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Abstract

Antarctic sea ice has large impacts on the heat and gas transfers between the ocean and
the atmosphere, on the global oceanic circulation, on the Earth albedo and on the
primary productivity of the Southern Ocean. However, because of its remote and ice-
covered location, the climate of the Antarctic continent and of the Southern Ocean is
still poorly studied and constitutes a challenge for climate model predictions. Recent
observations highlighted opposite patterns of climate variability between Western and
Eastern Antarctica, but poorly resolved the mechanisms and forcing involved.
Reconstructions of temperature signals indicate that regional disparities have persisted
over the Holocene period. The Late Holocene period includes the recent climate change
(so-called modern global warming) as well as preceding rapid climate variabilities
though of lower amplitude. Achieving paleoenvironmental reconstructions in the
Antarctic region at high temporal resolution over this period therefore offers the
opportunity to improve the understanding of climate changes in response to both
natural and anthropogenic forcing. While paleoenvironmental records obtained from ice
cores provide robust information on the past atmospheric conditions over Antarctica,
the paleoceanography of the nearby ocean is constrained by a limited set of rather low
resolution, discontinuous records from sediment cores. Our study focuses on the
marginal zone of the Adélie-Georges V Land, East Antarctica, a region which has been
poorly studied so far, despite the presence of thick and laminated sedimentary deposits
that allow accurate and high resolution paleoclimate reconstructions. Our work is based
on several marine sedimentary records, made of diatom oozes and covering the
instrumental period to the last 2,000 years. Our results show that diatom assemblages,
diatom specific biomarkers (HBI) and elemental geochemistry in the sediment
effectively testify of local but also regional oceanographic and climatic variations at
decadal to centennial scales. Coupled atmospheric and oceanic dynamics linked to major
climate modes of the Southern Hemisphere, along with glacial dynamics constitute

major forcing mechanisms of ice covered changes during the late Holocene.
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Résumé

La banquise Antarctique joue un role important sur les flux de chaleur et les échanges
de gaz a l'interface océan-atmospheére, sur la circulation océanique globale, sur I'albédo
et la productivité primaire de I'Océan Austral. Cependant, du fait de son éloignement et
d'un climat extréme, cette région reste a ce jour encore peu étudiés, et représente un
verrou pour les modeles prédictifs du climat. De plus, de récentes observations ont
montré que le continent Antarctique présente des tendances régionales, dont les causes
et les mecanismes sont encore mal compris. Les reconstructions paléoclimatiques de
températures tendent a montrer que ces disparités régionales ont également caractérisé
la période Holocéne. L'Holocéne tardif représente la période sur laquelle le
réchauffement récent se produit et est également caractérisée par des variations
climatiques rapides généralement de plus faibles amplitudes. Afin de mieux évaluer ces
changements, I'étude fine des conditions environnementales passées en Antarctique au
cours de I'Holocéne tardif est essentielle afin d'isoler la part de variabilité climatique
naturelle de la part anthropique. Bien qu'un vaste réseau de carottes de glace en
Antarctique constitue une base d'informations robuste sur la variabilité atmosphérique
passée dans I'Hémisphere Sud, I'étude des conditions paléocéanographiques est
contrainte dans la région par le nombre limité d'enregistrements sédimentaires marins,
et qui de plus, tendent a étre de faible résolution, trop courts ou discontinus. Notre étude
porte sur la zone marginale du plateau de la Terre Adélie-Georges V en Antarctique de
I'Est, qui a recu peu d'attention jusqu'a présent, malgré la présence de séquences
sédimentaires trés epaisses et laminées, permettant la reconstruction fine des variations
climatiques passées. Nos travaux ont été réalisés a partir de plusieurs enregistrements
sédimentaires marins, couvrant la période instrumentale et jusqu'aux deux derniers
millénaires. Nos résultats montrent que les assemblages de diatomées, les biomarqueurs
spécifiques des diatomées, ainsi que de la géochimie élémentaire du sédiment traduisent
efficacement des variations océanographiques et climatiques locales et aussi régionales a
I"'échelle interannuelle a centennale. La dynamique couplée océan-atmosphere en lien
avec les modes climatiques principaux de I'Hémisphere Sud, ainsi que la dynamique
glaciaire constituent les mécanismes de forcage majeurs des changements du couvert de

banquise au court de I'Holocéne tardif.

Mots clés: Holocéne tardif, Terre Adelie, Banquise, Diatomees, HBIs, forgages.
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et Dépression de DDU). Données tirées de Beaman (2011). ......ccccevvreiirirenineiineneseseie s 51

Figure 26. Schéma de la circulation océanique dans la Dépression Adélie et des processus impliqués
dans la production d’ALBW, d’aprés William et al (2008). 1, Modified Circumpolar Deep Water
(MCDW); 2, rejet de saumure dans la polynie du Glacier de Mertz (Mertz Glacier polynya-MGP). La
MGP s’étend le long de la cote vers 1’Ouest jusqu’a Commonwealth Bay et forme la Coastal Bay
Polynya (CBP); 3, seuil de la Dépression Adélie ; 4, formation et export d’eau dense (High Salinity
Shelf Water-HSSW)a travers la Dépression Adélie; 5, formation de I’Ice Shelf Water (ISW), issue de
la fonte de la langue du Mertz;6, plongée de I’ALBW qui vient se mélanger avec la Ross Sea Bottom
Water (RSBW), PIUS SAIEE.......c.viiviiie ettt ettt sttt e e be e sreens 53

Figure 27. Images satellite MODIS de la TAGV pour la saison hivernale (a gauche) et estivale (&
droite), montrant la relation entre les sites de carottage (Commonwealth Bay- CB; Dumont D'Urville
Trough-DDUT) et la répartition spatiale des différentes structures géographique de la région
(Fl=fastice ; MYI=multi yearice ; glacier du Mertz) ainsi que le cycle saisonnier du couvert de

banquise. Images disponible sur http://lance2.modaps.e0sdis.NaSa.goV. .......ccceervreeeieaieene e 55

Figure 28. Caractéristiques et formation des polynies en AntarCtiqUe. ..........cocooervereereeieresieseneseneenes 56



Figure 29. Image satellite MODIS montrant la relation entre les sites de carottage et la répartition
spatiale de la polynie de Dumont D’Urville (DDUP) et de la polynie du Glacier de Mertz (MGP) en

Figure 30. Vue topographique 3D de la TAGV, indiquant les structures topographiques remarquables
(glaciers, hauts fonds etc.), les principales masses d’eaux et les principaux courants océaniques (eX:
East Wind Drift - EWD), ainsi que la localisation des sites de carottage. Données topographiques
issues de Beaman et al. (2011). .ocviiiie ittt ars 61

Figure 31. Carte topographique de la TAGV (données traitées d'apres Beaman et al., 2011), montrant
le profil topographique ainsi que le profil sismique (Escutia et al., 2010) du site DDUT. ................... 63

Figure 32. Carte topographique de la TA-GV (données traitées d'aprés Beaman et al., 2011), montrant
le site de carottage CB2010 et le profil topographique de la baie du Commonwealth.......................... 66

Figure 33. Principales espéces de diatomées de la zone cOtiére en Antarctique, en fonction de leur

classification et de leur préférence €écologique SAISONNIEIE. .........ccucviiiiieiiiieiie e 71

Figure 34. Partie supérieure: chromatogrammes des fractions d’hydrocarbure montrant les différents
isomeéres HBIs de Il a VI sur des échantillons de banquise, de phytoplancton et de sédiments
antarctique (modifi¢ d’aprés Massé et al., 2011). Le pic rouge correspond a [HBI:3] (Triéne Z et E) et
le pic bleu correspond a [HBI:2]. Partie inférieure: dessin des molécules de [HBI:3] (en rouge) et de
[HBI2] (BN BIBU). .ttt bbbttt 75

Figure 35. Study area. Map of the study area showing the location of sediment core DTCI 2010
(downward red arrow) in the Dumont D'Urville Through (DDUT), the Dumont D'Urville French
station (red square), the main glacial (in white) and topographic (upward black triangle for high relief
and downward for through) features, the East Wind Drift (EWD; blue dashed arrow), the principal
water masses as Circumpolar Deep Water (CDW,; green arrow) and the High Salinity Shelf Water
(HSSW; brown arrow) (Williams et al., 2008), and katabatic winds (black dashed arrows; Massom et
al., 1998). Bathymetry data were obtained from http://www.deepreef.org/publications/peer-review/82-
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Figure 36. PCA seasonal data of weather forecast parameters. PCA on weather forecast and satellite
data, that were previously seasonally averaged from June to August (dark blue), September to
November (green), December to February (orange) and March to May (violet). Sea ice dynamics are
represented (in light blue): early/late-sea ice retreat and early/late-sea ice advance. A (+) or (-)

symbols indicate the increase/decrease of the environmental parameters..........cccocooeiviiiieieeieniennnns 89



Figure 37. DTCI 2010 chronology. DTCI 2010 age model (dark line) based on 210Pb excess
(210Pbxs) and associated age-model errors (grey area). The inset corresponds to the down core profile
of 210Pbxs (error bars correspond t0 1 SD).....ccveiviiiiiiiiiiie s 91

Figure 38. PCA on sedimentary raw data from the DTCI 2010 core. Shaded areas represent diatom
clusters, based on significant correlation between species (Suppl. Table 2): open water gp (red);
benthic diatom group (dark blue); sea ice diatom group (light blue); Porosira gp (violet); Rhizosolenia
gp (dark green); Thalassiothrix gp (yellow); Fragilariopsis summer group (orange); Chaetoceros
Phaeoceros gp (light green). Abundant species (relative abundance>2%) are written in black,

unrepresentative species (relative abundance<2%) are Written in grey. ......ccccoeveveveeieveciece s, 95

Figure 39. Axis contribution to the total variability, from PCA on standardized sedimentary and

MELEOrOIOGICAl PAFAMELELS. ..c.viiviiieite ettt st e et et s ae e b e beeae et e s be et e steersesrenre s 104

Figure 40. PCA on standardized sedimentary and meteorological parameters. PCA on sedimentary
standardized data from the DTCI 2010 core, combined with environmental parameters. The yearly
standardized data sedimentary data representing the ice-free season of the related year, and weather
forecast/satellite data were averaged between November and March. a) F1 axis represents the sea ice
conditions (blue square): opening, closing and SIC linked to the main wind direction (in red triangle):
East and South winds. F2 axis represents the secondary wind direction in the study area (in red
triangle): North and West winds. Additional parameters such as wind speed and temperature (green
triangle) are also represented. Red shaded areas represent the open water diatom assemblages, based
on significant correlation between species (Suppl. Table 3). Dotted lines represent a positive
correlation between sediment proxies and environmental parameters. b) F1 axis represents the sea ice
conditions (blue square): opening, closing and SIC linked to the main wind direction (in red triangle):
East and South winds. F5 axis represents the wind speed (green triangle). Secondary wind directions
such as North and West winds (in red triangle) and temperature (in green) are also represented. Red
shaded areas represent the open water diatom assemblages, based on significant correlation between
species (Suppl. Table 3). Dotted lines represent positive correlation between sediment proxies and
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Figure 41. Raw sedimentary records from DTCI 2010 interface core over the 1970-2010 period.
Relative abundances of Fragilariopsis cylindrus (blue), concentrations of [HBI:2] (greenish blue),
relative abundances of Chaetoceros Hyalochaetes resting spores (CRS; green), the
Zirconium/Rubidium ratio (Zr/Rb; brown), Fragilariopsis kerguelensis (red), open water group
(orange), Titanium levels (Ti; reddish brown), concentrations of [HBI:3] (yellow) and Thalassiosira
antarctica/Porosira gp ratio (violet). The blue shadings indicate periods marked by increasing sea ice
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Figure 42. Meteorological parameters and climate index over the 1970-2010 period. Daily
meteorological parameters were averaged over the November to March period. E/S (light green)
represents the amount of days over the ice free season where the wind blew from the easterly (45° to
135°) versus southerly (135° to 225°) wind component; N/W (green) represents the amount of days
over the ice free season where the wind blows from the northerly (315° to 45°) versus westerly (225°
to 315°) wind component; wind speed (dark green); sea ice concentrations (SIC; blue); the sea ice
advance (violet) accounts for the day of the year (DOY) where the sea ice concentrations increase over
40%; the sea ice retreat (light blue) accounts for the DOY where the sea ice concentrations drop below
40%; the length of the ice-free season from the sea ice retreat to the sea ice advance is marked by the

hatched area. Blue shaded areas mark iNCreases Of SIC. ......covovveiiiiieeeeee et 112

Figure 43. Pre- and post-calving sea ice conditions in the George V Land. Aqua MODIS satellite
images showing sea ice conditions in the study area during summer a, and winter b, before the 2010
calving event, and during summer ¢, and winter d, after the 2010 calving event. The white star in a red
circle indicates the core location; the Dumont D’Urville station is indicated by a red square; blue
shadings indicate glacial features, the Mertz Glacier Tongue (MGT) and the BO9B iceberg; the Mertz
Glacier Polynya area in winter before and after the calving is designated by the yellow grid on b, and
d; the blue arrow indicates the general direction of the East Wind Drift; coastline is marked by the
black dotted line e, three-month averaged SSM/I time series of daily sea ice concentration (SIC)
anomalies in Commonwealth Bay (CB - dark blue) and in the Mertz area (MGP - light blue), for the
1978-2012 period using 1978-2009 as the reference period (for the exact grid points locations see Fig.
49). The red shading indicates the 2010 CalViNg BVENL...........cooeiiiiiiiiiieeeees s 128

Figure 44. Sea ice and ocean conditions in Commonwealth Bay over the last 250 years. Sea ice
proxies: standardised concentrations of HBI:2 (light blue) and relative abundances of Fragilariopsis
cylindrus (dark blue). Open water proxies: standardised relative abundances of open water diatom
group (red) and Titanium content (orange). Bottom current variability: standardised Zr/Rb ratio
(green). Black curves represent the low pass filtered data, with a cut-off frequency at 1/32 (in year).
The blue shadings indicate decades following each calving event with marked increase in sea ice
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Figure 45. Relationship between proxies and cyclicity of sea surface conditions in the Mertz Glacier
Polynya area. Cross wavelet transform (CWT) on the sedimentary proxies (using Morlet wavelet and
Monte Carlo methods) between a, [HBI:2] vs Fragilariopsis cylindrus; b, Titanium vs open water
diatoms; c, Titanium vs Fragilariopsis cylindrus; d, [HBI:2] vs open water diatoms; e, Open water

diatoms vs Fragilariopsis cylindrus; and f, [HBI:2] vs Titanium. Statistically significant periods are



identified by the black circled red zones. Rightward pointed arrows indicate positively correlated

signals while leftward pointed arrows indicate negatively correlated signals............c.ccoovvvvriiinennne. 132

Figure 46. Atmospheric forcing and impacts on the sea ice free season during the instrumental period
in the Mertz Glacier Polynya area. Evolution of the Southern Annular Mode (SAM) according to the
reconstructed Marshall index (blue, annual values and black, 11 years moving average) over the last
250 years31. Open water proxies: standardised relative abundances of Thalassiosira antarctica sp
(pink), large centric diatom group (yellow; see Methods for species composition) and Fragilariopsis
kerguelensis (orange). The blue shadings indicate decades following each calving event with marked

increase in sea ice concentration iNthe CB @rBa. ........coccvviieiiiiiie st s et s et s e e s s er e e s eree e e e enes 134

Figure 47. Evolution of the Southern Annular Mode and of the wind pattern over the Adélie-George V
Land since the 19th century. a, Standardized values of SAM index (5 yr running mean; blue),
computed in the 20CR reanalysis following [70], and the total wind direction angle at 2 meters (green;
°) computed in the red box of the lower panel using the same reanalysis. The North direction indicates
the 0° modulo 360° and the angle is counted positively clockwise; b, Annual mean wind speed from
20CR reanalysis averaged over the period. 1871-2010. The red box indicates the study area where the
wind have been computed N PANEL A.........ooviiiiiiii e 138

Figure 48. CB2010 chronology. CB2010 age model (dark line) based on 210Pb excess (210Pbxs) and
associated age-model errors (grey area). The inset corresponds to the down core profile of 210Pbxs
(error bars COrreSPONG t0 1 SD). ..c.vviuiiieieeieie sttt ettt saeste et enaeereenrenne s 140

Figure 49. Pixels locations for extraction of sea ice concentration. MODIS satellite image
(2008/12/26) of the George V Land indicating the grid points used for the extraction of the daily sea
ice concentration values: white star in a red circle indicates the core location; red spots correspond to

the CB area; green spots represent the MGP area. ........c.oocvvviieieiieii s 143

Figure 50. Study area. Map of the study area showing the location of sediment core DTGC2011 and
the core CB2010 (downward red arrows) in the Dumont D'Urville Through (DDUT) and in
Commonwealth Bay (CB). Are also mentioned the Dumont D'Urville (DDU) french station (red
square), the main glacial (in white) and topographic (upward black triangle for high relief and
downward for troughs) features, the East Wind Drift (EWD; blue dashed arrow), the principal water
masses as Circumpolar Deep Water (CDW; green arrow) and the High Salinity Shelf Water (HSSW;
brown arrow) (Williams et al., 2008), and the katabatic winds (black dashed arrows; Massom et al.,
1998). Bathymetry data were obtained from http://www.deepreef.org/publications/peer-review/82-
(010 =10 0 01 0 SRS 163



Figure 51. Chronology of the DTGC2011 based on AMS 14C dates, controlled by 210Pbxs. a) 14C
ages (Suppl. Table 1) were calibrated to calendar ages (expressed in C.E.) using BACON (Blaauw and
Christen, 2011), and were extrapolated to 469 cm (black dotted line), using a linear regression of Y = -
0,982X + 2000. Blue points represent the age ranges corresponding to each radiocarbon measurement.
The red line corresponds to the age model used by BACON to estimate the age of each sample. The
error range in age estimations is represented by the grey shaded area. b) DTCG2011 age model (green
line) based on 210Pb excess (210Pbxs) from the first meter of the DTCG2011 core, and associated
age-model errors (grey area; 1 s.d.). 210Pbxs ages were extrapolated to 469 cm (black dotted line),
using a linear regression of Y =-0,807X + 1997. The 210Pbxs bottom age (black spot) and error bars
associated (black line) indicate relative good reproducibility between the 14C and 210Pbxs ages. The
inset corresponds to the down-core profile of 210Pbxs of the DTCG2011 (green markers) and to the
top profile of the interface core DTCI2010 (red marker), with error bars associated (black line)...... 166

Figure 52. Variations of the diatom assemblage, sea ice related biomarkers, major and minor element
content from the DTGC2011 covering the last 500 years in relation with climate modes of the
Southern Hemisphere. The Southern Oscillation Index (SOI; yellow) precipitation-based
reconstruction inferred from Yan et al. (2011); the Southern Annular Mode ~90 years running mean
(SAM; dark blue), inferred from Villalba et al. (2012). Standardized and resampled sedimentary
signals from DTGC2011: sea ice diatoms group composed of Fragilariopsis curta and F. cylindrus
(FCC; light blue), [HBI:2])/[HBI:3] ratio (greenish blue), Chaetoceros resting spores group (CRS;
green), the Zr/Rb ratio (dark brown), F. kerguelensis (red), Open Water gp (orange), Titanium (Ti;
light brown), Thalassiosira antarctica (violet), and Porosira group (pink curve). (1) to (3) and grey
shading areas indicate climate phases indentified. Black curves indicate the ~90 years running mean of

the SEdIMENTArY SIGNAIS. .......oviiiiie et 174

Figure 53. Variations of the diatom assemblage, sea ice related biomarkers, major and minor element
content from the DTGC2011 versus CB2010 over the last 250 years. Fragilariopsis cylindrus over the
DDUT (blue) and at CB (pink), [HBI:2]/[HBI:3] ratio over the DDUT (blue) and at CB (pink),
Chaetoceros resting spores group (CRS) over the DDUT (blue) and at CB (pink), the Zr/Rb ratio over
the DDUT (blue) and at CB (pink), F. kerguelensis over the DDUT (blue) and at CB (pink), Titanium
over the DDUT (blue) and at CB (pink). Blue shading area indicate sea ice phases following calving
events of the MG (Campagne et al., 2015). Coarser curves indicate the ~90 years running mean of the

SEAIMENTAIY SIGNAIS. .. eeeee ettt e st et e te s teeneenteareeneenee e 179

Figure 54. Changes in the wind pattern over the Adelie-Georges V Land since the 19 century. a)
Standardized values of the wind magnitude (blue) inferred from the wind speed at 2 meters from 20CR

reanalysis over the last 140 years for the A-GV Land; standardized yearly average values of wind



speed (dark green) for the 1956-2007 period measured at the Dumont D'Urville (DDU) station. b)
Standardized total wind direction angle (brown) respective to the inferred from the wind speed at 2
meters from 20CR reanalysis over the last 140 years for the A-GV Land; standardized yearly average
values of wind direction (dark green) for the 1956-2007 period measured at the DDU station. ¢) Wind
mean speed and vector, red box indicates the study area where the wind have been averaged in the
20CR reanalysis over the last 140 years, black box indicates the location of the DDU station. ......... 182

Figure 55. Continuous wavelet transform (CWT) of the sedimentary signals from the core DTGC2011
over the last 500 years. a) CWT of Fragilariopsis cylindrus; b) CWT of [HBI:2]/[HBI:3]; c) CWT of
Chaetoceros Hyalocaete resting spores (CRS); d) CWT of Zr/Rb; ) CWT of F. kerguelensis; f) CWT
of Titanium. Data has been resampled every 4 years. CWT analyses were done using Morlet wavelet
and Monte Carlo methods according to Grinsted et al. (2004). Statistically significant periods are

identified by the black circled red zones. Data has been resampled every 4 years. ..........ccccceevvevnenene 184

Figure 56. Cross wavelet correlation (XWT) between sedimentary signals from the core DTGC2011
and CB2010 over the last 250 vyears. a) XWT of Fragilariopsis cylindrus; b) XWT of
[HBI:2])/[HBI:3]; c) XWT of Titanium; d) XWT of Zr/Rb; ) XWT of F. kerguelensis. Data has been
resampled every 4 years. XWT analyses were done using Morlet wavelet and Monte Carlo methods
according to Grinsted et al. (2004). Statistically significant periods are identified by the black circled
red zones. Rightward pointed arrows indicate positively correlated signals while leftward pointed
arrows indicate negatively correlated signals. Data has been resampled every 4 years.............c....... 186

Figure 57. Study area. Map of the study area showing the location of sediment core IODP U1357 Hole
B (downward red arrows) in the Dumont D'Urville Through (DDUT). Are also mentioned the Dumont
D'Urville (DDU) french station (red square), the main glacial (in white) and topographic (upward
black triangle for high relief and downward for troughs) features, the East Wind Drift (EWD; blue
dashed arrow), the principal water masses as Circumpolar Deep Water (CDW; green arrow) and the
High Salinity Shelf Water (HSSW; brown arrow) (Williams et al., 2008), and the katabatic winds
(black dashed arrows; Massom et al., 1998). Bathymetry data were obtained from

http://www.deepreef.org/publications/peer-review/82-gvdem.html. ...........cccooiiiiiiiiiiicieccce 198

Figure 58. Chronology of the IODP U1357 based on AMS 14C dates. Ages were calibrated to
calendar ages using BACON (Blaauw and Christen, 2011).........ccoiiiiiieiieiiee e 201

Figure 59. Variations of sea surface conditions through the sedimentary records from the 10DP
U1357B covering the last 2,000 years and continental scale temperature reconstructions from
Antarctica. 30-year-mean standardized temperatures for the seven PAGES 2k Network regions,

inferred from PAGES 2k consortium, 2013. Variations of the diatom assemblage relative abundances



in IODP U1357 B covering the late Holocene, and sea ice related biomarkers: sea ice diatoms group
(FCC; blue curve), [HBI:2]/[HBI:3] ratio (light blue curve), Chaetoceros resting spores group (CRS;
green curve), open water group (red curve), Thalassiosira antarctica (violet curve), and Porosira
group (pink curve). (1) to (4) indicate climate phases indentified, with red shading area indicating
warmer periods. Black curves indicate the 90 years running Mean. ..........ccccoeevereieieneseneseneneenens 207

Figure 60. Cyclicities of sea surface conditions over the Late Holocene. Continuous wavelet transform
applied on the FCC gp, the [HBI:2])/[HBI:3] ratio, the CRS assemblage, the Open Water gp, the T.
antarctica and the Porosira gp, using Morlet wavelet according to Grinsted et al. (2004). Data has

been resampled every 10 years and sStandardized.............cccvovveieiiiieiie e 209

Figure 61. Regional climate connexions between the Adélie Land area, the East Antarctic region and
the Ross Sea regions. Map showing the location of the French station Dumont D'Urville (DDU; red
square), the Talos Dome Ice Core site (Taldice; red spot) and the Law Dome Summit South site (DSS;
red spot). a) Variations over the late Holocene period of standardized values of the CRS relative
abundances (green), the 6180 (blue) records at Taldice (Stenni, unpublished data.) using timescale
AICC2012, and the 6180 (violet) records at DSS (Moy et al., unpublished data, obtained from the
National Climatic Data Center). Red shading area indicate warmer periods identified in IODP U1357B
records. Black curves indicate the 90 years running mean. b) Wavelet cross correlation between the
CRS relative abundances, the 180 records at Taldice (upper panel) and 6180 records at DSS (lower
panel), using Morlet wavelet according to Grinsted et al. (2004). Data has been sampled every 10
WIS, .ttt ettt E e h e E e R R R R LR e R Rt Rt n et 214

Figure 62. Relationships between sea surface conditions and polynya activity in Adélie Land and the
synoptic scale SH atmospheric variability over the Late Holocene. Decadal Southern Oscillation Index
(SOI; red) precipitation-based reconstructions (Yan et al., 2011), negative (positive) values indicate
more EI Nifio (la Nina) like conditions; Yearly Southern Annular Mode (SAM; blue) temperature-
based reconstruction (Abram et al., 2014) and its 90 years running mean (black); 90 years running
mean of the FCC gp relative abundances (blue); 90 years running mean of the T. antarctica relative
abundances (violet); 90 years running mean of the Porosira gp relative abundances (pink); Southern
Westerly Winds (SWW) long term changes (black arrows) inferred from Lamy et al. (2001) and
Varma et al. (2011). (1) to (4) indicate the climatic phases inferred from the IODP U1357 B. Red

shading area indicate Warmer PEIIOUS. .......iveii ittt ettt ee et e neesreeneenee e 218

Figure 63. Schéma des forcages climatiques identifiés dans la these, ainsi que leurs échelles de temps
d'action respectives au cours de I'Holocene tardif. Les courbes en bleu indiquent les enregistrements
sédimentaires des diatomées de glace (Fragilariopsis cylindrus + F. curta) de toutes les carottes

étudiées pendant la these; les courbes en noir représentent les moyennes lisées a 90 ans. ................. 227



Figure 64. Variations interannuelles du taux de sédimentation en Terre Adélie. Activité du 21%pp,  dans
trois enregistrements sédimentaires au site DDUT: DTCG2011 (triangle vert; cf. Chap 1V); DTCI2010
(losange bleu; cf. Chap I1l) et DTCI2011 (cercle orange). Les &ges des plateaux (rectangles en
pointillés gris) sont préliminaires, et ont été estimés a partir de l'activité du *°Pb (Schmidt et al.,
unpublished data). Variations de la structure sédimentaire au site DDUT basée sur l'analyse des
assemblages de diatomées (rouge) et de la teneur XRF en silice (vert), réalisées sur la carotte
DT CI20L0. .ottt ettt ekt bbb bt e Rt e R b e R b et b e st et e b b e n e 232

Figure 65. Comparaison entre les données sédimentaires de la IODP U1357B et la concentration de
glace de mer annuelle (SIC), estimée grace au modele LOVECLIM. Les assemblages du groupe de
diatomées de glace (FCC gp; bleu) ont été mis en perspective des résultats d'une simulation de SIC
avec assimilation de données (LR; vert), et d'une simulation sans assimilation de données (LL; red).

Les données sédimentaires et du modele ont été StaNAArdiSEES. ........cvevveveeeeeeeeee et 235
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Introduction générale

Problématique et objectifs de cette thése

Le réchauffement climatique, en grande partie attribué aux activités humaines, a des
conséquences amplifiées dans les zones polaires ou certaines régions montrent un
réchauffement jusqu'a deux fois plus important que dans les régions tempérées, entrainant la
diminution progressive de certaines zones englacées. Cependant, la réponse de la cryosphere
face a ce changement climatique rapide n'est pas linéaire et uniforme et pointe une
hétérogénéite  spatiale  importante, traduisant une complexité du  systeme
atmosphére/océan/banquise. Particulierement, en Antarctique, alors que la Péninsule
Antarctiqgue montre un réchauffement important, la partie orientale du continent indique au
contraire un léger refroidissement au cours des derniéres décennies. Cette asymétrie est
encore trés mal appréhendée dans cette région du globe, notamment en raison du manque de
données instrumentales et de leur trop courte étendue temporelle (débutant dans les années

1950 pour les mesures automatisées et 1980 pour les données satellites).

L’ Antarctique est pourtant un acteur primordial de la machine climatique, ou chacun des
sous-systemes climatiques (cryosphére, atmospheére, océan et biosphere) entretient des
connections étroites avec les autres régions du globe via la circulation océanique mondiale et
les téléconnexions atmosphériques avec les basses et moyennes latitudes sud. La banquise
antarctique joue également un roéle important sur les flux de chaleur et les échanges de gaz a
I'interface océan-atmosphére, sur la circulation océanique globale, sur l'albédo et la
productivité primaire de 1'Océan Austral et de I’Océan global. Ainsi la communauté
internationale a développé ces derniéres années de nombreux programmes de larges
envergures (ex: SCAR -Scientific committee on AntarcticResearch ; PAGES 2k Network;
WCRP-CLIC-PCPI - World ClimateResearch Program, Climate and cryosphere, Polar
Climate Predictability Initiative) visant a développer la recherche en Antarctique ainsi que
dans I'Océan Austral, et a appréhender le rble de cette région dans la machine climatique
globale. La communauté scientifique tente également d'améliorer les modéles prédictifs, afin
de mieux comprendre la machine climatique au travers de ses différents compartiments mais
aussi leurs interactions, et de mieux apprehender les changements environnementaux,
sociétaux et économiques futurs. Cependant, le peu de données acquises en Antarctique

représente un verrou pour des modeles prédictifs. Il apparait alors nécessaire d’étudier la



climatologie actuelle mais aussi passee a travers une approche couplée modeles-données pour

bétir des prédictions réalistes et comprendre les processus climatiques en jeu.

Des études récentes suggérent l’existence de variations climatiques rapides pendant
I’Holoceéne. Cette période sur laquelle le réchauffement récent se produit est essentielle pour
isoler la part de variabilité climatique naturelle de la part anthropique. Bien qu'un vaste réseau
de carottes de glace en Antarctique constitue un base d'informations importante sur la nature
de cette variabilite climatique Holocéne, seulement quelques enregistrements marins sont
disponibles dans cette région, et de plus, tendent a étre de faible résolution, trop courts ou
encore discontinus. La communauté scientifique de la recherche sur le climat passe tente de
comprendre les liens entre les différents composants du systeme climatique, les processus
ainsi que les forgages climatiques au cours de I'Holocéne, et notamment vise & documenter a
tres haute résolution I'évolution du cycle saisonnier de la banquise au cours de I'Holoceéne.
Cette these s'inscrit dans la continuité des ces recherches au sein de thématiques de recherche
des projets ESF Polar Climate HOLOCLIP (Holocene climate variability at high-southern
latitudes: an integrated perspective), FP7 PASTAFUTURE (Climate change - Learning from
the pastclimate) et ANR CLIMICE (Banquise et variabilité climatique passée), a travers la
collecte d'enregistrements sédimentaires haute-résolution afin de documenter la variabilité
climatique d’ordre inter-annuelle a pluri-centennale en Antarctique ainsi que les forcages

associés.

Notre étude porte sur la zone marginale du plateau continental de la Terre Adélie-Georges V
en Antarctique de I'Est, qui a recu peu d'attention jusqu'a présent, malgré la présence de
séquences sédimentaires trés épaisses et laminées, permettant de reconstruire finement les
variations climatiques. Les diatomées constituent une part importante de la production
primaire dans les eaux cotiéres des marges continental en Antarctique. Longtemps utilisées
d’un point de vue micropaléontologique, les diatomées ont été plus récemment associées a des
biomarqueurs spécifiques (HBI) afin de reconstruire les conditions de glace passées dans
I'Océan Austral. Notre étude s'inscrit parmi les quelques études sédimentaires qui existent

dans la zone marginale de glace en Antarctique.

Nos travaux ont été réalisés a partir de plusieurs enregistrements sédimentaires marins
continus composés de boues a diatomées, et ayant été récoltés sur le plateau de la Terre
Adélie-Georges V. Ces sequence sédimentaires sont pour la plupart laminés saisonnierement

(2 lamines saisonnieres par an), et couvrent des périodes allant des quatre derniéres décennies
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aux deux derniers millénaires. L'analyse haute resolution des assemblages de diatomées, de
biomarqueurs spécifiques de diatomees (HBI), ainsi que I'étude de I'abondance d'éléments
majeurs et mineurs dans ces sédiments permet la reconstruction des conditions passées du
couvert de banquise a une résolution sans précédent a L'Holocéne tardif. L’analyse de
sédiments marins récents, et leur comparaison avec des données instrumentales, a permis,
dans un premier temps de valider nos outils, et donc de mieux appréhender les modalités
d’utilisation des diatomées ainsi que des biomarqueurs pour les reconstructions
paléoenvironnementales. Puis, 1’analyse de séries sédimentaires plus longues a permis de
reconstruire les conditions de surface de la région de la Terre Adélie-Georges V, et de
documenter les connections entre 1’océan, I’atmosphére et de la cryosphére, et la biosphére
marine au cours de I’Holocene tardif jusque sur la période instrumentale. Nous nous sommes
également attachés a replacer nos reconstructions environnementales dans un contexte plus
régional, en les confrontant avec des enregistrements glaciaires, afin de dessiner un schéma
général des forcages et de la variabilité climatique en Antarctique de I'Est au cours des
derniers 2,000 ans. Nos résultats attestent de variations océanographiques et climatiques
locales et aussi régionales a I'échelle interannuelle a centennale. De plus, a travers l'analyse
statistique et spectrale de nos enregistrements, nous avons mis en évidence des forcages
climatiques et leur mécanismes associés, qui agissent a différentes échelle spatio-temporelles.
Il resort de nos résultats que la dynamique couplée océan-atmospheére en lien avec les modes
climatiques principaux de I'Hémisphere Sud, ainsi que la dynamique glaciaire constituent les
mécanismes de forcage majeurs des changements du couvert de banquise au court de

I'Holocene tardif.
Organisation du manuscrit

Dans le premier chapitre, nous introduisons les motivations scientifiques de ce travail par la
présentation des particularités géographiques et climatiques du continent Antarctique et de
I’Océan Austral. Nous présentons également une synthése des connaissances actuelles sur le
climat a I'Holocéne tardif ainsi que sur la période récente dans la région de I’Océan Austral.
Ce Chapitre | constitue ainsi un prélude au travail de recherche effectué qui permettra au

lecteur de mieux situer les différentes périodes de temps étudiées.

Dans le Chapitre IlI, nous nous sommes particulierement intéressé aux compartiments

atmospheére/banquise/océan au large de la Terre Adélie-Georges V, et a leurs interconnections



au cours des derniéres décennies, afin de présenter les connaissances sur le systeme actuel en
Terre Adélie-Georges V. Nous présentons egalement les caractéristiques des différents outils
utilisés ainsi que des sites étudiés dans cette theése.

