized Production Model (VGPM, Behrenfeld and Falkowski, 1997), 
based on the MODIS satellite chlorophyll concentration data. AS = Arabian Sea; BoB = Bay of Bengal; ADS = 
Andaman Sea;; MSEA = Mainland Southeast Asia; SDS = Sunda Shelf; SHS = Sahul Shelf; WIO = West Equatorial 
Indian Ocean; NEIO = Northeast Indian Ocean; SEIO = Southeast Indian Ocean; WP = West Pacific. 

In this study, we provide reconstructed PPA records of the north-western Sumatra and southern 

India upwelling systems based on coccolith assemblages in marine sediment cores BAR94-24 (6.73°N, 

94.83°E) and MD77-191 (7.5°N, 76.717°E), respectively. Together with calculated SST anomaly 

(SSTA) difference between southwestern and western Sumatra obtained based on published SST 

records from cores SO189-39KL (0.79°S, 99.91°E), GeoB10029-4 (1.49°S, 100.13°E), and 

GeoB10038-4 (5.94°S, 103.25°E) (Mohtadi et al., 2010, 2014), it allows us to unravel the variations 

of zonal wind along the equatorial Indian Ocean and identify the changes in Walker circulation strength 

since the LGM. These study sites appear to be suitable candidates to fulfil these objectives, as they 

document clear relationships between PP, SST, coastal upwelling, and zonal wind anomalies today and 

are likely to remain so in the past (e.g. Wiggert et al., 2009; Thushara and Vinayachandran, 2020; Shi 

and Wang, 2021). Our results are also compared with published PP-related records and outputs from 

the coupled Earth system model AWI-ESM-1-1-LR (Alfred Wegener Institute Earth System Model) to 

evaluate the signature of SLP, surface wind, and vertical velocity dynamics of the studied area under 

LGM and Mid Holocene (MH) conditions. This model is designed to work on unstructured meshes 

(Sidorenko et al., 2011), with a finite-element approach that increases spatial resolutions in coastal and 

equatorial areas (Shi et al., 2020). It is therefore particularly accurate for near-shore processes and 

ocean-atmosphere feedbacks, which are keys to simulate the changes of Walker circulation in the past 

(DiNezio et al., 2016). 
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2. Core locations and oceanic settings 

Cores MD77-191 and BAR94-24 were collected to the north of the equator, off the southern tip of 

India and the northwestern tip of Sumatra aboard the N/O Marion Dufresne and the N/O Baruna Jaya, 

during the OSIRIS 3 (1977) and BARAT cruises (1994), respectively (Fig. 6.1a). Cores SO189-39KL, 

GeoB10029-4, and GeoB10038-4 were retrieved to the south of the equator, off western and 

southwestern Sumatra (Fig. 6.1a; Mohtadi et al., 2010, 2014). These all have been collected above the 

modern lysocline (Cullen and Prell, 1984), within coastal upwelling systems. Therefore, PP and SST 

records from all these sites are closely related to surface wind patterns, as cold and nutrient-rich waters 

seasonally resurface by Ekman transport and feed phytoplankton (e.g. Susanto et al., 2001; Rao et al., 

2006). In detail, PP off the southern tip of India and off southwestern Sumatra are relatively high, and 

SST are relatively low from June to September i.e., broadly during boreal summer, when alongshore 

westerlies and alongshore southeasterlies prevail, respectively (Figs. 6.1b, e, 6.S1). Conversely, PP off 

the northwestern tip of Sumatra is moderately high, and SST is low from December to March i.e., 

during boreal winter when equatorial easterlies dominate (Figs. 6.1c, f, 6.S1). Overall, these seasonal 

trends are reflected in the annual mean states, when annual PP and SST in southern India and western 

Sumatra are closely related to annual mean states of equatorial westerlies and (south-) easterlies, 

respectively (Figs.6.1d, g). Remarkably, upwelling and PP near the equator i.e., at sites SO189-39KL 

and GeoB10029-4, are relatively weak and low as the Coriolis force is relatively small (Fig. 6.S1).  

The relationships between PP, SST, and zonal wind intensities within these upwelling systems are 

strengthened under IOD events that develop from summer to early winter and dominate the annual 

mean anomalies. During the recent 1997, 2006, and 2019 positive modes i.e., when anomalous 

equatorial easterlies and southeasterlies over the tropical southeastern Indian Ocean prevailed, PP 

along (south-) western Sumatra increased while SST decreased (Figs. 6.S2, 6.S3), highlighting 

enhanced upwelling in the area, and an overall shallower thermocline (nutricline) in the eastern Indian 

Ocean (Murtugudde et al., 1999, 2000; Vinayachandran et al., 2002; Girishkumar et al., 2012; Currie 

et al., 2013; Shi and Wang, 2021). Reversed trends are observed off the southern tip of India, with 

decreased PP, increased SST, and a reduced coastal upwelling system that reflects an overall deepened 

thermocline (nutricline) in the central part of the Indian Ocean (Vinayachandran et al., 2002; Wigger 

et al., 2009; Currie et al., 2013; Shi and Wang et al., 2021). During negative IOD events of years 1998 

and 2016 i.e., when anomalous equatorial westerlies and northwesterlies prevailed, opposite PP and 

SST patterns were observed over these sites, as the east-west thermocline gradient reversed and drove 

a stronger coastal upwelling off southern India and a weaker one off (south-) western Sumatra and 
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Java (Figs. 6.S4, 6.S5). Despite the intense 1997 positive IOD event characterized by anomalous low 

PP in eastern Africa/Oman, no clear pattern may be highlighted during years 1998, 2006, 2016, and 

2019 in the western part of the Indian Ocean (within the Arabian sea), as complex features in surface 

wind anomalies appear to be associated with rather heterogeneous PP and SST signals (Figs. 6.S2, 

6.S3).  

Remarkably, positive (negative) IODs are usually related to a weaker cooling (warming) off 

western Sumatra compared to southwestern Sumatra, which results in negative (positive) SSTA 

differences between southwestern and western Sumatra, thanks to the dominant anomalous alongshore 

southwesterlies (northwesterlies) (Fig. 6.S3). However, an exception has been observed during the 

extreme 1997 positive IOD event, as a positive SSTA difference has been observed in the area because 

of the occurrence of severe anomalous equatorial easterlies that suppressed the influence of anomalous 

alongshore southeasterlies (Vinayachandran et al., 2002; Chen et al., 2016). 

3. Material and methods  

3.1 Sampling and age models  

Cores MD77-191 and BAR94-24 were sampled at 1−2 cm intervals along the upper 7.1 m and 3.5 

m sediment sections, respectively. Their age models were based on 13 and 9 accelerator mass 

spectrometry (AMS) 14C ages obtained on planktonic foraminifera and pteropods (Bassinot et al., 2011; 

Ma et al., 2020; this study) and converted to calendar ages using the online software CALIB version 

8.2, and the MARINE20 curve (global ocean age: 550 years) (Table 6.S1, Fig. 6.S6). Core MD77-191 

spans the last 16 kyr with sedimentation rates ranging between 13 and 90 cm kyr-1 (average of 58 cm 

kyr-1), while core BAR94-24 covers the last 24 kyr with sedimentation rates varying between ~8 and 

23 cm kyr-1 (average of 16 cm kyr-1). We studied a total of 406 samples with temporal resolutions 

between 20 and 85 years from core MD77-191, and a total of 175 with temporal resolutions between 

~50 and 250 years from core BAR94-24. Age models of cores GeoB10029-4, GeoB10038-4 and 

SO189-39KL are from Mohtadi et al. (2010, 2014).  

3.2 Coccolith analysis and PP reconstructions 

Coccolithophores are marine-calcifying phytoplankton living in the euphotic zone, responsible for 

the export of organic and carbonate particles (i.e., the coccoliths they produce) to the sedimentary 

reservoir. In contrast with most coccolithophore species that are found in the upper euphotic zone (< 

100 m water depth), Florisphaera profunda dwells in the lower euphotic zone, at a water depth of 

~100–200 m (Okada and Honjo, 1973). When nutricline gets shallower (deeper), more (less) nutrients 
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are brought into the upper euphotic zone and primary production (PP) increases (decreases), while the 

relative abundance of F. profunda (Fp%) decreases (increases). Based on this relationship, the 

coccoliths preserved in sediment cores, and more particularly those of F. profunda became good study 

material for paleoenvironmental reconstructions. Indeed, Fp%-PP empirical equations have been 

developed, based on PP estimates from satellite observations and coccoliths abundances in surface 

sediments (Beaufort et al., 1997; Hernández-Almeida et al., 2019) and have been widely used to 

reconstruct PP patterns in the past (e.g. de Garidel-Thoron et al., 2001; Zhou et al., 2020).  

