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‘Ce n’est pas le moindre charme d’'une théorie quére’ réfutable’(Friedrich Nietzsche,
Par-dela le bien et le mal)

‘La météo c'est ce a quoi on s'attend, le climat e que nous obtenoriRobert Heinlein)
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du transport d’'Ekman et de chaleur. La tendancea si# produire une mousson du signe
opposé d'une année sur l'autre et d'introduire uinete composante biannuelle dans le
521 (] 111

Figure 18 : Circulation générale de 'atmospheéraufidiman, 2001)......................

Figure 19 : Analyses spectrales de séries tempegetlimatiques des océans Pacifique et
Indien. (a) Température de surface de 'océan Faqud (1875-1992) dans la région NINO3,

(b) Indice de précipitation de 'ensemble de I'In@dRI) (1875-1992), (c) Analyse spectrale

croisée entre AIRI et les températures de surfackodéan Pacifique (Torrence and Compo,

1998 ; Torrence and Webster, 1998). ..o e

Figure 20: La mer d’Arabie : une zone sous ligfhce de la mousson Indo-asiatique
(salinité de surface de I'océan et précipitatiomnivede (mois de Juillet) GPCP Precipitation
data as NODC_WOA94 provided by the NOAA/OAR/ESRL PSD, Boutblorado, USA,
from their Web site atttp://www.esrl.noaa.gov/psddonnées originales d’apres Adler et al.
(2003) et Monterey and Levitus (1997)).. ... e i e

Figure 21: A) Transport d’Ekman et B) Mise en plaben upwelllng cotier (modlfle d’aprés
Ruddiman (2001))....
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Figure 22 : Contrdle de la mousson sur la produttivde surface en mer d’Arabie (image
SeaWIFS :
http://oceancolor.gsfc.nasa.gov/cgi/image _archig€c=CHLOROPHYLL................
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Figure 23 : Zone a oxygene minimum en mer d’Araldeean Data View : Schlitzer,

Figure 24 : Poussiéres sur la mer d’Arabie le 18lgs 2006 (summer monsoon) et le 20
Décembre 2006 (winter monsoon) (modifié d’aprés N®D
http://www.nasaimages.org/luna/serviet/detail/na8&N10~10~73135~178557:Dust-off-
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Figure 25 : Principaux systéemes fluviaux du Mak(Biord de la mer d’Arabie) et principaux
canyons (Bourget et al., 2010) permettant le trarisfle sédiment entre le continent et
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Figure 26 : La gyre anticyclonique de I'océan IndiSud et le courant des Aiguilles (Image
de la productivitt¢ de l'océan de surface durant td’'é austral dapres
http://oceancolor.gsfc.nasa.gov/SEaWNES/...........uuuueiiiiiie e

Figure 27 : Représentation schématique du transpartvolume pour la gyre Sud-ouest de
'océan Indien Sud et le courant des Aiguilles. n&port barocline pour les premier 1000
métres (Sv : 10m’/s) (modifié d’aprés Stramma and Lutjeharms (1997))............

Figure 28 : Températures de surface pour le courdes Aiguilles dans sa partie Nord et
Sud. A) Simulation des températures de surface lgocourant des Aiguilles dans un modele
couplé océan-atmosphere (modifie d’aprésvw.gfdl.noaa.gov/visualizations-oceand.e
courant des Aiguilles Nord et Sud est indiqué. Bnpératures de surface montrant la
stabilité du courant dans sa partie Nord avec l@gence d’'une « natal pulse » au Sud de
Port Elizabeth. Un successeur possible a cettetal qaulse » est visible dans la baie natale
pres de Durban (données d’apres le satellite NOAA2D mai 2004 ; modifié d’aprés
Lutjeharms (2006)). C) Températures de surface peusud du courant des Aiguilles. La
disparition de la stabilité et 'augmentation desandres est visible. La migration vers
'océan Atlantique d'un filament d’eau chaude egtlément visible (données d'apres le
satellite NOAA 9, 16 aolt 1985 ; modifié d’'aprésjelarms (2006)).....................

Figure 29 : Diagramme Température-Salinité pouctairant des Aiguilles Nord (100 km au
large de Durban) (modifié d’apres Pearce (1977))cc. cuuieiii i iiieiiee e eenen,
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Figure 30 : Importance de la bathymétrie pour leiant des Aiguilles..................

Figure 31 : Température des eaux de surface auiname de I'’Agulhas Bank (données
d’apres les satellites NOAA, 13 Novembre 1985 ;ifidod’apres Lutjeharms (2006)). Le
courant des Aiguilles Sud, la boucle de rétroflexiers I'Est et le courant de retour des
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Aiguilles sont clairement identifiés par une bandmntinue de températures
MAXIMIAIES . . .t e e e e e e e e
32

Figure 32 : Distribution et diametres en AtlantiqSed-est des anneaux issus de la zone de
rétroflexion du courant des Aiguilles d’aprés ongax de mesures hydrographiques
indépendants (DunNcombe, 199L)......c.oir it e

Figure 33 : Principales masses d’eaux dans I'océdantique. NADW (North Atlantic Deep
Waters), AABW (AntArctic Bottom Waters) et AAIWtAAetic Intermediate Waters) (Ocean
Data View: SChlitzer, 2011).... ..o it e e e e e

Figure 34 : La circulation thermo-haline globale.sfimation du transport de masse
méridional (Mt/s). Les fleches rouges représentesiteaux peu profondes et/ou relativement
chaudes. Les fleches en pointillés jaunes les gaaxmediaires a profondes. Les fleches en
pointillés bleus représentent les eaux de fondudtmides. Les fleches ne représentent pas les
courants directement mais plutét l'intégration c@edte de ces courants. Les cercles avec
un point représentent les upwellings liés a la djeace de masse. Les cercles avec une croix
représentent les downwellings liés a la convergetheemasse (d’aprés Macdonald et al.
(2001), adapté de Ganachaud and Wunsch (2000))........ccoviiiriieiiiiiiieie e,

Figure 35 : A) Températures et courants simulé®aute I'Afrique du Sud (crédit image :
IFM-GEOMAR). B) lllustration des processus onduige transmettant les anomalies
induites par le courant des Aiguilles dans la parsupérieure de 'AMOC. Les fleches
donnent une illustration des processus transportast anneaux et les ondes de Rossby
originaire du courant des Aiguilles a travers ledSde I'Atlantique (jaune) et les ondes de
Kelvin le long du plateau continental de 'Amériqde Sud (rouge) (Biastoch et al.,

Figure 36 : Anomalie de formation et d’écoulememt ld NADW a travers 30°S. Dans
I'expérience, une source de chaleur et de sel anétéduite dans I’Atlantique Sud au jour 1
(Weijer €t al., 2002).......in et et et e e e et e e e e e e e
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Figure 37 : Pluviométrie sur le continent africadurant I'été et I'hiver austral (modifié
d’apres Dauteuil et al. (2009)).....ccuiiii i

Figure 38 : Influence du courant des Aiguilles $es précipitations estivales le long de la
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Figure 39 : Décharges fluviales annuelles pour déaxves de la cote Sud-est Africaine, le
Zambeze et le Limpopo (données couvrant la périt@lgs-1979) (Ocean Data View :
Yo ] 174 = S0 0 5

Figure 40 : Les navires Marion-Dufresne (crédit pho Linda Rossignol, laboratoire
EPOC) et JOIDES Resolution (crédit photo d'apres tp:Hivww-
odp.tamu.edu/public/slidesetthumbsSA.NtML..........ooeiiii e
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Figure 41 : Localisation des différents enregistests sédimentaires marins étudiés dans le
cadre de la thése. La période étudiée pour chaamemregistrements (en bleu) ainsi que les
outils développés dans le cadre de la thése (egeapwu déja existants (en noir) sont
1T Lo 18 =S

Figure 42 . Exemple de lame mince indurée avec rghien du facies sédimentaire au
microscope (lumiére polarisée analysée) pour laotar MD04-2861 située au large du
Pakistan (crédit photo: Thibaut CALEY, laboratoE®OC).............cccovvvvivvnenn ..

Figure 43 : Exemple de tests de foraminiferes (trptoto: Thibaut CALEY, laboratoire
45

Figure 44 : Exemple de relation entre la températde surface de I'océan et I'abondance de
I'espece planctonique G. ruber (crédit photo: Fragee Eynaud, laboratoire EPOC) dans
les sédiments actuels de I'océan Indien Sud (Dandé&wres MARGO ; Barrows and Steve,

Figure 45 : Exemple de relation entre les tempé&eguannuelles de surface de I'océan
mesurées (WAO98) et celles reconstituées gracergihode des analogues modernes (MAT)
pour I'océan Indien Sud (base de données de 36ahddages modernes d’'aprés MARGO ;
Barrows and Steve, 2005). L’incertitude sur la mestitution de température associée a cette
méthode et pour cette base de données estde 0,8°C.........ccooiiiiiiiiiii e,

Figure 46 : Exemple de relation entre le rapport /g des foraminiféres planctoniques G.
ruber et G. bulloides et la température de caleifien (modifié d’apres Cléroux et al. (2008)
en comparaison avec les résultats de Anand e2@03) et Elderfield and Ganssen (2000) ;
crédit photo: Frederique Eynaud, laboratoire EPOC).............ccoviiiiiiiiiiinnenn,

Figure 47 : Relation entre la différence de tempér@ (obtenue avec les mesures Mg/Ca et
celles de calcification) et les salinités de suefate 'océan pour I'espece de foraminifére
planctonique G. ruber (Mathien-Blard and BassirR09).................ccveviinnnnn.
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Figure 48 : Calibration globale de température pdarUK’s; basée sur des prélevements de
surface (modifié d’apres Muller et al. (1998))au... v vie i i e e
49

Figure 49 : Structure des glycerol dialkyl glycert¢traethers (GDGTs) (Kim et al.,

Figure 50: Calibration de température pour le TEX(modifié d’'aprés Kim et al.

(2000)). ettt e e e e s
50

Figure 51 : Représentation schématique des factearsronnementaux qui influencent le
5*%0 des tests de foraminiféres. On considére ici nactibnnement thermodynamique &
I'équilibre et sans effet vital...........c.ooiin i

Figure 52 : Relation actuelle entre 8°0s,, et la salinité de surface de 'océan. Par exemple,
les fortes salinités de I'océan Atlantique tropicsint associées & des valeurs &g,
élevées (données d'aprés Schmidt, G.A., G. R. Bigh E. J. Rohling. 1999. "Global
Seawater Oxygen-18 Database".http://data.giss.nasa.gov/o18data/ et  d’aprés
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from irth&Veb site at
http://www.esrl.noaa.gov/psd/ original data afteoMerey and Levitus (1997)).......
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Figure 53 : Exemple de relation régionale pour Bam Atlantique Nord (losanges), I'Indien
Sud (ronds), la Mer rouge/Golfe persique (carrésldygue et al., 2001) et la Mer d’Arabie
(triangles) entre 1e5'%0 de I'eau de mer et la salinité de surface (dosnéaprés Schmidt,
G.A., G. R. Bigg and E. J. Rohling. 1999. "Globaa®ater Oxygen-18 Database".
http://data.giss.nasa.qoVv/0L18daaL............ceevvveeeeeiiiee e ee e e e e e e e e e
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Figure 54 : Structure des « glycerol dialkyl glyoktetraethers » (GDGT) présent dans les
sédiments marins, lacs et sols terrestres (Hopnedrad., 2004). Les lipides |, 1l et Il sont

dominants dans les environnements terrestres (ole pe « branched tetraether lipids »).

Ces lipides ne font donc pas partie du groupe isnpidal des GDGTs tel que le lipide 1V qui
provient des archées planctoniques marins (on pdel& crenarchaeol »)..............

Figure 55: Le BIT index comme indicateur de l'ajpde matiere organique par les
décharges fluviales (Hopmans et al., 2004) . ... .ovve i e
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Figure 56 : Représentation d’un lipide provenantur plante supérieure (C29-alkane) et
exemple d’'une étude documentant la relation erdréempérature de surface de I'océan
(SST) et le signa¥*>C des ces alkanes pour un site sédimentaire méig slans la zone
tropicale de I'Atlantique Sud. Le pourcentage denpds C4 est estimé a partir de I'alkane
C31, qui est dominant, et a partir d'une équatidnalre de mélange en assumant que le
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(données d’apres Schefuss et al. (2003)). Ces usad@montrent le contrdle des SST sur la
VEQELAtioN AffiCAINE. ... .t e e e e e e
56

Figure 57 : Principe de I'’XRF (Richter etal., 2006...........c..cccviiiiiiiiiiie e,
57

Figure 58 : Réponse de la mousson Indo-asiatiqueauiations glaciaires-interglaciaires.
a) La susceptibilité magnétique (S.M) dans les taps est reliée a la pédogenése de ces
derniers est utilisée comme indicateur de la mouskété asiatique (Clemens et al., 2008 ;
Sun et al., 2006). b) Données Fed/Fet(Belibre/Fe,0O3 total) comme indice d’altération
chimique des Loess chinois et utilisé comme ingicadle la mousson d’été asiatique (Guo et
al., 2000 ; 2009). c) Indice de mousson estivaME() asiatique dans les Loess chinois
calculé sur la base des assemblages de mollusquesstres (Rousseau et al., 2009). d)
Indicateur granulométrique (teneur de la fractiorogsiere > 32um)) dans les Loess en tant
gu’indice de la mousson d’hiver asiatique (des sdatts favorisent le transport de grosses
particules ; Guo et al., 2009). e) Indice de mouskivernale (IMH) asiatique dans les Loess
chinois calculé sur la base des assemblages deusapiés terrestres (Rousseau et al., 2009).
f) Signal isotopiquedt?0) des spéléothémes asiatiques comme indicatelarrdeusson d’été
(Cheng et al., 2009 ; Dykoski et al., 2005 ; Wahglg 2001 ; 2008). g) Stack d’'indicateurs
de la mer d’Arabie comme indice de mousson estindienne (Clemens and Prell, 2003). h)
Stack (LR04) dw'?O des foraminiféres benthiques en tant qu'indicaiges variations du
volume de glace (Lisiecki and Raymo, 2005). Leerdifites périodes glaciaires (chiffres
pairs) et interglaciaires (chiffres impairs) somtdiquées (MIS : stade isotopique marin). Les
cadres bleus indiquent le développement de moussstigles importantes durant les
périodes glaciaires. La mousson atypique enregisti#ns les loess chinois durant le MIS 13
est iNdiquée par 1€ Cadre rOUQE.........vv et e e e e e e e e e e e eenes
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Figure 59 : Forcages et réeponses des indicateursndasson d’été Indo-asiatique a I'échelle
orbitale (précession et obliquité). a) Variation dgbliquité au cours du temps (Laskar et al.,
2004). b) Variation de l'indice de précession awmsodu temps (Laskar et al.,, 2004). c)
Pluies estivales modélisées (modele Climber 2) fidgie (Ziegler et al., 2010b). d) Stack
d’indicateurs pour la mer d’Arabie comme indicerdeusson estivale indienne (Clemens and
Prell, 2003). e) Variation de la teneur de Bromerear d’Arabie comme indicateur de la
teneur en carbone organique marin (Ziegler et a010b). f) Signal isotopiqueyO) des
spéléothémes asiatigues comme indicateur de lasoou$été (Cheng et al., 2009 ; Dykoski
et al., 2005 ; Wang et al., 2001 ; 2008). Les deagmes simplifies de phases sont associés
aux enregistrements de la mousson d’'été décritséaigmment : ils illustrent la réponse des
différents enregistrements au forcage de I'insolafpour les périodes orbitales de précession
(23 000 ans) et d'obliquité (41 000 ans). La phasdle est fixée pour un minimum de
précession (augmentation de l'insolation d’été dd&hgmisphere Nord) et un maximum
d’obliquité (augmentation de l'insolation d’'été datihémisphére Nord et Sud). Les phases
négatives sont mesurées dans le sens des aigdillas montre et représentent un retard
temporel. Ainsi, la position d’un vecteur représelat réponse de I'enregistrement au forcage
de I'insolation dans le temps. Position du volureegthce d’apres Lisiecki and Raymo (2005)
et du maximum de chaleur Ilatente daprés Clemens &t (2008 ;
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Figure 60 : Forcages et réponses des indicateursndeisson d’hiver asiatique a I'échelle
orbitale (précession et obliquité). a) Taille dewigs de quartz normalisée (Clemens et al.,
2008). b) Accumulation des chlorins dans le sédirftelemens et al., 2008 ; Higgison et al.,
2003 ; 2004). c) Accumulation des alcénones tottans le sédiment (Clemens et al., 2008 ;
Hu et al., 2002 ; Pelejero et al., 1999). d) Acclation de manganése (Mn) dans le sédiment
(Calvert et al.,, 1993 ; Clemens et al., 2008). ldtgsgrammes simplifies de phases sont
associés aux enregistrements de la mousson d’tléeits precédemment..............
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Figure 61 : Comparaison entre le stack de moussdienne estivale et le niveau de gris de
RX pour la carotte MD04-2861. La position des éwiindique la localisation des lames
mMinces réalis€es dans la Carotte ... ..o v it e e e

Figure 62 : Exemple de deux lames minces réalisies la carotte MD04-2861 avec
observation du faciés au microscope en lumierens#a analySée........................
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Figure 63 : Positionnement des enregistrementgsésipour documenter la relation de phase
(forcage/réponse) de la mousson boréale a I'écheldditale.......................... o

Figure 64 : Diagrammes simplifiés de phases poarderegistrements de la mousson Indo-
asiatique estivale et hivernale (la phase pour éssegistrements de la mousson Ouest-
africaine est également indiquée : Tableau 2). illestrent la réponse des différents
enregistrements au forcage de l'insolation pourpésiodes orbitales de précession (23 000
ans) et d’obliquité (41 000 ans). La phase nullefege pour un minimum de précession (=
insolation maximale absolue a 30°N) et un maximuabliduité (= insolation maximale
absolue a 30°N). Les phases négatives sont mestaésde sens des aiguilles d’'une montre
et représentent un retard temporel. Ainsi, la positd’'un vecteur indique la réponse de
I'enregistrement au forcage de l'insolation danst@mps. Position du volume de glace
d’apres Lisiecki and Raymo (2005) et NINO 3 d’ap@sment and Cane (1999). Les aires
grises représentent I'écart typesjsur la phase moyenne (Tableau 2).................

Figure 65 : « Modéles » conceptuels pour le « cbroatre » des fortes moussons Indo-
asiatiques estivales (-P-8+0-6 : somme de la pr&ioesnormalizée et retardée de 8000 ans
apres changement de signe et de I'obliquité norméaliet retardée de 6000 ans) et hivernales
(-P+3+0+11.5: somme de la précession normalizée agancée de 3000 ans apres
changement de signe et de l'obliquité normalizéevahcée de 11500 ans) (les parametres de
précession et d'obliquité utilisés proviennent ddsvaux de Laskar et al.
221007

Figure 66 : La mousson estivale indienne en péstmmnditions glaciaires. a) Stack pour la
mousson indienne au site MD04-2861 (Caley et Qll12). b) Variations semi-quantitatives
des teneurs en brome (mesures par XRF) pour |eNs@¥ (Ziegler et al., 2010b). c) Stack
pour la mousson indienne au site ODP 722 (donn&gs ek Altabet et al. (1999) et Clemens
et al. (2008), en rouge) et stack de Caley et201(b) pour le méme site (orange). d) Stack
pour la mousson indienne au site ODP 722 et RCZ@&mens and Prell, 2003). 8)°0Osw
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(ice free) (indicateur de salinité de surface dec€an) pour le site Maldives MD90-0963
(Caley et al., 2011b). f) Coups XRF de baryum @atdiur de productivité de surface de
I'océan) pour le site MD04-2881 (Ziegler et al.,12@). e)0*0 LR04 comme indicateur des
variations du volume de glace (Lisiecki and Ray2@)5). Le « modéle conceptuel » des
fortes moussons Indo-asiatiques estivales (-P-8+@durbes noires) est comparé aux
données de la mousson indienne. Les traits en ili@nbleus indiquent la présence de
moussons estivales en périodes/conditions gla@aire ............cocvvvivvie e i i,

Figure 67 : La mousson hivernale Indo-asiatiquepgmiodes/conditions interglaciaires. a)

Abondance des foraminiféres planctoniques documedamousson hivernale indienne au
site MD04-2861 (Caley et al., 2011c). b) Flux ddd@ihs au site ODP 1146 (Clemens et al.,
2008). c) Flux d'alcénones totaux au site ODP 11@t&mens et al.,, 2008). d) Flux de
manganése au site ODP 1146 (Clemens et al., 2@08):°0 LR04 comme indicateur des

variations du volume de glace (Lisiecki and Ray2@)5). Le « modéle conceptuel » des
fortes moussons Indo-asiatiques hivernales (-P+34D:5, courbes noires) est comparé aux
données de la mousson Indo-asiatique. Les traifgoattillés rouges indiquent la présence de
moussons hivernales en périodes interglaciaires............coooveviiiiiii i
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Figure 68 : Migration de la Convergence Subtropeca&t variabilité du transfert de masse
d’eau entre I'océan Indien en Atlantiqgue au coues dlerniers 550000 ans (données d’apres
Peeters et al. (2004)). Le renforcement du tratsfatre périodes glaciaires-interglaciaires
(terminaisons) au moment du maximum de volume deegést indiqué par les cadres
(00T TSP
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Figure 69 : Migration extréme vers le Nord de lar@ergence SubTropicale (STC) durant les
périodes glaciaires 10 et 12 enregistrée sur uneotta située au Sud du courant des
Aiguilles (33.17°S, 31.25°E ; données d’aprés Bamdll Rickaby (2009)). Les cadres gris
indiquent les glaciaires 10 et 12 pour lesquell@snplitude du changement de volume de
glace est anormalement forte en comparaison deoltdon de la teneur en COde
'atmosphere (données d'apres Lisieski and RaymdO0%2 et Ldathi et al.
221010} ) ) P

Figure 70 : Different assemblages of planktoniafomifera at site MD96-2048. a) Tropical
assemblage. B) Tropical-Subtropical assemblage.T@nsitional assemblage. D) Polar-
Subpolar assemblage. E) Ice volume changes (Lisemut Raymo, 2005). The different
assemblages are based on the work of Bé and H{8317)...............c. oo viieienns

Figure 71 : Test for the modern database compo$e2bd core tops from the south Indian
Ocean (Barrow and Steve, 2005) yielding to a prenisof 0.8°C for the annual SST
reconstructions. Modern hydrological parameters eveequested from the WOA (1998)
database using the tool developed by Schaffer-tliatihg the MARGO project........
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Figure 72 : Comparison of four independent palegierature records over the last 800 ka in
the South-West Indian Ocean: similarities and d#fi€es. ..............ccceeviiiiiininn.nn.

Figure 73 : Correlation between G. ruber size-nolimed weight and the ratio of Mg/Ca for
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Figure 74 : Effect of global glacial/interglacialabnity changes on the Mg/Ca-derived
temperature signal. The residual after subtracti@tween Mg/Ca-SST and the annual MAT-
SST signal fit very well with changes in salinitijieh induce a change in Mg/Ca-SST and
indicate higher SST during glacial
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Figure 75 : Effect of global salinity biased Mg/GST on salinity 45°0Osw)
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Figure 76 : Impact du fleuve Limpopo sur le courdat Aiguilles. La quantité de lipides (n-
alkanes) apportée au site MD96-2048 suit les varet des lipides d'origines terrestres
(branched GDGT’s) et suggére un apport par le feelwmpopo. Toutefois, le BIT index
indique que I'apport par le fleuve est trés lim@leur proche de 0) e ..ovveevieennne.
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Figure 77 : Téléconnection entre la dynamique tcaf@ de I'Indo-pacifique (intéractions
mousson, 10D et ENSO) et le transfert du couramst Aiguilles avec son impact climatique
global potentiel (Ocean Data View : Schlitzer, 2D11............cocoiiiiiiiiiiiiiienns

Figure 78 : Téléconnection entre A) Le transfediém-Atlantique du courant des Aiguilles,
B) Son effet sur la circulation thermo-haline enaAtique Nord (Bard and Rickaby, 2009
supplementary information ; Mix et al., 1995 ; Ruddn et al., 1989), C) L'impact potentiel
sur la modulation du volume de glace de I'hémisphord (Lisiecki and Raymo, 2005) et D)
Les répercussions sur l'intensité de la moussoivast indienne (Clemens et al., 1996 ;
2008) (Ocean Data View : Schlitzer, 2011) . ....cccouuiiiieiiie i e

Figure 79 : Le concept de mousson globale vu demmaVantiphase des hémisphéres Nord et
Sud. A) Ba/Ca comme indicateur de décharges flewiliEes a la mousson estivale Nord-
ouest africaine (Weldeab et al., 2007). BJO des spéléothémes de Botuvera cave comme
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Prologue
Prologue

Le nom mousson est issu de I'arabeausim »qui signifie saison. La mousson est en effet un
phénomene saisonnier de renversement de ventssausdde vastes régions intertropicales.
On associe a ce renversement saisonnier un canttasprécipitation sur le continent avec
deux saisons extrémes : I'été marqué par des fiadicips excessivement abondantes, et
I'niver avec la présence d’un air sec (Figure 1).

Strong /" \

solar

radiatior/ \
% High pressure:

p
N— / Cooler ocean
Hot land surface : e

e s —

A Summer monsoon

Weak

radiatioV \

\ -

ressur
P Low pressure:
Warmer ocean

Cold land surface

B Winter monsoon

Figure 1 : Principe schématique de la mousson (Rudd, 2001).

La mousson, de part le renversement saisonnier véess associés au contraste des
précipitations, constitue une réserve d’eau impbetgpour les populations vivant sous son
influence. Ce phénomeéne se rencontre non seulemotir de la mer d’Arabie, mais aussi

sur tout le continent Indo-asiatique et AfricainedDétudes climatiques détaillées montrent
gue le développement ou le déclin rapide de catili;is dans le Sud et I'Est de I'Asie ont été
contrdlés de facon importante par la dynamiqueadaedusson (Clift and Plumb, 2008). Cette
dynamique a été et continuera a étre d'importanegiale pour la prospérité des régions sous
son influence et I'économie globale (Webster et1&98) (Figure 2).
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Indian Rice Production & Rainfall
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Figure 2 : Exemple de l'importance de la moussorurpdagriculture indienne. (a)
Production indienne annuelle de riz de 1960 a 1986 rapport a 1978 (100 unités). (b)
Indice de précipitation pour 'ensemble de I'Ind&IRI) (en millimétres) définit par Mooley
and Parthasarathy (1984) pour la méme période Pf@duction de riz indienne contre AIRI
en termes d'écart a la moyenne. Un rapport de mddeéfort (la corrélation est de 0.61)
existe entre les deux indices (Webster et al., 1998

Dans le contexte des perturbations climatiquesiglitg anthropique, il est important de
prévoir I'évolution de ces processus atmosphériqlorg les répercussions pourraient avoir
une dimension globale.

En 2007, le quatriéme rapport du GIEC indiquait ueolume des précipitations augmentera
tres probablement aux latitudes élevées d’ici tadii XXleme siécle, alors qu’il diminuera
probablement dans la plupart des régions contitensaibtropicales (d’environ 20 % en 2100
selon le scénario A1B — Figure 3), dans la contindies tendances observées recemment.
Toutefois, les modeles prédictifs peinent générategna simuler I'évolution prochaine de la
disponibilité en eau aux basses latitudes (Figlrées projections indiquent que la mousson
asiatique devrait gagner en intensité (augmentad&s précipitations), en liaison probable
avec une augmentation de la température globaleQ@GR007). Cependant, le rdle des
aérosols complique la nature des projections fatetelus particulierement pour la mousson
asiatique (GIEC, 2007En conséquence, comprendre les facteurs qui centréd mousson
et expliquent sa variabilité naturelle passée ptéseun intérét considérable pour
I'amélioration des projections futures.
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Projections multimodéles des variations du régime des précipitations

Figure 3 : Variations relatives du régime des ppéetions (%) pour la période 2090-2099,
par rapport a la période 1980-1999. Les valeursigueées sont des moyennes tirées de
plusieurs modéles, obtenues a partir du scénariB Al SRES pour des périodes allant de
décembre a février (a gauche) et de juin a aoldr@ite). Les zones en blanc correspondent
aux régions ou moins de 66 % des modéles concosdett sens de la variation et les zones
en pointillé a celles ou plus de 90 % des modedesardent sur celui-ci (GIEC, 2007).

Projections et cohérence des simulations concernant les variations relatives du ruissellement d'ici la fin du XXI* siecle

; '; . = “t

Augmentation
aux latitudes
élevées

Diminution dans
quelgues régions
séches

Variations moins
iables aux basses
latitudes (p. ex. dans|
les zones de |

mousson)

Figure 4 : Variations relatives a grande échelle dussellement annuel (disponibilités en
eau, en pourcentage) pour la période 2090-2099, nagport a la période 1980-1999. La
figure présente les valeurs médianes de 12 modéieatiques selon le scénario A1B du
SRES. Les zones en blanc indiquent les régionsomsde 66 % des 12 modeles concordent
sur le sens de la variation et les zones en pténtelles ou plus de 90 % des modéles
concordent sur celui-ci (GIEC, 2007).

De plus, les précipitations (I'effet des moussan#)un effet direct sur la qualité des eaux de

'océan Indien, qui elles-mémes, peuvent avoir infleience globale. En effet, une grande
partie des eaux de surface de I'océan Indien rejmoéan Atlantique via le courant des
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Aiguilles qui s’écoule le long de la marge Sud-afsicaine (Figure 5). Ce transfert constitue
un des éléments clés de la boucle/circulation tbemadine globale.

Il a été démontré qu’en raison du forcage anthrgpifCai, 2006), la migration des vents
d’Ouest en direction du pdle Sud avait stimulé&dmsfert de sel et de chaleur du courant des
Aiguilles depuis I'océan Indien vers I'océan Atlapie Sud (Figure 5) (Biastoch et al., 2009 ;
Rouault et al., 2009). Ceci pourrait avoir des égouences sur I'évolution future de la
circulation thermohaline en Atlantique Nord. Méme cela reste a confirmer, cette
modification dans le transfert de masse d'eau pdtustabiliser un potentiel déclin du
systeme du Gulf Stream (lié a la fonte de la basegarctique et de la calotte groenlandaise)
causé par le déréglement climatique (Biastoch.£2@09).

3.9 Sv, F=-61 mSy, S =235.62
4.0 Sy, -76 mSv, S=35.75

1968-1972: V=
2000-2004: V=

—Q°

-20°8
1860 1970 1980 1990 2000

spnjieT

-40° 8

1968-1972: V=14 Sv (T > 10°C)
2000-2004: V=21Sv (T>10°C)
T e i
70° W 50° W 30° W 100 W 10°E 30°E 50° E
Longitude

Figure 5 : Transfert de masse d’eau depuis I'ocBatien et impact sur 'augmentation de la
salinité des eaux de la thermocline en Atlantiqud. EExemple de trajectoires de flotteurs
obtenus avec une température T0°C le long de la section de « Good Hope » eftayuii le
Sud de 'Atlantique depuis I'océan Indien (vert®¢éan austral (bleus) ou I’Atlantique Nord
(rouges). Les transports en volume (V) et d’eaucdoffr) (les nombres négatifs indiquent
I'advection de sel vers le Nord) sont montrés pesrsections 6°S (ligne en pointillée rouge-
noire) et Good Hope (ligne en pointillée noire) pdes périodes indiquées, et la salinité
moyenne (S) des flotteurs quittant le domaine @wicdu courant Brésilien Nord (gamme de
profondeur, 100-600m). L'encadré montre une analjstorique des profils de salinité
moyennés sur la méme gamme de profondeur sur éakegitde 'Amérique du Sud (boite
jaune) (d’apres Biastoch et al. (2009)).

La nécessité de mieux appréhender la climatoldgie@anographie de 'océan Indien, dans
'optique d’'une meilleure compréhension des praggsde mousson et du courant des
Aiguilles, peut étre illustrée par l'intérét craasd de la communauté scientifique concernant
ces problématiques (Figure 6).
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Figure 6 : Evolution du nombre de travaux scieqtifts par année ayant comme sujet : A) le
courant des Aiguilles (d’aprés Lutjeharms (20063qu’a I'année 1993 puis d’aprés les

articles contenant le mot « Agulhas » dans leuetitdentifié avec le moteur de recherche
Google Scholar) B) la mousson (d’apres les artidestenant le mot « Monsoon » dans leur
titre, identifié avec le moteur de recherche Godggholar).

Cette thése s'inscrit dans le besoin croissantediaeilleure caractérisation de la dynamique

naturelle du climat de I'océan Indien et de sondaotlobal a travers I'évolution passée des
moussons, du courant des Aiguilles et de leursilplesstéléconnections (Figure 7).
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Figure 7 : Téléconnection océanique entre la dympmides vents équatoriaux Indiens et le

transfert des anneaux depuis le courant des Argifmodifié d’apres Schouten et al.
(2002)).

Ainsi, trois objectifs principaux peuvent étre dimpour cette thése :

Dans cette these, nous aborderons ces problémati@ukechelle orbitale (incluant les
conditions glaciaires/interglaciaires) au coursedpériode Quaternaire.
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Partie 1 : Cadre temporel de I'étude

La Terre a oscillé entre des périodes glaciairesjugges par la présence de calottes de glace
aux péles, périodes dites « icehouse », et desdefriinterglaciaires marquées par I'absence
de calottes : périodes dites « greenhouse ».

Depuis environ trois millions d’années, la Terresgee dans une période glaciaire (icehouse)
dont les conditions d'initiation restent tres comBrsées (Raymo and Huybers, 2008).
Beaucoup d’hypothéses ont été avancées : la ferenétatonique de l'isthme de Panama
(Keigwin, 1982), la fermeture de «[l'Indonesian wag» (Cane and Molnar, 2001),
I'élévation de la chaine Himalayenne et du TibeayiRo et al., 1988), la modulation de
I'obliquité (Maslin et al., 1998) ou encore des mp@ments dans la stratification de I'océan
Pacifique Nord (Haug et al., 2005 ; Sigman et241Q4).

Au sein de cette période « icehouse » on obsealterfiance de périodes caractérisées par un
volume de glace continentale plus important, etpdaodes ou le volume de glace était
moindre. Par abus de language, on parlera de g&rigldciaires et interglaciaires.

Le Quaternaire, période qui comprend le Pléistoeditielolocene, a débuté il y a environ 2,6
million d’années et est marqué par une successmstitdations climatiques importante au
sein du Pléistocéne (Gibbard and Cohen, 2008) (&igu

Les successions climatiques de type glaciairefifderaire ont été décrites entre autres par
I'étude isotopique des sédiments marins (HuybedisVdansch, 2004 ; Imbrie, 1984 ; Lisiecki
and Raymo, 2005 ; Shackleton, 2000). Ces enregistitss sont a I'origine d’une échelle
stratigraphique isotopique dont la plus récentpebpLR04, a été établie par Lisiecki and
Raymo (2005) a partir de la compilation de 57 cearisotopiques issues de I'analyse des
tests de foraminiferes benthiques extraits de rs€dimentaires réparties sur 'ensemble du
globe. Ces enregistrements ont été datés prinongaiesur la base des cyclicités orbitales.
Les stades isotopiques impairs correspondent aindes interglaciaires tandis que les stades
isotopiques pairs correspondent aux périodes glasiérigure 8).
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Figure 8: Chronologie du Quaternaire, cyclicité aglaire-interglaciaire, forcage de
linsolation et période étudiée dans le cadre detHase.s*®0 LRO4 d'aprés Lisiecki and
Raymo (2005), paramétres orbitaux et insolatiorpdes Laskar et al. (2004).

Milankovitch (1920) développe la théorie astronomeigqles climats validée par la suite par
Berger (1978). Cette théorie montre que l'altereade périodes glaciaires et interglaciaires
répond de facon proportionnelle aux variations tatbs de la Terre. Sous l'effet de
I'attraction des autres planétes, la Terre n’estpgasitionnée de maniére identique par rapport
au Soleil au cours du temps. Ceci va moduler be dle chaleur regu. De ce fait, I'insolation
dépend de trois parameétres astronomiques :

- I'excentricité: elle dépend de l'aplatissement de l'orbite tetine (variation du cercle a
I'ellipse) avec une périodicité de 100000 et 413a606 (Figure 9). Elle module la précession
climatique.
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Figure 9 : Les différents paramétres orbitaux eirk périodicités (Langlois (2003) d'apres
Crowley and North (1991)).

- 'obliquité : elle est liée a I'inclinaison de I'axe de rotettide la Terre par rapport au plan de
I'écliptique (entre 22° et 24°5) avec une périadicde 41000 ans (Figure 9). Elle est
responsable des saisons.

-la précession climatiqueelle résulte du mouvement combiné de I'ellipseestre autour du
soleil et de la Terre qui tourne comme une toupiédession des équinoxes). La cyclicité est
de 19000 et 23000 ans (Figure 9). Elle a pour eléefaire évoluer dans le temps la position
de la Terre sur 'ellipse @ un moment précis derli&e.

L'indice de précession est défini comme la comlsioaide I'excentricité et de la précession
climatique : indice de précession = excentricigrx(précession climatique).

D’aprés la convention de Berger (1978), un indieepdécession faible correspond a un été
chaud et un hiver froid dans I'hémisphére Nord. Dea cas, 'hémisphére Sud connaitra un
contraste saisonnier moins important.

Le résultat combiné des trois parametres orbitagotitd précédemment conduit au calcul
d’insolation (Figure 8).

D’aprés la théorie astronomique des climats, le @ I'ensoleillement estival aux hautes
latitudes Nord semble trés important pour expligesrcycles glaciaires-interglaciaires ainsi
que les transitions entre périodes glaciaires tergtaciaires (Terminaisons). Toutefois, les
travaux récents de Huybers and Wunsch (2005) ebétsy(2007) montrent que I'obliquité
(et non l'insolation) pourrait expliquer a elle kela cyclicité de 41 000 ans du Pléistocéne
Inférieur et la pseudo-cyclicité de ~100 000 ansPtkistocene Moyen et Supérieur (Figure
8).
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En effet, au cours du Quaternaire, la cycliciteiglme/interglaciaire a évoluée, passant d’'une
cyclicité de ~41 000 ans a une cyclicité de ~100 @0s pour des raisons encore trés mal
comprises (Honish et al., 2009 ; Lisiecki and Ray@@07 ; Raymo and Huybers, 2008).
Cette transition, appelée transition Mid-Pleistec@PT), qui a débuté il y a 1250000 ans et
s’est terminée il y a 700000 ans, intervient samsua changement apparent du forcage de
I'insolation (Clark et al., 2006). Les travaux deybers and Wunsch (2005) ont montré que
la quasi-totalité des Terminaisons du Quaternagepsoduisait proche des maximums
d’obliquité. Cette hypothése est trés séduisantelba permettrait d’expliquer les cycles de
100000 ans du Pléistocéne Moyen et Supérieur codamenultiples de I'obliquité. En effet,

il est abusif de parler de périodicité de 100008 pmisque la durée entre deux transitions
climatiques majeures varie entre 80000 et 12008C=amiron c'est-a-dire 2 ou 3 multiples de
I'obliquité. L’évolution vers une pseudo-cyclicitéd 100000 ans pourrait venir de
'augmentation de la capacité des calottes de ghaoésister au flux maximum de chaleur
recue (Bintanja and Van De Wal, 2008 ; Huybers,620Raymo, 1997). De plus, cette
pseudo-périodicité de 100000 ans ne peut pas alexplication simple en termes de
variation d’excentricité car ce parametre indui glariations dans la quantité d’énergie recue
par la terre de I'ordre de 0.1%, qui n’ont sanstd@ucun impact immédiat sur le climat de la
Terre. D’autres hypotheses ont également été agarmaur expliquer la MPT: extension de
la calotte antarctique sur I'océan (Raymo et &8l06) ou encore I'accroissement de la stabilité
de la calotte Laurentide d0 a I'érosion du régelitdord-Américain (Clark and Pollard,
1998).

Il est important de noter qu’'il existe des conditioglaciaires-interglaciaires au sein
desquelles on observe des variations orbitalesg{at# et précession). Dans cette thése, nous
parlerons donc de variations orbitales (excené&joitbliquité et précession) mais aussi de
conditions glaciaires-interglaciaires (pseudo-aytdide 100000 ans).

Dans le cadre des Terminaisons du Pleistocene melysapérieur, il convient de préciser
gu’'associés aux forcages orbitaux que I'on quatiBeforcages externes, les forcages internes
au systeme climatique (Figure 10) tels que lesatiaris de la teneur atmosphérique en,,CO
la circulation atmosphérique et océanique globalet trés certainement joué un réle
important dans le mécanisme de ces transitionsn@ateal., 2009).

CAUSES CLIMATE SYSTEM CLIMATE VARIATIONS
(external forcing) (internal interactions) (internal responses)
Changes in '
plate tectonics
Changes
=" in
Ice
e Changes
ges in = in
Earth's orbit vegetation
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Ocean
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Sun's strength > land
surface

Figure 10 : Forcages externes et internes pourykeme climatique (Ruddiman, 2001).
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Il est également important de signaler qu'a «d&i@ur » de la variabilité orbitale est
contenue une variabilité d’ordre millénaire (d’'utherée moyenne de 1000 a 3000 ans) dont
I'origine est encore débattue. Elle peut étre itiées par I'étude des rapports isotopiques des
carottes de glace du Groenland (Dansgaard et®3 1Grootes et al., 1993 ; Meese et al.,
1997). Ces variations climatiques, tout d’'abordediées dans I'hémisphere Nord, sont
regroupées sous le nom de cycles de Dansgaard-gges@/O), les phases froides et
chaudes étant respectivement appelées stadeseedtades de Dansgaard-Oeschger (Bond
and Lotti, 1995 ; Broecker and Denton, 1989 ; Daasdg et al., 1993) (Figure 11).
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Figure 11 : La variabilité d’ordre millénaire (intstades en rouge (D/O) et événements de
Henrich (H) en noir ; données d'aprés NGRIP (2004))

Cette variabilité atmosphérique est parfois liékea refroidissements séveéres et récurrents de
I'océan Atlantique Nord appelés événements de libdir{H) (Heinrich, 1988) (Figure 11). Il
s’agit de dépbts riches en grains détritiques ggossou IRD (Ice-Rafted Detritus), issus de
décharge d’icebergs d’une durée moyenne de 10Q0@ &ns (Elliot et al., 1998 ; 2001). Ce
type de variabilité millénaire ne sera pas abordiésde cadre de cette thése. De méme, |l
existe des variabilités centennales et décennalgs, qui ne feront pas I'objet de cette thése.
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Partie 2 : Cadre environnemental : climatologie ebcéanoqgraphie de I'océan
Indien

1. La mousson Indo-asiatique et le concept de mowssglobale
1.1 Méteorologie de la mousson Indo-asiatique

Notre compréhension de la météorologie des mousstodss facteurs qui les contrdlent est
loin d’étre complete. D’'une fagcon simplifiée, I'égee issue du soleil va étre transmise a
'atmosphere. La facon dont cette énergie est mn&ses a I'atmosphére est tres différente

suivant que I'on se situe sur une région contilera océanique. Les terres ont une faible
capacité calorifiqgue ce qui va permettre a la s@rfde transmettre immeédiatement I'énergie
recu du soleil a I'atmospheéere. Au contraire, legams ont une capacité calorifique plus

élevée. A ceci vient s'ajouter les effets des coisr&t des mélanges a l'intérieur de I'océan
qui ont une forte influence sur les températuresuttace. Il 'y a donc pas de transfert direct
d’énergie a 'atmosphére.

Ce fort contraste de température entre le contie¢rtocéan, on parle de différence de

chaleur sensible, est au cceur du systeme de modsssnson ensemble (Figures 1). Les
différences de pressions générées par ce gradicientpérature permettent la mise en place
de vents importants et de précipitations sur leticent dans le cas de la saison humide
(Figure 12).
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Figure 12 : Vents et précipitations de la moussorehle durant la saison estivale (modifié
d’aprés Wang et al. (2003)).

La dynamique des vents est, en premier ordre, léeumode la circulation océanique
géostrophique de surface (Figure 13).
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Figure 13 : Circulation océanique de surface daonséan Indien durant la saison estivale et
hivernale (transport en Sv=2@’s). Current branches indicated are the South Eopal
Current (SEC), South Equatorial Countercurrent (£BC Northeast and Southeast
Madagascar Current (NEMC and SEMC), East AfricanagioCurrent (EACC), Somali
Current (SC), Southern Gyre (SG) and Great WhiN)Gand associated upwelling wedges,
Socotra Eddy (SE), Ras al Hadd Jet (RHJ) and upwgelvedges off Oman, West Indian
Coast Current (WICC), Laccadive High and Low (LHddrl), East Indian Coast Current
(EICC), Southwest and Northeast Monsoon CurrentGSMd NMC), South Java Current
(JC), Leeuwin Current (LC) and Indonesian ThrougiWI(ITF) (modifié d’apres Schott and
McCreary (2001)).

Par exemple, le courant de Somali en mer d’Araléiecsile en direction du Nord ou du Sud
suivant la dynamique de la mousson d’été ou d’hiespectivement (Figure 13). Dans la
partie Sud, I'océan Indien est caractérisé paoli@&ment en direction de I'ouest du courant
équatorial Sud (SEC) (Schott et al., 2009 ; FiglBe Ce courant va se séparer en deux au
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niveau de Madagascar et rejoindre sous la formeodsbillons le courant des Aiguilles
(Agulhas current sur la Figure 13), qui forme lmite Ouest de la circulation océanique
anticyclonique (on parle de gyre) forcé par lests€Rigure 12-13).

Toutefois, le phénomeéne de mousson est plus compjeXxine simple circulation latitudinale
a travers I'équateur, appelée « mousson latér@léebster et al., 1998). Les circulations de la
mousson ont trois dimensions. En effet, dans lepiques, une partie importante des
circulations se fait sous forme longitudinale et eentionnée comme les circulations de
Walker et de « mousson transverse » (Webster et 18198 ; Figure 14). Les flux
atmosphériques divergents les plus forts sont &sacix circulations de mousson latérale et
transverse durant I'été boréal (Webster et al.81.99
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monsoaony:
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r.’ , " , ; , . , —
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: l\_y, v . Circulation

lateral : '
monsoon TN
SUMMER
2

Figure 14 : Synthése des circulations de ventsrgergs de la mousson d’été et d’hiver. Trois
composantes majeures sont identifiées : la moussorsverse, la mousson latérale et la
circulation de Walker (Webster et al., 1998).

Dans le cas du systéme Indo-asiatique, si la diffée de chaleur sensible initie la circulation
de la mousson, c’est le transport d’humidité etHaleur latente associée qui jouent un role
dominant pour moduler et supporter I'intensité geicipitations de la mousson (Liu et al.,
1994 ; Webster et al., 1998). Cette chaleur esffien libérée lors des précipitations ce qui va
permettre de renforcer le gradient de pressionligiab la différence de chaleur sensible et
renforcer la circulation de mousson. On constatelgs températures durant la saison estivale
sont plus faibles dans I'océan Indien Sud qui gmoad a la zone de production de chaleur
latente (Figure 15). En effet, bien que contreiiiifua chaleur latente est, en premiere
approximation, négativement corrélée avec la teaipéx a l'interface océan-atmosphére
(Liu et al., 1994). L’évaporation augmente avedifainution de température de surface car la
vitesse du vent et 'humidité eau-air joue un ridés important. Au final, la chaleur latente
sera importante dans la région des alizés, outsse du vent est importante et ou les
températures a l'interface eau-air sont faiblesstetarath and Greischar, 1993 ; Liu et al.,
1994) (Figure 15).
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Figure 15 : Budget d’humidité pour la mousson d'ét®yenne 1990-1999) Unitées®k@'s
(indications d’apres Clemens et al. (1996) et Diag al. (2004)). Les nombres entre
parenthéses indiquent les zones qui sont des sourettes (positifs) ou des puits nets
(négatifs). L'océan Indien Sud est la source domti@ad’humidité (chaleur latente).
Températures de surface de I'océan en juillet dspNODC_WOA94 fournies par la
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, depus site internet
(http://www.esrl.noaa.gov/psd/)
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Figure 16 : Transport d’humidité moyen pour 1990999en kg/m/s) (d’apres Sun (2002)
dans Ding et al. (2004)).
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Les observations météorologiques actuelles et uelgdis de transport d’humidité montrent
que le Sud de I'océan Indien est la source doménditumidité (de chaleur latente) pour le

systeme Indo-asiatique durant la saison estivade ame contribution assez faible de I'océan
Pacifique (Ding et al., 2004 ; Liu and Tang, 200&ark et al., 2007) (Figure 16).

Cela suggere que I'étude et la compréhension dessoas Indo-asiatiques doit se faire en
tenant compte des mécanismes de rétroactions ést@inde I'importance de I'océan Indien

Sud. Blanford (1884) a été le premier a suggérerl'qutensité de la mousson était également
gouvernée par I'importance des chutes de neigbEunasie. Dickson (1984), en utilisant des

données plus récentes et plus étendues, confirrmedgs chutes de neige limitées durant
I'hiver sont associées a des moussons plus fortes lg moyenne durant I'été suivant,

illustrant de ce fait I'importance des processusréigoaction interne pour expliquer la

dynamique de la mousson.

L'importance des phénoménes de rétroaction intpoe la mousson peut également étre
illustrée a travers l'oscillation biannuelle. Enfedf en plus de posséder la plus grande
amplitude annuelle de tout le domaine climatiqub-tsapicale et tropicale, les moussons
possedent aussi une variabilité considérable serlarge gamme d’échelles temporelles.
Dans le cycle annuel il y a des variations a granéehelles et fortes amplitudes de la
mousson. Sur des durées plus longues que le cyoleeh la mousson varie a des rythmes
biannuels, interannuels et interdécennaux.
Meehl (1997) a proposé un meécanisme par lequeldass vigoureux durant une année de
forte mousson peuvent refroidir les eaux de surfEcBocéan équatorial Indien, conduisant a
une mousson plus faible 'année suivante. Webstal. €1998 ; 2002) a inclus la dynamique
de l'océan dans ce mécanisme qui, de part sa glmédente de circulation, fournissait la
mémoire nécessaire d’'une année sur l'autre powléole systeme (Figure 17).

40°N

20°N

EQU

20°8

40°5

30°E

Strong Monsoon Boreal Summer

cool

BO°E 90°E

Longitude

120°E

150°E

Latitude

Weak Monsoon Boreal Summer

40°N

20°N

EQU

20°s

40°s

(S

30°E

60°E

80°E
Longitude

120°E

Figure 17 : Oscillation biannuelle de la moussoraf\yy, 2006). Une forte mousson (vents de
surface en traits noirs) entraine une augmentatantransport d’Ekman et donc de chaleur
en direction du Sud (traits gris). Une faible maugsau contraire, entraine une diminution
du transport d’'Ekman et de chaleur. La tendancea st produire une mousson du signe
opposé d'une année sur l'autre et d'introduire uinete composante biannuelle dans le
systeme.
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Ce processus d'oscillation biannuelle est donc toree manifestation des interactions
internes terre-océan-atmosphére.

1.2 Le concept de mousson globale

Le systeme de mousson Indo-asiatique est le plpsriant au monde en termes d’intensité et
de couverture spatiale. Il est reconnu et démamiee'orographie joue un réle déterminant
pour expliquer cette forte intensité (Prell and zbatch, 1992). Toutefois, il existe d’autres
systemes d’importance moindre sur la planéte :rigile de I'Ouest, de I'Est et du Sud,
I'’Australie. Ces systemes présentent des caratitgres similaires mais aussi des différences
dans le détail ce qui ne facilite pas I'établissetriune bonne définition de la mousson et
explique la difficulté a trouver un systeme de sisation des régimes régionaux qui soit
accepté par I'ensemble de la communauté sciengifigNeelin, 2007). L'exemple le plus
marquant est sans doute celui de la mousson Anm@&idaes études qui définissent les zones
de mousson en termes de renversement saisonnietedi&set des précipitations (Ramage,
1971) n’incluaient pas les Amériques. Webster e18198) a inclus les Amériques sur la base
des changements de précipitations tandis que Trdénbet al. (2006), malgré des
complications pour les secteurs méridionaux, augick systéeme sur la base de la divergence
de la circulation du vent.

Les systemes de moussons régionaux sont souverntovoie des parties d'un « systéeme
global » a travers la relation avec la Zone de @ogence InterTropicale (ITCZ) (Trenberth
et al., 2000). L'ITCZ est la conséquence de la eogence des grandes cellules de circulation
atmosphérique appelées cellules de Hadley (Fig8yeSa position dépend donc du schéma
des vents, de la rotation de la terre, de la poeseles continents et de la mousson. Elle
concentre la zone de fortes précipitations dansessemble (Figure 18).

Precipitation (P)

VSs.
evaporation (E)

P<E P-E P>E
-

Fronts >

Subtropics

—  —0° ITCZ >
< Subtropics
Fronts >

Figure 18 : Circulation générale de I'atmosphérau¢iiman, 2001).

Il existe un lien étroit entre les moussons emhégrations latitudinales de I''TCZ. Cette idée
de mousson globale est dérivée de la coordinatsnsgistemes de moussons régionaux qui
répondent au cycle annuel du réchauffement soktirdes connections apparentes de la
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circulation divergente globale nécessitées parolaservation de masse (Trenberth et al.,
2000).

Cependant, si I''TCZ résulte de phénomenes globdaxmousson est un phénomeéne
fortement impacté par des processus régionaux. IDs, mles analyses des variations
interannuelles et interdécennalles suggerent queyseeme global ne varie pas de facon
cohérente, mais plutbét que les systémes régionauxndusson et I'El Nifio Southern
Oscillation (ENSO) sont en compétition les uns alescautres (Webster et al., 1998). Une
activité intense dans un secteur est apte a cmersubsidence dans un autre secteur et
contribuer a y supprimer l'activité (Webster, 1972)

> Interactions ENSO-mousson

L’ENSO (El Nifilo Southern Oscillation) désigne urertprbation atmosphérique (au niveau
de la circulation de Walker : Figure 14) coupléazéan (variation dans la profondeur de la
thermocline), qui se produit dans I'océan Pacifigiedont les répercussions en terme de
perturbations climatiques sont mondiales. L'ENSQurpait avoir une influence sur la
mousson et réciproquement les fluctuations de laissmn sur I'évolution des épisodes
d’ENSO. Cette hypothese se concoit si on consi@esehéma de la Figure 14 qui montre une
relation entre la circulation de Walker et celless dnoussons transverses et latérales. Des
études ont ainsi montré I'impact des évenementBI8& sur l'intensité des précipitations sur
les continents Indien, Est-Asiatique et Austral{®viebster et al., 1998). Wu and Kirtman
(2004) ont établi que la variabilité de la mousseliée et non reliée a 'TENSO avait une
influence sur les événements d’ENSO. L'influence deussons sur 'ENSO reste tout de
méme moins comprise.
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Figure 19 : Analyses spectrales de séries tempgetlimatiques des océans Pacifique et
Indien. (a) Température de surface de 'océan Faqud (1875-1992) dans la région NINO3,
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(b) Indice de précipitation de I'ensemble de I'In@dRI) (1875-1992), (c) Analyse spectrale
croisée entre AIRI et les températures de surfackodéan Pacifique (Torrence and Compo,
1998 ; Torrence and Webster, 1998).

L’'analyse de la Figure 19 montre que la relatiotieeles températures de surface de I'océan
Pacifique et les précipitations sur I'lnde n’est matistiquement stationnaire au cours des
dernieres 120 années. La corrélation est élevée é880-1920 et 1960-1980 mais faible
entre 1920-1940 et apres 1980. La cause préciseseslechangements n’'est pas claire et
d’autres études sont nécessaires pour identiferplecessus physiques responsables des
changements interdecénaux dans les relations mo#d80 (Lau et Wang, 2006).

En revanche, des covariabilités sont visibles pagtivité intrasaisonniere et pour I'activité
interannuelle concernant la relation mousson-EN&@u¢e 19) (Li and Long, 2002 ;
Webster et al., 1998) et pourraient également siiegy a travers la variabilité biannuelle
(Lau et Wang, 2006).

1.3 La mer d’Arabie

La mer d’Arabie est située dans la partie Nord-bded’océan Indien et constitue un bassin
d’évaporation (I'évaporation y est plus forte gas précipitations) contrairement au bassin de
dilution du golfe du Bengale qui est situé dangdatie Nord-est de I'océan Indien (Figure
20). Il s’agit d'une zone extrémement sensible gaKations climatiques puisqu’elle subit
I'influence de la dynamique de la mousson.
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Figure 20 : La mer d’Arabie : une zone sous l'ifhce de la mousson Indo-asiatique
(salinité de surface de I'océan et précipitatiotivede (mois de Juillet) GPCP Precipitation
data as NODC_WOA94 provided by the NOAA/OAR/ESRL PSD, Bgutblorado, USA,
from their Web site atttp://www.esrl.noaa.gov/psddonnées originales d’aprés Adler et al.
(2003) et Monterey and Levitus (1997))

Durant la saison estivale, le développement des\cenSud-ouest (Figure 12) permet la mise
en place d'un upwelling important le long de la gealOmanaise. En effet, le courant de
surface océanique est contrélé par les vents plslh la cbte et est affecté par la force de
Coriolis. Cette force dévie les corps vers la @ra@ans I'hémisphére Nord, créant ainsi un
transport moyen résultant qui sera perpendicukaite direction du vent (Figure 21A). On
parle de transport d’Ekman.
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Figure 21: A) Transport d’'Ekman et B) Mise en plalben upwelling cétier (modifié d’aprés
Ruddiman (2001)).

Ce processus permet la remontée d’eau plus profgha froide et riche en nutriments vers
la surface qui stimule la productivité (Figures 24222). Ces « blooms » de productivité en
surface vont ensuite pouvoir étre transportés p@us Nord de la mer d’Arabie par

I'intermédiaire de la circulation océanique, soasrfe de tourbillons et de filaments (Figure
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22). Un systeme d’'upwelling le long du Makran egalément observable durant la saison
hivernale en liaison avec I'établissement des vemddérés de mousson du Nord-est (Figure
22).

Cette productivité importante va permettre un fioxportant de sédiments biogénes en
direction des fonds marins et, associée a la \atioiil des eaux, va permettre le
développement d’'une zone a oxygene minimum imptetérigure 23).
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Figure 22 : Contréle de la mousson sur la produtéivde surface en mer d’Arabie (image
SeaWIFS http://oceancolor.gsfc.nasa.gov/cgi/image_archigf2c=CHLOROPHYL[.
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Figure 23 : Zone a oxygene minimum en mer d’AréDiecan Data View : Schlitzer, 2011).

Associé a cette sédimentation biogénique, la miratbie est aussi fortement influencée par
la sédimentation lithogénique.

Caley, 2011 - 24 -



Généralités

Les forts vents qui vont balayer 'Oman vont pertngetin apport de poussiéres important a
'océan (Figure 24). Des travaux de pieges a pdeticont pu établir une relation entre la
force des vents du Sud-ouest et la taille des gitahrogéniques apportés a I'océan au large de
'Oman (Clemens et al., 1996). Plus les vents smmmortants et plus la taille des grains
lithogéniques transportés est importante.

Arabian Sea

Figure 24 : Poussieres sur la mer d’Arabie le 1Blgt 2006 (summer monsoon) et le 20
Décembre 2006 (winter monsoon) (modifié d’aprés M&®D
http://www.nasaimages.org/luna/serviet/detail/na8&N10~10~73135~178557:Dust-off-
Pakistar).

Dans la partie Nord de la mer d’Arabie, les poussi@euvent également étre amenées durant
la saison hivernale, notamment par les vents dalést qui balayent le Pakistan (Figure 24).
Toutefois, le vent n'est pas le seul agent resguasde la sédimentation lithogénique dans
cette zone. De nombreux fleuves tres actifs dutesitpériodes de précipitations de la
mousson (principalement estivale) permettent lesfeat de sédiment de granulométrie fine
depuis le continent vers I'océan par I'intermédiaite courant de turbidité (Bourget et al.,
2010). De nombreux canyons et systémes turbidiicue été identifiés le long du Makran
(Bourget et al., 2011 ; Figure 25).
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Figure 25 : Principaux systémes fluviaux du Mak¢siord de la mer d’Arabie) et principaux
canyons (Bourget et al., 2010) permettant le trarisfle sédiment entre le continent et
'océan.

Dans la partie située au Sud de I'Inde, les foptésipitations durant la mousson estivale, les
décharges fluviales et I'influence des eaux dessalfu bassin de dilution du golfe du
Bengale contribuent a diminuer les salinités déaserde 'océan (Figure 20).

L’extréme sensibilité actuelle de la mer d’Arabie ghénomene de mousson, tant au niveau

de l'influence des vents que de l'impact des piéaipns, en font donc un site d'étude
privilégié pour reconstituer I'histoire de la moasdndienne par le passé.

2. Le courant des Aiguilles et le climat Sud-africia

2.1 Le courant des Aiguilles

Le courant des Aiguilles forme la partie Ouest @eifculation anticyclonique (gyre) forcé
par les vents de I'océan Indien Sud (Lutjeharm®12@Figure 26). La gyre Sud indienne est
formée dans sa partie Nord par le courant équat&ua dont le transport atteint son
maximum durant la mousson estivale (Lutjeharms6200es phénoménes de mousson qui
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affectent le Nord de I'océan Indien peuvent dongiraune influence sur la qualité des eaux
formant par la suite le courant des Aiguilles. Daaspartie Sud, la gyre est limitée par la
convergence subtropicale. Cette convergence saitiizat un transport d’Ekman convergeant
dans I'océan et un front dont le gradient thermlinhaéridional est tres marqué vers ~41°S
(Lutieharms and Valentine, 1984). Elle sépare Basxesubtropicales oligotrophes des eaux
australes meésotrophes et eutrophes (Figure 26).

| $ 3¢
Gire Cyclonique
Indienne Nord

Gire Anticyclonique
Indienne Sud

Gire Anticyclonique
Atlantique Sud

Figure 26 : La gyre anticyclonique de I'océan IndiSud et le courant des Aiguilles (Image
de la productivitt de [l'océan de surface durant td’é austral d'aprés
http://oceancolor.gsfc.nasa.gov/SeaWS/

Le courant des Aiguilles constitue un courant dedbee Ouest au méme titre que le Gulf
Stream qui se situe dans I'océan Atlantique Norded@uroshio dans I'océan Pacifique Nord.

Ces courants de bordure se caractérisent par desses d'écoulements importantes en
direction des péles sur une section relativemenitétet profonde et sont controlés par la
dynamique des vents intégrée sur 'ensemble desrnsazdjacents.

Le courant des Aiguilles présente des particusrip@r rapport aux autres courants de
bordure ; les forcages qui le contrélent ne somst tpais clarifiés et il se distingue dans la
partie Ouest de la gyre puisque cette derniereirgstrompue au niveau de Ille de

Madagascar entrainant une complexité des sourd&cdalement (Figure 26).

» Les sources du courant des Aiguilles
Trois sources peuvent étre identifiées pour le aoiudes Aiguilles. Il y a encore quelques
années, on pensait que le courant des Aiguillaséta extension renforcée d’'un courant de

bordure situé plus en amont, le courant du Mozaog&igui s’écoulait dans le chenal du
Mozambique (Lutjeharms, 2007). Les progres réal@ésours des trentes derniéres années
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de recherche ont permis de démontrer que I'écoulemi@ns le chenal du Mozambique se
faisait de facon intermittente, sous la forme dehidlons, et non en constante continuité avec
la partie Nord du courant des Aiguilles (Figure.2Zgci constitue la premiere source. La
deuxieme source est associée au courant de Madagpsaconstitue un courant de bordure
Ouest de faible dimension (Lutjeharms, 1981). Laessa rétroflexion au niveau du Sud de
Madagascar, des anneaux et tourbillons vont camrild alimenter le courant des Aiguilles
(Figure 27).
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Figure 27 : Représentation schématique du transpartvolume pour la gyre Sud-ouest de
'océan Indien Sud et le courant des Aiguilles. n&port barocline pour les premier 1000
métres (Sv : 10m’/s) (modifié d’aprés Stramma and Lutjeharms (1997))

La derniére, mais une des plus importantes coriibsl pour les masses d’eaux du courant
des Aiguilles, constitue la recirculation dans yaegSud de I'océan Indien. Si le transport sur
les premiers ~1000 m dans le chenal du Mozambigquestimé entre ~5-9 Sv (Harlander et
al.,, 2009 ; Stramma and Lutjeharms, 1997) et p&teindre les 17 Sv avec une forte

variabilité interannuelle de 9 Sv (Ridderinkhofadt, 2010), le transport du courant Est de
Madagascar est d’environ ~20-30 Sv (Nauw et al0820Stramma and Lutjeharms, 1997)

tandis que celui de la recirculation est de 40S8xafnma et Lutjeharms, 1997 ; Figure 27).

» Le courant des Aiguilles Nord

Une caractéristique importante du courant des Aeguidans sa partie Nord est sa vitesse
moyenne élevée et relativement constante tout ag ¢® I'année (Pearce and Grundlingh,
1982). L'écoulement du courant est en effet fortetrsabilisé par la topographie (pente
prononcée) du plateau continental (De Ruijter t18199). La localisation précise du début
du courant des Aiguilles n’est a ce jour pas tobwalet clarifiee. Il semblerait, d’aprés les

informations sédimentaires, que le courant débutte éa baie de Delagoa (~ 26°S) et la zone
située au large de la ville de Durban (29-30°S)r{Ma1981 ; Lutjeharms, 2006) (Figure 28).
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Figure 28 : Températures de surface pour le courdes Aiguilles dans sa partie Nord et
Sud. A) Simulation des températures de surface lgocourant des Aiguilles dans un modele
couplé océan-atmosphére (modifié d’aprésvw.gfdl.noaa.gov/visualizations-oceand.e
courant des Aiguilles Nord et Sud est indiqué. Bmpératures de surface montrant la
stabilité du courant dans sa partie Nord avec la&gance d’'une « natal pulse » au Sud de
Port Elizabeth. Un successeur possible a cettetal qaulse » est visible dans la baie natale
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pres de Durban (données d’apres le satellite NOAA2D mai 2004 ; modifié d’aprés
Lutjeharms (2006)). C) Températures de surface peusud du courant des Aiguilles. La
disparition de la stabilité et 'augmentation de®andres est visible. La migration vers
'océan Atlantiqgue d'un filament d’eau chaude eghilément visible (données d'aprés le
satellite NOAA 9, 16 aolt 1985 ; modifié d’apregjelarms (2006)).

Le transport du courant des Aiguilles est estimé @& Sv au Sud de Durban (Beal and
Bryden, 1999 ; Bryden et al., 2005). Les tempéestutes eaux de surface atteignent leur
maximum en février (28°C) et leur minimum en juil@3°C) tandis que les salinités de
surface atteignent 35.5 PSU mais ne présententdgasgnal annuel distinct (Christensen,
1980 ; Duncan, 1970). Comme expliqué préecédemnestnasses d’eaux présentes dans le
courant des Aiguilles dérivent pour partie du Sua liDcéan Indien. Un diagramme
température-salinité (Pearce, 1977) permet d’iflentla présence des eaux de surface
tropicales dérivées du courant équatorial Sudetas< de surface subtropicales et les eaux
intermédiaires indiennes Sud (<35.6 en salinit@pterature entre 4-6°C). Les eaux centrales
représentent le mélange entre les eaux de surfacéeemédiaires (Figure 29). Une masse
d’eau en provenance de la Mer Rouge et de la Maabtlie est également identifiable au sein
du courant des Aiguilles (Beal et al., 2006).
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Figure 29 : Diagramme Température-Salinité pouctairant des Aiguilles Nord (100 km au
large de Durban) (modifié d’aprés Pearce (1977)).
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Si le courant dans sa partie Nord est défini par stabilité dans I'espace et le temps, il est
aussi caracteérisé par le passage récurrent d’'ge laeandre solitaire appelé « natal pulse »
qui tire son nom de son origine dans la « natahtbig(Figure 28B). Des preuves de
perturbations similaires existent également pourd@ de Delagoa au Sud du Mozambique
(Grundlingh, 1992) mais elles ne semblent pas geager en direction du Sud.

Ce qui rend la « natal bight » propice au développ® de « natal pulses » s’explique par la
configuration de la pente qui est beaucoup plubldaa cet endroit et donc propice au
développement d’instabilités (De Ruijter et al.93p(Figure 30).

Figure 30 : Importance de la bathymétrie pour leiant des Aiguilles.

Ajouté a ce controle bathymétrique vient se supmpdes phénomenes d'adsorptions des
tourbillons sur la zone en provenance des zonesa®uu courant (Schouten et al., 2002).
Toutefois, un travail récent suggere que, plus lgu®pographie, c’est surtout I'arrivée des

tourbillons qui est déterminant pour la génératilms natal pulses (Tsugawa and Hasumi,
2010). Les «natal pulses » vont ensuite avoir desséquences importantes pour la
dynamique du courant dans sa partie Sud (Figure.28C

» Le courant des Aiguilles Sud

Au large de Port Elizabeth, le plateau continestélargi considérablement pour former le
« Agulhas Bank » (Figure 30). La pénétration durantides Aiguilles sur ce haut fond sous-
marin s’accompagne de I'apparition de méandresu(Eig@8C). Plus au Sud, le courant subit
un phénomeéne de rétroflexion, la majorité de I'dement continuant en direction de I'Est
pour former le courant de retour des Aiguillesdied de la convergence subtropicale (Figures
26, 28 et 31).
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Figure 31 : Température des eaux de surface auiname de I'’Agulhas Bank (données
d’apres les satellites NOAA, 13 Novembre 1985 ;ifidod’apres Lutjeharms (2006)). Le
courant des Aiguilles Sud, la boucle de rétroflexiers I'Est et le courant de retour des
Aiguilles sont clairement identifiés par une badatinue de températures maximales.