Dans le Chapitre 111, nous étudions les relations entre les divers outils utilisés dans cette these,
ainsi que leurs liens avec les conditions environnementales sur la période instrumentale.
Grace a l'analyse statistique de nos données sédimentaires, que nous confrontons a un panel
de données météorologiques, nous tentons de valider nos outils et de documenter la réponse
sédimentaire dans notre zone d'étude. Nous affinons ainsi a I'échelle annuelle a interannuelle
les connaissances sur I'eécologie des diatomées et les conditions environnementales auxquelles
les biomarqueurs HBI sont associés, afin de proposer un outil robuste pour la reconstruction
paléoclimatique des conditions de surface au large de Terre Adélie-Georges V. Ce troisieme

chapitre se compose d’un article scientifique:

Sedimentary response to sea ice and atmospheric variability over the instrumental

period off Adélie Land, East Antarctica
Campagne, P., Crosta, X., Schmidt, S., Houssais, M. N.,Ther, O., and Massé, G.

Soumis a Biogeosciences

Dans le Chapitre IV de cette thése, nous reconstruisons les changements de la dynamique
saisonniére du couvert de banquise et de l'activité des polynies régionales au cours des
derniers siécles. Nous tentons également de mettre en évidence les mécanismes sous-jacents
de forcages climatiques agissant a I'échelle pluri décennale et pluri centennale en Terre
Adélie-Georges V. Grace a l'analyse spectrale des enregistrements (diatomées, HBI et XRF
core-scanner) par la méthode des ondelettes, nous comparons ainsi deux séquences
sédimentaires issus de deux zones distinctes, afin d'appréhender les forcages locaux,
régionaux et synoptiques au cours des derniers siecles. Ce travail a fait ’objet d’un article

scientifique publié qui constitue la premiere partie du Chapitre IV, sous I’intitulé :

Glacial ice and atmospheric forcing on the Mertz Glacier Polynya over the past 250

years

Campagne, P., Crosta, X., Houssais, M. N., Swingedouw D., Schmidt, S., Martin, A., Devred, E., Capo, S.,
Marieu, V., Closset, I. and Massé, G. (2015).

Nature communications, 6: 6642, doi: 10.1038/ncomms7642.



Ce travail sera aussi valorisé sous la forme d’un deuxiéme article, en préparation, qui

constitue la deuxieme partir du Chapitre IV sous Iintitulé :

Sea ice variability and potential related forcing in the Adélie-Georges V Land over the
last 500 years

Campagne, P., Massé, G., Schmidt, S. and Crosta, X.

En préparation

Enfin, dans le Chapitre V, nous reconstruisons les conditions de surface, I’activité des
polynies et la saisonnalité de la banquise a haute résolution au cours des 2,000 ans a partir
d’une séquence sédimentaire a lamines saisonnieres. Nous étudions également ,grace a
I’analyse de nos données par ondelettes, la cyclicité décennale a pluri-centennale au cours de
I'Holocene tardif, dans le but d'étudier les forgages synoptiques de I'Hémispheére Sud. De plus,
nous tentons de mettre en évidence des forcages plus régionaux a I'échelle de I'Antarctique de
I'Est a travers la comparaison de nos enregistrements avec des enregistrements glaciaires
couvrant la méme période temporelle. Ce travail fait I’objet d’un article en préparation sous

I’intitulé :

High resolution reconstruction of climate and sea ice seasonality in Adélie Land, East
Antarctica, over the Late Holocene

Campagne, P., Etourneau, J., Massé, G., Crosta, X. and IODP Expedition 318 Scientists
En préparation

Les données produites au cours de ce travail de these sont injectées dans les compilations des
grands programmes internationaux tels que PAGES 2k Network et WCRP-CLIC-PCPI. Le
travail effectué pendant cette these a contribué a une autre publication, portant sur I'étude des
évenements de fonte de la marge glaciaire en Antarctique de I'Est a partir de l'analyse
isotopique du 20 des sédiments marins dans la région. Cet article (Annexe 4) fournit des
informations complémentaires a nos données notamment du point de vue de la réponse des

glaciers locaux aux forcages globaux.

Holocene glacial discharge fluctuations and recent instability in East Antarctica
Crespin, J., Yam, R., Crosta, X., Mass€, G., Schmidt, S., Campagne, P., & Shemesh, A. (2014).
Earth and Planetary Science Letters, 394, 38-47.






Chapitre I: Généralites

Les deux premiéres parties de ce chapitre présentent I'état actuel des connaissances
concernant I’Antarctique et 1’Océan Austral, a savoir les caractéristiques géographiques et
environnementales qui jouent un réle dans le climat aux hautes latitudes de I’Hémisphére Sud.
Nous présentons également dans un troisieme volet une synthése des connaissances actuelles
sur la variabilité climatique ainsi que sur les forcages impliques a I'Holocéne tardif et au cours
de la période récente dans la région de I’Océan Austral et en Antarctique. Ce Chapitre |
constitue ainsi un prélude au travail de recherche effectué qui permettra au lecteur de mieux

situer les différentes périodes de temps étudiees.






1 L'Océan Austral et le continent Antarctique

L’Océan Austral forme une ceinture océanique d'une superficie de 20.10°%km?sur toute la
circonférence autour du continent Antarctique (Fig. 1a) et s'étend jusqu'a 35°S. L’Océan
Austral est parcouru par le Courant Circumpolaire Antarctique qui circule d’Ouest en Est.
L’Océan Austral est lié a une intense activité de transformation des masses d’eau et joue un
role prépondérant dans la circulation thermohaline, en permettant la redistribution globale de
nombreux éléments clefs du systeme climatique tels que la chaleur, la salinité, les nutriments
etc. L’océan Austral est divisé en trois grands bassins séparés par des dorsales, la plaine
abyssale de Weddell-Enderby (secteur Atlantique), le bassin Australo-Antarctique (secteur

Indien) et la plaine abyssale d’Amundsen-Bellingshausen (secteur Pacifique).

Le continent Antarctique & une surface de 12,5.10° km? recouverte & 98 % de glace sur
environ 1,6 km d’épaisseur, représentant a lui seul 10% des terres émergées de la surface du
globe et 90% des réserves de glace continentale. Le continent Antarctique se divise en deux
régions (Fig. 1b), orientale et occidentale, délimitées naturellement par la chaine des
Montagnes Transantarctiques d'environ 3.000 km de long (Fig. 1a). Ainsi la partie Est de
I'Antarctique inclus la Coats Land, Queen Maud Land, Enderby Land, Kemp Land, Mac.
Robertson Land, Princess Elizabeth Land, Wilhelm 1l Land, Queen Mary Land, Wilkes Land,
Adélie Land, George V Land, Oates Land and Victoria Land (Fig. 1a). La partie Ouest du
continent comprend les zones suivantes: Antarctic Peninsula, Ellsworth Land, Marie Byrd
Land and King Edward VII Land, diverses Tles (ex: Adelaide Island), divers ice shelves tels
que le Filchner-Ronne Ice Shelf (Weddell Sea) et le Ross Ice Shelf (Ross Sea) (Fig. 2a). Outre
I'effet isostasique, le socle rocheux de la partie Ouest du continent se situe en dessous du
niveau marin (Fig. 1b), conférant une plus grande sensibilité de la calotte glaciaire aux
variations eustatiques dans cette région. De par sa position méridionale et donc son faible
ensoleillement, I'Antarctique est le continent le plus froid (record a -90°C dans les terres), le
plus sec (- de 200 mm/an de pluie) et le plus venteux (record autour de 360km/h sur les cotes)

au monde.
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Figure 1. a) Carte montrant la géographie principale du continent Antarctique, d'aprés Wikipedia. b)
Topographie du continent Antarctique (http://remy.omp.free.fr/FTP/image-satellite-poles/).

2 Systeme océan/banquise/atmosphere

2.1 Circulation atmosphérique grande échelle dans I'Hémisphére Sud

Le systéme climatique global est gouverné par le gradient d’insolation équateur-pble a la
surface du globe. L'énergie solaire recue a 1’équateur est environ cinq fois supérieure par

rapport aux péles ce qui engendre un fort gradient de température entre les basses et les hautes
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latitudes, ainsi qu'un transport de chaleur vers les pdles, par le biais notamment de la

circulation atmosphérique (Fig. 2).

Subtropical jet

Polar Jet

k’ & \

South Pole Polar 60°S ' 30°S SE Trade Equator
. Westerlies .
easterlies winds

Figure 2. Circulation atmosphérique méridionale et zonale dans 1’Hémisphére Sud
(https://skepticalscience.com/jetstream-guide.html).

2.1.1 Circulation aux basses latitudes

L'atmospheére est composee de plusieurs cellules sous I'action de la force de Coriolis, due a la
rotation de la Terre. Dans la région équatoriale, la convergence des vents d'Est, chauds et
chargés en humidité, forcent l'air a s'élever, créant des zones de basses pressions autour de
I'Equateur (Fig. 2). A la tropopause, vers 15 km daltitude, ces masses d'air ayant perdu une
grande partie de leur humidité sous forme de précipitations, divergent et redescendent vers
30°S. Lors de cette subsidence, l'air se réchauffe et perd son humidité conférant ainsi un
régime anticyclonique générateur d'un climat sec aux régions subtropicales. Cette boucle de

circulation est appelée cellule de Hadley (Fig. 2).

2.1.2 Circulation aux moyennes latitudes

La cellule de Ferrel (Fig. 2) assure la circulation de l'air entre les cellules de hautes pressions
subtropicales et les dépressions subpolaires. Vers 50°S, les masses d‘air tropicales s’écoulant
vers le sud s'élévent en pente douce au-dessus des masses d'air polaires, plus froides et denses
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s’écoulant vers le nord, créant ainsi un mouvement d’air dirigé vers I’Est sous I’influence de
la rotation de la Terre, a I'origine des vents appelés Westerlies (Fig. 2). Ces vents rencontrent
peu de résistances a la surface de l'océan et peuvent alors étre trés violents (ex: 40°
rugissants). Les Westerlies contribuent a la dynamique de I'AACC et jouent un rdle important

en transportant chaleur et humidité a ’Océan Austral.

Figure 3. Position des hautes (H) et basses pressions (L) au sud de 30° S dans I’Hémisphére Sud, ainsi
que la position des Westerlies et des Easterlies (d’aprés Tchernia, 1978 ; Fond de carte : modifié
d’aprés Simmonds, 2003).

2.1.3 Circulation aux hautes latitudes

Des dépressions subpolaires sont localisées autour du continent Antarctique vers 60-65°S
(Fig. 3), et forment la zone dépressionnaire circumpolaire Antarctique (Antarctic Circumpolar
Trough, CPT). Ainsi, au niveau de la cellule polaire, les mouvements atmosphériques
ascendants s’écoulent vers le pole (Fig. 2) et résultent ultimement en un mouvement d‘air en
surface orienté vers I'Ouest longeant les cotes antarctiques (Polar easterlies). Ces vents sont
froids et tres secs, mais généralement de faible intensité. L’air ascendant a 60-65°S se

refroidit en se déplagant vers le sud, entrainant sa descente jusqu’au pole (Fig. 2) et formant
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ainsi une zone de haute pression centrée sur le continent Antarctique (Fig. 3). Cette zone,
appelée ‘vortex polaire', est caractérisée par un cyclone permanent et particulierement puissant

dans I'Hémisphere Sud, da & la forme circulaire du continent.

En surface, le continent Antarctique est exposé a des vents gravitaires parmi les plus violents
et persistants jamais enregistrés a la surface du globe, appelés vents catabatiques (Adolphs
and Wendler, 1995; Parish and Bromwich, 2007). La position géographique de 1’ Antarctique
(faible insolation), de méme que les caractéristiques physiques de la couche de glace qui la
recouvre (ex: albédo), sont a I’origine d’un bilan radiatif de surface négatif. Les vents
catabatiques trouvent leur origine dans le refroidissement intense de la couche atmosphérique
de surface sur le continent, provoquant 1’écoulement de I’air froid le long des pentes
topographiques de I’ Antarctique et, ainsi, des vents remarquables perpendiculaires a la cote
antarctique (Fig. 4). Ces vents catabatiques s'‘écoulent de maniére quasi perpendiculaire a la
cote (Fig. 4), et sont d’autant plus forts que la pente (ex: présence de vallée glaciaires proche
de la cOte) et le refroidissement sont importants. Persistants plusieurs mois par an, les vents
catabatiques sont cependant plus intenses en hiver en raison du resserrement des ceintures
barométriques dd a une augmentation des écarts de température entre les péles et I’équateur.
Leur vitesse moyenne annuelle augmente des régions centrales (10 a 20 km/h) jusqu'aux cétes
(30 a 90 km/h), ou des rafales peuvent atteindre des vitesses record (360 km/h). Les vents
catabatiques peuvent impacter I'océan en surface jusqu’a 120 km au large (Adolphs and
Wendler, 1995). Ces vents sont impliqués dans la circulation océanique de surface et sub-
surface, ainsi que dans la répartition spatiale et la formation du couvert de banquise, qui en
retour impacte la circulation atmosphérique a petite et a grande échelle. Ainsi au niveau des
marges continentales, 1’oc€an, 1’atmosphere et la cryosphere forment des compartiments

climatiques étroitement interconnectés.
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Figure 4. Position hivernale moyenne des lignes de vent au-dessus du continent antarctique (d’

Parish and Bromwhich, 2007).

2.2 Circulation océanigue grande échelle

2.2.1 Circulation zonale
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Figure 5. Position des principaux fronts atmosphériques et océaniques dans 1’Océan Austral, au Sud de
30° (d'apres Orsi et al., 1995). Fond de carte : Subtropical Front (STF),Subantarctic Front (SAF), Polar
Front (PF), Antarctic Circumpolar Current (AACC) et le Southern Antarctic Circumpolar Front
(SACCEF).

L'Océan Austral est composé de plusieurs fronts circumpolaires, correspondant a des
changements hydrologiques, relatifs a la présence de différentes masses d'eau (Orsi et al.,
1995). Le Subtropical Front (STF; Fig. 5) marque la limite de I'Océan Austral et le sépare des
eaux chaudes et salées subtropicales. Plus au Sud, le Subantarctic Front (SAF; Fig. 5)
correspond a un minimum de salinité des eaux intermédiaires antarctiques au Nord du front, et
marque la limite Nord de la Polar Front Zone (PFZ). La PFZ est bornée au Sud par le Polar
Front (PF; Fig. 6),lieu de plongée des eaux de surface antarctiques se déplacant vers le nord
sous les eaux subantarctiques. Dans 1’océan Austral, la circulation est dominée par un
transport circumpolaire (zonal), I’ Antarctic Circumpolar Current (ici AACC) (Fig. 5), qui est
délimité au Nord par le SAF, et au Sud par la présence d'un front profond et persistant appelé
le Southern Antarctic Circumpolar Front (SACCF; Fig. 5) (Orsi et al., 1995). L'AACC est un
courant océanique froid (2 a 14 °C) le plus puissant au monde, et a été reporté pour la
premiére fois par James Cook en 1775. L'AACC, qui s’écoule vers I’Est sous le régime quasi-
permanent des Westerlies, connecte les grands bassins océaniques de 1’Atlantique Sud, du

Pacifique Sud et de I’Océan Indien (Fig. 6).
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Figure 6. La circulation océanique schématique zonale et méridionale de I’Hémisphére Sud, et ses
connexions avec les grands bassins Atlantique, Pacifique et Indien. Antarctic Bottom Water (AABW),
Circumpolar Deep Water (CDW), Antarctic Circumpolar Current (AACC) (d’aprés Lumpkin et Speer,
2007).

La Circumpolar Deep Water (CDW) est la masse d’eau la plus volumineuse transportée par
I’AACC (Dinniman et al., 2012). Elle est caractérisée par une température et une salinité
relativement élevées. La CDW est issue du mélange des eaux de fond de I'Océan Mondial
(Antarctic Bottom Water, North Atlantic Deep Water, eaux denses des bassins Indien et
Pacifique), et des eaux intermédiaires Antarctique (AAIW; cf. circulation méridionale) (Orsi
et al., 1995). La CDW remonte au Sud du PF au niveau de la Antarctic Divergence, zone de
cisaillement entre I'AACC et I'Antarctic Coastal Current (ici ACC; Fig. 7) qui circule a
I'opposé, d'Est en QOuest le long des cotes antarctiques, entrainé par les Easterlies prés du
continent Antarctique. Le trajet de I’ACC suit la ligne de cote, dépendant ainsi des structures
telles que les baies, langues de glace, etc. Le transport de I’ACC est plus faible (~30 Sv;
Bindoff et al., 2000) que celui de I’AACC.
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Figure 7. Schéma de la circulation océanique et des différentes masses d’eau de 1’Océan Austral,
Antarctic Circumpolar Current (AACC) et Antarctic Coastal Current (ACC), modifié d'aprés
Wikipedia (http://en.wikipedia.org/wiki/North_Atlantic_Deep_Water).

2.2.2 Circulation méridionale

La circulation méridionale dans I’Océan Austral est largement contr6lée par les interactions
atmosphére/océan et notamment par les vents de surface. En effet, les transports d’Ekman
associés a ces vents créent des zones de divergence (Fig. 7) et de convergence, forgcant la
remontée (upwelling) et plongée (downwelling) des masses d’eaux (Speer et al., 2000),
respectivement. Ainsi, au niveau de I'Antarctic Divergence, entre les Easterlies au Sud (et la
présence de I'ACC) et les Westerlies plus au Nord (et la présence de 'AACC), I’effet de la
pompe d’Ekman provoque la remontée en sub-surface de la CDW (Orsi et al., 1995) (Fig. 7).
Une partie de cette masse d’eau s’écoule vers le Nord sous la forme d'Antarctic Surface Water
(AASW), couche de surface des eaux estivales du plateau, jusqu’au Front Polaire ou elle
participe a la formation de I'AAIW, par subduction sous les Eaux de Surface Subantarctiques
plus chaudes et moins denses (Fig. 7). L’AAIW qui s’écoule jusqu’a 1000-1500 m de
profondeur, est caractérisée par un minimum en salinité associé a un maximum en oxygéene.

L’autre partie de la CDW transite le long du talus continental et fait saisonnierement
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résurgences sur le plateau, apportant des eaux « chaudes » et riches en nutriment, participant
ainsi a la fonte saisonniére de la banquise et a la croissance du phytoplancton. En hiver, la
prise en glace et le refroidissement augmentent drastiquement la densité des eaux de surface,
qui plongent et s’écoulent vers le Nord le long du plateau et du talus continental jusqu’aux
plaines abyssales sous la forme d'Antarctic Bottom Water (AABW). L’AABW est une
composante majeure de la circulation thermohaline globale (THC), permettant la ventilation
de fond des trois bassins océaniques du globe (Atlantique, Pacifique, Indien) et la
redistribution globale de chaleur, de nutriments et de salinité (Orsi et al., 1995 ; Gordon et al.,
2001). L'étude de la dynamique de I'AABW constitue donc un enjeu climatique, puisque la
variabilité de la production d'eau dense peut avoir des répercussions importantes a I'échelle
globale (Jacobs et al., 2004; Jonhson et al., 2008).

2.3 Banquise

2.3.1 Caractéristiques

Il existe plusieurs types de glace de mer, suivant I'dge de la glace, son épaisseur etc. Pour
notre problématique, nous nous focaliserons sur deux types principaux de banquise.
Premierement, la « Fast Ice », qui se forme en milieu cdtier, est attachée au continent (rivage,
glacier, etc.) ou plateau continental dans des zones de faibles profondeurs. Ce type de glace,
dont [I'épaisseur varie de plusieurs dizaines de centimétres a plusieurs metres, est
généralement pluriannuel et localisé en un anneau autour du continent Antarctique quand
présente. A l'inverse, le « Pack Ice », généralement saisonnier, représente tous les types de
glace de mer autres que le « Fast Ice » et s’étend largement au nord dans I'Océan Austral. Sa
compaction et son épaisseur dépendent de 1’influence des températures atmosphériques et
océaniques ainsi que de 1’intensité et de la direction des vents et des courants océaniques. La
zone couverte par le Pack Ice s’appelle la Seasonal Sea Ice Zone (SS1Z). La limite Nord de la
couverture de banquise est dictée par I’interaction entre advection/prise en glace au Sud et
fonte au Nord. La frange de banquise non-consolidée, constituant sur 100-200 km la limite
entre la glace de mer et ’océan ouvert, se nomme la Marginal Ice Zone (MIZ). De la cote
jusqu’a la MIZ, les caractéristiques de la banquise ne sont donc pas homogenes, et présentent
parfois de maniére persistante et/ou récurrente des polynies, zones d’eau libre de glace de

taille variable (cf. paragraphe polynies).
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2.3.2 Dynamique/cycle saisonnier

Contrairement & la banquise arctique, la glace de mer en Antarctique est en grande partie
saisonniére et fond a I'été, a I’exception de quelques régions comme la mer de Weddell ou la
mer d’Amundsen. Le continent Antarctique est entouré d’un couvert de banquise dont
I’étendue varie saisonniérement de ~3.10° km?® en Février-Mars & ~20.10° km® en Septembre-
Octobre, ou sa limite atteint ~55°S dans les secteurs Atlantique et Ouest Indien et ~60°S dans
les secteurs Est Indien et Pacifique(Fig. 8) (ACCE report, 2009).
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Figure 8. Etendue de la glace de mer en Antarctique, moyennée sur la période 1979-2007 durant 1’été
austral (gauche) et I’hiver austral (droite); NSIDC
(http://nsidc.org/cgibin/bist/bist.pl?config=seaice_index).

La dynamique du couvert de banquise est contrélée par plusieurs facteurs environnementaux
tels que le cycle saisonnier d’insolation, les tempeératures de surface atmosphérique et
océanique, le régime des vents et les courants océaniques. En fin d’¢té, I’eau de surface se
refroidit au contact de I’air jusqu’a atteindre le point de congélation de I’eau de mer, soit
environ -1.8°C en surface. Les premiers cristaux de glace formés, appelés "frazil", flottent en
surface et finissent par constituer une couche visqueuse appelée "pancake". Durant la
congélation de I'eau de mer, le sel est massivement rejeté a travers le drainage de saumures, et
contribue a augmenter la densité de la couche en surface, qui engendre alors la formation

d'eau dense sur le plateau. Plus le taux de formation de glace est élevé, plus le flux de sel est
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important et donc plus la quantité d’eau dense formée est importante. C'est particuliérement le
cas de certaines structures au sein de la banquise, appelées polynies (cf. paragraphe polynie),
ou la production de glace et l'advection au large sont constantes. Au printemps,
l'augmentation de I'insolation et des températures atmosphériques a un effet thermique direct
sur la concentration de glace et initie la fonte printaniere de la banquise. Les vents, et la houle
résultante, ont un impact mécanique sur le couvert de glace, et peuvent contribuer a

I'ouverture de celui ci par fracturation, facilitant la fonte de la glace de mer.

2.3.3 Role de la banquise dans le systeme climatique

La banquise antarctique a une influence majeure sur le climat régional et global. Outre
Iimpact sur la circulation thermohaline & travers la formation d'eau dense qui alimente
I'AABW contribuant ainsi a l'oxygénation de I'océan profond, la formation et la fonte de la
banquise affectent également la "Pompe Biologique"”, définie par I'ensemble de processus
impliquant le piégeage et le stockage du gaz carbonique et des nutriments inorganiques
dissous, par les organismes marins durant la photosynthese (Fig. 9), ainsi que leur transport
jusqu'au fonds marins, par sédimentation. Ainsi, la production primaire (PP) est étroitement
lice a la dynamique de la banquise. En effet, le couvert de glace agit sur l'interface
océan/atmosphére, et donc impacte la durée de la saison de croissance, la stabilité de la
colonne d’eau, la disponibilité en nutriments et métaux (Arrigo et al., 2008). Malgré une
saison de croissance courte, la stabilité¢ de la colonne d’eau induite par la fonte de la banquise
et les fortes teneurs en nutriments soutiennent une forte PP sur les marges continentales
antarctiques (Arrigo et al., 1998). De plus, la présence de la banquise antarctique affectent
significativement les échanges de chaleur entre I’océan et 1’atmosphére (jusqu'a dix fois
moins d'échange en présence de glace; Rutgers van der Loeff et al., 2014) , et modifie
I’albédo a la surface de ’océan (Fig. 9). De nombreuses études s’accordent sur le fait que la
banquise contréle les changements de CO2, notamment entre les cycles

Glaciaire/Interglaciaire (Ferrari et al., 2014).
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Figure 9. Schéma du réle de la banquise dans le systéme climatique. Fond de carte d’aprés
www.deepreef.org.

2.4 Climatologie

2.4.1 Variabilité interannuelle et saisonniére: principaux modes climatiques

La distribution Nord-Sud des cellules atmosphériques, qui forment une succession de
ceintures barométriques, dépend de l'intensité des gradients de pression et de température
entre les moyennes et les hautes latitudes. La circulation atmosphérique de I'Hémisphére Sud
connait d'importantes variations zonales et méridionales dans I’intensité de ces gradients, dues
au couplage océan/atmosphere/banquise qui existe dans I'Océan Austral. Par exemple, le
resserrement de ces ceintures barométriques engendre des vents plus intenses et inversement
si elles se dilatent. Cette variabilité est représentée par les modes climatiques, dont le
principal aux hautes latitudes est le Southern Annular Mode (SAM) aussi appelé Antarctic
Oscillation (Thompson and Wallace, 2000). Toutefois, EI Nifio-Southern Oscillation (ENSO)
ou le Southern Oscillation Index (SOI) exercent également un impact important dans I'HS,
notamment en Péninsule Antarctique (Turner et al., 2004; Stammerjohn et al., 2008).
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a SAM

Le SAM est caractérisé par la différence de pression, calculées sous forme d'indice, entre les
moyennes (40°S) et hautes latitudes (65°S). La structure atmosphérique associée a un SAM
positif est marquée par une intensification des Westerlies aux moyennes latitudes (Marshall,
2003; Liu et al., 2004), et une diminution des Polar Easterlies autour du continent. Cette
compression des ceintures barométriques vers les pbles provoque le renforcement du vortex
polaire au-dessus de la région polaire (Fig. 10). Ce processus qui isole I'Antarctique en
réduisant les transferts dair chaud avec les moyennes latitudes, se traduit par un
refroidissement du continent (Thompson and Solomon, 2002), a I'exception de la Péninsule
Antarctique (PA) qui au contraire se réchauffe, di au renforcement des Westerlies et ainsi de
I'apport d'air océanique relativement doux (Fig. 11b). De plus, alors que les précipitations
augmentent en PA, elles diminuent sur le continent Antarctique qui est plus sec. On observe

les phénomenes inverses en phase négative du SAM.
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Figure 10. Carte des anomalies de pression et représentation schématique de la structure
atmosphérique du SAM est positive (d’apres Stammerjohn et al., 2008).

Plusieurs études suggeérent que le SAM a un impact important sur la glace de mer (Hall and
Visbeck, 2002; Stammerjohn et al., 2008). En effet, il a été proposé que l'extension de
banquise réecemment observée dans les mers de Ross et d’Amundsen, ainsi que la diminution
de glace enregistrée en PA et en Mer de Wedell seraient associées a des changements de vents
et de températures, dis a une anomalie de basse pression centrée en Mer d’Amundsen-
Bellingshausen (Amundsen Sea Low-ASL) durant une phase positive du SAM (Fig. 11a)
(Lefebvre et al., 2004; Stammerjohn et al., 2008). De récentes études tendent a montrer que la
variabilité du SAM induit également une réponse océanique (et biologique), caractérisée par
une intensification de I’AACC et de la pompe d’Ekman en phase positive (Hall and Visbeck,
2002; Marini et al., 2011). Ces variations se traduisent par l'augmentation des conditions
d’upwelling a 65°S et de downwelling a 45°S (Hall and Visbeck, 2002; Lefebvre et al., 2004;
Marini et al., 2011). Ainsi a proximité du plateau, la remontée de CDW, dont une partie est
transportée en direction du continent, relativement plus chaude et riche en nutriment, peut

favoriser la fonte de glace de mer ainsi que la PP en milieu cétier (Dinniman et al., 2012).
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Figure 11. Régression entre I'indice SAM moyenné sur Juillet, Ao(t, et Septembre pour la période
1980-1999 avec a) la concentration de la glace de mer (%), et b) la température de I'air en surface (°C),
from http://wattsupwiththat.com/2011/02/05/some-interesting-thoughts-on-antarctic-peninsula-
warming/.

Le SAM montre une tendance positive croissante depuis les années 50 (Fig. 12) (Marshall,
2003), attribuée a la diminution de I'ozone stratosphérique et a I’augmentation des gaz a effet
de serre ces dernieres décennies (Thompson and Solomon, 2002;Arblaster et al., 2006). Cette
tendance pluri-décennale, considérée comme le changement majeur actuel aux hautes

latitudes Sud, est plus marquée en été qu'en automne et hiver (Marshall, 2003).
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Figure 12. Valeurs saisonnieres (histogramme) et moyenne décennale (courbe noire) de I'indice du
SAM, mesurées a partir de stations météorologiques (Marshall, 2003).

b ENSO

La bascule interannuelle vers un état la Nifia ou ElI Nino (Fig. 13) a €eté reliée a un cycle de
variation de la pression atmosphérique globale entre I'Est et I'Ouest du Pacifique que I'on
nomme Southern Oscillation, donnant le nom au phénomene ENSO (El Nifio-Southern
Oscillation). ENSO a été décrit pour la premiére fois par un scientifique britannique Sir
Gilbert Walker, au début du XXe siecle. ENSO est une des plus grandes manifestations du
systéme climatique global a 1’échelle annuelle ou pluriannuelle, ayant notamment des impacts
économiques (ex: exploitation des ressources halieutiques) et sociétaux majeurs (ex: mousson

asiatique).

Le Pacifique équatorial contient les réserves d’eaux chaudes les plus importantes de la
planéte, constituant la Warm Pool. Les eaux chaudes en surface sont séparées des eaux plus
froides par une thermocline dont la profondeur varie essentiellement en fonction de la taille
du réservoir d’eaux chaudes. En surface, les Alizés (ou Trade Winds; Fig. 13) transportent ces
eaux chaudes a I’ouest du Pacifique. L'accumulation de ces eaux caractérisées par des
températures de surface (SST) élevées provoquent un approfondissement de la thermocline a
I'Ouest du Pacifique équatorial. La circulation atmosphérique zonale qui en résulte en altitude,
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appelée circulation de Walker, forme une boucle caractérisée par un régime dépressionnaire a
I’Ouest, d0 a une évaporation excédentaire dans cette région, et anticyclonique a I'Est, reliés
en surface par les Alizés qui circulent d'Est en Ouest.
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Figure 13. Vue schématique des conditions ElI Nino/La Nina dans le Pacifique, et des répercutions
atmosphériques et océaniques dans la région du Pacifique (http://fr.wikipedia.org/wiki/El_Nino).

Cet état de référence du Pacifique équatorial peut basculer vers un état la Nina ou El Nino, dd
a des variations zonales de pression atmosphérique dans le Pacifique, modifiant le trajet et
I'intensite des Alizés. Ainsi, la Nina est définie par le renforcement des Alizés et donc de la
cellule de Walker, qui contribuent au développement de la Warm Pool et a

I'approfondissement de la thermocline a I'Ouest, augmentant le gradient de surface Est-Ouest
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dans le Pacifique (Fig. 13) A l'inverse dans le Pacifique Est, I'épaisseur de le thermocline
diminue (Fig. 13) rendant possible la remontée en surface des eaux froides chargées en
nutriments, contribuant a une forte productivité dans cette région. En revanche, un état El
Nifo est associé a un affaiblissement des Alizés, qui permettent aux eaux chaudes a 1’Ouest
d'envahir le reste du bassin Pacifique conduisant a une double cellule de convection
atmosphérique pour des épisodes de grande ampleur. Ainsi 1’état El Nifio n’est pas l'exact

opposé de la Nifia.
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Figure 14. Anomalies de températures de surface (° C) pour les conditions a) El Nifio et b) La Nifia.
Le jet subtropical (STJ), le jet du front polaire (PFJ), les anomalies de haute et de basse pression ainsi
que les flux de chaleur ont été schématisés sur ces cartes d'anomalie (d'aprés Yuan et al., 2004).

Le Southern Oscillation Index (SOI) a été définie par Walker comme étant la différence de
pression atmosphérique de surface entre I’Est (Tahiti) et 1’Ouest (Darwin) du Pacifique.
Utilisé pour représenter les phases et I’amplitude du phénoméne ENSO , le SOI est d'autant
plus important que le gradient de pression entre I'Est et I'Ouest est fort, c'est a dire que la
circulation de Walker est intense (Yan et al., 2011). Ainsi, le Pacifique équatorial, siege d’ une
circulation atmosphérique et océanique intense, est relié a la circulation climatique générale.
En effet, ENSO peut fortement influencer les autres régions du globe a travers les

téléconnexions entre les basses et les hautes latitudes (Fig. 14). Ainsi, la réponse climatique
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antarctique lors d'un événement la Nifia ressemble a la structure atmosphérique d'un SAM
positif trés prononcé, toutefois moins zonale. En revanche, l'inverse, un événement EI Nino
ressemblant a un SAM négatif n’est pas nécessairement vrai (Stammerjohn et al., 2008). Lors
d’un évenement El Nifio, I'amplification de la convection atmosphérique au-dessus de la
Warm Pool alimente également la cellule d'Hadley, qui se trouve renforcée et contractée dans
le Pacifique Sud, induisant ainsi une intensification du jet subtropical et un déplacement vers
le nord des cyclones extratropicaux (Fig. 14a). Conjointement, une anomalie de hautes
pressions centrée en Mer d’Amundsen-Bellingshausen (ABS) permet 1’entrée d’air chaud dans
la région, ainsi qu'en Mer de Ross et I’export d’air froid a I'Est de I'AP et en Mer de Weddell
(Fig. 14a) (Yuan, 2004). Un événement la Nifia génére les effets inverses (Fig. 14b).

2.4.2 Variabilité séculaire a pluri-décennale

Le climat Holocéne a I'échelle globale est dominé par I’influence du forgage orbital estival.
Dans I’HS, ce dernier a peu augmenté (environ 2 W.m?a 65°S; Wanner et al., 2011) au cours
des derniers 2000 ans (Fig. 15), et n'explique pas la variabilité rapide pluri décennale a pluri
centennale ainsi que les disparités régionales importantes qui caractérise le climat a
I'Holocéne tardif. A 1’échelle des derniers 2000 ans qui nous intéresse ici, d’autres processus
tels que les variations de l'activité solaire, de 1’activité volcanique et de la circulation
thermohaline sont donc responsables de la variabilité climatique rapide pluri-décennale et
séculaire (Wanner et al., 2011; Bertler et al., 2011).
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Figure 15. Insolation d'été due aux variations orbitales dans I'HN et dans I'HS (d'aprés Wanner et al.,
2011).
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a L'activité solaire

L’activité solaire, modulée par le nombre de taches solaires, semble faire varier I'irradiance
solaire d'environ 0,1% (0,24 W/m2) arrivant a la surface de la Terre sur une période de 11
ans, période qui est amplifiée a I'échelle séculaire (Fig. 16). Une période d'activité solaire
intense correspond a une augmentation du nombre de taches solaires (Fig. 16), et a un soleil
plus lumineux . A l'inverse, le nombre de tache diminue pendant les phases d'activité moins
intense. Il a été montré que les taches solaires étaient inexistantes au XVIlle siécle pendant le
Minimum de Maunder du Petit Age Glaciaire et ont atteint un maximum en 1959 (Fig. 16)
(Steinhilber et al., 2011).
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Figure 16. Le cycle solaire. La partie haute montre deux états moyens du soleil au cours d'un cycle
solaire, du maximum en Mars 2001 (& gauche) au minimum (a droite) en Janvier 2005. Images tirees
de la NASA/ESA. La partie basse montre les variations du nombre de taches solaires au cours des
derniers 400 ans avec, notamment, le Minimum de Maunder (en rouge).