In this study, the “settling” technique of Duchamp-Alphonse et al. (2018) modified after Beaufort 

et al. (2014) was used to prepare coccolith smear slides and calculate PP to document coastal upwelling 

dynamics off northwestern Sumatra and off southern India. As such, a total of 406 and 175 samples 

were analysed from cores BAR94-24 and MD77-191, respectively. For each slide, at least 500 

coccolith specimens were counted by eyes, under at least 3 random fields of view. The relative 

abundance of F. profunda (Fp%) was calculated as: Fp% = 100 × (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 %. Reconstructed PP was obtained using 

the tropical Indian Ocean empirical equation of Hernández-Almeida et al. (2019), as: PP = 

[10(3.27−0.01×Fp%)] × 365/1000. The unit of estimated PP is grams of carbon per meter square per 
year (gC m-2 yr-1). PPA has been calculated by subtracting each PP value by the average PP of the 

studied interval: PPA = PP – PPwhole interval. They have been used to interpret PP and upwelling dynamics 

in terms of easterly and westerly wind patterns, positive (negative) PPA indicating stronger (weaker) 

coastal upwelling, and alongshore winds. 

3.3 Difference of SST anomaly  

SSTA off southwestern and western Sumatra were calculated over the last 24 kyr, based on the 

published SST records from Globigerinoides ruber Mg/Ca signals obtained on cores GeoB10029-4, 

GeoB10038-4 (Mohtadi et al., 2010), and SO189-39KL (Mohtadi et al., 2014), by subtracting the 

averaged value estimated over the last 24 kyr to each discrete SST value, as follows: SSTA = SST – 

SSTlast 24 kyr. All the records were linearly interpolated at a regular 0.5 kyr time-interval and used to 

calculate ΔSSTA between southwestern (GeoB10038-4) and western (SO189-39KL and GeoB10029-

4) Sumatra sites as follow: ΔSSTA = SSTASW – SSTAW. Both SST records show the warmest time at 

the Late Holocene. Therefore, in analogy to modern interannual variations, positive (negative) ΔSSTA 

values have been used to indicate a stronger (weaker) cooling and thus, a stronger (weaker) and wider 

(narrower) upwelling system off western Sumatra than off southwestern Sumatra (and by extent, Java). 
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The stronger cooling off western Sumatra is the result of stronger upwelling at the equator caused by 

dominant anomalous equatorial easterlies.  

3.4 Climate model and simulations 

In this study, we used atmospheric outputs of the state-of-the-art earth system model AWI-ESM-

1-1-LR (termed AWI-ESM in the following, Lohmann et al. 2020; Shi et al. 2020) focusing on the 

atmospheric variables i.e., SLP, surface wind speed, and vertical velocity. Simulations were run for the 

pre-industrial control (CTRL), the LGM (21 ka), and the MH (6 ka) in the framework of Paleoclimate 

Modelling Intercomparison Project phase 4 (PMIP4; Kageyama et al., 2018; Brierley et al., 2020; 

Kageyama et al., 2021). Boundary conditions including orbital parameters and greenhouse gas 

concentration of the LGM and MH experiments meet the PMIP4 protocols as described in Kageyama 

et al. (2017) and Otto-Bliesner et al. (2017), respectively. In addition, the topography applied in LGM 

simulations is based on the ICE-6G_C reconstruction (Peltier et al., 2015) that integrates a 120 m lower 

sea-level compared to CTRL and emerges continental shelves of the studied area (mainly those of 

Sunda and Sahul; Fig. 6.1a) while in MH experiments, the topography is the same as in CTRL since 

there are only minor sea level changes from 6 ka to pre-industrial.  

For each experiment, we calculated the atmospheric climatological mean states based on the 

monthly outputs from the last 100 simulation years. The anomalies of mean states for the LGM and 

MH as compared to CTRL, were calculated to examine the responses of climate to LGM and MH 

boundary conditions. We studied the seasonal changes in SLP (hPa), surface wind speed (m s-1), and 

annual mean differences in vertical velocity (Pa s-1) at 500 hPa (mid-troposphere) and precipitation 

rate (mm day-1). For the SLP difference between LGM and CTRL experiments, we subtracted the area 

average (30°S–50°N, 30°E–150°E) to remove the effect of LGM background cooling and to highlight 

the changes in pressure gradients. We constructed two SLP indices characterized by the east-west 

gradient over the Indian Ocean based on the identification of 3 specific areas (boxes): Box 1 (10°N 

−20°N, 85°E −95°E), and Box 2 (20°S −10°S, 90°E −110°E) for the eastern part of the basin, and Box 

3 (10°S −10°N, 50°E −70°E), for its western part. The indices are quantified by the differences of SLP 

between the eastern boxes and the western box: SLPindex, Box1-Box3, and SLPindex, Box2-Box3. The 

differences of these indices in LGM and MH, relative to CTRL experiment (ΔSLPindex, Box1-Box3 and 

ΔSLPindex, Box2-Box3), were calculated to evaluate the changes in the zonal gradient under LGM and MH 

conditions. 
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4. Results  

4.1 Reconstructed PP 

At sites MD77-191 and BAR94-24, coccolith assemblages mainly consist of Florisphaera 

profunda, Emiliania huxleyi and Gephyrocapsa spp. (Fig. 6.S7). In core MD77-191, Fp% varies 

between 37% and 78% of the assemblage, which corresponds to reconstructed PP ranging from ~290 

to 117 gC m-2 yr-1 (Fig. 6.2). Remarkably, PP data obtained during the Late Holocene ( 200−290 gC 

m-2 yr-1) are consistent with modern VGPM values ( 273 gC m-2 yr-1; Behrenfeld and Falkowski, 1997). 

Over the last 16 ka, PP is characterized by a long-term decreasing trend from 16 to 9.5 ka, followed 

by a long-term increasing trend from 9.5 to 1 ka, a minimum of ~117 gC m-2 yr-1 being reached at ~9.5 

ka. In core BAR94-24, Fp% varies between 55% and 88%, which corresponds to reconstructed PP 

varying between ~190 and 90 gC m-2 yr-1 (Fig. 6.2). In the same way, as for core MD77-191, values 

obtained in the late Holocene (100−140 gC m-2 yr-1) are similar to modern ones (~138 gC m-2 yr-1). 

The last deglaciation witnesses a PP decrease of ~17%, between rather stable values during the LGM 

(23−19 ka, ~140 gC m-2 yr-1) and rather stable values during the Middle-Late Holocene (8 ka−present, 

~120 gC m-2 yr-1).  

 
Fig. 6.2. (a) Variations of Florisphaera profunda relative abundances (%) in cores MD77-191 (red) and BAR94-24 
(blue), located off southern India and northwestern Sumatra, respectively. The dots at the bottom represent 
radiocarbon dating points with 2σ error bars. (b) Reconstructed PP of cores MD77-191 (red) and BAR94-24 (blue). 
LGM= Last Glacial Maximum; EMH=Early-Mid Holocene. 
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4.2 Reconstructed SSTA  

At sites SO189-39KL, GeoB10029-4 and GeoB10038-4, despite rather scattered trends, long-term 

increasing trends may be observed in SSTA values over the last 24 kyr, with minima during the LGM 

(−1.9, −1.7 and −0.9 , respectively), and maxima during the late Holocene (1.6, 1.3 and 1.5 , 

respectively) (Fig. 6.3). The magnitude of such SSTA rises between the LGM and the late Holocene is 

generally higher at sites SO189-39KL and GeoB10029-4 (3.5−3 °C) compared to site GeoB10038-4 

(~2.3 °C) as they show slightly higher SSTA during the LGM (~1 °C) and slightly lower SSTA (− 

1.2 °C) during the Holocene (Fig. 6.3).  

 
Fig. 6.3. 0.5 kyr interpolation of Sea Surface Temperature Anomalies (SSTA) in sediment cores GeoB10029-4 and 
SO189-39KL (off western Sumatra) and GeoB10038-4 (off southwestern Sumatra). SSTA were calculated by 
subtracting SST values to the SST mean of the last 24 kyrs. Original SST data and age models are from Mohtadi et 
al. (2010, 2014). 

4.3 AWI-ESM simulations  

Annual mean vertical velocity, surface wind, SLP, and precipitation rate are simulated in CTRL for 

the tropical Indian Ocean, and their anomalies in LGM and MH as compared to CTRL, are depicted 

in Fig. 6.4. The results of CTRL experiment are comparable to the atmospheric reanalysis of the 

1979−2019 period (Figs. 6.1d, 6.4a), showing stronger convective circulation and higher SLP over the 

Indo-Pacific Warm Pool as well as divergent circulation and lower SLP over the western Indian Ocean 

that are accompanied by equatorial westerlies.  

4.3.1 Last Glacial Maximum  

Downdraught anomalies (up to 0.05 Pa s-1) are simulated over the eastern Arabian Peninsula, 
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Indonesia, the northern Bay of Bengal, and the southeastern Indian Ocean, while updraught anomalies 

(up to −0.05 Pa s-1) are obtained over the equatorial Indian Ocean (10°N−10°S) (Fig. 6.4b). Anomalous 

zonal SLP gradient can be found in the tropical Indian Ocean showing higher SLP over the northeastern 

and southeastern parts than over the western part. These patterns are associated with anomalous 

southeasterlies off southwestern Sumatra and anomalous equatorial easterlies off western Sumatra that 

extend to the central part of the basin and turn to southeasterlies crossing the southern tip of India (Fig. 