Les facteurs de contrble a I'origine de ce phénard rétroflexion ne sont pas totalement
explicités. Beaucoup de mécanismes dynamiques téntahsidérés (De Ruijter, 1982; De
Ruijter et al., 1999) et pourraient jouer un roéle geut varier dans le temps mais sans que
I'on sache dans quelle proportion (Lutjeharms, 3007

Cette zone de rétroflexion, qui présente une vdit@alres élevée, est le lieu d’'un échange
important de masse d’eau entre I'océan Indienceghn Atlantique. En effet la terminaison
unique du courant des Aiguilles entre deux gyrdstrepicales, qui découle de la position
subtropicale de la pointe du continent africairgecdes conditions tout a fait propice a
I'échange de masses d’eaux, d’énergie et de biartre Bocéan Indien et 'océan Atlantique
(Wefer et al., 1996) (Figure 26, 28 et 31). Ce dfart de masses d’eaux peut se faire sous
trois formes différentes (De Ruijter et al., 1999utjeharms, 2006). Un transfert direct qui est
estimé entre 4 et 10 Sv (De Ruijter et al., 1988).transfert par I'intermédiaire de filaments
qui est supposé assez faible (0.1 Sv; Lutjeharnts Gooper, 1996). L'échange le plus
important semble se faire par l'intermédiaire deamx (Figure 32) avec un volume de
transport depuis I'océan Indien pouvant aller juade0% (Garzoli and Goni, 2000). Une
bonne approximation de I'échange par l'intermédiales anneaux du courant des Aiguilles
correspond & 7 Sv, un flux de chaleur de 0.9 PWhefiux de sel de 78x1® kg/an (Van
Ballegooyen et al., 1994). Le transfert total parcoburant des Aiguilles est donc fortement
incertain et varie entre 2 et 15 Sv avec enviroatguou six anneaux par an (Richardson,
2007).
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Figure 32 : Distribution et diametres en AtlantigBeid-est des anneaux issus de la zone de
rétroflexion du courant des Aiguilles d'aprés ongaix de mesures hydrographiques
indépendants (Duncombe, 1991).

Le processus dynamique responsable du déclenchatedatformation des anneaux reste a
préciser. Beaucoup d’hypothéses ont été avancedsripations dans les flux du courant des
Aiguilles ainsi que dans le courant de retour @ogrms and Van Ballegooyen, 1988),
augmentation du flux de masse du courant des Aegu{Lutjeharms and Van Ballegooyen,
1984), ou encore les perturbations liées au pasdagenatal pulses » dont nous avons décrit
I'origine précédemment (Lutjeharms, 1989 ; Schoué&tnal., 2002). La plupart de ces
processus déclencheurs peuvent étre affectés plgntanique des vents sur le Sud-ouest de
I'océan Indien (Lutjeharms and Ruijter, 1996).

» Impact Global du courant des Aiguilles

Les eaux de surface de I'Atlantique Nord sont elyenae plus salées que celles situées dans
le Nord de I'océan Pacifique en raison d’'un excésaporation dans cette premiere région
(Broecker, 1991). Ces eaux plus salées sont égatemeasifiées par le refroidissement des
masses d'air de [l'Arctique durant I'hiver. A ce pessus vient s’ajouter un effet
supplémentaire de salinification di au rejet de diglnt la formation de banquise. Ces
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processus permettent la plongée des eaux devemtrésnement denses dans le Nord de
'océan Atlantique et la formation de la masse d'&krth Atlantic Deep Waters (NADW,
Figure 33). Cette masse d’eau, centrée a envir@® 2b de profondeur, se propage en
direction de I'hémisphére Sud ou elle contribua éitculation circum-Antarctique.
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Ocean Data View
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Figure 33 : Principales masses d’eaux dans I'ocAdlantique. NADW (North Atlantic Deep
Waters), AABW (AntArctic Bottom Waters) et AAIWtAAetic Intermediate Waters) (Ocean
Data View: Schlitzer, 2011).

A cet endroit, la NADW se mélange aux eaux profengeduites en mer de Weddell et de
Ross (AABW) (Figure 33) et une partie de ce mélaegjeadvectée vers les océans Indien et
Pacifique. Dans ces deux océans, des processuwalling trés importants permettent la
remontée de ces eaux en surface. Ensuite, cesveatnétre réchauffées et commencer un
processus de retour (Gordon, 1986) sur ce quenbbonme la boucle de la circulation thermo-
haline globale (Figure 34). En effet, ces eaux deawont emprunter le courant équatorial
Sud de 'océan Indien avant d’étre advecté dansuleant des Aiguilles.
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Figure 34: La circulation thermo-haline globale.stimation du transport de masse

méridional (Mt/s). Les fleches rouges représentesiteaux peu profondes et/ou relativement
chaudes. Les fleches en pointillés jaunes les gaaxmediaires a profondes. Les fleches en
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pointillés bleus représentent les eaux de fondudtdes. Les fleches ne représentent pas les
courants directement mais plutét I'intégration c@ebte de ces courants. Les cercles avec
un point représentent les upwellings liés a la djeace de masse. Les cercles avec une croix
représentent les downwellings liés a la convergetieemasse (d’aprés Macdonald et al.
(2001), adapté de Ganachaud and Wunsch (2000)).

Le courant transfere ensuite ces eaux chaudeséesszers I'océan Atlantique Sud, ou elles
pourront progresser vers le Nord, atteindre le Gtiéam et redémarrer un nouveau cycle (la
boucle thermo-haline) (Figure 34).

Ce réle du courant des Aiguilles sur la circulatibarmo-haline globale a été étudié dans les
modeles (Figure 35A). Des études ont montré quarabilité décennale de la dynamique du
transfert du courant des Aiguilles affectait lecalation thermo-haline de I'océan Atlantique
(AMOC) (Biastoch et al., 2008). En effet, 'act@imésoéchelle dans la zone de rétroflexion
du courant induit des processus ondulatoires datiartique Sud qui pourront moduler de
facon dynamique la circulation thermo-haline (Biastet al., 2008 ; Cunningham et al., 2007
; Van Sebille and Van Leeuwen, 2007) (Figure 35B).

Simulated Temperatures and
Currents around South Africa (snapshot)

Latitude

T T T
30°W 10°W
Longitude

Figure 35 : A) Températures et courants simulé®autie I'Afrique du Sud (crédit image :
IFM-GEOMAR). B) lllustration des processus onduil®e transmettant les anomalies

Caley, 2011 -35-



Généralités

induites par le courant des Aiguilles dans la parsupérieure de 'AMOC. Les fleches
donnent une illustration des processus transportast anneaux et les ondes de Rossby
originaire du courant des Aiguilles a travers ledSde I'Atlantique (jaune) et les ondes de
Kelvin le long du plateau continental de I'Amériqiie Sud (rouge) (Biastoch et al., 2008).

Il a également été démontré que l'augmentation rdastert du courant des Aiguilles
contribuait a 'augmentation de la salinité desxede la thermocline dans le Sud de I'océan
Atlantique au cours des derniéres décennies. Sugéckeelles de temps plus longues (plusieurs
centaines d’années), il a été mis en évidence, ldacess d'une étude idéalisée (Weijer et al.,
2002), que l'advection vers le Nord des anomaliesalinité en provenance du courant des
Aiguilles influencait la formation des eaux profesddans le Nord de l'océan Atlantique
(Figure 36). Tout processus, que ce soit les masssulo-asiatiques ou les moussons Sud
africaines, affectant directement ou indirectentemourant des Aiguilles, peuvent donc avoir
un réle important a jouer sur le climat global.
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Figure 36 : Anomalie de formation et d’écoulemest ld NADW a travers 30°S. Dans
I'expérience, une source de chaleur et de sel anftéduite dans I’Atlantique Sud au jour 1
(Weijer et al., 2002).

Si le courant des Aiguilles semble jouer un rokebgl pour le climat, il peut également jouer
un réle sur le climat local. En effet, une massead’ chaude importante, maintenue par un
écoulement continu, devrait avoir une influence umasle sur le climat adjacent du continent
(Tyson, 1986).

2.2 Le climat du continent Sud-africain

Le climat de I'Afrique du Sud est, tout comme ler8llale I'océan Indien, soumit au
phénomene de mousson (Figure 37).
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Figure 37 : Pluviométrie sur le continent africadurant I'été et I'hiver austral (modifié
d’aprées Dauteuil et al. (2009)).

Les précipitations durant la mousson sur I'Afriqike Sud-est présentent un cycle annuel
associé au cycle d’'insolation et a la migration'fi&eCZ (Tyson and Preston-whyte, 2000).
Toutefois, au Sud de 20°S (Figure 37), c’est stit@yprésence du courant des Aiguilles qui
semble jouer un réle important pour la zone deipitation estivale. Des études statistiques
ont montré qu’'une température plus élevée danggiam du courant des Aiguilles le long de
la cote Est africaine ainsi que dans la régionélmfiexion conduisait a des précipitations
estivales sur le continent plus importantes (Jurgle 1996 ; Reason and Mulenga, 1999).
Cette relation entre les températures plus forées da zone de rétroflexion du courant et les
précipitations plus élevées que la normale pouédgon de I'Afrique du Sud est également
valable pour les précipitations hivernales (Rea2600).

Une étude le long de la cbte entre la baie de Dela Port Elizabeth a démontré que les
précipitations, limitées a la saison estivale, sofhiencées par la proximité et la température
au coeur du courant (Jury et al., 1993 ; Figure 38).
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Figure 38 : Influence du courant des Aiguilles $es précipitations estivales le long de la
c6te Sud africaine (données d’'apres Jury et al9g)p
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L’effet du courant des Aiguilles pourrait égalemétrte important pour la végétation de la
c6te Sud-est (Preston-Whyte and Tyson, 1988) epitalture cétiere (Lutjeharms and
Ruijter, 1996). De plus, des fluctuations dansyaamique du systeme du courant, et donc
éventuellement sur les précipitations, pourraiarirades conséquences sur les décharges
d’eau douce des rivieres et impacter I'océan cdtieitjeharms and Ruijter, 1996). Les
décharges majeures de deux des fleuves importamtcodtinent Sud-est africain se
produisent durant I'été austral pour le Limpopdeeprintemps-été austral pour le Zambeze,
c'est-a-dire en relation directe avec les prédipita estivales (Figure 39).
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Figure 39 : Décharges fluviales annuelles pour déaxves de la cote Sud-est Africaine, le
Zambeze et le Limpopo (données couvrant la périt@lgs-1979) (Ocean Data View :
Schlitzer, 2011).

A I'heure actuelle, le rdle exact que joue le systedu courant des Aiguilles sur le climat du
continent adjacent reste mal connu. Des travauxiessiystéme du courant lui-méme sont
nécessaires pour mieux contraindre cette relatiatjgharm, 2006). Réciproquement, I'effet
du climat Sud africain sur le courant, nécessitalissi une meilleure compréhension. Dans
le cas des études paléoclimatiques, la compréhedsicysteme du courant tout comme ses
possibles effets globaux et locaux doivent eégalér@ga mieux contraint.
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Chapitre 2 Matériel et Méthodes

De nombreuses archives peuvent étre utiliséesngaonstituer I'histoire du climat. Certaines
de ces archives sont continentales (lacs, dépdtslda grottes, glaces...) et d’autres marines
(carottes de sédiments marins, coraux...). Dans c#ifsse, nous avons travaillé
exclusivement sur des carottes de sédiment madrny@e d’archive présente I'avantage de
fournir une information en général continue et ge des durées de temps qui peuvent étre
importantes. Elles constituent donc des archivéalés pour documenter I'histoire climatique
a I'échelle du forgage orbital.
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Partie 1. Les carottes de sédiment marin

Plusieurs types de carottier permettent le prélevgrde longues séquences seédimentaires.
Dans le cadre de cette thése, nous avons travailiédes carottes obtenues a l'aide du

carottier piston (Kullenberg, 1947) de type Calypgo équipe le navire océanographique

Marion-Dufresne (Figure 40, Tableau 1). Des entegisents sédimentaires prélevés grace
aux forages océanographiques du programme ODPgatergent pu étre étudiés (Figure 40,

Tableau 1).

Figure 40 : Les navires Marion-Dufresne (crédit pho Linda Rossignol, laboratoire
EPOC) et JOIDES Resolution (crédit photo d'apres tp:Hivww-
odp.tamu.edu/public/slidesetthumbsA.html).

Nous avons étudié cing enregistrements sédimestdies le cadre de cette these (Figure 41,
Tableau 1). La position de ces enregistrementstegegique par rapport aux objectifs de la
these.
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Site MD04-2861:

-Stable Isotopes
(benthic-planktonic)

Slte ODP722 -Foraminifera assemblage
—_— -XRF, RX

-Stable Isotopes -Grain size
(benthic-planktonic) -Thin sectic;ns

-SST (Mg/Ca)-SSS N
-G.Bulloides/G.ruber cacos

14
-Grain size - C Period: 31
-Biogenic Opal s»in eriod: 310 ka

? Period: 450-600 ka

Site ODP1087:

-Foraminifera

(AR G.menardii)
-Stable Isotopes
(benthic-planktonic)
-SST (alkenone)

Period: 1.3 Ma

Site MD90-0963/0961:

-Stable Isotopes

(benthic-planktonic)
-SST (Mg/Ca)-SSS

Period: MIS 13-14
MIS 16-17-18

Site MD96-2048:

-Stable Isotopes
(benthic-planktonic) o o
“SST (alkenone, TEX86, Mg/Ca)-sss |20°E 140°E
-Foraminifera assemblage
-BIT, XRF, Grain size, CaCO3
-n-alkane

-Pollen Period: 800 ka

Figure 41 : Localisation des différents enregistezits sédimentaires marins étudiés dans le
cadre de la thése. La période étudiée pour cha@amethregistrements (en bleu) ainsi que les
outils développés dans le cadre de la these (egepwu déja existants (en noir) sont
indiqués.

Length of the

Core/Site Oceano_graphlc Locatlon/dep_th of Stratlgra_phlc StUd'ed. Previous studies New proxies for this study
cruise the core/site extension core/studied
period
05.1N, 73.9E, 24-27mand 31- Bassinot et al,, 1994/Planktonic Benthic foraminifera stable isotopes,

MD90-0963 SEYMAMA 2450m 900 ka S4mMIS 13-14 foraminifera stable isotopes

and MIS 16-18

Sea surface temperature (Mg/Ca)-
Sea surface salinity
Bassinot (unpublished

MD90-0961  SEYMAMA 05'12';‘ égf‘ﬁgE’ 2 25'5'f;?T’M'S datay/Planktonic foraminifera  S° s”g‘l":;ﬁf’:p;ra;:”r:n(“"g’ Ca)-
stable isotopes a y
Arabian Sea Planktonic and Benthic foraminifera
f 24.1N, 63.9E, stable isotopes, Foraminifera
region MD04-2861  CHAMACK 2049m 310 ka 34.4m/310 ka assemblage, XRF, RX, Grain size,
Thin sections, CaC0s, "“C
Clemens and Prell, 1991; . -
Clemens etal, 1996: 2008/ . Planktonic foraminifera stable
ODP 722 Leg 117/Oman  16.6N, 59.8E, Early 18.2-22.1m/450- Grain size. Biogenic Opal isotopes, Sea surface temperature
margin 2028m Miocene 600 ka Benthic for!amir?ifera st:blé (Mg/Ca)-Sea surface salinity, G.
isotopes bulloides /G. ruber ratio
Planktonic and Benthic foraminifera
stable isctopes, Sea surface
26.2S, 34E, Early temperature (Mg/Ca, TEXgs,
MD96-2048  MOZAPHARE 660m Pleistocene 12m/800 ka Alkenone)-Sea surface salinity,
Foraminifera assemblage, BIT, XRF,
Agulhas Grain size, CaCO;s, n-alkanes, pollen
current Giraudeau et al., 2000; Pierre
system et al., 2001; McClymont et al.,
Leg 2005/Planktonic and Benthic
31.6S, 15.3N, foraminifera stable . "
ODP 1087 175(/:?::;1eiliela 1371m 9 Ma 44m/ ~1.35 Ma isotopes, Sea surface Accumulation rate of G. menardii

temperature (Alkenone),
Planktonic foraminifera species
distribution

Tableau 1 : Synthese des caractéristiques poutlifé&rents enregistrements sédimentaires
marins étudiés dans le cadre de la thése.
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Trois enregistrements sont localisés en mer d’Arabipermettrons d’étudier la dynamique
de la mousson Indienne. Deux ont été prélevés grattage calypso et un par le programme
ODP (Figure 41, Tableau 1). Deux autres enregignesnlocalisés dans le systéme du
courant des Aiguilles ont été étudiés, en amorladmne de naissance du courant et dans la
zone de transfert entre I'océan Indien et AtlargigGes différents enregistrements couvrent
une période temporelle de plus de 600 000 anslpauer d’Arabie et de 800000-1 350 000
ans pour le courant des Aiguilles. A partir de esshives, différents outils physiques,
chimiques, biologiques et sédimentologiques ont wdiksés pour appréhender I'histoire
climatique de I'océan Indien Nord et Sud ainsi tpugs possibles interactions.

Partie 2. Les outils sédimentologiques

1. Radioscopie RX Scopix

La radioscopie RX est une méthode qui permet dealiger I'organisation interne des

sédiments et de mettre en évidence des structioggides dynamiques ou biologiques qui

ne sont pas visibles lors de la description desties. Elle présente I'avantage d’étre non
destructrice. Le banc radiographique Scopix utilikss cette étude est celui décrit par
Migeon et al. (1999) et est localisé au laborat&ROC au sein de la plate-forme « Analyse
des carottes sédimentaires ».

2. Induration du sédiment pour I'obtention de lamesminces

L’induration des sédiments par un procédé eau-aegtermet la réalisation de lames minces
(Figure 42) en vue de leur observation au microsaggtique. Ce procédé, mis au point au
sein du laboratoire EPOC, permet une étude a lliecda grain des composants des dépots
sédimentaires et de leurs structures dynamiquesaddsi et al., 2006) suivant un profil
vertical. Les lames réalisées dans le cadre deacailtont permis d’appréhender, entre autre,
les processus dynamiques a l'origine du faciesaltzarotte située au large du Pakistan.

Figure 42 . Exemple de lame mince indurée avec rghien du facies sédimentaire au
microscope (lumiére polarisée analysée) pour laotar MD04-2861 située au large du
Pakistan (crédit photo: Thibaut CALEY, laboratoE®OC).
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3. Mesure de la granularité des sédiments

La mesure de la taille des grains a été effectubaice d’'un granulometre laser Malvern
Mastersizer S au laboratoire EPOC. Cette mesumneptamment la teneur en sédiments fins
ou grossiers, fournit des informations sur I'agdettransport et la dynamique de dép6t des
séquences étudiées.

Les mesures granulométriques utilisées correspomamrvaleurs de la médiane (D50) et aux
valeurs du 90 décile (D90). Le 90 décile correspanuh diametre des particules tel que 90 %
d'entre elles sont plus fines et 10 % plus grossier

Partie 3. Les outils micropaléontologiques et géoghigues

Pour reconstituer 'histoire du climat et notammEntpact des moussons et du courant des
Aiguilles, obtenir des informations sur les param®t physico-chimiques tel que la

température et la salinité des eaux de surface'odédn est déterminant. En effet, ces
parametres peuvent étre reliés aux processus deatEgns et de précipitations et

déterminent la densité des eaux océaniques et ldontculation océanique globale. Une

partie importante des indicateurs utilisés au cal@rscette thése (et détaillés ci-aprés) vont
donc s’atteler a reconstituer chacun de ces parameét

1. Reconstitution des températures de surface detéan

Les foraminiferes sont des protozoaires hétérotrsplui vivent dans les océans et qui
synthétisent une coquille carbonatée (le test, rEigiB) dont les compositions isotopiques
(isotopes stables) et élémentaires dépendentadastéristiques physico-chimiques de I'eau
de mer (dont la température et la salinité) dagadle ils ont vécu. Les différentes especes
de foraminiferes planctoniques sont de plus digéds a la surface des océans en fonction de
la nature physico-chimique des eaux. Leur abondasicéeur distribution au sein des
assemblages fossiles sont ainsi représentativés lture des masses d’eaux de surface au
moment de leur sédimentation.

Figure 43 : Exemple de tests de foraminiféeres (trpdoto: Thibaut CALEY, laboratoire
EPOC).
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La fraction contenant les foraminiféres est obtepaelavage du sédiment brut a travers un
tamis de maille 15Qum. Le résidu est ensuite pesé et séché avant éatisél et/ou
I'identification des différentes especes de forafames a I'aide d’'une loupe binoculaire.

Dans cette thése, les foraminiféeres ont constitnéoutil important de reconstructions
paléocéanographique/paléoclimatiques. Le dénombreche leur abondance ainsi que des
mesures chimiques sur leur test ont été réalisées.

Les coccolithophoridés sont des algues unicellegamarines a squelette calcaire. L'étude des
coccolithophoridés est de grande importance dapsrieexte des recherches climatiques car
ils affectent le cycle biogéochimique global a &av (1) la pompe de carbone organique
(création, export et reminéralisation du carbonganique), (2) la pompe carbonatée
(création, diminution, et dissolution partielle darbone inorganique particulaire-Cag}@t

(3) les effets importants sur l'albédo (créationnlmges a hautes capacités de réflexion a
travers I'émission de gaz de dimethyl sulphide-DNiGiraudeau and Beaufort, 2007). Dans
ce travail, nous serons intéressés par les mokecolganiques produitent par les
coccolithophoridés.

1.1 Les fonctions de transfert paléo-écologiquesathiniferes planctoniques)

Le terme «fonction de transfert » désigne une aughpermettant de reconstruire une
variable environnementale, dans notre cas la teaty@; grace a I'analyse des assemblages
de foraminiferes planctoniques (Imbrie and Kipp7 1P Cette méthode permet d’obtenir une
estimation quantitative des parametres environn&mgr(Figures 44 et 45). Dans cette these,
nous avons utilisé une méthode basée sur la sit@ilda méthode des analogues modernes
(MAT : i.e Kucera, 2007) réalisée sur le logiciel @ utilisant un « script » qui a été
développé initialement pour les fonctions de trarigdes Dinoflagellés par Guiot and Brewer
(www.cerege.fr/IMG/pdf/formationR08.pfdf Cette méthode se base sur l'analyse d’un
nombre important d’échantillons modernes de surtpdedoivent représenter le méme type
d’environnement que les échantillons fossiles. timaparaison entre assemblages fossiles et
modernes est effectuée a I'aide d’un indice delait#.

60
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20

Abondance de G.ruber (%)

o

Bt 98, o

0800

0
oo

20

25

30 35

Température annuelle de surface de I'océan (°C) (WAO98)

Figure 44 : Exemple de relation entre la températde surface de 'océan et 'abondance de
I'espéce planctonique G. ruber (crédit photo: Fregdee Eynaud, laboratoire EPOC) dans
les sédiments actuels de I'océan Indien Sud (Dand@&pres MARGO ; Barrows and Steve,

2005).
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(°C) (WOA98)

Température de surface de I'océan mesurée

[ o e e e o B B o S N A i

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Température de surface de I'océan reconstruite par fonction de transfert
(°C) (MAT)

Figure 45 : Exemple de relation entre les tempéeduannuelles de surface de l'océan
mesurées (WAQ98) et celles reconstituées gracergéthode des analogues modernes (MAT)
pour I'océan Indien Sud (base de données de 36ahddages modernes d’apres MARGO ;
Barrows and Steve, 2005). L'incertitude sur la nestitution de température associée a cette
méthode et pour cette base de données est de 0,8°C.

1.2 Le paléothermometre Mg/Ca
Le squelette calcaire des foraminiféres contierst éléments traces comme le cation’Mg
capable de remplacer I'’élément majeuf’C&€omme la substitution du Mg dans la calcite est

une réaction endothermique, le rapport Mg/Ca aug¢enem méme temps que les températures
(Mucci and Morse, 1990 ; Rosenthal et al., 1991 Ufe 46).

6.0

: M Cléroux et al., 2008
G. ruber

5.5
# Anand et al., 2003

-
°

G. bulloides A Cléroux et al., 2008
@ Elderfield and Ganssen, 2000

n

»
°
:

Mg/Ca (mmol/mol)
= -

N
n

2.0

1.5

1.0

Isotopic temperature (°C)

Figure 46 : Exemple de relation entre le rapport/Kg des foraminiféres planctoniques G.
ruber et G. bulloides et la température de caleifien (modifié d’apres Cléroux et al. (2008)
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en comparaison avec les résultats de Anand e2803) et Elderfield and Ganssen (2000) ;
crédit photo: Frederique Eynaud, laboratoire EPOC).

La relation entre variation de température et lfagation du Mg dans les foraminiferes
planctoniques a été calibrée grace aux étudessééslisur des cultures (Lea et al., 1999 ;
Nurnberg et al., 1996 ; Russell et al.,, 2004), piéges a particules (Anand et al., 2003 ;
McConnel and Thunell, 2005) et des sédiments deci(Dekens et al., 2002 ; Elderfield
and Ganssen, 2000 ; Lea et al., 2000). Une foisvédsurs de Mg/Ca obtenus pour des
échantillons, il est possible d’estimer les pak&ojbératures grace a I'équation :

Mg/Ca (mmol/mol)=Bexp(AT) avec A et B constantgerentielle et pre-exponentielle et T
la température en °C. L’incertitude sur les retitutsons de température est d’environ 1,2 °C
dans le cas de la calibration d’Anand et al. (2003)

Le protocole pour la mesure d’éléments traces (Mp/€ur les foraminiféres, réalisée au
LSCE, est disponible en Annexe.

Plusieurs études portant notamment sur des expéatiens en culture (Lea et al., 1999 ;
Nurnberg et al., 1996 ; Sadekov et al., 2009), elesronnements fortement évaporitiques
(Ferguson et al., 2008) et, plus récemment, sursdeliments de surface pour l'espéce
planctoniqueG. ruber(Arbuszewski et al., 2010 ; Mathien-Blard and Basti2009 ; Figure
47) ont montré que le rapport Mg/Ca des foramiedgepouvait étre influencé par les
changements de salinité de surface de I'océan.

4

y =157 * SSS - 55.87 A
R?=0.72

TMglCa - Tiso (°C)

A Indo-Pacific core tops

31 32 53 3I4 55 3I6 3‘7 36

Sea Surface Salinity (psu)
Figure 47 : Relation entre la différence de temér@ (obtenue avec les mesures Mg/Ca et
celles de calcification) et les salinités de suefate I'océan pour I'espece de foraminifére
planctonique G. ruber (Mathien-Blard and Bassiri09).

Dans cette thése, ce biais potentiel de salinité f@paléothermometre Mg/Ca a été testé et
pris en considération pour les interprétations.

1.3 Le paléothermometre alcénone

Les alcénones sont produit par les coccolithoplésridl s’agit de molécules organiques avec
des chaines de 37 (C37) ou 38 atomes de carbosechaénes de carbone contiennent des
liaisons doubles dont le nombre peut varier enoraisle I'adaptation de l'algue aux
changements de conditions environnementales coranempérature. Ainsi, le nombre de
liaisons doubles (:2 ou :3) dans la chaine C37appelé « alkenone unsaturation » et est
utilisé comme indicateur de température :
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UK’ 37 (unsaturation index)=C37:2/(C37:2+C37:3) (PrabBB12).
Et T= (UK’37-0.044)/0.033 (Mdller et al., 1998 ; Figure 48)

Matériel et Méthodes

L’incertitude associée pour la reconstitution deelapérature est de 1.5°C.

Calibration Globale par core-top (60°S-60°N)

30.:‘.I..n.l...;l.n:;l.n..l....

] Estim. SST = (UK'37 - 0.044) / 0.033
25 ]

20

Température de surface de | 'océan estimée (°C)

0 5 10 15 20 25
Température annuelle de surface de | ‘'océan (°C)

30

Figure 48 : Calibration globale de température pdetUK’s; basée sur des préléevements de

surface (modifié d’apres Muller et al. (1998)).

Le protocole pour la mesure des alcénones, réaiséaboratoire du NIOZ (Pays-bas), est

fourni en Annexe.

1.4 Le paléothermometre Tk

Le nombre d’anneaux cyclopentanes trouvé dansglgcerol dialkyl glycerol tetraethers »
(GDGT) des archées marins (crenarchaeota) peutitits® comme indicateur de température
de surface de I'océan (Schouten et al., 2002) (Eig9). En effet, la membrane lipidique de

ces organismes s’'adapte aux changements de |&nziung.

I:\/Yv ’\/Y\/ ﬁ/i\/\,-%\/\/lv"vt:::

cDaT- _E Y WT’\)\“\)\O\,\J\,

Gasesasaca. 1
ooaTs W“’V\ﬁ/\xm
e

Crenarchaeol regio-isomer

Figure 49 : Structure des glycerol dialkyl glycetetraethers (GDGTSs) (Kim et al., 2010).
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Un index, appelé TEg, a été défini par Schouten et al. (2002) comme :

TEX,, =[GDGT - 2] +[GDGT - 3| +[Cren]/[GDGT - 1] +[GDGT - 2] +[GDGT - 3] + [Cren]
Un lien trés clair a été observeé avec la tempésatur
TEXge=0.015T+0.29

La relation initiale, basée sur 40 échantillonssddiment de surface, a plus récemment été
révisée par Kim et al. (2008) et Kim et al. (208¥c la définition d’un nouvel indice : le

TEX 5, =logTEXgs et T=68.4*TEX. +38.6 (Figure 50). L’incertitude associée a cetmibre
calibration est de 2.5°C.

3 30 —

£

30 )

o 20 —

© ¢

08 -

£8 10 —

25

£ O 0 | ('r2=0.87, n=255) | |

k] | | | |
-0.5 -04 -0.3 -0.2 -0.1

Log TEX,,

Figure 50 : Calibration de température pour le TEXmodifié d’aprés Kim et al. (2010)).

Le protocole pour la mesure des glycerol dialkytgtol tetraether (GDGTSs), réalisée au
laboratoire du NIOZ (Pays-bas), est fourni en Armex

2. Les reconstitutions de salinité de surface deotéan

Un des objectifs important de notre étude est dengruire les paléosalinités de surface
de I'océan. Actuellement, la seule méthode biebliétast celle développée par Duplessy et
al. (1991) qui s’appuie sur la double influencdaleempérature de surface et de la salinité sur
les valeurs isotopiques des foraminiferes planqtoes.
2.1 Les isotopes stables de I'oxygéne mesurégstg de foraminiferes

Le 5'%0 des foraminiféres vivants en surface (planctoesjulépend & la fois de la
température de surface de la mer, des changemsrasx dus'®O de I'eau de mer (ce
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parametre étant relié a la salinité de surfacelgp#alance évaporation-précipitation) et des
variations globales d&r?0 de I'océan entre périodes glaciaires et intergiigs associées aux
variations du volume des glaces (Figure 51).

‘ Local change in 350, ‘ ‘ Effect of ice volume change ‘

Seawater
8150

Figure 51 : Représentation schématique des factearsronnementaux qui influencent le
50 des tests de foraminiféres. On considére ici rastibnnement thermodynamique &
I'équilibre et sans effet vital.

Pour les foraminiferes vivants au fond de I'océ&enthiques), on considere, en
premiere approximation, que les variations de teatpée ainsi que les changements locaux
de I'eau de mer sont faibles. On peut ainsi néglgg@art due a ces parameétres et considérer
que leur rapport isotopique dépend presque exd@mswnt du signa'®O océanique dérivant
des variations glaciaires/interglaciaires du voludes glaces continentales. Ce sont ces
oscillations qui définissent le cadre d’étude dasations climatiques quaternaires (Figure 8).

L'unité de mesure d&'0O est exprimée par la formule suivante :
880 = ((**0/*®0échantillon)A°0/ °0Ostandard))-1)x1000.
Ceci permet une normalisation par rapport a undstah) qui est pour les carbonates le
VPDB (Vienne Pee dee Belemnite).
Une explication sur le fonctionnement du spectroenéie masse permettant la mesure du
signal 5*°0, réalisée au laboratoire EPOC, est fournie eexan

Puisque l'on utilise certaines espéces de forderas planctoniques pour obtenir
l'information de&'®0, il semble plus approprié (en premiére approdhéliser un indicateur
de température basé sur le méme matériel (le MpgAZaxemple) pour pouvoir extraire le
signal de salinité qui nous intéresse.

Plusieurs approches peuvent étre utilisées poumestes salinités dans le passé:
gualitative ou quantitative. Dans tous les cagseiont basées sur I'obtention d’'un signal
résiduel.

2.2 Approches qualitatives

Approche 1: Elle consiste a retrancher au sigdlO des foraminiféres planctoniques le
signal de température de surface (obtenu a pagintesures Mg/Ca). Il n’y a pas de prise en

compte ici de limpact des variations du volume dgaces continentales (dues aux
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changements glaciaires-interglaciaires) sus'f® de I'eau de mer, ni de celle de la salinité
globale. L'interprétation du signal obtenu est sloniquement qualitativédn obtient ainsi

18 e, - s .
un & "OsSw utilisé comme indicateur de la salinité de surfacde I'océan.

La calibration obtenue par Epstein et al. (1953)detptée sur les foraminiféres par
Shackleton and Opdyke (1973) et Shackleton (193¥pesuivante :

T = A+B (5 *0c- § **ow) * o
T=16,9'4,38‘6:Lsocarbonate(PDB)Blsosw)"'0,:I-(8:Lsocarbonate(PDBfSlsosw)2 (1)

Pour obtenir 16**0sw (indicateur de salinité de surface) on utidisores (1):
5*%0sw(smow) =5"®0carmonate(parf0,27-21,9%/(310,6 +10T)

Le +0,27 dans la formule sert & convertis1¥Osw de PDB & SMOW.
Le 8" Ocamonate(pabeSt celui mesuré sur les foraminiféres au niveatespondant et T désigne
la température reconstituee.

Pour calculer I'incertitude sur la méthode on sélla formule de Press et al. (1990) :

n
o’y= (MoX) o i Y=H(XeXa... Xo)
=
D’0U 65w = 66 +(10/(2,/(3106 +10T) )* (51°) avecs. erreur sur 16" *Ocarponaredes

foraminiféres.

Approche 2 En plus de supprimer l'effet de la températlisffet de variation ds*°O des
glaces continentales (dues aux changements gksiaiterglaciaires) est corrigé.
L’estimation de ces variations glaciaires-interggaes dus'®0 est issue des travaux de
Bintanja et al. (2005) et Waelbroeck et al. (20§@) estiment les variations du niveau marin
et leur impact sur 18'%0 benthique, d’autres indicateurs tels que leswoca I'utilisation de
modeles. Par contre, les variations de salinigsl#& ces mémes changements du volume des
glaces continentales ne sont pas corrigées. Oantl#galement une information qualitative :

le $"%0sw (correction glace) utilisé comme indicateur de laainité de surface de
'océan.

Au ﬁnal, 81805W (corrigé de la glace) 81805\/\/’ 8180glace.
Le 5'%0yace eStobtenu & partir des travaux de Bintanja et al. $20u Waelbroeck et al.
(2002).

Pour calculer l'incertitude associée a cette méhwals utilisons aussi la formule de Press et
al. (1990) tel que :

(0 sw (corrigé de la glac)gz (Gsw)2+((5 glacé2
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2.3 Approche quantitative

Pour cette approche, toutes les corrections liégsvariations du volume des glaces sont
effectuées. De plus, on utilise une relation gliere §'°0 de I'eau & la salinité pour pouvoir
quantifier nos reconstitutions. En effet, actueker) les variations de salinité de surface de
I'océan sont fortement corrélées aux variations'd0 de I'eau de mer (Figure 52 et 53).
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Figure 52 : Relation actuelle entre #&°0s,, et la salinité de surface de I'océan. Par exemple,
les fortes salinités de I'océan Atlantique tropicsint associées & des valeurs &&0s.,
élevées (données d'aprés Schmidt, G.A., G. R. Bigh E. J. Rohling. 1999. "Global
Seawater Oxygen-18 Database".http://data.giss.nasa.qgov/ol8data/ et  d'aprées
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from irth&eb site at
http://www.esrl.noaa.gov/psd/ original data afteoMerey and Levitus (1997)).
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Figure 53 : Exemple de relation régionale pour Bam Atlantique Nord (losanges), I'Indien
Sud (ronds), la Mer rouge/Golfe persique (carrésldygue et al., 2001) et la Mer d’Arabie
(triangles) entre 1e5'0 de I'eau de mer et la salinité de surface (dosn&aprés Schmidt,
G.A., G. R. Bigg and E. J. Rohling. 1999. "Globaa®ater Oxygen-18 Database".
http://data.giss.nasa.gov/o18data/

Avec cette méthode, on obtient une information tjtetive mais lincertitude est trés
importante. En effet, dans les zones tropicalegpample, le lien entre 820, et la salinité
peut varier de facon importante du fait de la batagvaporation-précipitation (en mer
d’Arabie notamment) (Figure 53), ce qui entrains theertitudes difficilement quantifiables
(Schmidt, 1999). A ceci s’ajoute les incertitudeportantes liées a la propagation des erreurs
(Rohling, 1998).

Pour toutes ces raisons, nous avons décidé daitiliapproche qualitative la plus poussée
dans le cadre de cette thése. Une étude trés ecoenfirme qu’il s’agit a I’heure actuelle du

meilleur compromis entre la qualité de I'informatifournie et les incertitudes qui lui sont
associées (LeGrande and Schmidt, 2011).

Une synthese des reconstitutions de salinité dacide 'océan a partir de I'étude des tests
de foraminiféres est disponible en Annexe sousoitené d'un article : Malaizé and Caley
(2009). Sea surface salinity reconstruction as sedéim foraminifera shells: Methods and
cases studiegur. Phys. J. Conferencés177-188 doi: 10.1140/epjconf/e2009-00919-6.

3. Le BIT index
Une autre facon d’estimer des changements locausatieité (pour des enregistrements
cOtiers) peut consister a estimer les déchargemfas.

Nous avons vu précédemment que les archées poticargstituer un outil intéressant pour la
reconstitution des températures de surface de dioc&he Branched and Isoprenoid
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Tetraether (BIT) index est un traceur récent paurcédrbone organique terrestre dans le
sédiment basé sur I'abondance relative des lipilesgine terrestre par rapport a ceux
d’origine marine (Hopmans et al.,, 2004 ; Figure.58¢t indicateur permet notamment
d’obtenir des informations sur I'apport de matiérganique par les décharges fluviales.
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Figure 54 : Structure des « glycerol dialkyl glyoktetraethers » (GDGT) présent dans les
sédiments marins, lacs et sols terrestres (Hopnedrad., 2004). Les lipides I, Il et Il sont

dominants dans les environnements terrestres (ole pke « branched tetraether lipids »).

Ces lipides ne font donc pas partie du groupe ienpidal des GDGTs tel que le lipide IV qui
provient des archées planctoniques marins (on paele crenarchaeol »).

L'indice BIT se calcul comme :

BIT=(I+1+1D/(1+1+111)+(IV) Hopmans et al. (2004)

L’indice BIT varie entre O et 1 ou O correspondre $source de carbone organique purement
marine et 1 une source de carbone organique putderesstre (Figure 55). Dans ce travail,
la mesure de l'indice BIT réalisée au laboratoite MNIOZ a pu étre appliquée a un
enregistrement situé au large du fleuve Limpopmiaeau de I’Afrique du Sud-est.
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Figure 55: Le BIT index comme indicateur de l'aijpde matiére organique par les
décharges fluviales (Hopmans et al., 2004).
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4. Le 8*3C des n-alkanes

Pour obtenir des informations sur le climat du ot et notamment les précipitations, il est
possible de documenter les changements de la Wé@gétha composition isotopique du
carbone §C) provenant des lipides des plantes supérieuratkémes) peut étre utilisée pour
distinguer la végétation utilisant I'assimilation darbone par la voie C3 (cycle de Calvin-
benson) de celle utilisant la voie C4 (cycle de cHeBlack) (Chikaraishi et al., 2004 ;
Schefuss et al., 2003 ; 2005). Presque tous laesarkes herbes et les laiches de saisons
froides utilisent la voie C3 alors que la photobgse par voie C4 est trouvée pour les herbes
et les laiches de saisons chaudes (Cerling e1307). Les plantes C4 sont donc trouvées
principalement dans les savanes tropicales, lasdéés d’herbes tempérées et les semi-
déserts. Méme si les facteurs climatiques affedemiplantes C3 ou C4 sont nombreux et
imparfaitement compris, des études ont montré liegfion de I'analyse dw'3C des n-
alkanes comme un bon indice pour la balance huéhatitlité sur le continent Sud africain
(Schefuss et al., 2003 ; Figure 56).
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Figure 56 : Représentation d’un lipide provenantur® plante supérieure (C29-alkane) et
exemple d’'une étude documentant la relation erdréempérature de surface de I'océan
(SST) et le signa¥*>C des ces alkanes pour un site sédimentaire métig slans la zone
tropicale de I'Atlantique Sud. Le pourcentage denpdés C4 est estimé a partir de I'alkane
C31, qui est dominant, et a partir d'une équatidnalre de mélange en assumant que le
5%C4 des lipides des cires des feuilles est de -%Zh.Blors que le 5°C3 et de -36%o
(données d’apres Schefuss et al. (2003)). Ces usad@montrent le contrdle des SST sur la
végétation africaine.
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Une augmentation de la végétation de type C4 deitrpar une augmentation a@t°C des n-
alkanes (en général, les lipides des cires defideuwint und**C4 de -21.5 %o et de -36 %o
pour le3*C3: Collister et al., 1994) est traduit des cdndi plus arides (Schefuss et al.,
2003 ; Figure 56). Dans cette thése, le signiT des n-alkanes, mesuré au laboratoire du
NIOZ, a pu étre obtenu pour le site MD96-2048 sénéfrique du Sud-est.

5. L'XRF core scanner (fluorescence au rayon X)

Cette méthode semi-quantitative et non destructoeanet de déterminer lintensité des
éléments majeurs et mineurs a la surface du sédifrigure 57).
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Figure 57 : Principe de I'’XRF (Richter et al., 2006

Chaque mesure XRF comprend un spectre. Un modeileepensuite de convertir ce spectre
en une intensité d’éléments. Dans notre étudeéniéht Brome (Br), mesuré au laboratoire
EPOC, a pu étre utilisé comme indicateur de lauteasganique marine dans les sédiments de
la mer d’Arabie (Ziegler et al., 2008). Des expiicas complémentaires sur le principe de
I'XRF sont fournies en Annexe.
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Chapitre 3 : La Mousson Boreale
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Partie 1. Etat de l'art sur les études paléoclimatjues de la mousson Indo-
asiatigue a I'’échelle orbitale

La mousson est un sujet d’étude depuis environa3B&0(Hadley, 1735 ; Halley, 1686) et a
suscité de nombreuses études paléoclimatiques. dusson est définie sur la base des
renversements saisonniers des vents et des padcpg associées. Ces variables
météorologiques ne sont pas préservées directamaastles archives géologiques mais elles
influencent fortement la physique, la chimie etbli@logie des processus océaniques et
terrestres. Ces aspects pourront étre conservéslesrarchives géologiques telles que les
carottes sédimentaires marines et lacustres, leauxo les dépbts dans les grottes
(spéléothémes et autres...).

Toutefois, des processus additionnels non reliég mousson peuvent aussi affecter ces
archives géologiques. Pour cette raison, il estépable d'utiliser une approche multi-
indicateurs.

Comme nous l'avons vu précédemment pour |'étabtiesd du cadre temporel, la
climatologie et I'enregistrement des différentsidatieurs climatiques peuvent étre abordée
suivant une large gamme d’échelles temporelless@atte premiéere partie, nous illustrerons
quelques uns des travaux déja réalisés pour lasonusdo-asiatigue en nous limitant a la
variabilité orbitale (incluant les conditions glaices/interglaciaires).

Pour la période Quaternaire, les deux forcages urmjsusceptibles d’influencer le climat
global et la mousson sont, entre autres, les vamgtd’insolation (forcage externe) et du
volume de glace (forcage interne) (Figures 8 et IL8)forcage externe est essentiellement
représenté par les variations des parametres axbi@es variations expliquent en partie les
variations du volume de glace ainsi que la sucorges périodes glaciaires et interglaciaires.

Les signaux de précession et d’obliquité sont damts dans le signal d’insolation alors que
le volume de glace est dominé par la pseudo-peed&00000 ans (alternance de périodes
glaciaires et interglaciaires pour le Quaterna@reent). En général, cette pseudo-période de
100000 ans se retrouve dans beaucoup d’enregistitepa@éoclimatiques a travers le monde.
Pourtant la mousson Indienne semble faire excemt#orelle est largement dominée par les
signaux de précession et d'obliquité (Clemens arell,P2003). Ceci met en lumiere la
complexité de la mousson et les différents conceptircage que I'on peut rencontrer dans
la littérature.

1. Variabilité glaciaire/interglaciaire et réponsede la mousson (pseudo-cycle de 100000
ans)

En général, les conditions glaciaires (diminutian @0, extension des calottes glaciaires,
augmentation de l'albédo) ont pour effet de dimintiatensité des moussons estivales et
d’augmenter celle des moussons hivernales (Doad),et996 ; Liu et al., 2007 ; Wang et al.,
2005). Ce mécanisme s’observe extrémement bien damgins enregistrements de Loess
Chinois (Figure 58a-e) mais il n’est pas totalengemhpris et des exceptions se produisent.
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Figure 58 : Réponse de la mousson Indo-asiatiquevauiations glaciaires-interglaciaires.

a) La susceptibilité magnétique (S.M) dans les taps est reliée a la pédogenése de ces
derniers est utilisée comme indicateur de la mouskété asiatique (Clemens et al., 2008 ;
Sun et al., 2006). b) Données Fed/Fet(Belibre/Fe,0O3 total) comme indice d’altération
chimique des Loess chinois et utilisé comme ingicadle la mousson d’été asiatique (Guo et
al., 2000 ; 2009). c) Indice de mousson estivaME() asiatique dans les Loess chinois
calculé sur la base des assemblages de mollusquesstres (Rousseau et al., 2009). d)
Indicateur granulométrique (teneur de la fractiorogsiere > 32um)) dans les Loess en tant
gu’indice de la mousson d’hiver asiatique (des sdatts favorisent le transport de grosses
particules ; Guo et al., 2009). e) Indice de mouskivernale (IMH) asiatique dans les Loess
chinois calculé sur la base des assemblages deusapiés terrestres (Rousseau et al., 2009).
f) Signal isotopiquedt?0) des spéléothémes asiatiques comme indicatelarrdeusson d’été
(Cheng et al., 2009 ; Dykoski et al., 2005 ; Wahglg 2001 ; 2008). g) Stack d’'indicateurs
de la mer d’Arabie comme indice de mousson estindienne (Clemens and Prell, 2003). h)
Stack (LR04) dw'?O des foraminiféres benthiques en tant qu'indicaiges variations du
volume de glace (Lisiecki and Raymo, 2005). Leerdifites périodes glaciaires (chiffres
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pairs) et interglaciaires (chiffres impairs) somdiquées (MIS : stade isotopique marin). Les
cadres bleus indiquent le développement de moussstigales importantes durant les
périodes glaciaires. La mousson atypique enregisti@ns les loess chinois durant le MIS 13
est indiquée par le cadre rouge.

Par exemple, les moussons Est-asiatique (basédsssenregistrements de spéléothémes)
ainsi que des enregistrements marins pour la maussiienne et des résultats de modeles,
indiquent la présence de fortes moussons estidalemt les glaciaires 6 et 8. De plus, ces
enregistrements ne montrent pas de variabilitéigjtaedinterglaciaire aussi prononcée que
pour les loess chinois (Cheng et al., 2009 ; Cleyreerd Prell, 2003 ; Malaizé et al., 2006 ;
Masson et al., 2000 ; Wang et al., 2008) (Figurg B@r ailleurs, des moussons estivales
importantes durant certaines périodes glaciaird$ () 10 et 12) ont été observées dans les
Loess de Chine sur la base des assemblages desqualti(Rousseau et al., 2009 ; Figure
58c).

Si la dynamique des moussons durant les périodasagkes semble complexe et variable
dans le temps et I'espace, certaines périodeglatgaires semblent également complexes en
termes de dynamique de la mousson. C'est le caMi@u atypique 13. Une asymétrie
importante entre I'hémisphére Nord et Sud semblééselopper car les hautes latitudes Sud
sont marquées par des températures relativemdohdsa pour cette période interglaciaire
(Jouzel et al., 2007) alors que les hautes lattuderd sont marquées par des conditions
chaudes (De Vernal and Hillaire-Marcel, 2008 ; Maik et al., 2009 ; Prokopenko et al.,
2002). Concernant les basses latitudes, les etnagisnts de lcess chinois se caractérisent par
des moussons d’été et d’hiver exceptionnellemenégcet faibles (en terme d’amplitude) au
cours des derniers 800000 ans (Guo et al., 2008 avd Guo, 2008 ; Figure 58).

2. Variabilité de précession et d’obliquité et répose de la mousson

L’étude du climat a I'échelle orbitale présente awvantage par rapport aux autres échelles
temporelles d'étude car le forcage externe esthi@s contraint et connu. Les cyclicités de
précession et l'obliquité semblent dominer et ieflaer la mousson Indienne (Clemens and
Prell, 2003). Les variations et l'intensité de pesameétres dans le temps sont connues et
datées avec précision (Berger, 1978 ; Laskar ,c2@04).

En plus de ce forcage externe d’origine solairassbcié aux cycles d’insolation, la mousson
peut également étre influencée par les forcagesnies. Les forcages internes potentiels
peuvent inclure toutes les interactions entre l@pihere, I'océan, la lithosphere, la
cryosphére et la biosphére (Figure 10).

Prenons comme exemple la Mer d’Arabie ou beaucdéjudaks ont été réalisées depuis
environ 30 ans a partir d’enregistrements sédinrestavec une large variété d’indicateurs
physiques, chimiques, isotopiques et biologiquesr gvaluer la variabilité de la mousson
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indienne a I'échelle orbitale (Almogi-Labin et aRPD00 ; Altabet et al., 1995 ; 1999 ;
Anderson, 1991 ; Anderson et al., 1992 ; Andersah Rrell, 1992 ; 1993 ; Beaufort, 1996 ;
Budziak et al., 2000 ; Clemens and Prell, 19900320Clemens et al., 1991 ; 1996 ; 2008 ;
2010; Murray and Prell, 1991 ; 1992; Overpeck etl#196 ; Prell, 1984a ; 1984b ; Prell and
Kutzback, 1987 ; Prell et al., 1990; Prell and \Gampo, 1986 ; Reichart et al., 1997 ; 1998 ;
Rostek et al., 1997 ; Shimmield et al., 1990 ; &wmet al., 1993 ; Street-Parrott and Harrison,
1985 ; Van Campo et al., 1982 ; Weedon and Shindnied91 ; Ziegler et al., 2010a ;
2010b).

L’étude de Clemens and Prell (2003) a montré qgeddérents indicateurs possédaient une
variance commune reliée a la mousson. Ainsi, cesuegion pu proposer une compilation (dit
« stack ») pour la mousson d’été indienne (Fig@®)5Si ce stack de mousson répondait de
facon linéaire a l'insolation regue (la différerdm chaleur sensible), le maximum de mousson
serait en phase avec le maximum d'insolation d'é&€u dans I'hémisphére nord
(correspondant a un maximum d’obliquité et un mumimde précession). Cette situation
serait en accord avec les résultats obtenus p@ircemodeles de simulation climatique (Prell
et Kustzback, 1992 ; Ziegler et al., 2010b ; Fighée). De la méme fagon, si la mousson
d’été répondait uniguement au forcage interne lig @ariations du volume de glace, un
maximum de mousson serait associé a un minimunohlene de glace. En considérant que
ces deux forcages ont un réle d’importance équitale maximum de mousson devrait se
trouver entre le maximum d’insolation et le minimui® volume de glace pour des périodes
d’obliquité (41000 ans) et de précession (23000. &stte situation semble valable pour les
spéléothemes asiatiques (Cheng et al., 2009 ; Bykbsl., 2005 ; Wang et al., 2001 ; 2008)
et pour les enregistrements de mer d’Arabie darmadede la cyclicité d’obliquité (Figure 59
diagrammes de phase).
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Figure 59 : Forcages et réeponses des indicateursndasson d’été Indo-asiatique a I'échelle
orbitale (précession et obliquité). a) Variation dgbliquité au cours du temps (Laskar et al.,
2004). b) Variation de l'indice de précession awmsodu temps (Laskar et al.,, 2004). c¢)
Pluies estivales modélisées (modele Climber 2) fidsie (Ziegler et al., 2010b). d) Stack
d’indicateurs pour la mer d’Arabie comme indicerdeusson estivale indienne (Clemens and
Prell, 2003). e) Variation de la teneur de Bromermear d’Arabie comme indicateur de la
teneur en carbone organique marin (Ziegler et a2010b). f) Signal isotopique’tO) des
spéléothemes asiatigues comme indicateur de lasoou$été (Cheng et al., 2009 ; Dykoski
et al., 2005 ; Wang et al., 2001 ; 2008). Les diagmes simplifiés de phases sont associés
aux enregistrements de la mousson d’été décritséagmment : ils illustrent la réponse des
différents enregistrements au forgage de l'insolatpour les périodes orbitales de précession
(23 000 ans) et dobliquité (41 000 ans). La phasdle est fixée pour un minimum de
précession (augmentation de l'insolation d'été dd&hgmisphere Nord) et un maximum
d’obliquité (augmentation de l'insolation d’été datihémisphére Nord et Sud). Les phases
négatives sont mesurées dans le sens des aigdillas montre et représentent un retard
temporel. Ainsi, la position d’'un vecteur représela réponse de I'enregistrement au forcage
de l'insolation dans le temps. Position du volureegthce d’apres Lisiecki and Raymo (2005)
et du maximum de chaleur latente d’aprés Clement €008 ; 2010).

Toutefois, les indicateurs climatiques de la mérabie et notamment le stack de mousson
d’été indienne (Clemens and Prell, 2003) indigueanschéma beaucoup plus complexe pour
la cyclicité de précession que le simple schémaequinel développé précédemment et qui
semblait pourtant pouvoir s’appliquer aux spéléathg asiatiques (Figure 59). En effet, dans
le cycle de la précession, la mousson Indienn@ esin maximum environ 8000 ans apres le
maximum d’insolation d’été dans I'hémisphére Nondifimum de précession), et environ
3000 ans apres le minimum de volume de glace (€i§Ardiagrammes de phase ; Clemens
and Prell, 2003 ; Reichart et al., 1998).

Trois hypotheses différentes ont été proposées papiiquer cette relation de phase
complexe entre le forcage et la réponse de la moaudgté indienne :

(1) Une premiére hypothese suggére que la mous&t@ thdienne est sensible a
I'insolation d’été tardive (Aot a Septembre) carproductivité saisonniére actuelle atteint
son maximum durant cette période (Reichart et B998). Ainsi, on obtiendrait un
allongement du temps de réponse de la moussorerpit fransposable a I'échelle orbitale.
Toutefois, ce scénario a été mis en doute rapidemand’autres études car les signaux
saisonniers ne semblent pas pouvoir étre transpos@dement a I'échelle orbitale puisqu’ils
sont reliés a l'inertie du systéme qui produit deards de quelgues semaines et qui n'arrive
donc pas de facon synchrone avec le forcage rédem@s and Prell, 2003). De plus, des
travaux de modeélisation récents (Kutzback et &082; Tuenter et al., 2005) démontrent que
le maximum de précipitation en juillet varie a hétle orbitale avec le minimum de
précession et donc avec le maximum d’insolatiojuan

(2) Clemens and Prell (2003) ont donc proposé uire aypothése faisant intervenir le rble
de la chaleur latente de l'océan Indien Sud qumrmoe nous l'avons vu précédemment
(Figure 15), joue un réle important pour la métémge de la mousson actuelle. Le maximum
de chaleur latente dans I'hémisphére Sud étantufirddrant le maximum de précession et
d’obliquité, cette hypothese pourrait expliquer daeposition des maxima de mousson se
situe entre I'export de chaleur latente et le mummde volume de glace (Figure 59
diagrammes de phase).

Cependant, si cette hypothése est valable, la mapusslienne (d’apres les enregistrements
provenant de la mer d’Arabie) et la mousson det ldsgatique (d’aprés les enregistrements de
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spéléothémes) ont une réponse différente dansripstet ne sont pas sensibles aux mémes
forcages internes du systéeme climatique. Ceci npest en accord avec les observations
météorologiques actuelles qui suggérent que lessoms Indiennes et Asiatiques sont reliées
a une méme source d’humidité qui dérive de I'odédiren Sud (Ding et al., 2004 ; Ding and
Chan, 2005 ; Liu and Tang, 2004 ; Park et al., 20Bigure 16).

(3) Pour réconcilier ces différences observéeseeles zones indienne et asiatique, une
troisieme hypothése a été proposée (Ziegler et2@ll0b). Les indicateurs permettant de
reconstituer la dynamique de la mousson en mer athi&r sont essentiellement dérivés
d’indicateurs de productivité. Une bonne relatiomre le signal de teneur en matiére
organique marine, associé a de la productivitéglgreet al., 2008 ; 2010b), et le stack de
mousson d’été Indienne de Clemens et Prell (2088}ee(Figure 60). Ainsi, Ziegler et al.
(2010b) ont proposé que la productivité en mer dAe puisse étre contr6lée par d'autres
processus non reliés a la dynamique de la moussorotamment les variations de la
circulation thermohaline en Atlantique Nord. Ceqassus affecterait I'apport de nutriments
dans la zone euphotique de la mer d’Arabie et pdtubiaiser le signal. Ainsi, on pourrait
expliquer la différence de phase observée entnedlasson indienne et la mousson asiatique
pour la cyclicité de précession.

Toutefois, un travail récent de Clemens et al. @Qdropose au contraire que ce soit les
enregistrements de spéléothémes de I'Est asiatigiiesoit biaisés par un probléeme de
saisonnalité. D’autres études récentes semblelgrégat contester l'interprétation du signal
des spéléothemes comme indicateur de moussonutigggement (Dayem et al., 2010 ; Hu et
al., 2008 ; Maher, 2008) ou comme simplement ctétpar le climat de 'hémisphére Nord

(Cai et al., 2006 ; Rohling et al., 2009). Le peobk est encore débattu.

Si les enregistrements de la mer d’Arabie docunmerpgencipalement la dynamique de la
mousson d'été a I'échelle orbitale, des études laumousson d’hiver a partir des
enregistrements de lcess et de mer de chine suggémenrelation d’'antiphase avec la
mousson d’été pour la cyclicité de précession (@lesnet al., 2008) (Figure 60). Ceci
pourrait indiquer que les deux systéemes sont dygaennent liés.

Les parties ci-aprées s’attachent a étudier plusiearegistrements de la mousson boréale, sur
plusieurs échelles d’espace et de temps. Nous cancentrerons tout d’abord sur la pseudo-
cyclicité de 100000 ans a travers l'étude de ligheciaire 13 (MIS 13). Nous nous
focaliserons ensuite sur la relation entre lesdges et la réponse de la mousson Indo-
asiatique pour les cyclicités de précession (23&) et d’obliquité (41000 ans). Ensuite,
nous aborderons le concept de mousson globalegamdrees différences de réponses locales
pour la mousson. L'ensemble des résultats obtetudiseutés sera synthétisé dans une
derniére partie.
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Figure 60 : Forcages et réponses des indicateursndesson d’hiver asiatique a I'échelle
orbitale (précession et obliquité). a) Taille desigs de quartz normalisée (Clemens et al.,
2008). b) Accumulation des chlorins dans le sédirf@lemens et al., 2008 ; Higgison et al.,
2003 ; 2004). c) Accumulation des alcénones totlans le sédiment (Clemens et al., 2008 ;
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(Calvert et al., 1993 ; Clemens et al., 2008). ldmgrammes simplifies de phases sont
associes aux enregistrements de la mousson d’'tléaits précédemment.
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Partie 2 : La mousson Indienne durant le MIS 13 atgigue

1. Introduction

La période interglaciaire MIS 13 semble tout a faiypique en termes de climat et
de dynamique de la mousson. Une asymétrie impertamire les hémisphéres Nord et Sud
semble se développer, les hautes latitudes Sud @wanquées par des températures
relativement fraiches pour une période interglagi@louzel et al., 2007) alors que les hautes
latitudes Nord sont affectées par des conditiormudbs (De Vernal and Hillaire-Marcel,
2008 ; Markovic et al., 2009 ; Prokopenko et aDp2). Par ailleurs, une réorganisation
majeure dans le réservoir de carbone de l'océadbapla été proposée durant cette période
(Raymo et al., 1997 ; Wang et al., 2003). Concedrlemnbasses latitudes, les enregistrements
de loess chinois suggerent pour cette période sfemce de moussons d'été
exceptionnellement fortes et de moussons d’hivaregttonnellement faibles (en termes
d’amplitude) au regard des derniers 800000 ans @bab, 2009 ; Yin and Guo, 2008).

La mousson durant la période climatique particalidu MIS 13 est donc un objet d’étude
intéressant puisqu’il permet d’aborder les diffésesoncepts de forcage et de réponse pour ce
phénomene. Notamment, des interrogations subsistie® caractére atypique de la mousson
indienne, en terme d’amplitude (Ziegler et al., @&1comme en terme de relation de phase
(Bassinot et al., 1994 ; Rossignol-Strick, 1998).

Afin de mieux appréhender la dynamique de la maudsdienne durant le MIS 13, nous
avons reconstruit la dynamique des précipitatiostivaes dans I'océan Indien tropical a
partir de deux enregistrements sédimentaires mddoalisés au niveau des Maldives
(carottes MD90-0963 et MD90-0961). Pour se faimsavons calculé [&°0sw (ice free)
(~indicateur de salinité de surface océanique)réirgianalyses couplées Mg/Ca&fO sur
I'espece de foraminifére planctoniqGe ruber.

Nous avons ensuite reconstruit les vents estivaua dnousson en mer d’Arabie a partir d’'un
enregistrement sédimentaire marin situé au largd’@man (site ODP 722). Pour cela,
I'intensité de 'upwelling a été reconstituée atpatu rapport des foraminiféres planctoniques
G. bulloidedG. ruberet des analyses couplées Mg/Ca>80 sur I'espéce de foraminifére
planctoniqueG. ruber. L'intensité des vents de mousson sur la zone aeggait pu étre
déterminée par la mesure de la taille des graimsgéniques préalablement publiée (Clemens
et al., 2008).

Etant donné les nombreux concepts de forcagesaatggpour la mousson et donc la difficulté
a déterminer le caractére atypique des événemenisodisson, nous avons fait le choix de
conduire cette étude en discutant séparément liardpldes signaux observés et la relation
de phase de ces signaux.
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Previous studies have suggested that Marine Isotope Stage (MIS) 13, recognized as atypical in many
paleoclimate records, is marked by the development of anomalously strong summer monsoons in the
northern tropical areas. To test this hypothesis, we performed a multi-proxy study on three marine records
from the tropical Indian Ocean in order to reconstruct and analyse changes in the summer Indian monsoon

{\(Aeljév‘gu;ds' winds and precipitations during MIS 13. Our data confirm the existence of a low-salinity event during MIS 13
Atypical in the equatorial Indian Ocean but we argue that this event should not be considered as “atypical”. Taking only
Monsoon into account a smaller precession does not make it possible to explain such precipitation episode. However,
Indian Ocean when considering also the larger obliquity in a more complete orbitally driven monsoon “model,” one can

Precipitation successfully explain this event. In addition, our data suggest that intense summer monsoon winds, although
Wind not atypical in strength, prevailed during MIS 13 in the western Arabian Sea. These strong monsoon winds,

Obliquity transporting important moisture, together with the effect of insolation and Eurasian ice sheet, are likely one of
the factors responsible for the intense monsoon precipitation signal recorded in China loess, as suggested by
model simulations.

© 2011 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction al., 2008; Ziegler et al., 2010b) and paleoclimatic datasets (Wang et al.,

The monsoon system is a strong conveyor of energy, which affects
climate on a global scale and plays a major role on the densely
populated tropical regions. The word “monsoon” is derived from the
Arabic word “maussim”, which means seasonal winds. Thus, as
evidenced from etymology, the early definition of monsoon clearly
emphasized the seasonal reversal of wind direction, which was a key
aspect for Arabian navigators that sailed the coasts of Africa and the
northern Indian Ocean. These wind reversals are also associated with
dramatic contrasts in precipitation over the course of the year, with
the succession of dry and humid seasons, which strongly influences
both agriculture and economies of monsoonal areas. Recent studies
have put more emphasis on this seasonal precipitation aspect, which
is now arguably more important than wind reversals in the monsoon
definition (Wang et al.,, 2008; Cheng et al., 2009).

The intensity of the monsoon is tied to the seasonal and latitudinal
distribution of the solar energy, which varies over geological
timescales in relation to changes in the Earth's orbital configuration.
Studies based on modelling work (Braconnot et al., 2008; Kutzbach et

* Corresponding author. Fax: +33 5 56 84 08 48.
E-mail address: t.caley@epoc.u-bordeaux1.fr (T. Caley).

2008; Cheng et al.,, 2009; Ziegler et al., 2010b,c) suggest a direct or
quasi-direct link between summer monsoon maxima and maxima of
Northern Hemisphere summer insolation. According to Rossignol-
Strick (1983), anomalously strong African monsoon events occur
when the insolation gradient between the north tropic (23°N) and the
equator (the so-called “monsoon index”), reaches a threshold value.
Based on marine sedimentary records, this author showed that each
time a high Northern Hemisphere summer insolation drove the
“monsoon index” to cross this threshold, this leads to the deposition
of a sapropel layer in the Mediterranean Sea, which is interpreted as
an evidence of a particularly strong monsoon (Rossignol-Strick,
1983). Because this monsoon index only takes into account the low-
latitude insolation gradient (23°-equator), it clearly puts a strong
emphasis on the role of the precession on monsoon dynamics.

In this precession band, Clemens and Prell (2003), Clemens et al.
(2008, 2010) concluded that the strongest Indo-Asian summer
monsoons lagged Northern Hemisphere (NH) summer insolation
maxima (around minima of precession; summer solstice at perihe-
lion) by ~8 ka. However, contrary to the conclusion reached by
Rossignol-Strick (1983), Clemens et al.'s studies also showed that
important monsoon variance resides in the obliquity band, with a
quasi in-phase relationship between strong monsoons and NH
summer insolation maxima. According to their conceptual model,

0033-5894/$ - see front matter © 2011 University of Washington. Published by Elsevier Inc. All rights reserved.
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direct sensible heating initiates monsoonal circulation, but it is the
decreasing glacial boundary conditions and the increasing latent
heat export from the southern to the northern Indian Ocean that
both set the timing of strong summer monsoons within the
precession and obliquity bands (Clemens and Prell, 2003; Clemens
et al., 2008).

The monsoon system has varied greatly in its intensity over the
past glacial-interglacial periods (Clemens and Prell 1991; Guo et al.,
2000; Sirocko et al., 1993; Sun et al., 2006). Among the interglacial
periods, the climate signature of Marine Isotope Stage (MIS) 13 is
atypical, being characterized by a strong East Asian summer
monsoon occurring in a globally cool world (Yin and Guo, 2008). In
terms of global climate signature and ice volume changes (as
recorded in benthic §"°0 series), the transition between MIS 14 and
13 (termination) is the least pronounced of the past 640 ka (Fig. 1a;
Lisiecki and Raymo, 2005). Ice-core records suggest that MIS 13 is an
interglacial period with cooler Antarctic temperatures (Jouzel et al.,
2007) and lower CO, and CH,4 concentrations than those recorded in
the preceding and subsequent interglacials (Loulergue et al., 2008;
Luthi et al., 2008) (Fig. 1b). This stage is also marked by extreme &'°C
positive values in marine benthic records, which suggest a major
reorganisation in the carbon reservoir of the global ocean (Raymo et
al.,, 1997; Wang et al., 2003) (Fig. 1c). Warm conditions in the high
latitudes of the Northern Hemisphere continents are inferred from
Greenland (De Vernal and Hillaire-Marcel, 2008) and eastern Europe
(Markovic et al., 2009). Low-latitude paleoclimatic records also
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Figure 1. The atypical MIS 13 period. a) 5“0 Benthic LR04 (Lisiecki and Raymo, 2005).
b) Antarctic temperature (EDC) (Jouzel et al., 2007) (plain black), CO, (dash) and CH,4
(plain gray) concentration in ice cores (Loulergue et al., 2008; Luthi et al., 2008). c¢)
Benthic &°C records from the north Atlantic site 552 (dash) and tropical Atlantic site
664 (plain) (Raymo et al.,, 1997). d) Barium (Ba) in the Arabian Sea site MD04-2881
(Ziegler et al, 2010a). e) Loess grain-size changes show by the content of the >32 um
fraction at Xifeng (Guo et al., 2009). f) China loess Fed/Fet (chemical weathering index
at Xifeng) (Guo et al., 2000). g) Loess Magnetic Susceptibility (M.S.) at Lingtai and
Zhaojiachuan (Sun et al,, 2006). h) 5°0 planktonic record at site MD90-0963 (Bassinot
et al,, 1994). i) Sapropel A deposition in Mediterranean (Rossignol-Strick et al., 1998).
Marine Isotope Stages (MIS) are indicated. Gray frame denotes the proxies for which
MIS 13 can be considered as atypical from an amplitude signal point of view.
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suggest the development of an extremely strong East Asian Summer
Monsoon (EASM) and weak winter monsoon, as shown by high
chemical weathering indexes, high magnetic susceptibility values
and the low grain-size content obtained in China loess records (Guo
et al., 2000; Sun et al.,, 2006; Yin and Guo, 2008; Guo et al., 2009)
(Figs. 1e-g).

The extremely strong MIS 13 EASM appears to coincide with other
exceptional monsoonal events around the world. In the equatorial
Indian Ocean, an anomalous &0 depletion event (the “Y event”) is
observed in the planktonic foraminifer stable oxygen isotopic record
of core MD90-0963 (525-530 ka) (Bassinot et al., 1994) (Fig. 1h). This
isotopic event might have been caused by intense monsoonal
precipitation and the enhancement of fluvial runoff, although this
hypothesis has not yet been tested. Over the same time interval in the
Mediterranean Sea, Rossignol-Strick et al. (1998) note the presence of
a sapropel layer (Sapropel A) in core KC-01, which suggests massive
river discharges and the associated reduction of Mediterranean
thermohaline circulation (lower oxygenation of deep waters)
(Fig. 1i). These authors suggest that the strong Mediterranean and
Indian Ocean monsoon events during MIS 13 might have been linked,
but that they cannot be explained in terms of a simple precession-
driven response of low-latitude climate variability (explaining why
they are considered “atypical”).

Ziegler et al. (2010a), in a recent study of an Arabian Sea core,
observed a marked productivity increase over the MIS 13 time
interval (Fig. 1d). These authors conclude, however, that the summer
monsoon was not stronger during MIS 13 than during the preceding
and subsequent interglacials, and that this productivity anomaly
developed as a consequence of intensified overturning circulation at
the end of the mid-Pleistocene transition, leading to an increased
nutrient concentration of the deep waters that upwelled into the
Indian Ocean euphotic zone.