Au cours des derniers 1000 ans, le Soleil a connu plusieurs périodes de faible activité (Fig.
16) (Steinhilber et al., 2009; Ljungqvist et al., 2010) : le minimum de Oort (1010-1050 C.E.),
le minimum de Wolf (1280-1340 C.E.), le minimum de Sporer (1420-1530 C.E.), le minimum
de Maunder (1645 - 1715 C.E.) et le minimum de Dalton (1790-1820 C.E.). L'irradiance

solaire (Fig. 17) montre également des valeur de Be'® (isotope produit dans I'atmosphére sous
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l'effet des rayons cosmiques liés a ’activité solaire; Beer et al., 2000) plus négatives autour du
Vlle siecle, puis de nouveau entre le Xllle et X1Xe siecle, cohérente avec le refroidissement
observé au cours des phases climatiques : Dark Age Cold Period (DACP) et Little Ice Age
(LIA) (Wanner et al., 2011). Inversement, les anomalies positives de l'irradiance solaire
coincideraient avec les périodes plus chaudes: Roman Warm Period (RWP), Medieval Warm
Period (MWP) et plus récemment le réchauffement climatique qui a débuté au début du
XXeéme siécle (Wanner et al., 2011).
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Figure 17. Variation de I'activité solaire reconstruite d'apreés les enregistrements de10Be mesurés dans
la glace polaire (Steinhilber et al., 2009), indiquant les anomalies positive (aires rouges) et négatives
(aires bleues), les pics reconnaissables (en gris) de l'activité solaire du dernier millénaire ainsi que les
grande phases climatiques connues de I'Hémisphere Nord (surlignées).

b L'activité volcanique

Les éruptions volcaniques constituent un important forcage climatique, a n’importe quelle
échelle de temps. Quasiment imprévisibles, on peut cependant avoir une idée des effets du
volcanisme sur le climat a travers les archives géologiques et historiques qui montrent que
I’activité volcanique a des implications environnementales et sociétales majeures, au cours

des derniers millénaires. En effet, les éruptions volcaniques les plus importantes ont été
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suivies d'une diminution d'ensoleillement et ainsi d'un refroidissement immédiat a grande
échelle, comme par exemple I'éruption du Tambora (Indonésie) en 1815. Le refroidissement a
court terme associé au volcanisme est dii a I’injection de dioxyde de soufre (SO,) et de
cendres jusque dans la stratosphére ou ils peuvent résider plusieurs années et étre redistribués
a I’échelle du globe (Robock et al., 2002). Les cendres contribuent a augmenter le couvert
nuageux et les précipitations dans I'atmosphere inférieure. Le SO,, en se mélangeant avec la
vapeur d'eau dans la stratosphére, forme un aérosol qui augmente I’albédo planétaire en
absorbant et en réfléchissant vers l'espace le rayonnement solaire, provoquant ainsi un
réchauffement stratosphérique et un refroidissement des basses couches de 1’atmosphére
(troposphere) et de la surface de la Terre, principalement pendant I'été lorsque les processus
radiatifs dominent (Robock et al., 2002).De plus, a court terme, outre un impact direct sur la
température de surface, a travers les variations d'ensoleillement, le volcanisme a également un
impact indirect sur la configuration atmosphérique, a travers l'accentuation des gradients
latitudinaux de température (Robock et al., 2002). En revanche, a long terme, le dégazage de
CO; et d” H,0, principaux gaz a effet de serre, contribuent au réchauffement planétaire. Des
mesures précises des effets radiatifs des éruptions volcaniques ne sont disponibles que pour
les trois dernieres décennies. Cependant, la reconstruction du volcanisme au cours des
derniers millénaires est possible grace a I’enregistrement des aérosols volcaniques préservés,
notamment, dans les calottes polaires (Fig. 18). Ainsi, au cours de I’Holocéne, il apparait que
la période des 2000 dernieres années est marquée par une activité volcanique accrue
comprenant 33 éruptions enregistrées et identifiées, dont les deux tiers ont eu lieu au cours du
dernier millénaire (Cole-Dai et al., 2000; McGregor et al., 2015). Des études suggérent des
liens possibles entre I'apparition des phases climatiques froides au cours des derniers 2000 ans
et le nombre d'éruption volcaniques ou leur intensité (ex: Crowley et al., 2000; Bertler et al.,
2011). Récemment, des données issues de la modélisation ont également montré qu'une
succession d'événements volcaniques a pu impacter la variabilité naturelle de I'Atlantic
Meridional Overturning Circulation (AMOC) au cours du XXe siecle, a travers le
refroidissement des eaux de surface et donc la formation de glace aux hautes latitudes
(Swingedouw et al., 2013).
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Figure 18. Enregistrements de SO4nns (non seasulphate) a EPICA Dronning Maud Land (EDML) et a
Victoria Lower Glacier (VLG) pour les derniers 900 ans, indiquant les éruptions volcaniques sur cette
période. Les aires en gris soulignent les éruptions volcaniques identifiées aux deux sites, EDML et

VLG. D'aprés Bertler et al., 2011.

C La circulation thermohaline
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Figure 19. Circulation océanique mondiale montrant les principaux courants de surface et de fond,
ainsi que les principaux sites de formation d'eau dense (d'apres Rintoul et al., 1998).

La circulation thermohaline, est définie comme la circulation océanique a grande échelle
générée par les gradients de température et de salinité des masses d'eau et qui participe au
transport de chaleur de I’équateur vers les poOles. Aux tropiques, l'océan en surface est
excédentaire en chaleur, alors qu'aux hautes latitudes les eaux atteignent la température de
congélation de I’eau de mer (-2°C). Ces eaux de surface trés denses (froides et salées),
plongent par gravité sous les eaux chaudes moins salées, jusqu’a la profondeur ou elles se
trouvent en équilibre de densité avec les eaux voisines (vers 2000 m en région subarctique,
4000 m en Antarctique), formant les eaux de fond. Ainsi, les zones polaires constituent des
régions de convection profonde (Fig. 19). Ces eaux profondes, moteur de cette circulation
globale, entraine ainsi un transport d’eaux en surface vers les hautes latitudes (Fig. 19). La
plongée des eaux de surface qui a lieu principalement en Atlantique Nord, s’écoulent par le
fond en vers le Sud, ou vers 60° S, elle est reprise et distribuée par le courant circumpolaire
Antarctique au sein duquel elles remontent progressivement vers la thermocline, puis et se
répandent dans 1’ Atlantique sud, le Pacifique et I’océan Indien (Fig. 19). Le retour de cette
grande circulation dans 1’Atlantique nord s’effectue via des courants chauds, proches de la
surface, dont la circulation est liée a la circulation atmosphérique. Ce brassage océanique a été
schématisé sous la forme d’un «tapis roulant» a 1’échelle du globe et peut durer environ 1000
ans environ (Fig. 19). L’intensité de la circulation thermohaline varie fortement entre périodes
glaciaires et interglaciaires (Ballarotta et al., 2014). En effet, le développement aux hautes

latitudes d'un couvert de banquise plus important pendant une période glaciaire limite la
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formation d’eau profonde, dont les sites se décalent vers de plus basses latitudes, réduisant
ainsi I'étendue et I'intensité de cette boucle océanique, et donc de la redistribution de chaleur
entre les différentes régions du globe. En effet, diverses études suggérent qu’un arrét de la
circulation thermohaline peut générer un refroidissement de plusieurs degrés, notamment en
Atlantique Nord et en Europe. Ainsi, dans son étude, Lund (2006) estime que le débit total du
Gulf Stream a diminué de 10% au cours du dernier millénaire, notamment entre 1250-1850
C.E. Cette cohérence avec I'évolution des températures de I'HN au cours du LIA suggére que
la réduction du transport de chaleur océanique vers le nord peut avoir contribué a des
températures plus basses caractérisant cette période. L’étude de la variabilité de la circulation

thermohaline peut donc permettre de mieux appréhender la variabilité du climat.

En conclusion, il apparait que les changements climatiques au cours de I'Holocéne ne soient
pas le résultat d'un seul forcage, mais au contraire soient issus de plusieurs mécanismes, eux

mémes interconnectés de fagon non-linéaire et a plusieurs échelles de temps.

2.4.3 Disparités régionales en Antarctique

a Période instrumentale
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Figure 20. Estimation de la température moyenne annuelle de surface en Antarctique pour la période
1958-2002. Les tendances significatives sont indiquées par des hachures simples (95% de
significativité) et double (99% de significativité) (Chapman et Walsh (2007).

Au cours des derniers 50 ans, I'Antarctique montre d'importantes disparités régionales
climatiques (Fig. 20). En effet, alors que les tendances générales désignent la PA comme la
région du globe la plus wvulnérable face aux changements climatiques récents
(+0.56°C/décennie a Faraday/Vernadsky station; Turner et al., 2005), le reste du continent
montre des changements significatifs de plus faible amplitude (+0.1°/décennie en Antarctique
de I'Ouest; Chapman and Walsh, 2007), et méme un refroidissement (-0.7°C/décennie a
McMurdo Dry Valleys; Doran et al., 2002). Toutefois, les rares stations situées a l'intérieur du
continent Antarctique ne présente pas de changement significatif de température (ACCE
report, 2009).

Des données historiques de I'étendue du couvert de banquise existent en certaines régions
(baleiniers, expéditions etc.) depuis les XIX et XXe siécles, mais sont trop rares et irrégulieres
pour définir des tendances significatives de I'évolution de la glace mer et de la temperature sur
cette période. Au cours des derniéres 40 ans, grace aux satellites, les observations montrent
une légere augmentation des conditions de glace globale en Antarctique (0.96 a 1 %/décennie;
Cavalieri et al., 2008; ACCE report, 2009). Cette tendance est cohérente avec le
refroidissement observé par Kwok et Comiso (2002) en Antarctique durant cette période.

Cependant, les tendances du couvert de banquise présentent de fortes disparités régionales
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(Fig. 21) (Cavalieri et al., 2008; ACCE report, 2009). Ainsi, le secteur de la Mer de Ross
connait une augmentation du couvert de glace (+4.3 %/décennie), contre-balancee par une
diminution importante dans la région d'ABS (-6.8 %/décennie). D'autres secteurs montrent
une augmentation du couvert de glace plus modérée: I'Océan Indien (1.9 %/décennie), la Mer
de Weddell (0.8 %/décennie) et le Pacifique Ouest (0.7 %/décennie) (ACCE report, 2009).
Ces changements récents et notamment ce fort antagonisme, semblent étre causés en partie
par l'influence du régime des vents et d'une récente réorganisation atmosphérique dans I'HS,
ayant pour conséquence un transfert de glace entre les secteurs de Ross et d’ABS, proches
géographiquement (Thompson et al., 2002; Marshall 2003; ACCE report, 2009). En effet,
l'augmentation de I'indice du SAM, positif depuis les années 80 et particulierement a I'été-
automne, en relation avec une diminution printaniére d'ozone stratosphérique, est considérée
comme le changement atmosphérique majeur aux hautes latitudes (Thompson et al., 2002;
Marshall 2003; ACCE report, 2009). Kwok and Comiso (2002) ont montré qu'il existe un lien
entre le SAM et les anomalies climatiques (température atmosphérique et océanique de
surface, pression atmosphérique, couvert de glace) dans les secteurs de Ross et d'ABS. Ces
résultats sont cohérents avec plusieurs autres études qui suggerent que la contribution du
SAM en Antarctique s'exprime par un refroidissement en surface le long de la cbte Est, et un
réchauffement en AP (Thompson and Solomon, 2002; Schneider et al., 2006; Thompson et
al., 2011).
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Figure 21. Anomalies mensuelles et tendances du couvert de glace pour (a) I'Hémisphére Sud, (b) la
Mer de Weddell, (c) I'Océan Indien, (d) I'Océan Pacifique, (e) la Mer de Ross et (f) etla Mer de
Bellingshausen-Amundsen (ACCE report, 2009).

b L'ére moderne

Les observations au cours de la période instrumentale ont permis d'étudier la variabilité
climatique haute fréquence en Antarctique ainsi que de mettre en évidence les importantes
disparités régionales du continent. Cependant, ces données issues des stations
météorologiques sont incomplétes, la majorité des stations étant située le long de la cote et
une minorité des mesures remontant au début du XX° siecle. Il apparait ainsi nécessaire de
travailler a partir d'enregistrements climatiques haute résolution allant au-dela de la période
instrumentale. Le projet ITASE (International Trans Antarctic Science Expedition) permet

ainsi le recoupement de I'ére instrumentale et de la période historique grace a diverses carottes
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de glace haute résolution, dont les données les plus récentes ont été calibrées avec les données

instrumentales (Schneider et al., 2006).

Dans l'ensemble, la température de surface & augmenté de 0.2°C en Antarctique au cours des
derniers 200 ans (Schneider et al., 2006). A I'échelle régionale, les reconstructions indiquent
un réchauffement important depuis le début du XIXe siécle en Mer de Ross, a EDC, TyD,
Taldice et SD, et depuis le XXe siecle 8 EDML (Mayewski et al., 2004; Bertler et al., 2011,
Goosse et al., 2012).

Des contrastes régionaux importants apparaissent. En effet, le réchauffement s'accentue
jusque sur la période instrumentale (Mayewski et al., 2004) en Antarctique de 1’Ouest, en PA
ainsi qu’en Mer de Ross (Taldice), peut étre causé par l'augmentation de la fréquence
d'événements EI Nino au XIXe siecle (Mayewski et al., 2004). A l'inverse en Antarctique de
I'Est (LD), les enregistrement pointent un refroidissement au cours de cette période
(Mayewski et al., 2004), peut étre associé a l'augmentation de I'index du SAM (Villalba et al.,
2012).

Les mesures de températures issues de forages de glace qui couvrent les derniers siécle,
fournissent des informations précieuses, qui cependant comportent des incertitudes a cette
échelle de temps, due notamment au manque de données instrumentales pour calibrer ces

enregistrements.

c Reconstruction climatique a I'Holocéne tardif

L’étude de la variabilité climatique a 1'Holocéne tardif a pour objectif de déterminer la part de
variabilité climatique naturelle et anthropique. L'obtention d'enregistrements récents et bien
préservés est nécessaire afin de permettre la reconstruction climatique a haute résolution, et
d'appréhender les forcages climatiques ainsi que les mécanismes sous jacents de la variabilité
climatique. Les derniers 2,000 ans sont marqués par des changements rapides de température
a I’échelle globale, dont les plus prononces et les plus observés dans I'HN sont la Medieval
Warm Period (MWP), le Little Ice Age (LIA) et le réchauffement récent observé depuis le
XXe siecle (Mann et al., 2009). Bien que ces périodes soient trés bien observés dans I'HN,
dans I'HS, la réponse climatique et environnementale aux forcages climatiques (présentés plus
haut) est fortement régionalisée aux hautes latitudes, et notamment en Antarctique, rendant

ainsi complexe I'étude des changements climatiques.

e Les grandes phases climatiques
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Les trois premiers siécle aprés J.C sont caractérisés par des conditions douces en Europe, de
méme intensité que le réchauffement observé au cours du XXe siécle (Ljungqgvist et al.,
2010). Cette période est connue sous le nom de Roman Warm Period (RWP), et est suivie par
un refroidissement appelé Dark Age Cooling Period (DACP), entre 500 et 900 C.E (Fig. 22).
La MWP ( correspond a un réchauffement inscrit dans plusieurs régions, notamment dans
I’HN, entre 900-1300 C.E. (Fig. 22). Cette période est mise en évidence notamment par des
traces archéologiques témoignant de la colonisation Vikings aux hautes latitudes Nord.La
MWP est suivie par un refroidissement trés prononcé, le LIA, caractérisé par I’avancée des
glaciers en Europe, ainsi que par des conditions climatiques plus fraiches dans I'hémisphére
Nord entre 1300-1850 ans C.E. (Fig. 22) (Mann et al., 2008, 2009). Comme pour la MWP, les
reconstructions montrent un refroidissement variable dans le temps et I’espace, avec des
différences régionales trés marquées (Mann et al., 1999). Enfin, depuis le XIXe siecle, 'HN
connait un fort réchauffement appelé Current Warm Period (CWP) (Fig. 22) (Ljungqvist et
al., 2010).
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Figure 22. Les grandes phases climatiques de I'Hémisphere Nord basées sur les reconstructions de
température (°C) entre 30-90°N (d'aprés Ljungqvist et al., 2010): Roman Warm Period (RWP), Dark
Age Cold Period (DACP), Medieval Warm Period (MWP), Little Ice Age (LIA) et Current Warm
Period (CWP).

e Reconstruction climatique dans I'HS
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Dans I'HS, la compréhension de la variabilité climatique des derniers 2000 ans est encore tres
limitée en raison d'un manque important d'enregistrements paléoclimatiques aux hautes
latitudes d0 a I'éloignement, au climat extréme et a la présence quasi annuelle de banquise. En
Antarctique, les reconstructions haute résolution de température existent grace a un nombre
important de carottes de glace. Cependant au niveau marin, il existe peu de d'enregistrements
paléocéanographiques. Quelques enregistrements a relativement basse résolution existent dans
la PFZ (ex: Nielsen et al., 2004) et dans les régions cotiéres antarctiques (Denis et al., 2010 ;
Etourneau et al., 2013).

Globalement les reconstructions dans I’HS suggerent un refroidissement au des derniers 2000
ans culminant entre 1500 C.E.-1800 C.E. (Fig. 23), suivit par un réchauffement au cours des
derniers 200 ans (Mann et al., 2008 ; PAGES, 2013). Cependant, les reconstructions pointent
une importante hétérogénéité spatiale et temporelle. Le Sud du continent américain connait un
réchauffement entre 900 et 1350, et est suivit par un refroidissement jusqu'en 1700 environ
alors que la Nouvelle-Zélande, région trés liée a I' Antarctique (Orsi et Whitworth, 2005),
connait un refroidissement entre le XIII-XIXe siécle environ, dont le paroxysme se situe
autour de 1500-1650 C.E. (Lorrey et al., 2008). Ces tendances rappellent certaines grandes
phases climatiques connues dans I'HN (Fig. 22). Malgré de nombreuses études, des
incertitudes considérables persistent dans la compréhension de la réponse régionale dans
I’HS, associée aux changements a grande échelle de la température (Mann et al., 2009), et
notamment en Antarctique, ou de récentes observations ont montré qu'une partie du continent
connait probablement un réchauffement des plus prononcés a la surface du globe (Turner et
al., 2005; Schneider et al., 2006; Steig et al., 2009). Il semble que ces disparités entre I'Est et
I'Ouest du continent ont également caractérisé la période tardive de I'Holocéne.
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Figure 23. Reconstruction de température moyennée a 30 ans pour les sept régions du Projet PAGES
2k (2013), standardisée sur la période de recouvrement des enregistrements (1190-1970 C.E.).Les
lignes en pointillés indiquent les intervalles d'activité volcanique prononcée et de forcage solaire faible
a partir de 850 C.E. (d'aprés PAGES 2k Consortium, 2013).

e Reconstruction climatique en Antarctique de I'Ouest

Les enregistrements marins et continentaux indiquent un refroidissement néoglaciaire en
Antarctique de I'Ouest (et particulierement en Péninsule Antarctique-AP) au cours des
derniers 3000 ans environ (Barcena et al., 1998; Taylor et al., 2001; Allen et al., 2010;
Bentley et al., 2009). Cependant, cet intervalle est ponctué de période plus douces, ou
quelques enregistrements (marins et continentaux) indiquent un réchauffement similaire a la
MWP (dont le commencement n'est pas synchrone selon les sites) qui se prolonge jusque vers
le XI1I-XIVe siécle (Domack et al., 2003; Mayewski et al., 2004). Les reconstructions dans le
cadre du projet West Antarctic Ice Sheet (WAIS) Divide indiquent un refroidissement global
au cours entre ~XIV-XIXe siécle en Antarctique de I'Ouest, cohérent avec la période LIA et
qui atteint son maximum autour du XVlle siecle (Orsi et al., 2012). A Siple Dome (SD) le
paroxysme de ce refroidissement se situe entre 1350 C.E. et 1450 C.E. (Mayewski et al.,
2004). Plus tard, les températures a SD diminuent entre 1700-1850 C.E. (Mayewski et al.,
2004), L'AP enregistre également des conditions plus froides entre le XIV et le XVllle siecle
(Domack et al., 2003; Shevenell et al., 2011).

e Reconstruction climatigue en Antarctique de I'Est

En Antarctique de I'Est, les enregistrements continentaux (carottes de glace, lacs) montrent
une période plus chaude qualifiée d'optimum climatique de I'Holocene tardif qui démarre
entre 2000 et 4000 ans BP (selon les sites) et se poursuit jusqu'au premier millénaire apres
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J.C. (Verleyen et al., 2011). Dans les Wilkes Land, cet optimum climatique est marqué par
des conditions plus humides et chaudes sur le continent et des conditions libres de glace a I'été
en milieu cotier (Cremer et al., 2003; Verleyen et al., 2011). Plus & I'Ouest (Amery Oasis,
Burger Hills, Larsemann Hills) des enregistrements en milieu cotier (terrestres et marins peu
profond) témoignent d'un refroidissement néoglaciaire aprés 2-1 ka BP, suivit de conditions
plus douces entre le V-Xe siécle (Cremer et al., 2003; Wagner et al., 2004, Hodgson et al.,
2005; Verleyen et al., 2011). Au contraire, la plupart des enregistrements marins qui existent
en Antarctique de I'Est montrent a l'inverse un refroidissement néoglaciaire net entre 4000-
1000 ans BP (Presti et al., 2003; Denis et al., 2006; 2010). Une forte régionalisation du climat
en Antarctique de I'Est peut étre a l'origine de ces reconstructions contrastées. Cependant, de
nombreux biais liés a I'enregistrement des variations climatiques notamment en milieu
continental (enregistrement discontinu, faible résolution, erreurs de datation etc.) peuvent
également étre en cause. Au cours des derniers 2,000 ans, divers enregistrements (glaciaires et
terrestres) dans la région de Ross suggérent que ce secteur a connu un réchauffement tardif a
la fin du premier millénaire, semblable a la MWP, et qui se prolonge jusque vers le XI1I-XIVe
siecle environ selon les sites, suivit par un refroidissement entre le VI1I-XVlle siecle (Bertler
etal., 2011; Verleyen et al., 2011).

Au cours du dernier millénaire, de nombreuses reconstructions s'accordent sur une
dégradation des conditions climatiques en Antarctique de I'Est et en Mer de Ross (Bertler et
al., 2011; Verleyen et al., 2011). Une fois de plus, ce refroidissement survient de maniere non
synchrone entre les différents sites a Taldice, EDC, TyD et LD (Fig. 24; Morgan and Ommen,
1997; Stenni et al., 2002; Bertler et al., 2011). Les enregistrements indiquent que la région de
Ross (Victoria Land Coast, Talos Dome, Taylor Dome) connait une diminution rapide des
SST et des conditions plus venteuses entre les ~XVI/XVlle-XIXe siécle selon les sites,
suggerant un renforcement des vents catabatiques, une augmentation du couvert de banquise
et/ou un raccourcissement de la saison de croissance, (Leventer et Dunbar, 1988; Stenni et al.,
2002; Bertler et al., 2011). Ce refroidissement est également enregistré en Antarctique de I'Est
(enregistrements glaciaires) a la méme période (Masson et al., 2000). Cette dégradation des
conditions climatiques s'apparente selon certaines études a évenement de type LIA en
Antarctique de I'Est (Masson et al., 2000; Stenni et al., 2002; Bertler et al, 2011). Les
températures cotiéres a LD enregistrent un refroidissement entre 1700-1850 C.E. (Mayewski
et al., 2004),
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Figure 24. Localisation des principaux sites d'enregistrements glaciaires couvrant I'Holocéne tardif en
Antarctique.

En conclusion, la plupart des reconstructions de températures en Antarctique a I'Holocene
tardif montrent des variations a I'échelle décennale et centennale, sans tendance commune
précise. En raison de I'hétérogénéité spatiale et temporelle de I'expression de ces tendances
climatiques, I'établissement de phase climatiques telles qu'observées dans I'HN apparait
difficile. Cependant, le radoucissement aux alentours de I'an 1000 C.E. observé dans divers
enregistrements pourrait constituer un homologue de la MWP (Mayewski et al., 2004; Bertler
et al., 2011) (Goosse et al., 2004, Mayewski et al., 2004; Bertler et al., 2011). De méme, il
apparait que le continent Antarctique ait dans sa globalité connu un refroidissement au cours
des derniers 700 ans apparu de maniére non synchrone sur le continent, et qui pourrait
s'apparenter a un événement LIA (Masson et al., 2000; Roberts et al., 2001; Verleyen et al.,
2011).

Des mécanismes ont été suggéré a l'origine de retards et/ou décalages possibles entre les deux
hémispheres. En effet, dans son étude basée sur de la modélisation, Goosse et al. (2004)
suggere que I'évolution des températures dans I'HS au cours de la MWP connait un retard
d’environ 150 ans par rapport a I'HN. Ainsi, lors d'un réchauffement dans I'HN, les anomalies
positives de température de surface formées dans I'Atlantique Nord sont transportées par la

circulation profonde de I'océan (NADW) vers I'Océan Austral. La chaleur est alors libérée aux

44



hautes latitudes Sud sous l'effet d'upwelling a grande I'échelle autour de I'Antarctique,
maintenant ainsi des conditions plus douces avec un décalage par rapport a I'HN dd au temps
de transport. Cette hypothese expliquerait alors que réchauffement homologue a la MWP de
I'HN débute un peu plus tardivement en Antarctique (autour et apres I'an 1000 C.E.).
Toutefois, de nombreuses évidences tendent a montrer que le climat entre les deux
hémisphéres au cours des derniers 2,000 ans n'a finalement été en phase que sur quelques
périodes de temps, correspondant a des extrémes climatiques (Tavernier et la., 2014; Neukom
etal., 2014).

d Conclusion

Les données instrumentales indiquent que 1’Océan Austral et le continent Antarctique
connaissent d'importantes disparités régionales. Les derniéres décennies dans I'HS sont
caractérisées par des changements climatiques importants, de précipitations, de température
atmosphériques et océanique de surface, ainsi que de vitesse et direction du vent (ACCE
report, 2009). Bien que des données issues de modeéles indiquent que la réponse
environnementale récente en Antarctique s'inscrit dans la variabilité climatique naturelle
(Polvani et al., 2013), les reconstructions paléoclimatiques indiquent que ces changements
récents sont au contraire en dehors de cette variabilité naturelle climatique a I'échelle des
derniers 2000 ans (ex: Mayewski et al., 2004).

Les reconstructions de température et de couvert de glace sur les derniers siecles et a
I’Holocéne tardif suggerent que ces disparités régionales ont également caractérisé ces
périodes. Les reconstructions de températures pour les derniers 200 ans montrent globalement
un réchauffement important en PA et en Antarctique de 1'Ouest depuis le XVIII-XXe siecle
(ex: Mayewski et al., 2004; Orsi et al., 2012), alors que les tendances, moins claires, en
Antarctique de I'Est pointent un refroidissement (Bertler et al., 2011; Goosse et al., 2012).
Ainsi, des comportements contrastés ressortent entre I'Est et I'Ouest du continent Antarctique,
a l'échelle séculaire mais aussi décennale. Par conséquent, détecter des phases et/ou des
transitions climatiques, equivalentes a des évenements globaux tels que la MWP et la LIA,
apparait complexe. A cela s'ajoute le fait qu' il existe peu d'enregistrements paléoclimatiques,
de haute résolution de surcroit, disponibles en Antarctique sur cette période (ACCE report,
2009; Verleyen et al., 2011). Ainsi, la plupart des reconstructions climatiques de I'Holocéne

tardif proviennent des quelques carottes glaciaires. Ces enregistrements de haute résolution
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permettent les reconstructions de la variabilité atmospheérique (ex: Mayewski et al., 2004). En
revanche, les reconstructions paléocéanographiques, basées sur les enregistrements
sédimentaires marins, souffrent d'une résolution et d'une reproductibilité trop faible (Nielsen
et al., 2004; Crosta et al., 2007; Denis et al., 2010) rendant peu robuste le dessin de tendances
climatique globale, et notamment la compréhension de la dynamique du couvert de glace en
Antarctiqgue (Goosse et al., 2012). Particulierement, en Antarctique de I'Est, les
enregistrements sédimentaires marins ne couvraient pas jusqu'a présent le dernier millénaire,
une période capitale afin d'appréhender les la part de variabilité climatique naturelle de la part

anthropique.
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Chapitre I1: Mateériels et Méthodes

Ce deuxiéme chapitre dresse dans un premier temps de maniére synthétique I'état actuel des
connaissances sur les caractéristiques environnementales a I'échelle de notre zone d'étude, la
Terre Adélie-Georges V. Plus particulierement, nous nous intéressons aux compartiments
atmospheére/banquise/océan et a leurs interconnections. Ces informations serviront de base a
I'élaboration ultérieure d'une vision, la plus complete possible, de la variabilité des conditions
environnementales dans notre zone d'étude, capitale pour la compréhension de nos
enregistrements récents. Dans un deuxieme temps, nous présentons les caractéristiques des
différents sites d'étude de cette these. Enfin dans un troisieme temps nous nous sommes
attachés a la présentation des différents outils utilisés dans les chapitres suivant (lll, IV & V)

pour la reconstruction des conditions environnementales récentes et passées dans la région.

49



50



1 LaTerre Adélie - Georges V (TAGV)
1.1 Caractéristiques environnementales et enjeux

La Terre Adélie-George V (TAGV) est située a la transition des secteurs Indien et Pacifique
de I'Océan Austral, le long de la marge Est antarctique (138°E to 158°E; Fig. 25). La région
est localement influencée par des vents violents et des glaciers émissaires (ex: Glacier de
I'Astrolabe, Glacier du Mertz). La TAGV est caractérisée par une forte productivité et export

ainsi que par la formation d'eau profonde (Arrigo and van Dijken, 2003; Laccara et al., 2014).
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Figure 25. Localisation et carte topographique de la Terre Adélie Georges V (TAGV) en Antarctique,
montrant les positions de la station de recherche frangaise Dumont D’Urville (DDU) et des sites de
carottages, et incluant les lignes topographiques ainsi que les structures topographiques remarquables,
de relief positif (banc du Mertz, banc de DDU, banc de Dibble) et de relief négatif (Dépression Adélie
et Dépression de DDU). Données tirées de Beaman (2011).
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1.2 L'océanographie du plateau continental

Les conditions océanographiques de la TAGV sont influencées saisonniérement par 1’action
conjuguée de plusieurs masses d’eau (Rintoul, 1998 ; Williams et al., 2008). La CDW qui
remonte au niveau de la Divergence Antarctique plus au large, se divise en deux branches
dont une qui s'écoule vers le Sud en sub-surface. Cette derniére pénétre le plateau de la TA-
GV en été (Fig. 26). Plus localement, la répartition spatiale de la CDW semble étre gouvernée
par la présence de cellules de convection qui créent un ‘rideau’ le long de la colonne d'eau et
limitent ainsi l'intrusion de la CDW ainsi que sa redistribution a différentes profondeurs
(Williams et al., 2008; Dinniman et al., 2012). En hiver, les importants rejets de sel qui
accompagnent la formation de glace, notamment dans les polynies cotieres du plateau,
conduisent a la formation et a la plongée d’une eau dense trés salée et trés oxygénée, la
HSSW (High Salinity Shelf Water ; Fig. 26), dont la température se situe au point de
congélation. Le taux de formation de HSSW dans le Dumont D'Urville Trough (DDUT) est
beaucoup plus faible que dans la Dépression d’Adélie, ou la présence d’une polynie
récurrente (polynie du Glacier de Mertz ; Fig; 29) en hiver favorise la formation de banquise
et le rejet de sel. La HSSW se mélange avec la CDW pour former 1'eau dense appelée 1’ Adélie
Land Bottom Water (ALBW ; Fig. 26) (Williams et al., 2008), qui s’écoule sur le fond vers
I’Ouest de la marge continental, puis au Nord et s’accumule dans le bassin abyssal australien-
antarctique, alimentant 1'Antarctic Bottom Water (AABW). L’ALBW est considérée comme
la troisieme source d'eau de fond antarctique, contribuant environ au quart du réservoir
d'’AABW (Rintoul, 1998; Jacobs, 2004; Meredith et al., 2013).

52



147 KATABATIC WINDS

LATENT mr$mmm:
GROUNDED ICEBERGS s 5 2
FAST ICE ' lanm[ REJECTION

Figure 26. Schéma de la circulation océanique dans la Dépression Adélie et des processus impliqués
dans la production d’ALBW, d’aprés William et al (2008). 1, Modified Circumpolar Deep Water
(MCDW); 2, rejet de saumure dans la polynie du Glacier de Mertz (Mertz Glacier polynya-MGP). La
MGP s’étend le long de la cote vers I’Ouest jusqu’a Commonwealth Bay et forme la Coastal Bay
Polynya (CBP); 3, seuil de la Dépression Adélie ; 4, formation et export d’eau dense (High Salinity
Shelf Water-HSSW)a travers la Dépression Adélie; 5, formation de 1’Ice Shelf Water (ISW), issue de
la fonte de la langue du Mertz;6, plongée de I’ALBW qui vient se mélanger avec la Ross Sea Bottom
Water (RSBW), plus salée.

1.3 Les vents catabatiques: ""The Home of Blizzard"

La région de la TAGV est exposée a des vents gravitaires les plus violents et persistants
jamais enregistrés a la surface du globe, appelés vents catabatiques (Périard and Pettré, 1993),
pouvant atteindre en moyenne 25 m.s™ & Cape Denison & Commonwealth Bay (CB) (Wendler
et al., 1997). Le caractére exceptionnel de ces vents a été décrit dés les premieres explorations
de la région. Ainsi, durant I'Expédition Aurora (1911-1914) le long de la TAGV, Douglas
Mawson qui batit son camp a CB appela cet endroit «The Home of the Blizzard». Dans la
région, la présence de vallées glaciaires proche de la cbte explique l'intensité de ces vents
ainsi que leur direction Sud-Nord (Wendler et al.,1997). De nombreuses études ont montré
I'impact des vents catabatiques sur les conditions de surface et I'océanographie de la région
(Withworth et al., 2002; Vaillancourt et al., 2003; Massom et al., 2003; Massom et al., 2009).

En effet, ces vents jouent un role majeur dans I’ouverture de zones libres de glace (Fig. 28)
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appelées polynies (Massom et al., 1998 ; Arrigo and van Dijken, 2003), car leur vitesse élevee
permet de maintenir un fort export de glace de mer jusqu'a 100 km de la cote (Adolphs and
Wendler, 1995). L’air continental trés froid provoque a la surface de 1’océan la formation de
glace et donc le rejet de saumure, ce qui contribue a la formation d'eau dense sur le plateau
(Tamura et al., 2008 ; Arrigo and van Dijken, 2003). Ainsi en TAGV, la polynie du Mertz,
troisieme polynie la plus importante en Antarctique de I'Est, est annuellement récurrente et
tres dynamique en partie di a la présence des vents catabatiques particulierement forts dans la
zone (Wendler et al., 1997 ; Arrigo and van Dijken, 2003; Tamura et al., 2008).