6.4b). High SLP anomalies are simulated over the eastern Arabian Peninsula and account for the 

anomalous northeasterlies in (north-) western Indian Ocean, particularly along the coastal region of 

eastern Oman and Africa (Fig. 6.4b). Overall, precipitation rate anomalies correspond to these 

anomalous divergent and convergent circulations, which is reflected in drier than present conditions 

over the eastern part of the Indian Ocean (including the Maritime Continent and the northern Bay of 

Bengal), and wetter than present conditions over its central and western parts (including eastern Africa) 

(Figs. 6.4b, e).  

4.3.2 Mid-Holocene  

Vertical velocity anomalies are generally weak, ranging between −0.02 and 0.02 Pa s-1. 

Downdraught anomalies are simulated over India, the northern Arabian Sea, and the southeastern 

Indian Ocean, while updraught anomalies are obtained over the equatorial Indian Ocean (10°N−10°S) 

(Fig. 6.4c). An anomalous zonal SLP gradient is simulated over the tropical Indian Ocean, with higher 

SLP over the northeastern and southeastern areas than over the western areas. These patterns result in 

the occurrence of anomalous southeasterlies alongshore Java and southwestern Sumatra that extend as 

equatorial easterlies in the central part of the basin and turn to northeasterlies across the southern tip 

of India (Fig. 6.4c). Anomalous northeasterlies in the (north-) western part of the basin, including 

eastern Oman and Africa can be found associated with higher SLP over India and the northern Arabian 

Sea (Fig. 6.4c). Corresponding to these anomalous divergent and convergent circulations, drier-than-

present conditions are simulated over the southeastern Indian Ocean while wetter-than-present 

conditions are simulated over the equatorial Indian Ocean (Figs. 6.4c, f). Notably, the precipitation 

rate anomalies over the Maritime Continent are diverse showing drier conditions in Borneo and wetter 

ones in Sumatra.  
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Fig. 6.4. (a) Simulated annual mean vertical velocity at 500 hPa level (color Pa s-1), surface wind (vectors, m s-1), 
and SLP (contours between 992 and 1032 hPa with 2 hPa spacing) by CTRL experiment. (b) Differences of the same 
parameters between LGM and CTRL experiments. (c) Differences of the same parameters between MH and CTRL 
experiments. Contours on (b) and (c) are between -0.5 and 0.5 hPa with 0.25 hPa spacing. (d) Simulated annual mean 
precipitation rate (mm day-1) by CTRL experiment. (e) Differences in precipitation rate between MH and CTRL 
experiments. (f) Differences in precipitation rate between LGM and CTRL experiments. The crosses on (a)−(c) mark 
the sediment cores.
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Fig. 6.5. (a) Summer (June-July-August) mean 
insolation at 30°N (Laskar et al., 2004). (b) Global 
relative sea level based on biological and 
geomorphological markers (Hibbert et al., 2018). 
(c) and (d) PPA of cores MD77-191 (7-point 
moving average) and BAR94-24 (5-point moving 
average). (e) Biogenic silica flux from core SS-
4018 (Balaji et al., 2018) (f) G. bulloides 
percentages from core GeoB10053-7 (Vergnaud 
Grazzini et al., 1995). 0.5 kyr interpolated ΔSSTA 
between (g) cores GeoB10029-4 and GeoB10038-
4, and between (h) cores SO188-39KL and 
GeoB10038-4 (original SST data is from Mohtadi 
et al., 2010, 2014). (i) G. bulloides percentage from 
core GeoB10053-7 (Mohtadi et al., 2011). EMH = 
Early-Mid Holocene; LGM = Last Glacial 
Maximum; LH = Late Holocene. 
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5. Discussion: The Indian Ocean Walker circulation evolution over the last 24 ka 

5.1 During the Last Glacial Maximum  

The high PPA obtained at site BAR94-24 (~10 gC m-2 kyr-1), together with the positive ΔSSTA 

calculated between GeoB10038-4 and SO189-39KL/GeoB10029-4 (~1.6 °C), both highlight the 

development of a strong upwelling system off (north-) western Sumatra (Figs. 6.5, 6.S2, 6.S3) that 

might reflect the occurrence of stronger easterly winds in this eastern part of the tropical Indian Ocean 

(see section 2). Such an assumption is confirmed by the relatively low values in reconstructed PP 

obtained at sites GeoB10053-7 (Mohtadi et al., 2011), SS-4018 (Balaji et al., 2018), and MD85-668 

(Vergnaud Grazzini et al., 1995) that highlight weaker coastal upwelling off Java, eastern Somalia and 

Africa (Figs. 6.5e, f, i), stronger equatorial easterlies along the entire basin, and call for a relatively 

weak Walker circulation in the tropical Indian Ocean. This scenario is also supported here, by the 

annual mean state simulated in the LGM experiment run with AWI-ESM, which depicts anomalous 

equatorial easterly winds over the basin (Fig. 6.4b). Furthermore, it agrees with previously 

reconstructed and/or simulated SSS and precipitation patterns that suggest, as for AWI-ESM 

simulations (Fig. 6.4e), relatively dry conditions over Southeast Asia (particularly in Sumatra and the 

Indonesian maritime continent) and the southeastern Indian Ocean, and relatively wet conditions over 

eastern Africa (e.g., Penny, 2001; Taylor et al., 2001; Wang et al., 2009; DiNezio and Tierney, 2013; 

DiNezio et al., 2018).  

Remarkably, the occurrence of a strong and wide upwelling system off (north-) western Sumatra 

at the expense of the upwelling systems off southwestern Sumatra, suggests that the Walker circulation 

could probably be comparable to the 1997 positive IOD mode, when severe anomalous equatorial 

easterlies during winter suppressed the influence of anomalous alongshore southeasterlies during the 

next summer (section 2, Figs. 6.S3). This assumption is supported by seasonal AWI-ESM simulations 

and showed in SLP and surface wind fields anomalies (Fig. 6.6). Indeed, although inter-hemisphere 

SLP gradient and anomalous southeasterlies are found alongshore southwest Sumatra in summer (Fig. 

6.6c), the anomalous equatorial easterlies in winter appear to be much stronger and thus, further 

expressed within the annual mean (Figs. 6.4b, 6.6d). Such a feature is also well represented by 

the DSLP indices (LGM−CTRL) between the eastern (north and south) and the western tropical Indian 

Ocean. The modelling results show positive values during almost the entire year (southeast Box 2–

west Box 3) or during the winter season (northeast Box 1−west Box 3), with an overall peak in 

November (Fig. 6.7). In such a context, it is most probable that early winter anomalous zonal SLP 

gradients from both sides of the equator, caused anomalous equatorial easterlies and a weaker Walker 
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circulation to prevail during the LGM. As previously proposed by DiNezio et al. (2016, 2018), based 

on sea-level single forcing experiments (run with CESM1.2) that depict the weakened annual mean 

Walker circulation in response to the exposure of Sahul Shelf, those changes mainly arose from the 

autumn and winter responses. This is similar to the seasonal cycle of the ΔSLPIndex, Box2−Box3 shown 

here, implying the same forcing factor behind the weakened Walker circulation. However, since the 

AWI-ESM experiments include all LGM forcing, we cannot exclude the impacts from other factors 

such as the ice sheets extensions and greenhouse gases concentrations in addition to the exposure of 

Sahul and Sunda shelf due to a maximum global ice sheet volume and a minimum global sea-level 

(~120 m lower than present, Fig. 6.5b). 
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Fig. 6.6. Results of AWI-ESM experiment runs. Simulated SLP (color, hPa) and surface wind (vectors, m s-1) obtained 
by CTRL experiment in (a) summer (May−June−July−August−September, MJJAS) and (b) winter 
(November−December−January−February−March, NDJFM). Differences of the same parameters between LGM and 
CTRL experiments in (c) summer and (d) winter. Differences of the same parameters between MH and CTRL 
experiments in (e) summer and (f) winter. Sea level pressure values shown in (e) and (f) have been calibrated by 
subtracting the area average values to remove the effect of LGM background cooling and to highlight the pressure 
gradient. Only differences of wind vector that are significant at the 95 % level are shown (student’s t-test). The crosses 
mark the sediment cores. 
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5.2 Towards the Mid-Holocene  

PPA from core BAR94-24 depicts a sharp decreasing trend during the deglaciation with maxima 

at ~17 ka, and minima at ~9 ka, while ΔSSTA show concomitant shifts from positive (~1.6°C) to 

negative (~ −1°C) values, thus indicating the deglacial weakening of the coastal upwelling system off 

(north-) western Sumatra and the concomitant strengthening of the upwelling system off southwestern 

Sumatra (Figs. 6.5, 6.S2, 6.S3). The most plausible explanation behind these PPA and ΔSSTA features 

is the strengthening of anomalous southeasterlies alongshore Java and southwestern Sumatra and the 

weakening of anomalous equatorial easterlies. While no clear PPA feature may be highlighted at site 