The presence of an atypical Indian monsoon event during MIS 13 is,
therefore, still questioned. Meanwhile, it is important to note that
“atypical” may not necessarily refer to the same aspect of a monsoon
event. The light “Y event” in the "0 record of equatorial Indian core
MD90-0963 and the sapropel A in the Mediterranean Sea are considered
atypical because of their timing. The formation of a sapropel and strong
Indian Monsoon event are not expected over this time interval since the
minimum energy threshold in the “monsoon index” is not reached
(weak minima of precession) (Rossignol-Strick et al., 1998). In contrast,
the MIS 13 summer monsoon event in the Chinese loess is clearly
atypical when comparing its magnitude to that of the younger
interglacials, and its high amplitude with the low magnitude changes
in marine oxygen isotope and Antarctic ice core records (Yin and Guo,
2008) (Fig. 1). Thus, in our study, we propose to address and discuss
separately both the magnitude and the timing (forcing/response
relationships) of climatic events recorded during MIS 13.

To discriminate among these contrasting hypotheses regarding the
presence, forcing, intensity and the timing of monsoon during the
atypical MIS 13 period, we reconstructed past precipitation changes
using sea water 6°0 (5" Osy, a proxy for salinity changes) from
coupled Mg/Ca derived sea-surface temperature (SST) and &°O
measurements performed on planktonic foraminifers picked from
two deep-sea cores located in the equatorial Indian Ocean. We also
reconstructed changes in the summer monsoon wind intensity in the
western Arabian Sea based on published lithogenic grain-size data
and variations in Oman upwelling strength (productivity index and
salinity changes).

Material and methods
Geographic and hydrological setting

Today, evaporation prevails in the Arabian Sea whereas massive
river discharges draining monsoon precipitations, via the Ganges-
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Brahmaputra and the Irrawadi, prevail in the Bay of Bengal. This
results in a strong east-west salinity gradient in the northern part of
the Indian Ocean (Fig. 2). For this reason, the area located south of
India, at the transition between the Arabian Sea and the Bay of
Bengal, is particularly suitable to analyze past changes in monsoon
precipitation. In this area, two cores were collected during the
SEYMAMA oceanographic cruise of the R/V Marion Dufresne: MD90-
0963 and MD90-0961 cores. They are both located east of the
Maldives (05°04’N, 73°53’E) at 2450 m water depth (Fig. 1). Core
MD90-0963 has been already studied and published (Rostek et al.,
1993; Bassinot et al., 1994; Beaufort et al., 1997), although no record
of temperature (Mg/Ca) and, consequently, no &'°Os, record was
generated for the MIS 13 interval. Core MD90-963 is affected by a
slump near the MIS 13 interval (Bassinot et al., 1994). This slump
event was removed during the building of the age model. Because the
anomalous, light 5“0 event (“Y") is located near this disturbed
interval, we also studied partly MIS 13 and 14 intervals from the
sister core MD90-0961 in order to check whether this anomalous
isotopic event is reproducible. We have also performed supplemen-
tary analyses to generate a &' Oy, signal for the MIS 16 to MIS 18 time
period, which allows a comparison between the MIS 13-MIS 14 and
another glacial and interglacial cycle in the core.

In the Western part of the Arabian sea, the northward migration of
the ITCZ during the summer season, and the associated atmospheric
circulation changes, result in (1) dust plumes being carried from the
continent into the ocean by northwesterly winds and (2) the
development of strong coastal upwelling along the coast of Oman
(Clemens and Prell, 1991; Clemens et al, 1996). Based on the
comparison of trap flux and wind speed over the time period 1986-
1987, it has been shown that, annually, 70% of the flux of biogenic
detritus and 80% of the flux of lithogenic detritus to Arabian Sea
sediments are generated during the summer monsoon (Clemens et al.,
1996). This upwelling brings at the surface waters that are
characterized by a relatively low salinity (Fig. 2) and a cold
temperature. During winter season, the Arabia peninsula is influenced
by moderate and dry northeast monsoon. ODP Site 722 is located in
the western Arabian Sea (16°37.31'N, 59°47.76'E; 2028 msf) along the
coast of Oman, within the seasonal summer upwelling zone. This
sedimentary record has been studied previously (Clemens and Prell,
1991; Clemens et al., 1996, 2008), but no SST or 8'805W reconstructions
have been previously generated.

Stable isotopes analysis

For planktonic stable isotopic measurements (ODP Site 722, cores
MD90-0963 and MD90-0961 ), we analysed G. ruber sensu stricto (white)
since previous studies have shown that this species truly records surface-
water hydrographic conditions (Wang, 2000). Specimens were picked
within the 250-315 pm size fraction. Benthic isotopic analyses (core
MD90-0963) were carried out on Planulina wuellestorfi species.

Those solid, calcium carbonate samples (50 to 100 pug of
foraminifer shells) were individually reacted with ortho-phosphoric
acid to produce CO, gas, which was analysed with isotope mass
spectrometers against a calibrated reference gas. &0 values are
reported relative to VPDB (Vienna PDB) through calibrations to the
international standard NBS19.

Isotopic analyses for ODP Site 722 samples were carried out on a
coupled system Multiprep-Optima (Micromass© Mass spectrometer)
at Bordeaux University, UMR 5805 EPOC. External reproducibility for
50 analyses is +0.05% (10). Planktonic and benthic isotopic
measurements from cores MD90-0961 and MD90-0963 (planktonic
data already published in Bassinot et al., 1994) were carried out on a
Finnigan MAT 251 at the LSCE (CNRS-CEA-UVSQ, Gif-sur-Yvette).
External reproducibility is 4 0.05%. (10).

Mg/Ca

For all records, samples of G. ruber s.s were picked within the 250-
315 um size fraction for Mg/Ca analyses. Shells were cleaned to eliminate
contamination from clays and organic matter (see Barker et al., 2003 for a
description of the cleaning method). A Varian Vista Pro Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) was used for
Magnesium and Calcium analyses following the procedure established by
de Villiers et al. (2002). Replicate analyses of a standard solution with
Mg/Ca=5.23 mmol/mol show that the internal reproducibility is 0.5%
(10,RSD). Replicate runs were made on G. ruber samples to ensure a good
statistical robustness of the measurements. Reproducibility obtained on
replicate Mg/Ca analyses of G. ruber from the same samples is 5%
(10, pooled RSD). All the analyses were performed at LSCE in Gif-sur-
Yvette, which participated in an intercalibration exercise (Greaves et al.,
2008). SST has been estimated from Mg/Ca measurements using the
equation established by Anand et al., (2003).
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Figure 2. Sea-surface salinity and precipitation in summer (July month) (GPCP Precipitation data as NODC_WOA94 provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
their Web site at http://www.esrl.noaa.gov/psd/ original data after (Adler et al., 2003; Monterey and Levitus, 1997)). InterTropical Convergence Zone (ITCZ) position and the location
of the study sites ODP 722, MD90-0963 and 0961 and reference sites for the MIS 13 period are indicated. Arrows represents schematic sea-surface circulation during the summer

season (Schott et al., 2009).
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Sea-surface salinity (SSS)

Over a given oceanic area, isotopic fractionation associated to
evaporation/precipitation processes and lateral transport of vapor result
in a strong, linear relationship between the 5°0 and the salinity of
surface seawater (Schmidt, 1999; LeGrande and Schmidt, 2006). In order
to reconstruct past changes in seawater 60 (5'°Oq), we took advantage
of the double influence of surface temperature and the isotopic
composition of seawater (5"“Os,) on the planktonic foraminifera stable
oxygen isotopic values (Duplessy et al.,, 1991). For this purpose, we used
the isotopic paleotemperature equation of Shackleton and Opdyke
(1973):

2
T = 16.9-4.38(d"* Ooram(ppp) —d"* Oy ) + 0.1(d" Opram(epp —d"*Ogy )

Then, using the measured planktonic 6“0 values (8“Oforam), and
using the Mg/Ca-derived SST as an estimate of the isotopic
temperature (T), this equation was solved in order to extract the
5 *Ogy signal.

A potential salinity effect on planktonic foraminifer Mg/Ca has
been discussed in the literature (Niirnberg et al., 1996; Lea et al., 1999;
Ferguson et al., 2008). A recent work showed that G. ruber Mg/Ca-
derived temperatures are strongly affected by sea-surface salinity
variations, with a +1 psu change in salinity leading to a potential
temperature bias of +1.6°C (Mathien-Blard and Bassinot, 2009).
However, Mathien-Blard and Bassinot (2009) also showed that, when
using the calibration equation of Anand et al. (2003), Mg/Ca
temperatures and isotopic temperatures are identical (no salinity
correction) for surface salinities around 35.4%.. Nowadays, mean
annual sea-surface salinities are 36 psu at site ODP 722 and 35 psu for
the Maldives (Conkright et al., 2001).

Assuming that surface salinities during past interglacials were not
significantly different from Holocene salinities, we consider that
reconstructed interglacial Mg/Ca temperatures should not be strongly
biased by salinity effects. During glacial periods, on the other hand,
important and global changes in salinity are expected and linked to
the development of continental ice sheets, which trapped large
amounts of fresh water. Thus, the assumption that salinities were not
significantly different from the modern ones does not hold for these
glacial intervals. At the last glacial maximum, for instance, the 120-m
drop in sea level is associated with a ~1%. increase in mean seawater
salinity, and, therefore, a potential bias of ~1.6°C on G. ruber Mg/Ca
temperatures.

In order to estimate the potential effect of this glacial/interglacial
salinity change on the Mg/Ca-derived temperatures, we transformed
estimation of sea-level variations (Bintanja et al., 2005) into global
salinity changes. Based on Mathien-Blard and Bassinot's results, we
considered that 1 psu change in salinity would induce a 1.6°C change
in Tygca relative to the isotopic temperature of calcification
(Mathien-Blard and Bassinot, 2009). With this correction in mind,
we derived salinity-corrected SST, which were combined with
foraminifer 5“0 to estimate a residual 5Oy, signal. Thus, our
correction procedure on Mg/Ca-thermometry is only partial and is
based on the double assumptions that (1) past interglacial showed
roughly the same salinity as the present day, and (2) past glacial
salinity changes, relative to today, primarily reflect global ice-volume
effects, with no other local perturbation. Although no local SSS
perturbation can be included in the Mg/Ca correction, we do infer that
SSS actually did change. This local change can be estimated, albeit
imperfectly, from the residual 60y, signal.

The residual &0y, signal can be interpreted in terms of past local
SSS variations and global isotopic signal. To remove &°O variations
due to glacial-interglacial continental ice volume changes, we used a
global, ice volume-related "0 signal extracted from the benthic LRO4
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stack record of Lisiecki and Raymo (2005) through an inverse
approach (Bintanja et al., 2005).

Uncertainties on & O, (ice-free) estimations are obtained using
an error propagation calculation. The error on the global &0 signal
is not estimated (Bintanja et al., 2005). Therefore, we take
into consideration the uncertainties on Mg/Ca temperature (i.e., 1.2°C,
Anand et al.,, 2003) and planktonic 50 measurements (i.e., 0.05%o).
Based on these uncertainties, and using the formula of Press
et al. (1990), the estimated precision of 5'“Os,, reconstruction is
+/—0.26%.

We have also tested the correction procedure developed by
Mathien-Blard and Bassinot (2009) to derive unbiased SST and 5" O
from G. ruber Tygca and foraminifer's $°0 measurements (see
Supplementary information). For 6 Oy, (ice-free) signals, the results
indicate that while the magnitude of changes is reduced using the
correction procedure of Mathien-Blard and Bassinot (2009), the
relative variations and the details of the record remain mostly intact
and compare well with results obtained with our approach. Thus, the
correction procedure has no impact on our conclusions. In addition, it
should be noted that the Mathien-Blard and Bassinot (2009)
correction procedure requires that one knows the surface ocean
5" 0qw=SSS relationship. For old periods of time, such as MIS 13, this
relationship can only be assumed, introducing additional sources of
uncertainties, with no real benefit as far as the present discussion is
concerned (see Supplementary information).

Upwelling index

Sediment-trap studies have shown that during upwelling
strengthening, fluxes of G. bulloides increased while fluxes of
G. ruber stayed roughly stable throughout the entire year (Conan
and Brummer, 2000). Indeed, G. bulloides flux increases in the
presence of colder, nutrient-rich waters. Based on this initial work,
we obtained an upwelling index from site ODP722 samples by
measuring the G. bulloides/G. ruber ratio (B/R ratio). The abundance of
planktonic foraminifera G. bulloides and G. ruber is based on counts
performed on aliquots from the size fraction greater than 150 um
(containing at least 300 specimens), using the same samples used for
isotopic measurements.

Age model

The age model of site ODP722 based on the orbital tuning of the
5"°0 benthic record (Uvigerina sp.) was revised recently by Lisiecki
and Raymo (2005) in their preliminary work for the building of the
“LR0O4” stack (Fig. 3a).

The orbital age model of core MD90-0963 is based on the visual
correlation of the benthic “O signal (Planulina wuellerstorfi) to the LRO4
stack record (Lisiecki and Raymo, 2005) using the Analyseries software
(Paillard et al.,, 1996). As expected, core MD90-0961 and core MD90-
0963 exhibit similar planktonic 5O signals. Importantly, the anoma-
lous, light 5'"°0 event first observed in core MD90-0963 is also observed
in core MD90-0961 record, indicating that it is not an artifact. We
correlated the G. ruber 50 record from MD90-0961 to the G. ruber &°0
record of core MD90-0963 to obtain coherent age scales (Fig. 4a).

In the following discussion, it is important to remember that the
relationship between insolation and the interglacial 50 peak at MIS
13 is considered “anomalous” when using the LR04 age model (Yin
and Berger, 2010; 2011). If this relationship is not confirmed by future
works, the accuracy of the age models and/or the amplitude of
surface-water changes will have to be seriously questioned. In such as
case, this would affect the timing issue discussed in the next sections.
On the contrary, if the relationship appears to be confirmed (i.e., Yin
and Berger, 2011), it is the straightforward relationship between
climate and the astronomical forcing which will have to be revisited
and/or complemented.
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Figure 3. Results at site ODP 722: a) &0 of Uvigerina spp used for building the LR04
stack and established the age model (Lisiecki and Raymo, 2005). b) "0 record of
G. ruber. c) Mg/Ca-SST estimations (plain line) and Mg/Ca-SST estimations after
“salinity correction” (dash line, see Material and methods). d) §°0gy (ice-free)
reconstructions (proxy of SSS, plain line) and 504, (ice-free) reconstructions after
Mg/Ca-SST salinity correction (dash line, see Material and methods). e) G.bulloides/
G.ruber (B/R) ratio. f) Grain-size data (Clemens et al., 2008). g) Principal Component
Analysis (PC1), multi-proxy record (stack) of summer-monsoon wind variability.
h) Biogenic Opal data (Clemens et al., 2008 ). Marine Isotope Stage (MIS) are indicated.
The frame indicates MIS 13.

Results
Core ODP722

The relationship between the benthic &0 signals at site ODP 722
and the LRO4 stack is shown in Figure 3a. Concerning surface
parameters, the planktonic 6”0 record presents an important event
during MIS 13 (Fig. 3b). Mg/Ca-derived temperatures show variations
between ~23 and 26.5°C within our studied interval. MIS 13 shows
temperatures that are similar and/or slightly lower than those from
glacial MIS 14 (Fig. 3¢). One has to keep in mind that temperature may
be biased to some extent during glacial periods due to the
incompletely corrected salinity effect on Mg/Ca-thermometry,
which does not include potential local salinity variations. As far as
the ice-volume effect is concerned, because of relatively low ice-
volume changes through MIS 13-MIS 14 interval, the temperature and
5 04w (ice-free) signals, corrected for global salinity variations, are
not significantly different compared with non-corrected temperature
and 60y, (ice-free) signals (Figs. 3c-d). We therefore keep the
original signal (uncorrected) for the following parts of the discussion.

The 6”04, (ice-free) record (~salinity proxy [SSS]) exhibits low
values during MIS 13 compared to the mean value of the whole record
(Fig. 3d). This inferred decrease of SSS is in phase with the important
increase of the upwelling index signal recorded by the G. bulloides/
G. ruber ratio (B/R ratio) (Fig. 3e). Today, at the site location, lower
SSS is observed during the summer season and is associated to the
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Figure 4. Results at site MD90-0963 and MD90-0961 a) 6'20 of P. wuellerstorfi for core
18

MD90-0963 used for establish the age model. b) & O record of G. ruber for core MD90-
0963 (black line, Bassinot et al., 1994) and MD90-0961 (gray line) . ¢) MgCa-SST
estimations at site 0963 (plain line) and Mg/Ca-SST estimations after “salinity
correction” (dash line, see Material and methods). d) SST estimations at Site 0961
(plain line) and Mg/Ca-SST estimations after “salinity correction” (dash line, see
Material and methods). e) 8Os, (ice-free) reconstructions (proxy of SSS, plain line) at
site 0963 and & O (ice-free) reconstructions after Mg/Ca-SST salinity correction (dash
line, see Material and methods). ) 6Oy (ice-free) reconstructions (proxy of SSS, plain
line) at site 0961 and &°Os,, (ice-free) reconstructions after Mg/Ca-SST salinity
correction (dash line, see Material and methods). Marine Isotope Stage (MIS) are
indicated. The frame indicates MIS 13.

upwelling reinforcement (Schott et al., 2002). However, the B/R ratio
indicates more important changes in amplitude during MIS 13 in
comparison to surrounding periods than the O, signal.

The increase of lithogenic grain-size signal (Fig. 3f) has been
previously interpreted as a proxy of wind strength during the summer
monsoon (Clemens and Prell, 1991; Clemens et al., 1996). Increased
northwesterly winds blowing over Oman (favoured by a northern
position of the ITCZ), result in increased grain size of lithogenic
particles deposited at sea. However, grain-size records could also be
potentially affected by changes in the vegetation cover over the
source areas (Clemens and Prell, 1991, 2003).

The &0y (ice-free), lithogenic grain size and the B/R ratio records
do show a strong co-variability during MIS 13, which is related to
summer monsoon wind forcing (Figs. 3d-f). However, although all
those proxies likely respond to monsoon variability, additional
processes, sometimes unrelated to monsoon circulation (e.g., preserva-
tion, dissolution, diagenesis), may also influence the chemical, physical
and biological compositions of sedimentary archives (Clemens and Prell,
2003) and could explain the differences observed between our proxies
(Fig. 3). To limit such biases, we decided to stack the independent
records of monsoon intensity using principal components analysis
(PCA) in order to derive a more robust, combined record of monsoon
variability (Clemens and Prell, 2003).

We performed a principal components analysis (PCA) with the “R”
software to extract the common variability of our proxies (6" O [ice-
free], lithogenic grain size and the B/R ratio) and develop, therefore, a
multi-proxy record of summer monsoon wind variability. The first
Principal Component (PC1) accounts for 62% of the total variance in
the three datasets, clearly suggesting that most of the variability in
these three records is indeed controlled by summer monsoon wind
forcing (Fig. 3g). We did not use the opal record (Fig. 3h) for the PCA,
because it has a much lower resolution compared to the other records.
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The multi-proxy index of monsoon wind forcing indicates that MIS 13
was characterized by increased summer monsoon winds (Fig. 3g).

The Maldives records (cores MD90-0963/0961)

The MD90-0963 benthic 50 signal can be readily correlated to the
LRO4 stack (Fig. 4a), making it possible to develop an age model fully
coherent with the one developed for ODP Site 722. The expected very
good fit between the twin cores (MD90-0963 and -0961) is illustrated
by the strong coherence between the two planktonic isotopic records
(Fig. 4b). Mg/Ca-derived SST also indicate a good coherence between
the twin cores across the youngest part of MIS 13 (temperature-derived
Mg/Ca indicates variations between ~23 and 26°C) (Figs. 4c-d).

The two 60, (ice-free) records are extremely similar for MIS 13,
reinforcing our confidence that low-salinity event recorded in this
area, at the beginning of MIS 13, is robust (Figs. 4e-f). As for site
ODP722, temperature and 6 “Os,, (ice-free) signals (corrected for the
global salinity bias) indicate no important differences compared to
non-corrected signals and, therefore, the correction has no significant
influence on our conclusions (Figs. 4c-f).

Because our records have all a common age scale (based on LR04
age model) and are located in the same oceanic basin, we can compare
the different results obtained at each site and discuss the monsoon
processes (wind and precipitations) during MIS 13.

Discussion

Can the timing of northern and equatorial Indian Ocean climatic events
be considered “atypical” during MIS 13?

Different hypotheses exist to explain the phase relationship
between monsoon records and maximum Northern Hemisphere
(NH) summer insolation. We will start to compare our records with
the simple conceptual model considering a quasi-direct (or direct)
response of monsoon maxima to maxima in NH summer insolation
(Braconnot et al., 2008; Kutzbach et al., 2008; Wang et al., 2008;
Cheng et al., 2009; Ziegler et al., 2010b,c).

The minima in the precession index correspond to orbital
configuration for which insolation is maximal during NH summer
and minimal for NH winter (Berger, 1978). Examining absolute
annual maximum and minimum insolation curves (Huybers, 2006),
Clemens et al. (2010) confirmed that a smaller precession and a
larger obliquity are the natural reference points to which the phase
(lead/lag) of the Indo-Asian monsoon should be referred. In addition,
a smaller precession and a larger obliquity correspond to orbital
configuration for which monsoon dynamics is enhanced (Tuenter
et al., 2003; Wyrwoll et al., 2007; Braconnot et al., 2008; Chen et al.,
2010; Ziegler et al., 2010b). We built, therefore, a summer monsoon
“reference curve” for sensible heating as the sum of standardized
precession (after changing its sign) and the standardized sine of
obliquity (called hereafter “~P + Q") (Fig. 5a).

This simple -P+ 0O reference curve fits extremely well the
qualitative salinity reconstruction (5" Os, [ice-free]) recorded at the
Maldives sites, with decreases (increases) of salinity corresponding to
increases (decreases) of precipitations and -P + O, for both intervals
studied (Figs. 5a-b). Thus, the “Y event” at the start of MIS 13
(~525ka) is positively associated to an excursion in our -P+0
reference curve. Rossignol-Strick et al. (1998) suggested that the “Y”
event was atypical because it was only associated with a smaller
precession, which cannot explain the development of strong
monsoonal precipitation according to the “monsoon-index” approach
(Rossignol-Strick, 1983). The addition of obliquity, which we took into
account, seems to be the deciphering parameter. This is coherent with
model simulations (Tuenter et al., 2003; Wyrwoll et al., 2007; Chen et
al., 2010) and paleoclimatic data (Lourens et al., 1996; Clemens and
Prell, 2003; Lourens, 2004; Clemens et al., 2008, 2010), which have
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Figure 5. Forcing, phasing and amplitude of Arabian Sea and equatorial monsoon
records during MIS 13. a) Simple “reference curve” for the timing of strong summer
monsoons -P+ 0 (sum of standardized precession (after changing its sign) and the
standardized sine of obliquity). b) 5" 04w (ice-free) reconstructions (proxy of SSS) at
site MD90-0963 and position of the “Y event”. ¢) “Reference curve” for the timing of
strong summer monsoon at site ODP 722: -P-8 + 0O (sum of standardized precession
(after changing its sign) with a lag of 8 ka and the standardized sine of obliquity)
(Clemens et al., 2010). d) Principal Component Analysis (PC1), multi-proxy record
(stack) of summer-monsoon wind variability at site ODP 722. e) Summer monsoon
stack for site ODP 722 and RC27-61 (Clemens and Prell, 2003). f) Grain-size data at site
ODP 722 (Clemens et al., 2008). g) Biogenic Opal data at site ODP 722 (Clemens et al.,,
2008). h) China loess Fed/Fet (chemical weathering index at Xifeng) (Guo et al., 2000)
and Loess Magnetic Susceptibility (M.S) at Lingtai and Zhaojiachuan (Sun et al., 2006).
i) 5"0 LR04 (Lisiecki and Raymo, 2005). Marine Isotope Stage (MIS) are indicated. The
frame indicates MIS 13. Horizontal dashed lines indicate the maximum amplitude
(magnitude) of summer monsoon proxies during MIS 13.

documented the importance of the obliquity forcing on past changes
in monsoon precipitation.

We can, therefore, make the hypothesis that the combination of a
smaller precession index associated to a larger obliquity is necessary
to allow the development of an important precipitation event during
the start of MIS 13, therefore explaining the “Y event”. Nonetheless, if
our simple “reference curve” -P+ O could explain the Y event in the
equatorial Indian Ocean, it could be inefficient to explain the Sapropel
A formation during the same time period. Lourens (2004) found that
eastern Mediterranean planktic oxygen isotope records indicate no
freshwater signal during the occurrence of the Sapropel A, thus
questioning the correlation with monsoon precipitation.

The problem remains to explain variations in all the Arabian Sea
proxies. Indeed, our -P + O reference curve does not fit the monsoon
wind records. Most of the studies focusing in Arabian Sea have
documented the timing of the summer and winter monsoon events
in this area (Clemens and Prell, 1991; Reichart et al., 1998; Clemens
and Prell, 2003; Clemens et al., 2008, 2010; Ziegler et al., 2010b;
Caley et al, 2011). The timing at site ODP 722 has been well-
documented and corresponds to alag of 8 ka between maximum NH
summer insolation and monsoon maximum in the precession band
and a quasi in phase/short lag relationship in the obliquity band (the
associated reference curve is therefore called “~P-8 +0"; Fig. 5¢)
(Clemens et al., 2010). These results are consistent with many other
Indo-Asian proxies, except for Asian speleothem records (Clemens
et al., 2010).
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The -P-840 reference curve is tested with our monsoonal
proxies such as grain-size data, biogenic opal data, the summer
monsoon stack of Clemens and Prell (2003) and our summer
monsoon stack at site ODP 722 (Figs. 5c-g). This -P-8 4 O reference
curve is in relative good agreement with grain size and opal results.
However, some slight differences still exist, confirming Clemens and
Prell (2003) conclusion that each monsoon wind proxy can be also
influenced by other processes not directly related to monsoon forcing.
The comparison of the -P-8 4 O reference curve with our stack, which
strengthens the common variance likely related to wind forcing in the
different proxies, indicates a relatively good agreement for MIS 12 and
the end of MIS 13 and 15 but not for MIS 14 and the start of MIS 13
(Figs. 5c-d). However, poor confidence can be hold in the phase
difference observed between the reference curve -P-8 4+ 0 and our
summer monsoon wind stack, mostly because the age model appears
poorly defined for the MIS 14 time period. The benthic &0 signal is
very flat for this period and complicates the correlation with the LR04
stack (Fig. 3a). Clemens et al. (1996) have proposed an alternative age
model based on the astronomically tuning of the lithogenic percent-
age to orbital obliquity and precession, which modifies the timing of
records during MIS 14 and the start of MIS 13 at site ODP 722. Thus,
the phase relationship problem observed between the -P-8+0
reference curve and our stack during these periods could possibly
come from an age-model problem.

It is important to note that as far as the Y event is concerned, the
5"°04, records of cores MD90-963 and MD90-0961 match equally well
the -P-8+ 0 or the -P+ O reference curves (Fig. 5). This reinforces
our confidence that it is the obliquity parameter that plays the
dominant role on monsoon dynamic to explain the Y event at the start
of MIS 13. However, one should note that the -P + O reference curve
matches much better with the &0, records in MIS 16, 17 and 18
than the -P-8 + O reference curve. This indicates that for MIS 16, 17
and 18, the precession parameter plays a dominant role on
precipitation dynamics.

ODP 722 summer monsoon wind stacks (our study and Clemens
and Prell, 2003) follows the -P-8 + 0O reference curve but is not
always fitting the Maldives precipitation record and the -P+0
reference curve. This result might suggest that a phase lag exists
between wind and precipitation proxies. Indeed, although wind and
precipitation are two aspects of the monsoon, which are strongly
linked at the seasonal scale, they could be decoupled to some extent at
orbital scale (Malaizé et al., 2006).

Another hypothesis could be that the Arabian Sea summer
monsoon proxies, in majority productivity-based proxies, could be
influenced by other processes not related to monsoon effect. Ziegler
et al. (2010b) called for other processes that may affect the
productivity records in the Arabian Sea and proposed that changes
in biological productivity and OMZ intensity at the precession
frequency band are mainly controlled by changes in the intensity of
the Atlantic meridional overturning circulation (AMOC). However,
the lithogenic grain size, not influenced by AMOC, has the same
phase as the ocean productivity indicators (Clemens and Prell, 1991;
Clemens and Prell, 2003) and new results obtained in a neighboring
core (Caley et al., 2011) suggest that the productivity proxies in this
area are mainly controlled by Indo-Asian summer monsoon
dynamic.

A third hypothesis could be based on the equatorial position of
the Maldives record. The wind dynamics at site MD90-0963 is
closely related to the equatorial insolation and is related to the
Southern Oscillation over the last 910 ka (Beaufort et al., 1997)
rather than with the dynamics of monsoon winds recorded in the
Arabian Sea (Clemens and Prell, 2003; Clemens et al., 2010).
Decoupling between Arabian Sea and the equatorial signal could
be explained by the fact that Maldives site is more affected by the
transverse monsoon influence rather than by the lateral monsoon
(Webster et al., 1998).
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Can the magnitude of northern and equatorial Indian Ocean records be
considered “atypical” during MIS 13?

The so-called ‘atypical’ summer monsoon during MIS 13 can be
related to the amplitude of signals recorded in the Chinese loess
(Fig.2). The “Y event” (~525 ka) documents increased precipitation at
the start of MIS 13 (Fig. 5b). We have shown earlier that this event
cannot be considered as atypical from a timing point of view, once the
obliquity influence and not just the precession influence is taken into
account. In addition, the magnitude of the Y event in the G. ruber
504y (ice-free) record is not the most pronounced over the last
800 ka (Fig. 5b). Over the intervals where Mg/Ca-SST are available, we
observe that equivalent and even more pronounced &"Os, peaks are
found during MIS 16-17 and MIS 18. Therefore, the Y event cannot be
considered as atypical considering both its timing and its magnitude.

At site ODP 722, the magnitude of the grain-size signal is very
important during the whole MIS 13 and can be considered as atypical
with regards to interglacial grain-size levels observed over the last
800 ka (Fig. 5f). However, the biogenic opal signal for the same core is
clearly not the most pronounced signal over the last 800 ka (Fig. 5g).
Thus, our summer monsoon wind stack indicates that winds were
strong during MIS 13 but not in an unusual way, since other
equivalent events can be observed, for instance during the end of
MIS 15 and during MIS 12 (Fig. 5d). All these observations suggest that
the exceptional productivity signal (based on the barium record)
evidenced by the study of Ziegler et al. (2010a) (Fig. 1d) in the Arabian
Sea could be explained by the association of an intense summer
monsoon event and a higher nutrient content of upwelled waters (in
relation to an increased overturning circulation).

Both records (Maldives and ODP 722) should be put in a large-
scale perspective. Clay mineral assemblages, (smectite + mixed
layers)/(illite + chlorite) at ODP Site 1146 in the northern South
China Sea, also indicate strengthened East Asian summer-monsoon
winds and weakened winter-monsoon winds during MIS 13 (Liu et al.,
2003). Again, ODP 1146's MIS 13 is marked by an important wind
event but not the most pronounced one over the last 800 ka.

On the contrary, records from the Chinese loess series (Fig. 5h)
from southern South China Sea (Shyu et al., 2001) and from the distal
portion of the Bengal Fan (Suganuma et al., 2009) show intensification
or extreme magnitude and an atypical pattern of monsoon precipi-
tation during MIS 13. Meteorological observations and moisture-
transport budgets suggest that both summer monsoon systems
(Indian and Asian) are linked through a dominant and common
Indian Ocean source of moisture (Ding et al., 2004; Liu and Tang,
2004; Ding and Chan, 2005; Park et al., 2007). Modelling results
suggest that the role of insolation, together with the Eurasian ice
sheet, during MIS 13 can reinforce monsoon precipitation through a
southeastwards planetary wave perturbation (Yin et al., 2008) and
lead to a strong EASM. As a consequence, strong winds over the
Arabian Sea, associated with insolation and this supplementary effect
of the ice sheet on EASM precipitation, could explain the atypical
amplitude of summer monsoon records during MIS 13. Interestingly,
model simulations, which predict an increase of precipitation over
East Asia, indicate that precipitations over the Indian Ocean equatorial
band remain the same or even decrease during MIS 13 (Yin et al.,
2008). In our record, we find neither intense nor exceptional
precipitation event at the Maldives site (~5°N) during MIS 13.

If an important SW monsoon event (but not atypical in magnitude)
can be found during MIS 13 in the western Arabian Sea, the most
pronounced event recorded in our summer monsoon stack at site ODP
722 occurs during the MIS 12 time period (~470ka) (Fig. 5d). In
general, glacial boundary conditions (the effects of CO,, ice-sheet
extent, albedo, and topography) result in a decrease of summer
monsoon strength and an increase in winter monsoon strength
(Wang et al., 2005; Liu et al., 2007), although the exact mechanisms
are not well known and exceptions do occur. Events of East Asian and
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Indian summer monsoon wind and precipitation reinforcements, for
example, were observed during glacial MIS 6 and 8 (Masson et al.,
2000; Clemens and Prell, 2003; Wang et al., 2008; Cheng et al., 2009)
(Fig. 5). The short event detected during MIS 12 appear to be atypical
because it exhibits an extreme magnitude compared to MIS 13, 14 and
the end of MIS 15 and because the reference curve -P-8 4+ O suggests
that the summer monsoon should be weak over this time period
(Fig. 5). Interestingly, an exceptional summer monsoon event centred
on MIS 12 (at ~470 ka) has been also detected in the Chinese loess
based on the study of terrestrial mollusks (Rousseau et al., 2009). A
sapropel is also visible in Mediterranean during this period (S12:
~465 ka) according to Rossignol-Strick et al. (1998) but could occur
later if we consider the revised chronology by Lourens (2004 ), which
places S12 occurrence at 502 ka. All these observations could suggest
an atypical monsoon event during MIS 12, whose origin is still unclear
and requires further investigations such as astronomical configura-
tion, ENSO, tectonic events and northern ice-sheet extent as suggested
by Rousseau et al. (2009). We could envisage a mechanism related to
the different combinations of ice-sheet sizes and insolation such as
the one proposed by Yin et al. (2009) through sensitivity modeling
experiments.

Conclusion

Our study has investigated the timing and magnitude of the west
Arabian Sea and equatorial Indian Ocean monsoon records during the
atypical MIS 13 period.

We proposed that the Y light 5"°0 event recorded in the equatorial
Indian Ocean (Maldives; Bassinot et al, 1994) corresponds to an
enhanced Indian summer monsoon resulting from the cumulative
influence of obliquity and precession forcing on precipitation
dynamics. Yet, this strong monsoon event cannot be considered as
“atypical” in terms of either its timing or its magnitude. Future studies
must be conducted to reconstruct the complete history of precipita-
tion in the equatorial Indian Ocean over the last 800 ka to determine
with precision the phase relationship with maximum NH summer
insolation (smaller precession and larger obliquity). The timing of
Arabian Sea summer monsoon wind records does not exhibit a direct
or quasi-direct response to maximum NH insolation.

An important monsoonal wind event (in magnitude) is recorded
during MIS 13 in the Arabian Sea. We propose that the important
humidity transport from the Indian Ocean to the Indo-Asian monsoon
system, associated with the effect of insolation and Eurasian ice sheet
that reinforces the East Asian summer monsoon (Yin et al., 2008),
might be one of the factors responsible for the atypical summer
monsoon precipitation signal recorded in Chinese loess. Other
records, particularly within the Bay of Bengal which is influence by
large river runoff, could help to better address the importance and
coherence of precipitation signals.

Higher resolution datasets, covering longer periods and particular
climatic interval, with a multiproxies approach (precipitation, winds
and productivity proxies), are necessary to better understand forcing,
variability and amplitude of the Indian monsoon and its link with the
other Asian and African regional monsoon systems.
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Sea surface salinity (SSS) reconstructions and paotigal bias

In order to reconstruct past changes in seav®aier (3*°0Osw), we took advantage of the
double influence of surface temperature and thiejigo composition of seawate¥*fOsw) on
the planktonic foraminifera stable oxygen isotop&dues (Duplessy et al., 1991). For this
purpose, we used the isotopic paleotemperaturdiequa Shackleton and Opdyke (1973):

T = 16,9-4,38 (FOampeosrd™20sw) +0,1 (80 ameosrd *Oswy
Then, using the measured planktodt€O values §®Owran), and using the Mg/Ca-derived
SST as an estimate of the isotopic temperature tfilg, equation was solved in order to
extract thed®Osw signal.

Method 1:

The residuab*®0Osw signal can be interpreted in terms of past IB&S variations and global
isotopic signal. To remov&™0 variations due to glacial-interglacial continéritce volume
changes, we used a global, ice volume-rel®&@ signal extracted from the benthic LR04
stack record of Lisiecki and Raymo (2005) throughimverse approach (Bintanja et al.,
2005). This approach is named methad Eigures S1 to S3.
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Figure S1: Comparison between three different aggres (method 1 to 3) used to obtain the
5'®%0sw (ice free), a proxy a sea surface salinity gearat site ODP 722. Slight differences
are observed for SST reconstructions. However5t8®sw (ice free) reconstructions, the

directionality and details of the record remain thositact.
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Figure S3: same as Figures S1 and S2 but for di8AvD961.
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Method 2:

A potential salinity effect on planktonic foramieif Mg/Ca has been discussed in the
literature (Nuernberg et al., 1996; Lea et al., 29Berguson et al., 2008). A recent work
showed thaG.ruber Mg/Ca-derived temperatures are strongly affectiedda surface salinity
variations, with a +1 psu change in salinity legdio a potential temperature bias of +1.6°C
(Mathien-Blard and Bassinot, 2009).

In order to estimate the potential effect of thigcgal/interglacial salinity change on the
Mg/Ca-derived temperatures, we transformed estonadf sea level variations (Bintanja et
al., 2005) into global salinity changes. Based oathiven-Blard and Bassinot’'s results, we
considered that 1 psu change in salinity would aeda 1.6°C change inu§ca relative to the
isotopic temperature of calcification (Mathien-Blaand Bassinot, 2009). With this correction
in mind, we derived salinity-corrected SST (nameethnd 2in Figures S1 to S3), which
were combined with foraminifeb'®0 to estimate a residua@®Osw signal. Thus, our
correction procedure on Mg/Ca-thermometry is on@yrtipl and is based on the double
assumptions that 1/ past interglacial showed routftd same salinity as the present day, and
2/ past glacial salinity changes, relative to todaymarily reflect global ice-volume effects,
with no other, local perturbation.

The residuab*®0Osw signal can be interpreted in terms of past IB&S variations and global
isotopic signal. To remov&™0 variations due to glacial-interglacial contineritc volume
changes, we used a global, ice volume-rel&&@ signal extracted from the benthic LR04
stack record of Lisiecki and Raymo (2005) throughimaverse approach (Bintanja et al.,
2005). This approach is named methodn2Figures S1 to S3 and show a very good
consistency compared with method 1

Method 3:

With this method, we used the correction proceddeseloped by Mathien-Blard and
Bassinot (2009) to derive unbiased SST alfdsw fromG. ruber Tugicaand foraminifer’s
580 measurements$'€of).

We used the equation (1)°0Osw*= 5®0f + A + 5%B + 0.4TMg/Ca +@°Of +
DAS'®0g)"0.5 with tropical Indian ocean parameter fae $¥1D90-0963/0961 and Arabian
Sea parameters for site ODP 722 (see Table 3 imidfaBlard and Bassinot (2009)). This
allows to extract a term corrected for the salieiffect on Tagca

To obtain a calcification temperature fGr. ruberthat is corrected for the salinity bias, the
adjusted 3'°0Osw* obtained from equation (1) is reinjected ire thriginal, thermometry
equation from Shackleton and Opdyke (1973).

The correction procedure has an impact on SST staartions (Figures S1 to S3). However,
in this study, we are interested by a potentias loia SSS reconstructions.

For 5®0sw (ice free) (SSS proxy), the results indicate thhile the magnitude of change is
reduced using the correction procedure of MathiEweéB and Bassinot (2009), the
directionality and details of the record remain thyomtact (Figures S1 to S3). Similar results
have been found in a recent work (Arbuszewski.efall0).

Thus, the correction procedure has no impact onconclusion. Nonetheless, the correction
procedure is based on the assumption that reg{exmaporation/precipitation) and global (ice
sheet) SS$*%0sw relationships are known and invariant overglaeial/interglacial cycle. A
modelisation exercice showed that this assumpsolikely valid back to the Last Glaciatl
Maximum in the tropical Indian Ocean (Delaygue let2001). However, other authors have
claimed that the regional S$°Osw relationships may have changed in the pastlifRph
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and Bigg, 1998) and this could lead to differemfioaal relationship during the atypical MIS
13. That is why, in this study, we present only tégults for method 1 andds we consider
that it represents sufficient approaches, withtiedasimple and easily grasped assumptions.
Anyway, as far as the discussion of this papeoigerned, the results are not significantly
different compared to those obtain with the congpldrrection procedure of Mathien-Blard
and Bassinot (2009).

Supplementary references
Arbuszewski, J., deMenocal, P., Kaplan, A., Farr&et,. 2010. On the fidelity of shell-
derived3™0 seawater estimates. Earth and Planetary Sciestters 300, 185-196.

Delaygue, G., Bard, E., Rollion, C. 2001. Oxygestope/salinity relationship in the northern
Indian Ocean. J. Geophys. Res.,106, 4565-4574,@b029/1999JC000061.

Rohling, E., Bigg, G. 1998. Paleosalinity a5tf0: A critical assessment. J. Geophys. Res.,
103(C1), 1307-1318, doi:10.1029/97JC01047.
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3. Conclusion

Notre étude a ainsi révélé I'existence d’une dessedmportante au début du MIS 13 au Nord
de l'océan Indien (Maldives), préalablement nomnééeénement «Y » (Bassinot et al.,
1994), suggérant la présence d’'un événement desmousiportant. Les travaux préalables
ne parvenaient pas a expliquer le développemehiéwkvement « Y » par un forcage simple
du maximum d’insolation d’été dans I'hémisphere dNpminimum de précession ; Rossignol-
strick et al., 1998). En revanche, en considérantéle important du parametre d’obliquité
sur la dynamique des précipitations de la moussmmme mis en évidence dans les travaux
de modélisations récents (Chen et al., 2010 ; Buazital., 2003 ; Weber and Tuenter, 2011 ;
Wyrwoll et al., 2007), nous arrivons a expliqued&veloppement de I'événement « Y ». Ceci
signifie que d’'un point de vue de la relation deagd) cet évenement ne peut pas étre
considéré comme atypique mais plutdét que la dynaenides moussons passées doit étre
envisagée en tenant compte du parametre d’oblighitére étude démontre également que
'évenement «Y » n'est pas le plus prononcé aursodes derniers 800000 ans.
Contrairement au caractere atypique des précipitatenregistrées dans les loess chinois, les
précipitations en domaine indien tropical ne petve@as étre considérées comme
exceptionnelles (en termes d’amplitude) durant I8 3.

Des vents importants pour la mousson dété (en dediamplitude), bien que non
exceptionnels, sont mis en évidence durant le st8den mer d’Arabie Ouest. Nous faisons
I’hypothese que ces forts vents qui transporterthdenidité sur le continent Indo-asiatique,
associés a l'effet particulier des calottes de eglaarasiennes et de l'insolation (Yin et al.,
2008), soient un des forcages responsables degpifatons exceptionnelles enregistrées
dans les laess chinois.

Par ailleurs, d’'un point de vue de la relation dage, nos résultats indiquent que les vents et
les précipitations de la mousson pourraient, dukartaines périodes, étre découplés a
I'échelle orbitale. Ceci soutiendrait les conclusiod’'un travail précédent (Malaizé et al.,
2006). Des études futures devront confirmer la gvés d’'un tel découplage et, le cas
échéant, en expliquer I'origine.

Bien que non développé dans le cadre de cette &odiksé sur le MIS 13, un évenement de
mousson important semble se développer durant & M| Cet événement semble tout a fait
atypique si I'on considére la période de son afiparainsi que son amplitude. Des moussons
estivales importantes semblent également se déwaigmur d’autres systémes de mousson
(Africain et Est-asiatique) durant le glaciaire (Bbssignol-Strick et al., 1998 ; Rousseau et
al., 2009). Des études complémentaires seront seices pour déterminer l'origine de cet
evenement dont la variabilité pourrait étre d’arggimillénaire.
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Partie 3 : Le chronomeétre de la mousson Indo-asiatue a I'’échelle orbitale

1. Introduction

Nous avons travaillé dans la partie précédentdasdynamique de la mousson durant une
période interglaciaire atypique ou nous avons purady la notion de relation de phase entre
les forcages et la réponse de la mousson. Dares gattie, nous étudierons en détail cette
relation pour la mousson Indo-asiatique pour leslicyés de précession et d’obliquité
puisqu’elle constitue une problématique controvergen effet, les différents enregistrements
étudiés pour le systéme Indo-asiatique ont morifférentes réponses. Pour réconcilier ces
différences observées, Ziegler et al. (2010b) oop@sé que les indicateurs pour la mousson
Indienne en mer d’Arabie, qui sont essentiellentss indicateurs basés sur la productivité,
pouvaient étre contrdlés par d’autres processudagdgnamique de la mousson. Ces auteurs
font appel aux variations de la circulation des seasd’eaux profondes et leur impact sur la
teneur en nutriments délivrés dans la couche eupletCe mécanisme océanique pourrait
conduire a une mauvaise estimation de la relatopldse entre les forcages et la réponse de
la mousson.

Dans ce travail, nous avons réalisé une approché-imdicateurs sur un enregistrement
sédimentaire marin situé au large du Makran (siiZ0¥2861), au Nord de la mer d’Arabie,
dans une zone qui est influencée actuellemenpaolisson estivale comme hivernale.

Un point important quand on aborde les problémasaqie relation de phase pour la mousson,
est associé au modele d’'age utilisé. En effetmedeles d’ages des enregistrements marins
sont souvent construits sur la base de ces ménadisit®ds orbitales ce qui rend I'approche
caduque. Au contraire, en ce qui concerne les atrements de spéléothémes, la méthode
de datation par Thorium fournit des ages indépetisddun calage orbital. Il est donc légitime
de se demander si les différences de « chronomébservées entre les enregistrements de
spéléothemes asiatiques et de sédiments marins|'@drelle d’age est construite sur la base
des cyclicités orbitales, ne proviennent pas ddbodés de datation des enregistrements.
Pour pouvoir palier a cette difficulté, nous avalgveloppé deux modeles d’ages différents
dans cette étude. La premiére approche, couramutibs¢e en paléocéanographie, consiste a
corréler le signab*®0 des foraminiféres benthiques sur le stack deedée LRO4 (Lisieski
and Raymo, 2005). On obtient ainsi un premier nodkiige mais qui est dépendant du
calage orbital. La seconde approche a consistélisentdes datations AMS’C pour les
premier 40000 ans de I'enregistrement, fournissiast ages indépendants du calage orbital.
Pour les périodes hors datatidf@ (dans notre cas de 40000 & 310000 ans) nous atitises
'apparition événementielle des foraminiferes ptan@ues du genre Globorotalia
(Globorotalia truncatulinoideset Globorotalia crassaformis qui se développe en mer
d’Arabie de fagcon synchrone aux événements deidigsement dans I'Atlantique Nord
(appelés événements de Henrich (HE)) (JaeschKke 2089 ; Ziegler et al., 2010b). En effet,
le développement des Globorotalia semble coin@stec une réduction ou une absence de
zone a oxygene minimum en phase avec les HE (Reiehal., 1998 ; 2004). Sachant que ces
événements de froids (HE) sont bien contraintsagésdindépendamment de I'orbital dans
différents enregistrements (voir Ziegler et al.1@0), un modele d’age indépendant du calage
orbital a pu étre établi pour le site MD04-2861.

Le signal de brome dans le sédiment, relié a lauwean carbone organique marin (Ziegler et
al., 2008), a été etudié afin d’établir une relatevec I'étude de Ziegler et al. (2010b),
conduite sur un site voisin au nétre, et fourniinglicateur de productivité marine de surface
pour le site. Nous avons également étudié la coitipogies assemblages de foraminiferes
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planctoniques, puis formé des associations d’espgae refletent la mousson estivale et
hivernale. Enfin, nous avons travaillé sur la gtarit¢ du sédiment afin d’obtenir des
informations sur le climat régional du continems lprocessus de transport et dép6t afin de
pouvoir les coupler avec les autres indicateurbiques et chimiques marins obtenus.
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ARTICLE INEOQO ABSTRACT

Article history: A recent study suggested that Indian monsoonal proxies commonly used in the Arabian Sea, in general
Received 3 March 2011 productivity proxies, could be impacted by changes in the Atlantic overturning rate (AMOC) throughout a control
}liecelveg 12n0rev1segof;3§m 9 June 2011 on the nutrient delivery into the euphotic zone. This oceanic mechanism could lead to a misunderstanding
ceepte June between the Indian summer monsoon (SM) and orbital forcing and could confuse a direct comparison with other

Available online 13 July 2011 . . . .
archives derived from other monsoonal sub-systems (such as East-Asian or African records). Here we analyze

Editor: P. DeMenocal three independent proxies (bromine, foraminifera assemblages and grain size) extracted from a marine sediment
core (MDO04-2861) covering the last 310 ka, and retrieved in the northern Arabian Sea near the Makran margin,
Keywords: an area influenced by summer and winter Indian monsoon. The grain size proxy deals with the regional
summer/winter monsoon continental climate through fluvial and eolian processes. It cannot be linked to changes in nutrient content of
productivity AMOC and present the same phase relationship (timing) than the other SM proxies. This demonstrates that the
Arapian Sea productivity signals (Bromine) in the northern Arabian Sea are mainly controlled by SM dynamics and not AMOC
timing modulated nutrients at orbital scale changes. We thus build a multi-proxy record of SM variability (i.e. SM stack)
precession using statistical tools (principal component analysis) further compiled on an age model constructed
obliquity independently from orbital tuning. We find that strong SM lag by 9 + 1 ka the NH summer insolation maximum
(minimum of precession, June 21 perihelion and obliquity maximum) in the precession band, and by 6 + 1.3 kain
the Obliquity band. These results are consistent with previous studies based on marine and terrestrial records in
both Indian and Asian regions, except Asian speleothems. Our study supports the hypothesis that internal climate
forcing (decreased ice volume together with the increase of latent heat export from the southern Indian Ocean)
set the timing of strong Indo-Asian summer monsoons within both the precession and obliquity cycle. The
external forcing (direct sensible heating) initiate monsoonal circulation. Strong Indian winter monsoon (WM)
occurs between ice maxima and northern hemisphere sensible heat minima, indicating that both act to
strengthen WM circulation. The summer and winter monsoons are in antiphase in the precession band

suggesting that the two systems are dynamically linked.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction (insolation, ice-volume, greenhouse gasses, ocean-atmosphere ener-

gy exchange) does not bode well for predicting monsoon response to
The Indo-Asian monsoon represents the strongest expression of future climate change. Two different hypotheses exist and are based
the monsoon modern dynamics, allowing important transfers of upon observed timing.
moisture at a large geographical scale and deeply affecting human

populations. Monsoon strength and variability is crucial for the (1) Clemens and Prell (2003) and Clemens et al. (2008, 2010)
economical prosperity of regions. focussed their studies on wind-derived proxies within sedimen-

The forcing/response relationship of the Indo-Asian monsoon at tological archives from the Owen Ridge, northern Arabian Sea.
orbital scale during the Quaternary period is still debated in the They proposed that strong events of Indo-Asian summer monsoon
literature. This lack of understanding how of the monsoon responds lag by ~8 ka the maximum northern hemisphere (NH) summer
to the most fundamental of boundary conditions at this time scale insolation (minimum of precession, June 21 perihelion).

(2) From the analysis of Chinese cave speleothems (Cheng et al.,
2009; Dykoski et al., 2005; Wang et al.,, 2001; 2008), a shorter

* Corresponding author. Tel.: +33 540 00 83 81; fax: +33 5 56 84 08 48. lag of only ~3ka was observed between strong summer
E-mail address: t.caley@epoc.u-bordeaux1.fr (T. Caley). monsoon and maximum NH summer insolation.

0012-821X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2011.06.019
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The recent study of Ziegler et al. (2010a) conducted in the Arabian
Sea proposed that the summer monsoonal proxies, in general
productivity-based proxies, could be influenced by other processes
not only related to monsoon forcing. This recent study casts some
doubt on the interpretation of the 8ka lag between precession
minima and strong summer monsoons as driven by latent heat export
from the southern hemisphere (Ziegler et al, 2010a-b). Indeed,
Ziegler et al. (2010a) have proposed that biological productivity and
OMZ intensity at the precession frequency band are mainly controlled
by changes in the intensity of the Atlantic meridional overturning
circulation (AMOC) which controlled the nutrient delivery in the
euphotic zone of the Arabian Sea.

The aim of our study is to carry new insights about Indo-Asian
monsoon forcing and response (phase relationship). We used a
sedimentary core located in the northern Arabian Sea, close to the
Makran margin. To complete previous works which generally focus
their interpretations on the monsoon processes with productivity-
based proxies, we have analyzed tools linked to productivity, but also
foraminifera assemblages together with grain size parameters dealing
with the regional continental climate. Based on our new results and
the comparisons with previous published data, we discuss the orbital
forcing and response of the Indo-Asian monsoon system.

2. Environmental setting

The studied core MD04-2861 is located in the Arabian Sea, off the
tectonically-active Makran margin (24.13 N; 63.91 E; 2049 m depth)
(Bourget et al., 2011; Ellouz-Zimmermann et al., 2007; Kukowski
et al., 2001; Fig. 1A). This core was retrieved on the little Murray
Ridge, northward of the Murray Ridge where Ziegler et al. (2010a)
have studied cores NIOP463 and MD04-2876. Sites investigated by
Clemens and Prell (2003) are located southward in the Arabian Sea,
on the Owen Ridge (Fig. 1A).

Nowadays, Arabian Sea environments experience large seasonal
variations due to strong monsoonal winds and associated migration of
the InterTropical Convergence Zone (ITCZ) (Clemens and Prell, 2003;
Luckge et al., 2001; Sirocko et al, 1991; von Rad et al., 1995). The
seasonal reversal in the wind direction is also associated with contrasted
precipitations, high variability in the sediment inputs and drastic
changes in oceanic current strength and direction (Schott et al., 2009;
Sirocko et al., 2000; von Rad et al., 1999). During the summer season
(SW monsoon) (Fig. 1B), warmer and more humid conditions are
observed over Karachi and the Indian subcontinent (Luckge et al.,, 2001).
During the winter season (NE monsoon), precipitations also occur
(Luckge et al., 2001) linked to the cyclonic low-pressure systems
originating in the eastern Mediterranean which occasionally penetrate
the Arabian landmass (Weyhenmeyer et al, 2000). However, arid
conditions generally dominate during the winter monsoon, and
paleostudies suggest that the origin of atmospheric water vapor
changed from a dominantly northern Mediterranean source (modern
pattern), to a primarily southern Indian Ocean source during the Late
Pleistocene (Weyhenmeyer et al., 2000). Even if the Pakistan region
received less than 200 mm of annual precipitation today (Pakistan
Meteorological Department), the climate of the region results in intense
flash flooding of the drainage system over the Makran region linked to
this continental humidity/aridity balance (von Rad et al., 1999). A large
number of fluvial systems are distributed along the Makran coast
(Fig. 1A) and are associated offshore with the presence of several
submarine canyons along the Makran continental slope (Bourget et al.,
2010; 2011). Turbidity current activity has been recorded in both slope
and abyssal plain areas throughout the Pleistocene and the Holocene
(Bourget et al., 2010; Prins and Postma, 2000). However, our core is
located on a submarine topographic high, up to ~1000 m above the
surrounding sea-floor, preventing our site from any direct influence of
turbidity currents on the sedimentary processes. Meanwhile our coring
site is located relatively close to the coast (less than 150 km) and thus
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could be influenced by sediment supply from the continent, via fluvial
and/or aeolian transport and decantation in the water column. Regional
dust transport (Sirocko et al.,, 2000), controlled by both continental
aridity and wind strength, is likely to influence the sedimentation at our
core site. The increase/decrease of wind allows the development/
suppression of a strong coastal upwelling along the Oman margin,
which adds a biogenic component to the lithogenic sedimentation
(Clemens et al., 1996; Clemens and Prell, 1991; Reichart et al., 1998)
(Fig. 1B). Large eddies and filaments generated during the SW monsoon
upwelling (as visible at Ras al Hadd; Fig. 1B) are transported north-
eastward to the Arabian Sea and affect our site (Fig. 1). Moderate NE
wind blowing during the NE monsoon is also driving upwelling and
enhanced productivity along the Makran coast (Fig. 1). Supply of
oxygen-poor intermediate waters (You, 1998) combined with high
surface productivity (linked to upwelling reinforcement) produce an
intense oxygen minimum zone (OMZ). Our core site is located below the
present day extension of this OMZ (Supplementary Fig. 1).

3. Material and methods
3.1. Bromine measurements

Bromine measurements were performed with an Avaatech XRF
core scanner at EPOC laboratory. Each core section was scanned every
2 cm with ionization energy of 30 kv. Bromine counts are exclusively
associated to marine organic content (MOContent) in the sediment of
Arabian Sea (Ziegler et al.,, 2008). An increase in Bromine is associated
to an increase in MOContent. Further information about the XRF
scanning technique and its interest in paleostudies can be found in
Richter et al. (2006).

3.2. Grain size analysis

Grain size analysis were performed using a Malvern™ Supersize ‘S’ at
EPOC laboratory every 10 cm in the core. For some additional samples,
we have removed carbonate prior to grain size analyses. Carbonate was
removed using 20% Acetic Acid (48 h at room temperature).

3.3. Thin section

To obtain high-resolution sedimentological information in core
MDO04-2861, thin section was performed at EPOC laboratory using the
method described in Zaragosi et al. (2006). We realized a thin section
at 1930-1940 cm in core MD04-2861. Vertical cross-sections were
made in the middle of the sediment/resin sample obtained using a
diamond saw. Then, thin-section images were acquired using a fully
automated Leica DM6000 B Digital Microscope using analyzed
polarized light at EPOC laboratory.

3.4. Foraminifera assemblage

The subsamples were dried, weighed, and washed every 10 cm in
the core through a 150 um mesh sieve. Total assemblages of planktonic
foraminifera were analyzed using an Olympus SZH10 binocular
microscope following the taxonomy of Hemleben et al. (1989) and
Kennett and Srinivasan (1983). About 300 specimens were counted in
each level after splitting with an Otto microsplitter.

3.5. Isotopes

Specimens were picked within the 250-315 um size fraction every
10-20 cm in the core. Benthic isotopic analyses were carried out on
the species Planulina wuellestorfi at EPOC laboratory. Those solid,
calcium carbonate samples (50 to 100 pg of foraminifer shells) were
individually reacted with ortho-phosphoric acid to produce CO, gas,
which was analyzed with an Optima© stable isotope mass
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Fig. 1. Environmental setting for core MD04-2861. A) Location of the studied core close to the Makran accretionary prism and location of sites studied by Clemens and Prell (2003)
and Ziegler et al. (2010a,b,c) (Bathymetry from http://www.gebco.net/). The main fluvial systems and canyons allowing important transfer of sediments are indicated. B) Important
atmospheric and hydrologic processes for the Arabian Sea. Example of productivity (October) trough ocean chlorophyll concentration (SeaWIFS image from http://oceancolor.gsfc.
nasa.gov/cgi/image_archive.cgi?c=CHLOROPHYLL). The presence of the summer upwelling is visible along the Oman (dark arrows) with important northward propagation of
eddies and filaments (Ras al Hadd jet) towards site MD04-2861 during the strong SW monsoon. The position of the InterTropical Convergence Zone during summer season is
indicated. Also visible is the development of the upwelling (dark arrows) along the Pakistan shelf during the moderate NE monsoon. Note that upwelling favorable winds (SW
monsoon) typically set up in May (NCAR NCEP reanalysis data).
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spectrometer against calibrated reference gas. 5'%0 values are
reported relative to Vienna PDB standard (VPDB) through calibrations
to the international standard NBS19. External reproducibility is
+0.05%. (10).

3.6. Spectral analysis and phase estimation

All the spectral analysis and phase estimation was performed with
the Analyseries software (Paillard et al., 1996). Proxies have been
spectrally compared with an astronomical index called ETP to
evaluate coherence and phase (timing) relative to orbital extremes
(Imbrie et al., 1984). ETP is constructed by normalizing and stacking
Eccentricity, Tilt (obliquity) and negative Precession.

4. Results and discussion
4.1. Orbital and independent age model

Core stratigraphy for the upper part (~40 ka) has been established
using 10 '“C AMS dating from planktonic foraminifera species
(Supplementary Table 1). Radiocarbon dates have been corrected
for a marine reservoir effect of 400 years and calibrated to calendar
years using CALIB Rev 5.0/Marine04 data set (Bard, 1998; Stuiver
et al., 1998). Radiocarbon ages of this study were performed at the
‘Laboratoire de Mesure du Carbone 14’ in Saclay (‘SacA’) through the
“ARTEMIS” radiocarbon dating project. All ages in the following text
are given in calendar age (cal. BP).

Beyond the range of AMS '“C ages, oxygen isotope stratigraphy has
been applied for the entire core (Fig. 2 and supplementary Fig. 2). For
that purpose, we correlate the '®0 signal obtained on the benthic
species (P. wuellerstorfi) with the “LR04” stack signal (Lisiecki and
Raymo, 2005) using the Analyseries software (Paillard et al., 1996)
(Fig. 2 and supplementary Fig. 2). This age model shows that the
sedimentation rate in the core is relatively constant (Fig. 2).

Nevertheless, one of the goal of our study is to precisely document
the timing (phases relative to orbital extremes) of Arabian Sea records
to determine if our proxies are related to monsoonal forcing. The
tuning done with the LR04 thus prevent us for independent analyses.
In addition, benthic oxygen isotope signal in the Arabian Sea could be
complicated by susceptibility to changes in carbonate ion concentra-
tion and supralysoclinal calcite dissolution (Schmiedl and Mackensen,
2006).
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Fig. 2. Comparison of sedimentation rates calculated after two age models: the orbital
age model ('C and isotopes, (open squares)) and the age model (open circles) not
relying upon orbital assumptions (C and GEs). The sedimentation rates are consistent
between age models and relatively constant.
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Therefore, we developed an alternative chronology based on a
quantitative record of the planktonic foraminifera species Globorotalia
truncatulinoides and Globorotalia crassaformis following previous
studies in the area (Jaeschke et al., 2009; Ziegler et al., 2010a). During
major cold events in the North Atlantic (Henrich events), high
occurrences of these two deep-dwelling Globorotalia species were
observed by Ziegler et al. (2010a). These Globorotalia events (GEs)
coincided with a reduction or absence of the OMZ in the Arabian Sea
as previously documented for HEs (Reichart et al., 1998; 2004).
Ziegler et al. (2010a) refined their stratigraphy independently from
orbital tuning by correlating GEs with the alkenone-derived SST long
record obtained on the Iberian margin (Martrat et al., 2007) com-
plemented by radioisotopic age constraints derived from U/Th dates
on speleothem records (see Ziegler et al., 2010a,b,c for constraints
sources). In our core, we observed 13 major GEs over the last 310 ka
that we have correlated with the age constraint of Ziegler et al.
(2010a) to build an age model not relying upon orbital assumptions
(Table 1, Fig. 2 and supplementary Fig. 2). For GE 1 and 3 we kept the
14C ages that appeared to be very consistent with the GEs ages from
Ziegler et al. (2010a) (Table 1, Fig. 2). This “Independent” age model
assumes that Arabian Sea GE events, North Atlantic 980 IRD events,
Iberian Margin total alkenone events and speleothem events are
temporally correlative at the orbital scale.

As long as the age model based on C and GEs is coherent with the
isotope stratigraphy (Table 1, Fig. 2, supplementary Table 2), we will
use it in the following part of our study to precisely determine the
forcing/response relationships of our records at orbital scale (see
supplementary Table 2 for the effect of the two different age models
on phase estimations for Arabian Sea records).

4.2. Foraminifera assemblage proxy

Thirty-seven species were identified in the fossil planktonic
foraminifera assemblage from core MD04-2861. G. bulloides, G. ruber
and G. glutinata are the most abundant species reaching 54% of the total
assemblage. Also important are O. universa, G. trilobus, G. sacculifer,
G. calida, G. falconensis and N. pachyderma (dextral coiling). These nine
species represent up to 82% of the total assemblage.

Our core site is likely to be influenced by the regional SW (summer)
and NE (winter) monsoon. According to Conan and Brummer (2000),
G. bulloides and G. glutinata dominate the SW monsoon. Studies
conducted on modern communities have demonstrated that these
two species dwell preferentially in mixed and nutrient-rich waters
(Conan and Brummer, 2000; Schiebel et al., 2001), a situation which
occurs during the SW monsoon coastal upwelling development along
the Oman and Somali margin. These species are also dominant in our

Table 1
Age constrains of GEs (ka) in core MD04-2861 and comparison with 'C and isotopic
stratigraphy.

Globorotalia  Depht 14C and Isotope  Refined age model ~ Age
events MDO04-2861 MDO04-2861 (ka) (Ziegler et al,  anomaly
(cm) (ka) (LRO4 age) 2010a) (ka)
GEl 370 172 174 0.2
GE3 800 385 39.5 il
GE6 1090 56 64.3 8.3
GE8 1330 88 85 3
GE9 1430 101 103.9 29
GEIO 1470 106 110 4
GEll 1620 126 130.5 45
GEI3 1900 156 158.2 2:2
GEI5 2340 196 191 5
GEI6 2600 219 225 6
GEI7 2800 241 250 9
GEI8 3110 271 266 5
GEI9 3350 293 296.9 39
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record suggesting a strong influence of an open-ocean upwelling, and/or
the effect of lateral advection via eddies and filaments associated with
the coastal Oman upwelling (Fig. 1). Previous studies demonstrated that
G. glutinata is more abundant in the open-ocean upwelling area and
G. bulloides in the coastal upwelling area (Anderson and Prell, 1993;
Ishikawa and Oda, 2007; Ivanova et al., 2003). G.bulloides is more
abundant (mean values of 23%) than G.glutinata (mean values of 9%) in
the core, suggesting a strong influence of the coastal upwelling area. The
strong influence of the summer monsoon upwelling conditions on the
distribution of G. bulloides is also confirmed by the study of Schulz et al.
(2002). They found that G. bulloides is of minor importance in sediment
trap off Pakistan, in an area strongly influenced by NE monsoon.

As the ecology of individual species is often hardly distinguishable
from the community dynamics, we grouped ecologically related species
to discuss our results. Following previous works (Conan and Brummer,
2000; Ishikawa and Oda, 2007; Ivanova et al., 1999; Schiebel et al., 2001)
we define a planktonic foraminifera (PF) SW monsoon upwelling
assemblage composed of G. bulloides, N. pachyderma (sinistral coiling),
G. glutinata, N. dutertrei, G. scitula, P. obliquiloculata, T. parkerae,
G. hexagona, G. menardii and G. theyeri. All these species represent SW
monsoon conditions in the coastal upwelling area (Conan and Brummer,
2000; Peeters and Brummer, 2002) and underline the summer season
(G. bulloides, N. dutertrei) or the autumn season (G. glutinata) in the
Pakistan area (Schulz et al., 2002) (Fig. 3).

In contrast, G. falconensis dominates in flux and relative abundance
in the Pakistan area (Schulz et al., 2002), and is indicative of winter
mixing, when NE monsoonal winds cool the highly saline surface
waters and break up stratification. In the coastal Oman upwelling, this
species represent non upwelling condition (Conan and Brummer,
2000; Peeters and Brummer, 2002). This species is also present in our
record and account for less than 4%, with an opposite pattern
compared to the PF SW monsoon assemblage (Fig. 3). This confirms
that fauna assemblages in our core site are mainly affected by SW
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Globigerinoides 10
sacculifer 0

Orbulina
universa

Globigerinella %
calida

Globigerina 10
falconensis 0

Globorotalia 5 m
scitula 0

Neogloboquadrina 15
dutertrei 0

10
Globigerinoides 0.8 0
parkerae 8:8 m

monsoon over the last 310 ka. We build a planktonic foraminifera (PF)
NE monsoon assemblage as the sum of G. falconensis, G. aequilateralis,
G. ruber, O. universa, G. sacculifer, G. trilobus, G. tenella, G. calida and
G. uvula (Fig. 3). All these species are associated to non upwelling
condition and NE monsoon development (Conan and Brummer, 2000;
Peeters and Brummer, 2002; Schulz et al., 2002). Fig. 3 shows an
opposite behavior between PF SW monsoon assemblage and PF NE
monsoon assemblage.

4.3. The grain size proxy

Grain size results are shown in Fig. 4. We used the D90 grain size
parameter which corresponds to grain size at which 90% of sediments
are finer. The curve indicates important variations over the last
310 ka. To determine which granulometric range is responsible for
these variations, we have focused on the granulometric curves during
key periods of the record (numbered 1 to 6 on Fig. 4). We observe two
important modes on granulometric curves: a clay mode (correspond-
ing to grain-size finer than 10 um) and a silty mode (corresponding to
10-63 pm). Periods marked by a lower D90 grain size (periods 1, 3
and 5) correspond to high clay content and lower silt content.
Inversely, a period marked by a higher D90 grain size (2, 4 and 6) is
associated with lower clay content and a higher silty content. To
evaluate if these changes are mainly related to lithogenic variability
through times, we have applied the same approach based on
carbonate free samples on the same intervals 3 and 4 (3’ and 4’ on
Fig. 4). The results exhibit the same pattern, and thus demonstrate
that lithogenic changes control the grain size evolution through times.
In addition, carbonate content in the core is low and presents weak
variation in amplitudes (between 15 and 30%) suggesting a dominant
lithogenic component of sedimentation at our core site.

Because the grain size variations in the core are related to the
balance between silty and mud content, we calculated the D50 of the

%
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Fig. 3. SW and NE monsoon planktonic foraminifera assemblages (purple for the NE monsoon species G. falconensis, blue and purple for the NE monsoon assemblages, green for the
SW monsoon assemblages). Frames indicate important increase/decrease events of SW/NE monsoon over the last 310 ka.
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Fig. 4. Grain size results for core MD04-2861. A) D90 grain size parameter (which corresponds to grain size at which 90% of samples are finer) and D50 grain size of the silty range.
B) Granulometric curve during key periods of the record (different numbers: the granulometric curves represent average samples for the periods considered: gray frames on A). We
observe two dominant modes on the granulometric curves: a clay mode and a silty mode. Granulometric curves 3’ and 4’ (plain black lines) indicate the results on carbonate free
samples. C) Location (black star in A) and observation in the core of a thin section in analyzed polarized light. The presence of foraminifera is indicated. Examples of poorly organized

quartz grains in the clayey matrix are visible.

silty fraction (~9-66 um) (Fig. 4). The results show an excellent
agreement with the D90 grain size, thus confirming the role of the
increase/decrease of the silty fraction on the global granulometric
variations observed in core MD04-2861.