1.4 Dynamique du couvert de glace en Terre Adélie George V
1.4.1 Saisonnalité de la banquise

La banquise varie de manicre saisonniere en TAGV. Elle se retire jusqu’au trait de cote en été
et atteint une extension maximale jusqu’a 62°S en hiver (Fig. 27). Au niveau de DDU, le
couvert de banquise est présent au-dessus du site de carottage entre feévrier/mars et
novembre/décembre, soit environ 9 mois/an (Arrigo and van Dijken, 2003; Denis et al.,
2009). Généralement, la concentration de glace est supérieure a 80% d'Avril a Octobre, et la
période libre de glace ou la concentration est inférieure & 20%, est plus variable (0-4 mois/an)
et survient entre Décembre et Mars (Fig. 27). La dynamique temporelle et I'extension du
couvert de banquise sont limitées en TAGV par la proximité de I'ACC (Fig. 30) et I’intensité
du couplage vents catabatiques/upwellings, qui accélérent la destruction printaniére et retarde
la reformation automnale du couvert de banquise (Orsi et al., 1995 ; Arrigo and van Dijken,
2003).
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Figure 27. Images satellite MODIS de la TAGV pour la saison hivernale (a gauche) et estivale (a
droite), montrant la relation entre les sites de carottage (Commonwealth Bay- CB; Dumont D'Urville
Trough-DDUT) et la répartition spatiale des différentes structures géographique de la région
(Fl=fastice ; MYI=multi yearice ; glacier du Mertz) ainsi que le cycle saisonnier du couvert de
banquise. Images disponible sur http://lance2.modaps.eosdis.nasa.gov.

1.4.2 Les polynies: ‘sea ice factory’
e Geéneralités
Le terme polynie provient du russe « polynya » signifiant « clairiére de glace». En 1970,
I’organisation météorologique mondiale a défini les polynies comme étant des surfaces d’eau
libre pendant I'hiver dans des régions ou la banquise est présente. Ces structures constituent
des zones clés pour la circulation thermohaline, par le biais de la formation d’eau dense (Fig.
28). De plus, les polynies sont caractérisées par des fortes biomasses de phytoplancton, et
constituent ainsi zones capitales pour tous les niveaux trophiques de la chaine alimentaire
(ex: les colonies de manchot Adélie sont co-localisées avec des polynies cotiéres en

Antarctique; Arrigo and van Dijken, 2003).

En Antarctique, 37 polynies ont été identifiées autour du continent entre 1997 et 2002 (Arrigo
and van Dijken, 2003). De taille variable (plusieurs dizaines & centaines de km?), ces
structures permettent d’importants échanges de flux d’énergie entre I’océan et 1’atmosphere.
En effet, au cours de I’hiver le flux de chaleur océanique des polynies vers 1'atmosphére est

estimé deux fois supérieur a celui du pack ice (Maykut et al.,1978). Ainsi, méme les polynies
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de taille réduite peuvent avoir un impact conséquent sur les flux de chaleur a I'échelle
régionale (Adolphs and Wendler, 1995).

e Formation des polynies

Les polynies se forment gréce a la convergence de facteurs atmosphériques et/ou océaniques
tels que la force, la direction et la fréquence du vent et des courants, la distribution des masses
d’air et d’eau, mais aussi de parametres géographiques comme la bathymétrie, le trait et le
relief de la cote, la présence de langue de glace, etc. (Maqueda et al., 2004). Suivant la
persistance/récurrence des mécanismes qui les engendrent, les polynies sont des phénomenes

plus ou moins récurrents. On distingue généralement deux types de polynies (Fig. 28).
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Figure 28. Caractéristiques et formation des polynies en Antarctique.

La polynie a chaleur sensible est liée a un apport de chaleur océanique (Maqueda et al., 2004),
le plus souvent par upwelling (Fig. 28). Ces polynies sont généralement étendues etsont
caractérisée par une faible production de glace de mer. Du fait de son origine
(océanographique), une telle structure apparait souvent dans des régions profonde au large, ou
la couche de surface froide est séparée des eaux sous-jacentes plus chaudes par une faible
pycnocline rendant possible les mouvements de convection verticale (ex: Weddell Sea

Polynya ou Maud Rise Polynya; Comiso et al., 2000).

A l'inverse, les polynies a chaleur latente (Fig. 28) sont de taille plus réduite et généralement
localisées en milieu cotier. Ces structures sont liées a l'action des vents de surface ou courants

océaniques (Zwally et al. 1998 ; Maqueda et al., 2004). Ainsi, dans les zones littorales
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I’impact des vents catabatiques permet la formation de glace en surface qui est
continuellement formée et exportée plus au large, provoquant ainsi le maintien de conditions
d’eau libre pres de la cote (Fig. 28). Certaines polynies ont des taux de production de glace
trés élevés (ex : 390 km*/an pour la polynie de Ross et 181 km*/an pour la polynie de Darnley
en Antarctique de 1I’Est; Tamura et al., 2008), et sont de ce fait qualifiées d’usines a glace.
L’étendue de ces polynies peut également étre liée de la présence de structures géographiques
telles qu'une baie ou langue de glace, comme pour la polynie du Glacier de Mertz (Arrigo and
van Dijken, 2003).

e Les polynies en TAGV

La polynie du Glacier de Mertz (MGP-Mertz Glacier Polynya), située dans la partie orientale
de la TAGV entre 142 °E et 146°E (Fig. 29), est le résultat de I'action de vents catabatiques
extrémement violents et persistants dans la région, combinée a la présence de la langue de
glace du Glacier de Mertz ou MGT (Mertz Glacier Tongue). En effet, la MGT agit comme
une barriére en amont de la polynie aux courants cotiers de glace entrainés le long de la cote
par les Easterlies, et permet ainsi I'extension de la polynie vers I'Ouest et le Nord (Frezzotti et
al., 1998). L’addition de ces phénoménes confére a la MGP une dynamique importante
(production de glace de mer, activité biologique, formation d’eau dense ; Arrigo and van
Dijken, 2003 ;Tamura et al., 2008 ; Kusahara et al., 2011).

La MGP a une superficie de presque 6,000 km? en hiver (concentration de glace < 10%;
Arrigo and van Dijken, 2003), soit un facteur de prés de quatre fois inférieur a la taille de la
polynie de Ross, la plus importante en Antarctique. Toutefois, avec une production de glace
annuelle denviron 120 + 11km® la MGP est la 3éme polynie la plus productive en
Antarctique (Tamura et al., 2008). De plus, de récentes études montrent que la production
d'eau dense et donc d'’ALBW dans cette zone contribue & hauteur de 25% a I'AABW, ce qui
en fait la troisieme source aprés la Ross Sea Bottom Water (RSBW) et la Weddell Sea Bottom
Water (WSBW) (Rintoul et al., 1998; Jacobs et al., 2004; Meredith et al., 2013). Egalement
trés productive, I’activité biologique dans la MGP peut se maintenir durant trois mois en hiver
ce qui conduit & une productivité primaire (PP) annuelle d'environ 65 g.C.m?, soit
globalement trois fois moins qu'en Mer de Ross ou d’Amundsen, deux des zones les plus

productives en Antarctique (Arrigo and van Dijken, 2003).
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Plus a I’Ouest le long de la cote, la polynie de Dumont D'Urville (DDUP-Dumont d’Urville
Polynya) (66.11°S-139.31°E) est plus réduite (Fig. 29), avec une taille d'environ 1,000 km?
(concentration de glace < 10%; Arrigo and van Dijken, 2003). Contrairement a la MGP, la
DDUP s’étend plutdt le long de la cote linéairement sous 1’action de vents catabatiques, et
peut étre modulée saisonnierement et localement par le développement et I’ancrage de fastice
et d’icebergs au dessus des hauts fonds de la zone (Massom et al., 2009). Toutefois, la DDUP
est trés productive avec une PP annuelle d'environ 55 g.C.m, mais a la différence de la MGP,
I'activité biologique connait généralement deux pics de productivité fin Décembre et debut
Mars (Arrigo and van Dijken, 2003).

coastline . core site - DDU station |:| polynya area

Figure 29. Image satellite MODIS montrant la relation entre les sites de carottage et la répartition
spatiale de la polynie de Dumont D’Urville (DDUP) et de la polynie du Glacier de Mertz (MGP) en
TAGV.
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1.5 Productivité

La production phytoplanctonique est largement dominée par les diatomées en TAGV (plus de
80% du microplancton), dont les blooms sont tres intenses au printemps (Wright and van den
Enden, 2000 ; Beans et al., 2008). D’autres organismes phytoplanctoniques sont présents dans
cette zone, tels que les Haptophytes, les Prasinophytes, les silicoflagellés et les

coccolithophoridés.

L'augmentation de la luminosité au printemps engendre la production primaire, favorisée par
la stabilité de la colonne d'eau liée a la fonte de la banquise (Leventer, 1992). La région est
riche en macro- et micro- nutriments, approvisionnés par la fonte des glaces continentales et
de la glace de mer (Vaillancourt et al., 2003), I'intrusion de la CDW (Williams et al., 2008), la
mise en re-suspension du sédiment (Fitzwater et al., 2000). Les apports éoliens directs sont
considérés comme négligeables dans la zone étude en raison de I'éloignement des sources
continentales potentielles (Australie, Afrique etc.). Le déclin de la PP a la fin de la saison de
croissance (automne) est di a une co-limitation de la lumiére et des métaux traces tels que le
fer (Arrigo and van Dijken, 2003).

Au sein des eaux cdtieres de la TAGV, la PP et les types d’assemblages phytoplanctoniques
associes sont assez variés, en fonction des conditions environnementales (Arrigo and van
Dijken, 2003; Beans et al., 2008). De DDU au Glacier de Mertz, I’activité biologique de
surface différe. En effet, dans la région du Merz par rapport a la région de DDU, malgré de
faibles taux de nutriments (respectivement), la biomasse phytoplanctonique et les abondances
de diatomées (ex: 22,9 cell/L, chla ~0.79 pg/L et 3,3 cell/L, chla ~0.14 pg/L respectivement)
sont plus importantes dues a une plus forte stratification a I'Est (Beans et al., 2008). Ceci est
confirmé par des assemblages dominés par Fragilariopsis spp dans la région du Mertz, alors
que la région de DDU connait des populations importantes de Corethron pennatum et
Rhizosolenia spp qui réflétent des conditions de mélanges assez importantes (Beans et al.,
2008). Globalement, bien que les eaux de la région soient trés froides en TAGV, les
abondances et biomasses de diatomées restent conséquentes (Beans et al., 2008). En effet, les
eaux cotiéres antarctiques comptent parmi les régions les plus productives de I'Océan Austral.
En TA, il a été récemment montré que la PP annuelle avoisinait les 60 g.C.m-2, alors qu'elle
est de 0,156 g.C.m-2 en moyenne dans I'Océan Austral (Arrigo et al., 2008; Arrigo et al.,

2003). Ces résultats sont a mettre en perspective avec la présence de deux importantes
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polynies en Terre Adélie, la DDUP et la MGP qui maintiennent la production biologique a un
niveau élevé durant la saison de croissance (Vaillancourt et al., 2003; Arrigo et al., 2008;
Beans et al., 2008).

2 Matériel

Le plateau de la Terre Adélie s'étend sur environ 125 km de largeur depuis le talus jusqu'a la
cote, ou la profondeur est souvent plus importante. En effet, la région est caractérisée par
plusieurs depressions le long de la céte pouvant dépasser les 1000 m de profondeur (Fig. 30),
dues a I'érosion glaciaire (Beaman et al., 2011). Ces dépressions, bordées par des bancs
culminants entre 200 et 500 m sous le niveau marin (Fig. 30), sont caractérisées par de faibles
courants de fond. Ces structures forment de véritables pieges a sédiment en permettant la
concentration de matériel issu des plumes hyperpicnales (écoulements gravitaires) et de la
production de surface (Denis, PhD, 2008). Ainsi, la région présente un grand intérét pour les
archives climatiques basées sur les enregistrements sédimentaires marins (Denis, PhD, 2008 ;
Gregory, PhD, 2012) avec des zones d’accumulation pouvant atteindre 200 m d’épaisseur

pour 12,000 ans (Escutia et al.,2010).
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2.1 Sites d'étude
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Figure 30. Vue topographique 3D de la TAGV, indiquant les structures topographiques remarquables
(glaciers, hauts fonds etc.), les principales masses d’eaux et les principaux courants océaniques (€X:
East Wind Drift - EWD), ainsi que la localisation des sites de carottage. Données topographiques
issues de Beaman et al. (2011).

2.1.1 LaBassin de Dumont D'Urville (DDUT)

Le bassin de Dumont D'Urville (DDUT-Dumont D'Urville Trough) est orienté SE-NW et
profond de 1000 m environ (Fig. 30). DDUT entaille le plateau depuis la station francaise
Dumont D'Urville jusqu'au talus continental. 1l est séparé de I'Adelie Depression plus a I'Est
(également appelée Mertz-Ninnis Trough) par le DDU bank qui culmine a environ 200 m
sous le niveau de la mer (Fig. 30), limitant ainsi les échanges océaniques sur le plateau. Le
DDUT est bordé a I'Ouest par le banc de Dibble (Fig. 30; Beaman et al., 2011). Trois glaciers
s’écoulent dans la mer de Dumont d'Urville (Fig. 30) et injectent de 1’eau douce et des
particules terrigénes (Denis et al., 2009): le Glacier de Z¢élée, le Glacier de I’ Astrolabe qui est

relié au DDUT au moyen d'un canyon, et le Glacier Francais (Fig. 30).

Le site de carottage DDUT se situe au niveau de la dépression la plus proximale au continent
et profonde d'environ 1300 m au maximum, non loin du Glacier de I'Astrolabe (Fig. 30). Les
analyses sismiques dans la région du site ont révélé un dépot sédimentaire saisonnier a annuel,

probablement sans disconuité, sur environ 200 m d’épaisseur (Fig. 31), traduit par une

61



alternance de lamines claires (blanchatre) et sombres (de teinte vert foncé a noire). Ce dépét
recouvre le diamicton glaciaire (Fig. 31), indiquant que les quelques 200 m de sedimentation
couvrent la période Holocéne (Escutia et al., 2010).

Basés sur les précédentes études sédimentaires en TAGV,et de maniere plus large en
Antarctique de I'Est, ’accumulation d’un couple de lamines claire/sombre se fait au cours
d'une année durant la saison de croissance (été austral). Le reste de 1'année 1’ensoleillement
trop faible ainsi que I'importante concentration de glace empéchent la production primaire et
I'écoulement de terrigénes, ayant pour conséquence un hiatus de sédimentation (Stickley et
al., 2005; Denis et al., 2006; Maddison et al., 2006). Ainsi, les lamines claires ou biogéniques
sont le résultat de la production de surface printaniere. Bien que contenant également du
matériel biogene issue de la production estivale et automnale, les lamines sombres se
distinguent par des teneurs en particules terrigenes plus ou moins consequentes (probablement
apportées par des plumes hyperpicnales), issues de la fonte de la banquise et des glaciers

émissaires au cours de cette saison.
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Figure 31. Carte topographique de la TAGV (données traitées d'apres Beaman et al., 2011), montrant
le profil topographique ainsi que le profil sismique (Escutia et al., 2010) du site DDUT.

e |0DP U1357B

En Février 2010, I'Expédition 318 IODP (Integrated OceanDrilling Program) a permi de
récupérer ~190 meétres de sédiments Holocéne dans le Bassin de DDU, au point de
coordonnées (66°24.79’S -140°25.57'E) par 1010 m de profondeur (Escutia et al., 2010) (Fig.
31). Trois forages ont été réalisés au site IODP, afin d'assurer un recouvrement complet ainsi
gu'une importante quantité d'échantillons. La carotte IODP U1357B est composee de 19
carottes découpées en plusieurs sections (environ 6 a 7 par carotte). Le sédiment est
majoritairement constitué de diatomites laminées, et occasionnellement de boues a diatomées.
La carotte IODP U1357B mesure 172 m environ et est laminée sur tout le long, alternée de
lamines claires et sombres. Il a été observé sur de nombreux intervalles que le nombre de
couplets de lamines correspond a la différence d'age entre les dates radiocarbone AMS,
suggérant que beaucoup de couplets sont le résultat d'une production annuelle, en accord avec
diverses études dans la zone. De plus, la perte de sédiment au site B du forage U1357 a été
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réduite au minimum par rapport aux sites C et A. Ainsi, la carotte IODP U1357B constitue la

plus importante et complete section sédimentaire holocéne en Antarctique.

La lithostratigraphie du site IODP U1357 a été réalisée uniquement & partir des informations
du site A. Trois unités lithostratigraphiques ont été établies de haut en bas: les 170 premiers
meétres de boue a diatomees stratifiées correspondent a la période Holocéne, suivie par une
unité transitoire de 15 m composee de sable, de silts et de boues a diatomeées, puis par un
diamicton glaciaire. Notre étude porte sur les 40 premiers métres de la carotte IODP U1357B,
qui couvrent globalement les derniers 2,000 ans. La carotte IODP U1357B a été
échantillonnée a bord du Joides a Victoria (Canada) tous les 5 cm, avec des tranches de 2 cm

d’épaisseur par échantillon.
e DTCG2011

La carotte DTCG2011 (66°24.50’S -140°26.43'E) a été récoltée au site DDUT (Fig. 31) lors
de la campagne ALBION-HOLOCLIP en Janvier 2011, au moyen d’un carottier gravité par
1030 m de profondeur. Cette carotte s'inscrit dans le cadre du projet HOLOCLIP (HOLOcene
CLimate variability at High-southern latitudes: an Integrated Perspective) qui bénéficie du
support logistique de I'IPEV (Institut Paul Emile Victor) et du programme ALBION (Adelie
Land Bottom water formation and Ice Ocean iNteractions). La carotte DTCG2011 couvre une
période plus récente que la IODP U1357B, allant de 1540 a 2002 ans C.E.

La carotte DTCG2011 est laminée tout le long, alternée de lamines claires et sombres. La
carotte DTCG2011 a conservé l'interface (présence de la couche de mélange) et mesure 4.69
m de long, permettant I'étude des variations climatiques sur la période historique et jusque sur
la période instrumentale. DTCG2011 a été découpée et échantillonnée tous les 1 cm a ’'UMR
EPOC (FRANCE).

e DTCI2010

La carotte interface DTCI2010 a été collectée en Janvier 2010 au moyen d'un carottier
d'interface lors de la mission ALBION-HOLOCLIP a bord de 1’Astrolabe. Tout comme la
carotte DTCG2011, DTCI2010 a été récuperée dans le cadre de la collaboration entre le projet
HOLOCLIP et le projet ALBION. La carotte DTCI2010 a été prélevée au moyen d’un
carottier d’interface au point de coordonnées (66°24.68’S -140°26.67°E) par 1010 m de
profondeur, dans le DDUT (Fig. 31).
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La carotte DTCI2010 est longue de 72,5 cm. Elle a conservée I’interface, marquée par la
présence de la couche de mélange. La carotte est constituée de boues a diatomées plus ou
moins argileuses, comportant des lamines de teinte vert foncé a noire (fortes teneur en
terrigénes), alternées par des lamines blanchatres d’aspect cotonneux (matériel biogene),
caractérisees par des contacts plus progressifs. Les images RX ne montrent pas de
bioturbation. DTCI2010 a été découpée et échantillonnée tous les 0,5 cm a 'TFREMER de
Brest (France).

2.1.2 LaDépression Adélie

Commonwealth Bay (CB) a été découverte au cours de I'Expédition Aurora entre 1911-1914
par Douglas Mawson, qui Yy installa sont campement prés de Cap Denison. CB est connue
pour ses conditions climatiques extrémes, a savoir les vents les plus violents et les vents les
plus persistants de la surface du globe (Wendler et al., 1997). Située a 142.5°E - 66.8°S (Fig.
30), CB forme une cuvette peu profonde de 850 m et étroite de 48 km a I'entrée de la baie. CB
débouche sur la Dépression Adélie, ou s'accumule I'eau dense formée sur le plateau. Cette
vallée sous-marine linéaire paralléle a la cote est issue de I'érosion glaciaire des glaciers de
Mertz et de Ninnis a I’Est. La Dépression Adélie connait de forts taux de sédimentation
(Mertz Drift), cependant inferieurs par rapport au DDUT. CB est bordée a I'Ouest par le banc
d'Adélie (Fig. 30), alors qu'a I'Est en amont, la langue du Glacier de Mertz (MGT) agit
comme une barriere aux courants de glace transportés par I'ACC et, permettant le
développement récurrent de la MGP au-dessus de la Depression Adélie, jusqu'a la cote

incluant le site de carottage a CB.
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Figure 32. Carte topographique de la TA-GV (données traitées d'apres Beaman et al., 2011), montrant
le site de carottage CB2010 et le profil topographique de la baie du Commonwealth.

e CB 2010

La carotte CB2010 (66°54,38'S - 142°26,18'E), longue de 30.5 cm, a été prélevée au moyen
d'un carottier d'interface dans CB (Fig. 32) a 775 m de profondeur, au cours de la mission
COCA en 2010. L'analyse de la structure sédimentaire par images SCOPIX a révélé que la
section CB2010 est composée de sédiment non-stratifié de boue a diatomées, contrairement a
divers enregistrements sédimentaires de la TAGV (ex: IODP U1357B; JPC 10; Maddison et
al., 2006). Le taux de sédimentation au site CB est bien inférieur a ceux observés dans la
région, et particuliérement au site DDUT. La carotte CB a été échantillonnée tous les 0.5 cm a
I'UMR EPOC (France). Les analyses des assemblages de diatomées et mesures XRS ont été
traitées a 'UMR EPOC (France), et l'analyse de biomarqueurs au laboratoire LOCEAN
(France).
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2.2 Chronologie des carottes

Deux méthodes ont été utilisées pour dater nos enregistrements sedimentaires. Des datations
radiocarbone AMS ont été réalisées sur la carotte IODP qui couvre les quelques derniers
2,000 ans (cf. Chap V), ainsi que sur la carotte DTCG2011 (cf. Chap IV), qui couvre les
quelques 450 derniers ans. Des mesures de activité du “*°Pb en excés (**°Phys; Appleby and
Olfield, 1992) dans le sédiment ont également été realisees sur le premier metre et l'interface
de la DTCG2011, qui couvre la période actuelle (cf. Chap 1V). La datation au plomb a permis
de corroborer ainsi les ages et le taux de sédimentation obtenu par datation'*C. Le radio-
isotope naturel du plomb (**°Pb) posséde une courte durée de vie (t1/2=22,3 ans), permettant
d’estimer les vitesses de sédimentation a 1’échelle du siécle. Ainsi, pour les séquences
sédimentaires DTCI2010 (cf. Chap I1) et CB2010 (cf. Chap V), couvrant la période récente,

: : . 21
la chronologie est uniquement basée sur les mesures de 1activité du *°Pb.

2.3 Synthese

Table 1. Synthese des enregistrements sédimentaires, de leurs caractéristiques ainsi que des analyses
qui ont été réalisées au cours de la these.

Bassin de Bassin de Bassin de )
Dépression
LOCATION Dumont Dumont Dumont
Adélie
d'Urville d'Urville d'Urville
CORES IODP U 1357 B DTCG 2011 DTCI 2010 CB 2010
66°24.79’S - 66°24.50°’S - 66°24.68’S - 66°54,38'S -
COORDONNEES
140°25.57'E 140°26.43'E 140°26.67°E 142°26,18'E
LONGUEUR 3801 cm 469 cm 72.5cm 30.5cm
~1540-2000 ~1970-2010 ~1738-2004
AGE ~-129-1907 C.E.
C.E. C.E. C.E.
TAUX DE
~ 1.8 cm/an ~1cm/an ~1.2 cm/an ~0.11 cm/an
SEDIMENTATION
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216 échantillons | 118 échantillons | 144 échantillons | 50 échantillons
DIATOMEES Résolution: ~ Résolution: ~ Résolution: ~ Résolution: ~
9.4 an 3.9an 0.3an 5.3an
706 échantillons | 235 échantillons | 144 échantillons | 62 échantillons
HBI , . , . , . , .
Résolution: ~ 3 Résolution: ~ 2 Résolution: ~ Résolution: ~
an an 0.3an 4.3 an
2306
361 échantillons | 146 échantillons
échantillons
XRF ) Résolution: ~ Résolution: ~
Résolution: ~
0.1an 1.8an
0.2 an

Des sequences sedimentaires holocenes trés bien préservées (laminées avec un taux de
sédimentation annuel allant jusqu'a plusieurs centimétres) ont été mises en évidence dans le
DDUT, notre principal site d'étude. De telles archives sont dues a une topographie particuliére
de la région qui concentre I'apport sédimentaire et la production de surface, augmentant ainsi
les conditions de préservation (Crosta et al., 2005). La compilation et le recoupement de trois
enregistrements sédimentaires (IODP U1357B, DTCG2011 et DTCI2010) au site DDUT
permet pour la premiére fois la reconstruction des variations passées du couvert de glace et
des conditions environnementales en Antarctique de I'Est au cours de I'Holocéne tardif et
jusque sur la période instrumentale, a une résolution sans précédent. Ces sections
sédimentaires permettent également la comparaison avec des enregistrements glaciaires en
Antarctique a une résolution similaire. Bien que la résolution de CB2010 soit plus faible, la
combinaison des diverses séquences sédimentaires aux deux sites offrent une vision régionale
des changements passés océaniques et climatiques survenus en TAGV. De plus, le site CB
constitue un point stratégique de la polynie du Mertz, permettant ainsi I'étude de la dynamique
passee de I'ALBW, trés liée a la dynamique du Glacier de Mertz (Lacarra et al., 2014).

3 Outils utilisés dans cette étude
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3.1 Données sédimentaires

3.1.1 Diatomées

a Généralités
Les diatomées, ou Bacillariophyta, sont des algues unicellulaires eucaryotes microscopiques,
de taille comprise entre 2-250um dans notre zone d’étude (jusqu’a 2mm au maximum;
Thalassiothrix sp), caractérisees par un frustule siliceux de forme trés variée. Les diatomées
sont représentées dans la plupart les milieux aquatiques : océans, lacs et rivieres. Dans les
régions polaires et sub-polaires, leur distribution est contrdlée par une combinaison de
parameétres physico-chimiques tels que la lumiére, la température et la salinité des eaux de
surface, la disponibilité en macro et micro nutriments, la concentration de glace de mer et la
stabilité de la colonne d'eau (Beans et al., 2008; Riaux-Gobin et al., 2011; Crosta, 2011). Dans
I’Océan Austral, elle contribuent a plus de 75% de la productivité primaire, jouant ainsi un

réle important dans les cycles globaux du carbone et de la silice (Tréguer et al., 1995).

b Indicateur paléo-environnemental

Les boues & diatomées sont caractéristiques des milieux froids associés & une production quasi
ou exclusivement siliceuse. Dans 1’Océan Austral, cette sédimentation est largement
représentée dans la bande comprise entre le Front Polaire et I'étendue maximale de glace ainsi
que sur la marge continentale de maniere localisée en fonction de la phyisographie du plateau
continental et des courants de fond (Leventer et al., 2006). Dans ces régions, les assemblages
de diatomées sont tres diversifiés et bien préservés dans le sédiment (Leventer, 1991, 1992 ;
Armand et al., 1995), permettant alors une identification précise jusqu’a 1’espece. Ainsi, les
marges continentales constituent des zones clés pour la reconstruction des conditions passees

environnementales et climatiques a trés haute résolution.

L'utilisation des diatomées comme indicateurs paléo-environnementales en Antarctique
comprend cependant plusieurs limites. En effet, une fraction relativement faible des valves
produites dans la zone photique atteint le sédiment, entre 1-10%, pouvant aller jusqu'a 30%
sur le plateau continental (Ragueneau et al, 2000). Divers processus tels que la dissolution
préférentielle d’espéces faiblement silicifiées ou le broutage de certaines classe de taille
d’espéces, des évenements de sédimentation massive ou bien le transport latéral peuvent

induire un biais dans les pourcentages relatifs (Crosta, 2011). De plus, la taille du frustule
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ainsi que son degré de silicification influent également sur la vitesse de sédimentation,
I'enfouissement et la préservation des diatomées, et donc sur leur distribution dans le
sédiment. Ainsi, pour identifier le degré de conservation dans le sédiment, on utilise les traces
de dissolution sur certaines espéces dites sensibles telles que Corethron pennatum ou F.
cylindrus par exemple (Pichon et al., 1992). Certaines especes de diatomées sont sujettes a
une dissolution préférentielle, notamment les espéces inféodées a la banquise (ex:
Amphiprora spp.), et donc ne constituent pas de bon indicateur environnementaux en raison
de leur faible représentation dans le sédiment (Riaux-Gobin et al., 2011). En revanche,
d'autres especes ayant une préservation plus importante, mais aussi des préférences
écologiques marquées, telles que les les Fragilariopsis spp. ou Thalassiosira spp., plus
siliciées, constituent de bon marqueurs pour reconstruire les variations environnementales

(Leventer, 1998). C'est le cas dans nos échantillons.

Des études ont montré que la distribution des diatomées dans les sédiments des régions
antarctiques reflete une moyenne des conditions de surface (Armand et al., 2005 ; Crosta et
al., 2005; Gersonde et al., 2005). La variété des especes ainsi que leurs préférences
écologiques, appliquées aux assemblages fossiles selon le principe d’actualisme, font des
diatomées un excellent proxy pour les reconstitutions océanographiques et climatiques,
permettant d’appréhender les conditions de surface, ainsi que les conditions d’exportation et
de préservation du sédiment en surface (Leventer, 1992; Zielinski and Gersonde, 1997 ;
Armand et al., 2005; Crosta et al., 2005).

c Assemblages de diatomées

Sur le plateau continental, la dynamique du couvert de glace controle largement la PP ainsi
que la diversité spécifique et I'enchainement saisonnier des assemblages de diatomées
(Armand et al., 2005; Crosta et al., 2008; Arrigo et al., 2010), rendant ainsi distinct deux types
d’environnements associés a des assemblages de diatomées. Les diatomées d'océan ouvert
sont communes dans la zone libre de glace au dela de la limite hivernale du couvert de glace,
ainsi que dans la PFZ (Crosta et al., 2005b) alors que les diatomées de glace sont présentes au
Sud du PF dans la MIZ et dominent la SIZ (Sea Ice Zone) (Armand et al., 2005). D’autres
diatomées sont présentées dans un troisieme groupe et constituent plutdt des indicateurs de
conditions environnementales autres que le couvert de banquise telles que la
stratification/mélange, I'apport en nutriments etc. Dans notre nos échantillons entre 50-70

especes environ ont été recensees. Les détails relatifs a I'écologie des espéces dominantes,
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c’est-a-dire celles présentant des pourcentages significatifs dans nos échantillons et/ou ayant
des conditions environnementales spécifiques sont présentés dans le Chapitre Ill. La synthése
de ces espéces est présentée Figure 33, en fonction de leur classification ainsi que de leur

préférence écologique saisonniére.

Seaice conditions  Open water conditions  Sea ice conditions
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Figure 33. Principales espéces de diatomées de la zone c6tiere en Antarctique, en fonction de leur
classification et de leur préférence écologique saisonniére.

e Diatomées de glace

Les diatomées associées/ accrochées a la banquise, dites cryophiliques, dominent la
production siliceuse du plateau continental. Le type de banquise (cf. paragraphe banquise)
ainsi que la dynamique du couvert de glace (fonte, reforme) jouent un rdle trés important dans
la composition des assemblages de diatomées (Arrigo et al., 2010). En effet, les blooms
printaniers sont engendrés globalement entre Octobre et Décembre, dus a I’augmentation de la

luminosité qui initie la fonte de la banquise, créant ainsi un environnement stable (stratifié),
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caractérise par des eaux froides peu salées, riche en nutriments (issus de la fonte de la
banquise) nécessaire au développement phytoplanctonique (Moore et Abbott, 2000). Les
« bloomers » ont un taux de croissance rapide et des besoins en nutriments assez élevés. Les
blooms printaniers sont généralement monospécifique ou faiblement diversifié, largement
représentés par le genre Fragilariopsis, particulierement Fragilariopsis curta et
Fragilariopsis cylindrus, et le genre Chaetoceros Hyalochaete (Kang and Fryxell, 1992;
Beans et al., 2008; Riaux-Gobin et al., 2011). D’autres diatomées telles que Amphiprora spp.,
Navicula spp. and Nitzschia spp, sont également communes dans la fast ice. Toutefois, ces
especes, faiblement silicifiées, ne contribuent pas significativement aux assemblages fossiles
en raison de leur faible préservation dans le sediment (Riaux-Gobin et al., 2003) et sont donc
anecdotiques dans notre étude.

e Diatomées d’océan ouvert

Le long des c6tes antarctiques, les diatomées de printemps (associées a la présence de glace)
sont remplacées a 1’été/automne par les diatomées dites d’océan ouvert, dont certaines especes
sont communes dans la zone permanente libre de glace, au nord de la limite maximale
d’extension de banquise hivernale (Crosta et al., 2005; Crosta et al., 2008). Ainsi, dans notre
zone d'étude, les diatomées d'océan ouvert qui se développent a I'été/automne, rendent compte
de l'apparition saisonniere de condition d'eau libre, plutét que d'une compétition latitudinale
entre diverses provinces €écologiques (type PFZ etc.). L’apparition de telles especes dans la
zone cotiere antarctique a lieu entre Décembre et Février, en lien avec la formation d’une
couche stable, claire et relativement plus chaude sous I’effet de 1’irradiance (Leventer, 2003).
Nos assemblages d'été ou d'océan ouvert sont caractériseés par la présence de pennées du genre
Fragilariopsi ssp, et notamment F. kerguelensis, ainsi que par la présence de larges centriques
du genre Thalassiosira spp et Porosira spp, dont le taux de croissances et le besoin en
nutriments est moins élevé que celui des pennées (Zielinski and Gersonde, 1997).

Bien que moins représentées dans nos assemblages, diverses autres especes telles que
Rhizosolenia, Thalassiothrix antarctica, Tricotoxon reinboldii et Pseudonitzschia (Froneman

et al., 1995; Crosta et al., 2005) sont caractéristiques de la zone d'océan ouvert permanente.

e Diatomées ubiquistes

Dautres especes peuvent se développer tout au long de la saison de croissance. Elles ont en

effet des préferences écologiques davantage liées a la profondeur de mélange de la colonne
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d’eau ou a I’abondance en nutriments, plutét qu’a des conditions particuliéres et saisonnieres
de couvert de banquise. Ce troisiéme groupe comprend les Chaetoceros Hyalochaete (cellules
végetatives et spores), qui constituent le groupe le plus abondant autour du continent
Antarctique (Crosta et al., 1997), largement représentée dans la plupart des environnements
cotiers. La stratification du milieu apparait comme le facteur dominant de la formation des
CRS (Leventer et al., 1996). Sont également présents ici Corethron spp et, Rhizosolenia spp
sont associées a aux conditions de nutriments ainsi que de stratification de la couche de
surface (Crosta et al., 2005; Beans et al., 2008). Ces diatomées sont cependant faiblement
abondantes dans nos échantillons. La présence des diatomees dites benthiques, attachées au
substratum (rochers, macro-algues, vase, ...) est fonction de plusieurs facteurs, dont la nature
du substrat, la profondeur de la colonne d’eau, 1'épaisseur de glace et 1’énergie lumineuse
incidente, indispensable a leur croissance (Crosta and Kog, 2007). Ces diatomées dites
néritiques se développent apres la débacle de la banquise au printemps et a I'été, ou lors de la
remise en suspension du sédiment par la houle et les tempétes d’automne (Krebs et al., 1987).
Bien que les diatomées benthiques sont trés peu présentes dans nos échantillons en raison de

leur faible conditions de préservation, le genre Cocconeis est le plus frequemment observé.

d Comptage

Les techniques utilisées pour 1’analyse des diatomées, le traitement du sédiment et la
préparation des lames, sont celles décrites dans Rathburn et al. (1997). Le protocole permet la
concentration et la dispersion des valves de diatomées par la dissolution des carbonates et
I’oxydation de la matiére organique. Les diatomées sont ensuite fixées entre lames et lamelles.
Les méthodes d’identification et de comptage des diatomées sont celles de Schrader and
Gersonde (1978) et Laws (1983), complétées par celles de Crosta and Kog (2007). Chaque
lame (3 par échantillon) a été traversée horizontalement jusqu’a compter 300-350 valves de
diatomées sur un microscope Olympus BH-2 avec une magnification de 1000. Seules les
valves intactes a moitié ou plus sont comptées pour éviter de recenser le méme spécimen deux
fois. Pour les espéces allongées (ex: Trichotoxon, Thalassiothrix, Pseudonitzschia), seules les
extrémités des valves ont été comptées puis divisées par deux, sachant que deux extrémités
représentent une valve. Ainsi, les diatomées ont été identifiées au niveau de 1’espéce ou du
groupe d’espéces, et 1’abondance relative de chaque espéce a été déterminée comme la
fraction de I’espece sur I’assemblage total de diatomées de chaque échantillon. Les comptages

ont été réalisés a 'UMR EPOC (France).
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3.1.2 Highly Branched Isoprenoids

Les Highly Branched Isoprenoids (HBI) sont des hydrocarbures insaturés (alcénes)
caractérisés par une chaine carbonée ouverte, et la présence d'au moins une double liaison
covalente entre deux atomes de carbone. Ces composés lipidiques sont abondamment
représentés dans la nature et particulierement dans le phytoplancton. Probablement produits
dans les chloroplastes (Massé et al., 2004) leur role dans la cellule est cependant méconnu.