MD77-191 during the last deglaciation, such an assumption seems confirmed by the negative values 

of PPA at site MD77-191, and the maximum values of reconstructed upwelling at site GeoB10053-7 

between 10 and 6 ka, that highlight reduced and enhanced upwelling systems off the southern tip of 

India and off Java during the EMH, respectively (Figs. 6.5c, i). PP-related records from sites SS-4018 

and MD85-668 depict opposite trends compared to the site BAR94-24, with minima during the last 

deglaciation and maxima during the EMH (Figs. 6.5d, e, f) thus, suggesting a deglacial transition 

toward enhanced coastal upwelling systems off eastern Somalia and Africa. Such a finding could be 

puzzling under the predominance of equatorial easterly trade winds. However, as seen above (section 

2, Figs. 6.S2, 6.S3), rather heterogeneous PP (and upwelling) patterns are observed in the western part 

of the Indian Ocean basin today, and no general trends may be highlighted. Thus, the most plausible 

explanation is the occurrence of both tropical easterlies and southeasterlies during the EMH, which 

likely resulted from an overall weaker Walker circulation in the tropical Indian Ocean during that 

period, a situation comparable to the one observed during the 2006 positive IOD mode which is 

characterized by the dominant anomalous southeasterlies off Sumatra and Java. This assumption is 

supported by the annual mean state simulated by the MH experiment run with AWI-ESM that 

documents strong alongshore southeasterlies off Java and southwestern Sumatra despite anomalous 

equatorial easterlies (Fig. 6.4c).  
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Fig. 6.7. ΔSLP indices selected in the northeastern (Box 1, 10°N−20°N, 85°E−95°E), southeastern (Box 2, 20°S 
−10°S, 90°E −110°E) and western (Box 3, 10°S−10°N, 50°E−70°E) parts of the tropical Indian Ocean (Figs. 5e, 6c) 
between LGM and CTRL (blue bars) and between MH and CTRL (red bars). The blue and red dots mark the 
differences with significance at the 95 % level (student’s t-test).  
 

It is also in good accordance with precipitation reconstructions that show relatively dry conditions over 

the Indonesian maritime continent and relatively wet ones in eastern Africa during the EMH (e.g., 

Tierney et al., 2011, 2012), which correspond to simulated descending and ascending air motions over 

Borneo and eastern Africa, respectively (Figs. 6.4c, f). Despite the occurrence of anomalous westerlies 

over the equatorial Indian Ocean during winter (Fig. 6.6f), the anomalous southeasterlies alongshore 

southwestern Sumatra appear to be much stronger, and thus dominate the annual mean patterns (Figs. 

6.4c, 6.6e). Such result is corroborated by the DSLP indices (MH−CTRL) obtained between the eastern 

and the western tropical Indian Ocean, which show positive values during the summer season, with a 

paroxysm in September (Fig. 6.7). The anomalous SLP distribution in summer over the Indian Ocean 

found in MH as compared to CTRL (Fig. 6.6e), is a common feature observed in general coupled 

models (e.g., Liu et al., 2004; Zhao et al., 2005; Marzin and Braconnot, 2009; Bosmans et al., 2012; 

Zhao and Harrion, 2012; D’Agostino et al., 2019; Iwakiri and Watanabe, 2019). The higher SLP over 

the Bay of Bengal is connected to an enhanced high SLP system over the northwestern Pacific and 

together, they form a zonal band of high SLP anomaly driving an anomalous Walker-type (zonal) 
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circulation extending from the South China Sea to the western Indian Ocean (Fig. 6.6e; Zhao et al., 

2005). The higher SLP over the northwestern Pacific in summer was proposed as a consequence of the 

enhanced land-sea contrast and the increased diabatic heating over the southern Tibet Plateau and 

Maritime Continent under smaller precession parameter (Mantsis et al., 2013; Wu et al., 2016), while 

the higher SLP over the southeastern Indian Ocean in summer was suggested as a result of the 

strengthened tropical seasonality (Iwakiri and Watanabe, 2019). Consequently, it is likely that late 

summer anomalous zonal SLP gradients caused anomalous equatorial easterlies together with 

southeasterlies alongshore Java and southwestern Sumatra and weakened Walker circulation during 

the EMH. Interestingly, the divergent circulation documented over southwestern Indonesia, appears to 

make part of an overall ascending air motion cell, that extends in the western part of the equatorial 

Pacific, up to Borneo (Fig. 6.4c). This pattern that is more related to a cross Pacific-Indian Ocean 

anomalous Walker-type circulation, is different from that of the LGM (Fig. 6.4b). However, further 

studies are needed to figure out the coupling and interaction between the Walker circulation cells of 

the Pacific and Indian Oceans. 

5.3 During the Late Holocene  

During the late Holocene i.e. from 4 ka to present, PPA obtained at site BAR94-24 depict slightly 

negative values (~ −18 gC m-2 kyr-1), while PPA from site MDD77-191 sharply increased to reach 

maxima (~90 gC m-2 kyr-1) at ~2 ka (Figs. 6.5c, d) which document a relatively weak coastal upwelling 

system off northwestern Sumatra and a rapid transition toward intense upwelling conditions off 

southern India. PP-related records at site SS-4018 also indicate a strong upwelling system off eastern 

Somalia, while those obtained off Java and southwestern Sumatra document reduced ones (Figs. 6.5e, 

i). Therefore, all the records are coherent in suggesting over the last 24 kyr the occurrence of 

anomalous westerlies along the equator and a relatively strong Walker circulation in the tropical Indian 

Ocean during the Late Holocene, as previously highlighted by paleoclimate reconstructions that 

revealed cold and dry conditions in east Africa and wet conditions in the eastern Indian Ocean (Gasse 

et al., 2000; Thompson et al., 2002; Niedermeyer et al., 2014).  

6. Conclusions 

Based on paleoclimate reconstructions and simulations, we infer the evolution of the zonal wind 

intensity (Walker circulation) over the equatorial Indian Ocean since the last 24 kyr. Both empirical 

data and simulations indicate that the Indian Ocean Walker circulation during the LGM and EMH was 

weaker than the present, but differences are found in their annual mean and seasonal states due to the 
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changes in zonal sea-level pressure gradients and atmospheric vertical motions. During the LGM, the 

weaker Walker circulation appears to be dominated by strong anomalous equatorial easterlies in early 

winter, in a similar way as the positive IOD mean state observed in 1997. During the EMH, anomalous 

equatorial easterlies and strong anomalous southeasterlies off Sumatra are detected in late summer, 

which appears to be similar to the positive IOD mean state of 2006. We suggest the deglaciation to be 

a transient period in-between these two intervals. It is only during the late Holocene that 

paleoceanographic records document anomalous equatorial westerly winds and provide evidence of 

stronger Walker circulation.  

Our results help better understanding the impact of Walker circulation on the complex climate 

variability that exists over the Indian Ocean realm in the past. They should also help understanding 

future climate, as the LGM and the EMH allow us to test boundary conditions as crucial as ice sheet 

extent, sea-level and greenhouse gases are, for projections. However, further studies on paleoclimate 

reconstructions and the global warming scenario simulations are required to better understand the 

mechanisms associated with a changing Walker circulation. As a logical next step, we will analyse 

high time-resolution PPA and SSTA in the western Indian Ocean over the last 24 kyr, to provide a more 

complete overview of the tropical (equatorial) Indian Ocean. Single forcing experiments will also be 

needed to isolate the effects of greenhouse gas concentration and sea level changes. 
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Supplementary figures and table 
 

 

Fig. 6.S1. Seasonal variations (period 2003−2019) of primary productivity (PP), sea surface 

temperature (SST) and surface zonal wind speed off (a) the southern tip of India, (b) northwestern 

Sumatra, (c) western Sumatra, (d) southwestern Sumatra, (e) Somalia, and (f) equatorial east Africa. 

Wind speed data are from the reanalysis dataset ERA5 

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). SST data are from the NOAA 

OI SST V2 High Resolution Dataset (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html; 

monthly 01/1992−12/2019). PP data are from the “Ocean Productivity” website 

(http://sites.science.oregonstate.edu/ocean.productivity).  
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Fig. 6.S2. Monthly PP (color, gC m-2 yr-1) and surface wind (vectors, m s-1) anomalies from July to 

December of the positive 1997, 2006, and 2019 IOD modes. PP of 1997 is in the frame work of the 

SeaWiFS chlorophyll-a concentration dataset (monthly; 10/1997−12/2007), and PP of 2006, 2019 are 

in the frame work of the MODIS chlorophyll-a concentration dataset (monthly; 1/2003−12/2019). PP 

data are from the “Ocean Productivity” website 

(http://sites.science.oregonstate.edu/ocean.productivity), that were calculated by the Vertically 

Generalized Production Model (VGPM; Behrenfeld and Falkowski, 1997). Wind speed data are from 

the ERA5 reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). Green 

circles mark the locations of sediment cores (see Fig. 1a).  
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Fig. 6.S3. Monthly SST anomalies (color, ) and surface wind (vectors, m s-1) anomalies from July 

to December of 1997, 2006, and 2019 positive IOD modes. SST data are from the NOAA OI SST V2 

High-Resolution Dataset (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html; monthly 

01/1992−12/2019). Wind speed data are from the ERA5 reanalysis dataset 

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5; monthly 01/1992−12/2019). 