Observation of a thin section under the microscope in analyzed
polarized light allowed us to do a high-resolution analysis of the
texture and structure of the deposit (Fig. 4C). It confirmed the
importance of the silty and clay fractions and the presence of isolated
foraminifera shells, from which the mode is also encountered on
granulometric curves (Fig. 4B). In the thin section, we observed silty
grains and a few fine sand grains. These grains essentially consist of
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poorly organized quartz grains in a clayey matrix (Fig. 4C). This
suggests that silt to sand grains are not resulting from the deposition
of deep-sea current (turbidity current or contouritic current). We
infer that these grains have been likely transported by distal fluvial
plumes and/or winds and finally decanted in the water column.
Unlike lithogenic grain size proxies previously employed at pelagic
sites and interpreted in the context of atmospheric transport (Clemens
and Prell, 1991; Clemens et al.,, 2008; Pourmand et al., 2004), lithogenic
grain size at this continental margin site is interpreted in the context of
fluvial and aeolian processes. Indeed, grain-size variability of lithogenic
marine sediments is influenced by several parameters including the
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distance of sediment transport and its capacity (i.e. wind strength,
hypopycnal or hyperpycnal plumes) and the initial composition of
sediments in the source area.

Climate is often described as the first-order control on the sand-to-
mud ratio in the watershed and at river mouths (Perlmutter and
Mattews, 1989), by controlling the sediment yield/discharge ratio
(Blum and Toérnqvist, 2000). In the Makran area, monsoon-induced
periods of continental aridity and humidity had a major impact on
fluvial dynamics (Jain and Tandon, 2003), that in turn directly
influenced the timing and nature of sediment delivery to the sea, as
highlighted by the deep-water turbidite system growth during the
Late Quaternary (Bourget et al., 2010). Continental aridity, during
weak SW monsoon together with important NE monsoon, leaded to
increasing sediment yield and production of coarse-grained sedi-
ments (due to the lack of vegetation) in the Makran rivers settings
(Bourget et al, 2010; Jain and Tandon, 2003). Aridity could also
enhance the transport of coarse particles at sea by more active aeolian
activity. Intensified dust contributions by northwesterly winds from
the Persian Gulf area during dry conditions have been demonstrated
(Sirocko et al., 1991) as well as coarser grained sediments deposition
during stadials on the Pakistan margin linked to intensified winter
monsoonal winds (Pourmand et al.,, 2004; Reichart et al., 2004).
Inversely, wetter periods (stronger SW monsoon) were associated to
increase in vegetation cover, decreasing production of coarse-grained
sediments, and enhanced fluvial discharge of finer-grained particles
(Jain and Tandon, 2003). These humid periods were associated with
more frequent mud-rich turbidity currents in the Arabian Sea
(Bourget et al., 2010).

Overall, during the humid periods of the SW monsoon,
climatically-driven conditions of sediment production and transport
allow the transfer of finer-grained sediments to our coring site
(whether the transport agent is aeolian or plume-advection
related). Inversely during the NE monsoon intensification (arid
periods), coarser sediments are preferentially transferred.

High-amplitude sea level changes through the Quaternary are
known to have a great influence on the amount and nature of
sediment transferred to the marine environment. Classically, low-
stands of sea-level enhance an important transport of bulk sediments
to the sea, through the fluvial systems directly feeding the coastlines
(Posamentier and Vail, 1989). Inversely sea-level highstands are often
associated with drowning of the continental shelf that form an area of
sediment trapping and sorting. Highstands thus often result in
sediment partitioning and enhance transfer of finer-grained material
towards the sea (Posamentier and Vail, 1989).

This effect of sea level changes on the grain size record is probably
important at the 100 ka cycle which corresponds to the more
important changes in sea level (Glacial-interglacial changes with a
difference of ~120 m; Bintanja et al.,, 2005) (Fig. 4A). Indeed, grain size
signals seem to be influenced by glacial-interglacial changes (Fig. 4A).
However, here we will focus on the higher-resolution changes
occurring at the obliquity and precession cycle (41 and 23 ka cycle).
These changes in grain size, together with the record from the
bromine and foraminifera assemblage proxy, will be detailed in the
following section.

4.4. Arabian Sea records and monsoon forcing/response relationship

44.1. Does the multi-proxy record from core MD04-2861 mirror an
Indian monsoon dynamics?

The bromine signal obtained on core MDO04-2861 and the
composite Bromine signal obtained by Ziegler et al. (2010a) on the
Murray ridge show consistency (Fig. 5). Interestingly, the SW
monsoon foraminifera assemblage variations throughout time also
mirrors bromine fluctuations (increase of the PF SW monsoon
assemblage during increase of bromine; Fig. 5) although our coring
site, located in a northern position in the Arabian Sea was supposed to
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Fig. 5. Comparison of independent SW monsoon proxies. A) Bromine data after Ziegler
et al. (2010a). B) Bromine data in core MD04-2861 (this study). C) Planktonic
foraminifera SW monsoon assemblage variation in core MD04-2861. D) D50 (silty
range) grain size variation in core MD04-2861. Gray bands underline periods of high
Bromine (MOContent) in core MD04-2861. They coincide with increases in PF SW
monsoon assemblage together with decrease in grain size interpreted as period of SW
monsoonal intensification.

be also influenced by the NE monsoon (Fig. 1). This suggests that, as
southerly sites (Clemens and Prell, 2003; Clemens et al., 2008), our
record is mainly controlled by the SW monsoon dynamics. SW
upwelling reinforcement boosting surface productivity could thus
also impact the marine organic content (MOContent) signal in the
northern Arabian Sea sedimentological archives. Variability in the
grain size is also in good agreement with the bromine and the PF SW
monsoon assemblage (Fig. 5) with grain size minima observed in
conjunction with increasing bromine values and a larger representa-
tively of the PF SW monsoon assemblage (gray frames on Fig. 5).

To determine if sea level variability in the precession and obliquity
orbital bands can control the observed grain size variations, we have
determined the timing of grain size changes and sea level changes
(Fig. 6A). For the precession band, grain size minimum lag precession
minimum by 8.3 £0.5 ka, clearly not in phase with the lag between
high sea level (Waelbroeck et al., 2002) and the minima of precession
which is of 494 0.4 ka (Fig. 6A).

Our results show that each SW monsoon intensification events
during the last 310 ka have been associated to finer-grained sedimen-
tation in core MDO04-2861 (increasing clay content and decreasing silt
content; Fig. 5) which is controlled by a more humid regional
continental climate at those times. The phase relationship of fine grain
sedimentation is consistent with previous estimation of the SW
monsoon timing in the precession band (Clemens et al, 2010)
(Fig. 6A). We have also estimated the phasing for the other proxies
(foraminifera assemblage and Bromine data). We found a lag of 8.9 +
0.7 ka between maximum SW monsoon upwelling assemblage and the
minimum of precession and 9.7 £ 0.4 ka between maximum of bromine
signal and the minimum of precession (Fig. 6A). The grain size proxy
cannot be influenced by nutrient changes associated with AMOC, yet has
the same phase as the productivity proxies, proving that the
productivity proxies (bromine) have the same timing as strengthened
summer monsoons (Fig. 6A). These phase relationships indicates that
decreased ice volume and increased latent heat export from the
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southern Indian Ocean set the timing of strong summer monsoons
within the precession cycle and that direct sensible heating initiate
monsoonal circulation (Clemens et al., 2008) (Fig. 6). Interestingly,
Indian winter monsoon (WM), documented by the NE foraminifera
assemblage (Fig. 3), occurs between ice maxima and northern
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hemisphere sensible heat minima, indicating that both act to strengthen
WM circulation (Fig. 6A). The SW and NE monsoon are in antiphase in
the precession band and suggest that the two systems are dynamically
linked (Fig. 6A). Similar results have been found for the Asian monsoon
(Clemens et al,, 2008) and could indicate a link between Indian and
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Asian WM. This also demonstrates that productivity proxy (bromine) is
not affected by WM but clearly controlled by strengthened summer
monsoons.

In the Obliquity band, minimum grain size (increase of clay
content in the core) lag by 7.2+ 1.3 ka the maximum of obliquity,
close to what is observed for sea level changes (lag of 7.9 4 1.4 ka), but
however more consistent with previous estimate timing of the SW
monsoon (Fig. 6A) (Clemens et al., 2008). According to our previous
hypothesis suggesting that sea level is not the main driver of grain size
changes observed in the precession band, we can also hypothesis that
SW monsoon is the main driver of the observed timing in the obliquity
band. The lag of 6.94 1 ka between the maximum of SW monsoon
upwelling assemblage and maximum obliquity, and the lag of 2.4+
2.4 ka between the maximum of bromine and maximum obliquity
confirm our hypothesis (Fig. 6A). As for the precession band, the
strong SW monsoon in the northern Arabian Sea falls between ice
minima and sensible/latent heat maxima indicating that all three
forcing could act together to strengthen summer monsoon circulation
(Clemens et al., 2008). The WM proxy (NE foraminifera assemblage)
occurs between ice maxima and sensible heat minima, when
considering uncertainties and the two different age models (Fig. 6A
and supplementary Table 2), indicating that both act to strengthen
WM circulation. Again, similar results have been found for the Asian
monsoon (Clemens et al., 2008).

4.4.2. An Indian summer monsoon stack from the northern Arabian Sea
Bromine, PF SW monsoon upwelling assemblage and grain size in
core MD04-2861 are mainly controlled by SW monsoon dynamics.
Although all monsoonal proxies likely respond to monsoon variability,
additional processes, sometimes unrelated to monsoon circulation
(e.g. preservation, dissolution, diagenesis), may also influence the
chemical, physical and biological compositions of sedimentary
archives (Clemens and Prell, 2003). To limit such biases, we decided
to stack the independent records of monsoon intensity using principal
components analysis (PCA) in order to derive a more robust,
combined record of monsoon variability and allow comparison with
previous monsoon stack in the region (Clemens and Prell, 2003).

Contrary to the stack of Clemens and Prell (2003) and in response
to Ziegler et al. (2010a) hypothesis, our stack is not a productivity
stack. Bromine is a productivity proxy, the faunal assemblage is
influenced by productivity changes but is also strongly influenced by
sea-surface abiotic parameters (temperature, salinity, stratification)
(Conan and Brummer, 2000; Murray, 1897; Peeters and Brummer,
2002), and grain size signal is independent of productivity and
directly related to the regional continental climate.

PCA, performed with the “R” software (http://www.r-project.org/),
indicates that the first component (PC1: i.e. the summer monsoon (SM)
stack) of all our record (grain size, bromine and foraminifera
assemblage) explains 69% of common variance compared to the only
33% of variance contained in the monsoon stack of Clemens and Prell
(2003), clearly showing that all our proxies are mainly controlled by the
same common forcing, the SW monsoon dynamics. Note that each
individual proxies were resampled with a common resolution of 1 ka for
the building of the Arabian SM stack (the resolution for each individual
proxies was better than 1 ka) and that this resolution is higher than the
one used for the SM stack of Clemens and Prell (2003) (2 ka). Maximum
of the SM stack lag maximum northern hemisphere (NH) summer
insolation by 9+ 1 ka in the precession band and by 64 1.3 ka in the
obliquity band (Fig. 6B supplementary Table 2 and Fig. 3). The observed
timing is consistent with recent studies based on a large number of
Indian and East-Asian proxies from marine, lakes and terrestrial
archives, except Asian speleothems (Figs. 7 and 8 and supplementary
Table 2)(Clemens et al, 2008, 2010; Ziegler et al., 2010a) but is not
reproduced by modeling experiments (Kutzbach et al., 2008; Ziegler
et al, 2010a). The non-consistency with numerical simulation results
could be related to some model limitations. There is no model run yet
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Fig. 7. Comparison of our SM stack with other Indo-Asian monsoon proxies. I) location
of the different Indo-Asian monsoon records. II) A) Indian SM stack for this study
(MDO04-2861). B) Indian SM stack (Clemens and Prell, 2003). C) Productivity (runoff) at
site ODP 1146 (Clemens et al,, 2008). D) Productivity (upwelling) at site NIOP 464
(Reichart et al., 1998). E) Precipitation at the Philipine Sea (Morley and Heusser, 1997).
F) Precipitation with Asian speleothems (Cheng et al., 2009; Dykoski et al., 2005; Wang
et al,, 2001; 2008). A graphical correlation suggests that variations detected in Indo-
Asian monsoon proxies are in good concordance with our SM stack (frames) except for
Asian speleothems. Records are plotted on their original age scales.

available that is capable of assessing phase of the late Pleistocene
summer monsoon systems given the complex lower boundary con-
ditions (ice volume, sea level, and greenhouse gasses) involved. The
Kutzbach et al. (2008) model lays on insolation conditions only, while
the CLIMBER I model in Ziegler etal. (2010a), which is a great start, has a
very low resolution and exhibits an unreal linearity to insolation.

4.4.3. Testing the effect of Atlantic overturning changes on the Arabian
Sea productivity records

Our northern Arabian Sea proxies are strongly influenced by Indian
monsoon forcing and in agreement with the timing found by Clemens
and Prell (2003), Clemens et al. (2008, 2010) and Reichart et al.
(1998), supporting the idea that the Arabian Sea records are mainly
controlled by the Indian monsoon processes. However a recent study
has proposed that the summer (SW) monsoon is unlikely the main
driver of changes in Arabian Sea biological productivity and OMZ
intensity at the precession frequency band (Ziegler et al., 2010a). By
extrapolating the Schmittner et al. (2007) work from millennial scales
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12 productivity records. Caley et al. (in press) have also demonstrated
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Fig. 8. Comparison of the Indian SM stack and Asian cave speleothems. A) Asian cave
speleothems (Cheng et al, 2009; Dykoski et al, 2005; Wang et al, 2001; 2008)
resample with a step of 1 ka. B) Indian SM stack with a resolution of 1 ka. C) Residual
signal after the Indian SM stack subtraction from the Asian cave speleothems. The
residual is highly coherent and in phase with precession minima suggesting an impact
of winter temperature changes on cave 5'%0 (Clemens et al., 2010).

to orbital scales, this new hypothesis proposed that changes in the
intensity of the AMOC might have played the prominent role. The
phase relationship of Atlantic overturning changes is visible in Fig. 6A
through mid-depth benthic §!C gradient (a proxy indicator of ocean
nutrient content) throughout the Atlantic (Lisiecki et al., 2008).
Although the Schmittner et al. (2007) model does not produce an
OMZ in the Arabian Sea and that the timing and the effect on Atlantic
overturning circulation changes is complex and still under debate (Liu
et al., 2005; Marchitto and Broecker, 2006; McManus et al., 2004;
Negre et al., 2010; Yu et al., 1996), following Ziegler et al. (2010a), we
address his potential role in controlling productivity signal in the
Arabian Sea at orbital scale changes.

We note that the bromine signal of Ziegler et al. (2010a) and our
bromine signal in core MD04-2861 exhibit a close timing in the
precession and obliquity band, although one was retrieved within the
OMZ water-depth interval and the other below the present OMZ
(Fig. 6A and supplementary Fig. 1). We can therefore conclude that
dynamics of the OMZ in the past, and its potential impact on the
preservation of the MOContent in the sediment is not the main driver
of both signals observed, as previously suspected (Reichart et al.,
1998). The ~2.5 ka differences observed in the precession band be-
tween both bromine records (Fig. 9) could results from uncertainties
during age model constructions or could reflect differences between
XRF core scanner methods.

Interestingly, the phase relationship for our Bromine record presents
a pattern which, compared to the PF SW monsoon assemblage and grain
size data, seems to be the closest to the timing of the Atlantic mid-depth
overturning (Lisiecki et al., 2008) at both precession and obliquity cycle
(Fig. 6A). This could suggest an effect of overturning changes on the
Arabian Sea productivity record as hypothesized by Ziegler et al.
(2010a). Nonetheless, the good coherency between the bromine record
and our productivity-partly-independent/-independent SW monsoon
proxies (PF assemblage and grain-size), supports that the SW monsoon
remains the main driver of the timing observed in Arabian Sea
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circulation. Nonetheless, a secondary effect of overturning changes on
the Arabian Sea productivity records is valuable only if intermediate
water flows are not in antiphase with changes in the North Atlantic
Ocean (Jung et al., 2009; Pahnke and Zahn, 2005). Indeed, a recent study
demonstrated that increases in intermediate water flow in the Arabian
Sea (Jungetal.,2009) and also in the Indo-southwestern Pacific (Pahnke
and Zahn, 2005) occurred in anti-phase with changes in the North
Atlantic Ocean during Henrich events (HE). This is in contradiction to a
reduced export of nutrient-rich waters from the Atlantic into the Indian
and Pacific euphotic zone which could lead to a decline of the export
production in the Arabian Sea during HE. Because productivity
decreased in the Arabian Sea during HE (Altabet et al., 2002), this
suggests that changes in the intermediate ventilation is not the main
driver of productivity changes, but are rather forced by the intensity of
summer monsoon upwelling (Altabet et al., 2002; Honjo et al.,, 1999).

4.4.4. Comparison between East Asian speleothem record and our Indian
SM stack

The idea that Indian and Asian monsoon are linked is derived from
modern summer precipitations which are coherent and in phase with
moisture transport from the southern Indian Ocean and out of phase
with the moisture transport from the Pacific Ocean (Liu and Tang,
2004). Therefore, both Indian monsoon variability (recorded by our
summer monsoon (SM) stack) and Asian monsoon variability
(recorded by the Asian speleothems) might exhibit the same pattern.
This is however not supported by our results (Figs. 7 and 8), neither by
the reanalyses of Asian speleothems conducted in Clemens et al.
(2010). To explain these differences, we can call for different seasonal
controls on records. To extract the summer monsoon component of
the Asian speleothems, Clemens et al. (2010) have built a SM orbital
model. Here, our Indian SM stack is based on orbitally-independent
age constrain derived from the correlation of GEs in our record to
those of Ziegler et al. (2010a). The speleothem records are also based
on U/Th-derived ages. That strengthens our confidence in using both
age scales for the same calculation.

We normalized our SM stack and we transferred the scale in %o
units by multiplying by the total variance in cave §'®0 (Fig. 8B). Then,
we subtracted the SM stack (Fig. 8B) from the Asian cave 5'%0
(Fig. 8A) and find a residual highly coherent and in phase with
precession minima (Fig. 8C and supplementary Fig. 4). During minima
of precession, northern hemisphere winters were extremely colder
(Berger, 1978). Clemens et al. (2010) proposed that this residual
signal reflect the influence of the winter monsoon, consistent with
modern seasonality in precipitation amount and isotopic composition
(they call on winter atmospheric precipitation temperature changes
to drive the signal). Therefore, our results support the idea that Asian
speleothems cannot be interpreted as reflecting only the timing of
strong summer monsoon (Clemens et al., 2010).

5. Conclusion

Multiproxies analysis (bromine, foraminifera assemblages and
grain size) of a marine sediment record located off the Makran margin
revealed that productivity signals (Bromine) in the northern Arabian
Sea are mainly controlled by SW monsoon dynamics rather than by
NE monsoon dynamics or changes in the intensity of the Atlantic
meridional overturning circulation (AMOC) (Ziegler et al., 2010a). The
use of three independent SW monsoon proxies allowed us to build a
robust Indian summer monsoon stack on an age model not relying
upon orbital assumptions over the last 310 ka with a resolution of
1 ka. For the phase relationship of our SM stack, a 941 ka lag is found
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between external forcing (maximum NH summer insolation) and
strong Indian SW monsoon in the precession band and a lag of 6+
1.3 ka in the obliquity band between forcing and response. These
results are consistent with numerous Indo-Asian summer monsoon
records (Clemens and Prell, 2003; Clemens et al., 2008, 2010; Ziegler
et al,, 2010a) and has large implications:

— thisindicate that internal climate forcing such as decreased ice volume
and increased latent heat export from the southern Indian Ocean
(Clemens et al., 2008) set the timing of strong Indo-Asian summer
monsoons within both the precession and obliquity cycle and that
direct sensible heating (the external forcing) initiate monsoonal
circulation. At the moment, this observation is not reproduced by
modeling experiments (Kutzbach et al., 2008; Ziegler et al., 2010a).

— this suggests that East Asian speleothems cannot reflect the timing
of strong summer monsoon alone and are probably impacted by
winter temperature changes as already suggested by Clemens et al.
(2010).

— this also suggests that the forcing/response relationship of the
Indo-Asian monsoon in the precession cycle is different to what
occurs for African monsoons and suggest that the concept of a
“global monsoon” at orbital scale changes is a misnomer (Caley
et al., submitted for publication).
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Supplementary Information

New Arabian Sea records help decipher orbital timiig of Indo-Asian monsoon.

Thibaut Caleyl*, Bruno Malaizél, Sébastien Zaragdsinda Rossignoll, Julien Bourget2,
Frédérigue Eynaudl, Philippe Martinez1, Jacqueaudiaul, Karine Charlierl, Nadine
Ellouz-Zimmermann3.

Age 14C Calibrated

Depth (cm) species AMS conv. errors 14C age

BP (cal.yr BP)

10 bulk 1100 30 606

70 bulk 3905 30 3843
140  G. dutertrei 6900 35 7356
250 G. ruber 10345 45 11289
250 G. dutertrei 9845 45 10596
340 bulk 14159 60 16169
450 G. ruber 17470 70 20131
500 G. ruber 19850 70 22938
640 G. ruber 25170 140 29090
810 G. ruber 34170 260 39109

Supplementary Table !C dating in core MD04-2861.
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5*%0-41 Obliquity Ind-Orb-41  Ind-Orb-41

Proxy record 5'°0-41 coh phase phase coh phase
Foram. Ass. NE 0.55 (+)142+24 (+)81° 0.8 (+)127+11
Foram. Ass. SW 0.72 (-)24+13 (-)85% 0.87 (-)60+9

Bromine 0.5 (+)61+40 0* 0.6 (-)21+21

Grain size 0.6 (-)4+14 (-)65% 0.78 (-)63+11

SM stack MD04-2861 0.6 (+)16+20 (-)45° 0.8 (-)53+12

SM Factor Clemens and
Prell, 2003 (converted 0.86 (+)63+18 (+)2°
LRO4)"
NIOP464 average

Reichart et al., 1998 (+)32+73 (-29)?

(converted LR04)°

5%0-23 Precession  Ind-Orb-23  Ind-Orb-23

Proxy record 5"°0-23 coh phase phase coh phase
Foram. Ass. NE 0.6 (+)72+18 0* 0.64 (+)28+18
Foram. Ass. SW 0.71 (-)98+14 (-)170% 0.8 (-)139+11

Bromine 0.85 (-)100+10 (-)172% 0.9 (-)152+6

Grain size 0.77 (-)98+13 (-)170% 0.85 (-)130+8

SM stack MD04-2861 0.85 (-)103+8 (-)175% 0.9 (-)141+15

SM Factor Clemens and
Prell, 2003 (converted 0.97 (-)47+8 (-)119%
LRO4)"
NIOP464 average

Reichart et al., 1998 (-)48457 (1120

(converted LR04)®

Supplementary Table 2: Coherence (95%) and phds® (dnfidence interval) relative to
8'%0 and orbital parameters (Precession minima anij@itl maxima) using the LR04 stack
and the age model not relying upon orbital assumpt(GEs and’C). Phase estimations are
in degree (°), negative/positive values indicatglémd. For example, a phase of -141 (the SM
stack) relative to Precession minima indicate a ®ag (-141°/360°%x23 ka).

a) Phase calculated by application of the LRO4wtated phase lags of -61° and -72° for
obliquity and precession respectively (Lisiecki daymo, 2005). Phase error is the same as
in column to the left.

b) Summer Monsoon Factor composedsbiN, Opal MAR, excess Ba MAR, lithogenic
grainsize and Globigerina bulloides relativest80 (Clemens and Prell, 2003).

c) Average composed &N, Ba/Al, and Globigerina bulloides relative $°0 from the
same core (Reichart et al., 1998).

Effect of age models on phase estimations for Aamidea records

In our study, we have chosen to use an age modelehyoing upon orbital assumptions to
discuss the phase relationship (timing) of Aralbftea proxies. However, it is important to
address the difference of phase estimations diwyethe use of different time scales. For that
purpose, we calculated the phase and associatedtainties between each proxy (Bromine,
SW monsoon upwelling assemblage and grain size)rmadimum northern hemisphere (NH)
summer insolation (minimum of precession, June @dhplion and Obliquity) on the two
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different age models*{C + isotopes) and"{C + GEs) (supplementary Table 2). In average,
we found a phase difference of 2+1 ka in the pigoasband and 1.8+3 ka in the obliquity
band between the different chronologies (suppleargniable 2). In the precession band, we
are in accordance with Ziegler et al. (2010a) whichnd a 2-3 ka difference between
SPECMAP age scale (Imbrie et al., 1984) and hispeddent age model.

In the obliquity band, our results indicate uncettas linked to phase estimations more
important that differences between chronologies. 8&® note that the radioisotopic age
constraints sources used can contain uncertaindggeen 1-2 ka (see Ziegler et al., 2010a)
and the LR04 age model uncertainty is 4 ka forlasé million years (Lisieski and Raymo,
2005). This suggests that uncertainties linkedaitheage models are more important than the
observed phase difference. Based on these resudts;annot conclude on a significant
difference for phase estimations between age models
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Supplementary Fig. 1: Present day extension of @Z (World Ocean Atlas 2005
(Locarnini et al., 2006) and Ocean Data View (Rhlfier, Ocean Data View, 2007;
available at http://odv.awi.de/)) and localisatiohcore MD04-2861 (this study) and core
sites study by Ziegler et al. (2010a).
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Supplementary Fig. 2: Age models for core MD04-28814C and isotope stratigraphy after
tuning to the LRO4 stack (Lisiecki and Raymo, 200%} and isotope age control points are
indicated. B) Comparison between the GEs in cordDMR861 (this study) with the GEs of
Ziegler et al. (2010a).
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Supplementary Fig. 3: Spectral analysis and phesdts for MD04-2861 records (Bromine,
Foraminifera assemblage, grain size and Indian &dk}$ on the GEs and 14C age model
using analyseries software (Paillard et al., 1998)xies have been spectrally compared with
an astronomical index called ETP to evaluate cotoerand phase (timing) relative to orbital
extremes (Imbrie et al., 1984). ETP is construdtgdaormalizing and stacking Eccentricity,
Tilt (obliquity) and negative Precession.
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Supplementary Fig. 4: Spectral analysis and premdtrafter subtracting the Indian SM stack

from the Asian cave Speleothem signal using anagssoftware (Paillard et al., 1996). The
residual record is very highly coherent and in ghagth precession minima, interpreted as

the influence of the winter monsoon (temperatu@#¢ifiens et al., 2010).
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3. Compléments a I'étude du site MD04-2861

Le niveau de gris des RX dépend de la densité dimsét, de la teneur en matiére organique,
de la teneur en carbonate et de la granulométreédiment. La bonne correspondance entre
le stack (composante principale) de la moussoreina et le niveau de gris des RX pour la
carotte MD04-2861 confirme que la sédimentatiole®iprocessus qui affectent le site étudié
sont fortement contrélés par la dynamique de lagsow indienne.

Les étoiles sur la figure 61 indiquent les pos#i¢h930-1940, 1940-1950, 2930-2940, 2960-
2970 cm) ou des lames minces ont été réaliséedalansotte (Figure 62).
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Figure 61 : Comparaison entre le stack de moussdienne estivale et le niveau de gris de
RX pour la carotte MD04-2861. La position des éwiindique la localisation des lames
minces réalisées dans la carotte.

Le faciés observé pour chacune des lames correspaled grains silteux (quartz) dans une
matrice argileuse avec la présence de quelquesiinfares (Figure 62). Nous avons pu

démontrer que l'alternance entre le faciés argileusgilteux pouvait étre reliée au climat du
continent et notamment a la mousson. Une augmentadt |la proportion d’argile dans le

sédiment correspond a une intensification de lagsmu estivale (climat plus humide).
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Figure 62 : Exemple de deux lames minces réaliskes la carotte MD04-2861 avec
observation du faciés au microscope en lumierens#a analysée.

4. Conclusion

D’un point de vue sédimentologique, nous avonsédmahtrer I'alternance de facies argileux
ou silteux (marqué par la présence de grains dezjuwai cours du temps. Compte tenu de la
localisation de la carotte, nous avons pu explidqaeprésence du faciés argileux par une
augmentation du I'humidité sur le systeme du Makdamant la mousson estivale avec
I'apport de particules plus fines par les rivieet®u les vents. Au contraire, le facies silteux
résulte d’'une intensification des vents durant tausson d’hiver et/ou I'apport de particules
plus grossieres par les fleuves. Nous avons égatementré que ces variations étaient en
phase avec les variations d’abondance de certagpEes de foraminiféres planctoniques qui
reflétent la mousson estivale.

Ainsi, notre étude a montré que pour le Nord dendm d’Arabie, les signaux de productivité
(plus particulierement le brome) sont contrélés lpadlynamique de la mousson d’été plutot
gue par celle d’hiver ou par la dynamique de lautation océanique globale (et son contrble
potentiel sur les nutriments délivrés dans la zanghotique) a I'échelle orbitale.
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Toutefois, nos différents indicateurs climatiqueslépendants peuvent étre controlés, en
partie, par d'autres processus non reliés a la rdimse de la mousson (préservation,
dissolution, diagenese ; Clemens and Prell, 208f). de limiter ces biais potentiels, nous
avons réalisé une compilation de données (dit ytaclr la mousson Indienne grace a des
outils statistiques (analyse en composante prifgip&e stack, qui représente pres de 70 %
de variance commune a nos différents indicateuéoplimatiques, indique que le maximum
d’intensité pour la mousson estivale retarde demvi9000 ans le maximum d’insolation
d’été dans I'hémisphere nord (minimum de préce3sédrd’environ 6000 ans le maximum
d’obliquité. Cette relation de phase démontre tleagrement que la mousson Indienne ne
répond pas de facon directe au forgcage de l'insolahais que d’autres processus internes au
systeme climatique doivent jouer un réle importades résultats sont en accord avec de
nombreux indicateurs océaniques et terrestres dessoa répartis sur I'ensemble du systéeme
Indo-asiatique. lls suggerent que l'effet de lalehalatente de I'océan Indien Sud associé a
I'effet du minimum de volume de glace sont d’'unepartance majeure pour expliquer la
dynamique des fortes moussons estivales a I'écloebigale, en accord avec I'hypothése
émise par Clemens et al. (1991 ; 1996 ; 2008 ; R0OT6tte théorie semble d’autant plus
valable que les variations d’abondance de certaéspgces de foraminiferes planctoniques
qui documentent la mousson hivernale montrent égaiié une réponse non directe au
forcage de l'insolation. La aussi, une influencs ttgcages internes (le maximum de volume
de glace) est observée. Par ailleurs, la réponda dwmusson d’hiver est opposée a celle de
I'été pour les périodicités de précession. Celgétgun couplage dynamique entre les deux
phénomenes.

Un seul type d’enregistrement indique une relatienphase différente entre le forgcage de
l'insolation et la réponse de la mousson estivaendu a I'ensemble du domaine Indo-
asiatique. Il s’agit des spéléothemes Est asiadiguachant que les observations
météorologiques actuelles indiquent un couplageedas systemes indien et asiatique, reliés
a une méme source d’humidité qui provient de I'ockalien Sud (Ding and Chan, 2005 ;
Ding et al., 2004 ; Liu and Tang, 2004 ; Patkak, 2007), il a été suggéré que le signal des
spéléothémes pouvait étre biaisé par un effet dmrsaalité (Clemens et al., 2010). Dans
cette étude, I'échelle d’age construite sur la bdsedatations indépendantes des cycles
orbitaux, et dont une grande partie a été obtenudasbase de datations de spéléothémes,
nous a permis de tester cette hypothese. Pourirgge feous avons comparé et soustrait la
variance contenue dans notre « stack » de mousstienne a celle des spéléothemes Est
asiatiques et nous avons obtenu un résidu. Cegesegjue les spéléothemes contiennent une
information en supplément de celle de la moussdinads. Ce résidu étant cohérent et en
phase avec le minimum de précession, nous confsrefait qu'il puisse s’agir d'un forcage
des précipitations durant les conditions hivern@Berger, 1978 ; Clemens et al., 2010h
nombre important de travaux récents contestenteguait l'interprétation du signal des
spéléothemes comme indicateur de mousson d’'ét@emignt (Dayem et al., 2010 ; Hu et al.,
2008 ; Maher, 2008) ou comme simplement controtdealimat de I'hémisphére Nord (Cai
et al., 2006 ; Rohling et al., 2009).

Actuellement, la relation de phase observée danddanées entre les forcages et la réponse
de la mousson n’est pas reproduite par les moadilestiques. En effet, les modeles sont
encore limités car aucun ne prend en compte leditbmms limites complexes tels que le
volume de glace, le niveau marin, les gaz a eféesere. Le modéle de Kutzbach et al.
(2008) tient compte de l'insolation uniquement alque le modele Climber 2 (Ziegler et al.,
2010b) est doté d’'une faible résolution et montre teponse linéaire irréelle a l'insolation.
Plus récemment, le modéle Climber 2 a été utilisteaant compte des conditions du volume
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de glace et des gaz a effet de serre (Weber andtéry®011). La réponse de la mousson
Indienne pour les périodes d’obliquité se produire le maximum d’insolation d’été et le

minimum de volume de glace, en accord avec ce qus nbservons dans les données. En
revanche, pour les périodes de précession, le @rmbldu « chronométre » de la mousson
n'est pas résolu. Des limitations existent encaesde modele telles que les variations de

I'étendue des calottes de glace ou la dynamiqueosgih@rique des latitudes moyennes
(Weber and Tuenter, 2011).
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Partie 4 : Le concept de mousson globale a I'échelbrbitale

1. Introduction

Nous avons vu dans la partie précédente que laorelantre les forcages et la réponse de la
mousson Indo-asiatique était une problématiquercoetsée. Nous avons pu établir une
réponse non directe entre le maximum de moussda mtaximum d’insolation d’été dans
I'némisphére Nord du fait des forcages internesysiéme climatique (volume de glace et
chaleur latente de I'océan Indien Sud). La quesfioeée est maintenant de savoir si les
différents systémes de mousson, plus particulientimeux affectant I'Afrique de I'Est et de
I'Ouest, répondent aux mémes forcages que ceuxemigvidence pour la mousson Indo-
asiatique. Ceci nous permettra d’aborder le condephousson globale et de déterminer si un
tel concept est applicable a I'échelle orbitalenome le suggere un travail récent (Ziegler et
al., 2010c).

Pour ce faire, nous avons compareé la relation @gselentre le forcage de l'insolation et la
réponse de la mousson pour les systemes de molmstien, Est-asiatique, de I'Afrique de
I'Est et de I'Afrique de I'Ouest.
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2. Orbital timing of the Indian, East Asian and African boreal monsoons and the
concept of a ‘global monsoon’
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1. Introduction

The monsoon system is an important conveyor of energy which
affects climate on a global scale (Clift and Plumb, 2008). Under-
standing the forcing and response of the monsoon at the orbital
scale over the Quaternary time period is important in that all other
scales of variability are superimposed upon changes driven by this
external forcing. Nonetheless, these issues are controversial, having
recently been the topic of Viewpoints publications (Ruddiman,
2006; Clemens and Prell, 2007). Clemens et al. consider that the
timing of the Indo-Asian monsoon in the precession and obliquity
bands is closely related to latent heat export from the southern
hemisphere and to ice volume changes (Clemens and Prell, 1991,
2003; Clemens et al., 2008). This result is expressed in a large
precession band lag relative to the direct sensible heating occurring
during Northern Hemisphere (NH) summer. Based on
radiometrically-dated speleothem records in East Asia (Wang et al.,
2004; Yuan et al., 2004; Fig. 1) Ruddiman (2006) has suggested that
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the summer Indo-Asian monsoon responds directly to NH insola-
tion with a small phase lag.

Recently, Ziegler et al. (2010a) have proposed that the East
African (EAf) and East-Asian (EAs) monsoons vary synchronously,
in-line with the concept of a global monsoon driven by the seasonal
migration of the InterTropical Convergence Zone (ITCZ) (Trenberth
etal., 2000; Wang, 2009). The concept of a global monsoon refers to
the idea of a coordinated (in phase) timing among regional
monsoon systems, in response to the annual cycle of solar heating
and connections in the global divergent circulation necessitated by
mass conservation (Trenberth et al., 2006). By extrapolating this
concept to the orbital scale, Ziegler et al. (2010a) proposed that the
timing of sapropel deposition in the Eastern Mediterranean, an
indicator of EAf monsoon intensity, coincides with the ~ 3 ka lag
observed in EAs speleothems. This implies a nonlinear response to
insolation forcing together with weakening of the summer
monsoon during North Atlantic cold events (Cheng et al., 2009;
Ziegler et al., 2010a). This extrapolation challenges the timing of
Indo-Asian monsoon as found by Clemens and Prell (2003) and
others as summarized in Clemens et al. (2008, 2010).

Assessing the issue of leads and lags in the climate response
requires measurement relative to a common datum. Minimum
precession corresponds to the orbital configuration at which
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insolation is maximized during NH summer and minimized during
NH winter (Berger, 1978). According to Rossignol-Strick (1983),
anomalously strong African monsoon events occur when the
insolation gradient between the north tropic (23°N) and the
equator (the so-called “monsoon index”), reaches a threshold value.
Because this monsoon index only takes into account the low lati-
tude insolation gradient (23°-equator), it clearly puts a strong
emphasis on the role of precession on monsoon dynamics. Exam-
ining absolute annual maximum and minimum insolation curves
(Huybers, 2006), Clemens et al. (2010) have confirmed that
precession minima and obliquity maxima are the natural reference
points to which the phase (lead/lag) of monsoon proxies should be
referenced. The sensible heating component of monsoonal circu-
lation is maximized at these orbital extremes (Tuenter et al., 2003;
Wyrwoll et al., 2007; Braconnot et al., 2008; Chen et al., 2010;
Ziegler et al., 2010b).

Based on these facts, in the following part of our study we
systematically compare proxy records with both precession
minimum and obliquity maxima to assess the forcing-response
relationships of the various regional monsoons.

In this work, we compare a new record of the Nile discharge (EAf
monsoon, Revel et al., 2010) with a West African (WAf) monsoon
record (Weldeab et al., 2007), the EAs speleothems (Wang et al.,
2001, 2008; Dykoski et al., 2005; Cheng et al., 2009) and Indian
summer monsoon records (Schulz et al., 1998; Clemens and Prell,
2003) (Figs. 1-3). Based on these observations, we discuss the
timing of monsoons together with the weight of precession and
obliquity in these various monsoon records, specifically for the last
45 Kka, the interval over which AMS dating yields the most accurate
chronologies. Then, we extrapolate our observations to the last two
climatic cycles (200 ka) at the orbital scale and assess the concept of
a ‘global monsoon’.

2. Method

In order to compare monsoon proxies to orbital parameters
(precession and obliquity) with a statistical approach and to obtain
quantitative information about the relative weights of these
parameters in monsoon proxies, we have simultaneously per-
formed lag-correlation analyses versus precession and obliquity in
a multiple linear regression spanning the past 45 ka.

Each multiple linear regression model is build from the
precession parameter, P, and the obliquity parameter, O, in order to
best fit the proxy data vector D:

where ay, a;, and a, are the linear coefficients. Eq. (1) can be written
in a matrix notation, as follows:

dq 1 p1 o4 do
: =1: Sl @ (2)
dn 1 pn Op az

where d;, p;, and o; are the elements of D, P and O vectors,
respectively.

Eq. (2) is solved with MATLAB software, using a least-square fit,
in order to find ay, a;, and a,. Then the correlation between the data
and the model over the 45 ka time period is computed. The method
is repeated for every possible combination of —10000 to O lags in
both precession and obliquity. The resulting correlation coefficients
are represented by a two-dimensional surface for each proxy
(Fig. 4). The lag step is chosen in adequacy with the data resolution
that is 100 years for Fe and Speleothem records, 200 years for Ba/Ca
and TOC records, and 1000 years for AS Stack record. Surfaces’ peak
on Fig. 4 shows the lags in precession and obliquity that allow the
best linear model to be constructed with these parameters.

The models mean errors correspond to the standard deviation
between the model and the dataset. They can be calculated directly
on the 45 ka. We found 10.5% for Fe, 13.3% for Ba/Ca, 22.6% for TOC,
15.1% for AS stack and 14.8% for Speleothem. The main error sources
are linked to punctual differences between the models and the
datasets and to the high-frequency variability of the datasets
(Fig. 3).

Table 1 indicates the age uncertainties of the different records
for the measurements. For the various marine cores, uncertainties
are probably more important, a couple of hundred years, taking
into account the bioturbation influences that have mixed infor-
mation between samples, the microscopic impurities, the
assumptions about the marine reservoir age correction.

3. African monsoon
3.1. Sapropels formation and East African monsoon

Based on marine sedimentary records, Rossignol-Strick (1983)
showed that high NH summer insolation leads to enhanced Nile
fluvial discharge and the deposition of a sapropel layer in the
Mediterranean Sea, which was interpreted as evidence of a partic-
ularly strong EAf monsoon.

A new high resolution and continuous record of Nile discharge
(core MS27PT), located in the Nile margin and linked to the EAf

D = ap +a;P+ay0 (i) monsoon (Revel et al., 2010), shows consistency with subtropical
60°N g =
/_> \ Precipitation wind speed
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Fig. 1. Location of the different records discussed in the text and today boreal summer monsoon precipitation (CMAP Precipitation data from 1979 to 2000 provided by the NOAA/
OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/ (Xie and Arkin, 1997)) and winds (CDC Derived NCEP Reanalysis Products Pressure
Level data from 1968 to 1996 provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/(Kalnay et al., 1996)).
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Fig. 2. The timing of sapropels formation and East-African monsoon. A) a) Sapropel 1 thicknesses using sulfur (S) concentrations. Similar results for the thickness are obtained using
the Barium concentrations and the total organic carbon content >1.2% (Revel et al., 2010). b) and c) eNd(0) and 87Sr/56Sr as proxies of the Blue Nile input (Revel et al., 2010). d) Fe
(iron) and Ti (titanium) counts/total counts as proxies for the Blue Nile input (Revel et al., 2010). AMS '#C dates are indicated.B) Sapropel 3 and 4 thicknesses using S concentrations
compared to Fe and Ti counts/total counts as proxies for the Blue Nile input in depth in the core (Revel et al., 2010). We have chosen to show the data in depth in the core because
the age model is less robust for the end of the core in comparison with the last 45 ka dated by AMS "C measurements and thus preventing an exact temporal estimation of the

phase relationships.

African records and documents the Blue Nile discharge over the last et al,, 2008, 2009; Revel et al., 2010) testifying the non turbiditic
100 ka. Seismic records show parallel and continuous reflectors facies. The chronology of the last 40 ka of the record is secured by

indicating hemipelagic Pleistocene sedimentation not affected by 24 'C dates (Table 1).

faulting or gravity instabilities. Sedimentary facies and grain-size The Nile River material comprises about 97% riverine-derived
curve of the core MS27PT are shown in several papers (Ducassou sediments produced through erosion of the Atbara river and Blue

a ‘global monsoon’, Quaternary Science Reviews (2011), doi:10.1016/j.quascirev.2011.09.015
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Fig. 3. Monsoon records over the last 45 ka cal. BP. For each site, plain lines represent
the minimum of precession (June 21, Perihelion) and dash lines the obliquity param-
eter (Laskar et al., 2004). a) Fe counts/total counts as a proxy for East-African monsoon
(Revel et al., 2010). b) Total Organic Carbon (TOC; black) in Northeastern Arabian Sea as
a proxy of strong Indian monsoon-induced biological productivity (Schulz et al., 1998)
and Arabian Sea (AS) monsoon Stack (Clemens and Prell, 2003; gray). c) Ba/Ca as
a proxy for West African monsoon (Weldeab et al., 2007). d) 3'0 of Chinese cave
speleothems as a proxy for East-Asian monsoon (Wang et al., 2001, 2008; Dykoski
et al, 2005; Cheng et al., 2009). Age control points are indicated for each record
with white triangle on each graph, and corresponding uncertainties in Table 1. The
WMI I-a (Cheng et al., 2009) is also indicated.

Nile catchment areas (Foucault and Stanley, 1989; Garzanti et al.,
2006). These terraces are made up of Tertiary basaltic rocks (rich in
Iron) younger than 30 millions years, located in the Ethiopian High-
lands (Padoan et al., 2011). These two major Ethiopian tributaries of
the Nile (the Blue Nile and Atbara river) provide, respectively, 68% and
22% of the peak flow in summer and 72% and 25% of the annual
sediment load (Williams, 2009). Thus, the Nile input increase is
recorded by increase in terrigenous elements such as Fe, Ti, Al, K, Na as
well as 7Sr/88Sr ratio and eNd(0) (Fig. 2A b and c; Revel et al., 2010). Fe
amount amplitude oscillates between 9% during the early Holocene
whereasitis 3% at 17 ka and 7.5 ka cal. BP (Table 3 in Revel et al., 2010).
Major element measurements were performed every 1 mm using an
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Avaatech XRF Core Scanner. Because the sediment matrix is charac-
terized by variable water content and grain size distribution, the XRF
core scanner only provides a semi quantitative measurement and
spurious variations can occur due to changes e.g. in water content.
Therefore the XRF core scanner results were calibrated with quanti-
tative major element concentrations measured by XRF on discrete
sediment aliquots sampled at 20 cm resolution (Table 3 in Revel et al.,
2010). Iron is redox-sensitive metal, however, we consider that Fe
content is the most sensitive element because it traces the variability
of the ferromagnesian minerals transported by the Blue Nile River
sediment derived from the weathering of Ethiopian basalts and thus
documents the East-African monsoon intensity.

From the MS27PT core, Revel et al. (2010) document a large
increase in the terrigenous Nile input based on increase in Fe from
12 to 8 ka cal. BP (midpoints at 10 ka), well before Sapropel 1
occurrence (Fig. 2A) (midpoint at ~8.4 ka after Lourens, 2004;
Revel et al., 2010). The sapropel 1 occurrence (Fig. 2A a) is in
accordance with other evidence for the whole East Mediterranean
Sea dating the S1 upper and lower boundaries at 6 and 10 ka cal. BP,
respectively (De Lange et al., 2008). The study of Revel et al. (2010)
indicates that sapropel deposition is only a short event, within the
time interval of monsoon intensification and of increased Nile
fluvial discharge (Fig. 2A). The timing of occurrence and deposition
of this sapropel is not clear. The formation and the preservation are
also uncertain (Rossignol-Strick et al., 1982; Rohling and Gieskes,
1989; Rohling, 1994; Van Santvoort et al., 1996; Thomson et al.,
1999; Emeis et al., 2000; Erbacher et al., 2001; De Lange et al.,
2008) implying that it may not be an ideal record for precisely
documenting the timing of the monsoon.

We observe the midpoint of maximum Nile fluvial discharge
which, according to our hypothesis, is associated with the EAf
monsoon maximum, centered at 10 ka cal. BP (uncertainties of
a couple of hundred years, Table 1).

When using the sapropel S1 as the reference for East-African
monsoon maximum, we find this maximum centered at ~8.4 ka
cal. BP (Fig. 1A). Both proxies present different phasing when
comparing to the maximum NH summer insolation predicted by
the minimum of precession (min at 11.5 ka after Berger (1978)). We
find a lag of 1.5 ka cal. BP between maximum NH summer insola-
tion (precession minimum) and East-African monsoon maximum
(Fig. 3a). On the contrary, we observed a lag of 3.1 ka cal. BP,
consistent with the ~3 ka in Ziegler et al. (2010a), between
maximum NH summer insolation and sapropel 1 deposition. We
observe the same pattern in depth, in core MS27PT, for sapropel 3
and 4 depositions (Fig. 2B).

In addition, sedimentological evidences confirm that Nile fluvial
discharge begins well before sapropel deposition. Indeed, typical
flood deposits are observed almost systematically before each
sapropel deposit, consisting of numerous clastic mud beds finely
interbedded with pelagic layers (Ducassou et al.,, 2008, 2009).
Therefore, we are confident about the robustness of such a lag
between sapropel deposition and EAf monsoon maximum (Nile
fluvial discharge maximum).

It should be note that many hypotheses could explain a decou-
pling between sediment load/transport and the amplitude of
freshwater discharge. The characteristics of the Nile flooding could
be not linearly correlated through the entire period of the humid
period. A lag in the 'greening’ of the previously dry Saharan and
mountain regions is possible, where lack of vegetation in the early
humid period allowed more physical erosion whereas the estab-
lishment of rich vegetation then gave more soil cohesion and thus
a reduction in sediment load (Woodward et al., 2007).

Another hypothesis is that the freshwater signal could be related
not exclusively to Nile fluvial discharge but also to northern
hemisphere contribution (Scrivner et al., 2004; Meijer and Tuenter,
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Fig. 4. Lag-correlation analyses for monsoon records versus precession (June 21, Perihelion) and obliquity in a multiple linear regression spanning the past 45 ka. WAfM and EAfM
correspond to West African and East-African monsoon, EAsM corresponds to East-Asian monsoon and IM corresponds to Indian monsoon. The models, lags and weights for each
monsoon systems are resumed in the down frame, where P and O refer to Precession and Obliquity respectively.

2007; Osborne et al., 2010). On the other hand, the load discharge The high resolution study of Osborne et al. (2008) based on
(associated to the Nile water overflow) is characterized by one planktonic faraminiferal 3'%0 and eNd data, seems to indicate
dominant source: the Ethiopian Highland weathering of ferro- a freshwater addition to the surface Mediterranean before sapropel
magnesian products (Padoan et al., 2011). 5 deposition, in accordance to what we found in our study for
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Table 1
Summary of uncertainties for the different monsoonal records. (Schulz et al., 1998; Wang et al., 2001, 2008; Dykoski et al., 2005; Weldeab et al., 2007; Cheng et al., 2009; Revel
et al., 2010).
Calibrated 14C Errors Calibrated 14C Errors Calibrated 14C Errors 230 Th Age Errors 230 Th Age Errors 230 Th Age Errors
age (cal yr BP) age (cal yr BP) age (cal yr BP) (yr BP) (yr BP) (yr BP)
MS27PT MDO03-2707 S090-111 KL Dongge Sanbao Hulu
587 35 270 25 9230 80 93 22 400 20 10933 158
4251 30 570 25 13090 120 183 21 2090 20 11000 100
4384 30 1450 25 13520 120 391 20 2660 60 11002 97
5952 30 1930 25 19170 210 914 33 2810 40 11370 110
6472 30 2830 30 22020 290 1003 41 3030 40 11534 310
6830 50 3780 35 25330 400 1294 32 3390 70 11683 1630
8407 30 4790 40 27050 480 1442 70 3550 40 11710 90
8465 30 6120 35 28390 290 2088 47 4800 40 12070 90
8915 30 7450 35 34140 1120 2519 59 5320 30 12557 294
8987 30 8230 60 35990 1130 2627 138 6570 50 12910 100
9153 30 9990 45 3218 56 7830 60 13380 90
10003 35 10920 50 3625 60 7970 60 13780 110
12320 40 11150 45 4034 84 8490 60 14390 120
12988 40 13140 35 4152 51 8790 60 14505 391
14386 45 14100 35 4260 50 9250 60 14563 71
20265 70 16750 45 4629 87 9630 70 14900 120
20695 60 18740 45 5167 57 9820 60 15073 464
25444 45 19180 50 5383 109 10140 70 15411 254
31723 130 22010 50 5769 53 11100 100 15781 402
32436 140 27180 210 6324 60 11530 80 15858 59
33957 160 29780 370 6549 64 13500 100 16065 105
34491 160 35970 280 6998 38 15100 100 16070 110
39169 270 37890 820 7399 62 17700 100 16089 333
44120 490 41680 600 7687 44 17110 92
8056 74 17320 310
8197 75 17959 298
8472 64 18787 63
8890 73 19338 266
9105 416 20960 200
9542 78 24180 100
9977 112 27080 270
10397 77 29163 117
10890 118 30490 300
11368 88 31080 200
11723 88 32170 720
12149 81 34630 360
12514 91 35900 218
12995 90 35915 180
13169 95 38010 500
13165 98 38800 900
13638 104 39270 270
14117 103 42740 560
14835 114 42810 150
15541 95 44060 370
15918 108 44160 600
44310 540

Note that the age uncertainties are for the measurements. For the various marine cores, uncertainties are probably more important, a couple of hundred years, taking into
account the bioturbation influences that have mixed information between samples, the microscopic impurities, the assumptions about the marine reservoir age correction.

sediment load/transport before earlier sapropels deposition. So, it
might be possible that a decoupling exists between sapropel
formation and both sediment load/transport-amplitude of fresh-
water discharge, rather than a decoupling between sediment load/
transport and the amplitude of freshwater discharge. Indeed,
a threshold effect for sapropels formation could be possible. The
Nile fluvial discharge might not be important enough at the
beginning to allow an important freshening and the water column
stratification whereas it becomes possible with additional fresh-
water source or with a more intense freshening. This could explain
the observed offsets.

Other possibilities come from conservation problems for sap-
ropels or from the location of records in the Mediterranean basin.
The studied core MS27PT is located very closed to the Nile fluvial
discharge (90 km outward of the Rosetta mouth of the Nile), and
this allows to record with a great sensitivity the Nile fluvial
influence.

If further works are necessary to address in details the observed
offsets in this study between sediment load/transport, the ampli-
tude of freshwater discharge and sapropels deposition, we consider
that the Fe record is the most suitable proxy. This record documents
the continuous EAf monsoon intensity and can be interpreted as
a direct proxy of the Ethiopian highland precipitation intensity.
Therefore, it seems to be a more appropriate tool for the estimation
of the timing of monsoon event as well as to estimate the weight of
precession and obliquity in the record.

Maximum correlations for the EAf monsoon (Fe record) are
achieved at a 700-year lag behind precession-driven radiation
maxima and O-year lag behind obliquity-driven radiation maxima
(Fig. 4, model 1). The lag observed with precession over the last
45 ka is therefore shorter than what we observe when comparing
only the last EAf monsoon maximum (lag of 1500 years). A shorter
lag for the East-African monsoon fits well with the lag observed in
model simulations between forcings and responses (Kutzbach et al.,
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2008; Ziegler et al., 2010b). Also important is that the weight of the
precession signal (83%) is clearly more important than the weight
of the obliquity signal (17%) in the Fe record (Fig. 4, model 1).
Based on the timing of Nile fluvial discharge with respect to the
EAf humid period, we demonstrate a quasi direct relationship
between maximum NH summer insolation and EAf monsoon
maximum. The EAf monsoon doesn’t seem to follow either the
Clemens and Prell (2003) and Clemens et al. (2008, 2010), or the
Ziegler et al. (2010a) mechanism, but appears to present a quasi
direct response to insolation forcing (Fig. 3a). This differs from that
of the Indian monsoon system, which was found to be more
sensitive to the obliquity parameter (Clemens and Prell, 2003).

3.2. West African monsoon

The freshwater input from the Sanaga and Niger rivers controls
modern sea surface salinity variations in the Eastern Gulf of Guinea,
and documents the West African (WAf) monsoon precipitation as
reflected in the isotopic composition of seawater and budget of
dissolved Ba (Weldeab et al., 2007). The Ba/Ca record is the most
direct proxy of riverine runoff and documents extreme wet
conditions from 11.5 to 5.1 ka cal. BP (Weldeab et al., 2007; Fig. 3c).
This suggests a midpoint for the WAf monsoon maximum at 8.3 ka
and thus a lag of 3.2 ka cal. BP (uncertainties of a couple of hundred
years; Table 1) compared to the minimum of precession (Fig. 3c).
Maximum correlations for the West African monsoon (Ba/Ca
record) are achieved at a 4000-year lag behind precession-driven
radiation maxima and 0-year lag behind obliquity-driven radia-
tion maxima (Fig. 4, model 2). The time lag in the precession band is
inconsistent with the one of the EAf monsoon (Fig. 4). Also, the
weight of the precession signal (51%) and the obliquity signal (49%)
are inconsistent with that of EAf monsoon (Fig. 4).

It is interesting to note that a recent study indicates a decoupling
between sediment signal and freshening signal observed in the
WAfr monsoon system (Weldeab et al., 2011). According to this
study, northward migration of ITCZ over West African monsoon
area and increased sediment delivery to the Gulf of Guinea lead
monsoon intensification by ~ 2.8 ka. This lag is relatively consistent
to the one we estimate between West Africa monsoon intensifi-
cation relative to precession-driven radiation maxima. This lag
seems also coherent to the one observed between sediment signal
(Fe record) and sapropel 1 deposition in the EAfr monsoon system
(Fig. 2). Nonetheless, there are important differences between the
West and East Africa monsoon system concerning the decoupling
between sediment signal and freshening signal.

The study of Weldeab et al. (2011) documents changes influence
of riverine sediments with a complex mixing curve (see Fig. 2 in
Weldeab et al., 2011) for Sr and Nd isotopic values, leading to the
interpretation of the gradual northward shift of the rainfall area. On
the contrary, in the Nile system, the isotopic compositions of the
sediments can be explained by a simple mixing model between
a Libyan/Egyptian dust-member and a Blue Nile end-member
(Revel et al., 2010). Sediment budgets calculated by integrating
isotopic data on muds and sands are consistent with a dominant
contribution from the Blue Nile and Atbara to total main Nile load
(Padoan et al., 2011).

In addition, the study of Weldeab et al. (2011) documents the
continuous riverine freshwater input (Ba/Ca and §'0) which is not
the case when using the sapropels deposition as it document only
punctual (major?) events. Importantly, some events documented
by an increase/decrease of Fe and eNd(0) values in the core MS27PT
are not associated to a sapropel deposition. For example, the
increase in Nile fluvial discharge at ~35 ka and ~ 60 ka, which fit
well with the forcing of the precession parameter minimum at
those times (Fig. 5), are not associated to sapropel depositions. Also,

during these periods (~35 and 60 ka), West African monsoon
proxies (Ba/Ca and 8'80: freshening signal) indicate a reinforce-
ment of the monsoon (Fig. 5).

4. Indian and East-Asian monsoon

The timing of the Indian and EAs monsoons at the orbital scale is
somewhat controversial. Clemens et al. (2008, 2010) find that both
the Indian and Asian summer monsoon maxima lag NH summer
insolation by ~8 ka in the precession band for the late Pleistocene
period. This result indicates that direct sensible heating initiates
monsoonal circulation but that decreased glacial boundary condi-
tions and increased latent heat export from the southern Indian
Ocean set the timing of strong summer monsoons within the
precession cycle (Clemens and Prell, 2003; Clemens et al., 2008).
The same three processes account for the phase relative to obliquity
maxima (Clemens and Prell, 2003; Clemens et al., 2008). The lag
between summer monsoon maximum recorded in the Chinese cave
speleothems and maximum NH summer insolation is ~3 ka in the
precession band (Clemens et al., 2010; Wang et al., 2008) and
thus ~5 ka shorter than the time lag found by Clemens and Prell
(2003) and Clemens et al. (2008, 2010). Nonetheless, the lag
observed in Chinese cave speleothems disagrees with the timing
predicted by model simulations by Kutzbach et al. (2008) and
Ziegler et al. (2010b) which predict a lead of 1500 years and an in
phase relationship relative to precession minimum respectively.
One hypothesis to explain such differences calls on peculiar
dynamics which occur during glacial-interglacial transitions
(terminations) and periods of high NH insolation. Indeed, Ziegler
et al. (2010a) and Cheng et al. (2009) have proposed that weak
monsoon events observed at times of high NH insolation are
a direct response to cold anomalies in the North Atlantic, generated
by ice-sheet disintegration. Indeed, a discharge of icebergs in the
North Atlantic, or cold melt water pulse, might have impacted
atmospheric circulation by restricting specific fronts (such as the
ITCZ) which might, in turn, have an effect on monsoon circulation.
Without the negative feedback of cold North Atlantic events, the lag
for the EAs monsoon could be shorter (~2 ka, Ziegler et al., 2010a),
more consistent with model simulations (Kutzbach et al., 2008;
Ziegler et al., 2010b).

However, a question remains: how to reconcile the Chinese cave
speleothems timing with the other fourteen Indian and EAs
monsoon records synthesized in Clemens et al. (2010)? Indeed, the
Indian and EAs records (marine and terrestrial) are numerous and
indicate a common pattern, lagging NH summer insolation by
~8 ka in the precession band (Clemens et al., 2010).

Meteorological observations and moisture transport budgets
suggest that both summer monsoon systems (Indian and EAs) are
linked through a dominant and common south Indian Ocean source
of moisture (Ding et al., 2004; Liu and Tang, 2004; Ding and Chan,
2005; Park et al., 2007). Following this line of evidence, different
hypotheses have been proposed to reconcile differences observed
for the Indian and EAs monsoon timing. Either speleothems or
marine records might be misinterpreted:

(1) A recent study in the Arabian Sea proposed that productivity-
based summer monsoon proxies in marine sediments could
be influenced by processes unrelated to monsoon circulation
(Ziegler et al., 2010b). Ziegler et al. (2010b) proposed that
biological productivity and OMZ intensity at the precession
frequency band are mainly controlled by changes in the
intensity of the Atlantic meridional overturning circulation
(AMOC). Other studies in the same area counter Ziegler's
hypothesis (Caley et al., 2011) finding that productivity, fora-
miniferal assemblages and grain size (a proxy not influenced by

Please cite this article in press as: Caley, T, et al., Orbital timing of the Indian, East Asian and African boreal monsoons and the concept of
a ‘global monsoon’, Quaternary Science Reviews (2011), doi:10.1016/j.quascirev.2011.09.015

Caley, 2011

- 118 -



La Mousson Boréale

T. Caley et al. / Quaternary Science Reviews xxx (2011) 1—-11

d East Asian monsoon

~ 10 4
2
~ - =7
s =
s _;,,j,'% 2
[=] f
a _( 1 o
] g
87 &
. G
o 4
C Indian monsoon
5 2.0 Model 4)
g g 1.0
Q5|3 8
E y 2 0.0 7]
0 -1.0 4
g 207 b East African monsoon 1
S 15  Modelt) | .,
3 i B L “ s
=] i |2 : .
8 i : Pl H :
P : L :
w .2 § " : i 25
a West African monsoon 4
-1.0 Model 2) - % Lag B
= :fl S : i %
£ uB ¢ A A A
3 i "I"h :o 3
& 1.0 ST I 10 3
» o “ L+ : =)
' wmlf r =

0.5

0 40 80

IIl|llllllIlllllI'Illlll‘llllllllll‘lllllll

120 160 200

Age (ka)

Fig. 5. Strong summer monsoon models (or reference curve) for regional monsoon systems at orbital scale over the last 200 ka. a) Isotopic composition of seawater (light gray) and
Ba/Ca (dark gray) as a proxy for West African monsoon (Weldeab et al., 2007) with the “model 2" for strong West African summer monsoon (dash line). b) Fe counts/total counts as
a proxy for East-African summer monsoon (Revel et al., 2010) with the “model 1" for strong East-African summer monsoon (dash line). ¢) Arabian Sea (AS) summer monsoon stack
(Clemens and Prell, 2003) (black) and Total Organic Carbon (TOC) in Northeastern Arabian Sea (gray) (Schulz et al.,, 1998) with the “model 4" for strong Indian summer monsoon
(dash line). d) 530 of Chinese cave speleothems as a proxy for East-Asian summer monsoon (Wang et al., 2001, 2008; Dykoski et al., 2005; Cheng et al., 2009) with the “model 5" for

strong East-Asian summer monsoon (dash line).

AMOC), are mainly controlled by Indian summer monsoon
dynamics. Lithogenic grain size from a proximal core of Caley
et al.’s study has also the same phase as the ocean productivity
indicators (Clemens and Prell, 1991, 2003).

(2) Cai et al. (2006), together with Rohling et al. (2009), studying
millennial-scale monsoon variability, proposed that the
monsoon-related 880 changes in Chinese speleothems may
contain information with southern hemisphere climate varia-
tions, contrary to the hypothesis of Ziegler et al. (2010a) and
Cheng et al. (2009), who interpret the signal with a strict NH
control. A southern hemisphere control has been also recently
proposed at the glacial-interglacial time scale (Zhisheng et al.,
2011) and is in accordance with previous works that focused
on the importance of cross-equatorial airflow for monsoon
intensity (Clemens et al., 1996, 2008).

(3) Clemens et al. (2010) proposed that speleothems are biased by
winter temperature effect, noting that even today, only 50% of
East-Asian rainfall occurs in June, July, and August.

We propose to use two different indexes in an effort to address
this debate. First we use the Arabian Sea (AS) stack based on phase

analysis of Arabian Sea proxy records (Clemens and Prell, 2003;
Fig. 1) which is consistent with a new Indian summer monsoon
stack (Caley et al., 2011). Indeed, additional processes, sometimes
unrelated to monsoon circulation (e.g. preservation, dissolution,
diagenesis), may also influence the chemical, physical and biolog-
ical compositions of monsoonal archives (Clemens and Prell, 2003).
Therefore, stacking serves to isolate the component held in
common and yields a more representative monsoon signal. Total
Organic Carbon (TOC) at site SO-90-111-KL (Pakistan margin)
reflects strong monsoon-induced biological productivity (Schulz
et al., 1998). This record matches the AS stack and the chronology
is based on AMS dating (Fig. 3b, Table 1). The TOC record indicates
that maximum correlations for the Indian monsoon are achieved at
a 10000-year lag behind precession-driven radiation maxima and
a 5800-year lag behind obliquity-driven radiation maxima (Fig. 4,
model 3). Consistent results are found with the AS stack which
indicates that maximum correlations are achieved at a 8000-year
lag behind precession-driven radiation maxima and a 3000-year
lag behind obliquity-driven radiation maxima (Fig. 4, model 4).
Also, the weight of the precession signal (49%) and the obliquity
signal (47%) for the TOC record is consistent with that of the AS
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stack which is of 37% for the precession and 59% for obliquity
(Fig. 4).

The large precession band lag and obliquity lag relative to the
direct sensible heating and the important weight of obliquity for
the Indian monsoon are consistent with what is obtained of longer
time series (Clemens and Prell, 2003; Clemens et al., 2008, 2010;
Caley et al., 2011) and indicate that it is a stable feature of the
late Pleistocene records.

In spite of a possible bias in the interpretation of Chinese cave
speleothems (Cai et al., 2006; Hu et al., 2008; Maher, 2008; Rohling
et al.,, 2009; Clemens et al., 2010; Dayem et al., 2010; Caley et al.,
2011), we keep these records to document the EAs monsoon.
Indeed, it is extraordinarily well dated (Table 1). Maximum corre-
lations are achieved at a 4000-year lag behind precession-driven
radiation maxima and 4700-year lag behind obliquity-driven
radiation maxima (Fig. 4, model 5). These time lags are consistent
with that obtained by cross correlation on a longer time scale
(Clemens et al., 2010) or by lagged correlation over the last 75 ka
(Clemens and Prell, 2007). The weight of the precession signal
(44%) compared to the obliquity signal (52%) also indicate the
importance of the obliquity parameter in the EAs monsoon system
(Fig. 4, model 5).

The comparisons of the estimated timings for the different
monsoon systems indicate strong differences (Fig. 4). The WAf and
EAs monsoon are the only systems which indicate similar timing
relative to precession. In the obliquity band, the EAf and WAf
monsoon systems indicate similar timing but this timing is
different compare to the Indian and EAs systems (Fig. 4). Also
important is the relative weight of the obliquity and precession
parameters for the various systems. The precession parameter is
important for the African monsoon and particularly strong for EAf
monsoon (Fig. 4). On the contrary, the Indian and EAs monsoon
records contain a stronger obliquity signal whereas the weight for
obliquity is weaker for African monsoon records (Fig. 4).

5. Regional monsoons and the concept of a ‘global monsoon’
at the orbital scale

Assuming that the timing and weight for the different regional
monsoon systems established for the last 45 ka can be extrapolated
to longer time scales (see models in Fig. 4), we present and compare
the different monsoon records for each system with the most
appropriate “reference curve or model” for the timing of strong
summer monsoons (Fig. 5).

The EAf monsoon indicates a direct or quasi direct response to
NH summer insolation with a very weak weight of the obliquity
parameter (model 1; Fig. 5b).

The Indian monsoon corresponds to the “model 4” (Fig. 5c). This
timing is consistent with other Indo-Asian records except for
Chinese speleothems (Clemens et al.,, 2010; Caley et al., 2011).
Indeed, these latter indicates a lag of ~4 ka in the precession band
and a lag of ~4.7 ka in the obliquity band and correspond to “model
5" (Fig. 5d).

Finally, for the WAf monsoon, we find a lag of 2.6 + 0.5 ka
between Ba/Ca maximum and negative precession and a lag of
1.5 £ 1.5 ka between Ba/Ca maximum and obliquity maximum by
cross correlation (at 95% confidence interval with the Analyseries
software of Paillard et al., 1996). Considering the uncertainties
associated with the age model for the entire record (last 128 ka;
Weldeab et al., 2007) this is very consistent with the results of the
lagged correlation in a multiple linear regression performed on the
last 45 ka and corresponding to “model 2” (Fig. 5a).

Weldeab et al. (2007) note that the WAf and EAs monsoons
responded differently to abrupt climate changes. We note that the
Weak Monsoon Interval (WMI I-a) recorded in the Chinese cave

speleothems (Cheng et al., 2009) is also present in the Indian
monsoon record (Schulz et al., 1998) but absent in the WAf and EAf
monsoon records which indicates increased monsoon strength
(Fig. 3). The time scale uncertainties associated with the different
records (better than: 500 yrs for Hulu, 100 yrs for Sanbao and
120 yrs for Dongge speleothems; a couple of hundred years for
East-African monsoon record, West African monsoon records and
for Indian monsoon; Table 1) are negligible compared to the time
duration of 2 ka for the WMI I-A event. We are therefore confident
about the robustness of this pattern. This is strong evidence against
a global southward migration of the ITCZ during NH cold events
(when northern insolation increases) as hypothesized by Cheng
et al. (2009) and Ziegler et al. (2010a). On the contrary, Rohling
et al. (2009) proposed a dominant control on monsoon variability
by southern hemisphere climate changes during glacial periods
(which could explain the WMI I-a) rather than a strict NH control. A
recent work of Pausata et al. (2011) which investigates a simulated
Henrich event suggests that Chinese cave speleothems may record
remote climate changes over India and the Indian Ocean. Their
results indicate that the EAs monsoon rainfall does not necessary
decline in response to rapid cooling events in the North Atlantic
(Johnson, 2011).