Certains de ces alcénes sont présents dans la plupart des microalgues, alors que d’autres ont
été identifiés comme spécifiques a une classe ou un groupe d’espéces. Notamment, les HBI de
type C25 sont synthétisés par un nombre restreint de diatomées telles que Haslea sp.,
Rhizosolenia sp., Pleurosigma sp. et quelques Navicula sp. (Massé et al., 2004; Sinninghe-
Damsté et al., 2004). Le nombre de doubles liaisons de la molécule co-varie avec la
température et permet ainsi la présence dans la nature de plusieurs degrés d’insaturation de la
chaine carbonée C25 (Rowland et al., 2001). En effet, la culture en laboratoire de 1’espéce
Haslea ostrearia a montré que les formes di-, tri- et tétra-insaturée apparaissent en majorité a
5°C, 15°C et 25°C respectivement (Rowland et al., 2001).

De plus, certains HBI sont spécifiques a des especes de diatomées, et donc a des conditions
environnementales particuliéres. En effet, en Antarctique, alors que l'isomére mono-insaturé
(IP25) n’ai jamais été détecté, les formes di- ([HBI:2]; Diéne), tri- et tétra-insaturé ([HBI:3];
Triene) ont été identifiées respectivement dans la banquise et dans le phytoplancton dans des
conditions d’océan ouvert (Fig. 34) (Belt et al., 2000; Massé et al., 2011). En effet, [HBI:2]
est présent dans les sédiments de surface des régions expérimentant un balancement
saisonnier de banquise, mais est absent dans les sédiments des régions ou le couvert de glace
est permanent ou totalement absent (Belt et al., 2007). De plus, [HBI:2] a une signature
isotopique caractéristique de celle des diatomeées vivant dans la glace de mer. A l'inverse,
[HBI:3] est présent dans les sédiments des régions connaissant un faible (saisonnier) ou
inexistant couvert de glace et possede une composition isotopique traduisant une origine

planctonique (Massé et al., 2011).
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Figure 34. Partie supérieure: chromatogrammes des fractions d’hydrocarbure montrant les différents
isomeres HBIs de Il a VI sur des échantillons de banquise, de phytoplancton et de sédiments
antarctique (modifié d’aprés Massé et al., 2011). Le pic rouge correspond a [HBI:3] (Triéne Z et E) et
le pic bleu correspond a [HBI:2]. Partie inférieure: dessin des molécules de [HBI:3] (en rouge) et de
[HBI:2] (en bleu).

Ainsi, la distribution de [HBI:2] et [HBI:3] dans des enregistrements sedimentaires marins
Holocéne montre une forte cohérence avec les proxies de banquise (Massé et al., 2007). Ces
bio-marqueurs retracant la présence/absence de glace, de récentes études sur des carottes
marines d’ Antarctique, notamment en Baie de Prydz et dans le bassin de DDU (Barbara et al.,
2010; Denis et al., 2010), ont propos¢ d’utiliser le rapport [HBI:2]/[HBIL:3] afin de

reconstruire les variations du couvert de banquise et de sa saisonnalité (Belt et al., 2007).

La méthode d’analyse utilisée pour mesurer les HBI, décrite dans Belt et al. (2007), permet
d’extraire les composées lipidiques du sédiment (1.5 g par échantillon), au préalablement
lyophilisé, afin de conserver les molécules. On ajoute ensuite un standard interne puis les
lipides sont récupérés par le biais d’une solution de Dichlorométhane/Méthanol, qui est

ensuite purifiée par chromatographie sur colonne de silice. La fraction hydrocarbones est
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analysée par chromatographie en phase gazeuse couplée a un spectrometre de masse (GC-
MS). Enfin, les spectres sont traités avec le logiciel Hewlett-Packard MS Chemstation, et les
abondances des isoméres des HBIs sont calculées en fonction de leurs réponses relatives par
rapport au standard interne. Les analyses ont été réalisées au Laboratoire LOCEAN (France)
pour les carottes IODP U1357B, DTCI2010 et CB2010, ainsi qu'a ’UMI Takuvik (Canada)
pour la carotte DTCG2011.

3.1.3 Fluorescence RX et radioscopie RX

La composition élémentaire des carottes DTCG2011, DTCI2010 et CB2010 a été analysée
grace a la spectrométrie par fluorescence X (XRF), technique d’analyse non destructive et
semi-quantitative qui permet de déterminer la composition en éléments majeurs et mineurs
dans le sédiment (Si, Al, Ti, Ca, Sr, etc.) (Jansen et al., 1998). Les analyses ont été réalisées
au laboratoire EPOC/Université Bordeaux 1, pour tous nos enregistrements a 1’exception de la
IODP U1357B, qui a été traitée a College Station/Texas (USA). Ces mesures ont été
effectuées tous les 5 mm pour la carotte IODP U1357B, tous les 2 mm pour les carottes
DTCG2011, DTCI201 et CB2010, grace au méme systeme, nommé XRF Core Scanner

fabriqué par la société Aavatech.

De nombreuses études ont utilisé cette technique pour 1’étude des variations
environnementales a partir de carottes sédimentaires (ex. Denis et al., 2008; Milzer et al.,
2013). Les éléments tels que le fer (Fe) et le titane (Ti) sont considérés comme les éléments
les plus appropriés pour déterminer les apports terrigénes dans les bassins océaniques (Richter
et al., 2006). Ces deux éléments permettent d’étudier les transferts sédimentaires continent-
océan ainsi que le cycle saisonnier des apports terrigénes dans le sédiment, en lien avec les
variations du couvert de glace en TAGV (Denis, PhD, 2008 ; Maddison et al., 2006 ; 2012).
Les éléments rubidium (Rb) et Zirconium (Zr) permettent de mettre en évidence les variations
structurelles du sédiment. En effet, le rapport Zr/Rb retrace les variations de la taille de grain
dans le sédiment, Rb étant associé aux particules d'argile détritique, et Zr aux minéraux

résistants lourds (Dypvik et al., 2001).

La structure du sédiment des carottes DTCG2011, DTCI2010 et CB2010 a été analysée par

radioscopie RX, grace au systeme SCOPIX. Cette technique non destructive permet de
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radiographier le sédiment et ainsi de mettre en évidence la structure, la densité ou encore la

bioturbation du sédiment (Migeon et al., 1999). Le SCOPIX est composé d'une source de

rayon X couplée a un amplificateur de brillance et une camera CCD 16 bits.

3.2 Données instrumentales

3.2.1 Données méteorologiques

La Publitheque est un service de Météo-France, permettant d'accéder a de nombreuses

données climatologiques (précipitations, température, rayonnement etc.) a des pas de temps

variables (horaire, quotidien etc.). Divers paramétres météorologiques de la région de DDU (-

66°39'42"S, 140°00'00"E), issus de stations automatiques, ont ainsi été extraits a partir de la
publithéque de Météo France (Table 2) pour la période du 14/02/1950 au 01/09/2013.

Table 2. Tableau récapitulatif des variables météorologiques utilisées, couvrant la période du
14/02/1950 au 01/09/2013.
Libellé variable Unité Pas de temps Début Fin série Données
série mangquant
EXY VITESSE VENT QUOTIDIEN M/S ET 1/10 QUOTIDIEN 4/01/1956 | 1/09/2013 4033
MAXI MOYENNE SUR 10 MIN
DXY DIRECTION VENT QUOTIDIEN | ROSE DE QUOTIDIEN 4/01/1956 | 1/09/2013 4034
MAXI MOYENNE SUR 10 MIN 360
™ TEMPERATUREMOYENNE DEG CET QUOTIDIEN 1/01/1957 | 1/09/2013 678

SOUS ABRI QUOTIDIENNE

1/10

3.2.2 Données satellite

Les radiomeétres micro-ondes mesurent les rayonnements émis par la terre, 1’océan et

I’atmosphere, dans des fréquences différentes, sous forme de Température de brillance (Tb).
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La Tb dépend de 1’émissivité de la surface du corps. Ainsi, dans les régions polaires, suivant

I’age de la glace et sa concentration, 1I’émissivité est différente pour une fréquence donnée.

Les concentrations quotidiennes de glace de mer (%) ont été extraites au Laboratoire
LOCEAN pour la période 1978-2012, a partir de la base de données du National Snow and
Ice Data Center. Les données satellitaires sont générées a partir de la valeur du rayonnement
émis par la terre et mesurée par les capteurs Nimbus-7 SSMR (1978-1987), DMSP SSM/I
(1987-2007) et SSMIS (2007-2012). Elles sont traitées grace a l'algorithme de I'équipe de la
NASA développé par la branche Ocean and Ice, au centre de la NASA Goddard Space Flight
Center (GSFC) (Cavalieri et al., 1995). Les données sont fournies dans la projection

stéréographique polaire avec une résolution spatiale (taille du pixel) de 25x25 km.

Les données ont été extraites pour la région de CB ainsi que pour la région de la Dépression
Adélie, puis au site de carottage DDUT ainsi que pour la région de DDUT, de maniére a avoir

une vision plus globale des changements de glace en surface aux deux sites d'étude.
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Chapitre I11: Etude de la réponse sédimentaire aux
variations océan/banquise/atmosphere en Terre
Adeélie durant la période récente

Les diatomées constituent une part importante de la production primaire dans les eaux cotiéres
des marges continentales antarctiques. Les diatomées ont été longtemps utilisées du point de
vue de la composition de leurs assemblages micropaléontologiques, et ont été plus récemment
associées a des biomarqueurs spécifiques (HBI) afin de reconstruire les conditions de glace
passees dans I'Océan Austral. Notre étude s'inscrit parmi les quelques études sédimentaires
qui existent dans la zone marginale de glace en Antarctique, traitant de I'écologie et des
conditions environnementales auxquelles sont associés les diatomées ainsi que les HBI. La
zone marginale du plateau de la Terre Adélie a recu peu d'attention jusqu'a présent et ce
malgré la présence de sédiments laminés a forts taux d’accumulation, permettant de
reconstruire a tres haute résolution temporelle les variations climatiques et les processus

sédimentaires associés.

Dans ce troisieme chapitre, notre intérét premier était de valider les divers proxies utilisés
dans cette thése afin de proposer des outils robustes pour la reconstruction paléoclimatique
des conditions de surface au large de Terre Adélie. De plus, un des objectifs de ce chapitre
était l'amélioration de la compréhension du systéeme actuel. Nos enregistrements
sédimentaires ont été analysés statistiquement et confrontés a des données météorologiques
atmosphériques obtenues a partir de station terrestres automatiques, ainsi qu’a des données
satellites de concentrations de glace. Cette démarche nous a permis d'affiner ainsi a I'échelle
internannuelle les connaissances sur I'écologie des diatomées et sur les conditions
environnementales auxquelles les biomarqueurs (HBI) sont associées, et enfin de documenter
la réponse sédimentaire dans notre zone d'étude. Nos résultats suggerent que I'action couplée
de l'atmosphére et de I'océan en surface constitue le forcage principal de la variabilité de la
productivité siliceuse ainsi que des conditions de glace a I'échelle interannuelle. Un article

présentant les résultats de ce travail a été soumis au journal Biogeosciences.
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Diatoms account for a large proportion of primary productivity in Antarctic coastal and
continental shelf zones. Diatoms, which have been used for a long time to infer past sea-
surface conditions in the Southern Ocean, have recently been associated with diatom
specific biomarkers (HBI). Our study is of the few sedimentary research projects on
diatom ecology and associated biomarkers in the Antarctic seasonal sea ice zone. To
date, the Adélie Land marginal ice zone has received little attention, despite evidence for
the presence of high-resolution laminated sediment accumulation, allowing for finer
climate reconstructions and sedimentary process studies. Here we provide a sequence of
seasonally to annually laminated diatomaceous sediment from the DTCI2010 interface
core retrieved on the continental shelf off Adélie Land, covering the 1970-2010 C.E.
period. Investigations through statistical analyses of diatom communities, diatom
specific biomarkers and major element abundances document the relationships between
these proxies at an unprecedented resolution. Additionally, comparison of sedimentary
records to meteorological data monitored by automatic weather station and satellite
derived sea ice concentrations help to refine the relationships between our proxies and
environmental conditions over the last decades. Our results suggest a coupled
interaction of the atmospheric and sea surface variability on sea ice seasonality, which
acts as the proximal forcing of siliceous productivity at that scale.

Key words: Instrumental period, Adélie Land, Sediment surface, Sea ice, Fast ice, Katabatic

winds, Polar easterlies, Diatoms, HBIs, PCA.
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1 Introduction

Diatoms have been used for a long time to infer past sea-surface conditions in the Southern
Ocean on the basis of large-scale ecological studies from either plankton (e.g. Hasle, 1969) or
surface sediments (DeFelice and Wise, 1981; Zielinski et al., 1997; Armand et al., 2005;
Crosta et al., 2005). However, little is known about diatom ecology in the seasonal sea ice
zone and, especially, in the coastal and continental shelf zone (CCSZ) off East Antarctica. To
date, the Adélie Land region has received little attention, despite an abundance of evidence
for the presence of high-resolution laminated sediment accumulation (e.g. Escutia et al.,
2010). A very limited number of ecological studies have been performed at the species or
species group level for plankton (Beans et al., 2008; Riaux-Gobin et al., 2013) or sediment
(Leventer et al., 1992; Maddison et al., 2006, 2012; Denis et al., 2006), and even fewer
studies have investigated their relationships with local or regional environmental conditions.
As a result, paleoenvironmental reconstructions for this area that are using diatoms are based
on large scale studies and do not take into account the regional specificities. The Adélie Land
region is of further particular interest due to the presence of coastal polynyas in the vicinity of
the Dumont d’Urville station (DDU) and the Mertz Glacier (MQG), that are biologically very
productive and where intense sea ice formation during winter leads to a large volume of dense

water production (Arrigo and van Dijken 2003; Sambrotto et al. 2003; Laccara et al., 2014).

Investigations of diatom communities, diatom specific biomarkers and major element
abundances at high resolution along a 72.5 cm long interface core retrieved in the Dumont
d’Urville Trough (DDUT) allowed documentation of (1) the relationships between these
proxies. The comparison of our proxy records to meteorological data inferred from either the
automatic weather station (AWS) at DDU and satellite derived sea ice concentrations helped
to determine (2) the relationships between environmental conditions and proxy data, and
consequently, the sedimentary response to atmospheric and sea surface changes. Here, we
refine our knowledge of diatom ecology at the regional scale and propose a robust tool to

infer past sea-surface conditions off Wilkes Land.

2 Environmental settings
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2.1 Geographic features

The Dumont d’Urville Trough (Fig. 35), located along the Adélie Land on the East Antarctica
margin is composed of several glacial depressions. These topographic features, up to 1,000
meters deep, act as traps for sedimentary material (primary production and terrigenous
particles) settling out from surface waters. The trough runs from the front of the Zélée and
Astrolabe glaciers to the continental shelf break along a SE-NW orientation, and is bordered
on its eastern side by the DDU Bank (Fig. 35), which culminates at 200 meters below the sea
level and limit exchanges with the Adélie Depression. On the western side, the DDUT is
flanked by the Dibble Bank where the Dibble Ice Tongue develops northward.
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Figure 35. Study area. Map of the study area showing the location of sediment core DTCI 2010
(downward red arrow) in the Dumont D'Urville Through (DDUT), the Dumont D'Urville French
station (red square), the main glacial (in white) and topographic (upward black triangle for high relief
and downward for through) features, the East Wind Drift (EWD; blue dashed arrow), the principal
water masses as Circumpolar Deep Water (CDW; green arrow) and the High Salinity Shelf Water
(HSSW; brown arrow) (Williams et al., 2008), and katabatic winds (black dashed arrows; Massom et
al., 1998). Bathymetry data were obtained from http://www.deepreef.org/publications/peer-review/82-
gvdem.html.

2.2 \Water masses

The Adélie Land is influenced by several water masses and currents (Rintoul, 1998; Williams
and Bindoff, 2003; Williams et al., 2008). The wind-driven East Wind Drift (EWD) flows
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westward at the surface, and the Antarctic Surface water constitutes the summer sub-surface
water mass on the continental shelf. The Circumpolar Deep Water (CDW) upwells near the
Antarctic Divergence and intrudes onto the plateau during summer. The high-salinity shelf
water (HSSW), originates from the brine rejections during winter sea ice formation and from
the cooling of the CDW (Fig. 35), and flows northward at the sea bottom as part of the dense
shelf water that extrudes from the plateau. This Adélie Land Bottom Water ultimately sources
the Antarctic Bottom Water (Rintoul et al., 1998; Jacobs et al., 2004; Meredith et al., 2013).

2.3 Wind conditions

The Adélie Land coast experiences the windiest conditions ever recorded on Earth through the
presence of intense katabatic winds (Périard and Pettré, 1993) that are funneled by narrow
glacial valleys close to the shoreline (Wendler et al., 1997). Although relatively strong winds
(>10 m/s) blow widely between 65° and 225° at DDU, the station is characterized by a
dominant and recurrent katabatic wind from 140°-180° (SE) coinciding with the maximum
the wind speed (> 25 m/s) (Adolph and Wendler, 1995; Koning-Langlo et al., 1998). Such
winds support the annual occurrence of polynyas in the region, such as the DDU Polynya
(DDUP; 66.11°S-139.31°E), and are important in sea ice production leading to dense water
formation in winter (Adolphs and Wendler, 1995; Massom et al., 1998; Arrigo and van Dijken
2003).

2.4 Sea ice conditions

In general, the sea ice melts every year between November/December and February/March,
with sea ice concentrations greater than 80% in winter and dropping below 20% in summer
(Arrigo and van Dijken, 2003). The Adélie Basin, and notably the core site (DDUT),
experiences fast ice during the winter months that largely melts back to the coast during the
summer season (Massom et al., 2003; 2009; Smith et al., 2011; Wang et al., 2014). At its
maximum extent, the fast ice develops ~100 km offshore between the Dibble Ice Tongue in
the west to the Adélie Bank in the east (Massom et al., 2009; Smith et al., 2011). From the
early spring to autumn, unstable fast ice conditions, characterized by several fast ice breakouts

and re-formations as a result of lack of anchor points, generally occur in the DDUT (Massom
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et al., 2009; Smith et al., 2011), whereas the fast ice persists later in the season over the banks.
A key factor of the formation, recurrence and persistence of this fast ice buttress, is the
numerous grounded small icebergs on the Adélie and Dibble Banks that trap the passing pack
ice and act as anchor points for fast ice formation (Massom et al., 2001; Giles et al., 2008;
Smith et al., 2011), growing two ice promontories from either side of the core site. The
presence of the fast ice buttress is therefore closely associated to the intense sea ice formation
in the Mertz Glacier Polynya and westward advection within the EDW (Massom et al., 2009).

2.5 Atmospheric impacts on sea surface conditions

Sea ice cover in the area is subject to a strong interannual variability in terms of formation and
retreat (Massom et al., 2009; Smith et al., 2011). Recent studies suggest the sea ice conditions
are closely linked to fast-ice dynamics over the DDUT, which is largely depending to
synoptic scale wind fields (Adolph and Wendler, 1995; Massom et al., 2003; 2009). Few
studies have focused on the impacts of atmospheric and oceanic conditions on the regional sea
ice. Most of these studies are either limited in time (Adolph and Wendler, 1995; Massom et
al., 2009; Wang et al., 2014) or are too low in resolution to appropriately cover the Adélie
Land region (Massom et al., 2013). In order to refine the relationships and response of sea-
surface conditions to atmospheric forcing, Principal Component Analyses (PCA) were
performed between seasonal meteorological parameters (Fig. 36; see section 3.4), recorded
from AWS in the vicinity of DDU and satellite data over the core site (Fig. 37). Studying the
seasonal lagged response between meteorological parameters is beyond the scope of this
study, and would necessitate higher frequency analyses. We therefore restricted our

investigations to the statistical relationships between parameters at the intra-seasonal scale.

25.1 Case A: Westerly winds dominated years

Overall, our observations suggest that years characterized by more westerly winds during
spring-summer are associated with a delayed sea ice retreat over the DDUT (Suppl. Table 1;
Suppl. Note 1). Heavier sea ice conditions and late sea ice retreat in the area are related to the

southward migration of the Antarctic Circumpolar Trough, which induces a prevalence of a
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westerly wind component (Heil et al., 2006; Parish and Bromwich, 2007; Massom et al.,
2003; 2009; Wang et al., 2014). Westerly winds promote larger swells, advect pack ice into
the region, and decrease the open water fraction (Massom et al., 2003; Heil et al., 2006; Smith
et al., 2011; Wang et al., 2014; Zhai et al., 2015). However, while a more westerly wind
regime retards the ice break-up, these warmer winds also delay sea ice formation and advance
in autumn (Suppl. Table 1; Suppl. Note 1; Fig. 36). Heil et al. (2006) suggested that annual
fast-ice duration will drastically reduce in the context of an increased cyclonicity. This
phenomenon is particularly evident in autumn, as the young thin ice is easily removed during
storms, delaying the sea ice advance and fast ice formation. Repeated removal of fast ice
under strong cyclonic warm winds would further lead to thinning the ice cover and an overall

increase in sea ice production and northward export (Heil et al., 2006).

2.5.2  Case B: Easterly winds dominated years

In contrast, during years that are characterized by stronger easterly winds during the spring-
summer period, we observe a sea ice retreat earlier in the season (Suppl. Table 1; Suppl. Note
1). Massom et al (2009) have suggested that easterly winds promote the presence of pack ice
in the region but also contribute to building a fast ice buttress over the banks. Persistence of
fast ice promontories during the summer over the Dibble and the DDU banks, can in turn act
as a barrier to westward sea ice advection and lead to the establishment of open water
conditions over the DDUT, as observed in several locations off East Antarctica (e.g. MGP and
Terra Nova Bay polynyas) (Arrigo and van Dijken, 2003; Massom et al., 2001; 2009;
Campagne et al., 2015). In autumn, we observe colder easterly winds, which promote an early
sea ice advance. In contrast to westerly winds (Heil et al., 2006), easterly winds tend to
increase ice advection and icebergs in the area as observed for the spring-summer period,
providing favorable conditions for the formation of thick fast ice and buttress earlier in the

autumn.
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2.5.3

Case C: The role of katabatics

Although our PCA suggest that sea ice concentration increase with an increasing wind

direction, from southerly-dominated to westerly-dominated wind fields (see above), the

relationship between atmospheric and sea surface conditions is not linear. Indeed, strong and

persistent southerly (katabatic) winds break the fast ice and promote the formation of a coastal

polynya despite a sizably reduced buttress (Massom et al., 2009; Riaux Gobin et al., 2013).

Such polynya regime is however constrained to the coastline (Vaillancourt et al., 2003),

implying that open conditions may not extent over the core site, where the pack ice would be

present due to a reduced fast ice buttress.

M Early sea ice retreat

Wind speed + @

F1&F2 (32,52%)

Temp+@®

.
Wind

F2 (14,39 %)

Early sea ice advance m

SiIC+e

SIC+
L

A

F1 (18,14 %)

N
N
MLate sea ice advance
eTemp +
*Wind speed +
speed +
Wind speed +e
o Temp +
“Wind dir +
eWind dir +
*Wind dir +
SIC+e
Late sea ice
o retreat
.
SIC+ Wind dir +
d
rd

Y

Figure 36. PCA seasonal data of weather forecast parameters. PCA on weather forecast and satellite
data, that were previously seasonally averaged from June to August (dark blue), September to
November (green), December to February (orange) and March to May (violet). Sea ice dynamics are
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represented (in light blue): early/late-sea ice retreat and early/late-sea ice advance. A (+) or (-)
symbols indicate the increase/decrease of the environmental parameters.

3 Material and methods

3.1 Core description and “°Pb chronology

A 72.5 cm long interface core, DTCI2010, was retrieved aboard the R/V Astrolabe (66°24.68’
S; 140°26.67° E; 1010 m water depth) during the 2010 ALBION-HOLOCLIP cruise. Positive
X-ray images performed on the SCOPIX image-processing tool (Migeon et al., 1999) gave
detailed information about sediment density and structure. SCOPIX images revealed
laminations along the entire sedimentary section. The core was sampled continuously at 0.5
cm resolution and its chronological framework was determined based on ?!°Pb excess (**°Pbys;
Ty, = 22.3 years). The activities of #°Pb and 2 Ra were measured on dried sediments by non-
destructive gamma spectrometry using a well-type, high efficiency low background detector
equipped with a Cryo-cycle (CANBERRA) (Schmidt and De Deckker, 2015). Activities are
expressed in mBq g™ and errors are based on 1 standard-deviation counting statistics. °Pbys
was determined by subtracting the activity supported by its parent isotope, **Ra, from the
total #°Pb activity in the sediment. In the interface core DTCI2010, there is a general
downcore trend in decreasing %*°Ph,s activities, from 242 to 74 mBq g, as expected due to
the decay of the unsupported ?°Pb (Fig. 37). However, the observation of a layer where
activities decrease slowly between 10 and 40 cm led us to retain the Constant Initial
Concentration model (CIC; Robbins and Eglington, 1975) to calculate the age (t) of each
measured horizon as: t= (1/A) In (Ao/A;) where t and A, are the age of the sediment and the
excess °Pb activity at the depth z, A is the activity at the surface and A is the decay constant
of 2%Pb. This choice is supported by the almost constant activities measured in the uppermost
sediments of cores collected in 2003 (240 + 13 mBq g'; Massé et al, 2011) and 2011 (253 +
13 mBqg g™ in DTCI2011; Schmidt S., unpublished data). A second-order polynomial function
was calculated from the 11 ?°Pb-dates obtained over the entire core to build the age model
(Fig. 37).
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Figure 37. DTCI 2010 chronology. DTCI 2010 age model (dark line) based on 210Pb excess
(210Pbxs) and associated age-model errors (grey area). The inset corresponds to the down core profile
of 210Pbxs (error bars correspond to 1 SD).

3.2 Diatom analyses

Micropaleontological analyses were performed according to the methodology described in
Crosta and Kog (2007) at a ~0.25 year resolution (every 0.5 cm) in core DTCI2010. Diatom
slides were prepared from ~0.5 g of dry sediment. A few drops of the resulting residue
suspended in distilled water were evaporated onto a coverslip, which was subsequently
mounted on a glass slide with NOA61. Counts were performed under a microscope Olympus

BH-2 at a magnification of x1000. For each sample, 300-350 diatom valves were counted and
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data are presented as species relative abundances. Diatom identification was performed to the
species or species group level. More details about slide preparation and diatom identification
are available in Crosta et al. (2004). Nearly 70 diatom species were identified in down-core
assemblages, from which 25 presented abundances higher than 2% of the total diatom

assemblages.

3.3 Biomarker analyses

Biomarker analysis followed the technique described by Massé et al. (2011) and were also
performed at a ~0.25 year resolution (every 0.5 cm) in core DTCI 2010. Briefly, an internal
standard was added to 1g of the freeze-dried sediments, lipids were extracted using a
Dichloromethane/Methanol mixture to yield a total organic extract (TOE), which was then
purified using open column chromatography (silica). Hydrocarbons were analyzed using a
Gas Chromatograph coupled to a Mass Spectrometry detector (GC-MS). More details about
analytical parameters are available in Massé et al. (2011).

3.4 Instrumental data

Daily sea ice concentrations (SIC) for the time period 1978-2012 were obtained from the
National Snow and Ice Data Center data repository. The dataset is based on passive
microwave observations from the Nimbus-7 SSMR (1978-1987) and DMSP SSM/I (1987-
2007) and SSMIS (2007-2012) radiometers processed with the NASA Team algorithm
(Cavalieri et al., 1995) at a spatial resolution of 25x25 km. Averaged sea ice concentrations
(SIC) were calculated over the core site in the central part of the DDUT (Suppl. Fig. 35).
Daily measurements of wind direction (from 0 to 360°), velocity (m/s) and temperature (°C)
for the time period 1956-2011 were obtained from the METEO France publithéque. The
dataset is based on AWS at the DDU French station (66.7° S, 140° E), established on Petrel
Island approximately 2 km offshore (Wendler et al., 1997) and 30 km from the core site. The
dataset provides monthly statistics based on 6-hourly in-situ observations at 10 meters.
Wendler et al. (1997) showed that from Penguin Point (east of the Mertz Glacier) to DDU
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stations, meteorological parameters displayed similar variations, leading to the conclusion that
measurements from AWS were relatively robust. For both, satellite and AWS datasets,
monthly anomalies are expressed relative to the mean value calculated for each month over
the 1979-2009 period. PCA between meteorological parameters (Fig. 36) were performed at
seasonal scale, spring (September to November), summer (December to February), autumn
(March to May) and winter (June to August), while PCA between sedimentary data and

meteorological parameters were averaged over the November to March period (Fig. 40).

The sea ice retreat date was determined as the Julian day when the SIC (7 day average)
dropped below 40%, while the sea ice advance corresponds to the day when SIC increased to
above 40%. The duration of the ice-free season corresponds to the number of days per year
during which SIC<40 %. Wind direction represents the origin of the wind over 360°.
East/South/North/West -erly wind components indicate the number of days between
November and March during which the wind blows from a selected direction. A ratio between
easterly and southerly wind components (hereafter noted E/S; Fig. 42), and a ratio between
northerly and westerly wind components (hereafter noted N/W; Fig. 42), were also calculated
and used to account respectively of the dominant and the secondary wind directions in the

region.

3.5 Principal Component analyses

Statistical analyses were run using the statistical software XLStat (Addinsoft). PCA and
Pearson correlation tests (significance level 0=0.05) were performed on 67 diatom species, 2
diatom specific biomarkers along with their associated ratio and on major elements to first (1)
determine the relationships between species and identify potential diatom cluster (in order to
increase the statistical weight of minor species) and (2) investigate the relationships between
the different proxies in our study. The statistical analyses performed on all diatom species are
presented in section 4.1 and in Supplementary Note 2, which includes the species accounting
for less than 1% of the total diatom assemblage. In a second PCA, significant sedimentary
data, in terms of population and ecological preferences, were interpolated at one year and
compared with meteorological data to determine how phytoplankton was associated with

selected environmental parameters. In parallel, PCA and the Pearson correlation test were

93



performed on seasonally averaged meteorological and satellite data, to support previous
oceanographic and atmospheric observations about climate forcing and their environmental

response in the area.

4 Results and Discussion

Several diatom species in polar and sub-polar marine environments exhibit a narrow range of
environmental preferences, especially in terms of sea ice conditions. Diatom assemblages are
therefore commonly used in association with geochemical proxies to infer past sea-surface
conditions. The distributions of these proxies have been studied and validated at synoptic
scale throughout the Southern Ocean (e.g. Gersonde et Zielinksi, 2000; Crosta et al., 2005;
Armand et al., 2005) but less is known about the Antarctic Coastal and Continental Shelf
Zone (CCSZ). Off the Adélie-Georges V Land, it has been suggested that diatom
communities primarily respond to water column stability and sea ice conditions and dynamics
which in turn respond to atmospheric and oceanic forcing (e.g. Beans et al., 2008; Riaux
Gobin et al., 2005; 2013). In section 4.1, we refine the use of diatoms and geochemical
proxies off Adélie Land by statistically comparing their downcore abundances in DTCI2010.
In section 4.2, we study their relationships and response to regionally monitored
environmental parameters. In section 4.3, we discuss the relevance of our proxies as potential
environmental indicators for paleoclimate reconstructions, by interpreting the evolution of our

results over 40 years of instrumental records.

4.1 Relationship between sedimentary proxies

The first PCA (Fig. 38) includes all diatom species and geochemical proxies in order to
observe their relationships and identify diatom clusters as groups of species having similar
records in core DTCI2010. Cluster composition is based on significant coefficient correlation
between the diatom species (see section 3.5) combined to their known ecological preferences
in the literature. Clusters allow the use of low abundance species (<2%; represented in grey

on the first PCA; Fig. 38) that may bear important ecological signatures but cannot be used
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alone as environmental indicators. Only significant Pearson correlation coefficients are
detailed in the following section. High level but non-significant Pearson coefficients are
mentioned as strong relationships. Hereafter, we focus on the main proxies, in terms of
abundances and ecological preferences. Results are summarized and presented in Table 1, and

information on secondary proxies can be found in Supplementary Note 2.
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Figure 38. PCA on sedimentary raw data from the DTCI 2010 core. Shaded areas represent diatom
clusters, based on significant correlation between species (Suppl. Table 2): open water gp (red);
benthic diatom group (dark blue); sea ice diatom group (light blue); Porosira gp (violet); Rhizosolenia
gp (dark green); Thalassiothrix gp (yellow); Fragilariopsis summer group (orange); Chaetoceros
Phaeoceros gp (light green). Abundant species (relative abundance>2%) are written in black,
unrepresentative species (relative abundance<2%) are written in grey.

4.1.1 Seaice related proxies

Antarctic sea ice diatom assemblages are largely represented by Fragilariopsis species with
F. curta and F. cylindrus being the dominant taxa. Sediment trap studies indicate that relative
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abundances of the two species in the phytoplankton increase southward with increasing sea
ice cover and decreasing temperature (Gersonde and Zielinski, 2000) with highest
occurrences in stratified, ice melt influenced waters (Kang and Fryxell, 1992). This
distribution is reflected in surface sediments. Highest abundances of F. curta occur in
locations that experience 9-11 months/yr of sea ice cover, with highly consolidated ice
conditions (65— 90%) during winter, while F. cylindrus optimum is at 8.5 months/yr and 70-
90% of winter sea ice concentration (Armand et al., 2005). In the study area, investigation of
the sediment microstructure demonstrates highest abundances of F. curta and F. cylindrus at
the beginning of the annual couplet indicating an early growth phase and subsequent
deposition (Maddison et al., 2006; Denis et al. 2006). As such, F. curta and F. cylindrus along
with F. vanheurckii were often considered as indicators of heavy sea ice cover in several
paleoclimate studies (Barcena et al., 2002; Barbara et al., 2010), notably in our region (Crosta
et al., 2007; Denis et al., 2010). Fragilariopsis cylindrus and F. curta are among the most
abundant species in DTCI2010, while F. vanheurckii is not significant in our dataset and is
not discussed hereafter (Fig. 38; Suppl. Table 2). Fragilariopsis cylindrus is located in the F1-
&F2- quarter (Fig. 38), and displays a significant negative correlation with F. kerguelensis (-
0.432; Suppl. Table 2) and diatoms of clusters 4 and 6 (e.g. T. lentiginosa, -0.378; Suppl.
Table 2). However, F. cylindrus is also negatively and significantly correlated with F. curta (-
0.306; Suppl. Table 2). Fragilariopsis curta is located on F1+&F2- axes and is not significant
(<0.25) neither on F1 nor F2, suggesting this species is poorly sensitive to changes in the
main environmental parameters at that timescale (Fig. 38). Large changes in environmental

conditions are probably necessary to induce a sedimentary response of F. curta.