Blue circles mark the locations of sediment cores (see Fig. 6.1a). 
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Fig. 6.S4. Monthly PP (color, gC m-2 yr-1) and surface wind (vectors, m s-1) anomalies from July to December 

of the negative 1998 and 2016 IOD modes. PP of 1998 is in the frame work of the SeaWiFS chlorophyll-a 

concentration dataset (monthly; 10/1997−12/2007), and PP of 2016 is in the frame work of the MODIS 

chlorophyll-a concentration dataset (monthly; 1/2003−12/2019). PP data are from the “Ocean Productivity” 

website (http://sites.science.oregonstate.edu/ocean.productivity), that were calculated by the Vertically 

Generalized Production Model (VGPM; Behrenfeld and Falkowski, 1997). Wind speed data are from the 

ERA5 reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). Green circles mark 

the locations of sediment cores (see Fig. 6.1a).  
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Fig. 6.S5. Monthly SST anomalies (color, ) and surface wind (vectors, m s-1) anomalies from July to 

December of the 1998 and 2016 negative IOD modes. SST data are from the NOAA OI SST V2 High-

Resolution Dataset (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html; monthly 

01/1992−12/2019). Wind speed data are from the ERA5 reanalysis dataset 

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5; monthly 01/1992−12/2019). Blue 

circles mark the locations of sediment cores (see Fig. 6.1a). 
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Fig. 6.S6. Age models and linear sedimentation rates of cores MD77-191 and BAR94-24. Dots are the 

calendar age medians. Error bars mark the calendar age 2σ.  

�

 

 
Fig. 6.S7. Relative abundances (%) of the main coccolith species in cores MD77-191 (red) and 

BAR94-24 (blue). The thick curves are smoothed results (7-point moving average for MD77-191 and 

5-point moving average for BAR94-24). 
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Table 6.S1. Radiocarbon and calibrated ages of cores MD77-191 (Bassinot et al., 2011; Ma et al., 2020) 

and BAR94-24, determined on planktonic foraminifera and pteropods. Calendar years are the years 

before 1950 AD. G. bulloides = Globigerina bulloides; G. ruber = Globigerinoides ruber; G. sacculifer 

= Globigerinoides sacculifer. 

Core MD77-191 

Depth 
(cm) 

Materials (species) 
14C ages 

(yr) 

14C ages er-
ror (yr) 

Calendar ages 
median (yr) 

Calendar ages lower 2σ (yr) Calendar ages upper 2σ (yr) 

28 G. bulloides 1970 60 1368 1197 1540 

76 G. bulloides 2560 70 2060 1844 2294 

127 G. bulloides 3020 60 2630 2406 2814 

175 G. bulloides 3660 60 3405 3206 3606 

222 G. bulloides 4160 60 4041 3825 4267 

271 G. bulloides 4790 60 4862 4620 5092 

373 G. bulloides 6150 80 6385 6181 6616 

425 G. bulloides 8230 90 8554 8319 8863 

482 G. bulloides 8970 80 9481 9254 9732 

550 G. ruber 10300 50 11274 11092 11502 

580 G. ruber 11810 50 13133 12962 13301 

594 Pteropods sp. 12630 190 14136 13587 14805 

710 G. ruber 13820 60 15851 15588 16115 

Core BAR94-24 

Depth 
(cm) 

Materials (species) 
14C ages 

(yr) 

14C ages er-
ror (yr) 

Calendar ages 
median (yr) 

Calendar ages lower 2 σ (yr) Calendar ages upper 2 σ (yr) 

17 G. ruber 1240 35 637 517 758 

37.5 G. ruber 2335 30 1779 1620 1932 

65.5 G. ruber 3830 35 3607 3445 3791 

86 G. ruber 5040 40 5174 4961 5350 

137 G. ruber 8450 50 8843 8612 9022 

164 G. ruber 10930 50 12246 11981 12473 

210 G. ruber 13800  60 15825 15562 16089 

300 G. ruber 18340  90 21245 20902 21635 

390 
G. ruber + G. sac-

culifer 
22420  130 25789 25474 26105 
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General conclusions and perspectives 

• Conclusions 

Based on coccolith-related PP estimates from four sediment cores, and the use of outputs from 3 

Earth climate models, I’ve reconstructed the paleoceanographic and paleoclimatic evolution over the 

tropical Indian Ocean and its surrounded continents since the Last Glacial Maximum (LGM). The time 

resolutions of the records allowed me to evaluate orbital to centennial scale variability, with a special 

focus on the millennial changes during the last deglaciation and particularly during the Heinrich Stadial 

1 (HS1; 17−14.8 ka), the Bølling–Allerød (B-A; 14.8−13 ka), and the Younger Dryas (YD; 12.9−11.5 

ka). 

PP variations recorded in the northeastern Bay of Bengal indicate changes of upper seawater 

stratification controlled by sea surface salinity and represent the summer monsoon evolution. Those 

obtained in the northwestern Arabian Sea reflect both changes in temperature-driven mixing related to 

the winter monsoon dynamics and aeolian inputs. The two PP records that are located in the coastal 

upwelling cells closed to the equator document dynamics of equatorial zonal winds are related to the 

Walker circulation. All the major paleoclimate implications of the PP records are confirmed by 

modelling data.   

During the LGM (23−19 ka), when ice sheets had larger extensions and greenhouse gas 

concentrations were lower than the present, a general cooling over Eurasia created a higher pressure 

cell over Siberia, that resulted in a higher land-sea thermal/pressure contrast during winter and a lower 

one during summer. The Indian winter monsoon was thus stronger, while the summer Indian monsoon 

was weaker. Under such conditions, winter winds that blew from the lands to the tropical Indian Ocean 

strengthened. They led to a stronger surface cooling over the northern Arabian Sea and thus, to a 

weaker upper seawater stratification, higher nutrient content in the euphotic zone, and thus, higher PP. 

The glacial conditions were also favorable for increased nutrient-rich dust supplies to the Arabian Sea. 

Weaker summer monsoon conditions resulted in weaker rainfall over South Asia. Indeed, due to the 

cooling over Eurasia, the ITCZ shifted southward, and the moisture flux over the Arabian Sea was 

weaker, as reflected by relatively high sea surface salinity conditions in the northernmost Bay of 

Bengal. PP records at the junction between the Bay of Bengal and the Andaman Sea are not particularly 

high. This is probably due to a relative freshness in the Andaman Sea during the LGM. The extension 

of ice sheets led to a 120 m decrease in the global sea level that generated the exposure of the Maritime 

Continent shelves. This configuration drove an anomalous divergence zone over the Indo-Pacific 

Warm Pool (including the southeastern Indian Ocean), and a weaker Indian Ocean Walker circulation, 
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as reflected by an enhanced coastal upwelling system (and higher PP) off the northwestern Sumatra, 

and reduced ones (and lower PP) off southern India and in the equatorial western Indian Ocean. 

Remarkably, the weaker Walker circulation is found to be contributed by the anomalous equatorial 

easterly winds during early winter.  

During the last deglaciation (19−11 ka), glacial features gradually faded while the North 

Hemisphere summer insolation gradually reinforced. Under such conditions, the Indian winter and 

summer monsoons gradually weakened and strengthened, respectively. However, they were also both 

paced by millennial scale oscillations of the Atlantic Meridional Overturning Circulation (AMOC), 

related to the cold HS1 and YD periods, and the warm B-A period. During HS1 and YD, when the 

AMOC was weakened, the northward heat transport over the Atlantic was restricted which led to a 

general cooling over Eurasia throughout the year. Under this scenario, the land-sea thermal/pressure 

gradient was larger during winter and smaller during summer and thus, the winter and summer 

monsoons were stronger and weaker respectively, as documented by weaker SSS- and SST- related 

stratifications (and thus relatively high PP) in the northeastern Bay of Bengal and the northwestern 

Arabian Sea, respectively. During the B-A, when the AMOC recovered, the northward heat transport 

was stronger than during the HS1 and YD. As a result, the winter monsoon weakened and the summer 

monsoon strengthened, as revealed by stronger SSS- and SST- related stratifications (and thus lower 

high PP) in the two regions mentioned above, respectively. In the equatorial Indian Ocean, the 

anomalous easterly winds during early winter were getting weaker from the LGM, but the Indian 

Ocean Walker circulation did not shift to be stronger than present during the deglaciation.  