This detailed comparison between the different regional
monsoon systems (Figs. 3—5) indicates a more complicated rela-
tionship between the Indian, East-Asian and African monsoons
than proposed by Ziegler et al. (2010a). First, the EAf monsoon
seems to be less influenced by the effects of North Atlantic cold
events or southern hemisphere climate changes than are the
Indian, EAs and WAf monsoons given its quasi direct relationship
with NH summer insolation (June, 21 perihelion).

The EAs monsoon, as recorded by Chinese cave speleothems, is
forced by NH summer insolation and by the effect of North Atlantic
cold events or southern hemisphere climate changes. Alternatively,
the phase differences could be due to winter temperature forcing,
in which case they should not be interpreted as reflecting only the
timing of strong summer monsoons (Hu et al., 2008; Maher, 2008;
Clemens et al., 2010; Dayem et al., 2010; Caley et al., 2011). In this
case, the timing of the Indian and EAs monsoons can be explained
in the context of latent heat export from the southern hemisphere,
as is consistent with modern dynamics, and northern ice volume
changes.

The WAf monsoon seems to be controlled by solar insolation,
tropical sea surface temperatures, vegetation and NH cold events
(SchefuR et al., 2005; Jullien et al., 2007; Weldeab et al., 2007;
Chang et al., 2008; Tisserand et al., 2009).

6. Conclusion

The global monsoon concept suggests a coordinated response
among regional monsoon systems, forced by the cycle of the solar
heating and ITCZ migration.

However, our analyses indicate that only the East-African
monsoon represents a quasi-direct response to NH summer inso-
lation and highlight differences in the weight of precession and
obliquity in the monsoon records from various systems. Thus,
additional mechanisms must be involved to explain the differences.
Internal climate system forcing such as land-ocean configuration,
glacial-interglacial boundary conditions, southern hemisphere
climate, sea surface temperature, vegetation and NH ice-sheet
variations and instabilities appear to exert different influences on
regional monsoon systems at orbital precession and obliquity-
driven time scales.

These various hypotheses should be investigated using time-
dependent models with realistic late Pleistocene boundary condi-
tions (ice volume, sea level, greenhouse gasses content).
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Unfortunately, there is no model run yet available that is capable of
assessing the phase of the Late Pleistocene summer monsoon
systems given these complex lower boundary conditions. The
Kutzbach et al. (2008) model relies only on insolation conditions
and the CLIMBER 2 model in Ziegler et al. (2010b) has a very low
resolution, exhibiting an unexpected highly linear response to
insolation forcing. A more recent study using the CLIMBER 2 model
suggests that obliquity phase of different monsoon systems lies
between insolation maximum and ice volume minima/greenhouse
gas maxima, with a lag that varies with distance to the Eurasian ice-
sheet (Weber and Tuenter, 2011). Nonetheless, important caveats
always exist in the model such as uncertainties associated with
variations in ice sheet area or the lack of atmospheric mid-latitude
dynamics.

Based on the available and well-dated proxy results from
various monsoon systems, we argue that the concept of a ‘global
monsoon’ at orbital scale changes is a misnomer. We argue that
various important regional controls and internal climate forcing
exist for the different monsoonal systems rather than a common
global variability and dynamic through ITCZ migration.

Further well-dated records covering a large geographical area
are urgently needed to better address the forcing/response rela-
tionship of the monsoon at orbital scale changes and improved
climate model simulations.
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3. Conclusion

Notre étude démontre que, contrairement a I'hys®hEmise par Ziegler et al. (2010c) dans
le cas de I'Afrique de I'Est, l'utilisation des sapeles comme indicateur précis de mousson
n'est pas forcément justifie. L'utilisation d’unditateur tel que le Fer (coups obtenus avec
I'XRF) qui documente les décharges fluviales camgdu Nil pourrait étre plus appropriée.
Dans ce cas, un retard de seulement 700 ans egétemtre le minimum de précession et le
maximum de mousson Est-africaine, contrairement3000 ans de retard si I'on utilise les
sapropeles pour documenter le maximum de moussernx €hronometre » est clairement
différent de celui observé pour la mousson Indatagie. En effet, les spéléothémes Est-
asiatique montraient un décalage de 4000 ans kEstrmaxima de mousson et le maximum
d’insolation d’été dans I'hémisphere Nord, maisra@oétude a confirmé gu’ils étaient
probablement biaisés par un effet de saisonnains ce biais, la mousson Asiatique
enregistrée par les spéléothemes retarderait d@n\8000 ans par rapport au maximum
d’insolation d’été dans I'hémisphere Nord (minimude précession), en accord avec
'ensemble des données du systeme Indo-asiatiqgateyCt al.,, 2011c; Clemens et al.,
2010).

Concernant la mousson Ouest africaine, un enregisint bien daté par carbone 14 suggere
que le maximum de mousson retarde de 4000 ansapapnt au minimum de précession
(Weldeab et al., 2007). La encore, ce « chronomegst différent de celui observé pour les
systemes Est-africain et Indo-asiatique. Par agleliimportance du signal d’obliquité
comme de précession dans les enregistrements @aulifférents systemes de mousson est
variable.

L’ensemble des comparaisons réalisées dans cel tsag@ere une relation complexe entre
les difféerents systemes de mousson. Des hypotheses avancées pour expliquer les
différences observées.

Premierement, le systeme Est africain semble faibie influencé par les processus internes
du systéeme climatique et indique une réponse dliesite au maximum d’insolation d’été
dans I'némisphére Nord (minimum de précession). systeme Indo-asiatique est tres
fortement influencé par les processus internesgigdsle volume de glace et la chaleur latente
de I'océan Indien Sud. Enfin, le systeme Ouestaifni est influencé par l'insolation mais
aussi par l'effet des températures de surface adin tropical, de la végétation et des
evenements de froids de I'hnémisphére Nord (Changl.et2008 ; Schefuss et al., 2005 ;
Tisserand et al., 2009 ; Weldeab et al., 2007).

Ces différentes hypotheses pourront étre testéekepanodeles avec des conditions limites
réalistes (volume de glace, niveau marin, tenegagra effet de serre...).

Ainsi, le forcage commun a tous les systemes desswy que I'on pourrait qualifier de
mousson globale a I'échelle orbitale, correspolidféet du forcage direct de l'insolation qui
initie le phénoméne de mousson. Actuellement, isosahumide a lieu durant I'été avec une
coordination des systemes de mousson régionawaliégycle annuel de réchauffement par
I'insolation (Trenberth et al.,, 2000; 2006). Tdote, a I'échelle interannuelle et
interdécennale, ce systeme global ne semble paex i facon cohérente (Webster et al.,
1998) mais plutdt avec des systemes régionauxafaient en compétition les uns avec les
autres. Notre étude montre que les particularigggonales et les processus internes au
systeme climatique sont fortement exprimés danemesgistrements paléoclimatiques de la
mousson et que de ce fait, le concept de moussibalgl & I'échelle orbitale ne peut étre
justifié.
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Partie 5 : Bilan sur la mousson boréale a I'échellerbitale (incluant les
conditions glaciaires/interglaciaires)

1. Réponse de la mousson Indo-asiatique au forcade I'insolation : cyclicité de
précession et d’obliquité

Nous avons reéalisé une synthése de I'ensemble demgistrements disponibles pour
documenter la mousson boréale a I'échelle orb{agures 63, 64 et Tableau 2). Nous avons
séparé les indicateurs pour le systéme Indien ety$¢eme Asiatique. Toutefois, pour la
mousson estivale comme hivernale, une trés bonlatiore est trouvée entre les deux
systémes suggérant un couplage fort comme indiqarélgs données météorologiques
actuelles. En ce qui concerne les cyclicités degasion, le maximum de mousson d’été se
situe entre le minimum de volume de glace et leimam de chaleur latente de I'océan
Indien Sud. La mousson d’hiver est renforcée dulesdiminutions de l'insolation d’hiver
dans I'hémisphére Nord et 'augmentation du voluteeglace. Le fait que la réponse de la
mousson d’hiver soit opposée a celle de I'été cestin aspect intéressant. Cela suggere un
couplage dynamique entre les deux phénoménes.ddes imoussons hivernales entrainent
un affaiblissement et/ou un raccourcissement gedasson estivale suivante par les effets du
couvert neigeux de I'Eurasie sur la chaleur seasiblchaleur latente et I'albédo (Bamzai and
Shukla, 1999 ; Bush, 2002).

En ce qui concerne les périodes d’obliquité, le imam de mousson d’été se situe entre le
maximum de chaleur sensible et latente et le mimnde volume de glace. La mousson
hivernale est renforcée durant les diminutions’idedlation d’hiver dans I’hémisphére Nord
et 'augmentation du volume de glace.

Nous avons également testé la relation entre lagghéne ENSO (Clement and Cane, 1999)
et la dynamique de la mousson Indo-asiatique. Meusouvons pas de relation directe entre
ces deux phénomenes a I'échelle orbitale (Figujec€®ui suggére une dynamique propre a
chacun de ces phénomenes. Toutefois, cela n'exelstle fait de possibles interactions
comme exprimées dans certains enregistrements f@eatial., 2001 ; 2003).
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Figure 63 : Positionnement des enregistrementgsétipour documenter la relation de phase
(forcage/réponse) de la mousson boréale a I'échalbitale.
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. . Record length Precession Obliquity
Reference Location site Proxy (kyr) chronology Phase (yrs) Phase (yrs)
stack of Bulloides
Caley after Altabet et al., 1999 and . : R 18 )
Clemens et al., 2008 datasets Arabian Sea ODP722 BloO;;e:]l(,j (5;:?,:1 size 950 5'80 benthic -8600 7400
MDO04- stack of Foraminifera 5'%0
Caley et al., 2011 Arabian Sea 2861 assemblage, Grain 310 benthic,"*C, -11180 -5125
size and Bromine GEs
ODP722 stack of Bulloides,
Clemens and Prell, 2003 Arabian Sea and BioOpal, Grain size, 350 5'°0 benthic -7600 -1600
RC2761 5N, excess Ba
Schmiedl and Leuschner, 2005 Arabian Sea  GeoB3004 Bulloides 190 5'%0 benthic -7100
5'%0
Leuschner and Sirocko, 2003 Arabian Sea 70KL Ba/Al 135 planktonic, " -6200
C, Tephra
. 6180
Reichart et al., 1998 Arabian Sea  NIOP464 avera;f'j’fBB;'E'des' 228 planktonic, ™ 7660 -3300
’ Cc
: ’ MDO04- 18 .
Ziegler et al., 2010 Arabian Sea 2881 Ba (XRF counts) 600 5 "0 benthic -4900 -5900
18,
Ziegler et al., 2010 Arabian Sea NIOP463 Br (XRF counts) 445 570 . -7900 -6400
planktonic
mean phase -7643 -4954
20 3420 3914
Asian summer monsoon
South eastern Linzhu 18 .
Cheng et al., 2009 China composite Speleotem & °0O 390 230Th -2900 4500
- 18,
Chen et al., 2003 South Chinasea  MPY/ ssT 490 60 -7800
2142 planktonic
% Pollen (Crypt X C.davisiana,
Morley and Heusser, 1997 Philipine Sea  RC149g ¢ Pollen (Cryptomeria 350 5"°0 -8300 -12400
japonica) . 14
bentic, “C
. . average of Total
lwamoto and Inouchi, 2007 Lake Biwa,  Takashima-  yjiroqen and total 290 14C, tephra  -8200
Japon oki carbon
Clemens et al., 2008 South China sea ODP 1146 Biogenic Ba flux 1025 5'80 benthic -7900 -7000
Sun et al., 2008 South China sea ODP 1145 Ba/Al 150 50 benthic -8820
Zhaojiachu
; MGSQ tuned
Sun etal., 2006; Clemens et al., Loess Plateau an-Lingtai Magnetic susceptibility 1025 1? une -5600 -5100
2008 to 8O max
stack
Clemens et al., 2008 South China sea ODP 1146 Ba/Al 1025 5'®0 benthic -8800 -8000
mean phase -7917 -8125
20 2029 5358
East African summer monsoon
Lourens, 2004; De lange et al., Mediterannean 2
2008; Revel et al., 2010 sea sapropel 14c ~3000 :
Revel et al., 2010 Medilerannean - usa7pT  Fe countsitotal counts 45 14C -500
- 18,
Weldeab et al., 2007 Eastern Gulfof  MDO3 Ba/Ca 128 C145°0 -2600 1500
Guinea 2707 benthic
Eastern Gulfof ~ MDO3- 18 C14,5'%0
Weldeab et al., 2007 Guinea 2708 &5 "Osw 156 benthic -4500 -4100
Dupont and Hooghiemstra (1989)  NW Africa ~ ODPesg " olen (saharan- 600 isotope -3700 -3300
sahelian boundary)
mean phase -3600 -2967
20 1558 2175
Indian winter monsoon
- 5'%0
] MDO04- foraminifera s
Caley et al., 2011 Arabian sea 2862 assemblage 310 benthic,'“C, 1800 14500
GEs
. average of Mn min, 18, .
Clemens et al., 2008 South china sea ODP 1146 Chlorin and C36,37 1025 5'°0 benthic 4350 9350
MD97- coccolithophore 5"%0
Beaufort et al., 2003 Sulu sea 2141 (Florisphaera 380 planktonic, " 8200
profunda) c
mean phase 4350 8775
20 2050 1150

Tableau 2 : Phase des indicateurs de mousson dté&iver indienne, asiatique et africaine
par rapport au minimum de précession et au maxirdighliquité. Les indications en rouge
dénotent les travaux pour lesquels la robustesséaaignifiance en tant qu’'indicateur de
mousson est questionnées.
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Increase northern summer insolation: max sensible heat
Decrease northern winter insolation: min sensible heat

Precession Min
Absolute Max (summer) and
Min (winter) insolation at 30°N

Mean phase of Indo-Asian
winter monsoon

Mean phase of West-African
summer monsoon

Ice volume
minimum

Mean phase of Asian
winter monsoon

NINO 3

Ice volume

maximum Mean phase of Asian

summer monsoon

Mean phase of Indo-Asian
summer monsoon

Mean phase of Indian

Max
summer monsoon

Latent Heating

Increase northern and southern summer insolation: max sensible and latent heat
Decrease northern winter insolation: min sensible heat

Obliquity Max
Absolute Max (summer) and

Min (winter) insolation at 30°N Mean phase of Indian

summer monsoon
Mean phase of Indo-Asian
summer monsoon

Ice volume minimum

Mean phase of Asian
Mean phase of Asian summer monsoon

winter monsoon

Mean phase of Indo-Asian
winter monsoon

Ice volume
maximum

Figure 64 : Diagrammes simplifiés de phases poarderegistrements de la mousson Indo-
asiatique estivale et hivernale (la phase pour éesegistrements de la mousson Ouest-
africaine est également indiquée : Tableau 2). illastrent la réponse des différents
enregistrements au forcage de l'insolation pourpésiodes orbitales de précession (23 000
ans) et d’'obliquité (41 000 ans). La phase nullefigge pour un minimum de précession (=
insolation maximale absolue & 30°N) et un maximuobliduité (= insolation maximale
absolue a 30°N). Les phases négatives sont mestaé@ede sens des aiguilles d’'une montre
et représentent un retard temporel. Ainsi, la positd’'un vecteur indique la réponse de
I'enregistrement au forcage de l'insolation danst@mps. Position du volume de glace
d’apres Lisiecki and Raymo (2005) et NINO 3 d’ap@@ement and Cane (1999). Les aires
grises représentent I'écart typesXur la phase moyenne (Tableau 2).
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Ce travail de synthése sur la mousson Indo-asetitpus permet d’établir un « modele »
conceptuel (ou une courbe de référence) pour lans&pde la mousson d’été comme d’hiver
aux forcages climatiques. Ainsi la courbe de réféeepour les fortes moussons d’été Indo-
asiatique correspond a un retard de 8000 ans ppomaau minimum de précession et de
6000 ans par rapport au maximum d’obliquité (-P-&+-OTableau 2 ; Figure 65). Pour les
fortes moussons d’hiver Indo-asiatique, on observelevancement de 3000 ans par rapport
au minimum de précession et de 11500 ans pour lenmen d’obliquité (-P+3+0+11.5;
Tableau 2 ; Figure 65). Ces modeles conceptuelmalesson ont I'avantage d’étre construit
directement sur la base des données et integrafgnégnt le role des forcages internes au
systeme climatique (volume de glace et chaleuntajelutdt que I'unique forgcage externe de
I'insolation.
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Figure 65 : « Modéles » conceptuels pour le « cbroatre » des fortes moussons Indo-
asiatiques estivales (-P-8+0-6 : somme de la pr&ioesnormalizée et retardée de 8000 ans
apres changement de signe et de I'obliquité norméaliet retardée de 6000 ans) et hivernales
(-P+3+0+11.5: somme de la précession normalizée agancée de 3000 ans apres
changement de signe et de l'obliquité normalizéevahcée de 11500 ans) (les parametres de
précession et d’obliquité utilisés proviennent ttagaux de Laskar et al. (2004)).
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2. Variations glaciaires/interglaciaires et intengé des moussons estivales et hivernales
Indo-asiatiques

Dans le cas de la mousson estivale, le « modeleeptuel » est comparé aux données de la
mousson Indienne afin de discuter la relation epé&eodes/conditions glaciaires et intensité
de la mousson estivale (Figure 66).
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Figure 66 : La mousson estivale indienne en pésémmnditions glaciaires. a) Stack pour la
mousson indienne au site MD04-2861 (Caley et all12). b) Variations semi-quantitatives
des teneurs en brome (mesures par XRF) pour |eN$@é (Ziegler et al., 2010b). c) Stack
pour la mousson indienne au site ODP 722 (donn&gs ek Altabet et al. (1999) et Clemens
et al. (2008), en rouge) et stack de Caley et201(b) pour le méme site (orange). d) Stack
pour la mousson indienne au site ODP 722 et RCZ@&mens and Prell, 2003). 8)°Osw
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(ice free) (indicateur de salinité de surface dec€an) pour le site Maldives MD90-0963
(Caley et al., 2011b). f) Coups XRF de baryum @atdiur de productivité de surface de
I'océan) pour le site MD04-2881 (Ziegler et al.,12@). e)0*0 LR04 comme indicateur des
variations du volume de glace (Lisiecki and Ray2@)5). Le « modéle conceptuel » des
fortes moussons Indo-asiatiques estivales (-P-8+@durbes noires) est comparé aux
données de la mousson indienne. Les traits en ili@nbleus indiquent la présence de
moussons estivales en périodes/conditions glacaire

Une relation semble exister entre l'intensité de nusson Indienne estivale et le
développement des périodes/conditions glaciairggeglaciaires. Toutefois, en accord avec
les observations de travaux préalables pour leersgs indien et asiatigue (Cheng et al.,
2009 ; Clemens and Prell, 2003 ; Malaizé et al0620Masson et al., 2000 ; Rousseau et al.,
2009 ; Wang et al., 2008), d'importantes moussatisaes se développent pour les périodes
glaciaires au cours des derniers 800000 ans (FgfeCette synthése indique que chacune
des périodes glaciaires au cours des derniers 8080€ est marquée par le développement
d’'une mousson indienne estivale. Ceci suggeére 'gffetldes périodes/conditions glaciaires
(diminution du CQ, extension des calottes glaciaires, augmentaiobatbédo...) n'est pas
suffisant pour supprimer I'activité de la moussstivale. L’insolation et les autres processus
internes au systeme climatique doivent jouer ua pilis important.

Dans le cas de la mousson hivernale, les difféiadtsateurs pour la mousson Indo-asiatique
indiquent une variation glaciaire-interglaciairei gemble plus prononcée que pour les
indicateurs de mousson estivale (Figure 67). Toigefdes moussons hivernales semblent
également se développer durant certaines périotiergliaciaires telles que le MIS 5, 7 et 13

(Figure 67).

Pour conclure, il semblerait que les variationsreenpériodes/conditions glaciaires et

interglaciaires affectent de facon plus significatila dynamique de la mousson Indo-

asiatique hivernale. Cette conclusion est égalemmgmportée par les travaux de Beaufort et
al. (2003) et Jian et al. (2001).
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Figure 67 : La mousson hivernale Indo-asiatiquepgmiodes/conditions interglaciaires. a)

Abondance des foraminiféres planctoniques documedamousson hivernale indienne au
site MD04-2861 (Caley et al., 2011c). b) Flux ddd@ihs au site ODP 1146 (Clemens et al.,
2008). c) Flux d'alcénones totaux au site ODP 11@t&mens et al.,, 2008). d) Flux de
manganése au site ODP 1146 (Clemens et al., 2@08)-°0 LR04 comme indicateur des

variations du volume de glace (Lisiecki and Ray2@)5). Le « modéle conceptuel » des
fortes moussons Indo-asiatiques hivernales (-P+310.5, courbes noires) est comparé aux
données de la mousson Indo-asiatique. Les traifgoattillés rouges indiquent la présence de
moussons hivernales en périodes interglaciaires.
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Chapitre 4 : Le Courant des Aiguilles
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Partie 1. Etat de l'art sur les études paléocéanogphigues dans la zone
d’influence du courant des Aiguilles et les relatins avec le climat de
I’Afrique du Sud

L’implication avérée du courant des Aiguilles ddasfontionnement de la grande boucle
thermo-haline, et donc du climat global (Beal et 2011 et références inclus), a suscité la
réalisation de nombreuses études paléoceanograshitzuns la région (Bard et al., 2009 ; Bé
and Duplessy, 1976 ; Berger and Wefer, 1996 ; Diclet al., 2009 ; 2010; Flores et al., 1999
; Franzese et al., 2009 ; Martinez-Mendez et all02 Peeters et al., 2004 ; Rau et al., 2002 ;
2006 ; Winter and Martin, 1990).

Certaines études se sont focalisées sur la dynandgutransfert de masses d’eau entre
I'océan Indien et 'océan Atlantique a partir d’egistrements situés a proximité du Cap de
Bonne Espérance. Ainsi, une étude basée sur lembkges de foraminiféeres planctoniques
ainsi que sur le taux d’accumulation de I'espéapitale G. menardiia pu démontrer
'absence d’arrét total de connexion entre les wnsémdien et Atlantique ainsi que le
renforcement du transfert au niveau des transitamntge périodes glaciaires et interglaciaires
(Rau et al., 2002). Une étude plus poussée a puntrater I'histoire du transfert au cours des
derniers 550 000 ans a partir d'assemblages denioif@res planctoniques représentatifs des
anneaux du courant des Aiguilles (Peeters e2@04 ; Figure 68).
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Figure 68 : Migration de la Convergence Subtropeca&t variabilité du transfert de masse
d’eau entre I'océan Indien en Atlantigue au coues dlerniers 550000 ans (données d’apres
Peeters et al. (2004)). Le renforcement du tratsfatre périodes glaciaires-interglaciaires
(terminaisons) au moment du maximum de volumeade @st indiqué par les cadres rouges.
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Cette étude confirme le réle important de la migratle la Convergence SubTropicale (STC)
sur la dynamique du transfert du courant des AiggiilDurant les périodes glaciaires, une
migration vers le Nord de la STC induit une rédurtilu transfert (Figure 68). Par ailleurs, le
renforcement du transfert entre périodes glaciamesglaciaires (terminaisons) se produirait
au moment du maximum de volume de glace (Figure 68)

Des travaux de modélisation ont pu montrer quefaise de la circulation thermo-haline en
Atlantigue Nord vers un mode «interglaciaire »itéf@obablement déclenchée par le
transport de masse d’eau depuis le courant desilldgyKnorr et Lohmann, 2003). Ce

processus a trés certainement joué un role imgopanr expliquer la durée de certaines
périodes interglaciaires. Le transfert Indo-Atlgog fortement renforcé durant le MIS 11
pourrait ainsi expliquer la durée importante dedecgiériode (Dickson et al., 2009 ; 2010).
Toutefois, une étude récente suggere que le trandée chaleur depuis le courant a pu
augmenter bien avant les terminaisons (Martinezdderet al., 2010).

Si le systéeme du courant des Aiguilles peut camstiun acteur important des transitions
glaciaires/interglaciaires, sa responsabilité gategnent impliquée dans la dynamique interne
des périodes glaciaires. Des études ont pu mettévidence le caractére trés prononcé des
périodes glaciaires 10 et 12 (Bard et Rickaby, 20B8 and Duplessy, 1976 ; Flores et al.,
1999) dans le systéme du courant des Aiguillesud@ de Bard and Rickaby (2009) a ainsi
proposé que la migration extréme de la STC entireclu Nord ait pu quasiment bloquer le
transfert et renforcer l'intensité des période<igliaes 10 et 12. Ceci permettrait d’expliquer
certaines différences d’amplitude des périodesigjtes alors que la teneur en dioxyde de
carbone dans I'atmosphére reste relativement autestgigure 69).
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Figure 69 : Migration extréme vers le Nord de lar@ergence SubTropicale (STC) durant les
périodes glaciaires 10 et 12 enregistrée sur uneotta située au Sud du courant des
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Aiguilles (33.17°S, 31.25°E ; données d’'aprés Bandl Rickaby (2009)). Les cadres gris
indiquent les glaciaires 10 et 12 pour lesquell@snplitude du changement de volume de
glace est anormalement forte en comparaison deoltd#on de la teneur en COde
I'atmosphére (données d’apres Lisieski and Rayri0Fpet Luthi et al. (2008)).

Toutefois, le travail de Franzese et al. (2009) sgggere une réduction de la force du courant
pour expliquer une réduction du transfert, préwmie absence de migration de la zone de
rétroflexion entre périodes glaciaires et interglges ainsi qu’une impossibilité de migration
de la STC dans une position extréme vers le Noehdence de migration extréme de la STC
est également proposée dans I'étude de Rau @08R). Par ailleurs, la relation entre la force
du courant et l'intensité du tranfert Indien-Atlapte est complexe (Biastoch et al., 2009 ;
Rouault et al., 2009 ; Van sebille et al., 2009tamment a I'échelle glaciaire/interglaciaire
ou la circulation des vents (d'Ouest et d’Est) d®(Beal et al., 2011).

De nombreux travaux restent donc a réaliser poeurnappréhender toute la complexité du
systeme du courant des Aiguilles. La relation ekdréorce du courant, la migration de la
STC, la position de la rétroflexion et I'intensda transfert est encore débattue. Peu d’études
documentent le courant dans sa partie Nord et @u@gonstruction de salinité de surface sur
une longue durée de temps (supérieure a 35000ansdte pour le courant des Aiguilles.
Ceci provient de linterprétation complexe des dadéurs de température au niveau du
corridor du courant (Martinez-Mendez et al., 2040) sont nécessaires a la reconstitution des
salinités passées. Pourtant, la salinité est uanpetre déterminant pour comprendre le réle
du courant dans la circulation thermo-haline glel{&Veijer et al., 2002).

D’autre part, la variabilité et I'impact du couratds Aiguilles sur des périodes de temps plus
importantes que les derniers 550000 ans resteahmus. Le travail de Peeters et al. (2004)
propose également un lien entre la mousson Indiaink dynamique du courant des
Aiguilles mais cette hypothese n’a jamais été &esAénotre connaissance, le réle du courant
sur le climat du continent africain n’a égalememais fait I'objet d’études paléoclimatiques.

Les parties ci-apres vont s’attacher a étudier dmnegistrements du courant des Aiguilles
pour deux zones stratégiques au cours des deB&@00 ans et 1,35 millions d’années.
Dans un premier temps, nous nous concentreroria somparaison de quatre indicateurs de
température indépendants pour la zone source dewamoues Aiguilles. Ensuite, nous
reconstituerons les températures et les salinivés s derniers 800000 ans en déterminant

Caley, 2011 - 136 -



Le courant des Aiguilles

les forcages a l'origine de leur variabilité ainsie leur impact climatique global. Nous nous
focaliserons ensuite sur la dynamique du trangfaut une longue période de temps, incluant
la Mid-Pleistocéne Transition (MPT). Finalementd&rniére partie établira les relations entre
le climat du continent Sud africain et le courags diguilles.
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Partie 2 : Comparaison de quatre paléothermomeétresndépendants au cours des
derniers 800000 ans dans la zone source du couratds Aiquilles

1. Introduction

Les enregistrements paléocéonographiques de tetupisont essentiels pour détecter les
variations climatiques au-dela de la période imsgmtale et pour valider les modeles

climatiques.

L’approche multi-indicateurs permet souvent d’oloteim signal robuste de température alors
que l'utilisation d’'un seul indicateur de températde surface de I'océan peut conduire, dans
des cas particulier comme celui du systeme du oabuwtes Aiguilles, a des interprétations

contradictoires (Martinez-Mendez et al., 2010). Blanons travaillé ici sur les différences et

les similitudes entre quatre indicateurs indépetsdgorganiques et inorganiques) de

température de surface océaniquK(,, TEXs, Mg/Ca et MAT) au cours des derniers

800000 ans. L'enregistrement utilisé est situé ad-&iest de I'océan Indien, dans la zone
source du courant des Aiguilles (carotte MD96-2048) travail est présenté sous la forme
d’une version préparatoire pour la réalisation dauticle.

2. Multiproxies-SST reconstruction. Similarities ard differences as seen in a case study:
the Agulhas current

2.1 Abstract

Well-dated paleotemperature records are essemtiatiétecting natural climate variations
beyond the instrumental period and to validate aenmodels that provide past climate
scenarii and climate forecasts. The availabilitynailtiple proxies from a single sediment
core allows the reconstruction of more than oneperature record. Here, we reconstruct

paleotemperature based on four independent recdsits,, TEX., Mg/Ca and MAT

paleothermometers) over the last 800 ka in thelBddst Indian Ocean (core MD96-2048),
an area located beneath the present “precursoidired the Agulhas current, and we discuss
in details the similarities and differences betwpgoxies.

All four independent paleotemperature records retygécal glacial-interglacial patterns over
the last 800 ka. However, they display differenceamplitude and absolute values. The
effect of dissolution on inorganic proxies, as wal the effect of seasonality, seems to be
negligible. We propose a salinity effect for Mg/@aleotemperature record and a lateral

transport effect for organic proxies (mainly foetK,, signal during glacial periods) to

explain part of the observed differences. We alsmahstrate that a salinity effect on the
Mg/Ca paleothermomether have no significant infageon qualitative sea surface salinity
reconstruction at our core site. To reach the imdstmation of paleotemperature, this study
demonstrates that the best approach is to shoereliff proxies, and the best estimate is to
stack them together.

2.2. Different SSTs estimations

For the stratigraphy of core MD96-2048, see Categt.€2011a (this chapter, part 3).
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- Planktonic foraminifera transfer function (MAT)

Total assemblages of planktonic foraminifera a MD96-2048 were analyzed every 5—-6 cm
in the core using an Olympus SZH10 binocular micopg following the taxonomy of
Hemleben et al. (1989) and Kennett et al. (198Bpwa 300 specimens were counted in each
level after splitting with an Otto microsplitterh& results are grouped ecologically (different
assemblages) based on the work of Bé and Hutsofv ) 18r the whole Indian Ocean and
presented in Figure 70:

-Globorotalia menardii, Globoquadrina dutertrei, Qiligerinoides sacculifer, Pulleniatina
obliquilocula, Globorotalia tumideand Globigerinella aequilateralisdominate the Tropical
assemblage of the Indian Ocean.

-The Tropical-Subtropical assemblage is dominate&lobigerinoides ruber, Globigerinita
glutinata, Globigerinoides sacculifer, Globigerifel aequilateralis and Globigerina
rubescens These two assemblages exhibit higher abundancegdinterglacial periods
(Figure 70).

-A transitional assemblage is dominated KBloborotalia inflata and Globorotalia
truncatulinoides

- Globoquadrina pachyderma, Globigerina bulloides &ildbigerina quinqueloba&onstitute
the Polar-Subpolar assemblage. These two last atsges present higher abundance during
glacial periods (Figure 70).
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Figure 70: Different assemblages of planktonic fonaifera at site MD96-2048. a) Tropical
assemblage. B) Tropical-Subtropical assemblage.T@nsitional assemblage. D) Polar-
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Subpolar assemblage. E) Ice volume changes (Lisemo#t Raymo, 2005). The different
assemblages are based on the work of Bé and H(t8317).

Relative abundances of species were used to perfprmntification of SST thanks to an
ecological transfer function (Guiot and De Verr2407) developed at EPOC laboratory. The
method used here is based on the Modern Analogaknitgies (MAT, e.g. Kucera, 2007)
running under the R software, using a script filesteloped for dinocyst transfer functions by
Guiot and Brewerwww.cerege.fr/IMG/pdf/formationR08.pdfThe modern database used is
composed of 367 core tops and derived from the daesloped from the south Indian Ocean
(Barrow and Steve, 2005) during the MARGO projechttpi//www.geo.uni-
bremen.de/geomod/Sonst/Staff/csn/woasample.htrhls method permits the reconstruction
of annual (precision of 0.8°C; Figure 71) and seab&ST (average winter, spring, summer
and fall with a precision of 1°C, 0.9°C, 0.7°C dan8°C respectively).
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Figure 71: Test for the modern database composegbafcore tops from the south Indian
Ocean (Barrow and Steve, 2005) yielding to a prenisof 0.8°C for the annual SST
reconstructions. Modern hydrological parameters eveequested from the WOA (1998)
database using the tool developed by Schaffer-tligtiing the MARGO project.

Calculations of past hydrological parameters relyaoveighted average of SST values from
the best five modern analogues, with a maximum kteggven for the closest analogue in
terms of statistical distance, i.e., dissimilantynimum (Guiot and De Vernal, 2007; Kucera
et al., 2005).

- Mg/Ca analysis
Core MD96-2048 was sampled every 2-5 cm for Mg/Rayais.G. ruber s. swere picked
within the 250-315 pm size fraction for trace elamanalyses. Shells were cleaned to

eliminate contamination from clays and organic erdtased on the procedure of Barker et al.
(2003). A Varian Vista Pro Inductively Coupled RtesOptical Emission Spectrometer (ICP-

Caley, 2011 - 140 -



Le courant des Aiguilles

OES) was used for magnesium and calcium analysiesving the procedure established at
LSCE (De Villiers et al., 2002). Reproducibility talmed from G. ruber s. s. samples was
better than 4% (id, pooled RSD). For Mg/Ca ratios determined withtamdard solution of
Mg/Ca (5.23 mmol/mol), analytical precision was%.%+1s, RSD). All the analyses were
performed at LSCE, which participated in an intaliaration exercise (Greaves et al., 2008).
Measured Mg/Ca ratios were converted into temperattalues applying the equation
established by Anand et al. (2003) yielding a pmieci of 1.2°C.

- Alkenone and GDGTs analysis

Core MD96-2048 was sampled every 5-10 cm for alkenand glycerol dialkyl glycerol
tetraether (GDGT) analysis. Freeze-dried and grednsediments were extracted with a
Dionex Accelerated Solvent Extractor using a 9:dv)(wmixture of dichloromethane and
methanol at NIOZ. After extraction, a known amo(ihjug) of C46 GDGT internal standard
was added to the total extracts. The extracts separated by AD3; column chromatography
using hexane/DCM (9:1, v/v), hexane/DCM (1:1, viand DCM/MeOH (1:1, v/v) as
subsequent eluents. A known amount of an interteidaird, a deuterated ante-iso C22
alkane, was added to the alkenone fraction (heke®M; 1:1 v/v) for quantification. The
alkenone fraction (hexane/DCM, 1:1, v/v) was anatlyby a gas chromatography (Agilent
6890). Theuk, was calculated as defined by Prahl and Wakehamh(Rmd Wakeham,

1987). The uk, values were converted into temperature values applyhe culture

calibration by Prahl et al. (1988) yielding a pegon of 1.2°C, which has also been validated
by core-top calibration (Muller et al., 1998). Taealytical precision of the method is about
0.3°C.

The polar fraction (DCM/MeOH, 1:1, v/v), containi@DGTs, was analyzed using a high-
performance liquid chromatography/atmospheric pness chemical ionization-mass
spectrometry. GDGTs were detected by single ionitaong of their (M + H)+ ions and
quantification of the GDGT compounds was achiewedhbegrating the peak areas and using

the internal standard (C46 GDGT). TREX], ratio was calculated as defined by Kim et al.

(2010) and theTEX{, values were converted into temperature usiegctiibration of Kim et
al. (2010) yielding a precision of 2.5°C. The atiabl precision of the method is about 0.2°C.

2.3. Similarities and differences between SST @®xi

We have compared our four independent SST prokigsie 72). Each record shows typical

glacial-interglacial patterns. However they displdifferences in amplitude. Absolute SST
values are in good agreement for Mg/Ca, annual MA@ TEX,! , considering the calibration

errors associated with each proxy (Figure 72).
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Figure 72: Comparison of four independent paleoterafure records over the last 800 ka in
the South-West Indian Ocean: similarities and défees.

Inorganic proxies (Mg/Ca and MAT) are in good agneat with slight differences during
glacial periods. The organic proxiddk ., and TEX,, ) indicate warmer SST signals than the

inorganic proxies (Mg/Ca and annual MAT), particlyidor the UK, during glacial periods.

We have built a SST stack by averaging all fourepehdent records to strengthen the
common down-core patterns (Figure 72). To examimetiaer the SST stack record is
representative of coherent down-core temporal #ianzor not, and to extract the dominant
mode of SST variability among our four SST reconde, applied Empirical Orthogonal
Function (EOF) analysis on the SST records. Allords were centred on zero for the
analysis. The first order of corresponding time ftoent (Principal Component, PC1)
contains 68% of the total variance (Figure 72). @sults confirm that the SST stack record
fully represents the common temporal variationhef four individual SST records.
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Our results also suggest that 32% of the totalwag is not related to the SST variability in
the different proxies. In the following part, welMtest the effect of seasonality, dissolution
on inorganic proxies, the effect of sea surfacmgglchanges and the lateral transport effect
on organic proxies to explain parts of these ok differences.

2.4. Effect of seasonality on paleotemperaturergsco

We compare Mg/Ca, Alkenone affEX,, -SST reconstructions with the mean SST of each

seasons of the year (obtained with the planktoararhinifera transfer function: MAT) to
investigate the effect of seasonality on the ddfiféer SST proxies. The coefficient of
correlation (“Pearson” obtained with “R” softwategtween each record is show in Table 3.
The results indicate no important effect of seaktynan the amplitude of SST signals. All
the records correlate as well with each seasoneoy¢ar as with the annual SST.

SST MATspring MATwinter MATsummer MATautumn MATannual
Alkenone 0.5 0.5 0.5 0.6 0.6
Mg/Ca 0.5 0.5 0.5 0.5 0.5
TEXgg" 0.6 0.6 0.6 0.6 0.6

Table 3: Pearson coefficient of correlation obtadne@ith « R » software for SST records at
site MD96-2048 (95% C.I).

Modelling results (Laepple and Lohmann, 2009) iatBcthat the climate at our core site is
slightly summer sensitive, with a very low sensitivof 0.018°C/Watt. In addition, a
sediment trap study, nearby of our core, in the &tazique Channel (16.8°S, 40.8°E; 2250 m

water depth) has examined Mg/CEEX,, and UK, at bi-weekly resolution in a time-series

of sinking particles from 2003 to 2009 (Fallet bt 2010). Seasonal variability is not noted in
the organic SST proxies. Mg/Ca does capture theoseah variability in SST. However, all
SST proxies yield a mean SST that is very closenean SST as derived from satellite
measurements.

Seasonality can play a much larger role, if thexproan adapt its seasonality over time
(Fraile et al., 2009). However, for planktonic fomaifera in tropical waters, variations in
foraminiferal seasonality do not cause a significdrange in the recorded temperature (Fraile
et al., 2009). All this results suggest no impadrtaeasonality effect for our four
paleotemperature records.

2.5. Dissolution effect on inorganic proxies

Dissolution increases rapidly below the lysocliBerger, 1970) and when the degradation of
organic carbon on the sea floor increases the €@centration in pore waters. In regions
with high primary productivity, the second process produce carbonate dissolution above
the lysocline (Adler et al., 2001). The shallow ttepf the study core (660 m) and the low
concentration of alkenones (C37tot <2000 ng/g) cWltan be used as a primary productivity
index in the sediment in first approximation, sugjgethat these dissolution processes can't
significantly affect our inorganic proxies.

In order to confirm this hypothesis, we used thégimeof G. ruber planktonic specie’s shell
as a calcite dissolution index (De villier, 200B)deed, this index is more objective than the
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degree of fragmentation in the foraminifera assegl Nonetheless, additional factors could
potentially influence shell weight. Here we usedize-normalized weight (300-315 um) on
100G. ruberas this information is obtained on the same meltérat the one used for Mg/Ca
analyses. Indeed, the calcite dissolution has tivenpial to modify the chemical composition
of the shells. The Mg-rich carbonate phase is nsoftable than pure calcite. Therefore, the
dissolution decreases the Mg/Ca ratio (Brown ardeiiel, 1996). The correlation between
G. ruberweight and the ratio of Mg/Ca in the same spewsegery low (Figure 73). This
confirms that the effect of calcite dissolution amir core is probably weak and has no
important effect on inorganic SST proxies.

G.ruber weight (ug)
>

3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80
G.ruber Mg/Ca (mmol/mol)

Figure 73: Correlation between G. ruber size-norinadl weight and the ratio of Mg/Ca for
the same specie.

2.6. Effect of salinity changes on SST proxies

The UK, index correlates with water temperature but nahvsialinity (Sonzogni et al.,

1997). For TEXs, calibration on core-tops sediment in lakes isilsinthan the calibration in
marine environnements (Kim et al., 2008; 2010; stho et al., 2002). This confirms the
results of Wuchter et al. (2004) in mesocosm stilndy salinity has no large effect on the
TEXgs proxy. On the contrary, previous study on forafeirsi have show the Mg/Ca could be
influence by salinity changes, in culture studiesa et al., 1999; Nurnberg et al., 1996;
Sadekov et al., 2009), in highly evaporative enwinents (Ferguson et al., 2008) and more
recently in core top studies for the speGieruber (Arbuszewski et al., 2010; Mathien-Blard
and Bassinot, 2009). As global ocean salinity iases during glacial periods (more storage
of fresh water in ice sheets), we can suppose factedf global salinity variations on the
Mg/Ca paleotemperature record. Assuming that thie selinity changes at our core site are
primarily associated to global glacial-interglacishanges, we expect Mg/Ca SST
reconstructions to indicate a warmer signal duigharial periods compared to the annual
MAT-SST (Figure 72). To test this hypothesis, weehaxtracted the potential sea surface
salinity changes component from Mg/Ca SST. For pumpose, we normalized in common
variance the Mg/Ca-SST signal and the annual MAT-Si§nal and subtract them. We find a
residual signal which indicates, as suspected,eni@8T during glacial periods, when the
global salinity increases (Figure 74).
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Figure 74: Effect of global glacial/interglacial Baity changes on the Mg/Ca-derived
temperature signal. The residual after subtractimtween Mg/Ca-SST and the annual MAT-
SST signal fit very well with changes in salinitijieh induce a change in Mg/Ca-SST and
indicate higher SST during glacial periods.

In order to estimate the potential effect of gldoigerglacial salinity changes on the Mg/Ca-
derived temperatures, we transformed sea leveatans from Bintanja et al. (2005) into
global salinity changes. According to Mathien-Bland Bassinot (2009), a 1 psu change in
salinity would induce a 1.6°C change imgka relative to the isotopic temperature of
calcification (Figure 75). This empirical relationmas used to estimate a salinity signal
corrected from SST.

Table 4 shows the correlation between SST proXisafson” coefficient with “R” software)
before and after the salinity correction (globahaighl-interglacial effect) on the Mg/Ca
paleothermometer. All correlations between SSTnacare better with the salinity correction
on the Mg/Ca paleothermometer.

SST Alkenone  MATannual TEXgg"
Mg/Ca 0.50 0.50 0.55
Mg/Ca corr-salinity 0.63 0.70 0.66

Table 4: Pearson coefficient of correlation obtalneith « R » software for SST records at
site MD96-2048 (95% C.I).

Thus, we argue that the Mg/Ca paleothermometerdcbelinfluence by salinity changes in
sedimentary records.
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Because the combination of Mg/Ca-SST with H© values ofG. ruber (after removing the
influence of continental ice volume on glol#fOy,) is today the only current method to
reconstructed past local changes in 3H© of surface waterA®™0s,), a regional seawater
salinity proxy, we investigate the potential eff@ftsalinity biased Mg/Ca-SST on salinity
reconstructions. The results indicate, for our gtadre, no important bias on qualitative
salinity reconstructions (Figure 75).
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Figure 75: Effect of global salinity biased Mg/C&Bon salinity45°0Osw) reconstruction.

Nonetheless, Mathien-Blard and Bassinot (2009) haliewed that, when using the
calibration equation of Anand et al. (2003), Mgt€mperatures and isotopic temperatures are
identical (no salinity correction) for surface s#ies around 35.4%.. Nowadays, mean annual
sea surface salinities are 35.25 PSU at site MOB&BZAntonov et al., 2006). Thus, if one
assumes that surface salinities during past irdergs were not significantly different from
Holocene salinities, interglacial Mg/Ca temperatsignal should not be strongly biased by
global salinity changes. However, this is certainiyt always the case for other oceanic
regions. In addition, we have just test and coeetdhe global salinity effect. In region of
high evaporation-precipitation changes (monsooegion for example), important regional
salinity effect could also biased more importarf$T and SSS reconstruction based on
Mg/Ca paleothermometer. For these reason, we reemtito test systematically the effect of
salinity biased Mg/Ca paleothermometer in paleadand analyse how this can affect SST

and SSS signals interpretation.

2.7. Effect of lateral transport on organic proxies

Several early studies have noticed thdiK,, SST records are affected by laterally advected

allochtonous input. For instance, Benthien and #u{2000) showed that core-tdpK,,
SSTs in the Argentine basin were affected by latadaxection of re-suspended sediments
resulting in cold-biasetUK,, SST estimates. This lateral transport effectst,, SSTs has
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been confirmed by more recent studies (Mollenhaieal., 2006; Rihlemann and Butzin,
2006) in the Argentine basin. These findings amsient with core-top TEg4 data from the

Argentine basin, recording no cold-biased SSTwimtrast toUK,, SSTs (Kim et al., 2008).

This is probably due to the rapid degradation opisnoid GDGTs compared to that of
alkenones, which prevents GDGTs from being trartsdoover long (>1000 km) distances.
Anomalously warm SSTs during the last glacial prigere also observed in a marine
sediment core recovered from the South East In&miye (SEIR) at the location of the
modern Subantarctic Front and attributed to a gtamvection of detrital alkenones produced
in warmer surface waters from the Agulhas regioBEdR (Sicre et al., 2005). More recently,

Kim et al. (2009) also showed thdK ., index indicates much warmer SSTs during the last

glacial period compared to all other SST estimbtesed on diatom, foraminifera assemblages
and TEXg in the SEIR. This idea of preferential preservataf alkenones during lateral
transport is derived primarily from the relativelgunger**C ages of crenarchaeol compared

to those of alkenones in the same sediment layelléhhauer et al., 2006; 2008). Taken

together, previous studies have shown & ¥odified now asTEX,, , is less sensitive to the

lateral transport thatuK ,,. Because core MD96-2048 is located beneath thectomy in
which the Agulhas current transports warm Indiare&rc toward the South Atlantic, we
suspect a stronger lateral transport of alkenohas GDGTSs, thus influencing theK,

record more than on th&EX,, record and explain the warmer amplitude signalsndu
glacial periods (Figure 72).

2.8. Conclusion

Four independent paleotemperature records reveallyglacial-interglacial patterns over the
last 800 ka. However, they display differencesmphbtude and absolute values.

The major part (68 %) of the signal expressed by#rious indicators seems to be controlled
by the temperature variations of the ocean. Wesdestarious hypotheses to explain the
observed differences. The effect of dissolutionirmrganic proxies, as well as the effect of
seasonality, seems to be negligible.

By using the relation established by Mathien-Blandl Bassinot (2009) we were able to show
that a potential bias of salinity between glaciadl anterglacial periods could affect Mg/Ca-
SST reconstructions in our paleorecord. Howevethéncase of our studied site, this bias has
no incidence on sea surface salinity qualitativ®nstructions.

The difference between inorganic and organic indisa more particularly during glacial
periods for theUK ., signal, could be explained by an effect of latérahsport during the

intensification of the Agulhas current.
To reach the best information of paleotemperatthiess study demonstrates that the best
approach is to show different proxies, and the bssiate is to stack them together.

3. Conclusion

Notre travail a démontré que les quatres indicataudépendants de température présentaient
une variabilité glaciaire-interglaciaire au couresdderniers 800000 ans. Toutefois, des
différences existent en termes d’amplitude et deua absolues. Dans le cas des valeurs

absolues, les températures Mg/Ca, MAT annuelTEX;. sont en bon accord si I'on
considere les incertitudes associées aux difféserdbrations pour chacun des indicateurs.
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Cependant, les indicateurs organiquésk{,, TEX:) montrent systématiquement des

températures plus élevées (en terme d’amplitudey awe déviation importante durant les
périodes glaciaires en particulier. Ce comportemest exprimé en priorité dans le

signalUK ,, . D’autre part, nous avons pu noter une bonne sporedance entre les indicateurs

inorganiques (Mg/Ca and MAT) avec tout de méme Udgere déviation en termes
d’amplitude durant les périodes glaciaires égalémen

Si la grande majorité (68%) du signal exprimé pr différents indicateurs semble bien
contrdlée par les variations de température daserfle I'océan, nous avons testé différentes
hypotheses pour expliquer les différences observ&esnierement, un effet potentiel de la
saisonnalité. Chacun des indicateurs de tempérétarg basé sur des organismes différents
(archée, phytoplancton, zooplancton), des saisag&rgntielles pour I'apparition et le
développement de ces organismes pourraient conduliexpression de différences dans
I'enregistrement paléocéanographique. Toutefois, dennées de modélisations actuelles
(Fraile et al., 2009 ; Laepple and Lohmann, 200£9, études sur les pieges a particules
prochent du site étudié (Fallet et al., 2010) stréxonstitutions de températures saisonnieres
par fonction de transfert (MAT) pour la carotted&e nous conduisent a penser que l'effet de
saisonnalité est mineur dans le cas de notre 'sited.

Nous avons ensuite testé un effet potentiel deolliSsn pour les indicateurs inorganiques
carbonatés. La faible profondeur de la carotte (@p0qui est donc située bien au-dessus de
la lysocline, ainsi que la faible productivité sker site (déduite de la faible teneur en
alcénones), suggere un effet de dissolution mingéaus avons pu confirmer cette hypothese
en réalisant les mesures de poids (normaliséea thille) sur I'espéce de foraminifer€s
ruber (la méme que pour les mesures de Mg/Ca), prisenebmdicateur de dissolution de la
calcite (De villier, 2005). Nous n’avons pas trowerelation entre le poids @ ruberet la
teneur en Mg/Ca dans les tests de ces foraminiféeegui traduit un effet mineur de
dissolution pour le site étudié.

Des études récentes ayant montré que la saliniteagcaffecter le paléothermomeétre Mg/Ca
pour I'especeG. ruber nous avons également testé cette hypothése. fEn lef salinité
globale de I'océan était plus élevée durant legodés glaciaires. Ceci pourrait expliquer les
difféerences de signaux observées pour les indicateworganiques (Mg/Ca et MAT). En
utilisant la relation établie par Mathien-Blard aBdssinot (2009) nous avons pu montrer
qu’un biais potentiel de salinité entre périodezciglires et interglaciaires pouvait affecter le
signal de température Mg/Ca. Toutefois, dans ledeasotre site d’étude, ce biais n’a pas
d’incidence sur les reconstitutions qualitativesdknité de surface de I'océan.

Finalement, la difféerence entre indicateurs inorgaes et organiques, et notamment les

déviations importantes pour le signdK,, durant les périodes glaciaires, pourraient étre

expliquées par un effet de transport latéral dutaménsification du courant des Aiguilles.
Dans cette étude, nous n'avons pas testé I'effgirdndeur de production pour expliquer
les différences entre signaux de température. gelarait étre envisagé dans le futur par
I'utilisation de modeles.

Notre étude montre que pour obtenir une informatmvuste de température de surface de
'océan il est nécessaire de présenter differenticateurs. Comme chaque indicateur
comporte des incertitudes indépendantes liéesalilaration, a des influences non reliées a la
température (salinité, advection), la meilleuranestion est de les combiner afin d’extraire
leur variance commune (composante principale) aédbser un stack de I'ensemble de ces
indicateurs.
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Partie 3 : Contrdle hautes latitudes de I'obliquitésur le transfert Indien-
Atlantique de sel et de chaleur du courant des Aiglles

1. Introduction

Dans la partie précédente, nous avons pu déterngoer la meilleure approche pour
reconstruire la température de surface de I'océasistait a réaliser un stack. Dans ce travalil,
les reconstitutions de température et de saliretéuiface de I'océan effectuées pour le site
MD96-2048 ont été utilisées pour déduire les foesagui gouvernent le courant des Aiguilles
ainsi que son impact climatique global.

En effet, le transport de chaleur et de sel pawol&rant des Aiguilles depuis I'océan Indien
vers l'océan Atlantique Sud a été reconnu pour rauvai effet majeur sur la variabilité
décennale de la circulation thermohaline de I'Allzure Nord (AMOC) qui influence le
climat global (Biastoch et al., 2008). Un role t@uissi important a été postulé a I'échelle
orbitale et glaciaire-interglaciaire (Bard and Ribl, 2009 ; Knorr and Lohmann, 2003 ;
Martinez Mendez et al., 2010 ; Peeters et al., 2004 majorité des reconstructions
paléocéanographiques avait été réalisée dans la d@thange entre I'océan Indien et
Atlantique. Jusqu’a présent, aucun enregistremé&stain localisé dans la zone source du
courant des Aiguilles, ce qui empéchait de commehes mécanismes qui contrdlaient les
caractéristiques des eaux de surface du couramtydeiabilité, leur relation avec le transfert
et donc l'effet potentiel sur le climat global. Blparticulierement, les enregistrements de
salinité et de température de surface de I'océarerdt assez rares dans la région et aucun
d’entre eux ne se situaient sur la trajectoire durant, proche de sa zone de formation.
Pourtant ces parameétres physico-chimiques sonhtessepour comprendre les mécanismes
qui ont gouverné la dynamique du courant des Aigglikt pour pouvoir contraindre son
impact sur TAMOC dans les modéles climatiques @ @or, 2003).

Ici, I'enregistrement sédimentaire marin étudid¢e(dVD96-2048) est localisé dans la zone
source du courant des Aiguilles, sur sa trajectdies températures et les salinités de surface
de I'océan reconstituées couvrent les derniers @D@Ms. L'échelle d’age pour le site a été
établie en corrélant le signd’O des foraminiféres benthiques sur le stack deedée LR04
(Lisieski and Raymo, 2005). Ce premier modéle d’étgnt dépendant d’'un calage orbital,
nous avons établi un second modele d’age, dérivé pefondeur et appelé HO7 (Huybers et
al., 2007), afin de comparer et d’évaluer objectieat I'influence des parametres orbitaux
sur nos enregistrements.

Pour reconstituer les températures de surface, aoass utilisé trois paléothermometres
indépendants (organique et inorganique) et réalisstack: le rapport Mg/Ca sur I'espece de
foraminiféres planctoniqueS. ruber, l'indice alcénone sur les algues haptophyte$ ) et

lindice tetraether sur le Groupe 1 des Thaumarataa€TEX ). Le paléothermométre par

fonction de transfert basé sur 'assemblage desrfimiferes planctoniques (présenté en partie
2) n'a pas été utilisé ici car il n’était pas erecdéveloppé lors de la réalisation de ce travalil.
Une analyse en composante principale a été effeqtagr pouvoir confirmer que le stack de
température représentait bien les variations teallesr communes aux trois indicateurs (la
composante principale).

Nous avons combiné les températures de surfacenmsepar mesures Mg/Ca avec les
valeurs§'®O obtenues sur la méme espéce de foraminiférestpliques G. ruber) puis
effectué une correction de linfluence des changemelobaux de volume de glace
continentale sur 16*0 de I'eau de mer. Ainsi, nous avons obtendd’Os, qui peut étre
utilisé comme indicateur local de salinité de stefde I'océan.
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Abstract:

The Agulhas Current transport of heat and salt fromthe Indian Ocean into the South
Atlantic around South Africa (Agulhas leakage), canaffects the Atlantic meridional
overturning circulation (AMOC), and, thus, influence global climate. However, efforts
to elucidate forcing mechanisms connecting the Aduas leakage with the upstream
dynamics of the current have been hampered by a l&cof climate records extracted
from the area where the Agulhas current originatesWe determine 800-kyr sea surface
temperature (SST) and salinity (SSS) records fromhe “precursor” region of the
Agulhas current and show that these records contaistrong 100-kyr and 41-kyr cycles.
This latter obliquity-driven cycle is nearly in phase with changes in annual mean
insolation and air temperature at high southern laitudes. In contrast, our SST and SSS
records did not reveal precession-driven cycles, wth is surprising given the low-
latitude location of the upstream Agulhas current. Together, this indicates that the
dynamics of the Agulhas current system is mainly adrolled by high latitude obliquity
through its influence on the position of the South Hemisphere subtropical front
(STF) and its associated westerlies. Our study demstrates that obliquity may drive an
important part of the 100 kyr cycles observed in tk system rather than precession. Our
results also suggest that a stronger Agulhas curr¢nassociated with a northward shift of
the wind system during glacial periods, leads to druced leakage, in accordance with the
theory. We argue that during terminations stronger Agulhas leakage of heat and salt
was triggered by increased obliquity exerting a pasve feedback on the global climate
system through modulating long-term AMOC variations

1. Introduction

The inter-ocean exchange of heat and salt (Agubaisage) from the Agulhas current is a
key component of the global ocean “conveyor” ciatian (Weijer et al., 2002; Gordon, 2003;
Lutjeharms, 2006; Beal et al., 2011). Modellingdss show that the Agulhas leakage alters
the Atlantic Meridional Overturning Circulation (A®IC) on different time scales. At decadal
time scales, perturbations of planetary waves bgaseale eddies, the so-called “Agulhas
rings”, affect AMOC variability (Biastoch et al.0@8). Over a period of several hundred
years, changes in the buoyancy of Atlantic thermeclWaters can influence North Atlantic
deep-water formation (Weijer et al., 2001; 2002 thwmplications for global climate. These
later simulations suggest that a saltier Atlanttean, linked to a more efficient leakage of
warm and saline Agulhas waters, leads to a stroager more stable AMOC. Accurate
knowledge of the mechanisms governing the Agulharent system under different climatic
conditions is essential for properly constraining lbong-term AMOC response to the Agulhas
leakage in climate models (Gordon, 2003), for att@erstanding the evolution of global
climate, and for credible long-term climate preics. However, long-term sea surface
salinity (SSS) records are scarce in the Agulhatesy and, to date, most of sea surface
temperature (SST) records were reconstructed eithéne Agulhas rings leakage region
(Peeters et al., 2004; Martinez Mendez et al., 2aOoutside of the Agulhas current
trajectory (Bard and Rickaby, 2009) (Fig. 1). Sadin the Agulhas rings leakage region have
shown conflicting results between SST reconstrastiavhich is perhaps not surprising given
the complexity of the studied area with vigorougioaal ocean currents, the development of
SST contrasts during glacial periods in associatuth seasonal changes in Agulhas water
transport, or lateral shifts of the Agulhas retoflon (Martinez-Mendez et al., 2010).
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Knowledge of SST and SSS changes in the upstreaetujsor) region of the Agulhas

current system might provide new insights into tpi®blem. Such knowledge is also

important considering that the upstream watersugnih the Agulhas leakage system further
downstream and partially flow into the Atlantic @ece thereby potentially altering the

buoyancy balance of the Atlantic Ocean (Weijerlgt2001, 2002). In addition, the role of

orbital forcing on the dynamics of the Agulhas eutrsystem is not completely understood,
in particular the origin of the potential low lafite forcing (strengthen/weaken monsoon) in
the Agulhas leakage (Peeters et al., 2004).

Here we utilize a multi-proxy (inorganic and orgageochemical) approach to examine 800-
kyr records of SST and surface watefO (A5°0Os,, a proxy of regional SSS) from a

sediment core located beneath the present “pretufgpstream) region of the Agulhas

current (MD96-2048, 26°10'482S, 34°01'148E, 660 m@iev depth, Fig. 1). We examine the
effects of SST and SSS variations on changes inlhagucurrent system, strength, and
linkages with the Agulhas leakage.

2. Material and methods

Core MD96-2048 (37.59 m) was collected during tlid MOZAPHARE oceanographic
cruise of the R/V Marion Dufresne. The study wasdieted on the top 12 meters. The core
was retrieved close to Delagoa Bight (Fig. 1). Ndawss, this area often falls under the
influence of an eddy, likely driven by the rapidvll of the adjacent waters past the substantial
promontory (Quartly and Srokosz, 2004; Lutjeharg@96). The occurrence of an upwelling
cell at the north-eastern corner of the DelagodB({Quartly and Srokosz, 2004) seems to be
less consistent than for similar upwelling cellsttie southern limb of the East Madagascar
current (Machu et al., 2003) and inshore of thelAgsi current (Lutjeharms et al., 2000).

2.1 Isotope analysis

The core was sampled every 2-5 cm&5iO of foraminifera. For each analysis, 4 to 6
specimens of planktoni@. ruber s. sand benthid®. wuellerstorfiforaminifera were picked
from the 250-315 um size fraction. Analyses wergi@a out by a coupled system Multiprep-
Optima of the mark Micromass at EPOC. The automategharation system (Multiprep)
transforms carbonate samples (50 to 100 ug ofuwal@arbonate) to COgas evolved by
treatment with ortho-phosphoric acid at a consteimiperature of 75°C. The G@Qas samples
were then analysed by isotope mass spectrometriing@pin comparison with a calibrated
reference gas to determine the isotopic ral®/°0 of the sample. For all stable oxygen
isotope measurements a working standard (Burgb@® gas) was used, which was
calibrated against Vienna Pee Dee Belemnite (VPDB)using the NBS 19 standard.
Consequently, ab*®0 data given here are relative to the VPDB standandlytical standard
deviation is about 0.05%o ().

2.2 Mg/Ca analysis

Core MD96-2048 was sampled every 2-5 cm for Mg/@alysis of planktonic
foraminifera. 25 specimens . ruber s. swere picked within the 250-315 um size fraction
for trace element analyses. Shells were cleaneditanate contamination from clays and
organic matter based on the procedure of Barkal. ¢2003). A Varian Vista Pro Inductively
Coupled Plasma Optical Emission Spectrometer (I&&)0Owas used for magnesium and
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calcium analyses following the procedure estabtisae LSCE (De Villiers et al., 2002).
Reproducibility obtained fron®s. rubers. s.samples was better than 4% ¢tpooled RSD).
For Mg/Ca ratios determined with a standard sotutbMg/Ca (5.23 mmol/mol), analytical
precision was 0.5% (1 RSD). All the analyses were performed at LSCE,iciwh
participated in an inter-calibration exercise (e=aet al., 2008). Measured Mg/Ca ratios
were converted into temperature values applyingetpgation established by Anand et al.
(2003) yielding a precision of 1.2°C.

2.3 Alkenone and GDGT analyses

Core MD96-2048 was sampled every 5-10 cm for lomgit alkenones and glycerol
dialkyl glycerol tetraethers (GDGTSs) analyses. Eeedried and grounded sediments were
extracted with a Dionex Accelerated Solvent Exoa¢ASE) using a 9:1 (v/v) mixture of
dichloromethane and methanol at NIOZ. After eximacta known amount (Lig) of Gy
GDGT internal standard was added to the total etdravhich were further separated into
three fractions by AD; column chromatography using hexane/DCM (9:1, we)xane/DCM
(1:1, v/v), and DCM/MeOH (1:1, v/v) as subsequdoerts. A known amount of an internal
standard, a deuterated ante-isg &kane, was added to the alkenone fraction (hekedM,

1:1 v/v) for quantification. The alkenone fracti@mexane/DCM, 1:1, v/v) was analyzed by
gas chromatography on a Agilent 6890. ThE index was calculated as defined by Prahl and

Wakeham (Prahl and Wakeham, 1987). Th& values were converted into temperature

values applying the culture calibration by Prah&let(1988). The global core-top calibration
(60°S-60°N) based on 370 sites in the Atlanticjdndand Pacific oceans has a precision of
1.5°C (Mdller et al., 1998). The analytical preeisiof the method is about 0.3°C.

The polar fraction (DCM/MeOH, 1:1, v/v), contaigitsDGTs, was analyzed using a
high-performance liquid chromatography/atmosphesressure chemical ionization-mass
spectrometry. GDGTs were detected by single ionitoong of their (M + HY ions and
quantification of the GDGT compounds was achiewethtegrating the peak areas (Schouten

et al., 2007) and using the internal standarg @DGT). The TEX{, ratio was calculated as

defined by Kim et al. (2010) and tieEX ], values were converted into temperature usieg th

calibration of Kim et al. (2010)ielding a precision of 2.5°C. The analytical pegon of the
method is about 0.2°C. The Branched and Isopreneitaether (BIT) index was calculated
as defined by Hopmans et al. (2004).

2.48*®0sw reconstruction (proxy of SSS)

For the sea surface salinity (SSS) reconstructi@nfollowed the method developed by
Duplessy et al. (1991) which leans on the doublience of surface temperature and the
5'®0sw isotopic composition of seawater on the isatopiues of the planktonic foraminifera
(G. ruber s. s.). The isotopic temperature signals (Mg/Ca)S&e subtracted from the
planktonicd*®0 record G. rubers. s.). The residual signal can be interpreterims of past
8'®0sw variations (linked to SSS variations). An aiddial correction, linked to variation
effect of continental ice (due to glacial-intergidachanges) has been applied to obtain the
final A8'®0sw signal (Bintanja et al., 2005). Uncertaintiels A3'°0Osw estimates were
obtained with an error propagation calculationqesrof Mg/Ca-SST (1.2°C) and planktonic
580 measurements (0.05 Y4ssing the formula of Press et al. (1990). Theralvencertainty
of AS*0sw estimates is 0.26 %o (&)l

2.5 Spectral estimates
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For spectral estimates, the proxy records are fiynéaterpolated to a uniform spacing of 0.5
kyr (see supplementary information). The power spédensity, coherence and phase are
estimated using a smoothed periodogram (Bloomfi2fal/6). Before the analysis, a split
cosine bell taper is applied to 10% of the datahatbeginning and end of the series. To
estimate the significance of the power spectrakifgnthe spectrum background is estimated
by fitting an analytical red noise spectrum to thedian-smoothed spectrum estimate (Mann
and Lees, 1996). The confidence intervals are t@bd under the assumption that the
spectral estimates are chi-square distributed (®#¢rand Walden, 1993). The degrees of
freedom of the spectral estimate are 8 for the p@pectral density calculation and 19 for the
phase and coherency calculation. Our statistioatguture of estimating the significance of
the sample coherence and the confidence intervatheo phase estimate largely follows
Huybers and Denton (Huybers and Denton, 2008). Stomate the significance of the
coherence, we use a Monte Carlo procedure to dstithe 95% significance level. Therefore,
one of the two time-series is replaced by a redanprocess using the estimated lag-1 auto-
covariance. The coherence is estimated 10000 tiomeshe surrogate time series. The
uncertainty in the phase estimate is also estimas®ig a Monte Carlo procedure. Using
white noise realizations, a signal according todbgree of coherence estimated from the data
is generated. Here, the bias-corrected coherenmmats is used (Amos and Koopmans,
1963). The algorithm is repeated 10000 times tionese the 95% confidence intervals for the
phase estimate.

3. Results

Characteristic glacial-interglacial changes in dosvn-core record of stable oxygen isotopic
composition of the benthic foraminif@lanulina wuellerstorfi&'®Opentic Fig. 2A) served as
control points for the age model tuned to the LRE@kk (Lisiecki and Raymo, 2005) (Fig.
S1), and allowed the identification of eight terations. The age model of Lisiecki and
Raymo (2005) constrains ages by aligning variationthe benthic foraminifera*®0 record
with variations in the orbital parameters. It hag criticised that this approach precludes an
objective evaluation of the orbital influence omaaal timing (Huybers, 2007). We therefore
established an additional age model not relyingnupdbital assumptions, by tuning the
benthic3'°0 record to the depth-derived age model (called: Hiig/bers, 2007) (Fig. S1). In
general, the HO7-based age model strongly resenties RO4-based one. However, both
age models deviate from each other for the timervial between MIS 7 and MIS 9.

We applied three independent inorganic and orgpaleothermometers to reconstruct AC
SST changes: Mg/Ca ratios of the surface-dwellilgpkionic foraminiferGlobigerinoides
ruber sensu strict¢De Villiers et al., 2002; Anand et al., 2003), ellone unsaturation index
(uX) from haptophyte algae (Prahl and Wakeham, 198%),the tetraether indeXEXg;)

of Thaumarchaeota (Schouten et al., 2002; Kim t28l110). Measuring three independent
proxies is important to crosscheck temperatureatians (Schouten et al., 2002; Kim et al.,
2010). All three records are strongly related betweach other (R>0.5, p<0.01) and exhibit
typical glacial-interglacial patterns (Fig. 3A). &ach proxy has some uncertainty related to
the calibration, non-temperature influences aneérétadvection, the three records were
averaged into a single SST stack (Fig. 2C and @neSstudies have reported a seasonal bias

on TEX{ or UX records; however, this is likely not the case ie Mozambique Channel

region. Although modern sediments have not beatiesftexactly at the site of MD96-2048, a
nearby sediment trap study (16.8°S, 40.8°E; 225Qvater depth) (Fallet et al., 2010)

provided some insights into application of thesexpas in the Mozambique Channel, located
upstream of site MD96-2048. At the Mozambique Clehrsediment trap site, mean annual
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SST is 27.6°C, as measured by satellite remotergenBhe organic proxies were found to
reflect mean annual SST but seasonal variabilitg nat reflected in eitheTEXg, or U¥,
records or in fluxes of thaumarchaeols or alkenones

Before stacking,uX, and TEX{, signals were linearly interpolated to the satiree

resolution as the Mg/Ca signal, which is the SStasket with the highest time resolution. It is
reasonable to assume that the uncertainties arepemdlent between the proxy types.
Therefore, the stack is a more accurate temperatao®nstruction than the usual
interpretation of single temperature proxy recor@is. examine whether the SST stack is
representative of coherent down-core temporal wtanawe applied Empirical Orthogonal
Function (EOF) analysis (Von Storch and Zwiers99)9n the three SST records (Fig. 3).
An almost identical temporal variation of the filtincipal Component (PC1, 74% variance)
and the SST stack (R>0.99) confirms that this m@capresents the common temporal
variation of the three individual SST records. brailel, we constructed paab'®Os, (Fig.
2D), by combining the Mg/Ca SST estimates with df© values ofG. ruber (Figs. 2B and
S2) and removing the influence of continental iokimne on globad*Osx,.