Few marine and freshwater diatoms belonging to Haslea, Navicula, Pleurosigma and
Rhizosolenia genera were recently found to be synthesizing Highly Branched Isoprenoids
(HBI) (Sinninghé et al., 2004; Massé et al., 2011). A di-unsaturated isomer [HBI:2] has been
identified in Antarctic sea ice and isotopic analyses provide evidence for that this isomer is
synthesized by sea ice dwelling diatoms, while a tri unsaturated isomer [HBI:3] is synthesized
by phytoplankton diatoms (Collins et al., 2013). In Adélie Land, relatively high
concentrations of [HBI:2] have been found to occur during the spring sea ice melt (Massé et
al.,, 2011). Recent studies have proposed the use of [HBI:2] and/or [HBI:2])/[HBI:3] to
reconstruct variations of Holocene Antarctic sea ice duration as a complementary approach to

diatom counts (Denis et al., 2010; Collins et al., 2013). More regionally, Campagne et al.
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(2015) built on the co occurrence of [HBI:2] and F. cylindrus to infer periods of heavier sea
ice conditions over the last 250 years in Commonwealth Bay. [HBI:2] and [HBI:2]/[HBI:3]
are both located in the F1+&F2+ quarter, opposite [HBI:3] (Fig. 38), which agrees with the
literature. However, [HBI:2] is significantly correlated with Ti (0.372; Suppl. Table 2) and T.
antarctica (0.218; Suppl. Table 2), and does not show any relationships with the Banquisia gp
or F. cylindrus, unlike observations at longer timescales (e.g. Denis et al., 2010; Etourneau et
al., 2013; Collins et al., 2013; Campagne et al., 2015). These results may suggest that [HBI:2]
respond to different sea ice conditions than sea-ice related diatoms at the seasonal-annual
scale, possibly because of different origin of production. However, differential export towards

the sediment may also account for the observed differences (Collins et al., 2013).

Thalassiosira antarctica is mainly present in stratified Antarctic inshore waters (Johansen and
Fryxell, 1985). In the Weddell Sea, T. antarctica blooms are observed in newly formed
platelet ice in polynyas and in crack pools formed by disintegrating sea ice during summer
(Gleitz et al., 1996). Thalassiosira antarctica is closely related to sea ice formation and/or
breakup, as it blooms in open waters during summer-autumn, and produces resting spores
(RS) at the end of the growing season when sea ice returns (Cunningham and Leventer, 1998;
1999). Taylor (1999) suggests that the formation of T. antarctica spores could be triggered by
the low light intensities that occur beneath developing pack and platelet ice. Reduced wind
mixing below the sea ice may also induce spore formation (Taylor et al., 2001). Thalassiosira
antarctica RS, the main form encountered in sediments, is most abundant in regions where
sea ice is present for at least 6 months/year, and is believed to be induced under nutrient-
stressed conditions or low light intensities (Armand et al., 2005). To note that the lower
threshold of 6 months/yr is attributable to the warm variety thriving in the northern Antarctic
Peninsula (Taylor and McMinn, 2001), whereas the cold variety occurs mainly in southern
Antarctic Peninsula and coastal Antarctic zones where sea ice duration is above 8 months per
year (Denis et al., 2006; Maddison et al., 2012). In DTCI2010, most valves were thus T.
antarctica RS variety T1. In the Holocene sediment in the region, T. antarctica RS were
found to co-occur with several large centric diatom species and F. kerguelensis (e.g. Denis et
al., 2006). Thalassiosira antarctica were found to share globally similar sea surface
temperature, sea surface salinity, sea ice proximity preferences and similar seasonal
occurrences with Porosira glacialis (Pike et al., 2009). On the PCA, T. antarctica (here as RS
of the cold form) is located in the F1+&F2+ axes (Fig. 38). The species shows significant
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positive correlation with large centric diatoms (e.g. Thalassiosira lentiginosa: 0.266;
Thalassiosira oliverana: 0.280; Suppl. Table 2) and higher correlation with P. glacialis
(0.356; Suppl. Table 2), in line with previous studies.

The Porosira group is composed of P. glacialis and P. pseudodenticulata. Porosira glacialis
is associated to cold coastal waters adjacent to sea ice (Taylor et al., 1997; Zielinski and
Gersonde, 1997). It has been observed in waters with high concentrations of slush and wave-
exposed shore ice (Krebs et al., 1987). Porosira pseudodenticulata is commonly observed in
pack ice and fast ice. Porosira spp are known to survive environmental stress (nutrient
depletion, prolonged periods of darkness) by forming resting spores (RS) at the end of the ice-
free season (Taylor and McMinn, 2001; Cremer et al., 2003; Pike et al., 2009). These spores
can be incorporated into waxing sea ice. As such, Porosira spp can be directly seeded from
the sea ice during spring of the following year (Gleitz et al., 1996). Porosira glacialis is
abundant in regions that experience at least 7.5 months per year of sea ice cover (slightly
longer than T. antarctica), with 30% of summer sea ice concentration and highly compacted
winter sea ice (65-85% concentration) (Armand et al., 2005). As for T. antarctica, P.
glacialis RS sublaminae have been interpreted in Holocene laminated sediments in Adélie
Land, indicating a late summer/autumn rapid deposition that is linked to early sea ice return
(Maddison et al., 2006). Porosira glacialis and P. pseudodenticulata are respectively situated
on the F1+&F2+ and F1+&F2- axes (Fig. 38). Pearson coefficient correlation between these
two species is significant (0,252; Suppl. Table 2), arguing that both species can be grouped

together in our study and confirming previous observations.

Other sea ice related proxies, the Banquisia gp (Navicula directa, N. glaciei, Synedra spp and
Ephemera spp), Fragilariopsis obliquecostata, Eucampia antarctica, and the Fragilariopsis
summer gp (Fragilariopsis ritscheri and F. sublinearis) are sometime used in the literature to
infer past sea ice conditions but are not significant in our study and therefore are only

discussed in Supplement Note 2.
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4.1.2 Open ocean proxies

Fragilariopsis kerguelensis dominates phytoplankton assemblages of the open ocean zone
south of the Polar Front where sea ice is absent during summer (Halse et al., 1969; Froneman
et al., 1995) and thus characterizes open water conditions during summer. Fragilariopsis
kerguelensis is observed in recent sediments of areas experiencing up to 8 months/yr of sea-
ice cover (Crosta et al., 2005). In several paleoclimate studies (e.g. Crosta et al., 2008),
notably from the area, F. kerguelensis, present an inverse relationship to sea ice and cold-
water species. Summer-autumn laminae were found to present high occurrences of F.
kerguelensis, along with T. antarctica and large centric species (Denis et al., 2006; Maddison
et al., 2006). On the PCA, F. kerguelensis is located on the F1+&F2- (Fig. 38), and displays a
significant positive correlation with several large centric diatoms (e.g. T. lentiginosa, 0.507;
T. antarctica: 0.184; P. glacialis: 0.235; Suppl. Table 2), and a strong negative correlation
with F. cylindrus (-0.432; Suppl. Table 2) and Chaetoceros RS (-0.248; Suppl. Table 2), in

agreement with previous studies.

The Open Water group is composed of large centric diatoms. In general, species belonging to
the genus Thalassiosira are most commonly found in areas experiencing open water
conditions during the growing season (Johanssen and Fryxell, 1985). Thalassiosira
lentiginosa and T. oliverana commonly occur in the Southern Ocean, south of the Polar Front,
in areas characterized by permanent open ocean conditions (Johanssen and Fryxell, 1985).
Relative abundances in sediment of T. lentiginosa show an inverse relationship with sea ice
cover with high occurrences in areas experiencing between 0 and 4 month/yr of sea ice
presence and a decline towards prolonged sea ice duration (Crosta et al., 2005). Thalassiosira
oliverana is clearly dominant in locations where open ocean conditions occur close to the sea
ice edge during summer (Crosta et al., 2005). For Thalassiosira gracilis, the distinction
between the two varieties (T. gracilis var. gracilis and T. gracilis var. expecta) has not been
performed in this study as this species presents low abundances in Antarctic coastal areas
(Armand et al., 2005). In summer, the species appears most highly associated with conditions
related to open-ocean conditions and its population diminishes in regions of unconsolidated
sea ice (<40% concentration, SST below 2°C) (Crosta et al., 2005). Actinocyclus actinochilus
has been observed with abundances over 2% (which is not the case in our study area) in
regions where sea ice cover persists more than 7 month/yr (Armand et al., 2005). Actinocyclus

actinochilus can be considered as a cold-water Antarctic species, and increasing sedimentary
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abundances of this species are in line with an ice-free region during summer (<40%
concentration) and a strongly compact sea ice covered region in winter (70-90%
concentration) (Armand et al., 2005). Coscinodiscus is generally considered as an open water
genus (Garrison and Buck, 1989; Moisan and Fryxell, 1993). High abundances of
Coscinodiscus spp over the shelf were related to a southward influx of warm surface water
(Taylor and Sjunneskog, 2002). Stellarima microtrias is reported as restricted to the Antarctic
Zone south of the Polar Front (Zielinski and Gersonde, 1997). The species has been observed
attached to sea ice in waters influenced by the ice (Hasle, 1988). Stellarima microtrias is
rarely used in paleoenvironmental studies as its ecology is poorly documented, its ecological
affinity is uncertain and its abundances are generally low (Taylor et al., 2001). Thalassiosira
tumida has maximum occurrences south of the Polar Frontal Zone, and is most abundant
during the austral summer (Cunningham and Leventer, 1998; Armand et al., 2005). Armand et
al. (2005) indicate that maximum abundances of T. tumida occur in regions with low sea-ice
cover during summer (open water conditions). Finally, Armand et al. (1997) have suggested
that Thalassiosira trifulta thrives in the coldest waters amongst the Thalassiosira spp.
However, its overall low abundance precluded any use downcore alone. Thalassiosira
lentiginosa, T. oliverana, A. actinochilus and S. microtrias are localized on F1+&F2+, and T.
trifulta, T. gracilis, Coscinodiscus spp, T. gracilis and T. tumida are localized on F1+&F2-
(Fig. 38). Thalassiosira lentiginosa exhibits significant positive correlation with
Coscinodiscus spp (0,190; Suppl. Table 2), T. oliverana (0.251; Suppl. Table 2), S.microtrias
(0.186; Suppl. Table 2), A. actinochilus (0.330; Suppl. Table 2) and T. gracilis (0.266; Suppl.
Table 2). Thalassiosira oliverana also displays significant positive correlation with A.
actinochilus (0.166; Suppl. Table 2), T.trifulta is significantly correlated with Coscinodiscus
spp (0.174; Suppl. Table 2) and T. gracilis is correlated with A. actinochilus (0.218; Suppl.
Table 2). Coscinodiscus spp exhibits a significant coefficient correlation with A. actinochilus
(0.244; Suppl. Table 2) and S. microtrias (0.211; Suppl. Table 2). Strangely, T. tumida does
not display a significant correlation with the species mentioned above despite being close to
them in the PCA (Fig. 38). This species was therefore not included in the Open water group
despite its distribution on the PCA and its documented ecological preferences. Our results
show a significant positive correlation between T. gracilis (0.485; Suppl. Table 2) and T.
lentiginosa (0.507; Suppl. Table 2) with F. kerguelensis, confirming grouping in previous
studies (e.g. Crosta et al., 2008). As with other clusters cited above (e.g. cluster 4 & 5), it

seems that the Open Water gp is also closely linked to the F1+ area in our analyses. We
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thereby decided to not include Asteromphalus hookeri in the group despite the few
correlations (Suppl. Table 2), as it seems to rather depend on F2 (Fig. 38). Additionally,
Thalassiosira ritscheri, Actinocyclus curvatulus and Asteromphalus hyalinus are insignificant
in the F1+ area (Fig. 38) and, since they do not present any significant positive correlation
with the other species (Suppl. Table 2), we decided to remove them from the Open Water gp.
Thalassiosira gavida also does not appear in this cluster as it is uncorrelated and positioned
on the F1- area (Fig. 38). Eucampia antarctica, which is significantly correlated to species of

the Open Water gp, was separated given its high abundance.

[HBI:3] is positioned in the F1-&F2- axes, opposite to [HBI:2] and [HBI:2]/[HBI:3] (Fig. 38).
This suggests that the [HBI:2] and [HBI:3] are produced in contrasting environments, in
agreement with previous studies that proposed the use of [HBI:2] and [HBI:3] to reconstruct
variations of past sea ice cover as complementary sea ice proxy to diatom counts (Denis et al.,
2010; Collins et al., 2013). Strangely, the Pearson correlation between [HBI:3] and [HBI:2]
does not show any relationships in our PCA, (Suppl. Table 2). This could be caused by the
variability of the sea ice seasonality in our study area whereby Collins et al. (2013) suggested
that [HBI:3] and [HBI:2] showed that these biomarkers correlate most positively and,
consequently, co-occurred during a period of low seasonal sea ice change, and were less
positively correlated during a period characterized by high seasonal change. Therefore, it
seems that both biomarkers have to be considered carefully when they are taken separately.
PCA show [HBI:3] is significantly correlated with Rhizosolenia spp and Proboscia inermis
(0.491 and 0.635 respectively; Suppl. Table 2), in agreement with Sinninghé et al. (2004) that
found the [HBI:3] to be synthesized by the Rhizosolenoids. While the analysis of the
hydrocarbon content of several temperate species belonging to the genus Proboscia did not
reveal the presence of HBIs, the polar species P. inermis may be able to synthesize these

compounds.

Titanium (Ti) is considered as an indicator of terrigenous inputs (Denis et al., 2006; Presti et
al., 2011). In Antarctic coastal areas, delivery of terrigenous particles is possible via several
dominant modes such as meltwater discharge, ice rafting, runoff from outlet glaciers, and
although, considered negligible in coastal East Antarctic regions, eolian transport (Presti et
al., 2003; Escutia et al., 2003; Denis et al., 2006). In the literature, Ti content is used to infer
past changes in terrigenous supply to the ocean and associated to open conditions (Denis et
al., 2006; Campagne et al., 2015). Therefore, Ti is an indicator of enhanced melting period
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over the ice-free season. In our data, Ti is located in the F1+&F2+ area (Fig. 38), and displays
high significant positive correlation with some open water taxa, e.g. F. kerguelensis (0.248;
Suppl. Table 2), P. glacialis (0.228; Suppl. Table 2) and T.antarctica (0.238; Suppl. Table 2),
in line with previous studies. In the same way, Ti presents significant negative correlations
with F. cylindrus (-0.283; Suppl. Table 2). Unexpectedly, Ti also shows significant negative
correlations with [HBI:3] (-0.218; Suppl. Table 2) and positive correlations with the [HBI:2]
(0.372; Suppl. Table 2).

Variations in the relative abundances of Zirconium (Zr) and Rubidium (Rb) content provide
an estimate of the variations in sediment grain size, where Zr represents the coarsest sediment
fraction and Rb the finest (Dypvik et al., 2001). In the Weddell Sea and in the Mertz
Depression, recent studies have proposed the Zr/Rb ratio as an indicator for enhanced bottom
water formation and increased (coarser) sediment transport due and intensification of
convective current during periods of intense sea ice formation and brine rejection (Sprenk et
al., 2014; Campagne et al., 2015). Zr/Rb is located on F1-&F2+ axes (Fig. 38), and displays
highly significant negative correlations with some open water taxa, e.g. P. glacialis (-0.193;
Suppl. Table 2), T. antarctica (-0,188; Suppl. Table 2) and F. kerguelensis (-0,176; Suppl.

Table 2), coherent with the use of the ratio.

Other open water related proxies, the Rhizosolenia gp (Rhizolenia spp and Proboscia spp), the
Thalassiothrix gp (Thalassiotrix antarctica and Trichotoxon reinboldii) and F. rhombica, are

discussed in Supplement Note 2.

4.1.3 Surface water stratification and wind conditions related proxies

Vegetative cells of Chaetoceros Hyalochaete are often observed in high abundances within
the surrounding pack ice waters (Gleitz et al., 1998) and are abundant in Adélie Land surface
waters (Beans et al.,, 2008). High nutrient content in surface waters, surface water
stratification by sea ice meltwater and stabilization by low wind intensity appear to be the
most important factors for the development of C. Hyalochaete blooms (Leventer, 1991;
Leventer, 1998). It has been suggested that resting spore formation occurs when the bloom

begins to decline as a response to decreasing nutrient levels, low light levels during vertical
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mixing of the water column or as a result of reduced seasonal insolation during the autumn
(Hollibaugh et al., 1981). Nutrient depletion in highly stratified surface waters, as a result of
both meltwater input and thermal warming (Leventer, 1991), is probably the main trigger for
spore formation. Highest sedimentary abundances of CRS (>80%) occur in the Antarctic
Peninsula with ~7 months/year sea ice cover (Armand et al., 2005). In Holocene sediment,
high relative abundances of CRS are commonly used to track high productivity events and
strongly stratified surface waters at the receding sea-ice edge (Leventer et al., 1996; Denis et
al., 2006; Leventer et al., 2006). Chaetoceros Hyalochaete vegetative cells were here counted
with CRS, as they are generally present in low abundance in Antarctic sediments. CRS is
significantly located on the F1-&F2+ area in our PCA, strongly separated from other diatom
species (Fig. 38). CRS display numerous negative significant correlation with both sea ice
associated and open ocean associated species (e.g. F. curta, F. cylindrus, F. rhombica, F.

kerguelensis, Chaetoceros cryophilum; Suppl. Table 2).

Other wind and stratification condition related proxies such as the Chaetoceros Phaeoceros
(Chaetoceros dichaeta and C.cryophilum), the Benthic gp (Cocconeis spp, Grammatophora
spp, Trachyneis spp, Licmophora spp, Melosira sol and M. adelia, Achnantes brevipes,
Amphora spp, Diploneis spp, Pseudogomphonema spp, O. weissflogii and Corethron spp are

discussed in Supplement Note 2.

4.2 Relationship between sedimentary proxies and instrumental data

Environmental parameters were averaged over the ice-free season (from November to March)
to allow a direct comparison of the impact of atmospheric and sea surface conditions on
sedimentary response, and by inference, biological surface response. Although the
standardization partially hid the variability of our sedimentary signals (Suppl. Fig. 36), the
main characteristics are preserved and allow for interannual comparisons. Results are
summarized and presented in Table 3. Hereafter, we use the main diatom species and species

groups along with geochemical proxies identified in the previous PCA (Fig. 38).
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4.2.1 Axis interpretation

20
18
16
14
12

10

Variability (%)

F1 F3 F9 F11 F13 F17 F19 F23 F25 F27 F29
F2 F8 F10 Fi2 Flll FIE F18 FZO F22 F24 F26 F28 F30

=] ~ - [ -]

Axis

Figure 39. Axis contribution to the total variability, from PCA on standardized sedimentary and
meteorological parameters.

On both PCA (Fig. 40) enhanced sea ice concentrations (SIC) and late sea ice retreat are
located on F1-, along with late sea ice advance, which is insignificant (Fig. 40). In contrast, a
longer ice-free season is significantly located on F1+ (Fig. 40). F1 axis, which represents the
highest variance of 18.09 % (Fig. 39), represents sea ice conditions from November to March.
As expected, the length of the ice-free season and SIC are strongly linked with sea ice cover
dynamics. Pearson correlations indicate that early sea ice retreat and delayed sea ice advance
are associated with decreasing SIC and a longer ice-free season, and vice versa (Suppl. Table
3). The easterly wind direction is significant on F1+ while the southerly wind component is
significantly located on F1- (Fig. 40a; Suppl. Table 3), indicating that sea ice conditions off
Adélie Land respond to the dominant wind field. Indeed, our data indicate that more easterly
winds are associated to both earlier sea ice retreat and earlier sea ice advance, whereas more
southerly winds are linked to later sea ice retreat and later sea ice advance (Suppl. Table 3), in
line with section 2.5 (Cases B and C respectively). The length of the ice-free season does not
show any relationship with atmospheric parameters but mainly depends on the timing of sea

ice retreat (Suppl. Table 3), whereby earlier opening would lead to longer open season.

F2 axis accounts for 16 % of the total variance (Fig. 39). Westerly and northerly wind
directions are significantly located on F2- and F2+, respectively, with very low scores on F1
(Fig. 40a; Suppl. Table 3). Westerly and northerly winds further display high positive
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relationships with the timing of the closing date, but show no links with the opening date.
They also show negative relationships with the wind speed (Fig. 40b; Suppl. Table 3). These
results indicate that westerly and northerly wind fields generate delayed sea ice advance in
autumn. The westerly wind component is associated with southerly winds and low
temperatures (Suppl. Table 3). Increasing wind direction (southerly to westerly winds) or
weak onshore (northerly winds) circulation is of cyclonic origin in our study area (section 2.5,
Case A). This result suggests that storm forcing on sea ice conditions are represented by the
F2 axis. Additionally, the wind speed parameter seems to be closely associated to the F5 axis

(Fig. 40b) and represents a lower contribution of 7.65 % (Fig. 39).

These results agree well with the PCA between seasonal atmospheric forcing and sea ice
conditions over the core site depicted in section 2.5, and with several studies at larger spatial
scales (Massom et al., 2003; 2009; Smith et al., 2011; Wang et al., 2014; Campagne et al.,
2015) which argue that wind conditions, and particularly wind direction, exert a strong impact

on sea surface conditions off Adélie Land.
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Figure 40. PCA on standardized sedimentary and meteorological parameters. PCA on sedimentary
standardized data from the DTCI 2010 core, combined with environmental parameters. The yearly
standardized data sedimentary data representing the ice-free season of the related year, and weather
forecast/satellite data were averaged between November and March. a) F1 axis represents the sea ice
conditions (blue square): opening, closing and SIC linked to the main wind direction (in red triangle):
East and South winds. F2 axis represents the secondary wind direction in the study area (in red
triangle): North and West winds. Additional parameters such as wind speed and temperature (green
triangle) are also represented. Red shaded areas represent the open water diatom assemblages, based
on significant correlation between species (Suppl. Table 3). Dotted lines represent a positive
correlation between sediment proxies and environmental parameters. b) F1 axis represents the sea ice
conditions (blue square): opening, closing and SIC linked to the main wind direction (in red triangle):
East and South winds. F5 axis represents the wind speed (green triangle). Secondary wind directions
such as North and West winds (in red triangle) and temperature (in green) are also represented. Red
shaded areas represent the open water diatom assemblages, based on significant correlation between
species (Suppl. Table 3). Dotted lines represent positive correlation between sediment proxies and
environmental parameters.

4.2.2 Sedimentary response

a Westerly winds increase spring sea ice conditions (Case A; section 2.5)

A dominant westerly wind component originating from enhanced cyclone activity conducts to
lower temperatures and wind speed in our data (Suppl. Table 3). Westerly winds have been
observed to promote pack ice or thinner sea ice lasting longer in spring (see section 2.5) and
delayed sea ice advance in autumn in our study area (Suppl. Table 3). Under such conditions,
the sedimentary response shown by the PCA indicates increased an abundance of [HBI:2].
Indeed, [HBI:2]/[HBI:3] (0.398; Suppl. Table 3) is significantly correlated with westerly
winds and presents a strong negative relationship with low temperature in our data (Fig. 40).
Similar environmental relationships are observed for [HBI:2] (Fig. 40), agreeing with the

environmental interpretation of [HBI:2] as a sea ice indicator.

b Northerly winds increase spring sea ice conditions (Cases A or B;
section 2.5)

At the Antarctic scale, northerly winds promote early spring sea ice retreat and late autumn
sea ice advance (Stammerjohn, et al., 2008). Northerly winds in our study area have been
observed to decrease northward transport of sea ice (Holland et al., 2012). Our PCA results

(Fig. 40) indicate that the northerly wind component is associated with lower wind speeds
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conducive to delayed sea ice advance at the core site (see section 4.2.1), but relationships with
SIC and sea ice retreat date are not clear in our data. We propose that northerly winds have
two opposite impacts on sea ice conditions off Adélie Land. First, they tend to increase spring
sea ice presence in the area, likely by pushing the offshore pack ice toward the coast.
Secondly, they contribute to increased summer melting and limit ice growth in autumn by
transporting warm air from the north and by enhancing the swell. Under such environmental
conditions, the sedimentary response shown by the PCA indicates concomitant increasing
abundances of the Rhizosolenia gp, [HBI:3], F. cylindrus and E. antarctica, that have high
scores on F2+ (Fig. 40a). The concomitant presence of sea ice related proxies and open ocean
proxies indicate a marked seasonal cycle. Fragilariopsis cylindrus displays a strong
association with high temperature in our study area, but present a non-significant positive
relationship with SIC (Suppl. Table 3). These results may indicate that this species would
respond to heavier pack ice conditions in spring and subsequent melting. Similarly, E.
antarctica is strongly related to northerly winds through later sea ice retreat and shorter ice
free season in our data (Fig. 40; Suppl. Table 3). The presence of [HBI:3], a marker of open
water related productivity, along with Rhizosolenia gp, an indicator of warmer conditions and
of a long diatom productivity season (see section 4.1.1), would support the presence of stable
sea surface conditions due to longer melting conditions during spring-summer and with

enhanced open water conditions in autumn.

c Easterly winds induce open conditions (Case B; section 2.5)

A dominant easterly wind component yields to earlier sea ice retreat and earlier sea ice
advance, less SIC from November to March, and in some extent to a longer ice free season in
the study area. Under such environmental conditions, the PCA indicates that the sedimentary
response consists of higher abundances of several proxies strongly linked to F1+,
Thalassiotrix gp, T. antarctica, P. glacialis, F. kerguelensis, Fragilariopsis summer gp, the
Benthic gp, [HBI:3] and Ti (red shaded area on Fig. 40). As they are closely positioned on
F1+, these diatom species/gp and geochemical proxies display a strong positive
intercorrelation (Suppl. Table 3) as well as being correlated with the easterly wind
component. The Ti signal is also highly linked to the northerly wind component (Suppl. Table
3), suggesting that this proxy is tied to onshore/westward wind circulation and probably
responds to longer ice—free season. Thalassiotrix gp, T. antarctica, P. glacialis, F.
kerguelensis and Ti are strongly linked to low SIC over the ice free season in our study area
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(Suppl. Table 3). Similarly, [HBI:3], P. glacialis (-0.431; Suppl. Table 3), F. kerguelensis (-
0.360) and T. antarctica are strongly associated with earlier open water conditions, and F.
kerguelensis is linked to a longer ice-free season. Open water gp, C. cryophilum, F.
kerguelensis, Ti and [HBI:3] are highly associated with ice free seasons characterized by
weak winds, suggesting that these species prefer more stable environments. However some
differences also appear in the environmental response of these proxies. While the
Thalassiotrix gp is strongly linked with more open conditions in autumn, P. glacialis and T.
antarctica are, contrastingly, associated with an earlier sea ice advance and lower temperature
(Fig.40; Suppl. Table 3). These results agree well with ecological preferences of P. glacialis
and T. antarctica, which are considered as biological indicators of early sea ice conditions in
autumn. However, in our study P. glacialis is linked to a longer ice free season, contrary to T.
antarctica ((Fig.40; Suppl. Table 3). These results contradict paleoecological inferences on
these species whereby P. glacialis has been associated with areas experiencing a slightly
longer annual sea ice cover relative to T. antarctica (Armand et al., 2005; Pike et al., 2009),
maybe because these studies did not separate the two varieties of T. antarctica.

Our results are generally in line with the known ecology of this geochemical and diatom
assemblage (section 4.1.1). Several of these proxies are associated with enhanced open
conditions during the ice free season in the area. Indeed, increasing abundances of T.
antarctica, F. kerguelensis, P. glacialis, large centric diatoms that constitute the Open water
gp, [HBI:3] and Ti have been attributed to more open conditions in the Mertz Glacier Polynya
area, during periods with reinforced easterly wind conditions (Campagne et al., 2015). This
sedimentary assemblage that is associated to an easterly wind promoting open water
conditions may therefore reflect the development of the DDU polynya (Arrigo et al. 2003)

during the early spring-summer period in the study area.

d Katabatic winds and coastal polynya (Case C; section 2.5)

A dominant southerly wind component is conducive to a delayed spring sea ice retreat and
late autumn freezing, higher SIC from November to March, and to some extent, a shortened
ice free season in the study area (section 4.2.1). Strong southerly winds (katabatic) produce
open water conditions near the coast but not necessarily at the core site. Southerly winds
allow more fast ice to be transported northward of the core site (section 2.5) by restoring the

eastward drift of the pack ice. Under such environmental conditions, the sedimentary response
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shown by the PCA indicates increasing abundances of CRS and Zr/Rb that are strongly linked
to F1- (Fig. 40a). Their response to katabatic wind events is probably through the opening of
the coastal polynya (section 2.5). In addition, although CRS shows no relation with SIC
parameters, this group is associated to a strong wind speed (0,364; Suppl. Table 3) over the
ice-free season, in agreement with the environmental interpretation of the species (section
4.1). In contrast, Zr/Rb is closely associated with increasing SIC over the ice-free season in
addition to a delayed sea ice retreat (Suppl. Table 3).

Enhanced polynya activity along the coast has been shown to coincide with deep mixed layer
and high Chl a levels (Vaillancourt et al., 2003; Riaux Gobin et al., 2013). Stronger vertical
mixing may increase nutrient availability; favoring the rapid development of Hyalochaete
spp. Spore formation may occur through deep mixing of vegetative cells under the photic
zone or nutrient depletion when winds weaken. Northward lateral advection of surface
production from the coast to the study area may explain the occurrence of CRS along with
more sea ice at the core site. Continuous sea ice formation in the coastal polynya may have
favored brine production and subsequently, stronger bottom currents, leading to the observed
Zr/RDb values.

4.3 Which proxies and environmental interpretations for long term

reconstructions

We here discuss the relevance of our results as proxies for long term reconstructions, by

commenting on their co-occurrence with environmental parameters over the last 40 years.
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Figure 41. Raw sedimentary records from DTCI 2010 interface core over the 1970-2010 period.
Relative abundances of Fragilariopsis cylindrus (blue), concentrations of [HBI:2] (greenish blue),
relative abundances of Chaetoceros Hyalochaetes resting spores (CRS; green), the
Zirconium/Rubidium ratio (Zr/Rb; brown), Fragilariopsis kerguelensis (red), open water group
(orange), Titanium levels (Ti; reddish brown), concentrations of [HBI:3] (yellow) and Thalassiosira
antarctica/Porosira gp ratio (violet). The blue shadings indicate periods marked by increasing sea ice
concentration at the core site.
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Figure 42. Meteorological parameters and climate index over the 1970-2010 period. Daily
meteorological parameters were averaged over the November to March period. E/S (light green)
represents the amount of days over the ice free season where the wind blew from the easterly (45° to
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135°) versus southerly (135° to 225°) wind component; N/W (green) represents the amount of days
over the ice free season where the wind blows from the northerly (315° to 45°) versus westerly (225°
to 315°) wind component; wind speed (dark green); sea ice concentrations (SIC; blue); the sea ice
advance (violet) accounts for the day of the year (DOY) where the sea ice concentrations increase over
40%); the sea ice retreat (light blue) accounts for the DOY where the sea ice concentrations drop below
40%); the length of the ice-free season from the sea ice retreat to the sea ice advance is marked by the
hatched area. Blue shaded areas mark increases of SIC.

4.3.1 Seaice conditions

Highest abundances of F. cylindrus cells in sediments are observed during the ~1972-1979,
1983-1984 C.E., 1996-1998 C.E. and 2002-2003 C.E. periods (Fig. 41). At the same time,
analysis of the satellite data reveals the presence of heavier sea ice conditions in the area
during spring, summer and autumn in the 1979-1981 C.E., 1990-1998 C.E. and 2001-2004
C.E. periods (Fig. 42). Although these intervals broadly coincide with those characterized by
higher abundances of F. cylindrus, ice concentration during the productive season does not
satisfactorily explain the variability of species abundance during the last 40 years. Since this
species has previously been reported as favouring environments characterized by the presence
of sea ice in spring (Kang and Fryxell, 1992; Armand et al., 2005), cell abundances were
compared with the timing of the sea ice retreat. Again, both records displayed only a weak (or
non-existent) relationship (Fig. 42). Interestingly, a strong relationship is observed between F.
cylindrus abundances and wind origins. The increasing occurrence of relatively weak
northerly winds (N/W ratio >0.9), bringing warmer water masses and somewhat advecting
pack ice into the area during 1971-1975 C.E., 1979-1980 C.E., 1984 and 1992 C.E. and in the
1996-2001 C.E. period (Fig. 42), would contribute to the stratification of surface waters with
large amounts of sea ice meltwater that have also been identified as promoting the
development of this species. The [HBI:2] concentrations increased in 1971-1978 C.E., ~1982
C.E., 1985-1986 C.E., ~1989 C.E., 1995-2002 C.E., and since 2006 C.E. (Fig. 41). As
observed for F. cylindrus, [HBI:2] concentrations do not closely follow SICs and the sea ice
dynamics at interannual scale over the last 40 years. Rather, high concentrations of this
biomarker co-occur with more westerly winds, as the N/W ratio is low between 1975-1979
C.E., 1981-1982 C.E., 1985-1991 C.E., 1993-1996 C.E., 2000 C.E. and since 2002 C.E. (Fig.
42), suggesting [HBI:2], and sea ice dwelling diatoms, would have greater affinities with pack
ice conditions relative to fast ice. Our results therefore attest to the importance of the origin

and nature of the sea ice in the sedimentary distribution of sea ice proxies in our study area.
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Distinction of the two sea ice structures through finer satellite study in the region (e.g.
MODIS satellite imagery) would help to assess and better constrain such relationships.
Although [HBI:2] and F. cylindrus are both associated with increasing pack ice in our study
area, the biomarker record lags the diatom record by ~2 years in core DTCI2010. This may
suggest that one species (F. cylindrus) responds better to warmer (melted) conditions relative
to the other species ([HBI:2]). However, time series studies on the formation, export and
burial of HBIs and diatoms are necessary to fully understand this decoupling. We note that the
two proxies present similar trends at sub-decadal scale, supporting their use as complementary

sea ice indicators for paleoclimate studies.

The T. antarctica/Porosira gp ratio increased slightly over the 1976-1978 C.E., 1982-1985
C.E. and ~1995-1996 C.E. periods, reaching highest values between 2000-2010 C.E. (Fig.
41). As already observed for previous sea ice related proxies, the distribution of autumnal
bloom species does not closely follow SICs variability in our study area. However, the large
T. antarctica/Porosira gp increase over the last decade coincides with the earliest sea ice
advance in the last 30 years, occurring in March, which resulted from the prevalence of
easterly winds (Fig. 42). A significant shift to more easterly winds in Adélie Land was
concomitant to a southward migration of the mid-latitude Westerlies and to positive Southern
Annular Mode (SAM) values since 1960 C.E. (Campagne et al., 2015), the latter being the
principal mode of atmospheric variability over the Southern Ocean (Thompson and Solomon,
2002). Enhanced easterly winds have been observed to weaken the northward transport of sea
ice in the region, increasing sea ice conditions (Massom et al., 2003; 2009). This suggests that
T. antarctica and Porosira spp are likely good indicators for autumnal sea ice dynamics

forced by atmospheric variability.