During the Holocene (11–0 ka), the precession is the main forcing factor, the summer monsoon 

maximum being found during the Early-Mid Holocene when the precession parameter was smaller 

than today. The stronger Norther Hemisphere summer insolation induced by a smaller precession 

parameter during this period resulted in a larger land-sea thermal/pressure gradient during summer, 

and thus a stronger summer monsoon. The PP record from the northeastern Bay of Bengal shows a 

minimum corresponding to SSS minimum and salinity stratification maximum. During the Early-Mid 

Holocene, the Norther Hemisphere winter insolation was lower, and it can also make a larger land-sea 

thermal/pressure gradient during this season. As a result, the winter monsoon was stronger. This 

reflects in the stronger surface cooling in the northern Arabian Sea. However, the PP record of MD00-

2354 shows a slight minimum during the Early-Mid Holocene as the nutrient input by aeolian dust was 

minimum and the subsurface cooling was probably strong that can result in a stronger stratification. 

Additionally, orbital parameters during the Early-Mid Holocene resulted in a stronger tropical 

seasonality. This change drove a weaker than present Indian Ocean Walker circulation. It is indicated 
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by the lower PP off the southern tip of Indian implying weaker equatorial westerly winds during 

summer.  

• Perspectives and future work 

a. Subsurface cooling in the Arabian Sea 

In this PhD thesis, I have an unsolved question. The lower PP during the Early-Holocene with 

respect to the Late Holocene found in core MD00-2354 does not correspond to a weaker winter 

monsoon and a weaker surface cooling. The modelling results show a stronger subsurface cooling 

leading to a stronger stratification. This interpretation needs empirical data to support it. I propose to 

first reconstruct the variations of subsurface temperature in core MD00-2354 over the Holocene and 

to see if there is a cooling signal that is stronger than the surface during the early Holocene. If yes, it 

will be worth studying the mechanism of this subsurface cooling by modelling data to exploit if a 

precession-forced anomalous shallow overturning circulation in the western Indian Ocean drives this. 

b. More Fp%-PP records to reconstruct millennial scale and long-term orbital scale variability 

    More paleo-PP records are needed, especially from some crucial regions of the tropical Indian Ocean, 

for the reconstructions of Indian monsoon and Indian Ocean Walker circulation on millennial and 

orbital scales. It is interesting to have longer records covering the last glacial period when the 

Dansgaard-Oeschger oscillations and Heinrich events occurred, and much longer records covering 

several glacial-interglacial cycles to see the phase with orbital parameters.  

    Recently, some researchers used the mass accumulation rates (MAR) of biogenic materials in the 

northern Bay of Bengal to indicate paleo-PP and interpreted their higher ‘PP’ as stronger Indian 

summer monsoon (e.g. Li et al., 2019; Liu et al., 2021; Lee et al., 2020). I compared the Fp%-PP record 

of MD77-176 with these MARs and found that the accumulation-free PP estimations are anti-

correlated to the MARs (Fig. 1). This implies that the MAR-related proxies might not indicate PP in 

the Bay of Bengal where the terrestrial inputs by rivers are very strong. We can see that the higher PP 

intervals calculated from Fp% correspond to lower MARs. Therefore, the higher MAR is not 

associated to higher PP, but stronger terrestrial sediments and freshwater input. Fp% is an efficient and 

accurate proxy of PP and the upper seawater stratification, and it has high potentials in Indian summer 

monsoon reconstructions, which has been proved by chapter 3. However, as mentioned in chapters 3 

and 5, the regions closed to the Andaman Sea (such as MD77-176) might be easily influenced by the 

local freshness during glacial periods. This can offset the signals of glacial-interglacial cycles that exist 

in the Indian summer monsoon. The northern Bay of Bengal is a more suitable region for summer 
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monsoon reconstructions, as it is closed to the Ganges–Brahmaputra–Meghna river system and under 

the direct influence of the runoff and rainfall (Clemens et al., 2016a).  

 
Fig. 1. Fp%-PP records of core MD77-176 (chapter 3). Mass accumulation rates of biogenic silica and barium in core 
BOB-56 (Li et al., 2019; Liu et al., 2021; see Fig. 2).  

    Here, I proposed several marine sediment cores for the summer monsoon reconstruction by the Fp%-

PP method. Cores MD77-180 and MD12-3412 reach at least MIS6 with high-resolution G. ruber δ18O 

data (Fig. 2; Joussain et al., 2016). The two cores provide the opportunity to study PP variability on 

millennial scale (Dansgaard-Oeschger oscillations and Heinrich events) during the last deglaciation 

and the last glacial period. However, these two cores lack the completed Holocene intervals, and we 

must pay attention to the turbidite depositions. Long-term records are necessary to study the orbital 

scale variability and its phase with the orbital parameters. The IODP sites U1445 and U1446 are 

located on the northwestern Bay of Bengal (Fig. 2), a region suggested as the best location for paleo-

salinity and summer monsoon reconstructions (Clemens et al., 2016a). The recovery of the Pleistocene 

cores of these two sites is nearly 100 % with abundant calcareous particles including foraminifera and 

coccoliths (calcareous nannofossil). Calcareous nannofossil datum T (=top) Pseudoemiliania lacunosa 

(0.44 Ma) was found at 74.34 CSF-A (m) for U1445 and at 81.39 CSF-A (m) for U1446 (Clemens et 

al., 2016d; Clemens et al., 2016c). Therefore, it is possible to construct orbital scale age models 

covering the last 400 kyr by using foraminifera δ18O for these two sites. The orbital scale Fp%-PP is 

expected to indicate the freshwater input and SSS-related stratification, and thus, the evolution of 

Indian summer monsoon. The Fp%-PP data will be compared to those published records interpreted 
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as Indian summer monsoon variability on orbital scale (Clemens et al., 2003; Caley et al., 2011; Bolton 

et al., 2013; Gebregiorgis et al., 2018). The glacial-interglacial cycles, and the phase in precession band 

will be the concentrations.  

 

Fig. 2. Core locations. The red dots mark the proposed cores for future studies. The blue crosses mark the cores with 
published data.  

    Core MD77-202 from the western Arabian Sea is another candidate for paleo-PP study. High-reso-

lution G. ruber δ18O data of this core reaches MIS7. The Fp%-PP data will be compared to the widely 

cited TOC% and Ba/Al records from the northeastern and western Arabian Sea (Schulz et al., 1998; 

Ivanochko et al., 2005), which were interpreted as Indian summer monsoon evolution. However, I 

expect the Fp%-PP record, similar to the one of MD00-2354, to show a winter monsoon pattern.  

    Moreover, I suggest getting new Fp%-PP records from the tropical southeastern Indian Ocean and 

the equatorial western Indian Ocean, which are linked to the upper seawater stratification and are 

important to evaluate the Walker circulation variability. Some existed cores make this study possible. 

Core SHI9001 located off southwestern Sumatra and core MD85-666 located off equatorial East Africa 

coast both reach MIS7. Low-resolution Fp% data of SHI9001 shows significant glacial-interglacial 

cycles (Fig. 3). This pattern is in agreement with the evolutions of subsurface temperature and Sumatra 

vegetation reconstructed from the nearby core MD98-2152 (Fig. 3). The latter two are tied to the 

variations of Indian Ocean Walker circulation (Windler et al., 2019). However, this ‘100-kyr period’ 

pattern is less obvious in the Fp% record of nearby core SO139-74KL (Fig. 3; Andruleit et al., 2008). 

The biases between the two Fp% records are probably due to different methods of slide preparation 

and coccolith counting. Next, I will improve the resolution of Fp% data of SHI9001. The record from 

the eastern Indian Ocean is necessary to be compared to the western core MD85-666 to have a 
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complete understanding of PP and seawater structure variations in the equatorial Indian Ocean. In 

chapter 4, I found that the Indian Ocean Walker circulation is sensitive to the orbital forcing over the 

Holocene. Therefore, the high-resolution Fp% records are important to evaluate if the ’23-kyr period’ 

signals exist in the long-term evolution of Indian Ocean Walker circulation.  