Long term, mean-annual hydrographic data suggestrtbrthward-flowing, cool, upwelled
waters have a weak influence at our core site (Bjg. The Branched and Isoprenoid
Tetraether (BIT) Index (Hopmans et al., 2004) pdegi a method to assess the relative
amount of soil organic matter input. In core MD2®48, BIT values are extremely low
(<0.1, Fig. 3C) indicating that the isoprenoid GDXGHave a predominantly marine source
throughout the length of the record. Thus, an &rilee of fluvial input of soil-derived GDGTs
at our core site can be excluded. In addition, gmoléoncentration (Dupont et al., 2011)
obtained from this sediment core is low. Togetlieis suggests that the relative amount of
terrestrial soil material in the studied core iswkpw. This indicates that core MD96-2048
mainly reflects changes in the upstream dynamidabdefAgulhas current rather than changes
in coastal waters. Nonetheless, periodical inteactvith the cold shelf waters and shelf
cyclones can’t be completely excluded.

4. Discussion

4.1 Orbital forcing of Agulhas current system recods
4.1.1 Upstream Agulhas current

The SST stack and th&5'%0,, record display clear glacial-interglacial patte(fsg.
2C-D) and spectral analysis revealed a strong kigraoth 100-kyr (glacial-interglacial) and
41-kyr (obliquity) periodicities (Fig. 5A-B). Therigin of the 100-kyr cycle could be linked
to eccentricity forcing, to internally-driven clingafeedbacks imparting some eccentricity
influence (Lisiecki, 2010), or, alternatively, 189r cycles can result from quantized bundles
of 41-kyr obliquity cycles (Huybers and Wunsch, 2D0However, the 23-kyr and 19-kyr
(precession) signals, which are modulated by edcégt are weak in our records (Fig. 5),
suggesting that eccentricity forcing plays no digant role at our site. While the amplitude
of the precession signal might be slightly dampgdhe limited sampling resolution of the

u¥ and TEX{, records (mean time step of 4.5-kyr), this carelain the small precession

amplitude observed (supplementary information, §4g). Further, a similar result is found
when analyzing the Mg/Ca SST record which has hdrigampling rate (mean time step of
2.5-kyr) record separately (Supplementary infororatFig. S4).
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Interestingly, over the last 800 kyr, obliquity sigs of the SST stack and th&'®0,,
records (Fig. 2F) are nearly in phase with changedsigh-latitude annual mean insolation
(Fig. 2E), as well as with the obliquity componeftAntarctic temperatures (Jouzel et al.,
2007) (Fig. 2G), rather than with any local insimatindex at 26°S (Berger and Loutre, 1991)
(Fig. 2E). Regardless of whether the statistical analysiseisopmed using an alternative age
model Fig. S5),or with the individual SST record§ig. S6) the important finding remains that
all records vary in phase with changes in hightlde obliquity This indicates that a strong
influence of local insolation on our records can éeluded; a linear response to local
insolation would be out of phase in the obliquignd with the Agulhas records and local
seasonal responses, e.g. caused by local nontiesafiieapple and Lohmann, 2009), and
would contain a strong precession component conti@rour observation in the Agulhas
records. An important role of the latitudinal instidn gradient can also be excluded as it
contains both obliquity and precession frequeneigsa result of seasonal differences in
orbital forcing (Davis and Brewer, 2009). In adalitj the latitudinal insolation gradient has
been suggested as the origin of obliquity peridigisievident in the deuterium excess record
from the Vostok ice core in Antarctica (Vimeux ¢t 2999). However, the deuterium excess
record is out of phase in the obliquity band with Agulhas records as well as with obliquity
components of the Antarctic temperatures (Vimeux.e1999).

Changes in high latitude insolation driven by viaoias in obliquity could explain both
the important 41 and 100 kyr cycles in the Agullcasrent system. A common physical
mechanism related to high latitude forcing, i.ee tharying position of the Southern
Hemisphere subtropical front (STF) along with shif the Southern Hemisphere westerlies,
has been proposed for glacial-interglacial (Pee¢¢ral., 2004; Bard and Rickaby, 2009),
orbital obliquity (Peeters et al., 2004) and comgenary climate changes (Biastoch et al.,
2009). Interestingly, Antarctic temperature recofdtsuzel et al., 2007) also exhibit a strong
obliquity component (Fig. 2G). Consequently, thepirase relationship of the obliquity
component of Antarctic temperatyd®ouzel et al., 2007) and the SST and SSS of thihag
current (Table 1) confirms that the variability Agulhas current is strongly coupled to high
latitude Southern Hemisphere climate forcing. Palelv shifts of the STF modify
recirculation in the Indian subtropical gyre andueblead to the local increase in SST and
SSS of the Agulhas current. The recirculation i thain mechanism to feed the Agulhas
current (Stramma and Lutjeharms, 1997). We proposed a STC southward allow
recirculation of warmer waters in the Agulhas cotreven if at the same time the leakage of
warm water out of the Indian Ocean, which is a $emr@ount of 2-15 Sv (Richardson, 2007)
compared to the mean transport of 70 Sv by the Weguturrent (Bryden et al., 2005), was
simultaneously increased (Fig. 6C). Recent obsemnat(Alory et al., 2007) and modelling
results (Biastoch et al., 2009) have also shownmway/salinification tendencies of the
southwest Indian Ocean in response to a polewagdaton of the STF. Nonetheless, these
modelling exercises are not in accordance withva clenate equilibrium experiment by Sijp
and England (2009).

4.1.2 Agulhas transfer

Our study provides a unique record of changes id&se hydrological parameters in the
upstream region of the AC over the last 800-kyrisTéllows to investigate the potential
relationship between the physical-chemical natfingpstream Agulhas current waters and the
dynamical transfer (Agulhas leakage) further soAdhundance changes in Agulhas leakage
fauna (ALF), a foraminiferal proxy of Agulhas legein the Cape basin (Peeters et al.,
2004), also exhibit strong obliquity and 100 kycleg (Peeters et al., 2004) (Fig. 6C). Our
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records and that of the ALF compare well, sugggsdéin important interconnection between
the upstream and downstream region of the Agulbaegiet (Fig. 6).

However, whereas the ALF record still shows a wagkal in the precession band, this
orbital periodicity is negligible in our SST and S&cords (Figs. 5-S7). Various hypotheses
can be put forward to explain this apparent disney in patterns of orbitaly-related
periodicities between the two regions:

(1) Peeters et al. (2004) argue for a link of trgulhas leakage with the low-latitude
monsoon in order to explain the presence of premessgnals in their ALF record. The
proposed mechanism involves a modulation of the $8Qrces by current eddies in the
Mozambique channel and East Madagascar upstreaonseghat can propagate downstream
into the retroflection and trigger Agulhas ringscliSuten et al., 2002). Considering the
location of our study site in the precursor regadrthe AC, it would record the passage of
these eddies which influence the physical propexiethe water masses (Fallet et al., 2011).
However, no such procession signal is found in 88 and SSS records. In addition, in
contrast to the pattern seen in the ALF proxy-réd&eeters et al., 2004), changes in paleo-
monsoon strength are not phased with changes iNdhtbern Hemisphere summer insolation
(Clemens et al., 2010; Caley et al., 2011). Thiggsests that the increased strength of the
Indo-Asian monsoon cannot fully explain the timioigthe precession signal recorded in the
ALF record.

(2) The second hypothesis is calling for a wealc@ssion signal in the proxy record of
STF latitudinal migrations (Peeters et al.,, 200€pnsidering the importance of the
recirculation mechanism in controlling hydrograplp@rameters at our core site (via STF
latitudinal migrations), the lack of a precessiognal in the SST and SSS records of the
Agulhas current upstream region is therefore atwitlal this process. An explanation for this
apparent contradiction might be sought in bothahwlitude of the latitudinal migration of
the STF and the distance separating the upstrearthdgcurrent region where our study site
is located from the Agulhas leakage region. A wealgration of the STF according to
precession cycles could affect the ALF (~35°S) axyplain the weak precession signal in the
record of Peeters et al. (2004). However, the Sigration might not be important enough to
allow strong changes in the recirculation and afsggnificantly the hydrographic parameters
at our core site, ten degrees further to the n{26%S). This suggests that the precession
signal in the Agulhas leakage might be linked tagh-latitude climate forcing via Southern
Hemisphere frontal changes (migration of the SEf)er than by low latitude climate forcing
originating in the Indian Ocean.

(3) The presence of a weak precession signal iittie proxy record (and its absence
in the Agulhas current upstream region where ouwdystore originates) might be related to
the main oceanographic process at work on the reamtil margin off SW Africa, that is
coastal upwelling. The so-called Benguela upweliiggtem extends from about 15°S to 35°S
latitude (Shannon, 1985). The ALF proxy record wasrefore extracted from a sediment
core (ca. 35°S, 17°E; Peeters et al., 2004) thiatceed in close vicinity to the southernmost
cells and associated filamentous regime off Cap&add Hope (Lutjeharms and Meeuwis,
1987; Fig. 1), and is therefore likely to bear soeseential elements of the dynamics of the
Benguela upwelling process. One of these elemenss 23 kyr period of wind strength as
seen by Pichevin et al. (2005) in Benguela coagtadelling records.

We ultimately propose that the Agulhas currenteysts mainly controlled by high
latitude obliquity at orbital scale changes. Obligumay drive an important part of the 100
kyr cycles observed in the system whereas the gseme periodicity is lacking in the
upstream system, its power is weak in the leakagerd (Peeters et al., 2004) and could be
related to processes at work in the SE Atlanté; the Benguela current/upwelling system).
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4.2 Migration of the Subtropical front, strength of the Agulhas current and Indian-
Atlantic leakage.

Recently, it has been suggested that northwardatmags of the STF modulated the
severity of each glacial period (particularly dgyimIS10 and 12) (Bard and Rickaby, 2009).
The hypothesis that a northward-migrating STF wdullack the Agulhas current and thus
affect water transport from the Indian Ocean to $loaith Atlantic is still under debate (De
Ruijter et al., 1999; Rau et al., 2002; Bard anckRby, 2009; Zahn, 2009; Beal et al., 2011).
For the exceptional MIS 12 (extreme northward positof the STF) (Bard and Rickaby,
2009), all records at site MD96-2048 show an eiadyease in SST whereas the coldest SSTs
are observed further south at ca. 33°S where c@86vR2077 is located (Figs. 1 and 6). This
could suggest that the build-up of heat from thirre flow of the AC is linked to the
latitudinal contraction of subtropical gyres (Sijand England, 2008). The MIS12
configuration is exceptional compared with otheactrl/interglacial periods for which our
measurements indicate a decrease/increase in SE$3M in the upstream Agulhas current
region reflecting a northward/southward shift ie tpyre (Alory et al., 2007). A comparison
of our U%, SST record with that of MD96-2077 also revealsrager deviations during the

glacial periods, especially MIS 10 and 12 (Fig. BA-Increased glacial SSTs were recorded
at site MD96-2048 when the STF reached its northawst position, which may be related to
a build-up of heat from the return flow that cowldt escape to the Atlantic as for MIS 12.

However, this pattern is only recorded in th€ SST record and not in Mg/Ca afEXg,

SST signals (Fig. 3A). Instead, we argue that #tBuxes, linked to the Agulhas current,
could be stronger when Agulhas leakage was weakeglagial/interglacial time scale
(Supplementary information).

According to Beal et al. (2011), the main contrats Agulhas leakage are the latitude
of maximum westerlies and the southward inertiatleg Agulhas current. At glacial-
interglacial cycles, if the wind pattern is fixedthts strength is reduced, a weaker Agulhas
current would result in increased leakage and esults would be in good agreement with
these modelling exercises (De Ruijter, 1982; Digksind De Ruijter, 2001; Van Sebille et al.,
2009). If the winds shift northward and weaken dgrglacial periods, a weaker Agulhas
current could combines with a reduced leakage @esmet al., 2009). Our data contradict the
hypothesis of Franzese et al. (2009) as we find ahstronger Agulhas current, associated
with a wind pattern shifted northward during gld@ariods, leads to reduced leakage (Fig.
6A-C). Even if our results are consistent with theory, further research investigating the
inertia of the Agulhas current under glacial-intaogal periods is necessary.

4.3 Potential impact of Agulhas leakage on AMOC

Our results show that changes in SST and SSS hativas in global ice volume (i.e.
benthic3*?0 value) on obliquity time-scales (Fig. 5C-D). Timae-lags of benthi®™®0 are
2.2 kyr (1.9 kyr, 95% confidence interval) for S&md 1.7 kyr (£ 6.1 kyr, 95% confidence
interval) for A5*0s, in the obliquity band (Table 1). The ALF variat®also led benthic
50 changes in the Cape basin (Peeters et al., Z60#)6). Enhanced leakage of warmer
and saltier Indian Ocean waters into the Southmittaduring the terminations, with potential
influence on the AMOC (Weijer et al., 2001; 200@erefore occurred before major changes
in global ice volume change. Recently, Lisieckiaét (2008) showed that maxima in high
northern latitude summer insolation (i.e., Milankok forcing) are associated with greater
mid-depth Atlantic overturning in the obliquity karbut with less overturning in the
precession band. This suggests that the AMOC i mtongly influenced by other factors
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than ice volume changes and summer insolationgit horthern latitudes (Lisiecki et al.,
2008) as suggested previously by the SPECMAP théotgrestingly, Dickson et al. (2009;
2010) also showed that a stronger AMOC during MiSnhibited significant ice-sheet build-
up and prolonged the interglacial period at a tohkigh orbital obliquity. Our results suggest
that changes in Agulhas leakage might, among didetors, modulate the efficiency of
AMOC as a response to orbital-obliquity forcing. émder to test this hypothesis, we
compared our records from the Agulhas current systéth the foraminiferal benthié™>C
gradient between the Atlantic and the Pacific osaged as a proxy of deep ocean ventilation
(Bard and Rickaky, 2009) (Fig. 6F). Interestingdgriods of increased strength of the AMOC
are synchronous with increased Agulhas leakageambliquity band (Fig. 6). In addition, all
terminations over the last 800-kyr are charactdrizgboth increased inter-ocean leakage and
AMOC strength at a time of high orbital obliquityig. 6).

Obliquity—driven glacial terminations during thddaPleistocene have previously been
hypothesized (Huybers and Wunsch, 2005) and marently supported by a speleothem
record from the Northeast Atlantic region (Drysdeteal., 2009), showing the influence of
obliquity and AMOC variations on Termination 2. Hever, feedback mechanisms that
amplified the initial obliquity forcing have not é&e elucidated yet. AMOC responses to
orbital forcing are also highly model-dependengwgimg contradictory results (Yoshimori et
al., 2001; Khodri et al., 2003). Our finding of whlity-driven Agulhas current system sheds
light on an important internal forcing of long-teAMOC responses to the inter-ocean heat
and salt exchange. We suggest that this obliquggas is transmitted from the Southern
Hemisphere to the Northern Hemisphere via AMOC gleanThis could explain why AMOC
variability is not solely dependent on ice volumedasummer insolation at high northern
latitudes (Lisiecki et al., 2008).

5. Conclusion

Sea surface temperature and salinity records fhenupstream (precursor) region of the
Agulhas current contain strong obliquity-driven Iidir-and 100-kyr cycles over the last 800
kyr. Agulhas leakage records (Peeters et al., 2838) contain a strong obliquity-driven 41-
kyr cycle in addition to an important 100-kyr cy@ded a weak precession signal, which is
lacking in the upstream region. The weak precegsaviodicity, that is present in the planktic
foraminiferal-based Agulhas leakage record, da¢sppear to be controlled by variability in
the strength of the Indian monsoon, but more lilkelginates from the high latitude southern
hemisphere and/or from the dynamics of the nearlbeygBela upwelling system. This
suggests that long-term Agulhas current system rdigsgaare mainly triggered by a high
latitude rather a tropical climate mechanism, bg.the varying position of the Southern
Hemisphere STF and its associated westerlies.

The relationship between the strength of the Agutharent, the effect of wind patterns
shift and their impact on the efficiency of the enbcean leakage requires further
investigation. Our results, however, suggest thett@nger Agulhas current, associated with a
northward shift of the wind system during glaciaripds, lead to reduced leakage, in
accordance with the theory.

To trigger ice age terminations, important feedisanked to be added to the direct
effect of insolation changes on ice sheets. Weeatlyat the important transfer of heat and salt
via the Agulhas current, which affected the resuompbf the AMOC and the initiation of
interglacial conditions (Weijer et al., 2002; Knamd Lohmann, 2003; Biastock et al., 2008),
is one of the main feedbacks. Fully coupled ocdamsphere models do not resolve the
Agulhas leakage (Lohmann, 2003; Beal et al., 20Thgrefore, obliquity-induced variability
of the Agulhas current system merits greater atienin global ocean and climate models
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used for predicting the future climate scenariobar@es in this parameter might be of
importance to predicting changes in the Agulhaserursystem in a changing climate, and to
resolved Agulhas current dynamics and impacts orO&Mn paleoclimate simulations.
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95% confidence

Proxy Frequency Phase interval Coherence
SST stack 100ky band -14.4kyr +5.0kyr 0.85
41ky band -2.2kyr +1.9 kyr 0.86
21ky band -4.0kyr 3.7 kyr 0.59
AS™®0sw 100ky band -12.8kyr +11.6 kyr 0.61
41ky band -1.7kyr 6.1 kyr 0.54
21ky band -1.5kyr +7.5kyr 0.33*
EDC3 100ky band -9.9kyr +4.9kyr 0.85
(EDC3 chronology) 41ky band -1.1kyr +1.9kyr 0.86
21ky band -1.4kyr +5.4kyr 0.37*
Vostok 100ky band -4.6kyr +4.8kyr 0.83
(O.IN, chronology) ~ 41ky band 1.9kyr +2.1kyr 0.82
21ky band 0.7kyr +2.8kyr 0.58
Table 1
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Table caption

Table 1. Phase and coherence between Agulhas supfaxies and -133*%Obenthic. The
asterisks indicate that the coherence is not sagmf (p=0.05). A negative phase indicates
that the Agulhas surface records are leadifigbenthic. In addition, phase and coherence
between Antarctic temperature records and Agulh@$ Stack record were calculated. A
negative phase indicates that Agulhas SST statdg@ng Antarctic ice core records. Note
that phase and coherence between the Vostok tetaperacord (Suwa and Bender, 2008)
and Agulhas SST stack were calculated for an oppita period (i.e. 0-411 kyr BP).

Figure legends

Fig. 1.Heat and salt transfer of the Agulhas surface curmet. A) Sea surface temperature
(SST) and B) sea surface salinity (SSS) distribupatterns in the Agulhas system obtained
from NODC_WOA94 data provided by the NOAA/OAR/ESHSD, Boulder, Colorado,
USA, from their Web site (http://www.esrl.noaa.gusd). The location of core MD96-2048
(white dot) and schematic views of the Agulhas entrisystem are indicated. The position of
the Subtropical Front (STF) is indicated by theteliiashed line. Locations of sediment cores
MD96-2081 (Peeters et al., 2004) and MD96-2077 dBand Rickaby, 2009) are also
indicated. EMC eddies refer to East Madagascarddtueddies. The bathymetry according to
a 1000 meters step (the 1000 m contour is impomagtiding the pathway of the AC and its
retroflexion, De Ruijter et al, 1999) is also icated (bathymetry from
http://www.gebco.net/).

Fig. 2.Comparisons of MD96-2048 records with insolation ah Antarctic climate record.
A) 50 of benthic foraminifeP. wuellerstorfi B) §*°0 of planktic foraminiferG. ruber,C)

stacked record of Mg/Cay¥,, and TEX} SSTs (red line) and first order of Principal

Component (PC1, black line) derived from EOF ariaJyB) reconstructed'®Os,, (a proxy

of regional sea surface salinit§) annual mean insolation at 60°S or 60°N (black) 265
(purple) calculated according to Berger and Lou(t®91), F) obliquity components
(frequency 1/41000; bandwidth: 5e-06) of SST stéad) andAs*0Os, (blue) andG)
obliquity components (frequency 1/41000; bandwi@i:06) of atmospheric temperatures of
EPICA Dome Concordia (EDC), Antarctica (Jouzellet2007). T indicates terminations and
numbers indicate marine isotopic stages (MIS).

Fig. 3.Comparison of SST records from core MD96-2048 andIB index. A) U%, (green

line), TEX}, (orange line), Mg/Ca (blue line), and the S8ack (red line). B) Comparison

of the SST stack (red line) with PC1. C) BIT indea&lues (purple line). T indicates
terminations and numbers indicate marine isotojiges (MIS).

Fig. 4. Ocean temperature at 200 meter depth in the Agulhasurrent region (long term
annual means (years 1900 - 1992) from NODC WOA94a daprovided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from ilWgeb site
(http://www.esrl.noaa.gov/psd/; the bathymetry isoaindicated with a 1000 meters step:
http://www.gebco.net/). The colour histogram wasiagged to reinforce the vision of the
temperature values which are close and give mordgrast for area where gradients in
temperature are strong. Low temperature valuesleagly observed in the Delagoa Bight and
are probably indicative of the trapped lee eddytjdharms and Da silva, 1988). However,
our core site seems preserved from the effectisfetidy and from upwelled waters flowing
northward.
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Fig. 5. Frequency spectra for Agulhas proxies (SST and SS&hd their coherence and
phase relationships relative to global ice volume®Opentic). A) Power spectral density of
SST (black). A red noise background spectrum (greed 95% (blue continuous) and 99%
(blue dashed) confidence levels, relative to tlieneise background are give®) The same
as in A) but for SSSC) coherence (blue) and phase (black) between thep®&ly and -
1*5™0pentmic The approximate 95% confidence level for the cehes (blue dashed line) and
the 95% confidence interval for phase (black dasihed are givenD) The same as in C) but
for the SSS and -B**Openmic relationship. A negative phase indicates that Algeilhas
records are leading -8¥0penmic The orbital frequencies 1/100 kyr, 1/41 kyr arf2ll1kyr are
marked with vertical grey lines.

Fig. 6.Relationship between the subtropical front (STF) ngration, the Agulhas current
strength, the transfer of heat and salt, and the \vwilation strength of the AMOC. A) U¥,

SST record at site MD96-2048. Warmer glacial SSfEsabserved in our record when the
STF (in B) reaches its northern most position (blarows).B) U, SST record of MD96-

2077, which was used as a proxy of STF migraticardBand Rickaby, 2009¥) Agulhas
leakage fauna (ALF) record from core MD96-2081,0eaminiferal proxy of the Agulhas
leakage (Peeters et al., 2004). Note that a newnagke! for core MD96-2081 was built based
on the correlation between th&0 of the benthic foraminifeP. wuellerstorfiand the LR04
stack (Lisiecki and Raymo, 2005) to allow comparisath our dataseD) Stacked record of

Mg/Ca, UX,, and TEX, SSTs at site MD96-204%&) Reconstructeds'®0s, (a proxy of

377
regional sea surface salinity) at site MD96-20BB&"°C gradient between the Atlantic (site
607) and the Pacific (site 846) oceans as a prokyhie ventilation strength of the AMOC
(Bard and Rickaby, 2009). For C), D), E), and Hack dash lines indicate the obliquity
components (frequency 1/41000; bandwidth: 5e-@)5'°0 of LR04 stack (Lisiecki and
Raymo, 2005). T indicates terminations and numinelisate marine isotopic stages (MIS).
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Supplementary Information

High-latitude obliquity as a dominant forcing iretAgulhas current
system

Thibaut Caley*, Jung-Hyun Kinf, Bruno Malaizé, Jacques Giraudejurhomas Laeppfe
Nicolas Caillort, Karine Charliet, Héléne RebaubiérLinda Rossigndl Isla S. Castafiefia
Stefan Schoutér®& Jaap S. Sinninghe Damsté

1. Sensitivity of the results on the interpolatiormethod:

Prior to the spectral estimation, the time serresresampled on a regular grid. For the sake of
simplicity and because the effects on the frequespsctrum are well known we use linear
interpolation to generate time series with a titeg ©f 0.5kyr. This interpolation process acts
as lowpass filter and reduces the variance of idyeak (e.g. Schulz & Stattegger, 1997) but
the effect is limited to frequencies near and higtian the Nyquist frequency (half the
original sampling frequency). As we only show antkipret the frequency spectra on orbital
timescales (i.e. f>0.06 kyr-1), the interpolationgess does not affect any of our results.

To test this statement we repeat the statisticallyars using different time steps from 0.5kyr-
5kyr (Figure S3).

When using time steps larger or near the sampheguency one has to be careful to use all
the available data to avoid an increase of aliasfifects. For experiments with timesteps >=
2kyr, we first resample the time series to 0.5lggotution using linear interpolation. In the
next step we apply a lowpass filter with a cutaiduency to the final resolution and
resample the low-passed filtered time series. ingarison to block averaging, this procedure
avoids possible artifacts in the spectral domaiosed by the rectangular window (e.g.
Priestley, 1981).

The sensitivity of the phase estimates (Table 1jheninterpolation time step (0.5-5kyr) is

less than +-0.2kyr and the sensitivity of the cehey estimates is less than +-0.02. The
spectral estimates are not sensitive on the in&tipa time step in the frequency region of
interest (Figure S3).

2. Is the sampling resolution high enough to resodvthe precession variability?

The limited sampling resolution of theX, and TEX{, (mean timestep 4.5kyr) might reduce

the variance at the high frequency side of the tspecincluding the precession variability.
To estimate the magnitude of this sampling bias,simulate the sampling process on a
prescribed artificial time series. The timeseriessists of an orbital signal (65°N June 21
insolation) superposed on a stochastic backgroigmais(power law spectrum proportional to
frequency?, (Pelletier, 1998). Sampling is simulated as psimples (one measurement =
one single moment at the measurement) as well esager samples (one measurement =
average in the timespan between two measuremesitg) tne time steps of the original proxy
time series. The resulting spectra (Figure S4) stimatvalthough there is some damping of the
precession variability, the sampling resolutiomiigh enough that a presence of a precession
signal in the climate signal would be detected. & case of the Mg/Ca record (mean
timestep 2.5kyr) only a very weak damping is expect herefore, the finding that Mg/Ca, if
analyzed separately (Figure S6) does not show gsexe variability points to a low or
missing precession variability of the climate a tore position.
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3. Lateral transport index:
Several early studies have noticed thdf SST records are affected by laterally advected

allochtonous input. For instance, Benthien and &ti{Benthien and Muller, 2000) showed
that core-topuk, SSTs in the Argentine basin were affected by dhtedvection of re-

suspended sediments resulting in cold-biagédSST estimates. This lateral transport effect
on U SSTs in the Argentine basin has been confirmed dmemecent studies (Mollenhauer

et al., 2006; Ruhlemann and Butzin, 2006). Anomslipwarm SSTs during the last glacial
period were also observed in a marine sediment immevered from the South East Indian
Ridge (SEIR) at the location of the modern Subatitaf-ront and attributed to a strong
advection of detrital alkenones produced in warsugface waters from the Agulhas region to
SEIR (Sicre et al., 2005). More recently, Kim et @009) also showed thai¥, indicates

much warmer SSTs during the last glacial period maned to all other SST estimates based
on diatom and foraminifera assemblages and gfEX the SEIR. These findings are
consistent with core-top TEXdata from the Argentine basin, recording no caolbéd SSTs

in contrast tou¥, SSTs (Kim et al., 2008). This is probably due te thpid degradation of

isoprenoid GDGTs compared to that of alkenones idnbluer et al., 2008), which prevents
GDGTs from being transported over long (>1000 knsjashces. Furthermore, foraminiferal
proxies have generally been shown to be leasttafidoy lateral transport (Ohkouchi et al.,
2002; Mollenhauer et al., 2008). Taken togethegvipus studies have shown TgX

modified now asTEX,, and Mg/Ca of forams are less sensitive to therdatransport than
U% . Because core MD96-2048 is located beneath thectoaty where the Agulhas current

transports warm Indian Ocean toward the South Atamwe suspect a stronger lateral

transport of alkenones than GDGTSs, thus influentiregu¥, record more than on tHEEX

record. Indeed, another core located southwarduofstudy site and outside of the present
Agulhas trajectory (MD96-2077) presents a distwdyi different U%, SST signal (Bard and

Rickaby, 2009). Therefore, we calculated SST diffiees ASST) betweernuX, and TEX . as

7

well as betweerul, and Mg/Ca for MD96-2048, as an indicator of thiedal transport from

the Indian Ocean to the South Atlantic (Fig. SB)géneral, botASST records show higher
values when the relative abundance of ALF (Peeteral., 2004) decreases implying that
lateral fluxes and thus the Agulhas current wamengfer when Agulhas leakage was weaker.
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Fig. S1. A) Comparison of original stacks of LRQ4s{ecki and raymo, 2005; black line) and
HO7 (Huybers, 2007; orange line). B) TBEO of the benthic foraminifeP. wuellerstorfi
(red line) of core MD96-2048 after age tuning t@ thR04 curve (black line) using the
Analyseries software (Paillard et al., 1996). Cini&r to (B) but tuned to the HO7 curve
(orange line). D) Comparison of LR0O4- (red line)daH07-based (blue line) age models.
Filled circles indicate the tie points of MD96-20380penmic values to LRO4 (Lisiecki and
raymo, 2005; red) and HO7 (Huybers, 2007; blue).
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Fig. S2. Sea-surface salinity (S28%0sw) reconstruction at core MD96-2048 following the
method developed by Duplessy et al. (1991), whéein$ on the double influence of surface
temperature and*®0 isotopic composition of seawategr"fOsw) on the isotopic values of
planktonic foraminifera. Ap*®0 measured in shells of the planktonic foramin@errubers.

s., B) the SST stack (red line) and Mg/Ca SST (bine), and C) comparison of SSS
reconstructions using the SST stack (red line) BigdCa (blue line) records. We consider
that the SST-Mg/Ca approach is, to date, the lmdtfor the SSS reconstruction because
temperature and plankton&®0 records are based on the same material. Howewgh,
curves display the same variations.
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SST-Stack spectra. Sensitivity on interpolation
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Fig. S3. Sensitivity of the frequency spectra am ititerpolation time step. The spectra of the
Agulhas SST stack are shown using three differatdrpolation time steps prior to the
spectral calculation.
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Fig. S4. Effect of the proxy sampling on the red¢anrged orbital variability. Frequency

spectra of the prescribed time series (65°N sumimsslation + stochastic background)
(black) and the resampled time series (green ane€) bsimulating the proxy measurement
process. Using the sample time points of Tex86 dk@7 (mean time step 4.5kyr), the
precession amplitude is damped by around 30%.drivtg/Ca case (mean time step 2.5kyr),
most of the precession variability is preservethenresampled time series.
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Fig. S5. Power spectrum of SST (top) alit®Osy (bottom) using the alternative Huybers
(2007) chronology. The spectrum is estimated uaisgnoothed periodogram. The spectrum
background (green) and 95% (blue continuous) arfd @due dashed) confidence intervals
are given. The orbital frequencies 1/100 kyr, ¥k and 1/21 kyr are marked with vertical

grey lines.
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Fig. S6. Frequency spectra for separate Agulhas @88Xies and their coherence and phase
relationship relative to global ice volum&{Openmid like Fig. 2. Upper panels: Power spectral
density of SST (black line). A red noise backgrowpactrum (green line) and 95% (blue
continuous) and 99% (blue dashed line) confideneeel$, relative to the red-noise
background are given. Lower panels: coherence (blagand phase (black line) between the
SST proxy and -13"*Opentmic The approximate 95% confidence level for the cemes (blue
dashed line) and the 95% confidence interval forsphi®@lack dashed line) are given. The
orbital frequencies 1/100 kyr, 1/41 kyr and 1/2t &g marked with vertical grey lines. Both
UX and TEX !, show a time lag t@"*Openic in the obliquity band. Mg/Ca seems to be in

phase with the benth&*Openthic
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Fig. S7. Power spectrum of the ALF record (Peetéi., 2004) using the newly established
age models in this study.The ALF record is scatedhtow the same power in the obliquity
band as the SST stack record. The frequency badh@Q11/41 and 1/21kyr) are marked with
grey vertical lines. One can clearly see that lpibctra significantly differ in the precession
band. The SST stack record shows no/very weak pmwarecession band, whereas the ALF
record shows similar power as in the obliquity havwe can therefore reject the hypothesis

that the presence of the precession band in the #icbrd is caused by different tuning
techniques.

Caley, 2011 - 184 -



Le courant des Aiguilles

T1 T2 T3 T4 5 T6 T7 T8
| T TT | T TTT | T TTTT | T 17T T | TTTT | TTTT | TTTT | TTTT |
2 6 8 10 12 14 16 18 26 - South
& ’:TL wn
0
O~
52 |2
u S n
=3
MD96-2077 <
North
o 27 "
0 | Y
O M“*.,vu I ,§
SO 26 MD96-2048 | I- 2 Iﬁ weak
QC) I\ -1 F
= S
< 2 2 MD96-2048 & 0
—_ ¢ ¢ “'-'.»‘,.':'," ] 1 8 <
weak O o AR A 2 =
=) 3 3
MD96+
% ! x T B 6 7048 ) < strong
ol 5?2 oA B U RS B
< p 3 AT A e AR
e, 5 g — 40 strong
n i [
5 — 30 ~
strong 4 - > g
— 20 -
I - S
— 10 < —
ot B O
| TTTT | TTTT | T TTT | T T TT | TTTT | T T TT | T TTT | T T 1T Weak

0 100 200 300 400 500 600 700 800
Age (kyr B.P.)

Fig. S8. Relationship between the subtropical coyemce (STC) migration and the AC
strength and transfer. A)%, SST record of MD96-2077, which was used as a podX§TC
migration (Bard and Rickaby, 2009), B), SST record at site MD96-2048. Warmer glacial
SSTs were observed in our record when the STC eeaith northern most position (black
arrows), C-D) temperature differenc@sSST) betweeruk, and TEX{, and betweeru¥, and
Mg/Ca obtained from MD96-2048 (see Supplementafgrination), and E) Agulhas leakage
fauna (ALF) record compiled from GeoB3603-2 and MEX®81, a foraminiferal proxy of
the Agulhas leakag@eeters et al., 2004). Note that a new age madebG€o0B3603-2 and
MD96-2081 was build based on the correlation betwe 50 of the benthic foraminifer
and the LRO4 stack (Lisiecki and Raymo, 2005) tovalcomparison with our dataset. AC
denotes the Agulhas Current.
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3. Conclusion

Notre étude démontre que les variations de temp&at de salinité de surface de I'océan
dans le domaine amont du courant des Aiguilles pesiderniers 800000 ans sont quasiment
en phase avec les changements d’insolation moyanngelle aux hautes latitudes plutot
gu'avec l'insolation locale au niveau du site du~ 26°S) (Berger and Loutre, 1991). Les
analyses spectrales réalisées pour I'enregistredetémpérature comme de salinité (sur les
deux modeles d'age différents) révélent un sigoglgour les pseudo-périodicités de 100000
ans (glaciaires-interglaciaires) et de 41000 abdiqité), alors que le signal de précession
est trés faible, voir négligeable. Nous faisongpgdthese que le fort signal pour la périodicité
de 100000 ans provient d’'une combinaison de cyoleliquité (41000 ans) plutét gu’un réle
de I'excentricité sur notre site car le signal décpssion, qui module I'excentricité, est trés
faible.

Les changements d’insolation aux hautes latitudieigiés par I'obliquité, ont pu jouer un réle
important sur la position de la convergence sulitede (STC) avec la modification des vents
d’ouest de I'hémisphére Sud (Bard and Rickaby, 208%astoch et al., 2009), I'export de
chaleur depuis les tropiques (Jouzel et al., 208%)le couvert de banquise (Knorr and
Lohmann, 2003). Ces changements dans la positida & C ont modifié la recirculation
dans la gyre subtropicale indienne et affecté éesperatures et les salinités de surface du
courant des Aiguilles. Ce processus est en acaad las observations récentes (Alory et al.,
2007) et des résultats de modélisation (Biastochl.et2009). Un lien étroit étant mis en
évidence entre nos températures de surface atrfggétatures de I’Antarctique (Jouzel et al .,
2007), nous confirmons que la variabilité du cotides Aiguilles est associée a un forcage
climatique des hautes latitudes de 'hnémisphére Sud

En plus du fort signal d’obliquité (hautes latitg§leun travail réalisé dans la zone de transfert
entre I'océan Indien et Atlantique, basé sur uremédage de foraminiféres planctoniques
comme indicateur du transfert (Peeters et al., R0@%bntre un signal faible pour la
périodicité de précession. Ces auteurs proposetienravec la dynamique de la mousson
pour expliquer ce signal. Dans cette étude, nooggsons I'hypothese que les maximums de
mousson ne soient pas en phase avec les maximutrendiert observés pour les périodes de
précessions mais plutdt avec un forcage origindé® hautes latitudes de I'hémisphére Sud
ou du systéme d’'upwelling du Benguela.

Une étude récente avait suggéré que la migratida & C durant les périodes glaciaires 10
et 12 avait modulé leur sévérité (Bard and RickéB09). L’hypothése selon laquelle la
migration de la STC pourrait bloquer le courant degguilles était toujours débattue

(Franzese et al., 2009; Zahn, 2009). Pour le MISid3 trois indicateurs montrent une
augmentation de température du courant alors dure dbserve les températures les plus
froides au site qui documentait la migration deSI&C (Bard and Rickaby, 2009). Cela
suggere une augmentation de température sur ntariesau courant de retour des Aiguilles
dont l'origine serait associée a la contraction dgees subtropicales (Sijp and England,
2008). Toutefois, la comparaison entre notre sigrialet celui obtenu sur le site plus au Sud,

en dehors de la trajectoire du courant des Aigui{ard and Rickaby, 2009), indique une
déviation de température systématique durant lesdes glaciaires. Un autre mécanisme que
celui lié au courant de retour des Aiguilles poirdanc expliquer ces anomalies glaciaires
importantes pour le signak,. Notre site est situé dans la zone précurseuroarant des

bY

Aiguilles, a une faible profondeur d’eau (660 m)k kignal alcénone étant sensible au
transport latéral, avons avons calculé la difféecentre le signal de température alcénone et

les signaux de températuféeX g, en Mg/Ca comme indices de transport latérak @dices
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suggerent qu’un transport latéral plus importantiomc un courant des Aiguilles plus fort, est
associé a un transfert Indien-Atlantique de ma&saudplus faible (Peeters et al., 2004). Ceci
fournit une hypothése alternative par rapport decdgja existante qui suggérait qu’une
réduction du transfert durant les périodes glagsagit pu étre causée par une affaiblissement
de I'’écoulement (Franzese et al., 2009) du couwdastAiguilles.

Nos résultats indiquent également que les changsndentempérature et de salinité pour le
courant des Aiguilles devancent les variations gled du volume de glace pour les périodes
d’obliquité. L'indice de transfert de Peeters et (@004) montre également une avance du
phénomene de transfert thermo-halin entre les ccéatien et Atlantique par rapport aux
variations globales du volume de glace. Cela suggae le transfert de masse d’eau chaude
et salée vers I'océan Atlantigue Sud, notammenmament des terminaisons, va pouvoir
renforcer 'AMOC (Biastoch et al., 2008 ; Weijer @t, 2002) et se produire en avance par
rapport aux variations globales. Des perturbatidaas 'TAMOC associées au parametre
d’obliquité ont été détectées dans des enregistrsnue 'océan Atlantique (Dickson et al.,
2009 ; 2010 ; Lisiecki et al., 2008). Ainsi, no&tide fournie un processus important, interne
au systeme climatique, qui permet d’affecter TAMG@ réponse au forcage orbital de
I'obliquité. Nous proposons que ce mécanisme jonerGle dans la reprise de 'AMOC,
I'initiation des conditions interglaciaires (Biastoet al., 2008 ; Knorr and Lohmann, 2003 ;
Weijer et al., 2002) et qu’il constitue de ce fait mécanisme de rétroaction important, en
plus de l'effet de l'insolation, pour expliquer lgansitions glaciaires- interglaciaires.

Les modeles couplés océan-atmosphere n'ont toumasgsésolu le transfert du courant des
Aiguilles (Beal et al., 2011; Lohmann, 2003). Emséquence, le parameétre d’obliquité, qui
induit des variations dans le transfert, mérite watention toute particuliere pour la
dynamique de I'océan global et dans les modélesatifues utilisés pour prévoir les scénarii
climatiques futurs.
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Partie 4 : Le transfert Indien-Atlantigue du courant des Aiquilles : un
processus clé pour les changements de modes climags du Quaternaire

1. Introduction

Nous avons vu préalablement 'importance du trahgfelien-Atlantique de chaleur et de sel
du courant des Aiguilles pour la circulation therhadine et le climat global au cours des
derniers 800000 ans. L'absence d’enregistrementirdentant le transfert sur une longue
période temporelle empéche de déterminer le rétenpel du courant sur les modes de
variations climatiques a long terme, incluant leagition Mid-Pleistocene (MPT) dont
I'origine reste inconnue (Honisch et al., 2009).nBace travail, nous présentons un
enregistrement du taux d’accumulation pour le taxian foraminifere planctoniqué.
menardij couvrant les derniers 1.35 millions d’années, dipdu site ODP 1087 localisé
dans la région du courant du Benguela. Le taxinmenardiia connu des périodes
d’extinction et de réapparition dans 'océan Atigné au cours du Quaternaire (Ericson and
Wollin, 1968 ; Rudiman, 1971) et des travaux prdlas ont suggéré que le transfert du
courant des Aiguilles pouvait constituer un acteoportant de ce processus (Berger and
Wefer, 1996 ; Charles et Morley, 1988 ; Giraudeawale 2000). Au regard d’'un autre
enregistrement du taux d’accumulation du méme ta&&omenardiiobtenue au site MD96-
2048 (dans la zone source du courant des Aiguié®n comparant avec les données de
transfert Indien-Atlantique déja publiées par Peett al. (2004) pour les derniers 550000
ans, nous tenterons de valider l'utilisation dedicateur «G. menardii» comme indice de
transfert en Atlantique Sud des eaux du couraniAdtpsilles. Nous nous focaliserons ensuite
sur les forcages et I'impact du transfert sur laiakdlité climatique a long terme. La
variabilité orbitale (23 000, 41 000 et 100 000)aagant déja été traitée en détail dans la
partie précédente.
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Heat and salt transfer from the Indian to the Atlartic Ocean (Agulhas leakage) has a
profound effect on the global thermohaline circulaton and climate. The lack of long
transfer record prevents elucidation of its role onclimate changes throughout the
Quaternary. Here, we present a 1.35 Ma accumulatiomate record of the planktic
foraminiferal speciesGloborotalia menardii. The presence and reseeding of this fauna in
the subtropical south east Atlantic was driven bynterocean exchange south of Africa.
The Agulhas transfer strengthened during every glaal-interglacial transition, reaching

a maximum every 400 ka. The long-term dynamics of gulhas leakage may have played
a crucial role in regulating meridional overturning circulation and global climate
changes during the Mid Brunhes Event and the Mid Rdistocene Transition.

Modelling results have shown that Agulhas leakage affects the Atlantic Meridional
Overturning Circulation (AMOC) and climaté-@). Paleo studies also suggest an important
role of the Agulhas leakage for the climate syst@l6). Nonetheless, modulations of
Agulhas leakage prior to ~550 ka are unknown. Tduk of information prevents elucidation
of forcing mechanisms governing the Agulhas leakagelonger time interval, including
throughout the critical period of the Mid-PleistoeeTransition (MPT) which saw the settling
of high amplitude, low frequency glacial varialyl{f7).

Here, we present a continuous, high-resolution Ma%ecord of Accumulation Rate (AR) of
the tropical specie&. menardii(see method) at ODP Site 1087 (31&815°1%, 1371m
depth) located in the southern Benguela region. (Bigin close vicinity to the Cape of Good
Hope. A previously established age model for Sil871based o'®0 measurements in
planktic and benthic foraminifera was revised hayecorrelating this stable isotope record
with the LR0O4 stack (see method).

While presently thriving in the tropical and sulgtical Atlantic (Fig. 1),G. menardiiexhibits
drastic and near synchronous changes in abundaatcése scale of this ocean realm
throughout the Brunhes and Matuyama chronozo®e9.(Given the continuous presence of
this species in planktic foraminiferal assemblagédndian and Pacific marine sediments
throughout the Quaternagupplementary Fig. S1A-B), as well as the proces$énterocean
exchange of surface and intermediate waters pigsaking place south of Africal(Q), we
assume, according to previous suggestidislf), that abundance changes of this species in
sedimentary archives of the SE Atlantic can be usedeliable tracer of past Indian to
Atlantic leakage south of Africa.

ODP Site 1087 was drilled on the continental maafi®W Africa, slightly shoreward of the
southeast-northwest oriented core track of Agulehsed rings and filaments in the SE
Atlantic (10). While this explains the overall low contributiof tropical species to the
foraminiferal assemblages at the studied locatik®8), (@ separate observation of the whole,
unsplit >125um fraction, indicates that specimens@f menardij although rare, are near-
continuously present at Site 1087 and are affebtedarge amplitude abundance changes
throughout the last 1.35 Ma (Fig. 2A).

In order to confirmG. menardiias a tracer of interocean exchange in the SE #idtlawe
compare our record obtained at Site 1087 with &ipus, ~700 ka long paleorecord obtained
from a nearby core and based on the relative amoedaf “Agulhas leakage fauna (ALF)”
(4) (Figs. 1-2B). Both records compare well (Fig.r2lsupplementary Fig. S2) and indicate
that extreme leakage events are strongly exprasg@eak concentrations and accumulation
rates ofG. menardiiat ODP Site 1087, whereas periods of reduced nnidigAtlantic transfer
are marked by minimum, if not absence of our plankt foraminiferal tracer species.
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Given the proposed mechanism involved in the aburelahanges db. menardiiin the SE
Atlantic, one can argue that part, if not mosthe pattern recorded at ODP Site 1087 might
be a function of the abundance of this taxon wiitsnsource area in the Indian Ocean. We
therefore compare our proxy record off southwesicafwith a mid to late Quaternary record
of concentration and AR @. menardiifrom a coring site located in the precursor arfeth®
Agulhas current (see method) (core MD96-2048; HigFig. 2C). From this comparison,
none of the large amplitude abundance events redaxtt ODP Site 1087 has any equivalent
in the Agulhas source area, hereby indicating thattracer record in the SE Atlantic is
independent of the dynamics of this taxon in thdidn Ocean. OufG. menardiirecord
therefore stands as a reliable tracer of Agulhakdge to the SE Atlantic, and provides, for
the first time, a continuous history of interoceaxthange south of Africa for the last 1.35
Ma. While the dynamics of Indian to Atlantic tré@sat orbital scales will be discussed
elsewhere (supplementary Fig. S3A-B), we focushi@ following part on the long term
variability of Agulhas leakage associated to imaottevents.

Major transfer events based on the ARGofmenardiiat Site 1087 (Fig. 2A) are enlightened
by the late Quaternary succession of this taxomsgmce/absence) in the tropical and
subtropical Atlantic§, 9, 16, 1Y(Fig 2). AR ofG. menardiiat ODP Site 1087 show distinct
important peaks that are near-synchronous wittptsition of the S/T, U/V, W/X, and Y/Z
zonal boundaries in the tropical Atlantic as wallvath subzonal transitions (T4/T3, T3/T2,
V3/V2 and V2/V1) (Fig. 2) (see method). As long\asiations inG. menardiiAR are a
function of the volume of Indian Ocean thermocliwater transferred to the southeast
Atlantic, our record is, to our knowledge, the tfievidence for the role of this mechanism in
the reseeding of this taxon in the tropical Atlardver the last 1.35 Ma. While the absence of
G. menardiiin the tropical and subtropical Atlantic duringteén intervals (S, U, W and Y)
stays an enigmal®), our record suggests that sustained reduced Aguitansfer prior to
these periods (Fig. 2) might be involved into #mxsinction process.

As previously observed for the last ~700 K& ©Our newG. menardiirecord indicates that
each of the 17 Terminations of the last 1.2 Mdfescéed by an increased transfer of Agulhas
water to the SE Atlantic (Fig. 3A-B). A lower fregpcy pattern of strengthened and sustained
intensification according to 400 ka periodicity is strongly expressed by ourxgroecord
(Fig. 3B), and displays increased amplitudes fro&b Ma onward.

We propose that this observed pattern of intero@armange is resulting from latitudinal
migration of the Subtropical Convergence (STC) e=vipusly suggested for shorter time
scales 4, 5, 1§ (northward migration of the STC inducing reduokgulhas leakage). In
order to test this hypothesis, we compare our tesuth records of Ice Rafted Detritus (IRD)
(an indicator for the presence of icebergs) andsseface temperature (SST) reconstructions
obtained at ODP Site 10909, 20 (Fig. 3C-D) which monitor past meridional changeshe
position of both the Subantarctic Zone (SZ) andSA€ in the Southern Ocean (Fig. 1). An
overall tendency of southward migration of the SF@. 3C-D) is associated with increased
amplitudes of interocean exchanges (Fig. 3B). Hemathward positions of the STC and SZ
during glacials are organized according to a 400p&dodicity (Fig 3C-D), and slightly
precede strengthened Agulhas leakage events (B)g.A3recent studyX) indicates that the
extreme northward position of the STC during glleiarine isotopic stages (MIS) 12 and 10
(around 400 ka BP) is responsible of the reappearand abundance in the SE Atlantic of
the ALF due to the deglacial strengthening of theidn-Atlantic connection. This pattern is
well documented in our record (Fig. 3B).

Interestingly, all the periods of successive, ar&enorthward positions of the STC
correspond to important changes in modes of glol@ate variability over the Quaternary.
Indeed, the periods centred at 800 ka BP and 1.BRleoughly bracket the MPT) (Fig. 3).
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The MPT, starting at 1025 ka BP and completed AtkéOBP ¥), saw the emergence of low
frequency (100 ka cycles), high amplitude glaceiability, for so far unknown reasorizlj.
The period centred at 400 ka BP corresponds tavildeBrunhes event (MBE)22) and is
characterized by a further increase of ice-voluragations leading to four large-amplitude
100-ka glacial-interglacial cycles from then to $enet.

The important northward position of the STC eved@ 4a could be a response to both cooler
global climatesZ3) and anomalously cool equatorial temperatubgsifdeed, a minimum of
eccentricity every 400 ka might reduce the Hadlely @4) (cool tropical SST), drawing the
STC northward (Fig. 3D-E). A reduction of obliquimplitude occurs around 800 ka BP
and, although of minor amplitude, at 1.2 Ma BP (Fg). Caley et al.g) have shown the
importance of this parameter for controlling theulkgs current system via its role on
latitudinal migration of the STC and associated teries. Concerning the effect of global
cooling, recent studies suggest that the climas#/@@, feedback may play an important role,
in particular across the MPRZ, 25. The global coccolithophore production vary wéh
~400 ka periodicity46) and could affect the global carbon cycle althotlydpco, changes
during the Pleistocene could be compensated bibgaoically 6) or masked by higher
frequency cycles in the record.

The Agulhas leakage is supposed to have importéedt®n thermohaline circulation and ice
volume modulation 1-6). Benthic AS**C gradients between the Atlantic and the Pacific
Oceans, used as a ventilation pro¥%y (supplementary Fig. S4), are indicative of high
amplitude changes in Atlantic overturning and oPacific ventilation throughout the last 1.5
Ma according to a 400 ka periodicity. This longatevariability in the strength of Atlantic
overturning is phased with meridional shifts of 8€C and SZ which, as explained above,
modulate the efficiency of the Indian-Atlantic tsf@r of thermocline waters. This lends
credits to the critical role played by the AgulHaskage on the dynamics of the global
overturning circulation over longer time scales.isThypothesis is supported by a recent
modelling study showing that a northward shift lo¢ tvesterlies causes a contraction of the
subpolar gyres in the southern hemisphere, whidgh beduces the Agulhas leakage and
North Atlantic deep water formatio27).

Strengthening of the Agulhas leakage may have edi@cresumption of the AMOC during
terminations and a more vigorous AMOC during theenglacial periods of the last 450 ka
(Fig. 3 and supplementary Fig. S4). This transterld have promoted more heat transport to
high latitudes, warming of the northern hemisphame northward movement of the ITCZ
(28).

We argue that changes in Agulhas leakage consthetefore a key internal process leading
to the major climate shifts of the Quaternary perie. the MPT and the MBE.

Our interglacial period (the Holocene) is includetio a new cycle of 400 ka which is
characterised by an important minimum of eccenyri@tig. 3E). Our study indicates that this
configuration could be favourable for an importatrengthening of Indian-Atlantic transfer,
itself leading to a more vigorous AMOQ,(4, 29. A recent work also suggests that
anthropogenic forcing contributed to increased Agsalleakage during the past decads}, (

a pattern which is projected to continue and acatdeduring the twenty first centurgq).
Both the natural climate configuration enlightenéy our study and the modern
anthropogenic perturbation are therefore pronenttmereased transfer of heat and salt from
the Indian to the Atlantic Ocean in the near futuseth important implications on the
freshwater budget and the deep-water formatioherstibpolar North Atlanti( 3).
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Figure legends:

Fig. 1: Abundance (wt %) of the tropical spedi&sborotalia menardiin surface sediments
of the World Ocean (compilation from the MARGO dstae: see metho@. menardiiphoto
credit: Frederiqgue Eynaud, EPOC, Université Borde B CNRS) and schematic view of the
main oceanic surface circulation involved in thensfer of this taxon into the Atlantic Ocean
via the Agulhas current. The studied sites (ODP71@8d MD96-2048), reference sites
(MD96-2081/GeOB-3603-24] and ODP 109010, 20Q) and locations of the SubTropical
Convergence (STC) and the Subantarctic Zone (SZalao indicated.

Fig. 2: Mid- to Late Quaternary reseeding@fmenardiiin the tropical-subtropical Atlantic.
A) Concentration and AR db. menardiiat ODP Site 1087 in the southern Benguela region.
B) Relative abundance of Agulhas Leakage Fauna JAtFCape Basird|. Note that a new
age model for GeoB3603-2 and MD96-2081 was buikketiaon the correlation between the
8'%0 of the benthic foraminifer and the LR04 stackaliow comparison with our dataset. C)
Concentration and AR db. menardiiat site MD96-2048 in the SW Indian Ocean. The top
frame indicates th&. menardiizones in the tropical-subtropical Atlantic as defl by
Ericson and Wollin § and according to the revised stratigraphy of Maet al. 6, 17
(green/white frames point to the presence/absehtikectaxon, respectively) (see method).
Dashed lines indicate events of reseeding in th@dal-subtropical Atlantic Ocean.

Fig. 3: Coupled histories of Agulhas leakage andt®ypical Convergence (STC) migration
over the last 1.35 Ma. AY*?0 of benthicforaminiferaPlanulina wuellerstorfiat ODP Site
1087 and comparison with the LR04 stack (see metl@@ldcial marine isotopic stages (MIS)
and Terminations (Tx) are indicated. B) Agulhakéage as infered from AR @. menardii

at ODP Site 1087. Fine dashed lines point to recafiment of transfer at terminations. Grey
frames indicate sustained periods of transfer gtheming according to a 400 ka periodicity.
C-D) Concentrations of Ice Rafted Detritus (IRD)daBea Surface Temperature (SST)
reconstruction at ODP Site 1090 as tracers of nwerad shifts in the location of the STC and
SZ (19, 20. E) Eccentricity and obliquity cycles over thestlal.5 Ma 81). Top frame
indicates the Mid Pleistocene Transition (MPT) (8@® ka event and the Mid Brunhes Event
(MBE) are also indicatedy( 22.
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Supporting Online Material for

The Agulhas leakage: a key process in the modes@tiaternary climate changes

Thibaut Caley*, Jacques GiraudeduBruno Malaizé, Linda Rossignd| Catherine Pierfe

Methods

G. menardii Accumulation Rate (AR):

Because of the scarcity @&. menardiiin planktic foraminiferal assemblages at ODP Site
1087, we conducted a separate count of this speniéise total unsplit >125um fraction. We
subsequently expresse®. menardii abundance as both concentration (number of
specimens/gram bulk sediment) and Accumulation R&®R (number of specimens/éfka.)
according to the formula:

AR = concentration x SR x DBD.

Where SR (sedimentation rate in centimeter perghod years) = sedimentation rate after
conversion of original depth (meters below seasfloanbsf) into corrected depth (meters
composite depth -mcd) (Shipboard Scientific Pat§98) and construction of the final age
model, and DBD (dry bulk density in grams per cubantimeter) = 2.65 x (gamma-ray
attenuation bulk density — 1)/(2.65 — 1).

The same method was used to calculate the ARS.omenardiiin core MD96-2048 off
Mozambic.

In this study,G. menardiirefers to the complex which combin€s menardiispp. andG.
tumidawithout distinction of the different morphotypessubspecies.

Age models:

The oxygen isotope stratigraphy at ODP Site 10&&#&ed 0'%0 measurements on shell on
the benthic and planktic foraminiferBlanulina wuellerstorfiand Globorotalia inflatg
respectively. The timescale calibration of the irdd isotopic stages was previously
published for the 0-400 k&2) and for 400 to 1.5 ME3J) intervals, and was revised in the
present study by correlating th&0 records with the LR04 benthic stadd) (Fig. 3) using
Analyseries software3p).

The age model for core MD96-2048 is taken from Caleal. ).

All the data in figures 2 and 3 are plotted acangdp the LR04-based age model.

G. menardii abundance and MARGO database:

The modern and LGM distribution (wt%) &f. menardiiin the world Ocean (Figs. 1 and S1-
A) were interpolated from the MARGO databa$$-88 using the ArcGIS Geographic
Information System software.

Age of G. menardii biozones in the tropical-subtropical Atlantic:

The ages of biozones are essentially based onivetraal. {7, 19 which revised the Ericson
and Wollin(9) zonation scheme for the Caribbean, dividing theskbcene interval into 17
zones and subzones with an average resolution @ k&. Whereas the boundary ages of
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zones Z to T are relatively well constrained, tbguits are more uncertain for transition T4/S
and S/R.

According to Martin et al.1(7, 1§ the T4/S boundary is located within MIS 24-25 (0%
BP on the LRO4 age scale). A more recent st38y ¢onfirms that the T4/S boundary seems
occur after the Jaramillo which is dating at 990 k&0). By correlation with
magnetostratigraphy and oxygen isotope stratigrgmioposed by Wie4Q) this gives an
occurrence after MIS 26.

For the R/S boundary we choose the ideal zonafidfaatin et al.(18) (~1.2 Ma).

Supporting online material text

Orbital scale Agulhas leakage at site ODP1087

Independent orbital age models are required toesddthe role of orbital forcing on the
Quaternary dynamics of Agulhas leakage. The oxygetope stratigraphy of ODP Site 1087
is based on the orbitally-derived LR04 age sc&4).(To solve the problem of orbital
dependency, we developed another approach bastt @o-called depth-derived stadR7
(45) which is not relying upon orbital assumptionsg(F$3-A).

The G. menardiitransfer index is ideal to investigate interoceaohanges on long time-scale
but is less adapted for documenting the historyeakage at the scale of orbital changes.
Indeed, gaps of data occur in the benthic strgtlgyaof ODP Site 1087 (Fig. S3-A). This
limitation in mind, and because the orbital forcioig Agulhas leakage has been investigated
in details over the last 550 kd)(we focused our interpretation on supra-orbitalles changes
over the last 1.35 Ma.

A B-Tukey cross correlation analysis (time interQal.2 Ma, 2 ka step) betweéh menardii
record and ETP (constructed by normalizing andksatgceccentricity, tilt and negative
precession) on the LR04 and HO7 age models indicaime weak differences suggesting that
a small part of the variance observed with the LRGé model is linked to it3'°0 tuning
with orbital parameters (Fig. S3-B). However, weglectral power signal in the precession
band (23 ka cycle), and more important power in4hea (obliquity) and 100 ka cycles are
observed with the HO7 age model. These resultsrooi@aley et al. {) and Peeters et ald)(
assumptions that mid- to late Quaternary changeshé Agulhas current system are
essentially driven by 41 and 100 ka cycles overlas¢ 800 ka. The 400 ka cycle is also
visible (Fig. S3-B).
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LGM Period

o G.menardii
complex (%)

20°N- o © o 0
05,0 LY
. °o 03
% o o
20°S- I
(¢]
o
40°S- o ;\'(5
: <600
60°S-
T

80°S- ) ’bift—»

180° 160°W 140°W 120°W 100°W 80°W 60°W 40°W 20°W 0° 20°E 40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°

Fig. S1-A): Global distribution (wt%) of th&loborotalia menardicomplex during the Last
Glacial Maximum (LGM) (compiled from the PANGAEA-bted MARGO databas&§-39)

showing the absence (presence) of this foramiditereon in the Atlantic Ocean (tropical-
subtropical Indo-Pacific ocean).
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Fig. S1-B): Distribution (wt%) o6. menardiiin Indian and Pacific sediment cores providing
evidence for the continuous presence of this specmplex in this tropical-subtropical
ocean realm throughout the last 1.5 Ma (MD96-2a4& study; ODP 7224@); ODP 758
(43); 17957-2 44)). The grey boxes refer to the periods wherenenardiiis absent from the

tropical-subtropical Atlantic according to the foriaiferal zonation scheme given in the top
frame.
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Fig. S2: Cross-correlation analysis confirming thationship between the Agulhas leakage
fauna (ALF) @) and the ODP 108%. menardiiAR records of Indian-Atlantic interocean
exchange. This B-Tukey analysis (time interval @-&3, 2.15 ka step) was performed using
the Analyseries softwar@%). The horizontal grey line indicates the 95% cdefice level for
the coherency. We observed a high coherency inl0 41 and 23 ka bands with no
significant phase offset between records. Both mkc@ppear therefore closely related in
spectral power and phasing.
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Fig. S4:A8'C as an indicator of the overturning strength (Beed and Rickaby5) and
supplementary information therein) and A) comparisah abundance of Ice Rafted Detritus
(IRD) at ODP Site 1090 as a proxy of extreme noattdamigration of the STC and SZ during
glacial periods 19). IRD data at ODP Site 1090 indicate extreme maatld position of the
STC during glacial periods every ~400 ka, at tinoésextreme, sustained reduction of
overturning strength (Fig 4). B) Increased AR G&f menardiiat ODP site 1087 during
Terminations are triggered by deglacial strengthgf Indian-Atlantic transfer. This process
leads to an increase of overturning and a potergg@lmption of the AMOC20). Long term
changes in Agulhas leakage (horizontal lines) seemduce a more vigorous AMOC during
the interglacial periods of the last 450 ka.
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3. Conclusion

La dynamique du taxo®. menardiidans la région du courant du Benguela est en cea@c
celle de l'indice de transfert Indien-Atlantiqueupde courant des Aiguilles préalablement
publié par Peeters et al. (2004) et est indéperddmtia dynamique de ce méme taxon dans
'océan Indien. Notre travail a ainsi permis deided I'utilisation du taux d’accumulation du
taxon G. menardiiau site ODP 1087 comme indicateur du transfertndsse d’'eau de la
thermocline du courant des Aiguilles depuis I'océatien vers I'océan Atlantique.

Ce taxon est toujours présent dans les océansnimdi®acifigue au cours du Quaternaire
tandis qu'il subit des périodes d’extinctions ddoséan Atlantique tropical. Notre travail a
pu établir un lien étroit entre les périodes d’aegtation de transfert depuis le courant des
Aiguilles et les périodes de réapparitions du tamenardii(biozones) dans I'Atlantique
tropical. Nous proposons également que la disparitiu taxon puisse étre influencée par la
diminution drastique du transfert Indien-Atlantiqiepuis le courant des Aiguilles.

Notre étude montre également que I'ensemble desitiens glaciaires-interglaciaires au
cours des derniers 1.2 millions d’années est maparéun renforcement du transfert en
Atlantique Sud des eaux du courant des Aiguille® @nforcement au niveau des
terminaisons est marqué de facon plus prononcéelésu400000 ans. Nous avons également
mis en évidence une tendance marquée par un tranmsdgen plus important depuis environ
400000 ans. Ces variations observées sont lidasndigration de la Convergence Sub-
Tropicale (STC), avec probablement une migratios viEnts d’Ouest associés, qui réduit le
transfert durant les périodes glaciaires (posihand de la STC) et permet son renforcement
lors des transitions vers les périodes intergleesa(position Sud de la STC) (Bard and
Rickaby, 2009 ; Becquey and Gersonde, 2002). Lioeigle la migration de la STC et des
vents d’Ouest associés pourrait étre liée a laatgmiude 'amplitude des paramétres orbitaux
d’obliquité et d’excentricité (Ashkenazy and Gild8008; Bard and Rickaby, 2009; Caley et
al., 2011a).

Chacune des périodes marquées par une positic@nextrers le nord de la STC, et donc une
réduction drastique du transfert en périodes glasacorrespond a un changement majeur
dans le mode de variabilité climatique globale dwat@rnaire (MPT et Mid-Brunhes event :
MBE). Nous avons pu démontrer que ces modificatiomgortantes dans la position de la
STC et dans le transfert Indien-Atlantique du catirdes Aiguilles pouvait avoir une
répercussion importante sur la circulation therrabAe globale (diminution et reprise de
’AMOC) et donc sur le climat de I'hémisphére Nqiglard and Rickaby, 2009 ; Knorr and
Lohmann, 2003 ; Sepulcre et al., 2011 ; Sijp andl&rd, 2008). Nous avons donc propose
gue ce mécanisme océanique interne au systemdigir@aoit crucial pour la MPT, le MBE
et les transitions glaciaires-interglaciaires dwat@tnaire.

Finalement, notre étude nous a permis de situgyrdamique du transfert actuel au regard de
sa dynamique passée. L'Holoceéne (notre périodegiaigiaire) est situé dans un interval de
temps marqué par une amplitude fortement réduitéesteentricité et un transfert Indien-
Atlantique en moyenne plus important. Notre travadique que cette configuration est
favorable a un renforcement important du trangfeur les périodes interglaciaires. Associé a
I'effet d’augmentation récent (les derniéres dé@s)ndu transfert lié aux perturbations
anthropiques (Biastoch et al., 2009 ; Sen Gupt@9pP@ela pourrait constituer, a terme, un
facteur crucial pour le budget d’eau douce et fanfdion des eaux profondes en Atlantique
Nord (Beal et al., 2011 et références inclus).
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Partie 5 : Relations entre le climat du continent 8d-africain et le courant
des Aiquilles

1. Impact du climat continental Sud-africain sur lecourant des Aiguilles

La concentration en lipides des végétaux supérigueskanes) apportée au site MD96-2048,
dans la zone source du courant des Aiguilles, ceile des lipides d’origine terrestre
(branched GDGT'’s) et suggéere un apport par legnegi (fleuve Limpopo). Toutefois, le BIT
index indigue que l'influence du fleuve est trasitée. En effet, la proportion entre lipides
d’origines marines et ceux d’origines terrestreD@E3’s) dans le sédiment montre tres
clairement une dominance marine (valeur proche){EiQure 76).

De plus, les pollens transportés par le fleuve ldpmpjusqu’au site d’étude sont en trés faible
concentration dans le sédiment ce qui confirmealbld influence des décharges fluviales
(Dupont et al., 2011).

(6/61) s, 1 9@o payouelq |ejoy

Total higher plant n-alkanes (ug/g)

1.0 -«— Soil-derived source of GDGT's
0.8 1
0.6 1
=
28]
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Marine source of GDGT's
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Figure 76 : Impact du fleuve Limpopo sur le courdat Aiguilles. La quantité de lipides (n-
alkanes) apportée au site MD96-2048 suit les varet des lipides d'origines terrestres
(branched GDGT'’s) et suggére un apport par le feelwmpopo. Toutefois, le BIT index
indique que I'apport par le fleuve est trés lim{@leur proche de 0).
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Nous avons vu précédemment que I'effet de l'insmhatocale, qui pourrait éventuellement
contréler la mousson, est faible voir négligeabtairples enregistrements de salinité et
température du courant des Aiguilles. D’autre mhes augmentations de salinité pour le
courant sont associées a des augmentations dertgoreé Un contréle du climat continental
(précipitation estivale de I'Afrique du Sud) sur ¢®urant devrait se marquer par des
diminutions de la salinité de surface (déchargevidle) lors des augmentations de la
température du courant (Jury et al., 1993), camtnaent a ce que nous observons.

En revanche, le courant des Aiguilles a un impagtartant sur le climat Sud africain.

2. Contréle des variations de température de surfacde I'océan Indien Ouest sur les
dynamiques glaciaires-interglaciaires de la végétain pour I'Afrique du Sud-est

Le texte ci-aprés résume les conclusions d’un irgudlié par Dupont et al. (2011) :

Dupont, L.M. Caley, T., Kim, J.-H., Castaneda, |., Malaizé, B., Girauded., 2011. Glacial-
interglacial vegetation dynamics in South EastefricA coupled to sea surface temperature
variations in the Western Indian Ocean, Clim. P&t1209-1224, doi:10.5194/cp-7-1209-
2011.

Les fluctuations glaciaires-interglaciaires dans/égétation de I'Afrique du Sud pourraient
renseigner sur le systeme climatique tropical efm@an Indien et Atlantique. Cependant,
des enregistrements de végétation couvrant un @yelgaire complet ont seulement été
publiés pour le Sud-est de I'Atlantiqgue. Nous pnéses un enregistrement de pollen pour la
carotte marine MD96-2048 situé dans l'océan Indig) km au Sud de I'embouchure du
fleuve Limpopo. Les pollens et les spores ont étalygés pour les six premiers metres
(jusqu'a 342 000 ans) avec une résolution millénair

Les assemblages de pollens terrestres indiguenpeun@ant les périodes interglaciaires, la
végeétation de I'Afrique du Sud-est et du Mozambi§ue était représentée en grande partie
par des foréts a feuilles persistantes et cadudersdant les périodes glaciaires, la brousse
montagneuse ouverte dominée. La forét montagneuesePa@docarpuss'est étendue pendant
les périodes humides, favorisées par l'insolatomale. La corrélation avec I'enregistrement
de température de surface océanique obtenu panéiae carotte indique que I'extension de
la brousse montagneuse dépend principalement dg®tatures de surface du courant des
Aiguilles. Notre enregistrement corrobore la pretegestre de I'extension de la brousse
montagneuse ouverte (incluant les éléments ayantatfmité avec la flore du Cap) pour le
dernier glaciaire aussi bien que pour les autregoges glaciaires au cours des derniers
300000 ans.