4.3.2 Open ocean conditions

At the opposite of the sea ice related proxies, open ocean proxies seem to follow sea ice
conditions in our study area relatively well, regardless origin, structure and nature. Indeed, the
Open Water gp and F. kerguelensis assemblages display similar patterns, increasing in 1972-
1977 C.E., in 1980-1986 C.E., in 1995-2001 C.E. and at ~2007 C.E. (Fig. 41), which
coincides with periods of low SICs, earlier sea ice retreat and enhanced ice free season (Fig.
42). Similarly, [HBI:3] exhibits high values in ~1973 C.E., ~1978 C.E., 1983-1985 C.E., and
moderate increase in 1995-2001 C.E. (Fig. 41), supporting a strong relationship with ice- free
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conditions. The maximum occurrence of [HBI:3] between the mid 1970s to the mid 1980s
coincides well with positive temperature anomalies and lower wind speed anomalies at that
time (Fig. 42), arguing for a strong relationship between biomarker development and surface
conditions forced by atmospheric variability. The open ocean proxies discussed above further
present a similar long term trend in core DTCI2010, supporting their use as indicators of the
lengthening of ice free conditions in paleoclimate studies. Additionally, these proxies are
relatively coherent with the Ti increasing values in 1975-1978 C.E., 1985-1987 C.E., 1996-
2001 C.E. and ~2008-2010 C.E. (Fig. 41). However, highest Ti values occurred in 1970-1972
C.E., concomitant to a slight increase of open ocean proxies and no particular warming trend
in monitored temperatures (Fig. 42). This suggests that Ti content can be impacted by rapid
terrigenous events that are independent of the length of the ice-free season (Fig. 42).
Therefore, downcore differences between Ti and open ocean proxies may help in identifying
episodic events such as local glacial discharge or ice rafted material derived from the Mertz
Glacier Tongue basal melting (Maddison et al., 2006; Dinniman et al., 2012; Campagne et al.,
2015).

4.3.3 Polynya activity

Chaetoceros RS and Zr/Rb exhibit contrasting trends during the 1970s to the mid 1980s, with
decreasing (increasing) CRS (Zr/Rb) values during the 1973-1976 C.E. and the ~1977-1978
C.E. periods, and are then relatively in phase with concomitant increasing values in
1984/1985-1987 C.E., and in 1989-1995 C.E. (Fig. 41). Zr/Rb follows SIC variability
relatively well whereas CRS relative abundances follow spring sea ice dynamics (Fig. 42). It
is also worth noting that both proxies coincide well with prevalence of southerly winds in our
study area between 1983-1996 C.E. (Fig. 42). Such a change in their relationships during the
1970s-1980s may highlight a decoupling between polynya activity and katabatic winds. While
CRS are strongly linked to katabatic wind pulses and rapid stratification/mixing events,
polynya activity (and bottom water velocity) may respond to windy conditions, whatever the
wind origin. In Adélie Land, maximum wind speeds have been found for prevalent south to
easterly winds (section 2.5). This, combined with increases of Zr/Rb between 1970-1985 C.E.
and highest open ocean proxies values, suggests a balance between easterly and southerly
winds over the ice free season during this period, promoting early spring polynya activity and

summer open conditions. Subsequently, strong and persistent easterly winds, along with
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increasing onshore wind circulation, may have softened polynya activity since the mid 1990s

(Figs 41 & 42).

Table 3. Summary of our results. Summary of the statistical relationships of geochemical proxies,
diatoms and the species association downcore (left column), of their known ecological preferences and
utilization (middle column), and presentation of their relationships with meteorological parameters
over the 1970-2010 period off Adélie Land (right column).

PROXY/GROUP IN DTCI | KNOWN ECOLOGY | ENVIRONMENTAL/METOROL

2010 (PEARSON AND PCA) | (LITTERATURES) OGICAL RELATIONSHIPS
OFF ADELIE LAND

F. cylindrus Spring sea ice covered/sea ice | Onshore wind circulation increase

stratified waters

melted (relative warm

spring
conditions) pack ice conditions

[HBI:2], [HBI:2)/[HBI:3]

Spring sea ice environment

Westerly winds increase spring
compacted (cold conditions) pack

ice conditions

Banquisia gp (N. directa N.
glaciei, Synedra spp, Ephemera

spp)

Spring sea ice conditions

No clear pattern

F. obliquecostata

Surface melt pools, sea ice

covered waters

No clear pattern

E. antarctica

Ubiquist, open conditions

Onshore wind circulation increase
spring-summer sea ice conditions
(short ice free season, delayed sea

ice retreat)

Fragilariopsis summer gp (F.

ritscheri, F. sublinearis)

Summer sea-ice edge

environment, melted waters

No clear pattern
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T. antarctica

Open water conditions in
summer-autumn, slush and
wave-exposed  shore ice

environment

Easterly wind induce summer open
but icy
conditions (early sea ice advance)

conditions autumn

Porosira gp (P. glacialis, P.
pseudodenticulata)

Relative open water
conditions in summer, slush
and wave-exposed shore ice
environment, icy autumn and

early sea ice advance

Easterly wind induce summer-
autumn open conditions (long ice
free season, relatively early sea ice

advance)

F. kerguelensis

Open water-ice free

conditions during summer

Easterly wind induced summer open
conditions (earlier sea ice retreat,

long ice free season)

Open water gp (T. lentiginosa,

T. oliverana, T. trifulta, T.
gracilis, T. tumida,
Coscinodiscus spp, A.

actinochilus, S. microtrias)

Open water-ice free

conditions during summer

Easterly wind induced summer open
conditions (earlier sea ice retreat,

long ice free season)

[HBI:3]

Open water-ice free

conditions during summer

Easterly-onshore wind circulation
induced summer open conditions

(early sea ice retreat)

Rhizosolenia gp (Rhizolenia
spp, R. antennata semispina,
Proboscia spp, P. truncata and

P. inermis)

Open conditions in autumn,
highly stable and nutrient poor

waters

Onshore wind circulation induce
stable surface waters, no clear trend

with sea ice conditions

Thalassiotrix gp (Tx. antarctica,
T. reinboldii)

Open conditions in autumn,
highly stable and nutrient poor

water column

Easterly wind induce summer-
autumn open conditions (low SIC,

long ice free season, early sea ice
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retreat-later sea ice advance)

F. rhombica Spring-summer ice free-less | Spring-summer warm conditions,
icy conditions delayed ice free season (late sea ice
retreat-late sea ice advance)
Ti Summer open conditions, | Onshore wind circulation increase
melted conditions spring melted (warm conditions) sea
ice and summer open conditions
(low SIC)
Zr/Rb Polynya environment Katabatic winds induce coastal
polynya and sea ice formation (high
SIC)
CRS (Chaetoceros | Rapid changes in | Katabatic winds pulses induce
Hyalochaetes spp) stratification, decreasing | coastal polynya or turbulent surface

nutrient levels

layer events (high wind speed)

Phaeoceros gp (C. Phaeoceros
spp, C. atlantica, C. dichaeta)

Open water environment

No clear pattern

Benthic gp (Cocconeis spp,

Grammatophora spp,
Trachyneis spp, Licmophora
spp, Melosira solenia,

Achnantes brevipes, Amphora
spp, Diploneis spp, Melosira
adelia, Pseudogomphonema

spp, O. weissflogii)

Spring wind (storm) induced

mixing conditions

Ambiguous pattern: cold conditions,

open conditions (low sea ice

concentrations, early sea ice retreat,

long ice free season)

Corethron gp (C. criophilum, C.

pennatum)

Open ocean conditions,

surface mixed waters

No clear pattern
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5 Conclusion

Investigation of annual to interannual relationships between diatom communities, diatom
specific biomarkers and major element abundances in connection with meteorological
parameters show that the relevance and use of some proxies (1) may be characteristic of the
study area (e.g. CRS assemblage), or (2) differ slightly from previous long term studies (e.g.
F. cylindrus). Indeed at such a fine scale, the distribution of the sea ice related proxies in
sediment highlights complex relationships of the biota with sea ice concentration, sea ice
dynamics, sea ice cover structure and origin, constrained by the wind pattern. However, we
note that the complex relationship between winds and sea ice should be alleviated at longer
time scales if larger atmospheric and ocean temperatures changes become more preponderant.
Open ocean related proxies seem to primarily respond to the lengthening of the growing
season in our study area, agreeing well with previously published regional to large scale
studies. Polynya activity may be inferred from variations in the Zr/Rb ratio values.
Monitoring the sedimentary signal formation in surface water, through the water column and
its export and burial in deep-sea sediments is necessary to understand the local behaviour of
the proxies commonly constrained via synoptic studies. Other high-resolution and longer
timescale reconstructions are required to refine our understanding of the ice-ocean-

atmosphere interactions and system feedbacks.
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Chapitre 1V: La période historique en Terre Adélie-
Georges V - identification des forcages climatiques
et de leurs mecanismes associés

Au cours des dernieres décennies, les observations satellites ont montré une augmentation des
conditions de banquise en Antarctique de I'Est, qui contraste avec le réchauffement observé en
Antarctique de I'Ouest (Cavalieri et de Parkinson, 2008). Les quelques enregistrements
sédimentaires marins qui existent dans I'Océan Austral, généralement de faible résolution,
suggerent néanmoins que cette asymétrie a également caractérisé la période de I'Holocéne en
Antarctique, avec notamment des conditions de glace présentant une réponse régionale forte
(Denis et al., 2011; Shevenell et al, 2011; Etourneau et al, 2013). Cette forte hétérogénéité
spatiale en Antarctique complexifie la compréhension des mécanismes climatiques sous-

jacents agissant a I'échelle décennale et centennale.

Dans ce quatrieme chapitre, I'objectif était d'identifier les forcages locaux, régionaux et
synoptiques ainsi que leurs mécanismes associés aux echelles pluri décennale a inter annuelle
au cours de I'Holocene tardif. Grace & deux archives sédimentaires completes couvrant la
période historique, notre intérét portait sur la caractérisation des conditions océanographiques
et climatiques en Antarctique de I’Est au cours des derniers siécles, la ou d'autres
enregistrements manquaient. Nous avons également tenté de mettre en avant d'éventuels
schémas répétitifs au cours de I'Holocene tardif grace a I'analyse par ondelettes des signaux
sédimentaires. Dans la premiére partie de ce chapitre, nous nous sommes focalisés sur 1’étude
de la carotte CB2010 afin de documenter les variations des conditions de surface au cours des
derniers 250 ans dans la polynie du Mertz en TAGV, en relation avec la dynamique du glacier
de Mertz. Le but étant de déterminer les mécanismes contrdlant les changements locaux
environnementaux a 1’échelle pluri décennale. Ce travail a fait 1’objet d’un article scientifique
publié dans Nature communications. Dans la deuxiéme partie de ce chapitre, nous nous
sommes attachés a reconstruire les changements environnementaux au cours des derniers 500
ans grace a la carotte DTCG2011 au large de Dumont D'Urville, pour ensuite les comparer a
ceux documentés dans la premiere partie de ce chapitre, afin d'identifier la variabilité
climatique associée aux forcages locaux, régionaux et synoptiques aux échelles pluri
décennale a inter annuelle au cours de I'Holocene tardif. Les résultats sont également

présentés sous la forme d'un article scientifique, en préparation. Dans ce quatrieme chapitre,

123



nos résultats montrent trois intervalles climatiques séculaires au cours des derniers 500 ans,
caractérisés par des changements de la dynamique saisonniére du couvert de banquise et des
conditions de polynie. Des variations décennales a pluri décennales relativement stationnaires
ont également été mises en évidence a travers nos enregistrements, et ont été associees a la

variabilité atmosphérique et océanique régionale, ainsi qu'a la dynamique glaciaire locale.
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Article Il: Glacial ice and atmospheric forcing on the Mertz

Glacier Polynya over the past 250 years

Article in NATURE COMMUNICATIONS - MARCH 2015
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3TAKUVIK, UMI 3376 UL/CNRS, Université Laval, G1V 0A6 Quebec (Quebec), Canada

The Mertz Glacier Polynya off George V Land, East Antarctica, is a source for the
Adélie Land Bottom Water, which contributes up to ~25% of the Antarctic Bottom
Water. This major polynya is closely linked to the presence of the Mertz Glacier
Tongue, which traps pack ice upstream. In 2010, the Mertz Glacier calved a massive
iceberg, deeply impacting local sea ice conditions and dense shelf water formation. Here
we provide the first detailed 250-year long reconstruction of local sea ice and bottom
water conditions. Spectral analysis of the datasets reveals large and abrupt changes in
sea surface and bottom water conditions with a ~70-year cyclicity, associated with the
Mertz Glacier Tongue calving and re-growth dynamics. Geological data and
atmospheric reanalysis however suggest that sea ice conditions in the polynya were also
very sensitive to changes in surface winds in relation to the recent intensification of the

Southern Annular Mode.
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1 Introduction

Antarctic Bottom Water (AABW) is considered as the great ventilator of the world deep
ocean and is a critical component of the global climate system™%. AABW is sourced by dense
saline shelf waters, locally produced in several polynyas, where low sea ice concentrations
and open water conditions are maintained during winter and favour local sea ice and brine
production®*. Coastal polynyas are usually associated with the presence of local topographic
or glacial features and synoptic-scale gravity winds®. Although they only represent a small
fraction of the area covered by sea ice, polynyas are considered of key importance for the
Earth climate system>°. Indeed, while the 13 major Antarctic coastal polynyas only represent
~1% of the maximum ice area, they are responsible for the production of 10% of the Southern
Ocean sea ice®. Recently, it has been shown that approximately 25% of the AABW is sourced
from the export of Adélie Land Bottom Water (ALBW) produced in the George V Land
polynyas®®. ALBW mainly originates from the Adélie Depression off the coast of George V

Lang®®”

, Where the Mertz Glacier Polynya (MGP) develops in winter along the western flank
of the Mertz Glacier Tongue (MGT) and further extend to the West in the adjacent coastal
bays (Commonwealth, Watt and Buchanan Bays; Fig. 43b)®°. The MGP constitutes the third
most productive polynya in Antarctica, with a winter area of up to 6,000 km?and an annual

sea ice production of 120 km?® over the 1992-2001 period®*.

Early in 2010, the Mertz Glacier (MG) underwent massive calving and lost half its tongue
after collision with the B09B iceberg. The generation of an 80 km long iceberg and
subsequent retreat of the MG front had a profound impact on both regional icescape and
ocean conditions”'%**, Satellite passive microwave data show that sea ice concentration (SIC)
increased by 50% (relative to the 1979-2009 period) in the MGP area after the calving
(Fig. 43e). Advection of thick consolidated sea ice and presence of fast ice downstream the
MG in the MGP (Fig. 43c,d) led to a large reduction in sea ice production in the MGP, which
in turn affected dense water formation®'%**. Within 2 years following the calving, bottom

water salinity decreased by over 0.30 psu in Commonwealth Bay (CB)°.

Located in the southern part of the polynya, CB is ideal for studying past dynamics of the
MGP and dense water formation®. Indeed, mooring observations and satellite data showed
that oceanic and sea ice conditions (Fig. 43e) over the CB and MGP areas have experienced
similar and synchronous pre- and post-calving changes over the recent years®. Additionally,
recent observations highlighting the presence of the saltiest waters of the Adélie depression in
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CB suggest that large production rates of dense shelf water occur in the bay®*3. Based on past
expeditions, it has been suggested that the MG previously underwent similar calving events in
the early part of the 20™ century?. However, these sporadic observations are insufficient to
reconstruct past MGT dynamics with a high level of confidence. In the present study we
provide a detailed reconstruction of surface and bottom oceanic conditions in the MGP over
the last 250 years. This reconstruction is based on high-resolution analyses of diatom
assemblages, diatom-specific biomarkers and major element abundances along a well-dated
interface sediment core retrieved in January 2010 at CB (Fig. 43a; 66°54,38'S - 142°26,18'E;
775 m depth). This study represents the first detailed assessment of the MG-MGP system
dynamics over the last centuries, and therefore provides essential information on how the
system recovers after major perturbations such as calving events. Here, we also evaluate the
impact of the recent positive shift in the Southern Annular Mode (SAM) on MGP surface

conditions through a century-long atmospheric reanalysis.
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Figure 43. Pre- and post-calving sea ice conditions in the George V Land. Aqua MODIS satellite
images showing sea ice conditions in the study area during summer a, and winter b, before the 2010
calving event, and during summer c, and winter d, after the 2010 calving event. The white star in a red
circle indicates the core location; the Dumont D’Urville station is indicated by a red square; blue
shadings indicate glacial features, the Mertz Glacier Tongue (MGT) and the BO9B iceberg; the Mertz
Glacier Polynya area in winter before and after the calving is designated by the yellow grid on b, and
d; the blue arrow indicates the general direction of the East Wind Drift; coastline is marked by the
black dotted line e, three-month averaged SSM/I time series of daily sea ice concentration (SIC)
anomalies in Commonwealth Bay (CB - dark blue) and in the Mertz area (MGP - light blue), for the
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1978-2012 period using 1978-2009 as the reference period (for the exact grid points locations see Fig.
49). The red shading indicates the 2010 calving event.

2 Results

Multi decadal trends of sea surface conditions. Variations of Fragilariopsis cylindrus
populations and di-unsaturated highly branched isoprenoid lipid [HBI:2] abundances

1415 \while summer open-ocean conditions are inferred

characterize spring sea ice occurrence
from high abundances of open water diatoms™® (see Methods). Ti content is used here to infer
changes in terrigenous supply to the ocean®’, thus reflecting the variability of the terrigenous
delivery by glacial melting, the dominant process in Antarctic coastal areas at such
timescale'®°. High (low) relative abundances of open water diatoms are concomitant with
high (low) contents of Ti and, conversely, with low (high) relative abundances of F. cylindrus
and low (high) concentrations of [HBI:2] (Fig. 44). Minimum abundances of [HBI:2] and F.
cylindrus associated with maxima of open water diatoms and Ti during 1740-1760, 1800-
1845 and 1880-1915 periods (Fig. 44) therefore indicate the presence of a well-developed
polynya characterized by low sea ice concentration during the winter, early spring sea ice
retreat and long summer season. The presence of a well-developed MGP promoted intense sea
ice formation during winter and enhanced brine-induced convection. Variations in bottom
current velocities were estimated from changes in sediment grain size inferred from
Zirconium versus Rubidium (Zr/Rb) relative abundances®. Assuming that greater deep-
reaching convection is associated with intensified bottom currents, the high Zr/Rb ratios (Fig.
44) recorded during periods of well-developed MGP suggest enhanced bottom currents
favouring a coarse sedimentation at the core location. In contrast, the 1760-1800, 1845-1880
and 1915-1960 periods are characterized by maxima in [HBI:2] and F. cylindrus relative
abundances and minima in open water diatoms, Ti and Zr/Rb records (Fig. 44). This reflects
the presence of heavier sea ice conditions in spring, leading to shorter growing seasons and
cooler summers, associated with reduced inputs from glacial runoffs and melting. During
these intervals, a reduction of the MGP area and sea ice production coincided with a weaker
bottom circulation, as revealed by the presence of finer (low Zr/Rb) sediments. Our records
therefore suggest that since the mid-18" century, surface ocean conditions and MGP activity
alternated between periods of high sea ice presence and periods of prolonged open-ocean

conditions.
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Figure 44. Sea ice and ocean conditions in Commonwealth Bay over the last 250 years. Sea ice
proxies: standardised concentrations of HBI:2 (light blue) and relative abundances of Fragilariopsis
cylindrus (dark blue). Open water proxies: standardised relative abundances of open water diatom
group (red) and Titanium content (orange). Bottom current variability: standardised Zr/Rb ratio
(green). Black curves represent the low pass filtered data, with a cut-off frequency at 1/32 (in year).
The blue shadings indicate decades following each calving event with marked increase in sea ice
concentration in the CB area.

Cyclic pattern. These multi decadal trends of the MG-MGP system are further characterized

by a strong asymmetric evolution with sharp increases in sea ice concentration at ~1760,

130



~1845 and ~1915, followed by a slow decrease over the subsequent decades (Fig. 44). A
similar sharp increase observed after the 2010 calving event (Fig. 43e) suggests that, at least
for the past 250 years, these asymmetric oscillations (~70 years periodicity) are related to a
series of large calving events. Each of these events probably induced a rapid closing of the
MGP as the loss of the ice tongue allowed for sea ice transported within the East Wind Drift
(EWD) to enter the area.

This scenario is further supported by the wavelet analysis of our dataset, which shows that all
variables exhibit a common high power in the 60-80 year band, throughout the entire record
(Fig. 45). Although such periods (60-80 years) are close to the limit of detection (the bottom
of the cone influence), they are characterized by a high statistical significance level of the
period (95%, according to [21]). Additionally, in the 60-80 year band a positive correlation,
characterized by rightward pointed arrows, is shown by cross wavelet analyses (see Methods)
between sea ice proxies (Fig. 45a) and between open water proxies (Fig. 45b). In contrast, as
indicated by leftward pointed arrows, negative correlations occur in the 60-80 year band when
comparing sea ice versus open water proxies (Fig. 45c,d,ef). Interestingly, continuous
wavelet transforms indicate that open water and sea ice diatom signals (Supplementary Fig.
S1) exhibit an additional ~20-25 year cyclicity which is absent from the geochemical proxies.
Although the causes remain unclear, differences in the spectral pattern of diatom and
geochemical records may be attributed to the origin of the proxies themselves. The [HBI:2] is
synthesized by diatoms living within or attached to sea ice. As such we expect a direct
response of [HBI:2] to sea ice concentration and the timing of ice waning™. Sea ice related
diatoms such as F. cylindrus thrive at the sea ice margin while open water diatoms thrive in
the water column. Therefore, we believe that diatoms respond to both the timing of sea ice
waning and oceanic biotic and abiotic factors such as stratification, upwelling, and the

15,16,17 22,23

injection of warmer waters which are expressed at shorter timescales
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Figure 45. Relationship between proxies and cyclicity of sea surface conditions in the Mertz Glacier
Polynya area. Cross wavelet transform (CWT) on the sedimentary proxies (using Morlet wavelet and
Monte Carlo methods) between a, [HBI:2] vs Fragilariopsis cylindrus; b, Titanium vs open water
diatoms; c, Titanium vs Fragilariopsis cylindrus; d, [HBI:2] vs open water diatoms; e, Open water
diatoms vs Fragilariopsis cylindrus; and f, [HBI:2] vs Titanium. Statistically significant periods are
identified by the black circled red zones. Rightward pointed arrows indicate positively correlated
signals while leftward pointed arrows indicate negatively correlated signals.

Barrier effect of the Mertz Glacier. Each calving event is characterized by relatively
elevated abundances of the sea ice proxies for a couple of decades, followed by a slow
decrease of the sea ice proxies and a concomitant increase of the open water proxies. These

results suggest that each event was followed by a slow and constant re-advance of the glacier
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but that a few decades are necessary for the tongue to reach a sufficient length to prevent sea
ice advection in the area. As such, during few decades after 1800, 1880 and 1960 (Fig. 44),
the tongue probably acted as a barrier and deflected the EWD pack ice northward, thus
restoring favourable conditions for the establishment of the polynya. Although only limited
observations exist to reconstruct the recent history of the MGP, it is clear that at least one
major calving event occurred between 1912, when the Australasian Antarctic Expedition led
by Mawson (1911-1914) measured a 150 km long tongue from the grounding line, and 1958,
when the Soviet Antarctic Expedition reported a 113 km long tongue™. The sharp increase in
sea ice proxies in 1915 strongly suggests that this event occurred only a few years after
Mawson’s expedition. Given the mean growth rate of the tongue of ~1 km/yr®, the glacier
had presumably reached ~150-160 km at that time when it calved. This length is similar to the

252 and is in line with Mawson's

one reached by the glacier prior to the 2010 calving
observations in 1912. If the MGT lost half (80 km) of its length, similar to the 2010 calving
event, it would have taken ~40 years for the tongue to grow back from ~80 km in 1915 to 113
km, based on the Soviet Antarctic Expedition in 1958. These results suggest that from the
1960s, the ice tongue was then long enough to effectively act as a barrier for drifting ice. In
the 1990s, signs of imminent calving were already detected with the formation of two major
rifts near the glacier grounding line and the front of the glacier grounding on the Mertz Bank
to the north'?, The shallow bathymetry of the bank (Supplementary Fig. S2) enhances local
tidal currents exerting lateral stress on the tip of the glacier, likely impacting the tongue
along-flow velocity®. In addition, the presence of several icebergs released by upstream

glaciers and grounded onto the Mertz bank'*?°

probably further increases the lateral distortion
of the tongue. As such, it appears that beyond a threshold of ~150-160 km, lateral stresses

exerted on the sides and at the lie of the tongue lead to its rupture.

Recent changes in seasonality. Interestingly, the analysis of the upper sediment section show
that while the MGT was sufficiently long to promote open water conditions in the lie of the
glacier during the last 50 years, both [HBI:2] and F. cylindrus remained relatively abundant in
the sediments (Fig. 44). Additionally, Zr/Rb values did not show a marked increase as
expected during this phase (Fig. 44). This suggests that, in contrast to previous cycles, pre-
calving conditions over recent decades were characterized by a more persistent sea ice cover
during spring and were associated with weaker bottom water circulation than observed during
previous cycles. We also note higher Ti contents (terrigenous inputs) along with greater

abundances of open water diatom species (and in particular large centric diatoms; Fig. 46)
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suggesting strong glacial melting and more persistent open water conditions led by warmer
surface waters during summer over the recent decades. Warmer open water conditions during
the summer are further confirmed by the large peak of a specific HBI isomer [HBI:3] during
the past 40 years (Supplementary Fig. S3). High abundances of [HBI:3] in sediments reflect
the contribution of phytoplanktonic-derived organic matter® and thus indicate a higher
phytoplankton productivity during the summer (Supplementary Note 1). Overall, these results
therefore provide strong evidence for changes occurring over the growing season in recent

decades. From our records, this apparent shift in seasonality is characterized by cooler and

icier springs, warmer and more open summers in line with recent atmospheric and oceanic
22,27

observations from other areas in the Southern Hemisphere
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Figure 46. Atmospheric forcing and impacts on the sea ice free season during the instrumental period
in the Mertz Glacier Polynya area. Evolution of the Southern Annular Mode (SAM) according to the

reconstructed Marshall index (blue, annual values and black, 11 years moving average) over the last
250 years31. Open water proxies: standardised relative abundances of Thalassiosira antarctica sp

134



(pink), large centric diatom group (yellow; see Methods for species composition) and Fragilariopsis
kerguelensis (orange). The blue shadings indicate decades following each calving event with marked
increase in sea ice concentration in the CB area.

3 Discussion

Our results strongly suggest that surface oceanic conditions and dense shelf water production
are closely related to the MGP presence and activity. Reasons for the ~70 years cyclicity of
the MGP are still not fully understood but, given the major constraints of the local
topography, it is likely that these cycles are set by the rate of advance and along-flow velocity

of the Mertz Glacier. However, according to several studies'?®

, icebergs released from
upstream outlet glaciers (e.g. Ninnis Glacier) could have impacted the stability of the MGT
when they grounded and/or passed through the area. Additionally, when the tongue is too
short to constitute a barrier, these icebergs can impact the regional oceanography for several
years, leading to a temporary increase in sea ice conditions, as observed since 2010 with the
presence of the B0O9B iceberg in front of CB (Fig. 43c,d). The resolution of our records
however does not allow us to capture such phenomena, if they ever occurred in or around CB
in the past. Our data also indicates a close relationship between the MG history and MGP
dynamics between 1740 and 1960. However, since the 1960s our records suggest
unexpectedly cool and icy springs at a time where the MG tongue should have reached a

sufficient length to promote the presence of a well-established MGP.

We propose that, superimposed on the large multi-decadal oscillations generated by the MG
dynamics, additional factors contributed to modulating sea surface conditions in the area. The
Southern Annular Mode (SAM), principal mode of atmospheric variability over the Southern
Ocean®®, has shown a steadily increasing index over the last 50 years®"*® (Figs 46 and 47a),
with a more positive trend in summer?”*°. Reconstructions indicate that this increase is
unprecedented over the last few centuries®’ possibly due to ozone depletion and a rise in

29,32

greenhouse gases~*“, and recent investigations have argued that such trend had a direct

influence on sea surface conditions in several regions around Antarctica through modulation

222329333435 The recent positive trend in the SAM index is indeed

of the wind pattern
associated with an intensification of the polar vortex® leading to a southward shift of
enhanced circumpolar westerlies?. This, in turn, led to a more intense Antarctic Circumpolar

Current®® and associated ocean eddy activity®*. We postulate that such large-scale changes
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impacted the sea ice distribution in spring, modified the summer off-shelf ocean circulation
due to changes in the large-scale wind stress pattern and are the dominant cause for the
contrasted response of the Adélie Land continental shelf over the last fifty years.

Indeed, several studies have evidenced a close link between the planetary circulation in the
southern polar atmosphere and the katabatic wind regime, the latter being part of the large-

37383940 Opservations in East

scale meridional tropospheric circulation over Antarctica
Antarctica revealed that an intensified tropospheric vortex was associated with weakened
katabatic winds over the Antarctic margin®® and analysis of the atmospheric wind fields
during the last 140 years from the 20CR reanalysis** confirms a significant westward shift of
the wind pattern in the George V Land over recent decades (Fig.47a, green curve;
Supplementary Note 2). A weakening of the meridional wind circulation and thus, increasing
zonal circulation over the last decades as suggested by [40;42] has also been observed in the
region®**®, Indeed, at seasonal to inter-annual time scales, sea ice conditions in the MGP area
have been shown to be sensitive to the latitudinal location of the Antarctic Circumpolar

Trough and associated to more along shore wind transport®**

. In the present scenario,
reduction of katabatic winds intensity over the MGP area would weaken the northward
transport of sea ice, resulting in the retention of more ice within the area. The latter would
delay the onset of sea ice melt in spring in agreement with higher sea ice proxies in our record
since 1960. Although based on a restricted number of data points, a reduction of sea ice
proxies in the uppermost sediment sections suggests a recent tendency toward a more reduced
sea ice cover in spring, in line with the recent analysis of the sea ice seasonality in the area

using the satellite records*.

Our data also indicate warmer sea surface conditions during summer over recent decades. As
recently observed in several Antarctic regions, it is argued here that intrusions of warm
Circumpolar Deep Water (CDW) onto the continental shelf promoted open water conditions
and higher sea surface temperatures’?**%_Increasing CDW contribution onto the Antarctic
Peninsula shelf was linked to the recent changes in the strength of the SAM*. Indeed,
modeling studies have shown that advection of CDW onto the Antarctic continental shelf is
linked to enhanced upwelling southward of the Antarctic Circumpolar Current (ACC),
promoted by a southward shift and strengthening of the Southern Ocean Westerlies®*'.
Surface wind stress curl calculated from the 20CR reanalysis indeed suggests long periods of

strong positive trend in upwelling-favorable vertical velocities with positive values starting
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roughly after 1950, concomitant with the SAM trend (Supplementary Fig. S4; Supplementary
Note 2). In the Mertz region, in contrast with West Antarctica, flooding of the shelf by the
CDW occurs as synoptic weather time scale intrusions rather than as a continuous flow’.
However the proximity of George V Land continental shelf to the southern ACC boundary
facilitates transport of CDW into the Mertz region®®, as suggested in other Antarctic areas®,
providing that adequate dynamical forcing exists to drive this water mass on the shelf.
According to [49], a number of mechanisms involving interaction of the zonal flow with the
topographic troughs disseminated along the Antarctic shelf break are likely to favor such
transport. While some of these may be linked to the internal variability of the flow™, some
would be the result of enhanced wind-driven zonal flow. We note that, off the Adélie Land
shelf, a more zonal wind pattern in the 20CR reanalysis (Fig. 47) over recent decades was
concomitant to the southward shift (Supplementary Fig. S5) and the strengthening®*’ of the
Westerlies at mid latitudes. Increasing zonal wind circulation poleward may have contributed
to accelerate the westward flowing Antarctic Slope Current, the southern branch of the

Australian Antarctic Basin cyclonic circulation®?

, thus favoring the inflow of CDW through
non-linear momentum advection onto the shelf trough. Recent observations suggest that a
weaker and more zonal circulation promote uplift and enhanced onshore intrusion of CDW*
and studies attributed an increased abundance of terrigenous particles in the sediments to
enhanced melting of both continental and sea ice during periods of increased advection of
warm CDW onto the shelf'"*8*%% The high terrigenous content recorded in CB2010 since
1960 (Fig. 44) can therefore be interpreted as a result of enhanced melting of regional glaciers
in response to increased advection of warm CDW onto the shelf. This enhanced melting of
glacial ice could also be contributing to further freshening the ALBW as reported by [9] and

co-workers.

Our results demonstrate that, in response to glacial dynamics and local physiography,
recurrent massive calving events of the Mertz glacier occurred over the last 250 years. These
events had profound impacts on ocean surface conditions and dense water production of the
downstream polynya. Taking into consideration that many of these glacier-polynya systems
are disseminated around Antarctica’ and that dense shelf water is ultimately a precursor of
AABW, whose impact on large-scale ocean circulation is well-known™?, our study provides
evidence that local processes may contribute to alter global ocean and climate systems. In
contrast to previous cycles, our data indicate that during the last 50 years, the region was

experiencing a more compact sea ice cover, a larger supply of glacial melt water and a
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slowdown of bottom currents. These results suggest a reduction of dense water production
and are consistent with the long-term freshening of the ALBW observed in the Australian
Antarctic Basin since the late 1960s>*°. This contrasted response of the MGP region during
the last Mertz cycle may just be a transitory phenomenon as the SAM increase over that
period is thought to be partly due to ozone depletion in the polar vortex. Since studies are
predicting that the ozone hole will replenish in the future decades®®, natural pluri decadal
glacier cycles such as those identified in our records are likely to take over.
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Figure 47. Evolution of the Southern Annular Mode and of the wind pattern over the Adélie-George V
Land since the 19th century. a, Standardized values of SAM index (5 yr running mean; blue),
computed in the 20CR reanalysis following [70], and the total wind direction angle at 2 meters (green;
°) computed in the red box of the lower panel using the same reanalysis. The North direction indicates
the 0° modulo 360° and the angle is counted positively clockwise; b, Annual mean wind speed from
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20CR reanalysis averaged over the period. 1871-2010. The red box indicates the study area where the
wind have been computed in panel a.

4 Methods

Sediment material and chronology. A 30.5 cm long interface core was retrieved aboard the
R/V Astrolabe (66°54.38' S; 142°26.18' E; 775m water depth) during the 2010 COCA cruise.
Positive X-ray images performed on the SCOPIX image-processing tool®’ gave detailed
information on sediment density and structure. SCOPIX images revealed that, in contrast to
high accumulation sites from Dumont d’Urville Trough, sediments from Commonwealth Bay
were massive with no signs of laminations. The core was sampled continuously at 0.5 cm
resolution and its chronological framework was determined based on **°Pb excess (**°Phys;
T = 22.3 years), which is rapidly incorporated into the sediment from atmospheric fallout
and water column scavenging. The activities of “°Pb and Ra were measured on dried
sediments by non-destructive gamma spectrometry using a well-type, high efficiency low
background detector equipped with a Cryo-cycle (CANBERRA). Activities are expressed in
mBq g and errors are based on 1 standard-deviation counting statistics (Fig. 48). **°Pb,s was
determined by subtracting the activity supported by its parent isotope, “°Ra, from the total
219ph activity in the sediment. Mass accumulation rate (MAR, 0.025 g cm™ y™*) was calculated
from the sedimentary profiles of ?°Phy, plotted against cumulative mass. The deposition time
(in years) was obtained by dividing the cumulative dry mass per unit area by MAR. The
deposition year for each sediment layer was subsequently estimated based on the 2010
sampling date for the sediment-water interface.
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Figure 48. CB2010 chronology. CB2010 age model (dark line) based on 210Pb excess (210Pbxs) and
associated age-model errors (grey area). The inset corresponds to the down core profile of 210Pbxs
(error bars correspond to 1 SD).