 
Fig. 3. Fp% records of cores SHI9001 (Zhou X., unpublished) and SO139-74KL (Andruleit et al., 2008). Subsurface 
temperature estimations by using the TEX86 method, and δ13C measurements on sedimentary plant wax in core 
MD98-2152 (Windler et al., 2019).  

c. Further studies on coccoliths in cores MD77-176 and MD00-2354  

    Geochemical and biogeochemical measurements on coccoliths are worth trying in the future. For 

example, the coccolith strontium/calcium ratio is a proxy of the coccolithophore growth rate (Stoll and 

Schrag et al., 2000; Saavedra-Pellitero et al., 2017), and the “vital effect” of coccolith carbon isotope 

(isotopic disequilibrium with dissolved inorganic carbon) is linked to both the growth (photosynthesis) 

rate and the aqueous CO2 concentration ([CO2(aq)]) (Hermoso et al., 2016; McClelland et al., 2017; 

Jin et al., 2018). The paleoenvironmental application of this “vital effect” is poorly studied, although 

researchers have proposed intracellular isotopic fraction models (e.g. McClelland et al., 2017). The 

tropical Indian Ocean is an ideal experimental field for exploring the indications of this “vital effect”, 
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as the hydroclimatic and ecologic changes in this region are very dynamic since the LGM as revealed 

by previous studies and chapters of this thesis. If we can find the reconstruction methods of the 

[CO2(aq)] and growth (photosynthesis) rate by using the carbon isotope “vital effect”, it will be 

meaningful for the global carbon cycle study for geological periods. In the future, I plan to get the 

carbon isotopic “vital effect” signals of Gephyrocapsa over the last 25 kyr in cores MD00-2354 and 

MD77-176 and pay attention to the response to the nutrient availability controlled by monsoon 

dynamics, and the CO2 raising. A procedure is the refinement of Gephyrocapsa. It needs to be pointed 

out that the coccolith isotopic compositions are tied to coccolith morphometric, which is likely 

modulated by the cellular growth rate. The Gephyrocapsa size in the two cores shows largely different 

evolutions, especially during the LGM (Fig. 4). This is an interesting finding with paleoclimate 

implications. More accurate measurements on coccoliths sizes will be done for the next steps. As we 

know that the aeolian flux over the Arabian Sea is much higher than the Bay of Bengal, and the LGM 

is a period favourable for dust supply. The large difference found in Gephyrocapsa sizes during this 

period might reflect an iron richness that can highly increase the coccolithophore growth rates and cell 

volumes.  

 
Fig. 4. Ratios between Gephyrocapsa oceanic (> 3 µm; Go) and small Gephyrocapsa (< 3 µm; SG) in cores MD77-
176 and MD00-2354 over the last 23 kyr.  

d. Perfectives on the AWI-ESM model for moisture budget analysis  

    As pointed out by previous studies, general coupled models have biases in simulating rainfall over 

the lands surrounding the tropical Indian Ocean. This is highlighted by the changes of Indian Ocean 

Walker circulation under LGM conditions (DiNezio and Tierney, 2013; Mohtadi et al., 2017; DiNezio 

et al., 2018). As mentioned in chapter 6, the AWI-ESM can simulate a weaker Walker circulation under 

LGM and Mid-Holocene conditions that are in agreement with the two Fp%-PP records linked to 
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equatorial atmospheric circulations. Here, I compare rainfall changes under LGM conditions simulated 

by AWI-ESM and MPI-ESM models in the framework of PMIP4. The two coupled models have the 

same atmospheric and land components, but their oceanic models are different. We can see that the 

zonal anomalies of rainfall over the Indian Ocean are more significant in AWI-ESM than in MPI-ESM 

(Fig. 5). In the southeastern Indian Ocean, AWI-ESM simulates decreased rainfall associated with 

strong surface cooling and anomalous southeasterly winds which are not obvious in MPI-ESM. These 

results of AWI-ESM are similar to the CESM model (DiNezio et al., 2016; DiNezio et al., 2018). The 

seasonality of the rainfall anomalies also indicates that the AWI-ESM can simulate a strengthened 

positive Bjerknes feedback in the southeastern Indian Ocean under LGM conditions (DiNezio et al., 

2016). As the main difference between AWI-ESM and MPI-ESM is their oceanic models, it is 

reasonable to emphasize the advantage of FESOM model using unstructured mesh in simulating the 

equatorial processes that are important for the ocean-atmosphere feedbacks.  

 
Fig. 5. Differences of annual mean precipitation rate (P, mm day-1) between LGM and CTRL experiments of (a) AWI-
ESM and (b) MPI-ESM. Differences of annual mean sea surface temperature (SST, colour, °C) and surface wind 
(vectors, m s-1) between LGM and CTRL experiments of (e) AWI-ESM and (f) MPI-ESM. The data are from Earth 
System Grid Federation (https://esgf.llnl.gov/nodes.html).  

    By analysing the moisture budget, we can find that the zonal anomalies of rainfall over the Indian 

Ocean in AWI-ESM are mainly driven by an anomalous zonal atmospheric circulation accounting for 

dynamic moisture transport, rather than thermodynamic component linked to humidity (Fig. 6). The 

decomposition of moisture budget in thermodynamic and dynamic contributions flows this equation 
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(D’Agostino et al., 2019; D’Agostino and Lionello, 2020): 
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where P is precipitation rate, E is evaporation rate, q is specific humidity, V is the horizontal vector 

wind, ρw is the water density. δ represents the difference between the LGM and pre-industrial 

controlling (PI) experiments.  $ % − '  is the changes in net precipitation rate (mm day-1), i.e. the 

moisture conserved on the surface. $<= represents changes in moisture flux convergence arising from 

changes in moisture, and $>? involves changes in winds with unchanged moisture and is related to 

changes in the mean atmospheric flow. $9 is the residual change that accounts for contributions by 

transient eddies and surface quantities. The changes in zonal difference (between southeastern and 

western Indian Ocean) of these moisture components are shown in Fig. 6 and are compared to the 

results of other models in the framework of PMIP2 and PMIP3.  

 
Fig. 6. Results of AWI-ESM and MPI-ESM models compared to the models in the framework of PMIP2 (Braconnot 
et al., 2007a) and PMIP3 (Braconnot et al., 2012) in simulating the zonal anomalies (differences between southeastern 
and western Indian Ocean) of moisture budget components under LGM conditions (LGM minus pre-industrial).   
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    The Walker circulation is a process that cannot be ignored in controlling hydroclimate over the lands 

surrounding the tropical Indian Ocean, including South and Southeast Asia, Maritime Continent, North 

Australia, and East Africa. A model that can well simulate this process is necessary for the studies on 

the mechanisms of hydroclimatic changes including the rainfall amount and the seasonal cycles, and 

by the proxy-model comparison.  
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Appendix 

Table A1. List of the terrestrial moisture proxy records indicating South Asian rainfall. See Fig. 1.13. 

in Chapter 1.  

# Core/Site Lon. Lat. Proxy Reference 

1 Bittoo Cave 77.78 30.79 Speleothem δ18O Kathayat et al. (2016) 

2 Sahiya Cave 77.87 30.6 Speleothem δ18O Kathayat et al. (2017) 

3 Mawmluh Cave 91.88 25.26 Speleothem δ18O Berkelhammer et al. (2012); 
Dutt et al. (2015) 

4 Sanai Lake 80 27 Pollen Sharma et al. (2004) 

5 Tso Moriri 78.32 32.9 Pollen Leipe et al. (2014) 

6 Tengchongqinghai 
Lake 

98.57 23.13 Pollen Zhang et al. (2020) 

7 Nong Pa Kho  102.9 17.1 Pollen Penny, 2001 

8 MD77-194 75.23 10.5 Pollen van Campo, 1986 

9 MD76-131 72.5 15.5 Pollen van Campo, 1986 

10 Nam Co 90.78 30.73 Pollen; TOC% Kasper et al. (2015); Zhu et 
al. (2015) 

11 Lonar Lake 76.51 19.98 Pollen; Mineralogy; δ13Corg  Prasad S. et al. (2014);  
Menzel et al. (2014); Sarkar 
et al. (2015) 

12 Wadhwana Lake 73.48 22.18 Pollen; Algae Prasad V. et al. (2014) 

13 Sambhar playa 75.09 26.95 Major elements; δ18Ocarb; δ13Corg Sinha et al. (2006) 

14 Kotla Dahar 76.95 28 Gastropod aragonite δ18O Dixit et al. (2014a) 

15 Nilgiri Hills 76.75 11.25 Peat δ13C Sukumar et al. (1993); 
Rajagopalan et al. (1997) 

16 Nonia Tal 79.4 22.9 Bulk δ13C; Magnetic parameters Kumar et al. (2019) 

17 Shantisagara Lake 75.88 14.14 Magnetic parameters Sandeep et al. (2017) 

18 Tangra Yumco  86.75 31.25 Major elements; TOC% Ahlborn et al. (2016) 

19 SO188-342KL 
 

90.03 19.97 δDwax Contreras-Rosales et al. 
(2014) 
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Table A2. List of the summer upwelling record indicating the summer wind intensity. See Fig. 1.13. 

in Chapter 1.  

# Core Lon. Lat. Proxy Reference 

1 ODP723A 57.61 18.05 G. bulloides % Naidu and Malmgren 
(1996); Bassinot et al. 

(2011) 

2 SO42-74KL 57.35 14.32 G. bulloides % Schulz et al. (2002) 

3 905 51.56 10.46 G. bulloides % Jung et al. (2002) 

4 SK237 75 10.98 G. bulloides % Naik et al. (2017) 

5 MD77-191 76.72 7.5 G. bulloides % Bassinot et al. (2011) 

 

Table A3. List of the ocean SSS record indicating South Asian rainfall. See Fig. 1.13. in Chapter 1.  