L’article complet est disponible en Annexe a ladacette these.
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Conclusion (Intéractions moussons-courant des Aiguilles)

Dans cette these, nous avons pu étudier la dynamigula mousson ainsi que celle du
courant des Aiguilles a I'échelle orbitale (incltides conditions glaciaires/interglaciaires) au
cours du Quaternaire.

Notre travail place I'océan Indien au cceur du phésme de mousson Indo-asiatique. L'océan
Indien permet la mise en place du gradient de pmessécessaire a linitialisation du
phénomene de mousson (différence de chaleur sepditdns le cadre de la mousson Indo-
asiatique, le role de lI'océan Indien ne s’arréte |ga Nous avons pu mettre en évidence
I'importance des forgcages climatiques internes.o8&sa I'effet du volume de glace, le réle
important de la chaleur latente de I'océan Indied Sermet d’expliquer la dynamique de la
mousson estivale, en accord avec les observatiogséonologique actuelles. Ces
caractéristiques particulieres permettent de djgen la mousson Indo-asiatique des autres
systémes de mousson (Afrique de I'Est et de I'Quest

Concernant le courant des Aiguilles, nous avongtpblir un lien étroit entre la dynamique
du transfert Indien-Atlantique et les caractéristis| des masses d’eau du courant (en termes
de température et de salinité). Les variations darsysteme du courant des Aiguilles sont
intimement liées a la dynamique des hautes lattugled par I'effet de la migration de la
convergence subtropicale (STC) et des vents d’Casssiciés. Ainsi, le transfert de chaleur et
de sel par le courant des Aiguilles a fortemeniévdarant la période Quaternaire, notamment
durant la Mid Pleistocéne Transition. Des fortegateons pour les périodicités de 41000 ans
(obliquité) et de 100 000 ans (glaciaire/intergiirel) avec un role faible de la précession
(23000 ans) ont également été mis en évidence.rdresfert a pu affecter la circulation
thermo-haline et étre un acteur majeur des tramsitglaciaires/interglaciaires ainsi que de la
modulation de la durée et de l'intensité de ceetar ces périodes au cours du Quaternaire.
Par ailleurs, le courant des Aiguilles exerce umtdde plus régional sur le climat du
continent Africain.

Ayant mieux caractérisé la dynamique de la moudedn-asiatique, tout comme celle du
systéme du courant des Aiguilles, nous pouvonsrdess établir les éventuels liens entre ces
processus atmosphériques et océaniques majeurxdan Indien. Nous savons par exemple
que la périodicité de précession (23000 ans) gsbiitante pour la dynamique de la mousson
Indo-asiatique alors que cette variabilité estléaitent exprimée dans les archives du systeme
du courant des Aiguilles. Nous commencerons domctgster quel peut étre I'impact des
moussons Indo-asiatiques sur le courant des AagufFigure 7).
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Partie 1. Contréle de la mousson Indo-asiatigue sua dynamigue du
courant des Aiquilles

1. Introduction

Nous savons que le forcage des hautes latitudeswesal pour la dynamique du systeme du
courant des Aiguilles et le transfert de masseuw'e@ire I'océan Indien et Atlantique. Un
forcage des basses latitudes a seulement été @pstutertains travaux pour la périodicité de
23 000 ans (Peeters et al., 2004) et celle de 40866 (Bard and Rickaby, 2009 ; Caley et
al., 2011 in preparation). Pour la périodicité 88@0 ans, un lien a méme été proposé avec la
dynamique de la mousson Indienne. Nous allons rtestelien potentiel et nous nous
intéresserons également a la périodicité de 3068(@asente dans la dynamique du transfert
Indien-Atlantique du courant et qui n’a jamais fiaobjet de discussion. Pour ce faire, nous
allons comparer les enregistrements de transfatterAtlantique pour le courant des
Aiguilles et des enregistrements qui documentennhtasson Indo-asiatique et I'El Nifio-
Southern Oscillation (ENSO) a I'échelle orbitale.

Caley, 2011 - 214 -



Conclusion

2. On the possible role of tropical Indo-Pacific egmate dynamics for the Agulhas leakage

Avrticle in preparation for Geochemistry, GeophysiGgosystems

On the possible role of tropical Indo-Pacific clim& dynamics for the
Agulhas leakage

Thibaut Caley, Bruno Malaizé, Jacques Giraudeawjd.Rossignol, Jung-Hyun Kim,
Thibault de Garidel-Thoron.
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Abstract

Previous studies on the Agulhas current system dagamented the important role of high
latitude forcing, through the SubTropical Convergeen(STC) migration and associated
westerlies, to explain the Agulhas transfer of hawad salt from the Indian Ocean to the
Atlantic Ocean (Agulhas leakage). Potential lowtlale controlled on the Agulhas leakage
was only postulate for the 23 and 400 ka periaégitHowever, the presence of high latitude
climate forcing, which also occurs for such peroities, hamper to determine an exact role of
low latitude climate variability on the Agulhas keae.

In this work, we address possible low latitude ifogcfor the Agulhas transfer with the study
of a 30 ka periodicity which is observed in the Ags leakage but absent in the SubTropical
Convergence (STC) proxies. We find that strong Agsltransfer in the 30 ka periodicity is,
in overall, in antiphase with Indo-Pacific equasbthermocline slope variation. We proposed
that interaction between El Nin6—Southern OscolatfENSO), the Indo-Asian monsoon and
the Indian Ocean Dipole (I0D) might be responsiifieche 30 ka variability in the Agulhas
leakage. A stronger equatorial thermocline slopgatian results in a lower leakage, a
mechanism supported by actual satellite observatida our knowledge, this constitutes the
first evidence of a possible Indo-Pacific low latie/equatorial secondary forcing for the
Agulhas leakage into the past.
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1. Introduction

The greater Agulhas current system around southiita allows the exchange of warm and
saline waters from the Indian ocean to the Atlantie so-called Agulhas leakage, which
affects the Atlantic meridional overturning circtibem (AMOC) (Gordon et al., 1992 ; De
Ruijter et al., 1999; Lutjeharms, 2006) (Figure 1).

Nowadays, leakage of heat and salt into the Soutan#ic is expressed in three forms
(Lutieharms, 2007): direct leakage, Agulhas filatseand the Agulhas rings formed in the
Agulhas current retroflection. By far, the greatkstkage takes place via the shedding of
rings (Lutjeharms, 2007) (Figure 1). In its southpart, the Agulhas current retroflects in a
tight loop, with most of its waters subsequentlgwiing eastward as the Agulhas Return
Current (Lutjeharms, 2006). This loop configuratien unstable and Agulhas ring are
generated within at irregular intervals (Figure 1).

The importance of this process of ring sheddingtha Agulhas retroflection has been
demonstrated during the past decade. It takesigsawithin the triggering of Natal Pulses
and these, in turn, may be influenced by the Agultiarrent flux perturbations (Lutjeharms
and van ballegooyen, 1988) or eddy formation indberce regions of the Agulhas Current
(Schouten et al., 2002). On this basis, it has Hean shown that each Natal Pulse caused the
shedding of an Agulhas ring when it reached thellagi retroflection. This result has also
subsequently been confirmed by studies of Lutjelsatral. (2003).

It has been demonstrated that the Agulhas trainsfera crucial role in the global oceanic
circulation (Gordon et al.,, 1992). Modelling stuglibave suggested that this exchange (1)
stabilizes (Weijer et al., 2001) and influencesadiat variability of the Atlantic overturning
circulation (AMOC) (Biastoch et al., 2008) and (Bat an increase leakage during the past
decades has contributed to the salinification otts@tlantic thermocline waters (Biastoch et
al., 2009; Curry and Mauritzen, 2005). Paleostudles show that the Agulhas transfer has a
profound effect on climate changes at orbital, iglaoterglacial and long term Mid
Pleistocene Transition changes over the Quaterparypd (Peeters et al., 2004, Bard and
Rickaky, 2009, Caley et al.,, 201la; Caley et al., preparation). These studies have
demonstrated that the main Agulhas current watessnpaoperties and transfer variability is
controlled by high latitude forcing by varying thmosition of the STC and associated
westerlies (Peeters et al., 2004; Caley et al.120Bard and Rickaby, 2009). Amongst these
works, part of them postulates a possible secondamyrol of low latitude climate on the
Agulhas leakage at the 400 ka (Bard and Rickab§92Caley et al., in preparation) and 23
ka periodicities (Peeters et al., 2004). Howevke work of Caley et al. (2011a) have
hypothesis that the 23 ka period in the Agulhakdga cannot be explained by the low
latitude Indian monsoon variability but, on the tany, with the high latitude forcing. The
400 ka band variability is also present in frordiahnges (STC migration) records (Bard and
Rickaby, 2009; Becquey and Gersonde, 2002) andithopers to determine the exact role of
low-latitude climate forcing on the Agulhas leaka@ar working hypothesis consists to find
variability in the leakage which is not recordedrontal changes and determine the origin of
such variability. Here, we examine in details tk&ationship between the Agulhas leakage
and the low latitude Indian Ocean climate dynarfir that purpose, we compare previous
and new data from the Agulhas current system antsouwn/ENSO dynamics.
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2. Material and Methods
2.1 Foraminifera assemblage for core MD96-2048

Core MD96-2048 is located beneath the present (psec’ region of the Agulhas
current (26°10'482S, 34°01'148E, 660 m) (Figure The age model for this core has been
previously published (Caley et al., 2011a).

The subsamples were dried, weighed, and washeg &0erm in the core through a 1hth
mesh sieve. Total assemblages of planktonic fordenenwere analyzed using an Olympus
SZH10 binocular microscope following the taxononfiyHemleben et al. (1989) and Kennett
et al. (1983). About 300 specimens were countedaich level after splitting with an Otto
microsplitter. In order to compare our data with firevious index of Agulhas leakage fauna
(ALF) (Peeters et al., 2004), we have built thengtanic foraminifera assemblage as the sum
of Pulleniatina obliquiloculata Globigerinita glutinata Hastigerina pelagicaGloborotalia
menardij Globigerinoides sacculiferGlobigerinella siphonifera Globigerinoides ruber
Orbulina universa Globoquadrina hexagonand Globorotalia scitula This assemblage
includes all the same species that the ALF (Peeteat, 2004) and will be named ALF-like
in the following parts.

2.2 Spectral analysis and phase estimation

All the spectral analysis and phase estimation pagormed with the Analyseries
software (Paillard et al., 1996). Proxies have bgmactrally compared with an astronomical
index called ETP to evaluate coherence and phiased) relative to orbital extremes (Imbrie
et al., 1984). ETP is constructed by normalizing atacking Eccentricity, Tilt (obliquity) and
negative Precession.

3. Results and Discussion
3.1 Agulhas leakage proxies

To reconstruct the Agulhas leakage history, Peeétral. (2004) use a characteristic
assemblage of planktic foraminifera in modern Agslhing (south of the African continent)
as a modern analog. To make sure that this indestisnfluence by the dynamics of species
in the precursor area of the Agulhas current, weestigate the variation of this faunal
assemblage at our core site (MD96-2048) locatecditbnthe present “precursor” region of
the Agulhas current (Figure 1). The “ALF-like” atesMD96-2048, which includes all the
same species of the Agulhas leakage fauna (ALF9t@P et al., 2004), exhibit lower/higher
values during decrease/increase periods of leakaggesting a potential bias for the ALF
index (Figure 2). However, the correlation is wdadtween the two records (Pearson's
product-moment correlation with “R” software = 0.4795% confidence interval) and a large
number of Agulhas leakage events are associataddecrease in ALF-like (Figure 2). This
suggests that the ALF is a robust index of transfer

In addition, Wefer and Berger (1996), Giraudeaale{2000), Rau et al. (2002) and Caley et
al. (in preparation) have develop another appro@mcildocument past Agulhas leakage
variability based on the peculiar dynamic of thepical specie$s. menardiiin the Atlantic
Ocean (Figure 1). The comparisons of both proxets/éen site ODP 1087 (Caley et al., in
preparation) and site MD96-2081 (Peeters et abD4PGiave been demonstrated to be very
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consistent (Caley et al., in preparation suppleargninformation). A high coherence, with
significant power for the main orbital bands (18Q,and 23 ka), is observed between the two
proxies of transfer (Figure 3). Caley et al. (201dlao show that the variability in the 100, 41
and 23 ka band (although weak/negligeable for thé&&band) also resides in the SST and
SSS of the Agulhas current, indicating a coupliegugen transfer and water mass properties
of the current (Figure 2-3).

3.2 Precession forcing for the Agulhas leakage

Previous study have hypothesis a link between namstynamics and the Agulhas leakage
(Peeters et al.,, 2004). Caley et al., (2011a) hewggest no direct relationship between
increase monsoon strength and increase in Agudekage on the basis of a synthesis works
for the timing of strong summer monsoon in the psson band (Clemens et al., 2010).
However, differences between age models hamperatetermine the exact nature of the
relationship between Indian monsoon and Agulhakalga variability. The new Indian
monsoon stack of Caley et al. (2011b) based on ge model not relying on orbital
assumption, confirm no direct relationship betwetrong summer Indian monsoon and
increased Agulhas leakage in the 23 ka band (Figurendeed, the monsoon stack of Caley
et al. (2011b) and previous works (Clemens et1&91; 1996; 2008; 2010; Clemens and
Prell, 2003) have demonstrated that decreasedakene and increased latent heat export
from the southern Indian Ocean set the timing afngt Indo-asian summer monsoons within
the precession band. This implies that Indo-asimnser monsoon lag by ~ 8-9 ka the
minima of precession contrary to the in-phase imiahip found between maximum of
leakage and minima of precession (Figures 4-5).céfdirm here our previous hypothesis,
presented in Caley et al. (2011a) which argued thahsoon cannot be the trigger of
important events of Agulhas leakage in the preoesbkiand contrary to what it has been
previously hypothesis (Peeters et al., 2004).

Another candidate for a possible control of thek23variability observed in the Agulhas
leakage might be the El Nin6—Southern OscillatiBN$O) (Figures 4-5). Indeed, ENSO has
an important impact on the walker circulation ire tRacific Ocean which is a part of the
transverse monsoon circulation (Webster, 1998)viBus work has also established a link
between equatorial winds in the Indian Ocean and&@HNke variability (Beaufort et al.,
1997). The Indonesian Throughflow (ITF), enterihg tndian Ocean basin between 10° and
15°S is another cause of interannual variabilitgpehdent of ENSO (Meyers, 1996). The
modelled ENSO (Clement and Cane, 1999) lead miming@recession by ~7 ka with a
constant shift with paleo-data (Beaufort et al.0P0and thus, no direct relationship exist
between ENSO variability and the Agulhas leakagguifes 4-5). If the 23 ka band in the
Agulhas leakage is not controlled by the equatdridb-Pacific dynamics none Indo-asian
monsoon dynamic, it could have a high latitudeiarnga STC changes. Indeed, Peeters et al.
(2004) have demonstrated that a very weak 23 kagevas also present in the STC. The
cross spectral analyses between the STC proxietgiReet al., 2004; Becquey and Gersonde,
2002) and the ALF confirm this hypothesis (Figuye 6

Periodicity which is not present in the STC, as &trongly affected by high southern latitude
climate (400, 100, 41 and 23 ka band), might repressa potential low latitude control on the
Agulhas leakage. The 30 ka period present in thalbfsg leakage follows this criterion
(Figure 3 and 6).
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3.3 Equatorial forcing (30 ka period) for the Agagheakage

A significant peak is observed in the 30 ka bandufe 3A) in both the ALF an®. menardii
proxies and has never been addressed in previodest Spectral analysis performed on the
SSS and SST of the Agulhas current (Caley et @lL1&) also reveal a weak but significant
spectrum in the 31 ka band (Figure 3B), thus ctosthe 30 ka band recorded in the transfer
proxies.

The Agulhas leakage presents a 30 ka period wkisghificant but not present in the STC
proxies (Figure 3 and 6). This suggests that hagjkulde southern hemisphere forcing through
STC migration cannot explain such periodicity ia thakage.

Interestingly, a 30 ka variability in the Indo-Placiequatorial thermocline slope variation has
been documented by primary productivity changesa(Bat et al., 2001). Monsoon pollen
records from the southern hemisphere (north of ralia) also indicate significant amounts of
variance at the 30 ka period, suggesting thatsilgisal is pervasive throughout the Indonesian
region (Kershaw et al., 2003). Beaufort et al. (@0Bave estimate the phase relationship
between the equatorial thermocline slope variaffimary productivity changes) and the
CO, measurements in ice cores at the 30 ka band &ble$t a link between equatorial
biological productivity and modification of the atspheric CQ. We have applied the same
reference to estimate the phase relationship ®Atulhas leakage proxies (Figure 7).

We observe differences between Agulhas leakageiggoand the equatorial thermocline
slope variation. Important leakage of heat and@aiur in opposition to important equatorial
thermocline slope variation (Figure 7). Even if tieéationship forG. menardiirecord could
be complex (and could come from age model uncertainsee Caley et al., in preparation
supplementary information), our data suggests itngbrtant equatorial thermocline slope
variation is associated to weaker leakage. Beawfodl. (2001; 2003) interpret the 30 ka
signal as a cyclic phase shift of the precessioramater. The mechanism involved is
uncertain but could be linked to the boreal summensoon in interaction with ENSO.

We hypothesize that the 30 ka variability is indéeked to interaction between low latitude
climate processes such as ENSO, the monsoon ariddia® Ocean dipole (IOD). The 10D
correspond to a dipole mode in the Indian Oceamadherized by a pattern of internal
variability with anomalously low sea surface tengperes off Sumatra and high sea surface
temperatures in the western Indian Ocean, with rmpemying wind and precipitation
anomalies (Saji et al., 1999).

Actual satellite altimeter observations confirm @seanic teleconnection between equatorial
winds and variability of the interocean exchangbofBen et al., 2002). Individual Kelvin
waves have been observed to travel southward almgndonesian coast (Sprintall et al.,
2000) (Figure 8). At around 10-12°S, the Kelvin esseem to induce Rossby waves. The
interaction of the Rossby waves with Madagascatdé¢a the formation of large anticyclonic
eddies. This affects the frequency of Mozambiquar®kl eddies and shed eddies from the
southern limb of the East Madagascar Current (DgdReet al., 2004), propagates southward
into the Agulhas Retroflection region and resultdange Agulhas rings that move into the
South Atlantic.

During the IOD/ENSO in 1997/1998 (Figure 8; Schoutt al., 2002), no Kelvin wave
arriving into the Indonesia area in November 198d geduced eddy formation in early 1999
are observed (Shouten et al., 2002). Subsequdrgtween January and September 2000 no
Agulhas rings were shed into the Atlantic (Quaathd Srokosz, 2002).

The factors which control the variability of thedlan Ocean local wind field could include
links to 10D, ENSO or interannual variations of th@nsoon system but needs further
investigation (Palastanga et al., 2006). Meanwlalegonnection between the large-scale
variability of the Indian Ocean and Mozambique Glelreddies exist (Backberg and Reason,
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2010). We propose that past recurrent occurreroetlie past of similar situation such as the
IOD/ENSO 1997/1998 could drive the 30 ka signaleobsd in the Indo-Pacific equatorial
thermocline slope variation and lead to a decrea$ékde Agulhas leakage (Figure 7 and 8).
This could establish the first link between thetpeguatorial Indo-Pacific Ocean dynamics
and the Agulhas leakage variability.

Conclusion

Previous studies for the Agulhas current systene ltkemonstrated that the main driver of the
Agulhas leakage was the high latitude forcing tigloulSTC migration and associated
westerlies. A secondary low latitude control wadyopostulated but has never been
demonstrated. Here, we have investigated in detaélgelationship between the low latitude
Indo-Pacific climate variability (such as ENSO, tmensoon) and the Agulhas leakage. We
confirm that the 23 ka variability in the Agulhasakage is probably related to high latitude
southern climate changes rather than a direct qoesee of Indian monsoon or ENSO
intensification. We have also found that the Agslleakage contain a 30 ka periodicity, also
present in the equatorial slope variation of théoH®acific oceans, but absent in the STC
proxies (Peeters et al., 2004; Becquey and Gers@f). We hypothesize that this 30 ka
period in the Agulhas leakage is controlled byratdons between ENSO, the monsoon and
the 10D into the past. Important equatorial therhmecslope variations are associated to
important reduction of Agulhas leakage, a pattemn agreement with actual satellite
observations. Beaufort et al. (2001) postulate tthat30 ka cycle was restricted to the tropical
Indo-Pacific Ocean. Our study highlights a mechanmch allows the transfer of this signal
to the south Atlantic via an oceanic teleconnectaou constitutes the first evidence of
possible equatorial/low latitude forcing on the Awms leakage, which then, could have been
impacted the thermohaline circulation and globmhate.

Caley, 2011 -221 -



Conclusion

Figure captions

Figure 1: Agulhas current system records and Inthansoon record used in this study. Core
MD96-2048 is located beneath the present “prectursgion of the Agulhas current (Caley
et al., 2011a). Core MD96-2081 (Peeters et al..4pG@hd ODP 1087 (Caley et al., in
preparation) are located in the Agulhas water nesisage region between the Indian and the
South Atlantic Ocean. Core ODP 1090 is locatechendctual Subantarctic zone, close to the
SubTropical Convergence (STC) (Becquey and Gersdtf®?). Core MD04-2861 is located
in the northern Arabian Sea and document the Ingiansoon history (Caley et al., 2011b).

Figure 2: Agulhas leakage of heat and salt. a) “AkE&” for site MD96-2048. b) Agulhas
leakage fauna (ALF) (Peeters et al., 2004). c) Audation rate ofG. menardiiat site ODP
1087 (Caley et al., in preparation). d) Sea surtaoceperature (SST) stack for the Agulhas
current (Caley et al., 2011a). ap180sw (~ sea surface salinity proxy) for the Agslha
current (Caley et al., 2011a). The poor corretatietween the ALF-like and the ALF
demonstrate that the ALF is a robust index of iemd-rames indicate events of Agulhas
current leakage of salt and heat from the Indiaeadcto the South Atlantic Ocean (with
major events in red colour).

Figure 3: Frequency spectra for Agulhas leakaggigscand their significance. A) Blackman-
Tukey cross correlation spectral power and cohgrémrcthe ALF and the accumulation rate
of G. menardii A 30 ka cycle is visible in addition to the marbital bands (100, 41 and 23
ka). B) Tukey and MTM spectral power (plain linejdaamplitude (dash line) with
significance for the sea surface temperature ($®@)sea surface salinitgd*Osw ~ SSS)
of the Agulhas current. A 31 ka cycle is visibleaidition to the main orbital bands (100, 41
and 23 ka). All the spectral analyses were perfdrmgh Analyseries software (Paillard et
al., 1996).

Figure 4: Precession forcing for the Agulhas leakay) Precession parameter (Laskar et al.,
2004). b) 500 years average NINO3 (Clement and CH9@9). c) Indian summer monsoon
stack (Caley et al., 2011b). d) SubTropical Fr@EC) migration index (Peeters et al., 2004).
e) Agulhas Leakage fauna (ALF) (Peeters et al.4pOBack lines are 23-kyr (precession)
Gaussian filters. Vertical dashed lines indicateximam Agulhas leakage in phase with a
southward migration of the STC and precession manioat not in phase with summer
monsoon or NINO3 maxima.

Figure 5. Cross-spectral coherence and phase vgueeimaries. The diagrams show the
Agulhas current system proxies relationship witdidam monsoon, NINO3 and equatorial
thermocline slope variation forcing at the orbpaécession (23 ka) periods. The precession
index is defined aaesinw where w is the longitude of perihelion meadurom the moving
vernal point and e is the eccentricity of Earthtbibabout the sun (Berger, 1978; Laskar et
al., 2004). Zero phase is set at precession minMegative phases are measured in the
clockwise direction representing temporal lags. t¥edength represents coherence (dotted
circle marks 95%). The width of the vectors coroegs to the phase band width (80%).
Phase relationships between the ALF and STC (Reetal., 2004; Becquey and Gersonde,
2002), the AR of G. menardii (Caley et al., in @egiion), the Indian summer monsoon stack
(Caley et al., 2011b), the equatorial thermoclilope variation (Beaufort et al., 2001) and the
500 years average NINO3 (Clement and Cane, 1989)isible.
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Figure 6: Blackman-Tukey cross correlation frequyesectra with the coherency (obtained

with analyseries software: Paillard et al., 1996)e SubTropical Convergence (STC) proxies

(core MD96-2081 after Peeters et al., 2004 and &5 Tore ODP 1090 after Becquey and

Gersonde, 2002) and the Agulhas leakage fauna (ALPgeters et al. (2004). Coherency is

found for the 100, 41 and 23 ka bands but nothfer30 ka band. This suggests that the 23 ka
in the ALF is related to the frontal changes (STereas it is not the case for the 30 ka

period in the ALF.

Figure 7. Cross-spectral coherence and phase vguweeimaries. The diagrams show the
Agulhas current system proxies relationship wittuagqrial thermocline slope variation
forcing at the 30-kyr filtered C{periods (Luthi et al., 2008). Zero phase is seéhat30-kyr
filtered CQ maxima. Negative phases are measured in the cisekirection representing
temporal lags. Vector length represents coherestmged circle marks 95%). The width of the
vectors corresponds to the phase band width (80%).

Phase relationships between the ALF (Peeters,e2@4), the AR of G. menardii (Caley et
al., in preparation), the Agulhas current SST aB& $Caley et al., 2011a) and the equatorial
thermocline slope variation (Beaufort et al., 208d9 visible.

Figure 8: Westerly windbursts and IOD/ENSO perigdthe Indo-Pacific Ocean (November
1996 and 1997 respectively) and impact on the Aapilleakage. Indications for Rossby
waves, Kelvin waves and Agulhas transfer after &moet al. (2002). We hypothesize that
the IOD-ENSO and Indian monsoon interaction asreat situation which will occur into
the past could explain the 30 ka cycle in the emigltthermocline slope variations (Beaufort
et al., 2001; Beaufort et al., 2003) and lead thuce Agulhas transfer (data after IRI/LDEO
Climate Data Library, original reference: Chenewlet1994).
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3. Conclusion

Nous avons pu montrer que, comme préalablementesiésp (chapitre 4, partie 3), la
variabilité de précession (23000 ans) dans le fieansndien-Atlantique du courant des
Aiguilles est probablement associée a un forcagehdetes latitudes a travers la dynamique
de la convergence subtropicale (STC) plutét quedaséquence de lintensification des
moussons Indo-asiatiques ou de 'ENSO.

Toutefois, une périodicité a 30000 ans dans lestesih est absente des indicateurs de
migrations de la STC alors qu’elle est présentes dawariation de la pente de la thermocline
équatoriale des océans Indo-Pacifiques (Beaufatt,€2001). Nous proposons donc que cette
variabilité soit la conséquence des interactiorieediENSO, la mousson Indo-asiatique et le
dipble de I'océan Indien (IOD) dans le passé. Hatefes observations satellites actuelles
indiquent que les perturbations dans la pente dedanocline équatoriale sont associées a
une réduction du transfert du courant des Aiguitlest I'origine serait les interactions entre
les processus climatiques a I'ceuvre dans les zégeatoriales Indo-Pacifiques (mousson,
ENSO et IOD) (Palastanga et al., 2006 ; Schoutah,e2002). Ce mécanisme d’interaction et
cette téléconnection océanique pourraient donsmtnatire cette variabilité de 30000 ans vers
'océan Atlantique Sud, affecter la circulation in@haline et donc le climat global (Figure
77).

Dans tous les cas, ce forgcage Indo-pacifique tedfevec un réle potentiel de la mousson)
reste une variabilité secondaire pour le transfartourant des Aiguilles. En effet, la source
majeure actuelle pour le courant des Aiguilles ol de la recirculation dans la gyre
subtropicale (Figure 27). Ce mécanisme de recitiomiasemble transposable a I'échelle
paléocéanographique pour la période Quaternaire.

e s—

Indo-Asi@- —
monsoon \

Ocean Data View

Figure 77 : Téléconnection entre la dynamique tcafg de I'Indo-pacifique (intéractions
mousson, 10D et ENSO) et le transfert du couramst Aiguilles avec son impact climatique
global potentiel (Ocean Data View : Schlitzer, 2p11

Caley, 2011 -235 -



Conclusion

Partie 2. Impact du courant des Aiguilles sur la masson Indo-asiatigue

Les interactions entre la mousson, I'lOD et FTEN$®uvent avoir un impact, bien que
secondaire, sur la dynamique du transfert du coudas Aiguilles. Ce transfert étant
important pour le climat global (Beal et al., 201fpus pouvons supposer un impact du
transfert sur la dynamique des moussons Indo-qaesi

Nous avons établi que le transfert Indien-Atlangiquariait de fagcon importante pour les
pseudo-périodicités de 100 000 ans (glaciaires(jlaeiaires) et la périodicité de 41000
(obliquité). Nous savons également que le transdefu jouer un réle important sur la
circulation thermohaline et moduler l'intensité,mome la durée, de certaines périodes
interglaciaires et glaciaires. Ce processus pduaaoir un effet sur la dynamique des
moussons Indo-asiatiques estivales et des répe@nssgncore plus importantes sur la
mousson  hivernale qui présente une sensibilité  awariations/conditions
glaciaires/interglaciaires plus marquée. En eféstmoussons hivernales durant les MIS 10 et
12, pour lesquelles le volume de glace est modatel'pffet du systeme du courant des
Aiguilles (Bard and Rickaby, 2009), sont partictdient intenses dans certains
enregistrements de lcess (Figure 58).

D’autre part, nous savons que le transfert du cdwaavarié de fagon significative durant les
changements de modes climatiques globaux (Mid tBtmse transition: MPT et Mid-
Brunhes event: MBE). Nous avons donc comparé lesations de transfert Indien-
Atlantique du courant des Aiguilles et leurs imgasdir la ventilation océanique globale avec
I'intensité de la mousson estivale indienne au €alarla période Quaternaire (Figure 78). Les
périodes critiques de la MPT et du MBE se traduipan des changements importants dans le
transfert qui affecte la ventilation globale degarts et notamment TAMOC (Figures 78A et
B). Ceci pourrait affecter la modulation du volunie glace de I’hémisphére Nord (Figure
78C). Ces changements majeurs pour le volume @& glant ensuite pouvoir se répercuter
sur la mousson estivale indienne (Figure 78D). tiaildissement de la mousson estivale est
clairement visible lors des périodes d’augmentationvolume de glace durant la MPT et
aprés lintensification des cycles glaciaires/igtaciaires du MBE (Clemens et al., 1996).
Ainsi, une relation peut étre établie entre legfart du courant des Aiguilles et I'intensité de
la mousson estivale indienne. Il est égalementrasgant de noter que la diminution
importante de la mousson a partir du MBE corresponde période pour laquelle le transfert
du courant des Aiguilles est, en moyenne, renf@fagure 78). Ceci rejoint nos conclusions
pour la périodicité de 23000 ans dans le transfdth mousson n’est pas directement
responsable des variations dans la dynamique dsférd Indien-Atlantique du courant des
Aiguilles mais plutot le forcage associé a la migrade la STC.
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Figure 78 : Téléconnection entre A) Le transfediém-Atlantique du courant des Aiguilles,
B) Son effet sur la circulation thermo-haline endaAtique Nord (Bard and Rickaby, 2009
supplementary information ; Mix et al., 1995 ; Ruddn et al., 1989), C) L'impact potentiel
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Partie 3. Contrble du courant des Aiquilles sur leclimat Sud-africain et
implication pour la mousson globale

Le concept de mousson globale prévoit une antippate hémisphéres Nord et Sud via la
migration de I'l'TCZ qui résulterait du forcage dedrécession aux basses latitudes. Ainsi, la
période humide africaine documentée dans différentegistrements de I'Afrique de Nord
(De menocal et al., 2000 ; Hoelzmann et al., 198&ldeab et al., 2007) devrait correspondre
a un climat aride dans I'hnémisphére Sud. Cettephate dans la position de I''TCZ et
I'asymétrie dans les cellules de Hadley est docuégedans les enregistrements d’Amérique
du Sud qui indiquent un climat plus aride (Bakealet2001 ; Behling et al., 2002 ; Wang et
al., 2004 ; 2007) durant la période humide afrieaifoutefois, des études récentes montrent
que ce meécanisme n’est pas valable pour I'AfriqueSdid-ouest qui est marquée par une
période humide tout comme le Nord de I'Afrique (€daet al., 2009 ; 2010 ; 2011 ; Figure
79). Ces auteurs expliguent que la diminution desdlation boréale entraine un
refroidissement aux pdles et une intensificatios daticyclones subtropicaux synchrones
entre les hémisphéres. Dans le Sud-est Atlantiqeda pourrait se traduire par une
intensification des alizés qui entrainerait unensification de 'upwelling cétier est donc une
aridification de la région Namibienne. Ainsi, la usson Africaine Nord et Sud pourrait étre
synchrone plutét qu’en antiphase (Figure 79).
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Figure 79 : Le concept de mousson globale vu aemaVantiphase des hémisphéres Nord et
Sud. A) Ba/Ca comme indicateur de décharges flewiliEes a la mousson estivale Nord-
ouest africaine (Weldeab et al., 2007). BJO des spéléothémes de Botuvera cave comme
indicateur de la mousson estivale en Amérique dil Bvang et al., 2007). GY*°N des
excréments fossilisés dans la roche comme indicaela mousson estivale de I'Afrique du
Sud-ouest (Chase et al., 2009 ; 2010 ; 2011). Lriogé humide Nord africaine est indiquée
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par le cadre. Elle est associée a une période apok ’Amériqgue du Sud mais une période
humide pour I'Afrique du Sud. Les courbes rougesédsentent I'indice de précession et celle
en pointillée, I'obliquité (Laskar et al., 2004).

La question qui en découle est de savoir pourgaanbusson en Amérique du Sud est
antiphasée. Comme expliqué par Chase et al. (20&8),différences observées entre
I’Amérique et I'Afrique du Sud ne sont pas incomblas. Une forte distinction existe pour
les interactions avec les systemes océaniquesneisphériques en ce qui concerne la
géographie de I'Afrique et de I’Amérique. De pluss téléconnections avec les hautes
latitudes ont un effet limité dans la zone tropic&lud américaine comparées a celles de
I'Afrique.

Nous avons démontré, a travers les enregistrendeniss mousson boréale, que le concept de
mousson globale a I'échelle orbitale n’était patabi@. L'absence d’asymétrie Nord-Sud
pour la mousson Africaine, prévu par ce méme cdnéemonfirme. Les enregistrements de
la figure 79 sont de faible couverture temporelmpprécisément discuter de I'échelle
orbitale. Toutefois, nous disposons de donnéesalkames obtenues sur le site MD96-2048,
et qui renseignent sur la balance humidité/ariditécontinent Sud-est africain (Figure 80).
Les résultats préliminaires supportent une inflegintportante de I'obliquité et des variations
glaciaires/interglaciaires sur cette ba lance (leg80A). Une forte relation est trouvée entre
les températures de surface du courant des Aigudlldes variations d’humidité et d’aridité
(Figure 80E-F), une augmentation des températ@ésaduisant par une humidité accrue sur
le continent (Castaneda et al., in preparatiom)aifl@urs, il est intéressant de constater que le
signal5'®C duCs; n-alkane contient une périodicité de précessioresfiabsente du signal de
température de surface océanique (Figure 80A)madmums d’humidité pour la périodicité
de précession sont en phase avec les minimumségession (Figure 80C-D). Cela semble
indiquer un contréle de I'hémisphére Nord sur Imat de I'Afrique du Sud.

Le systeme de I'Afrique du Sud (au Sud de 20°Sktnfas marqué par un renversement
saisonnier des vents et les précipitations ne smhlgas directement liées au systéme de
mousson situé plus au Nord (au Nord de 20°S, Figaje Toutefois, par I'intermédire des
anticyclones sub-tropicaux, la mousson pourraituérfcer le systeme de précipitations au
Sud de 20°S (Tyson and Preston-Whyte, 2000). Windeétécente a montré que le budget en
chaleur et en humidité de I'Afrigue du Sud-est (ptaulac Tanganyika) était contrélé de
facon importante par un forcage de I'hémisphéeredN@iierney et al., 2008). Ces auteurs
proposent un réle important des températures dacgude I'océan Indien ainsi que de la
mousson indienne hivernale pour expliquer la dygaenides précipitations. La connection
entre les systemes de I'Afrique du Sud par l'intédiaire des anticyclones sub-tropicaux
pourrait donc expliquer l'origine du signal de présion dans 16°C du G; n-alkane
(humidité accrue) ainsi que son phasage avec landigjue de 'hémisphéere Nord.

La comparaison entre les données qui documententpiécipitations Nord et Sud-est
Africaine indique qu’il n'y a pas dantiphase enth&misphére Nord et Sud pour la
dynamique des précipitations Africaine qui résalitedu forcage de la précession aux basses
latitudes (Figure 80). Au contraire, on observe tgiation en phase (Figure 80C). Ceci est la
conséquence de l'influence probable de la moussdienne hivernale ainsi que du forcage
important des températures de surface de I'océarasdynamique des précipitations en
Afrique du Sud (Tierney et al., 2008 ; Castaneda.etn preparation).
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Figure 80: La dynamique des précipitations pourfligue du Nord-est et du Sud-est. A)
Analyse spectrale (cross correlation avec AnalyseriPaillard et al., 1996) pour le signal
0C du G, n-alkane (données en E) et le stack de températeirsurface (SST) de I'océan
Indien Ouest (données en F). B) Données Fer (FecaIps par coups totaux) comme
indicateur de la mousson Nord-est Africaine (Retedl., 2010). C) SignauX>C du G n-
alkane et Fe filtrés (filtre gaussien avec Analiser Paillard et al., 1996) pour la
périodicité de précession (23000 ans). D) Indiceptcession (Laskar et al., 2004). £fC

du G n-alkane des plantes supérieures comme indicateda balance humidité/aridité du
continent Est africain. F) Stack de températuresdeface (SST) de I'océan Indien Ouest
(Caley et al., 2011a).

Il convient tout de méme de préciser que d’autreegistrements plus anciens indiquent une
dynamique différente pour les précipitations Sudadigcaine. L’'enregistrement de Partridge
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et al. (1997) indique au contraire un réle imparta@ la précession et supporte I'hypothese
d'une asymétrie Nord-Sud. Cependant cet enregismenprésente une chronologie

imparfaite, stimulé par un callage direct sur légassion et, plus important, il ne montre
aucune relation directe avec les températures igceude I'océan. Sachant que cette relation
est actuellement trés importante (Jury et al., L98% différences observées entre notre
enregistrement de n-alkane et I'enregistrement dhioRa saltpan (Partridge et al., 1997)
pourraient provenir d'une relation plus complexéremhe traceur utilisé par ce dernier (taille

des grains) et les précipitations annuelles moye(@kase et al., 2010).
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Figure 81 : Moyenne du taux de precipitation meh$NEEP, kg/rfisec) et vecteurs de vent
a 850 mb pour I'Afriqgue de I'Est et 'océan Indipour A) Juillet et B) Janvier (1968-1996,
données modifiées d’'apres NOAA-CIRES Climate Distigo  Center,
http://www.cdc.noaa.gg\modifié d’aprés Tierney and Russel (2007)).

Il est également intéressant de constater que, duiennon décrit par Chase et al. (2009 ;
2010), les variations de précipitations Sud-oueBicaine pour les derniers 20000 ans
pourraient étre influencées par le parametre djoiii?, en accord avec ce que l'on peut
observer pour le Sud-est de I'Afrique (Figure 8Q¢ paramétre étant crucial pour la
dynamique du courant des Aiguilles, il pourrait ia\adffecté la dynamique de la région du
Benguela. En effet, la diminution de I'obliquitérpest a la STC de migrer vers le Nord, ce
qui affecte la gyre subtropicale ainsi que l'antiome Sud-est atlantique (Giraudeau et al.,
2002). Cet effet pourrait conduire a une circulatatie Hadley plus importante, des alizés
renforcés, un upwelling plus important le long decbte Sud-ouest de I'Afrique et conduire
finalement a l'aridification observée (Chase et2009 ; 2010 ; Figure 80).
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La dynamique des hautes latitudes semble donc targerpour le climat et la dynamique des
précipitations en Afrigue du Sud. Des différencene clairement établies avec les autres
systemes de mousson boréale comme australe, nofisams et concluons que la mousson
est un phénoméne fortement impacté par les progesgionaux et les forcages internes au
systeme climatique. Les différents systemes de smwuse présentent pas de variations en
phase (dans le cas de la mousson Boréale) ni eéénsytsque antiphase (dans le cas de la
comparaison entre mousson boréale et australéglaelle orbitale.
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Epilogue

La mousson Indo-asiatique et le courant des Algsliint un impact important sur le climat
régional et global. Nous avons pu démontrer queppasessus oceéaniques et atmosphériques
majeurs de l'océan Indien pouvaient interagir &H&le orbitale au cours de la période
Quaternaire (Tableau 5).

Notre thése a ainsi pu démontrefiraportance de I'océan Indien pour les paléoclimat
Quaternaire a travers I'étude des moussons et du gmant des Aiguilles».

Les avancées réalisées dans la compréhension deamessus, de leurs forcages, de leurs
impacts climatiques et interactions, devraient paupermettre de mieux caractériser leurs
dynamiques actuelles ainsi que leurs évolutionsést

Par exemple, la dynamique de la mousson boréaleyaeiculier pour la périodicité de
précession, n'est pas reproduite par les modeékelac Ceci vient certainement du fait que
les forcages internes au systeme climatique epbitance de la dynamique de I’hémisphére
Sud ne sont pas suffisamment pris en considéraenmanque de compréhension sur la
réponse de la mousson aux conditions limites foreates a I'échelle de temps orbitale
(insolation, volume de glace, gaz a effet de s&tbhange d'énergie océan-atmosphére) n'est
pas de bon augure pour espérer prévoir la répdada mousson au changement de climat
futur.

Jusqu’a récemment, le r6le important de I'obliqusté la dynamique de la mousson était
faiblement pris en considération dans les mod€&ete caractéristique a commenceé a évoluer
dans les travaux récents (Chen et al., 2010; WaateTuenter, 2011).

Ces améliorations sont nécessaires, a terme, pmumeilleure prévision du phénomeéne de
mousson et donc une meilleure gestion des ressoerceau et de I'économie des régions
sous son influence.

L’importance de I'obliquité pour le systéme du anirdes Aiguilles devra aussi étre prise en
considération dans les modéles climatiques étamiéson rdle important pour la circulation
thermo-haline globale. Notre interglaciaire (I'Hoéme) se situe dans une période de
variabilité climatique pour laquelle le transfett dourant des Aiguilles devrait étre fortement
renforcé. Les perturbations climatiques d’origimthaopique ayant également pour effet de
renforcer ce transfert, il devient important de umiecontraindre le réle du courant des
Aiguilles dans les modéles (Beal et al., 2011 ééredices inclus). Le transfert Indien-
Atlantique pourrait bien devenir une contributiomjeure pour le budget en eau douce de
I'Atlantique Nord (Beal et al., 2011 et référendeslus), c'est-a-dire pour une zone critique
dans le cadre du probléme du déreglement climatitpregine anthropique.
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Tableau 5 : Importance de I'océan Indien pour le$épclimats Quaternaire : la Mousson et
le courant des Aiguilles. Le tableau doit se lig ¢ue (1) impact sur (2). Il résume les
interactions positives (+) ou négatives (-) entoeéan Indien, la Mousson et le courant des
Aiguilles et renvoie aux différentes parties dépplees dans le cadre de la these.
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Si ce travail de thése a pu apporter des élémentgbnses a certains questionnements
scientifiques, il a également permis de faire émedjautres questions scientifiques et de
mettre en lumiére des aspects qui devront faifgdtod’investigations, d’améliorations et/ou
de validations lors de travaux futurs.

» Développements méthodologiques

Nous avons vu que l'utilisation d’indicateurs mpléis constituait la meilleure approche en
paléocénographie/paléoclimatologie, notamment patenir une information robuste de
température de surface de I'océan. Nous avons pstat@r que la reconstitution des salinités
de surface de l'océan était un paramétre crucialr @onéliorer la compréhension de la
dynamique des moussons et pour la circulation tbkaime globale. Pourtant la seule
méthode couramment utilisée, et développée darcadee de cette thése, est basée sur
I'obtention du signal résiduel & partir dof°0O et faisant intervenir, en général, le
paléothermometre Mg/Ca pour en extraire le sigeateinpérature. Le probléme est que ce
signal de température peut étre biaisé par un elfetsalinité. De plus, cette méthode
résiduelle permet rarement d’obtenir des recorgiita de salinités quantitatives a cause des
incertitudes liées a ce type de reconstructions.ibformations de salinité quantitatives sont
pourtant cruciales pour les modeéles climatiquesh(iRg, 2000) et donc nécessaires a
I'amélioration de notre compréhension du systenmaatlque. De ce fait, il est nécessaire de
développer d’autres outils pour pouvoir reconstities salinités de I'océan et pour pouvoir
valider ces reconstructions.

- Certaines études ont établies une relation equarientre le pourcentage dezgdes
alcénones et les salinités de surface de 'océ@B)fHarada et al., 2003 ; Rosell-Melé et al.,
2002 ; Sicre et al., 2002) et certains ont tenappliquer cette relation dans des carottes pour
reconstruire les variations de SSS (Bard et aD020Rosell-Melé et al., 2002 ; Seki et al.,
2005). Cependant, a une échelle globale, il a étdodtré qu'’il n'y avait pas de relation
clairement établie (Bendle et al., 2005 ; Sikes @ivde, 2002).

- D’autres études ont testé les variations morgiglees dEmiliania huxleyi comme
indicateur de SSS (Bollman and Herrle, 2007). Tioige des problémes existent concernant
les processus taphonomiques ou pourraient prodenia base de données biogéographique
utilisée (Bollman et al., 2009).

- Pour reconstruire les SSS quantitativement, destfons de transfert par I'assemblage des
dinoflagellés peuvent étre utilisées dans certamsronnements marins (De Vernal et al.,
1994 ; De Vernal et al., 2001 ; Rochon et al., 19€®pendant, cette méthode ne peut pas
étre extrapolée de facon univoque a une échellmatgo

- Une méthode récente basée sur le poids (norntdida taille) de I'espéce de foraminifere
planctonique G. ruber pourrait étre prometteuse (Bassinot and Johnst@eesonnal
communication). Il existe une relation forte enteepoids (normalisé de la taille) et les
salinités de surface océanique ainsi que le carboyenique total dissous (TGRI'alcalinité
étant couplée a la salinité sur une échelle glodadss résultats comparables, bien que les
relations soient moins significatives, existentlégeent pour I'espéc&. bulloides(Barker
and Elderfield, 2002 ; Caley and Rossignol, travaeéalisés dans le cadre de cette these ;
Figure 82). Toutefois, des relations sont égalenubdervées avec les ions carbonates

(CO?Z7) des eaux de surface océanique pour I'es@@daulloidescontrairement a I'espéce.

ruber (Bassinot and Johnstone, personnal communicat®arker and Elderfield, 2002).
Cette méthode basé sur le poids des foraminifdeegioniques, et qui nécessite des études
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supplémentaires, n'a jamais été testée dans degisinements paléocéanographiques et
pourrait étre appliquée a des archives préservéasffet de dissolution des carbonates.
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Figure 82 : Relation entre le poids des tests dauber, de G. bulloides (mesuré sur des
sédiments de surface actuel) et la salinité deaseriannuelle moyenne de I'océan (d’aprés
WOAS Hydrographic Atlas; Antonov et al., 2006).

- Une autre approche récente et prometteuse pagudatification des SSS est basée sur la
composition isotopique de I'hydrogeéne des alcéngB8esuten et al., 2006 ; Van der Meer et
al., 2007). La composition isotopique de I'hydrogedépend du degré d’évaporation et
d’afflux d’eau douce. Les innovations techniqueserdes permettent désormais de
déterminer les composés spécifiques de I'hydroginéa matiére organique. Ainsi, il a pu
étre démontré que la composition en isotopes statide I'nydrogene des alcénones était
influencée par les conditions de salinité (Showtal., 2006). Cette méthode pourrait étre
appliguée aux sites étudiés dans le cadre de tbétse. Des tests sont actuellement en cours
pour la carotte MD96-2048.

» Zones d’études clés pour I'avenir

Ces nouvelles méthodes de reconstitution de laigapourraient étre également appliquées a
des enregistrements qui documentent la moussonlidunde changement important de
salinité fournirait une zone idéale d’investigatide bassin de dilution du golfe du Bengale
serait donc tout a fait adapté a ce type d'étude.aifleurs, les enregistrements documentant
la mousson dans cette zone a I'échelle orbitaleiseristant (Figure 64). Il s’agit donc d’'une
future zone d’investigation cruciale pour comprenét valider le couplage entre vents et
précipitations de la mousson, discuter plus préoesd du signal enregistré dans les
spéléothéemes asiatiques et déterminer ['étendudiakpade I'événement atypique de
précipitation de mousson enregistré dans les ltessis durant le MIS 13 (Figure 84).
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Des enregistrements localisés dans la zone actaeleproduction de chaleur latente
permettraient également de préciser le réle deééincindien Sud sur la dynamique de la
mousson Indo-asiatique (Figure 84).

Au Sud du golfe du Bengale, au niveau de I'Indomédianalyse d’enregistrements
permettrait de renseigner sur la présence éveatdalh dipble Indien dans le passé (IOD).
En effet, un mode de variabilité interne a I'océagien a pu étre identifié (Saji et al., 1999).
Il se caractérise par (1) des températures anommealiefaibles au niveau de Sumatra alors
gu’elles sont élevées du coté Ouest de l'océaremeét (2) des anomalies de vents et de
précipitations (Figure 83).

Figure 83 : Le dipdle Indien (IOD) (Saji et al., 99). L’évolution des températures de
surface de I'océan ainsi que 'anomalie des vemrtsutface est représentée.

Dans ce travail de these, nous avons pu établienrpotentiel entre le courant des Aiguilles
et les interactions entre la dynamique équatodake océans Indo-pacifique (via un potentiel
IOD, 'ENSO et la mousson). Cette hypothese requlaxistence d'une dynamique
comparable a celle du dipdle Indien dans le pass@uie pourrait, tout comme observé
actuellement, affecter la dynamique du courantAdgsilles. Cependant, des enregistrements
permettant de documenter la présence d'un tel @ip@lur 'océan Indien ne sont pas
disponibles. Des enregistrements sont présentou@uest de I'océan Indien (Bard et al.,
1997) mais pas pour I'Est, au niveau de Sumatigu(gi84).

Nous avons pu déterminer que le forcage des hdatisdes était déterminant, via la

migration des fronts océaniques et des vents diQuesir affecter la dynamique et le

transfert du systéme du courant des Aiguilles. @fmig, la relation exacte entre la force du
courant, la position de la zone de rétroflexioncdurant et la dynamique du transfert reste a
préciser. D’autre part, les forts gradients de t@&mafre et les changements d’exports de
chaleur entre les tropiques et les péles, par ekenigns le cas du MIS 12, pourraient se
refléter sur le signal de deuterium excess enmégidans les glaces de I'Antarctique. Le
deuterium excess (Dansgaard, 1964) renseigne sucdeactéristiques météorologiques et
océaniques des régions sources de I'eau (en datideur température (Dansgaard et al.,
1989 ; Johnsen et al., 1989) et humidité relatdaritel et al., 1982)). Une forte relation a été
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observée avec I'obliquité et reflete les changemdptcontributions hautes et basses latitudes
pour les précipitations de Vostok (Vimeux et aP9Q ; 2001). Il serait donc intéressant de
travailler sur cette problématique.
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Figure 84 : «Hot-spot» for future studies.

Nous avons pu montrer que le transfert du couranvgt affecter la dynamique de TAMOC
lors des périodicités glaciaires/interglaciairésptiquité et lors des changements importants
de modes de variations climatiques au cours duepuaite. |l serait intéressant de préciser le
mécanisme de transmission des anomalies de saflgfiéis I'océan Atlantique Sud vers
I'’Atlantique Nord, notamment au moment des terngaas. Certains travaux témoignent de
'importance du courant du Brésil Nord (Weldealaket 2006) pour le transport de chaleur et
de sel a travers I'Equateur. Les augmentationsatieité et de température dans ce courant
sont synchrones au réchauffement des hautes ksitBdd. Le transfert de sel et de chaleur
(accumulé dans I’Atlantique tropical) vers les leguliatitudes Nord pourrait, dans un second
temps, jouer un rble sur la reprise de la circatatthermohaline (Carlson et al., 2008 ;
Weldeab et al., 2006). Ces études étant limitdasiarniere déglaciation, des enregistrements
dans la zone du courant du Brésil documentant dgtiamique a long terme au cours de la
période Quaternaire pourrait donc s’avérer intémissdans I'optique d’'une meilleure
compréhension du réle de I'hémisphére Sud, viairleukation océanique, sur le climat de
I’'hémisphére Nord et la dynamique de 'AMOC.

Enfin, le courant des Aiguilles ayant un impact artpnt sur le climat Sud-africain et
notamment la végétation, il serait intéressant plaer plus en détail le contrdle que ces
variations ont pu exercer sur le développementHimainidés (Marean et al., 2007 ; Dupont
et al., 2011). Notamment, des études témoignemedhouvelle espéce d’australopithéque
pouvant renseigner sur les ancétres du genre Homuaiaelaterait d’environ 1.95-1.78 Ma
(Berger et al., 2010 ; Dirks et al., 2010). Cetfeignle de temps n’a pas été abordée dans le
cadre de cette these mais pourrait faire I'objaraleaux futurs.
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La mesure d’éléments traces dans les foraminiferesvig/Ca

Ces mesures ont été effectuées au laboratoire LEXEA Saclay au sein de I'équipe
paléocéan. C’est I'espedg. ruber whitetamisé entre 250 et 315um qui a été utilisée. En
effet, cet organisme vit bien en surface, la catibn pour cette espéce est robuste et cette
gamme de taille permet de minimiser les erreursearant le fractionnement isotopique.
L’avantage de cette méthode est que I'on peut iftevaur les mémes foraminiféres que ceux
qui servent a fournir les valeurs &€O.

» Protocole de préparation des échantillons

Il s’inspire largement de celui utilisé a Cambridge

-Pesée des foraminiferes elle s’effectue a l'aide d’une balance. Il eststimportant de
compter précisément le nombre d’individus pesésphantillon. Un comptage incorrect de 1
sur 20 représente 5% d’erreur sur la pesée.

-Crushing : L'objectif de cette étape est douvrir les logdes foraminiferes afin de
facilement en vider l'intérieur au cours des étagesnettoyages qui suivront. Il faut faire
attention a ne pas trop écraser I'échantillon gmise de le perdre au cours du nettoyage. Les
foraminiferes sont écrasés entre deux plaques e pais les fragments sont transférés dans
des microtubes de 0,5ml.

- Extraction des argiles: On introduit 500ul d’eau UHQ dans chaque micret@iin de
mettre en suspension la matiére organique. Apres attendu 30 secondes pour permettre
aux carbonates de sédimenter au fond on aspine diealessus de I'échantillon et on le passe
aux ultrasons deux minutes (ceci permet la séparates argiles toujours présentes a la
surface du test). On rajoute ensuite de I'eau yitne et aprés quelques secondes on aspire
'eau au dessus de I'échantillon. On répéte cepestgusqu’a ne plus observer de résidu
laiteux au dessus des échantillons.

Apres ces étapes de nettoyage a I'eau, on utiéehol qui permet de mettre en suspension
les argiles les plus récalcitrantes. Puis on redaVeau encore deux fois.

- Extraction de la matiére organique: il faut ajouter de I'HO, a 0,3% a chaque tube. Puis
les échantillons sont placés dans un bain d’eaill&ote pendant 10 minutes avec au bout de
5 minutes un passage aux ultrasons. A la fin demibOtes, les échantillons sont centrifugés
pour enlever les bulles et faire déposer les fondares au fond. On répéte I'ensemble des
étapes une seconde fois avant de procéder a ureaouincage a I'eau ultra pure deux fois
(rincage du bouchon compris).

-Attaque a l'acide faible: un acide dilué (HN@a 0,001M) est utilisé afin de retirer des
contaminants incorporés aux fragments de test. Ainlade cette étape, les échantillons
peuvent étre stockés en attendant I'analyse. Hansealissous et dilués le méme jour que
'analyse.

-Dissolution : on ajoute 350ul d’'HN@a 0,075M. On passe quelques instants aux ultrasons
puis on tapote les échantillons pour faire s'éckagdps bulles de CQOet permettre a la
dissolution de se faire correctement. On centrifeagen transfére 300ul de chaque solution
dans des tubes propres.

-Dilution : apres nettoyage et dissolution, 20 foraminif¢gesctoniques doivent donner une
concentration de Ca comprise entre 100 et 200 pprméthode pour la mesure de Mg/Ca en
utilisant un ICP-AES Vista-Pro requiert, pour um&gision et une justesse optimales, des
solutions contenant une concentration connue deo@grise entre 60 et 100 ppm, et utilise
une solution d’environ 350ul par analyse.
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Deux passages pour chaque échantillon sont nécessaln premier pour déterminer la
concentration en Ca de I'échantillon et un secondéconcentration optimale de Ca pour la
détermination du rapport Mg/Ca (permettant égalérderdiminuer I'effet de matrice).

Pour les échantillons contenus dans 300ul d’HNOG,G¥5M apres centrifugation, une
dilution d’un facteur 5 doit étre faite avant leeprier passage, suivie par une dilution du reste
de I'échantillon en fonction de la concentrationGkedésirée.

» Fonctionnement de I'ICP

Le spectromeétre d’émission Atomique couplé a unsmk Induit (ACP-AES) permet
I'analyse en solution de pres de 70 éléments dedalpériodique. Son application principale
au LSCE est la mesure des rapports Mg/Ca et Sra dalcite des tests de foraminiféres
pour l'estimation des paléo-températures océaniglias précision sur les rapports est
meilleure que 5% pour des valeurs comprises engtesImmol/mol.

Principe: Les atomes de la substance a analyser dankiteoesont aspirés dans la région de
stimulation ou ils sont vaporisés par un plasmaictifi Ce plasma est généré en dirigeant
I'énergie d’'un générateur haute fréquence vers am approprié : I'Argon. Cette source
d’atomisation haute température fournie suffisaghergie pour propulser les atomes a de
hauts niveaux d’énergie. Les atomes se désintéegmmtretourner a des niveaux plus bas en
émettant de la lumiére. La radiation émise passepaionochromateur qui isole la longueur
d’'onde particuliere propre a l'analyse souhaité& hhotomultiplicateur convertit alors
I'énergie de rayonnement en signaux de sortie rabes.

La concentration en Mg et Ca est obtenue grace &talonnage préalable de I'appareil
permettant de relier l'intensité du signal a laaamrtration d’une solution connue. Il est donc
trés important d’avoir une précision importanteside la fabrication des solutions étalons afin
d’obtenir des valeurs trés précises pour les swiatide concentration inconnue (solutions
contenant notre matériel a analyser).
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La spectrométrie de masse

-Préparation des échantillons Pour analyser 16'%0 et le3'*C des foraminiféres, il est
nécessaire de peser 50 a 100ug de calcite. Ceiehastrensuite déposé dans le culot de vials
(flacon a fond conique). Ces flacons sont enswétenés a l'aide d’'un bouchon a vis et
colmaté par un septum en plastique souple qui ed&tanchéité. Ce dernier est a usage
unique puisqu'’il est percé par l'aiguille de lan@de préparation.

-Ligne de préparation : Cette partie est appelée Multiprep. Les écHanslsont placés dans
un bac thermostaté a 90°C afin d’accélérer la @acDes standards sont intercalés pour
vérifier la reproductivité des mesures et calibieerspectrometre de masse. Le standard
employé est le NBS 19 (National bureau of standarddsméme calibré par rapport au
standard historique international PDB (Pee dee nimile) : 5°CpsioF1,95 %o et
6180(N|331g):-2,2%0.

Pour chaque échantillon, une aiguille double péeceeptum et apporte quelques gouttes
d’acide orthophosphorique a 102% (Figure A). Latiéa de dissolution est la suivante :
HsPQ;+CaCQ—CO,+H,0+Cd +PQ > +H"

-Introduction du gaz : Le CQ produit est purifié par passage sur un piege aG9ibur
éliminer toutes traces de vapeur d’eau. Puis le €€ acheminé vers la partie Dual inlet
grace a deux doigts froids (a -180°C) (Figure A8tt€ partie est composée de deux circuits :
le circuit « échantillon » et le circuit « référene ou se trouve du GQlont les rapports
isotopiques sont connus.

-L’analyse : Le CQ, pénétre dans la chambre d’ionisation. Les ionsésr sont accélérés et
sortent a travers une fente ou ils sont envoyés Hamalyseur afin d’étre soumis a un champ
magnétique constant. Les ions de masse différanterd des trajectoires différentes pour
étre collectés dans trois cages de Faraday. Trasses sont alors détectées *4%€0,),
45(3C*0,) et 46(°C*®0™0) (Figure A). Le signal obtenu est alors amplé#iéles rapports
isotopiques 45/44 et 46/44 sont calculés pour abkesvaleurs dé'°0 etd'*C.

-Réception informatique : C’est dans cette partie que les rapports isqtegs sont calculés
automatiquement aprés correction par rapport andatd. La précision externe de I'appareil
est< 0,05%o pour &°C et< 0,07%o pour |6*°0.
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Sea surface salinity reconstruction as seen with
foraminifera shells: Methods and cases studies
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Abstract. Reconstruction of past salinities in surface oceans (SSS) can be done
by measuring the isotopic composition of foraminifera shells found in the deep
sea sediments. The proportion of heavy oxygen isotopes (**O) in the calcite of
these shells depend on the temperature and the isotopic oxygen composition of
the surrounded waters (6'*Qsw), this latter parameter depending on the water
salinity. Mainly two equations allows to reconstructed past SSS, one estimating
past temperature variations and the other one changes in the §**Osw through
time. Uncertainties linked with these calculation can be important, and therefore
quantitative reconstructions need to be taken with cautions. For some specific
cases, uncertainties on temperature and §**Osw estimations can be reduced. For
such cases, salinity reconstructions showing amplitude changes higher than 1 per
mil can be considered as significative.

1 Introduction

The role of salinity in oceanography is crucial: It plays an important part in the hydrography,
ie. intensities and directions of major current. As a main parameter in the oceanographic
engine, it also contributes to heat transfert throughout ocean circulation, and therefore to
regional and global climate changes.

To reconstruct past oceanographic conditions, scientists need to gather a huge compilation
of data set (oceanic temperatures and salinities) over a long period of time and covering major
parts of worldwide oceans. Furthermore, quantitative reconstructions of oceanic parameters are
needed as inputs for oceanographic or climatic models. Some sea sediments displays interesting
geologic archives, as long as its sedimentation process has not been disturbed, i.e. without
any time gap or physical disruption (such as turbiditic flows on continental shelf or biotur-
bation). Microfossils of past oceanic life can be found in these archives, and their assem-
blages oftenly give indications on the conditions in which they developed, as for example mean
sea surface temperatures (hereafter SST). Only few geological archives are known to be dir-
ectly related to sea surface salinities (hereafter SSS), and therefore, some indirect method,
based on foraminifera microfossils, have been developed to reconstruct past SSS. As long
as some foraminifera species have specific living requirements, studies have investigated past
SSS reconstructions based on foraminiferal abundance data. The use of Artificial Neural Net-
work, or Modern Analog Technique, have led to the conclusion that such estimations were
unrealistic [1], and can’t be considered as quantitative. Therefore, scientists turned their atten-
tion to geochemical analysis of foraminifera species, which could lead to quantitative estimations
of SSS.

The aim of this paper is to present an overview of past sea surface salinities reconstructions
through the chemistry of foraminifera microfossils, to estimate uncertainties of such paleo-
records, and to discuss wether it can be used as quantitative parameters or not.

Article published by EDP Sciences and available at http://www.epj-conferences.org
or http://dx.doi.org/10.1140/epjconf/e2009-00919-6
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Fig. 1. Main parameters influencing the isotopic composition of planktonic foraminifera shells (4 lgO—r:):
Sea surface temperature (SST) and the isotopic composition of the surrounded waters (§'*Osw). This
last parameter is also dependant on sea surface salinity (SS83), linked with the evaporation-precipitation
balance (P/E) and with the volume of continental ice sheets (depleted in heavy isotopes).

2 Stable isotopes fractionation in foraminifera shells
2.1 Today

Marine invertebrates such as foraminifera are building exoskeletons made of calcium carbon-
ate to protect themselves from predators. Isotopic fractionations are taking place during this
process, depending on both the proportion of stable isotopes available in the waters surrounding
the foraminifera and the temperature of these waters (Figure 1). Many experimental and theo-
retical studies have been held since the middle of last ecentury to understand the incorporation
of oxygen isotopes in foraminifera shells,

Epstein et al., in 1933, established a paleotemperature equation, linking the temperature
with the isotopic composition of the calcite and of the surrounded waters [2]. Shackleton and
Opdyke have adapted this equation in 1973 [2] into the following one:

T = 16.9 — 4.38(8'%0c¢ — 6% Osw) + 0.13(6'30c — 5 0sw)? (1)

(6'30¢ is the isotopic value of the calcite, and §'30sw the isotopic composition of the sea
water),

This relationship holds only if foraminifera deposit their shells in isotopic equilibrium with
their growth medium. An overview of several oceanic sites revealed that only few species fits
these requirements. Meanwhile, some guantitative temperature reconstructions seems to be
possible.

This equation underlines the double dependance of the §'30c¢ of the foraminiferal shell
with temperature changes together with the marine isotopic composition changes §'®Osw. We
have one equation with two unknowned. To complicate the solving, §*30sw is also dependent
on salinity changes. A first overview of experimental measurements, made in 1965, following
a series of observations made during oceanic cruises over different oceans (top cores), allows
Craig and Gordon to established a first salinity—water isotope relationship (Figure 2) [4]:

#130sw = 0.66 383 — 23.5. (2)
Since this pioneer work, many other observations have shown a wide range of slopes, depending

on oceans, and on the nature of these waters (deep or shalow). These descrepancies will be
discussed in a lollowing section.
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Fig. 2. Different 4**Osw-salinity relationships deduced from two different data sets of the worldwide
oceans [4] from GEOSECS cruises [24], and from modeled output gathered with observed data from
the Arabian Sea [36]. Data compiled by Gavin Schmidt [25], kttp://data.giss.nasa.gov/ol8data/.

To conclude, the §'30c of a monaspecific species of foraminifera is directly dependent on
the temperature, but also undirectly dependent on the salinity which follows the §'50sw.
Equations (1) and (2) were build using specific foraminifera species, within a certain range of
temperature and salinity. They could be applied only for some specilic situation.

Within these requirements and according to equations (1) and (2], salinity reconstruction
can be done using the estimations of two different oceanic parameters: Sea surface temperatures
and §'%0sw values. This latter term can be evaluated with the resolution of equation (1), with
temperatures estimations and §'30 of the calcite of the foraminifera shell.

0'80sw = §'%0¢ + 0.27 — 5(4.38 — ,/(4.382 — 0.4(16.9 — SST)) (3)

(Factor 0.27 is added for calibration against international standard).

In fine. to calculate S8S, we are bounded to a system with two equations. (2)+(3). and two
unknowned parameters (§**Qsw and S8T). For today’s measurements, no other equations are
needed.

2.2 Reconstruction of S55 in the past

Today’s observations are questionned to be applyed in the past. Emiliani et al. were the first
to published an isotopic curve extracted [rom benthic and planctonic foraminifera in deep
sea cores, which they interpreted in terms of past variations of climatic parameters [3]. Most
of this signal has been interpreted in terms of paleotemperatures. but not much in terms of
paleosalinities.
To estimate past 5585, three terms need to be taken into account:
1. Modification of global salinity due to glebal changes in continental ice sheet volume (i.e.
AS8Sa-qe ). which can be estimated with relative sea level changes.
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2. Modification of the local salinity due to regional changes in the hydrographic balance (linked
with local 8ST)

3. Modification of the §'30sw due to global changes in continental ice sheet. During deglacia-
tion times, fresh water discharges coming [rom the melting of continental ice sheet invade
oceans, changing their salinity and. as a consequence, their isotopic compositions.

The last two terms are contributing to changes in the local/global SSS (i.e. ASSSy e-cion)-
Adding these changes to present 38§ allows to evaluate past S8S.

55Spast = 555present + ASS8g-16 + ASSS1oe-wron.

To calculate changes in 888 on a global and local scale (ASSS; jo-a1on ), changes in temperatures
and §'30sw in the past need to be estimated.

If past variations in 88T are easy to link with climatic changes, modification of the isotopic
composition of sea waters might be a less straightforward reasoning,

On a global scale, the building of huge ice caps on the continent during glacial periods leads
to an enrichment of the worldwide oceans in heavy 30 isotopes (Figure 1). This enrichment
is due to thermodynamic fractionation processes taking place during different stages of the
hydrological eycle. Heavy isotopes concentrate more in densier phases. contributes to a stronger
concentration of light isotopes in the continental ice, and. as a consequence, to a stronger
concentration of heavier isotopes in oceans.

Glacial-interglacial changes lead to global salinities changes in the worldwide oceans
(fgure 1). As continental ice sheet are made with fresh water, the consequence is an inerease
of salinity in the ocean when entering a glacial period. If equation (2) stays valid in the past,
the isotopic composition of the ocean should have changed in response to these salinity changes.

In addition to these artefact due to global effects (directly on 30sw and SSS), local changes
could affect also specifically some part of the ocean. For example, climatic change could lead to
some modifications in the balance between evaporation and precipitation over a studied area.
Such changes might have contributed to modify locally salinity concentrations, and therefore
the isotopic composition of the surface sea waters.