# Core Lon. Lat. Proxy Reference 

1 SO90-126KL 90.03 19.97 δ18Oseawater Kudrass et al. (2001); Sijinkumar et al. (2016) 

2 MD77-180 89.42 18.47 δ18Oseawater Colin et al. (1998); Sijinkumar et al.  (2016) 

3 MD77-176 93.12 14.5 δ18Oseawater Marzin et al. (2013); Sijinkumar et al. (2016) 

4 RC12-344 96.04 12.46 δ18Oseawater Rashid et al. (2007); Sijinkumar et al. (2016) 

5 SK168 94.3 11.42 δ18Oseawater Sijinkumar et al. (2010, 2016) 

6 AAS 11 94.28 9 δ18Oseawater Ahmad et al. (2000); Sijinkumar et al. (2016) 

7 RVS 2  93.58 7.43 δ18Oseawater Sijinkumar et al. (2016) 

8 SK157-16 90.83 7.8 δ18Oseawater Raza et al. (2014); Sijinkumar et al. (2016) 

9 SK157-15 90.3 8.77 δ18Oseawater Raza et al. (2014); Sijinkumar et al. (2016) 

 SK157-14 90.08 5.18 δ18Oseawater Ahmad et al. (2008); Sijinkumar et al. (2016) 

10 ODP758 90.39 5.38 δ18Oseawater Bolton et al. (2013); Sijinkumar et al. (2016) 

11 SK218-1 82 14.03 δ18Oseawater Govil and Naidu (2011) 

12 SK168/GC-1 94.49 11.71 Ba/Caforam Gebregiorgis et al. (2016) 

13 SK117/GC08 71.02 15.49 δ18Oseawater Mahesh and Banakar (2014) 

14 SK129/CR04 75.98 6.49 δ18Oseawater Mahesh and Banakar (2014) 

15 SK17 72.97 15.25 δ18Oseawater Anand et al. (2008) 

16 MD900963 73.88 5.06 δ18Oseawater Rostek et al. (1993) 

17 905 51.56 10.46 δ18Oseawater Anand et al. (2008) 
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Table A4. List of the paleoclimate records with winter monsoon interpretations. See Fig. 1.14. in 

Chapter 1.  

# Core/Site Lon. Lat. Proxy Reference 

1 SK-20-185 71.83 10 δ18Oforam Sarkar et al. (1990) 

2 SK117/GC08 71.02 15.49 δ18Oseawater Mahesh and Banakar (2014) 

3 SK129/CR04 75.98 6.49 δ18Oseawater Mahesh and Banakar (2014) 

4 SO42-74KL 57.35 14.32 Foraminifera Schulz et al. (2002) 

5 GOA6 53.77 14.98 Foraminifera Ishikawa and Oda (2007) 

6 SS-4018G 53.26 13.36 Foraminifera Singh et al. (2016) 

7 93KL 64.22 23.58 U37
K’-SST Böll et al. (2015) 

8 SK17 72.97 15.25 F. profunda % Cabarcos et al. (2014) 

 

 

Table A5. List of the hydroclimate records within 15�S−15�N related to Indian OceanWalker circula-

tion changes See Fig. 1.16. in Chapter 1.  

# Core Lon. Lat. Proxy Reference 
1 Lake Walawi 34.19 -10.01 δDwax Konecke et al. (2011) 

2 Lake Tanganyika 29.83 -6.7 δDwax Tierney et al. (2008) 

3 Lake Challa 37.7 -3.32 δDwax Tierney (2011) 

4 SO189-144KL 98.07 1.16 δDwax Niedermeyer et al. (2014) 

5 P178-15P 44.3 11.96 δDwax Tierney et al. (2013) 

6 BJ8-03-70GGC 119.28 -3.57 δDwax Tierney et al. (2012) 

7 Lake Towuti 121.5 -2.7 δDwax, δ13Cwax Russell et al. (2014); Konecky et 
al. (2016) 

8 SO18515 119.36 -3.63 δDwax, δ13Cwax Wicaksono et al. (2017) 

9 MD09-2152 103.88 -6.33 δ13Cwax Windler et al. (2019) 

10 Lake Sacred 37.53 0.05 δ13Corg Olago et al. (1999) 

11 Batu Cave 101.7 3.22 δ13Corg Wurster et al. (2010) 

12 Gangub Cave  117.55 8.52 δ13Corg Wurster et al. (2010) 

13 Makangit Cave 119.45 10.47 δ13Corg Wurster et al. (2010) 

14 GeoB10069-3 120.92 -9.59 δ13Corg Dubois et al. (2014) 
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15 BJ8-03-91GGC 118.39 -2.87 δ13Corg Dubois et al. (2014) 

16 Gunang Buda 114 4 Speleothem δ18O Partin et al. (2007) 

17 Liang Luar Cave 120.43 -8.53 Speleothem δ18O Ayliffe et al. (2013) 

18 Tangga Cave 100.75 -0.35 Speleothem δ18O Wurtzel et al. (2018) 

19 Klang Cave 98.73 8.33 Speleothem δ18O Chawchat et al. (2021) 

20 Mount Kenya 37.35 -0.15 Diatom δ18O Barker et al. (2001) 

21 Lake Cheshi 29.75 -9.08 Diatom Stager (1988) 

22 Lake Abhe 41.6 11.1 Lake level Gasse and Street (1978) 

23 Lake Suguta 36.5 2 Lake level Garcin et al. (2009) 

24 Lake Turkana 35.5 2.6 Lake level Garcin et al. (2012) 

25 Lake Chew Bahir 36.78 4.84 K-XRF Foerster et al. (2012) 

26 Lake Tana 37.25 12 Ti-XRF Marshall et al. (2011) 

27 Lake Victoria 33 -1 Magnetic susceptibility Johnson et al. (1996) 

28 Lake Masoko 33.76 -9.33 Pollen, magnetic susceptibil-
ity 

Garcin et al. (2006) 

29 G6-4 118.07 -10.78 Pollen Wang et al. (1999) 

30 Eastern Arc 
Mountains 

35.92 -7.82 Pollen Mumbi et al. (2008) 

31 Bandung Basin 107.8 -7.2 Pollen van der Kaars and Dam (1995) 

32 BAR94-42 107.8 -7.2 Pollen van der Kaars et al. (2010) 

33 SHI9014 126.97 -5.77 Pollen van der Kaars et al. (2000) 

34 Haeapugua Basin 143 -5.5 Pollen Haberle (1998) 

35 Burundi high-
lights 

29.5 -3.5 Pollen Bonnefille and Chalie (2000) 

36 Danau di Atas 100.77 -1.07 Pollen Stuijts et al. (1988) 

37 Mahakam Delta 117.5 -0.75 Pollen Caratini and Tissot (1988) 

38 Lake Sentarum 112.1 0.85 Pollen Anshari et al. (2001) 

39 Pea Bullok 99.03 2.25 Pollen Maloney and McCormac (1995) 

40 SO17964 112.21 6.16 Pollen Sun et al. (2000) 

41 MD06-3075 125.83 6.48 Pollen Bian et al. (2011) 
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Résumé	:	L'objectif	de	cette	étude	est	de	reconstruire	la	
dynamique	 orbitale	 à	 millénaire	 de	 la	 productivité	
primaire	 (PP)	de	 l'océan	 Indien	tropical	au	cours	des	25	
000	dernières	 années	 et	 de	 comprendre	 leurs	 relations	
avec	 les	 changements	 climatiques	 de	 cette	 période,	 et	
plus	 particulièrement	 ceux	 de	 la	 circulation	
atmosphérique.	Sur	 la	base	d'une	comparaison	modèle-
données,	nous	montrons	que	les	changements	de	PP	de	
l'Océan	 Indien	 septentrional	 sont	 liés	 aux	 changements	
de	la	mousson	indienne	d'hiver	et	d�été,	tandis	que	ceux	
de	 l'océan	 Indien	 équatorial	 sont	 plutôt	 associés	 aux	
changements	de	la	circulation	de	Walker.		
	

Ces	 reconstitutions	ont	permis	de	mieux	 comprendre	
les	schémas	spatio-temporels	de	la	mousson	indienne,	
et	leurs	liens	avec	la	circulation	de	Walker.		
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productivity:	insights	from	model-data	comparisons	

Keywords	:	paleoclimates,	Indian	monsoon,	Walker	circulation,	primary	productivity,	coccoliths,	paleoclimate	
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Abstract	:	The	aim	of	this	study	is	to	reconstruct	orbital	to	
millennial	scales	primary	productivity	(PP)	patterns	of	the	
tropical	 Indian	 Ocean	 over	 the	 last	 25	 000	 years	 and	
understand	 their	 relationships	 with	 climate	 features	 and	
more	 particularly	 atmospheric	 circulation.	 Based	 on	 a	
model-data	comparison,	we	demonstrate	that	PP	patterns	
from	northern	Indian	Ocean	are	related	to	the	changes	in	
Indian	winter	 vs	 summer	monsoon	while	 those	 from	 the	
equatorial	Indian	Ocean	are	rather	sensitive	to	changes	of	
the	Walker	circulation.	
	

This	work	helped	better	understanding	the	patterns	
and	timing	of	the	Indian	monsoon	and	their	 links	to	
the	Walker	circulation.	
	

 

 

 