The problem is that no geological archive has directly recorded past 4'3Osw values, on
a local neither a global scale. One way to solve this apparent problem is to distinguish the
planktonic isotopic record from the benthic isotopic record. Indeed, for some remoted and
deep environments, benthic foraminifera are surrounded by waters for which temperature and
salinity changes can be constrained, For these environments, for deep part of the Pacific ocean
for example, some isotopic studies have focused on the estimation of deep water temperature
changes and their imprint on the benthic isotopic signal. Adding some calibration to sea level
changes, estimations of §'*Osw changes through glacial-interglacial periods can be done. Some
scientists had compiled several benthic records from different deep oceanic areas where such
estimations can be done. Some reference stacks of benthic records have been published. and
linked to global sea level changes (Figure 3) [6-10].

Once these d'50sw changes due to global effect have been estimated. §'30sw changes due
to local effect (past and present) need to be estimates. One way to solve this problem is to
resolve equation (3), requiring estimation of past temperatures.

Difficulties to apply reliationships (3) and (2) in the past are numerous. For example. isotopic
measurements need to be done on a well studied monospecific species, constantly present in
time (no evolution) and defined to he in isotopic equilibrium (or showing a constant difference)
with the standard water composition. Secondly, the reconstructed temperatures and salinities
need to be within the range defined by equations.

3 SST estimations: Solving equation (3)
For the first tentative of sea surface temperature reconstructions, faunistic assemblages of

foraminifera species have been developped. The first study which succeed in reconstructing
SST is the pionneer work by Imbrie and Kipp in 1971 [11], laying the foundation stone to many
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Fig. 8. Sea level reconstruction and consequent global §*¥Osw changes through time [6-8].

‘transfert function’ applied since then to other proxies. The purpose is to compare present-day
distribution of foraminifera to oceanic temperature distribution, and to extract the most repre-
sentative species of specific temperature intervals. Some other technics have been developed
since this first study [12]. as the Modern Analogue Technic (MAT) for example. Application
of these reconstructions to the last glacial maximum climatie eonditions led to different maps
showing SST distributions for this specific time period, as for example the CLIMAP project
[13], or the more recent MARGO project [14]. The best reconstructions are able to reproduce
temperature within a +/— 1.3°C uncertainties intervals [12].

Another way to reconstruct surface temperature is to look at today's distribution of
the difference between #'%0sw and §*3COcaleite, and then to apply equation (1). Duplessy
et al. presented the first 588 reconstruction, mixing previous transfert fonction SST estimates
together with statistical analysis of isotopic measurements made on 83 core tops from North
Atlantic and Southern Oceans [15]. The authors pointed out different calibrations of calcifi-
cation temperature, depending on each studied species. For G. bulloides, a 1°C difference is
observed between summer SST and the calcification temperature. although 2.5%C difference is
due for N. pachyderma. This study underlines one main difficulty in such reconstruction, for
which the calcification temperature depends on the foraminifera species.

Recently, geochemistry development has proposed a new technic to estimate 5ST via
individual foraminifera species analysis, removing uncertainties in equation (1) due to §'30sw
changes through time. linked to either global or local changes. Theoretically, L\[gz"' alkaline ele-
ment can replace Ca®* element in the rhombohederal structure of the calcite. Thermodynamic
predictions. along with experimental observations, have demonstrated a major temperature
control on the distribution coefficient [16-20|. For foraminifera species, some calibrations were
needed to estimate the biological effect on this partitioning, Culture studies, as well as sediment
trap sample studies, led to a similar exponential dependence calibration for different planktonic
species [21]:

Mg/Ca(mmolmol-1) = B - e*T (4)
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Table 1. Adapted from LeGrande and Schmidt 2008,

Water Mass Total points | Slope | Intercept ] 7 slope | 7 intercept | r?
Arctic Ocean 1846 [048 [ -i682 [ 0007 [ 0.234 [ 0.690
Atlantic Ocean

North 743 0.55 —18.98 0.005 0.136 0.951
Tropical 283 0.15 —4.61 0.008 0.297 0.552
South i 0.51 —17.40 0.013 0.4485 0.963
Mediterranean Sea 131 0.28 —0.24 0.016 0.624 0.695
Indian Ocean

Indian Ocean 332 0.16 —5.31 0.004 0.135 0.848
Red Sea/Persian Gulf | 36 0.31 —10.81 0.014 0.518 0.938
Deep Indian,/Pacific 166 —0.41 1425 0.179 6.206 0.031
Pacific Ocean

North 751 0.44 —15.13 0.007 0.229 0.834
Tropical 286 0.27 —B.B8 0.006 0.201 0.880
South 19 0.45 =15.29 0.028 0.995 0.936
Southern Ocean a03 0.24 —8.d5 0.014 0.478 0.574

A and B are two constants, defined for each foraminifera species and for different size [22]. As
long as some discrepancies has been observed within the same species. Mg/Ca measurements
needs to be done on the same morphotype and within the same size [raction (to avoid different
partitioning linked to juvenil foraminifera having a faster caleification than the older anes) [23].
These precautions need to be taken also for isotopic measurements on foraminifera species

New studies are on their way to investigate other potential biais to this technic, linked
with some dissolution effect on the Mg/Ca incorporation, or also some influence of post-
erystallization.

At present, taking all these observations into account, uncertainties linked to these recon-
structions can be estimated at best around +/—1.2°C.

4 S55-6"%0 ocean relationship: Solving equation (2)

Global variations of the isotopic composition of sea water, 4'*0Osw, can be estimated thanks
to constructed stack of benthic foraminifera §'50 (see end of section 2.2). Local variations of
#%0sw can be estimate with equation (3), measuring §*3Qc of a specific foraminifera species
and having estimated past 85T changes (section 3).

Once global and local variations in §80sw have been estimated, past SSS values can be
caleulated using equation (2). The main problem is that this relationship presents different
slopes and intercept values.

The first relationship has been established by Craig and Gordon in 1965, based on mea-
surements done during ocanographic cruises (Figure 2). Since this pionneer work, a lot of
measurements have heen done and many different relationships, with different slopes, appear
for different oceans. As an example. measurements done during Geosecs oceanographic cruises
revealed a different relationship than the one established by Craig and Gordon [24] (Figure 2).
To fill some gaps in the available data set, some model data have been generated to present the
best estimate of the §'30-8S8S relationship (Table 1) [25.26]. These discrepancies in slopes and
in intercept values can be due to local phenomenom, on a spatial scale, as well as on a temporal
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one, On a regional seale, taking the tropical band as an example, fresh water inputs via precip-
itation could happen close to areas of evaporation, and therefore isotopic values of rainfall and
evaporation waters can be very similar. As a consequence, slopes are shallower than the ones in
mid or higher latitude. On a temporal scale, seasonnal events such as discharge of [resh water in
coastal areas close to a river mouth, or sea ice melwater signals at high latitudes, can influence
the salinity-3'®Osw relationship. On a longer time scale. some studies have demonstrated that
the hydrologic cycle, together with the high latitude end-member of precipitation, have obvi-
ously changed in the past, as for example during the last glacial maximum [27]. Model results
have shown that for small §*30sw changes, there were no correlation between the spatial and
the temporal gradient [23]. Important uncertainties still remain on the amplitude of changes in
the linear relationship through time.

On a regional point of view. the correlation coefficient (r?), linked to each of these local linear
least square §'50-SSS relationship, goes from very poor value (0.031 for the deep Pacific/Indian
oceans) to very high values (0.951 for the North Atlantic ocean)(Table 1). As a consequence,
confidence in the results of equation (2} depends on the area where the salinity reconstruction
takes place.

Within consequent (but still acceptable) uncertainties, quantitative 888 reconstructions can
be done and trusted for areas with a high correlation factor, such as for the Artic ocean, North
and South Atlantic Ocean, Red sea/Persian Gulfl, amongst others. For other areas, as the general
tropic areas, for which slopes of the §'*0-SSS relationship are shallower than for other latitudes
(tropical Atlantic and Pacific). errors are larger (25|, and quantitative 553 reconstructions need
to be taken with caution.

5 Uncertainties: What to use as a more accurate proxy?

As seen in section 3 and 4. uncertainties inherent in quantitative S55 reconstructions can be
linked to three different steps in the calculation:

1. The accuracy of 85T estimations

2. Global §'%0sw and salinity changes linked to glacial-interglacial continental ice volume
changes.

3. Temporal and spatial decrepancies of the §'¥Osw-SSS relationship (equation (2)).

For the temperatures reconstructions, main uncertainties are between +/—1.9°C and +/—-1°C,
depending on the used method (Table 2) [25]. The most recent studies benefit high resolution
or geochemistry developments which drag most of the main temperature uncertainties closer
to a best value of +/— 1°C. Transcript into an isotopic scale, using equation (3], the deduced
error on §*3Osw estimation is between +,/— 0.52 and +/— 0.23 per mil.

The source of uncertainty due to glacial-interglacial changes on a global scale has been
constrained in the past by many studies. using multiproxy approach and models. which helped
to reduce the error bars [7.8]. It has reached a mean value for the Last Glacial Maximum
(LGM) of about 1.1+ /— 0.1per mil for §*30sw, and 1 + /— 0.05 per mil for the salinity [23].
Maximum uncertainties are found for period of rapid ice volume changes, as long as it is difficult
to estimate the propagation of surface changes down to the deep ocean. It is supposed to be
well mixed for period above 1,000 years [25].

For the §'®0sw-SSS relationship accuracy, the question of its permanence in time is still
unsolved. Again, time periods covering rapid ice volume changes, such as deglaciations, present
strongest uncertainties than for rather stable climatic periods. For spatial scattering of slopes
and intercept numbers, compilation of studied areas are now available and presents, for most
linear relationships, uncertainties, confidence intervals and /or correlation factor (table 1) [26].
Estimations of global errors due to these uncertainties range from 1.1 to 0.8 per mil, For tropical
area, the range is higher. going from 1.8 to 1.2 per mil uncertainty [25]. except for some well
defined restricted areas.

Considering all these uncertainties, does paleosalinity reconstruction hold tight?

On a quantitative scale, most of the studies dealing with 555 uncertainties have concluded
that paleosalinity signals below 1 per mil can be doubtful [25], These uncertain reconstructions
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Table 2. Compilation of different case studies focusing on Sea surface salinity reconstruction. For 88T
estimations, MAT stands for Modern Analog Technic. For SS8 estimations, §'®Osw—ive™ carresponds
to the residual §*%Qsw signal corrected from the global ice volume {icv), and S88 underlines that
cuantitative salinity reconstructions are presented in the references.

Location 55T estimations 558 estimations Temporal frame References

Pacifle Ocean

West (Warm pool) Mg/Ca 575 Daw 175 miltlon yeara De Garidel-Thoren et &l
2005

West (Bowuth China Sea) | Alkenone 518 Ogw—jve* 555 Last climatle cycle Wang et al., 1685

East (Chile) Alkenone 5% Oaw—lve* 555 Termination T Lamy et al., 2004

East (Panama) (Alkenone + Mg/ Cal 5% Daw—lve™ EEP Last climatic cycle Leduc et al., 2007

(last 80000 vears B.P.})

Indian Ocean

Bay of Bengual - A5 ECaw (pl — bent) Last two climatie oycies |Kallel et al., 2000
Arablan Sea Mg/Ca ﬁlscsw—'.vc" 558 MIS 6 Malaleé er al., 2006
Sputh India (Maldives) Alkenone 818 Osw—ive® 555 In situ|Last 175000 wears Fostek et al., 1663
Southern Mg/Ca 5% Oaw—ive* Termination T Lewl et al.. 2007

Atlantie Oceari

Low-Latitudes Transfer function |67 Oaw—ive* 555 In sltu|Termination I Wang et al., 1885
East (Iberian Marging MAT 58 Daw—ive® Last climatie cycle Cayre et al., 1000
Vwest (Brasltl) Mg/Ca 58 Osw—lve* 555 Termination I Weldeah et al., 2006
WWest (Brasli) Slmmax-MAT 5% Cgw—lve® 555 Termination I Toledo et al., 2007
West (subrropical north gyrejMg/Ca 58 Oaw G0 D00 — 45 000 yrs B.FP.|Schmidt et al.. 2006
North MAT + insity data]s*E Csw—ive* 585 LGM Duplessy et al., 1081
MAT 58 Osw—ive® Helnrich event 4 Cortijo et al., 1888
MAT 518 Oaw—ive® Last interglacial Cortljo er al.. 1007

can't be reasonably taken as boundary condition for ocean and /or climate models. Netherthe-
less, it can be considered as an estimation of changes on a qualitative point of view.

To avoid the most important uncertainty, linked with temporal and spatial decrepancies
of the §'50sw-SSS relationship, good qualitative SSS reconstruction can be done by avoiding
the final step in the SSS caleulation. A simple signal, obtained with a good SST estimation
(equation (3)) (better in situ proxies such as Mg/Ca ratios), together with a good estimation of
a global glacial-interglacial change estimation, lead to a residual ¢'30sw which represents fairly
well past 88§ variations, with uncertainties within +/— 0.3per mil. In other words, amplitude
changes above 1 per mil in the residual 4'30sw signal can be considered as true qualitative
change in §88.

6 Case studies

According to uncertainty considerations. past SSS reconstructions have been done since the last
17 years, presenting qualitative and/or quantitative results (Table 2). Different approaches. i.e.
residual 8**0sw. corrected or not from ice volume changes (ive). or calculated 5SS, depend on
the accuracy of each steps in the calculation.

Because many climatic changes, on orbital or millenial scale, has heen recorded in the North
Atlantic ocean, many studies have focused on reconstruction of sea surface parameters to
understand oceanic imprints of such events. Pionneer studies of Duplessy and his team
[15,28-30] have focused on past SSS changes. As described in section 3, a strong confidence
in the ‘isotopic temperature’ reconstruction has been reached for these studies with isotopic
analyses of ‘modern’ planctonic foraminiferal species. compared with sea temperature. Thanks
to these calibrations, together with some good estimates of ice volume corrections, §'30sw
anomalies have been estimated for the last glacial maximum [15]. Then, using the regular
relationship by Craig and Gordon (equation (2)), with a global slope of 0.5, summer sea-surface
salinity reconstruction showed a strong gradient associated with the polar front (Figure 4). For
some episodes of strong discharge of fresh water coming from iceberg rafting in the North
Atlantic ocean, knowned as Heinrich events, as well as for the penultimate deglaciation, the
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Fig. 4. Reconstruction of summer sea surface salinity for the North Atlantic Ocean during the last
glacial maximim (expressed as S-35). Data sets from [15], Salinity fronts interpolated with Areview

software (acknowledgement to F. Eynaud).

same reconstruction technic has revealed paleosalinities changes of about 1per mil for such
abrupt climatic changes [28-30]. This range in salinity changes holds the limits of confidence
defined previously. These quantitative paleosalinity data sets have been used as boundary con-
ditions for several ocean model runs, to investigate surface hydrological changes during Heinrich
events and the LGM [31,32].

Two recent studies have focused on specific low latitude areas of the west Atlantic ocean.
For both studies, SST estimations are based on Mg/Ca measurements on the same foraminifera
species used for isotopic measurements. As described previously. such in situ proxies help to
reduce uncertainties on 38T, For the subtropical North Atlantic gyre, Schmidt et al. presents
8*30sw record for some of the most drastic climatic episodes covering the last glacial period,
known as Dansgaard-Oeschger events [33. Millenial-scale surface-salinity enrichments of about
0.7 to 1.5 per mil are detected for two stadials (cold) events at around 48 000 and 57000 yrs
B.P.. These estimations are using the assumption that present day §'5Osw-SSS relationship
was still valid in the past, which should be taken with care. The author suggests that the slope
might have been steeper during glacial time. reducing the reconstruct salinity values below
1per mil unit [33]. Another study has focused on the brasilian margin, and proposed guanti-
tative SSS reconstructions for the last deglaciation [34]. On a quantitative point of view, two
high salinity imprints are recorded for cold periods such as the Younger Dryas period and the
Heinrich 1 events, which amplitude are above 1per mil. Once again, application of the
present day §'®0sw-SSS relationship to the past cast some doubt about the accuracy of such
reconstruction. Meanwhile, both reconstructions give probably trustfull qualitative pattern of
588 changes in this area during millenial scale climatic changes.

For the Pacific ocean, few SS8 records exist. but cover a wide temporal frame (from
1.7 million vears B.P. to the last 25 000 vears B.P.) (see table 2). Most of these studies present
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3*30sw reconstructions in order to estimate past changes in the surface salinity. Only one ven-
tures to show quantitative 558 values, for the imprints of the last deglaciation on the Chilean
margin [33]. For this study, alkenones measurements have been done to estimate SST changes.
This alkenone technic is based on measurements done on coccolithophorid chemical remains.
Although S§ST reconstructions using this technic have been thoroughly validated in the past,
its application to our SS8 reconstruction can still be in abevance as long as coccolithophorids
species might not have the same environmental requirements as foraminifera species. Mean-
while, huge decrease in calculated salinities is recorded between 17.8 to 13.8kyr B.P., with a
amplitude of 5 per mil. As long as this salinity change equals 5 times the acceptable uncertainty
range (1 per mil), one can consider this imprint to be a realistic signal, linked with the dynamic
of the Patagonian Ice sheet [33].

For the Indian ocean, the main problem lies in the weak §30sw-SSS relationship. The
slope is around (.20, but with a large standard deviation due to a wide scattering of data
points (Figure 2) [36]. As a consequence, except for some well defined areas, quantitative
reconstructions are difficult to obtained. Most of the studies present a §'30sw signal as a proxy
for past SSS [37.38]. To reach good confidence in the quantitative reconstruction, precisions
need to be obtained for the §®Osw-S88S relationship. As seen previously, the correlation factor
is quite correct for the Red Sea/Persian Gull, and can be taken for such calculations. Trusting
this good confidence in the §'®0sw-5S8S relationship, Malaizé et al. tempted to calculate quan-
titative changes in SSS during the penultimate glacial period (at around 175000 years B.P.), a
time interval knowned to harbour some strong monsoonal imprints. Rapid decrease of salinity
of about 1 per mil is recorded near the Socotran Island during this time, and is linked with [resh
water input in the surface ocean, in respons to strong monsoonal rainfall [39]. Anomalies in a
8'30sw residual signal from a marine record taken in the gulf of Bengual, for the same period
of time, have been also interpreted as a low salinity imprint due to strong indian mensoon [37].

7 Conclusions

As long as no geological archives are knowned to directly record sea surface parameters, sci-
entists are bounded to use indirect method to reconstruct past Sea Surface Salinities. Geo-
chemistry of foraminifera shell has revealed a strong potential for this purpose. The §'30c of
the calcitic shell depends on the temperature and on the §'30sw of the surrounded waters,
itsell depending on changes in the continental ice sheets volume and on salinity changes. Some
experimental observations have led to the development of mathematical relationship between
all these parameters {equations (1) and (2)).

To estimate past 5SS, three parameters need to be known: §'*0¢, 88T, and Ad'30sw, which
could be due to local and global phenomenom (such as ice volume changes), The isotopic com-
position of the calcite is directly measured. Analytical precision is given for each measurements.
To estimate past SST, several methods have been developed, from faunistic assemblages to geo-
chemical studies (Mg/Ca proportion in the shell). The best uncertainty on this parameter can
be estimate around 1°C. The global part of §'30sw changes can be estimate with references
record, linked with an uncertainty of about +/— 0.1 per mil. The local part of §*30sw changes
can be calculated with equation (1), major uncertainties depending on SST error bars. The
main error on quantitative SSS reconstruction is linked with the last step of the calculation,
Le. with the 6'®Osw-SSS relationship, which presents a wide range of slopes and scattering of
data points. For some specific oceanic areas, uncertainties are to high to allowed quantitative
reconstructions, and the final step in the calculation must be avoided. For judicious oceanic
areas, quantitative reconstructions can be tested. I the amplitude in 5SS changes is below 1 per
mil, 888 estimations should be taken with cantion,

It is a real pleasure to thank the organizers of the ERCA school, Claude Boutron and Michéle Poinsot,
The anthor would also like to thank Frédérique Evnaud for the use of the Arcview software to create
fizure 4, Gavin Schmidt and Elisabeth Michel for helpfull discussions, and Jean Claude Duplessy for a
review of the manuscript. This paper is UMR 5805 EPOC publication n®1715.
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Analyses des alkénones et des glycerol dialkyl gbrol tetraether (GDGTS)

Le sédiment séché a froid a été extrait avec uraebeur de solvant (ASE 2000, Dionex) en
utilisant un mélange de 9:1 (v/v) de dichlorométhahméthanol au laboratoire du NIOZ.
Apres extraction, une quantité connue de standdedne (1ug) de Gs GDGT a été ajoutée
aux extraits totaux. Les extraits ont été sépam¥schromatographie en colonne,@4 en
utilisant de I'hexane/DCM (9:1, v/v), hexane/DCM:.lv/v), and DCM/MeOH (1:1, v/v)
comme différents éluants. Une quantité connue dtandard interne, un deuterated ante-iso
C,. alkane, a été ajoutée a la fraction alcénoneafe=ioCM, 1:1 v/v) pour la quantification.
La fraction alcénone a été mesurée par chromatbigrapazeuse (Agilent 6890) au
laboratoire du NIOZ. La précision analytique derlathode est d’environ 0.3°C. Le signal
Uk, aensuite été calculé comme défini par Prahl anééam (1987).

La fraction polaire (DCM/MeOH, 1:1, v/v), qui coetit les GDGTs, a été analysées en
utilisant la chromatographie liquide haute perfomggionisation chimique a pression
atmosphérique/spectrométrie de masse (HPLC-APCI/l$)laboratoire du NIOZ. Les
GDGTs ont été détectés par un controle d’ion sirdpléeur (M + H) ions et la quantification
de la composantes GDGT a été finalisé en intédemtaires des pics et en utilisant le
standard interne. La précision analytique de lehodi est d’environ 0.2°C.
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Principe de L’XRF core scanner (fluorescence au ragn X)

Cette méthode semi-quantitative permet de détermtanmncentration des éléments majeurs
et mineurs a la surface du sédiment.

Les rayons X sont utilisés pour ioniser les atordass le matériel d’échantillonnage en
éjectant un électron de la couche K. Ensuite, eatén de la couche supérieure L ou H
remplit le vide du niveau intérieur en émettaninéegie en surplus caractéristique de
I'élément : Ko ou KB photons fluorescents. La place libre sur la couclest remplie par un
électron de la couche M émettant une radiatianchractéristique de I'élément, ou par un
électron de la couche N émettant une radiatign L

D’aprés la loi de Moseley, I'énergie d’'ionisationl'@nergie de fluorescence caractéristiques
d’'un atome augmentent avec son numéro atomique.

Ainsi, les éléments lourds émettent relativemens m’énergie de fluorescence. Celle-ci est
moins susceptible de se disperser et s’absorberldanatériel d’échantillonnage aboutissant
a de plus grande profondeur de réponse (Figure B).

Figure B : Principe de I'’XRF et illustration degférences dans la profondeur de réponse
pour les éléments (Richter et et al., 2006).

Chaque mesure XRF comprend un spectre. Un modeteepensuite de convertir ce spectre
en une intensité d'éléments sur un ordinateur guiedié a I'appareil. Le logiciel effectue une
correction du bruit de fond, des corrections desraes de pics et une intégration des pics.
L'’XRF mesure lintensité des éléments en coups @b wles concentrations absolues.
L’appareil utilisé au laboratoire EPOC est un seautte troisieme génération (Avaatech) avec
une grande résolution (jusqu’a 0,1 mm) et une @il automatisation.
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Abstract. Glacial-interglacial fluctuations in the vegetation
of South Africa might elucidate the climate system at the
edge of the tropics between the Indian and Atlantic Oceans.
However, vegetation records covering a full glacial cycle
have only been published from the eastern South Atlantic.
We present a pollen record of the marine core MD96-2048
retrieved by the Marion Dufresne from the Indian Ocean
~120km south of the Limpopo River mouth. The sed-
imentation at the site is slow and continuous. The up-
per 6 m (spanning the past 342 Ka) have been analysed for
pollen and spores at millennial resolution. The terrestrial
pollen assemblages indicate that during interglacials, the
vegetation of eastern South Africa and southern Mozambique
largely consisted of evergreen and deciduous forests. During
glacials open mountainous scrubland dominated. Montane
forest with Podocarpus extended during humid periods was
favoured by strong local insolation. Correlation with the sea
surface temperature record of the same core indicates that
the extension of mountainous scrubland primarily depends
on sea surface temperatures of the Agulhas Current. Our
record corroborates terrestrial evidence of the extension of
open mountainous scrubland (including fynbos-like species
of the high-altitude Grassland biome) for the last glacial as
well as for other glacial periods of the past 300 Ka.

Correspondence to: L. M. Dupont
BY (dupont@uni-bremen.de)

1 Introduction

South Africa lies at the edge of the tropics between the Indian
and Atlantic Oceans. Today, only the tip of South Africa
reaches into the winter rain zone touched by the circum-
Antarctic Westerlies at their northernmost winter position.
The eastern part of South Africa presently has a tropical sum-
mer rain climate strongly depending on the sea surface tem-
peratures (SSTs) of the Southwest Indian Ocean and the in-
fluence of the Agulhas Current (e.g. Jury et al., 1993; Tyson
and Preston-Whyte, 2000).

There has been a long standing debate over how South
African climate and vegetation changed through the Pleis-
tocene glacial-interglacial cycles. Some authors advocate
a shift of the winter rainfall area northwards during glacial
times but differ about the amplitude of that shift (e.g. Heine,
1982; Stuut et al., 2004; Shi et al., 2001; Chase, 2010). Oth-
ers argue that most of South Africa remained under summer
rain influence (Lee-Thorp and Beaumont, 1995; Partridge et
al., 1999), even including the southern Cape (Bar-Matthews
et al., 2010). See Chase and Meadows (2007) and Gasse
et al. (2008) and references therein for the full discussion.
Not only are the latitudinal position, intensity, and influence
of the westerly storm tracks — and with them the extent of
the summer rainfall area — insufficiently clarified, but also
the impact of local versus Northern Hemisphere insolation
on the climate of South Africa is largely unknown. The age
model of the Tswaing Crater sequence (Partridge et al., 1997;
Kirsten et al., 2007) is tuned to precession and cannot be

Published by Copernicus Publications on behalf of the European Geosciences Union.
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stated as independent evidence for the impact of local in-
solation, which is doubted for the Holocene (Chase et al.,
2010). The debate is thus fuelled by the lack of good records
to address the glacial-interglacial climate cycle of land-cover
change in Southern Africa. Even for the last Glacial, the
terrestrial evidence is fragmentary, poorly dated or contra-
dictory. Records integrating a full glacial-interglacial cycle
or spanning more than one climate cycle are only covered by
marine cores.

Yet, understanding fluctuations in vegetation and land-
cover — which have shaped the environment of early humans
(e.g. Marean et al., 2007; Wadley, 2007; Chase, 2010) — is
critical as they are related to globally important systems such
as the Agulhas and Benguela Currents, the latitude of the
Subtropical Front, and the position of the sub-tropical high-
pressure systems in the Southern Hemisphere. Furthermore,
vegetation records can be used to validate results from earth
system dynamic vegetation models of high or intermediate
complexity.

In the present paper, we focus on the regional develop-
ment of the vegetation of south Mozambique and the north-
east corner of South Africa since 350 Ka. We study vege-
tation change and SST estimates (Caley et al., 2011) over
several glacial-interglacial cycles to better understand the
driving forces of land-cover variations in the region using
sediments of a marine core retrieved near the mouth of the
Limpopo River. The glacial-interglacial vegetation variabil-
ity in the marine core is compared to the pollen records
of Wonderkrater (Scott, 1982a; Scott et al., 2003) and the
Tswaing Crater (Scoft, 1999; Scott and Tackeray, 1987) in
South Africa and to the pollen record of Lake Tritrivakely on
Madagascar (Gasse and Van Campo, 1998, 2001).

At this stage we do not attempt to compare with the
records of Lake Malawi (DeBusk, 1998; Cohen et al., 2007;
Beuning et al., 2011), Lake Masoko (Vincens et al., 2007),
or Kashiru (Bonnefille and Riollet, 1988), which are situated
too far north to be used as a guide for the region and are,
therefore, beyond the scope of this paper. A more compre-
hensive review of vegetation changes in Africa over several
climatic cycles is given in Dupont (201 1).

2  Topography and modern climate

Extensive lowlands stretch north of the site intersected by
the floodplains of the Limpopo and the Changane Rivers
(Fig. 1). The floodplain soils of the Changane River are
salty (Kersberg, 1985, 1996). West of Maputo, the relief
rises to the central plateau of southern Africa. The Great
Escarpment forms here the northern part of the Drakensberg
(up to over 2000 ma.s.l.). Between the escarpment and the
coast lies a N-S oriented low ridge, the Lebombos hills (100—
500 ma.s.l.).

The average annual temperature ranges from 16 °C on the
central plateau to 24°C in the lowland area. Lowlands are

Clim. Past, 7, 1209-1224, 2011
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devoid of frosts, but the highland can have severe frosts
during clear winter nights (Kersberg, 1996). Average an-
nual precipitation ranges from 1400 mm in the mountains
to 600 mm in the lowlands. Rain falls mostly in summer
(November to March). Because of the relief of the Great
Escarpment, the temperature and rainfall contours are N-S
directed. Along the coast rain is more frequent. The warm
waters of the Agulhas Current system bring warm and hu-
mid air over the lowland into the mountains of the Escarp-
ment. Rainfall during late summer in the region increases
with warmer sea surface temperatures (SST) of the Agulhas
Current. However, rainfall diminishes when the SST of the
western Southwest Indian Ocean decrease (Jury et al., 1993;
Reason and Mulenga, 1999).

The area lies in the transition between tropical and sub-
tropical climate, just south of the subtropical ridge between
the southern Hadley and the Ferrel cell (Tyson and Preston-
Whyte, 2000). Most of the year, surface airflow is from east
to west and stronger during summer. During winter the av-
erage wind direction turns southwest in June to northeast in
September, but winds tend to be weak. The topographic con-
figuration of the high interior, the escarpment and the coastal
lowland creates coastal shallow low pressure cells associated
with Bergwinds blowing down the mountains in an offshore
direction (Tyson and Preston-Whyte, 2000). On a daily ba-
sis, mountain winds blow offshore by night (land breeze) and
onshore by day (sea breeze).

On days without rain, stable layers at about 500 hPa and
700 hPa develop over southern Africa. Between these stable
layers dust and aerosols can be trapped, re-circulated over the
continent for days and finally exported over large distances
over the oceans to the Atlantic but mainly to the Indian Ocean
(>75%) (Tyson and Preston-Whyte, 2000). However, the
transport takes place above the marine boundary layer and
is thus of little consequence for the pollen delivery to our
marine site close to the coast.

3 Modern vegetation

The vegetation in the region is very varied (Fig. 1) and is
classified into as many as five different phytogeographical
regions (phytochoria after White, 1983); two tropical phyto-
choria, the Zambezian interior and the Zanzibar-Inhambane
coastal region; two tropical-subtropical ones, the Highveld
and the coastal Tongaland-Pondoland region; and one be-
longing to the Afromontane region (White, 1983). The nat-
ural vegetation ranges from closed forest to dry scrubland
and from alpine open grassland to semi-evergreen lowland
forest. Along the rivers, wet forest alternates with flood-
plain savannahs and herb communities. However, most of
the floodplain is now under cultivation. The saline soils along
the Changane River carry halophytic plants such as 4rthroc-
newm and Atriplex of the Chenopodiaceae family. Seasonally
flooded flat depressions east of the Changane River bear a
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Fig. 1. Upper panel: map of southern Africa with the main phytochoria after White (1983). Location of sites mentioned in the text are
denoted by asterix. Lower panel: site location of MD96-2048; main vegetation formations; main rivers; 100 m, 200 m, 500 m, and 1000 m
contours; 200 m, 500 m, and 1000 m bathymetric contours; Agulhas (AC) and counter currents (CC) forming a coastal eddy. Zambezian veg-
etation woodland and savannah north of ~25°30’ S, Tongaland-Pondoland coastal forests south of ~25°30’ S, Zanzibar-Inhambane coastal
forests east of 33-34° E. West of the escarpment with Afromontane forest rises the interior plateau covered with Highveld grasslands rises.

palm and termite savannah with Hyphaene, Phoenix, Acacia,
Garcinia, Cyvperus, Phragmites and other grasses (Kersberg,
1985, 1996).

Closed forest is found in the form of cloud forest (with
a rich flora including Podocarpus) and semi-deciduous for-
est on the Drakensberg, riparian forest and coastal forest in
the lowland, and mangroves along river estuaries. North of
the site, in the Zambezian region, Miombo woodland (with
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Brachystegia) and Mopane dry woodland (with Colophos-
permum mopane) occur, Several types of woodland and
scrubland with ticket or grass stratum are found in the low-
lands west and northwest of the city of Maputo and on
the Lebombos hills. Thicket also covers the littoral dunes.
Woody savannahs occur in the higher parts along the Great
Escarpment and the elevated inland plateau, the Highveld, 1s
covered by open grasslands (Kersberg, 1985, 1996).

Clim. Past, 7, 1209-1224, 2011
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Along the coast north of the marine site, the littoral
dunes are closely covered by evergreen hemi-sclerophyllous
thicket. Behind the narrow coastal strip, closed forest in the
form of evergreen seasonal to semi-deciduous lowland for-
est is found on the sub-littoral belt of ancient dunes. Behind
the sub-littoral, Miombo woodland with Brachystegia grows
northeast of the Limpopo River and comparable woodland,
with Sclerocarya but without Brachystegia grows southwest
of the river. Shrubland with Combretum, Philenoptera, Zizi-
phus, and Acacia exists between the Limpopo and Inco-
mati Rivers. South and west of it, scrub savannah with
Acacia, Sclerocarva, Combretum, Ziziphus, and Peltopho-
rum africanum covers the lowland area west and east of the
Lebombos hills (Kersberg, 1985, 1996).

4 Material and methods

The marine core MD96-2048 (26°10"S 34°01’E, Fig. 1)
was retrieved by the Marion Dufresne cruise MOZAPHARE
(MD 104) at 660 m water depth on the upper continental
slope east of Maputo and south of the mouth of the Limpopo
River. The shelf here is rather broad and the continental slope
is not very steep. The southern directed flow of warm wa-
ters of the Agulhas Current system is structured in counter
clockwise eddies except for the shallower area along the
coast (Lutjeharms and da Silva, 1988). The clockwise cur-
rent along the coast off Maputo forms an eddy, the flow of
which slows in the centre where suspended material settles
(Martin, 1981). Our site is located in the northern part of the
southern Limpopo cone depot centre which has been built up
since Late Miocene times (Martin, 1981).

The material was retrieved at 660 m water depth by gi-
ant piston coring. The age model of MD96-2048 is con-
structed by correlating the stable oxygen isotopes of the ben-
thic foraminifer Planulina wuellerstorfi to the global refer-
ence stack LR0O4 (Lisiecki and Raymo, 2005; Caley et al,,
2011). The oxygen isotope stratigraphy indicates a rather
slow, but continuous sedimentation rate. For this study, 116
samples from the upper 6 m covering the past 342 Ka (MIS 9
to 1) have been palynologically analysed by the first author.

Samples of 3 to 7ml were taken every two to five cm from
the upper 6 m. Volume was measured using water displace-
ment. Samples were decalcified with diluted HCI (~12 %)
and after washing, were treated with HF (~40 %) for several
days to remove silicates. Two Lycopodium spore tablets con-
taining 10 680 £ 1.8 % markers each were added during the
decalcification step. Samples were sieved over a cloth with
meshes of 8 pm (diagonal) using ultrasonic treatment, which
resulted in the removal of particles smaller than 10-12 pm.
‘When necessary the sample was decanted to remove remain-
ing silt. Samples were stored in water, mounted in glyc-
erol, and microscopically examined (magnification 400 and
1000x) for pollen, spores, and dinoflagellate cysts by the first
author. Pollen (Table 1) was identified using Scott (1982bh),
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the African Pollen Database http://medias3.mediasfrance.
org/pollen/, and the reference collection of African pollen
grains of the Department of Palynology and Climate Dynam-
ics of the University of Gottingen.

Two types of time-series analysis were carried out:
Wavelet analysis after Torrence and Compo (1998) and
cross spectral analysis using AnalySeries 2.0 (Paillard
et al, 1996). To create equidistant series for spec-
tral analysis, endmember abundances were re-sampled ev-
ery 3Ka between 0 and 342Ka. The Wavelet analy-
sis applied a Mortlet 6.00 wavelet, zero padding, and a
white-noise background spectrum http://paos.colorado.edu/
research/wavelets/. Cross spectral analysis was performed
after the Blackman-Tuckey method using a Bartlett Window
with 35 lags resulting in a bandwidth of 0.0142857. Er-
rors and coherency have been calculated for the 95 % confi-
dence level (non-zero coherency > 0.554094; error estimate
0.486146 < A Power/Power < 3.11201). To check the signif-
icance of the power maxima in the frequency domain, we
used the f-test of the Multi-Taper-Method.

5 Results

5.1 Pollen concentration and percentages of selected
pollen taxa

Percentages are calculated based on the total number of
pollen and spores and selected curves are plotted in Figs. 2
and 3. The material varied strongly in the amount of paly-
nomorphs. Therefore, not all samples could be counted to a
desirable pollen sum of 300 or more. Most sums vary be-
tween 100 and 390 pollen and spores, but in a few cases not
even 100 pollen and spores could be found. The calculation
sum is depicted in Fig. 2. Percentages are based on the total
of pollen and spores. The pollen concentration per ml and a
summary diagram are given in Fig. 3. The age model (after
Caley et al., 2011) is constructed by comparison of the stable
oxygen isotope curve of benthic foraminifers to the stack of
LRO4 (Lisiecki and Raymo, 2005).

Pollen concentration per ml is rather low, mostly less than
2000 grains per ml and lower in the older part of the stud-
ied sequence between 340 and 120 Ka than in the younger
part after 120 Ka. Maxima of more than 4000 grains per ml
are found at depths dated around 115, 90, 70, and 60—40 Ka.
After 40 Ka pollen concentrations are again low and decline
further after 15 Ka (Fig. 3).

215 pollen taxa have been identified, 108 taxa turned
up in more than 5 samples (Table 1). Most abundant
pollen i1s from Podocarpus (yellow wood), Cyperaceae
(e.g. sedges), and Poaceae (grasses). Pollen taxa have
been grouped in pollen from (a) forest trees, (b) wood-
land trees and scrubs, (¢) mountainous herbs, scrubs and
trees, (d) coastal and halophytic scrubs and herbs, (e) ripar-
ian and swamp plants based on Kersberg (1996) and Coates
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Table 1. List of grouped pollen taxa occurring in 5 or more samples. Grouping was done using Kersberg (1996) and Coates Palgrave (2002)
The columns EM1, EM2, EM3 denote the scores (in percent) of the taxa on each of the endmember assemblage EM1, EM2, or EM3,
respectively (highest scores in bold). r2 is the coefficient of determination (n.s., not significant). See methods for details of the endmember
modelling unmixing procedure (Weltje, 1997).

Pollen type Family EM1 EM2 EM3 2
Cyperaceae 18.98 42.37 2826 039
Poaceae 7.63  14.04 1953 042
Podocarpus Podocarpaceae 52.19 18.02 10.14 0.66
Asteraceae
Asteroideae pp Asteraceae 0.50 4.30 435 031
Cichorioideae pp Asteraceae n.s.
Cotula-type Asteraceae 0.00 0.10 0.68 0.29
daisy-type Asteraceae 0.18 1.18 071  0.10
Gazania-type Asteraceae n.s.
Pentzia-type Asteraceae 0.00 0.77 1.30 0.18
Stoebe-type Asteraccae 0.00 1.18 0.16 0.19
Tarchonanthus/Artemisia Asteraceae n.s.
Vernonia Asteraceae n.s.
forest trees
Buxus madagascaria-type  Buxaceae n.s.
Celastraceae 0.00 0.02 0.09 0.04
Chrvsophyllum Sapotaceae 0.00 0.07 0.25 0.16
Crotalaria Fabaceae 0.11 0.00 0.16 0.05
Gareinia Clusiaceae 0.26 0.00 0.26  0.06
Hymenocardia Euphorbiaceae 0.33 0.00 0.20  0.10
Ilex Aquifoliaceae n.s.
Khava-type Meliaceae 0.03 0.00 0.51 021
Lophira Ochnaceae n.s.
Macaranga Euphorbiaceae n.s.
Mallotus-type Euphorbiaceae 1.24 0.06 2.65 0.17
Meliaceae/Sapotaceae n.s.
Schizeaceae 0.45 0.38 0.00 0.04
Tetrorchidium-type Euphorbiaceae? 0.00 0.16 0.14 0.08
Thymelaeaceae pp n.s.
Zanthoxylum Rutaceae n.s.
woodland trees and scrubs
Acacia Mimosaceae n.s.
Acanthaceae pp 0.06 0.00 0.26 0.09
Alchornea Euphorbiaceae 0.89 0.03 3.69 047
Balanites Balanitaceac 0.08 0.08 0.73  0.18
Brachystegia Caesalpiniaceae 0.01 0.11 0.73 0.13
Bridelia Euphorbiaceae n.s.
Burkea africana Caesalpiniaceae 0.46 0.00 0.66 0.18
Cassia-type Caesalpiniaceae 0.43 0.00 1.04 0.08
Celtis Ulmaceae 0.70 0.00 021 Q11
Cleome Capparaceae 0.07 0.00 0.07 0.07
Coffea-type Rubiaceae n.s.
Combretaceae pp 0.20 0.14 1.14 0.23
Croton Euphorbiaceae n.s.
Daniellia-type Fabaceae 0.11 0.00 042 020
Diospyros Ebenaceae n.s.
Dodonaea viscosa Sapindaceae 0.27 0.09 0.77 0.11
Dombeva Sterculiaceae n.s.
Dracaena Agavaceae n.s.

Caley, 2011
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Table 1. Continued.

Pollen type Family EMI EM2 EM3 #e
Euclea Ebenaceae n.s.
Euphorbia Euphorbiaceae 0.58 0.00 132 0.19
Fabaceae 0.18  0.00 050 0.09
Grewia Tiliaceae I.S.
Hyphaene Arecaceae 0.07 021 0.07 0.04
Hypoestes-type Acanthaceae n.s.
Indigofera-type Fabaceae 0.15 004 030 0.05
Klaineanthus Euphorbiaceae n.s.
Lannea/Sclerocarva Anacardiaceae 0.03 000 036 0.12
Manilkara-type Sapotaceae 0.58 000 0.61 0.13
Parinari Chrysobalanaceae  0.04  0.00  0.08 0.05
Peltophorum africanum Caesalpiniaceae 0.15  0.00 0.07 0.06
Philenoptera-type Fabaceae n.s.
Pterocarpus-type Fabaceae n.s.
Rhamnaceae pp n.s.
Rhus Anacardiaceae n.s.
Rubiaceae pp 0.04 000 013 0.05
Sapotaceae pp I.S.
Schrebera-type Oleaceae 027 000 0.65 0.14
Sorindeia juglandifolia-type Anacardiaceae ILS.
Spermacoce Rubiaceae 0.04 0.00 027 0.13
Tapinanthus Loranthaceae n.s.
Tarchonanthus/Artemisia Asteraceae n.s.
Tephrosia-type Fabaceae n.s.
Uapaca Euphorbiaceae 0.08 040 020 0.05
Urtica-type Urticaceae 0.20 0.00 0.00 0.08
mountainous herbs, scrubs and trees
Aloe-type Liliaceae 0.05 034 0.17 0.04
Anthoceros Anthocerotaceae n.s.
Anthospermum Rubiaceae 027 029 0.88 0.07
FEricaceae 0.19 6.23 1.85 047
Lyeopodium Lycopodiaceae n.s.
Lycopodium cernuim-type Lycopodiaceae 0.04 014 0.00 0.05
Myrica Myricaceae 1.s.
Myrsine africana Myrsinaceae .19 0.00 Ll 10:14
Olea Oleaceae n.s.
Passerina Thymelaeaceae 0.00 080 0.10 0.18
Phaeoceros Anthocerotaceae 0.71 1.79  0.00 0.30
Protea/Faurea Proteaceae 0.14 0.00 0.20 0.03
Pseudolachnostylis-type Euphorbiaceae 0.14 000 0.58 0.19
Restionaceae 0.15 052 0.00 0.05
Stoebe-type Asteraceae 0.00 1.18 0.16 0.19
mangrove tree
Rhizophora Rhizophoraceae 0.82  0.00 111 0.14
coastal and halophytic scrubs and herbs
Aizoaceae 0.80 0.00 0.82 0.06
Boscia/Maerua Capparaccae 1.S.
Caryophyllaceae pp n.s.
Chenopodiaceae/ Amaranthaceae 0.12  0.74 217 047
Gazania-type Asteraceae n.s.
Polvearpaea Caryophyllaceae 0.10 0.00 0.06 0.05
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Table 1. Continued.

Pollen type Family EMI EM2 EM3 *
Raphia-type Arecaceae n.s.
Tribulus Zygophyllaceae  0.03  0.19  0.27 0.04
Ziziphus-type Rhamnaceae n.s.

riparian and swamp plants

Alismataceae pp

1.94 000 093 0.11

Borassus Arecaceae n.s.
Campanulaceae ns
Phoenix Arecaceae n.s.
Polygonum senegalensis-type Polygonaceae n.s.
Preris Pteridaceae 0.48 0.13 049 0.04
Stipularia africana Rubiaceae 0.00 0.11 0.04 0.04
Tipha Thyphaceae 0.26 0.83 027 0.05

not classified

Chestis-type Conneraceae n.s.
Evolvulus-type Convolvulaceae n.s.
Plantago Plantaginaceae n.s.
Solanum Solanaceae n.s.
stephanocolporate, striatoreticulate ~ Solanaceae? n.s.

Palmgrave (2002). Asteraceae (without Stoebe-type and Tar-
chonanthus/Artemisia-type), Cyperaceae, Poaceae, Podocar-
pus, and Rhizophora (mangrove tree) pollen are not placed
in one of the groups mentioned above. Percentages of se-
lected pollen taxa and groups calculated on the basis of total
of pollen and spores are given in Fig. 2.

Pollen of woodland scrubs and trees as well as forest trees
show maximum percentages during marine isotope stages
(MIS) 9, 7, 5, and 1. Three successively declining percent-
age maxima are found for MIS 5. Fern spore percentages
vary between 4 and 16 % with maxima during early MIS 7,
early MIS 5, and MIS 1. Pollen of coastal and halophytic
scrubs and herbs is not abundant. Most of this pollen is found
parallel to the forest maxima. Also Rhizophora pollen is not
abundant with maxima during early MIS 9 and early MIS
5. Podocarpus pollen percentages show maxima during ter-
minations and the cooler phases of MIS 7 and 5. Pollen of
mountainous scrubs and trees, including Ericaceae (heather),
has low percentages during most of MIS 9, 7, 5, and 1. Per-
centages for this group show maxima during MIS 8, 6, and
4-2. Poaceae pollen percentages run parallel to those of the
mountainous group except for maxima in MIS 7, early MIS
5, and late MIS 1. Cyperaceae pollen is relatively abun-
dant with percentages between 10 and 40 %. Minima are
found in MIS 9 and early MIS 5. Pollen of other riparian
and swamp plants has a conspicuous maximum just before
100 Ka (Fig. 2).
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5.2 Endmembers

We carried out a multivariate analysis in the form of an
endmember model unmixing procedure (Weltje, 1997), the
statistics of which are specifically designed for the treat-
ment of percentage data using a version of the unmixer al-
gorithm programmed in MATLAB by Dave Heslop in 2008.
Taxa occurring in at least 5 different samples (listed in Ta-
ble 1) are used in the endmember modelling (total of 108
taxa and 116 samples). We used a model with three compo-
nents (EM1, EM2, EM3) explaining over 93 % of the vari-
ance (> =0.935). Iteration was stopped at 1000 resulting in
a convexity at termination of 1.92. The scores of the pollen
taxa on the endmembers are given in Table 1.

The endmembers “consist” of a mixture of pollen and
spore taxa, whereby the focus within each endmember
clearly differs (Figs. 4-6, Table 1). EMI is dominated by
the variability in the Podocarpus pollen abundance. Other
significant contributions to EM1 are of Schizaceae (tree
ferns), Alismataceae, Celtis, Hymenocardia, Peltophorum
africanum, and Myrsine africana. In EM2 Cyperaceae
pollen fluctuations are dominant and the variability of Eri-
caceae pollen and Phaeoceros (hornwort) spores is impor-
tant together with that of Asteroideae and Poaceae pollen.
Other significant contributions are of Stoebe-type, Passerina,
Restionaceae (cape reeds), Typha (cattail), and Lycopodium
cernuum (clubmoss). A large number of pollen taxa from for-
est and woodland (A/chornea, Combretaceae, Khaya-type,
ete.) and mangroves (Rhizophora) score on EM3. Also
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Fig. 2. Pollen percentages of groups (defined in Table 1) and selected taxa on the timescale of LR04 (Lisiecki and Raymo, 2005). Bottom
curve shows the total of counted pollen and spores used in the percentage calculation. MIS, Marine [sotope Stage.

important for EM3 are the relative abundances of Chenop-
diaceae/Amarantaceae, Poaceae, Cotula-type and other As-
teroideae, and Anthospermum pollen.

The relative abundances of the endmembers plotted
against time (Fig. 3) show a strong pattern of interglacial-
glacial fluctuations, whereby EM3 is most abundant during
interglacials (MIS 9, 7, Se, and 1) and EM2 most abundant
during glacials (MIS 8, 6, and 4 to 2). Additionally, EM3
reaches 0.4 during MIS 3 and short phases in MIS 6 and early
MIS 8. EM1 scores during the intermediate periods.
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6 Discussion
6.1 Source region of pollen and spores

Generally, the atmospheric circulation is not favourable for
pollen transport to the marine site. Only Bergwinds and
nightly land breezes (Tyson and Preston-Whyte, 2000) might
carry pollen and spores directly from the Drakensberg and
lowlands west of Maputo. On average, weak north and north-
east winds might deliver pollen and spores during the late
winter season. On the other hand, the site is situated less
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Fig. 3. Stable oxygen isotopes of benthic foraminifers per mille Pee Dee Belemnite (%0 PDB; Caley et al., 2011), cumulative Endmember
abundances, summary pollen diagram (%), pollen concentration (ml~!). MIS, Marine Isotope Stage.

than 120 Km from the coast and the mouth of the Limpopo
River, the catchment of which covers a large area including
parts of northern South Africa, Zimbabwe, and Mozambique.
Because of the relative short distance to the coast and the lo-
cation of the site on the southern Limpopo cone depot centre
(Martin, 1981), we expect most pollen and spores to be flu-
vial. Therefore, the source region is probably mainly north
of Maputo from the Drakensberg in the West to the coastal
plain in the East. Results of organic geochemistry performed
on the same sediments indicate that the relative amount of
terrestrial soil material in the core i1s very low (Caley et al.,
2011) and consequently the pollen concentration is also low.

6.2 Glacial-interglacial vegetation changes
The three endmembers, EM 1, EM2, and EM3, being distin-

guished by the unmixer algorithm, can be interpreted as the
representation of one or more vegetation complexes. EM1
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(Fig. 4, Table 1) probably represents rather humid moun-
tainous Podocarpus forest and combines Podocarpus values
with values of woodland taxa such as Peltophorum africanum
and Celtis, the Highveld taxon Myrsine afiricana, and taxa
indicating moist conditions such as Alismataceae and tree
ferns (Schizaceae). As Podocarpus values are the main con-
stituent of EM1, Podocarpus pollen percentages and EM1
abundances show similar trends. However, it should be kept
in mind, that Podocarpus is generally overrepresented by its
pollen (Coetzee, 1967).

Types of humid mountain forests represented by pollen
grouped in EM1 would have been more common — possi-
bly also at lower altitudes — during MIS 9, MIS 7, and the
later part of MIS 5. In the course of MIS 8, these forests
became successively more important. Our pollen record sug-
gests that periods of intermediate climate between full inter-
glacial and full glacial, such as the cooler phases of MIS 5,

Clim. Past, 7, 12091224, 2011
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Fig. 4. Pollen percentages of selected taxa scoring relatively high on Endmember 1 (EM1). Bottom curve denotes the mean December
insolation at 30° S after Laskar et al. (2004). MIS, Marine Isotope Stage.
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Fig. 6. Pollen percentages of selected taxa scoring relatively high on Endmember 3 (EM3). EM3 ratios at the bottom. MIS, Marine Isotope

Stage.

were best suited for humid mountain forests. A combination
of reduced temperatures and precipitation amounts that are
comparable to modern values could have increased the net
freshwater flux. During full glacial conditions, precipitation
probably was less than today (e.g. Shin et al., 2003) and con-
ditions might have been too dry for these forests even with
reduced temperatures. During the Holocene the mountain
forest was probably quite reduced.

EM2 (Fig. 5, Table 1) mainly represents the open moun-
tain vegetation dominated by ericaceous scrubs (Ericaceae
and some Asteroideae) together with a strong swampy
component indicated by high scores of Cyperaceae, Stip-
ularia africana, and Typha. Other mountain elements
such as Passerina, Stoebe-type, and Restionaceae indicate
fynbos-like vegetation (as found in high-altitude cool, wet
parts of the Grassland Biome; Mucina and Rutherford,
2006). Furthermore hornwort (Phaeoceros) and clubmoss
(Lycopodium) occur. EM2 is most abundant during full
glacials (MIS 8, 6, 2 to 4), indicating that open mountain-
ous habitats were common and had spread to lower altitudes.
Woody vegetation and forest probably was sparse. Rivers
could have been fringed with open swamps dominated by
sedges and some grasses instead of gallery forest.
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Compared to the record of the marine site MD79-254 situ-
ated in front of the Zambezi River (Van Campo et al., 1990),
the maximum of Ericaceae pollen percentages in our record
is slightly higher (7.8 % at the Limpopo compared to 5.7 %
at the Zambezi) and that of Combretaceae lower (2.7 % in-
stead of 8.0 %, respectively). The higher Ericaceae and lower
Combretaceae relative pollen abundance at the southern site
is consistent with a poleward decrease in temperatures.

EM3 combines pollen taxa from woodland and forest
(Fig. 6, Table 1) with those of coastal vegetation, man-
groves (Rhizophora), pioneer taxa (Tribulus), and halophytes
(Chenopodiaceae/Amaranthaceae) on saline soils. Anthos-
permum and Poaceae from the Highveld grasslands are also
represented. In combining such a variety of taxa, EM3 prob-
ably records a complex of different biomes not unlike the
modern situation (see Sect. 3) with woodland and forest in
the lowlands and grasslands on the interior plateau. This
complex situation mainly occurred during full interglacial
stages (MIS 9, 7, Se, and 1).

6.3 Extent of the open mountain vegetation during
glacials

A strong increase of mountain vegetation during glacials
has also been found in other records of southern Aftrican

Clim. Past, 7, 12091224, 2011
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Table 2. Coherency (Coh.) and phase in degrees (¢) at orbital periodicities between endmembers and ETP (normalised and stacked eccen-
tricity, obliquity, and negative precession), between EM1 and mean December insolation at 30° S (Ins.), and between EM2 and SST (Caley et
al., 2011). Ata confidence level of 95 %, coherence is non-zero if larger than 0.554. Phase is given in degrees in case of non-zero coherency.

18.3 Ka 23 Ka 41 Ka 100 Ka
Coh. ©[°] Coh.  ¢[°] Coh. o[®] Coh. w[°]
EM1vs.ETP 078 140=£11 0.54 0.39 0.64 32+16
EM2vs. ETP  0.39 0.51 0.76  138=11 0.82 205x10
EMI vs. Ins. 0.80 317+10 0.54 0.32 0.15
EM2 vs, SST  0.53 0.50 0.89 183+7 0.98 17343

vegetation (e.g. Scott, 1982a, 1999; Gasse and Van Campo,
2001). West of the marine site MD96-2048, at Tswaing
Crater (Scott, 1999; Scott and Tackeray, 1987) pollen from
various vegetation types were found such as Podocarpus
from mesic forest, Combretaceae, Burkea afiicana, and
Spirostachys from warm savannah woodland, and Jarcho-
nanthus probably from the dry savannah of the Kalahari
“thornveld”.  During the glacial parts of the sequence
Artemisia, Stoebe-type, Passerina and Ericaceae from cool
or temperate shrubland and fynbos became important. Also
in east South Africa, the sequence of Wonderkrater springs
(Scott, 1982a) indicates a change from mostly cool up-
land vegetation types during the Glacial and the deglacia-
tion to bushland during the Holocene, which is congruent
with our results. According to the terrestrial evidence, the
last Glacial vegetation included Podeocarpus mesic forest
and “bushveld” with Asteraceae, Anthospermum, Cliffortia,
Passerina, Ericaceae, and Stoebe alternating with more open
grassland communities. During the Holocene, a Kalahari
type “bushveld” with Combretaceae, Capparaceae, Burkea
africana, Acacia, Peltophorum africanum and denser wood-
lands with Olea and Proteaceae occurred (Scott, 1982a).

A comparable pattern of glacial-interglacial vegeta-
tion changes is found on Madagascar recorded at Lake
Tritrivakely (Gasse and Van Campo, 1998, 2001), where
the glacial vegetation dominated by Ericaceae changed to
a mosaic of open canopy vegetation (Poaceae, Asteraceae,
Chenopodiaceae) alternated with woodland (Celtis, Com-
bretaceae, Macaranga-type, Uapaca) or mountainous forest
with Podocarpus, Dombeya, and Vitex. Putting the evidence
of several pollen sequences in South Africa and Madagascar
(Botha et al., 1992; Scott, 1982a, 1987, 1989, 1999; Gasse
and Van Campo, 1998, 2001; Scott and Tackeray. 1987; Scott
and Woodborne, 2007) together indicates that cool upland
vegetation types, in the terminology of Scott (1999), might
have dominated the moister uplands in southern African dur-
ing glacial periods. It is comparable to the xerophytic woods
and scrubs biome mapped by Elenga et al. (2000) as promi-
nent in the Rift Valley during the Last Glacial Maximum.

Clim. Past, 7, 1209-1224, 2011
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6.4 Effects of SST of the Agulhas Current on the
vegetation development

The pattern of vegetation change registered at MD96-2048,
on the South African continent and on Madagascar suggests
that glacial-interglacial cycles have had a strong impact on
regional climates. The extension of the mountain vegetation
might be the effect of lower temperatures and/or of low atmo-
spheric CO; during the glacial. Glacial temperatures being
5-6 °C lower than today have been estimated by isotope stud-
ies on speleothems (Heaton et al., 1986; Stute and Talma,
1998; Holmgren et al., 2003). However, in case of the ef-
fects of low CO», also grasses should have increased, which
is not found in our pollen record. Albeit a minor increase
in Poaceae pollen percentages is found for MIS 8§, 6, and 2
to 4, values remain under 20 % indicating no substantial in-
crease of open savannah — let alone C4 grass dominance —
occurred in the region of the lower Limpopo River or in the
Lebombos Hills. Other studies report a limited increase of
Cy4 grasses in South Africa related to colder and drier periods
during MIS 4-2 (Holzkémper et al., 2009; Bar-Matthews et
al., 2010; Chase, 2010).

Comparing the abundances of EM2 — open mountainous
scrubland with fynbos affinities — with the stacked SST curve
from our site (Caley et al., 2011), the correlation between
the two is striking (Fig. 5). We performed a cross correla-
tion between both curves showing coherency between SST
and EM2 abundances at confidence levels exceeding 95 %
for all periodicities longer than 25 Ka. SST and EM2 abun-
dances are perfectly in anti-phase (Table 2), suggesting that
development of mountain serubland in southeast Africa is di-
rectly anti-correlated with the SST of the Agulhas Current.
At present, the influence of the Agulhas Current is mainly
through the increase of South African summer rainfall with
increasing SST and vice versa (Jury et al., 1993; Reason and
Mulenga, 1999). Our data indicate that this relation has been
valid for at least the past 350 Ka covering several glacial-
interglacial cycles.

The plants contributing to the EM2-signal are not specif-
ically adapted to aridity but to cooler conditions, while Er-
icaceae and Stoebe-type also grow in much drier regions
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Fig. 7. Cross correlation between EM1 and mean December in-
solation at 30°S. From top to bottom: power spectra of EM1 (log
scale left) and insolation (log scale right), coherency (non-zero co-
herency > 0.554, shaded), and phase in degrees. Confidence level
is set at 95 %. Bandwidth is 0.014. Error ranges are shaded. Phase
is only plotted if coherency is non-zero. Orbital periodicities in
Ka are denoted by pink bars. At the 18 Ka precession band EMI
lags Southern Hemisphere December insolation by ~40° (~2 Ka).
Interpolations and calculations were carried out in AnalySeries
(Paillard et al., 1996).

than the present-day South African eastern Escarpment. The
spread of mountainous vegetation indicates lower air tem-
peratures during the glacial on one hand, while on the other,
the correlation with lower SST suggests a relation between
lower precipitation and glacial vegetation. Hence, we in-
fer that lower temperatures combined with moderately less
rainfall might have been the driver of the considerable ex-
tension of the mountain vegetation in eastern South Africa
during glacials. Cooler and drier climate during glacials are
consistent with results of coupled ocean-atmosphere models
calculating air temperature over South Africa to have been
lower by ~3 to 4 °C during the Last Glacial Maximum (Bush
and Philander, 1999; Shin et al., 2003). The SST of the
southwestern Indian Ocean i1s modelled to have been 2 to
3°C lower (Bush and Philander, 1999; Shin et al., 2003),
while our SST-stack indicates maximally 3 °C lower SSTs
during glacial periods (Caley et al., 2011). The resulting net
freshwater flux between the Last Glacial Maximum and the
present day changed little, because the reduced rainfall is oft-
set by reduced air temperature (Bush and Philander, 1999).
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Fig. 8. Wavelet power spectra after Torrence and Compo (1998)
for EM2 (top), EM1 (middle), EM3 (bottom). The contour levels
are chosen so that 75 %, 50 %, 25 %, and 5 % of the wavelet power
is above each level, respectively. The cross-hatched region is the
cone of influence, where zero padding has reduced the variance.
Black contour is the 90 % significance level, using a white-noise
background spectrum.

6.5 Other influences on eastern South African
vegetation and climate

Apart from the dominating glacial-interglacial variability,
higher frequency rhythms are found in the vegetation record.
To explore insolation forcing of the vegetation, we exe-
cuted cross spectral analysis on the endmember abundances
comparing them to the normalised and stacked eccentric-
ity, obliquity, and negative precession (ETP). EM1 shows
power coherent with ETP at the precession (although only at
18.3 Ka) and eccenfricity bands, and EM2 shows coherency
at the obliquity and eccentricity bands. The spectrum of EM3
is dependent of the other two. We give phase lags if co-
herency is non-zero (Table 2).

Comparing EM1 abundances to the local summer insola-
tion (December, 30° S) suggests a positive response of the
humid mountain forest to increased insolation (Fig. 4). The
power spectrum of EM1 shows several significant maxima
(between 143-103 Ka, at 49, 25, and 19 Ka), of which the
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latter is coherent with insolation (Table 2, Fig. 7). The phase
lag of 40° with the insolation maximum amounts to ca. 2 Ka.
The wavelet analysis indicates that power in the precession
band occurs mainly between 120-135Ka and 190-220 Ka
(Fig. 8), when precession variability in the insolation is large,
which is a feature of tropical climates (Partridge et al., 1997;
Trauth et al., 2003; Clement et al., 2004; Scholz etal., 2011).

It seems that the higher frequency variability in EM1 (hu-
mid mountain forest) is associated with local summer in-
solation, which is also in phase with Northern Hemisphere
winter insolation as predicted by the model of Laepple and
Lohmann (2009). Their study uses the regional seasonal
variation to model glacial-interglacial temperature variabil-
ity relying on the modern relationship between local inso-
lation and temperature throughout the year. As the sea-
sonal sensitivity to local insolation differs from region to re-
gion, Laepple and Lohmann (2009) distinguish between dif-
ferent temperature response regimes. The region of south-
ern Africa south of ~20°8S is characterised by a summer
precipitation maximum leading to evaporative cooling of
the surface temperature which acts as a negative feedback
with regard to temperature as a function of local insolation.
Such a region has a higher temperature sensitivity in win-
ter than in summer and is, therefore, called a winter sensi-
tive area. The local response in a winter sensitive area at
the Southern Hemisphere correlates to Northern Hemisphere
insolation although driven by local insolation (Laepple and
Lohmann, 2009).

The precessional component is rather weak in the pollen
record. This might be the expression of the region being at
the southern limit of the tropics. Of the monsoonal char-
acteristics, it receives seasonal tropical rainfall but does not
experience the seasonal change in wind direction (Leroux,
1983; Wang and Ding, 2008). According to Trenberth et
al. (2000), the monsoon is explained by a vertical atmo-
spheric structure of divergence in the upper troposphere and
convergence in the lower troposphere. Southeastern Africa
between 20° S and 30° S lies just south of the southernmost
position of that atmospheric structure. The dominance of the
glacial-interglacial variability in the record suggests that the
monsoon did not have a strong impact during most of the past
300 Ka except for periods when eccentricity was strong and
precession variability large.

EM2 abundances show significant power at 100 and 40 Ka
that are explained by the tight fit of mountainous scrubland
extension to SST variations in the western Indian Ocean (see
previous section).

7 Conclusions
Pollen and spores have been retrieved from the upper part of
core MD96-2048 covering the past 342 Ka. Although the

pollen concentration is low due to the relative low terrestrial
input to the marine site, the vegetation development in the

Clim. Past, 7, 1209-1224, 2011
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region north and west of Maputo could be studied for three
glacial/interglacial cycles.

The pollen record shows strong glacial-interglacial vari-
ability alternating three different complexes of vegetation
formations; (i) woodland and forest in the lowlands with
grasslands on the interior plateau during full interglacial pe-
riods, (i1) open mountainous scrubland with Fynbos affinities
during most of each glacial, and (iii) mountainous Podocar-
pus torest and woodlands during cool and humid intermedi-
ate periods.

Comparison with SST estimates from the same core
showed that the extension of the mountainous scrubland is
tightly coupled to the Agulhas Current system. This is ex-
plained by the strong influence of western Indian Ocean sur-
face temperatures on the summer precipitation in northern
South Africa and southern Mozambique together with colder
temperatures during glacial periods.

The variation of the mountainous forest record along
with precession is associated with the effects of South-
ern Hemisphere summer insolation (at 30°S) on regional
temperatures.
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Résumé/Abstract

L’océan Indien est le lieu de processus atmospbheésigt océaniques majeurs dont les répercussions
en terme climatique peuvent étre de grandes impoeta Cette these se propose de documenter les
forcages, les variabilités, les impacts et lesrauons de la mousson Indo-asiatique et du coutest
Aiguilles a I'échelle orbitale (incluant les coridits glaciaires-interglaciaires) au cours de laopiér
Quaternaire.

Si le maximum d’insolation (minimum de précessianneaximum d’obliquité) initie les fortes
moussons Indo-asiatiques, des forcages internesystéme climatique jouent également un role
majeur pour expliquer leur dynamique (fort ventpmicipitations), en particulier le changement de
volume de glace de I'hémisphére Nord et I'exportaf@leur latente de I'océan Indien Sud. La
prédominance de ces forcages internes est propaentousson Indo-asiatique et la distingue des
moussons boréales Africaines. Ceci indique queofeept de mousson globale n'est pas valable a
I'échelle orbitale.

Concernant I'hémisphére Sud, les variations de éeatpre de surface du courant des Aiguilles
exercent un contrle important sur le climat Sudioain (la végétation et les précipitations). Ce
courant permet également le transfert plus ou momgortant de chaleur et de sel vers I'océan
Atlantique Sud par I'intermédiaire de la migratid® la convergence subtropicale et des vents d’ouest
associés. Ce mécanisme, contrlé fortement paydandique des hautes latitudes Sud, affecte la
circulation thermo-haline globale et constitue uctear important des transitions glaciaires-
interglaciaires et des changements de mode debildéaclimatique au cours du Quaternaire
(Transition Mid-Pleistocéne et évenement du Mid+Bres). Les changements induits dans le climat
de I'Hémisphére Nord, et notamment le volume deglgourraient ensuite se répercuter sur la
dynamique de la mousson. En revanche, I'effet deassons sur le courant des Aiguilles parait
mineur. Toutefois, les interactions entre la moaskualo-asiatique, 'ENSO et les éventuels 10D
(dip6les climatiques de I'océan Indien) pourraigffiecter la dynamique du courant.

Mots clés: océan Indien, climat, orbital, Quaternaire, monstdo-asiatique, précession, obliquité,
courant des Aiguilles, forgcage interne, concept m@usson global, transitions glaciaires-
interglaciaires, transition Mid-Pleistocéne, éveeatdu Mid-Brunhes.

The Indian Ocean is the place of major atmosphand oceanic processes with large potential
repercussions on the global climatic system. Tiesis investigates forcing, variations, impacts and
interactions of the Indo-Asian monsoon and of thgulAas current at the orbital scale (including
glacial-interglacial conditions) over the Quatenperiod.

Insolation maximum (precession minimum and obligumaximum) initiates strong Indo-Asian
monsoons, but processes internal to the climatersysn particular Northern Hemisphere (NH) ice
volume changes and the latent heat export of thdhdndian Ocean, play a major role to explainrthei
dynamics (strongest winds and precipitation). Tmedpminance of these internal forcings is a
specificity of the Indo-Asian monsoon and distirglngs it from African boreal monsoons. This
indicates that the concept of a global monsoohebtbital scale is a misnomer.

Concerning the Southern hemisphere, sea surfageetamre variations of the Agulhas current exert
an important control upon the South African clim@tegetation and precipitation). This current also
participates to the transfer of heat and salt tda/éine South Atlantic Ocean whose intensity is fgain
related to the migration of the subtropical coneeie and associated westerlies winds. This
mechanism, strongly controlled by high southermtudes dynamics, affects the global overturning
circulation and plays an important role for glagrkrglacial transitions and changes in modes of
climate variability during the Quaternary (Mid-Ricene Transition and Mid-Brunhes event).
Induced Northern hemisphere climate changes, iticpéar ice volume, could in turn influence
monsoon dynamics. On the other hand, the effentarfsoons on the Agulhas current seems to be of
minor importance. However, interactions betweenltiim-Asian monsoon, ENSO and the possible
IOD (Indian Ocean climatic Dipole) could affect ttignamic of the current.

Keywords Indian Ocean, climate, orbital, Quaternary, Ifggan monsoon, precession, obliquity,

Agulhas current, internal forcing, concept of abglbmonsoon, glacial-interglacial transitions, Mid-
Pleistocene transition, Mid-Brunhes event.
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