Diatoms. Micropaleontological analyses were performed according to the methodology
described in [58]. For each sample, 300-350 diatom valves were counted and data are
presented as species relative abundances. Briefly, diatom identification was performed to the
species or species group level at a ~5 year resolution. Sixty-eight diatom species were
identified in down-core assemblages, from which only a dozen species presented abundances
higher than 2% of the total diatom population. Only these species were considered relevant
for reconstructing environmental changes. Diatom species or species groups we confront here
experience similar ranges of variability in CB2010, ~2.5-13% for F. cylindrus, ~1-9% for F.
kerguelensis, ~0%-7% for the large centric group and Thalassiosira antarctica abundances,
respectively (Supplementary Fig. S6).

Fragilariopsis cylindrus is one of the most common diatoms found along the Adélie Land
margins® as it thrives within stratified sea ice covered waters'®. Large abundances of F.
cylindrus in sediments indicate the presence of a sea ice cover persisting over 7.5 months per
year™®. In contrast, the open water diatom assemblage, composed by Fragilariopsis

kerguelensis and large centric diatoms, characterizes open water conditions during summer*®.

Fragilariopsis kerguelensis dominates assemblages of the open ocean zone south of the Polar

Front where sea ice is absent during summer®. Similarly, high abundances of large centric
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diatom species, like Thalassiosira lentiginosa or Thalassiosira oliverana, commonly occur in
the Southern Ocean south of the Polar Front in areas characterized by permanent open ocean
conditions*®®!. Relative abundances of T. lentiginosa show an inverse relationship with sea
ice cover with high occurrences between 0 and 4 months of sea ice presence per year and a
decline towards prolonged sea ice duration'®. Thalassiosira oliverana is clearly dominant in
locations where open ocean conditions to sea ice edge during summer occur'®. Thalassiosira
antarctica has been described as a dominant species within diatom assemblages in non-
stratified or weakly stratified Antarctic surface waters®®. Thalassiosira antarctica blooms in
open waters during summer-autumn, and produces resting spores (RS) at the end of the
growing season when sea ice returns®®. Thalassiosira antarctica RS, the main form
encountered in sediments, is most abundant in regions where sea ice is present for at least 6
months per year, and is believed to be induced under nutrient-stressed conditions or low light

intensities®.

Geochemical data. Few marine and freshwater diatoms belonging to Haslea, Navicula,
Pleurosigma and Rhizosolenia genera were recently found to be synthesizing Highly
Branched Isoprenoids (HBI)**®. A di-unsaturated isomer [HBI:2] has been identified in
Antarctic sea ice and isotopic analyses provide evidence for that this isomer to be synthesized
by sea ice dwelling diatoms. In contrast, tri-unsaturated HBI isomers [HBI:3] have been
identified in water column phytoplankton®*. Recent studies have proposed the use of [HBI:2]
and [HBI:3] to reconstruct variations of Holocene Antarctic sea ice duration as
complementary sea ice proxy to diatom counts®. Biomarker analysis followed the technique
described by [14] and were performed every 0.5 cm through the core. Briefly, an internal
standard was added to the freeze-dried sediments, lipids were extracted using a
Dichloromethane/Methanol mixture to yield a total organic extract (TOE), which was then
purified using open column chromatography (silica). Hydrocarbons were analyzed using a

Gas Chromatograph coupled to a Mass Spectrometry detector (GC-MS).

Titanium (Ti) and zirconium (Zr) are considered to be direct indicators of terrigenous inputs
as these elements are not involved in biological cycles'’. In the literature, variations in Ti
content are largely used to infer past changes in terrigenous supply to the ocean®’. Microfabric
analysis of sediment in the Mertz-Ninnis and Adélie troughs show that both terrigenous
content and Ti content are low in spring laminae and increase over the growing season (when

open water diatoms dominate the siliceous assemblage) and during which the summer glacial
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melting is high*"**. Indeed, in Antarctic coastal areas, delivery of terrigenous particles is
possible via several dominant modes as meltwater discharge, ice rafting, runoff from outlet
glaciers, and eolian transport, although this latter source is considered negligible in coastal
East Antarctic regions'’*®*°. Variations in Zr to Rubidium (Rb) content ratio track changes in
sediment grain size, where Zr represents the coarsest sediment fraction and Rb the finest®.
Titanium, Zirconium and Rubidium contents were measured on slab sections at a 2 mm

resolution along the entire core using an AAVATECH XRF core-scanner®”.

Satellite data. Daily sea ice concentrations (SIC) for the time period 1978-2012 were
obtained from the National Snow and Ice Data Center data repository. The dataset is based on
passive microwave observations from the Nimbus-7 SSMR (1978-1987) and DMSP SSM/I
(1987-2007) and SSMIS (2007-2012) radiometers processed with the NASA Team
algorithm® at a spatial resolution of 25x25 km. Averaged concentrations were calculated over
two specific domains, Commonwealth Bay and the entire Mertz Glacier Polynya domain (Fig.
49). Daily anomalies were calculated using the average of the pre calving 1978-2009 period
and then low-pass filtered using a 3-month moving average (Fig. 43e). SIC data were
standardized. Anomalies represent differences between the daily value and the mean daily

value calculated over the reference period.
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Figure 49. Pixels locations for extraction of sea ice concentration. MODIS satellite image
(2008/12/26) of the George V Land indicating the grid points used for the extraction of the daily sea
ice concentration values: white star in a red circle indicates the core location; red spots correspond to
the CB area; green spots represent the MGP area.

Spectral analysis. Unlike many traditional mathematical methods (e.g. Fourier analysis), the
wavelet approach can be used to analyze time series that contain non-stationary spectral
power at many different frequencies®. For geological time series, although visual comparison
of plots is commonly used, cross-wavelet analysis permits detection, extraction, and
reconstruction of relationships between two non-stationary signals simultaneously in
frequency (or scale) and time (or location)®®. The continuous wavelet transform (CWT;
Supplementary Fig. S1) of time series is its convolution with the local basis functions, or
wavelets, which can be stretched and translated with flexible resolution in both frequency and
time. The principle of cross wavelet analysis and the complete method we used are described
in [21]. We used the MATLAB package for Cross-wavelet analysis written by [21] and
applied the Morlet wavelet as the mother function on our dataset. This method provides a
good balance between time and frequency localization, and we used Monte Carlo simulations
to provide frequency-specific probability distribution (Global wavelet spectrum) that can be

tested against wavelet coefficients. Statistical significance was estimated against a red noise
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model?!. In this study, to test the relevance of our proxies, their statistical relationships and to
examine periodicities in a frequency domain, we compared the two time series by their
CWTs, which we hypothesized are linked in some way. The resulting Cross Wavelet
Transform (XWT; Fig. 45) exposed their common power and relative phase in time-frequency
space of the two signals. Data were previously standardised, which did not introduce any
change in the shape of the records but normalized the amplitude of the variations
(Supplementary Fig. S6).

Atmospheric reanalysis. To analyse the Southern Hemisphere atmospheric circulation
during the last 140 years, we used the recent twentieth century reanalysis (20CR) Project
version 2 [41], consisting of an ensemble of 56 realisations with 2° x 2° gridded 6-hourly
weather data from 1871 to 2010. Each ensemble member was performed using the
NCEP/GFS atmospheric model, prescribing the monthly sea surface temperature and sea ice
changes from HadISST as boundary conditions, and assimilating sea level pressure data from
the International Surface Pressure Databank version 2 (http://rda.ucar.edu/datasets/ds132.0).
We used the ensemble mean to perform our analysis. An important caveat concerns the fact
that few data were assimilated at the beginning of the reanalysis in the Southern Hemisphere,
due to the lack of available observations. Nevertheless, this product is one of the best datasets
available for the evaluation of atmospheric circulation changes at a large scale in the Southern
Hemisphere. Wind speed products were plotted over the Terre Adélie-George V Land (Fig.
47) and the offshore region around 55-60°S (Supplementary Fig. S5).
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Supplementary Figure 1 | Spectral analysis on individual sedimentary records.
Continuous wavelet transform applied on a, [HBI:2], b, Fragilariopsis cylindrus, ¢, Open
water diatom assemblage and d, Titanium, using Morlet wavelet according to [1] (see
Methods).
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http://www.deepreef.org/publications/peer-review/82-gvdem.html.
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Supplementary Figure 3 | Relative contributions of sea ice versus phytoplanktonic-
derived organic matter over the last 250 years, inferred from Highly Branched
Isoprenoids records. Relative concentration (in pg.g™) of [HBI:2] (blue), [HBI:3] (green)
and [HBI:2]/[HBI:3] (dark blue). The blue shadings indicate decades following each calving

event with marked increase in sea-ice concentration in the CB area.
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Supplementary Figure 4 | Evolution of the Southern Annular Mode (SAM) and its
impacts on the Ekman pumping through changes in the wind stress, offshore Georges V
Land since the XIX century. Wind speed at 2 meters from 20CR reanalysis over the last 140
years. a, Annual standardised values of SAM index (black), computed in the reanalysis
following [2], and the surface wind stress curl (red); b, Wind mean speed and vector, red box

indicates the study area where the winds have been computed in panel a.
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Supplementary Figure 5 | Evolution of the Southern Annular Mode (SAM) and its
impacts on the wind pattern, offshore Georges V Land since the XIX century. Wind
speed at 2 meters from 20CR reanalysis over the last 140 years. a, Standardised values of
SAM index (5 yr running mean; blue), computed in the reanalysis following [2], and the total
wind direction angle (brown; °) respective to the North direction indicating the 0° or 360° and
counting positively clockwise; b, Mean wind speed and vector, red box indicates the study

area where the wind have been computed in panel a.
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Supplementary Figure 6 | Raw versus standardised data. Raw data (grey) and standardised
data (red) obtained from the sediment core CB2010.

Supplementary Note 1

Supplementary Fig. 3 shows the evolution of the [HBI:2] and [HBI:3] abundances, along with
their ratio, through the sediment core CB2010. Although [HBI:3] show increased abundances
during ‘open water’ periods throughout the last 250 years, the very large peak centered in the
1980s reduces the amplitude of past cycles. The overall shape of the record does not result
from early diagenesis with an increase in degradation of HBIs with time since we observe a
decrease in abundances in the most recent sediments. The increase in [HBI:3] over recent
decades reflects greater productivity at the sea ice edge during late spring-early summer as
observed in the Scotia Sea®. Although the signal is perturbed by a large peak, [HBI:3] presents
an opposite trend to that of [HBI:2]. Indeed, increasing values of [HBI:3] are concomitant to
low values of [HBI:2] (Supplementary Fig. 3). This is further confirmed by the
[HBI:2]/[HBI:3] ratio, which agrees with the [HBI:2] cyclic pattern, although the signal is
blurred over the last century, owing to high values of both [HBI:3] and [HBI:2]
(Supplementary Fig. 3). An increase in both [HBI:2] and [HBI:3], concomitant to an increase
in sea ice diatoms and open water diatoms, reflects a shift towards more contrasted seasonal
conditions in the last 65 years, with longer sea ice persistence in springtime and warmer
surface waters during the summer. Model re-analyses (Fig. 47; Supplementary Fig. 4;
Supplementary Fig. 5) and recent studies suggest that positive SAM may be the trigger for
stronger seasonal contrasts*® that result from atmospheric reorganization®’ and influence both

4,89

sea ice duration and CDW intrusion around Antartica™*~ and possibly in our study area.

Supplementary Note 2

Wind fields from 20CR reanalysis over the George V Land (Fig. 47) show that the wind
pattern deviates toward more zonal component since the 1950s (indicating a stronger
westward stress, Fig. 47a) resulting in a significant shift of ~10° towards more easterly winds.

Interestingly, this shift is concomitant with the SAM increasing trend.
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Wind fields from 20CR reanalysis offshore George V Land show that since 1950, the total
wind angle has increased toward more meridional component (indicated a southward stress;
Supplementary Fig. 5a, brown curve) resulting in a more southern position of the Westerlies
(Suppplementary Fig. 5b). Interestingly, the Westerlies record from 20CR reanalysis is
positively correlated to the reanalyzed SAM pattern (Supplementary Fig. 5a, blue curve).
Such observations agree with several studies suggesting that the increasing positive trend of
the SAM led to reinforcing the Westerlies and pushing them southward®.

This atmospheric configuration, with more zonal winds along the East Antarctic coast, and a
southward migration of the Westerlies since 1950 promoting the southward migration of the
Antarctic Circumpolar Current (ACC), lead to enhance CDW upwelling close to the
continent'®*! due to the increase in the wind stress shear leading to a stronger Ekman drift and
ocean surface current divergence. This scenario is supported by the surface wind stress curl
calculated from the 20CR reanalysis (Supplementary Fig. 4, red curve), which suggests a
good correlation with the SAM pattern over the reanalysis period, and shows strong positive
trend in upwelling-favorable vertical velocities starting roughly at 1950, traducing an
enhanced Ekman pumping over the last decades, concomitant with increasing open water

signals in our geological data.
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Over the past decades, satellite observations indicate increasing sea ice conditions off
East Antarctica at the opposite of the relatively strong warming monitored in the
western Antarctic region (Cavalieri and Parkinson, 2008). The few existing marine
records in the Southern Ocean, generally at low resolution and missing the last
millennium, indicate that this opposition may have lasted for the whole Holocene with
an out-of-phase sea ice variability between East Antarctica (Denis et al., 2011) and West
Antarctica (Shevenell et al., 2011; Etourneau et al., 2013). Such a complex and highly
heterogeneous regional climate trends in Antarctica therefore complicate the
understanding of underlying mechanisms at decadal to centennial timescales. Here, we
provide a sub-decadal resolution record of sea ice dynamic off Adélie Land (East
Antarctica) over the last 500 years based on diatom census counts and diatom-specific
lipid biomarkers (HBIs) in the laminated core DTGC2011. Three climate intervals,
characterized by changes in sea ice seasonality and polynya activity, can be
distinguished over the last 500 years. Stationary decadal to pluri-decadal climate
variations were present in all three climate intervals. Comparison of the new datasets
with previous findings in the Mertz Depression off Adélie-Georges V Land (AGVL)
through wavelet analyses revealed that synoptic scale atmospheric and oceanic
reorganization coupled to local glacial dynamics drove the sub-decadal to centennial

scales variability of sea surface and polynya conditions in our study area.

Key words: Late Holocene, Adélie Land, Sea ice, diatoms, HBIs, decadal variability, Mertz

glacier, forcing, atmospheric variability, SAM, SOI.
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1 Introduction

The late Holocene period is characterized by large scale climate changes at decadal to
centennial timescales (e.g. Mayewski et al., 2004; Mann et al., 2008), which have been mainly
related to changes in the thermohaline circulation and solar activity (Debret et al., 2010;
Whirth et al., 2013) and volcanic activity (McGregor et al., 2015; Sigl et al., 2015). Much less
is known for the Southern Ocean (SO) where there is an evident lack of paleoclimate records
covering this period of time. Although an extensive network of ice cores in Antarctica is
revealing much about the nature of late Holocene atmospheric variability, the few
paleoclimate reconstructions in the Southern Hemisphere (SH) further highlight complex and
high heterogeneous regional variations in atmospheric temperatures and sea ice cover (e.g.
Masson et al., 2000; Stenni et al., 2002; Mayewski et al., 2004; Denis et al., 2010; Bertler et
al., 2011; Etourneau et al., 2013), complicating the understanding of underlying mechanisms.
Additionally, the few marine records available tend to be short and low resolution. Indeed,
most of the published marine records lack the last millennium (Cremer et al., 2007; Crosta et
al., 2007; Denis et al., 2010), present a too low resolution (Leventer et al., 1993; Allen et al.,
2010; Shevenell et al., 2011) or, conversely, are too short in time (Barbara et al., 2013;
Campagne et al., 2015). For these reasons, only few paleoclimate studies have focused on
decadal to pluri-decadal scale variability in the Antarctic region (Leventer et al., 1996;
Warner and Domack, 2002; Nielsen et al., 2004; Crosta, et al., 2007). However, documenting
climate changes over the last centuries and understanding their forcing mechanisms is pivotal
to replace the current observed changes into the most proximal natural context and, hence,
whether the recent changes are unique and externally forced or they are within the range of
decadal-to-centennial natural climate variability.

We here present the first marine-based paleoclimate record covering the ~1540-2000 C.E.
period at interannual resolution, retrieved on the Antarctic Continental Shelf off AGVL. The
high sediment rates at the core site allow for assessing the evolution of sea surface conditions
off East Antarctica over a period spanning from the middle of the Little Ice Age (~1300-1850
C.E.) to the Modern Era (~1850 C.E.-onward; Mann et al., 2008). We use sea ice-related and
open-ocean associated diatom assemblages, along with diatom specific biomarkers and
major/minor element content to reconstruct past sea ice variations and polynya activities in
our study area. Achieving pluri-annual resolution allows for assessing the forcing factors of
long- and short-scale sea ice variations in terms of amplitudes and frequencies through

spectral analyses on sedimentary signals from the DTCG2011. Our results will be compared
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to previous observations from Commonwealth Bay (CB) over the last 250 years (Campagne et
al., 2015), in order to assess the homogeneity of regional sea ice fields over the last centuries
or, conversely, understand the mechanisms conducting to local responses under common large

scale forcing.
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Figure 50. Study area. Map of the study area showing the location of sediment core DTGC2011 and
the core CB2010 (downward red arrows) in the Dumont D'Urville Through (DDUT) and in
Commonwealth Bay (CB). Are also mentioned the Dumont D'Urville (DDU) french station (red
square), the main glacial (in white) and topographic (upward black triangle for high relief and
downward for troughs) features, the East Wind Drift (EWD; blue dashed arrow), the principal water
masses as Circumpolar Deep Water (CDW,; green arrow) and the High Salinity Shelf Water (HSSW;
brown arrow) (Williams et al., 2008), and the katabatic winds (black dashed arrows; Massom et al.,
1998). Bathymetry data were obtained from http://www.deepreef.org/publications/peer-review/82-
gvdem.html.

2 Environmental settings

The Dumont d’Urville Trough (DDUT; Fig. 50), in AGVL along the East Antarctica margin,
is composed of several glacial depressions. These topographic features, beyond 1000 meters
deep, act as natural sediment traps by focusing the sedimentary material in the area. The
trough runs from the front of the Zélée and Astrolabe glaciers to the continental shelf break
along a SE-NW orientation and is bordered on its eastern side by the Dumont d'Urville
(DDU) Bank (Fig. 50), and on its western side by the Dibble Bank.

The AGVL is influenced by several water masses and currents (Rintoul, 1998; Williams and
Bindoff, 2003; Williams et al., 2008). At the surface, the wind-driven East Wind Drift
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(EWD), also called Antarctic Coastal Current, flows westward. Near the surface, the Antarctic
Surface water (AASW) constitutes the summer sub-surface water mass on the continental
shelf while the Circumpolar Deep Water (CDW) upwells near the Antarctic Divergence and
intrudes onto the plateau during summer. At the bottom, the high-salinity shelf water
(HSSW), formed by brine rejection during winter sea ice formation and cooling of the CDW
(Fig. 50) flows northward as part of the dense shelf water that extrude the plateau. These
Adélie Land Bottom Water (ALBW) ultimately source the Antarctic Bottom Water (AABW;
Rintoul et al., 1998; Jacobs et al., 2004; Meredith et al., 2013).

The coastal area of AGVL experiences the strongest katabatic winds ever-recorded on Earth
(Périard and Pettré, 1993). This is in part due to the presence of narrow glacial valleys close to
the shoreline exerting a funnelling effect (Wendler et al., 1997). These winds blow from the
south-east and support the annual occurrence of polynyas in the region, such as the DDU
Polynya (DDUP; 66.11°S-139.31°E) and the Mertz Glacier Polynya (MGP), where important
sea ice production leads to the formation of large amounts of dense water during winter
(Adolphs and Wendler, 1995; Massom et al., 1998; Arrigo and van Dijken 2003; Tamura et
al., 2012).

In the region, the sea ice rises above 80% in winter and melts below 20% in summer (Arrigo
and van Dijken, 2003), with a mean sea ice duration of 8-10 months per year. However,
recent studies suggest the sea ice cover strongly varies interannually both in extent and timing
(formation and retreat) in our study area, as sea ice conditions are closely linked to the fast-ice
dynamics over the DDUT which is, in turn, largely related to synoptic scale wind (Adolph et
al., 1995; Massom et al., 2003; 2009; Smith et al., 2011; Chap IlI). Indeed, the DDUT
experiences fast ice conditions during the freezing months, which extend up to ~100 km
offshore between the Dibble Tongue in the west and the Adélie Bank in the east (Massom et
al., 2003; 2009; Smith et al., 2011; Wang et al., 2014). In summer, this fast ice buttress is
characterized by a succession of several breakouts and re-freeze in the DDUT as a result of a
lack of anchor points (Massom et al., 2009; Smith et al., 2011). In contrast over the banks, the
fast ice buttress remains more stable and persists generally later in the season. A key factor for
the formation, recurrence and persistence of this fast ice buttress, is the presence of numerous
icebergs grounded on the banks that trap the passing pack ice and act as anchor points for the
formation of larger floes (Massom et al., 2001; Giles et al., 2008; Smith et al., 2011). As a
result, two ice buttresses usually develop on both side of the trough. The presence of the fast
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ice buttress is therefore closely associated to the intense sea ice formation from the MGP and
westward advection within the EWD (Massom et al., 2009).

3 Material and methods
3.1 Core description and chronology

A 4.69 m long gravity core (DTGC2011) was retrieved aboard the R/V Astrolabe (66°24.50°S
-140°26.43'E; 1030 m water depth) during the 2011 ALBION-HOLOCLIP cruise. Positive X-
ray images performed on the SCOPIX image-processing tool (Migeon et al., 1999) provided
detailed information on sediment density and structure. SCOPIX images revealed a
succession of dark (olive-brown; summer season) and lighter (greenish brown; spring season)
laminations throughout the entire archive. These laminations, characterized by color changes
between lighter greenish brown versus darker brown intervals, were shown to result from the
alternating high productivity deposition during spring (greenish and lighter lamination) and
less organic-rich sedimentation during summer (darker and denser lamination) (Denis et al.,
2006; Maddison et al., 2006, 2012).

Six radiocarbon dates (Table 4) were performed on acid insoluble organic matter fraction
(AIOM) of the DTGC2011 at the Center for Accelerator Mass Spectrometry from the
Lawrence Livermore National Laboratory, Livermore, USA. Two radiocarbon dates at 0 cm
and 275 cm were discarded (in red; Suppl. Table 1) due to inversion values. The age of the
sediment surface in DTGC2011 was therefore dated from both the top section of interface
core DTCI2010 and a deep sediment trap (LOW B1) deployed at the core site, which
provided a similar **C age of 1735 yrs (Suppl. Table 1). In order to confirm the robustness of
the *C dating, 2*°Pb, analyses were done on the first meter of core DTGC2011 (Fig. 51), at
EPOC Laboratory, Bordeaux, FRANCE. *1%Ph, activities of the top DTCG2011 were similar
to the top section of the interface core DTCI2010 retrieved in January 2010 (Fig. 51b; Table
4), indicating that only a very limited amount of sediment (less than 4-5cm) was lost from the
surface of the gravity sediment core during collection. At the same site, a total reservoir (TR)
correction of 1200 +/- 100 years (with a Delta R of 800 years) combined to a dead carbon
fraction (DCF) correction of 425 years are generally applied to calibrate the AIOM *C dates
(Costa et al., 2007). These corrections proved however unable to reconcile the core top **C
date and 2'°Ph, activities in DTCG2011. An additional DCF of 250 years was then applied.

Radiocarbon dates were calibrated (Fig. 51a) to calendar ages using BACON (Blaauw and
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Christen, 2011) and using a total correction of 1875 years (TR of 1200 years and DCF of 675
years). Although the reason remains unclear, such discrepancy between interface and long
cores may result from that the DCF for the long cores has been inferred and averaged from

Holocene sediments and might not be appropriate for the Late Holocene and the recent

sediments.
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Figure 51. Chronology of the DTGC2011 based on AMS 14C dates, controlled by 210Pbxs. a) 14C
ages (Suppl. Table 1) were calibrated to calendar ages (expressed in C.E.) using BACON (Blaauw and
Christen, 2011), and were extrapolated to 469 cm (black dotted line), using a linear regression of Y = -
0,982X + 2000. Blue points represent the age ranges corresponding to each radiocarbon measurement.
The red line corresponds to the age model used by BACON to estimate the age of each sample. The
error range in age estimations is represented by the grey shaded area. b) DTCG2011 age model (green
line) based on 210Pb excess (210Pbxs) from the first meter of the DTCG2011 core, and associated
age-model errors (grey area; 1 s.d.). 210Pbxs ages were extrapolated to 469 cm (black dotted line),
using a linear regression of Y =-0,807X + 1997. The 210Pbxs bottom age (black spot) and error bars
associated (black line) indicate relative good reproducibility between the 14C and 210Pbxs ages. The
inset corresponds to the down-core profile of 210Pbxs of the DTCG2011 (green markers) and to the
top profile of the interface core DTCI2010 (red marker), with error bars associated (black line).
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Table 4. Accelerator Mass Spectrometry 14C ages and 210Pbxs activities from the core DTGC2011.
Raw 14C ages were corrected with a total reservoir (TR) correction of 1200 and a DCF correction of
425+208 years, to fit the top with 2010 C.E. Ages were calibrated to calendar ages using BACON
(Blaauw and Christen, 2011), and were extrapolated to 469 cm using a linear regression of Y = -
0,982X + 2000.

14C age AO
corrected
DCF (yr)

14C age Value 14Cc age
calibrated used1SD (1 SD) corrected
1 sigma (yr BP) (yr BP) to 2010

Sample depth 14C

origin (cm) age (yr)

sed trap LOW B1 - 1735 54-242

DT-CI2 0 1735 1310 54-242 148 -60
DT-CG1 142 1835 1410 122-374 248 40
DT-CG1 204 2025 1600 321-505 413 205
DT-CG1 359 2070 1645 359-548 453,5 2455
DT-CG1 409 2125 1700 440-614 527 319
DT-CG1 0 8145 - - - -
DT-CG1 275 2170 - - -
Sample origin Jepth (cm 210Pbxs

DT-CI2 0-3 216

DT-CG1 0-0,5 150

The 4,69 m long DTCG2011 sediment archive span the 1540-2000 years C.E. period with a
mean sedimentation rate of ~1 cm/yr (Fig. 51a) in agreement with the mean sedimentation
rate calculated from the 22%Phys (~1,2 cm/yr; Schmidt, S., personal communications) activities
in the upper one meter (Fig. 51b), leading to a maximum discrepancy between the two dating
techniques of ~78 years at 4.69m, when Pb-based mean sedimentation rate is extrapolated

along the whole core.

3.2 Diatom proxies

Micropaleontological analyses were performed every 4 cm according to the methodology
described in Crosta and Ko¢ (2007) providing a ~4 years resolution. Diatom slides were
prepared from ~0.5 g of dry sediment. Few drops of the sediments previously suspended in
distilled water were evaporated onto a coverslip, which was subsequently mounted on a glass
slide with NOAG6L1. Identifications and cell counts were done under an Olympus BH-2 at a
magnification of x1000. For each sample, 300-350 diatom valves were counted and data are
presented as species relative abundances. Diatom identification was performed to the species

or species group level. Details about slide preparation and diatom identification are available
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in Crosta et al. (2004). Approximately 70 diatom species were identified in the assemblages,

from which 17 presented abundances higher than 2% of the total diatom population.

Fragilariopsis curta and F. cylindrus constitute the FCC group, indicating the presence of sea
ice cover in several paleoclimate studies including our study area (Crosta et al., 2007; Denis et
al., 2010). Fragilariopsis cylindrus in recent sediments at the core site (Chap I11) was shown
to co occur with relatively heavy pack ice conditions pushed southward by northerly winds.
High percentages of Chaetoceros Hyalochaete resting spores (CRS) in Holocene sediment
from AGVL have been associated to strong siliceous productivity supported by intermittent
mixing of melting ice-induced stratified surface waters (Maddison et al., 2006). Intense
katabatic winds through the growing season (Périard and Pettré, 1993) lead to intermittent
thickening of the mixed layer allowing for nutrient replenishment but sink Chaetoceros to
depth triggering spore formation (Hargraves, 1972; Hargraves and French, 1975). Similarly,
highest CRS relative abundances in surface sediment off Adélie Land have been found to
coincide with strong dominant southerly winds (Chap IlI). In sediments off AGVL,
Fragilariopsis kerguelensis present an inverse pattern to sea ice and cold water species
(Crosta et al., 2008; Campagne et al., 2015), and were found to dominate the summer-autumn
laminae along with large centric species (Denis et al., 2006; Maddison et al., 2006). Similarly,
diatom investigation in surface sediments in our study area (Chap Ill) reveals that high
abundances of large centric diatoms (e.g. Thalassiosira lentiginosa, T. oliverana, T. trifulta,
T. gracilis, T. tumida, Actinocyclus actinochilus, Stellarima microtrias and Coscinodiscus
spp) record a lengthening of the open water season and a warming of sea-surface waters in
summer. These large centric diatoms constitute the Open Water group. Thalassiosira
antarctica resting spores (RS) of the cold variety were also observed as co-occurring with
several large centric diatom species and F. kerguelensis in Holocene sediments collected in
the area (Denis et al., 2006). The Porosira group is composed by P. glacialis and P.
pseudodenticulata. Thalassiosira antarctica and P. glacialis were found to share similar
seasonal occurrences, although with slightly colder and icier conditions for P. glacialis (Pike
et al., 2009), and both species groups have thus been interpreted in Holocene sediments to
indicate a late summer/autumn rapid deposition, linked to early sea ice return (Denis et al.,
2006; Maddison et al., 2006, 2012). However, comparison of T. antarctica and P. glacialis
relative abundances in modern sediments off AGVL and instrumental data suggest that T.

antarctica slightly prefers icy environment than the Porosira gp in our study area (Chap IlI).
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3.3 Biomarker proxies

Biomarker analyses followed the technique described in Massé et al. (2011) and were
performed every 4 cm (~4 years resolution) in core DTGC2011. Briefly, an internal standard
was added to the freeze-dried sediments, lipids were extracted using a
Dichloromethane/Methanol mixture to yield a total organic extract (TOE), which was then
purified using open column chromatography (silica). Hydrocarbons were analyzed using a
Gas Chromatograph coupled to a Mass Spectrometry detector (GC-MS). More details about

analyses are available in Massé et al. (2011).

Few marine and freshwater diatoms belonging to Haslea, Navicula, Pleurosigma and
Rhizosolenia genera were recently found to be synthesizing Highly Branched Isoprenoids
(HBI) (Sinninghé et al., 2004; Massé et al., 2011). A di-unsaturated isomer [HBI:2] has been
identified in Antarctic sea ice and isotopic analyses provide evidence that this isomer is
synthesized by sea ice dwelling diatoms, while a tri-unsaturated isomer [HBI:3] has been
identified in water column phytoplankton (Massé et al., 2011). Recent studies have proposed
the use of [HBI:2] and [HBI:3] to reconstruct variations of Holocene Antarctic sea ice
duration as complementary sea ice proxy to diatom counts (Denis et al., 2010; Collins et al.,
2013). In recent sediments at CB, Campagne et al. (2015) have found that [HBI:2] and F.
cylindrus abundances were correlated to increasing sea ice conditions. As suggested by
Collins et al. (2013), [HBI:3] was found to increase off AGVL along with increasing sea ice

seasonality (Campagne et al., 2015).

3.4 Major and minor element proxies

Titanium (Ti), Zirconium (Zr) and Rubidium (Rb) contents were measured on slab sections
every 0,2 cm (~0,2 years resolution) along the entire core using EPOC AAVATECH XRF
core-scanner (Jansen et al., 1998). Variations in Ti content are linked to changes in
terrigenous supply to the ocean (Presti et al., 2011). In Antarctic coastal areas, the delivery of
terrigenous particles can occur via several modes such as meltwater discharge, ice rafting,
runoff from outlet glaciers, and eolian transport, although this latter source is considered
negligible in coastal East Antarctic regions (Presti et al., 2003; Escutia et al., 2003).
Variations in Zr to Rb content ratio track changes in sediment grain size, where Zr represents
the coarsest sediment fraction and Rb the finest (Dypvik et al., 2001). In the Weddell Sea and
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in the Adélie Depression, recent studies have proposed that higher Zr/Rb ratio values record
enhanced bottom water formation and increased (coarser) sediment transport due to strong
brine rejection, increased of convection and intense polynya activity (Sprenk et al., 2014;

Campagne et al., 2015).

3.5 Wavelet analyses

We used cross wavelet analysis and applied the Morlet wavelet to our dataset, using the
MATLAB package and Grinsted et al. (2004) methodology. This method provides a good
balance between time and frequency localization, and we used Monte Carlo simulations to
provide frequency-specific probability distribution (Global wavelet spectrum) that can be
tested against wavelet coefficients. Statistical significance was estimated against a red noise
model (Grinsted et al., 2004). In this study, to test the relevance of our proxies, their statistical
relationships and examine periodicities in a frequency domain, we compared the two time
series by their continuous wavelet transform, which we hypothesized are linked in some way.
The resulting Cross Wavelet Transform exposed their common power and relative phase in
time-frequency space of the two signals. Data were resampled at a 4 years constant step. Data
were then standardised by subtracting to each values the mean of the dataset and then by
dividing it with the standard deviation. Given the interanual resolution of our analyses, we do

not take in consideration cyclicities in the ~0-15 years band that could result from the noise.

4 Results

All results are presented as standardized anomalies, allowing a direct and statistical
comparison between different signals and with other standardized sedimentary dataset (see
Discussion). Raw results are presented in Suppl. Fig. 1. Use of standardized anomalies does
not change the wavelet results and interpretations. Our data indicate that diatom, biomarker
and major/minor element exhibit large variations in their relative abundances along the

sediment archive.

Large centennial oscillations in the relative abundances of the FCC group are observed (Fig.
52). The FCC gp abundances increase rapidly in the sediments deposited between ~1544 C.E.
and 1580 C.E. where they reach their highest values of the whole record. After 1580, the FCC
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gp gradually decreases to reach its lowest values at ~1870 C.E. even if a slight rebound is
observed at ~1800 C.E. During the most recent period (1870-2000 C.E.), relative abundances
of FCC gp generally increase to values observed during the 16™ century with however two
events with low abundances at ~1940 C.E. and ~1990 C.E.

The [HBI:2])/[HBI:3] ratio exhibits relatively similar variations (Fig. 52), with increasing
values between ~1544-1665, when it reaches a maximum, followed by a relatively abrupt
decrease to low abundances between ~1680-1885 C.E., with two slight increasing periods
around ~1710 and 1800 C.E. A large increase is then observed at the top of the core, with
maximum values around 1900 C.E. and 1955 C.E. followed by an abrupt decrease during the

last decades.

In contrast, relative abundances of the CRS gp exhibit an opposite record to both the FCC gp
and [HBI:2]/[HBI:3] ratio (Fig. 52), with steady low values during the ~1544-1730 period, a
sharp increase toward high values between ~1730-1870 (with two maxima at ~1755 and
~1835 C.E. and a minima at ~1800) followed by a decrease toward its lowest values near the
top of the core.

The Zr/Rb ratio presents a similar trend to the CRS record with overall lower values during
the 1544-1730 C.E. and 1880-2000 C.E. periods and higher values during the 1730-1880 C.E.
period (Fig. 52). Pluri-decadal variability is observable with higher values in the 1570-1585
C.E. period and at 1625 C.E., 1635 C.E., 1710 C.E., 1740 C.E and 1990 C.E and minimum
values at ~1600 C.E., ~1670 C.E., ~1750 C.E., ~1800 C.E., ~1860 C.E. and ~1990 C.E.

Fragilariospsis kerguelensis relative abundances exhibit a short scale variability throughout
the record, with rapid oscillations between maximum and minimum abundances (Fig. 52).
Despite these large and abrupt oscillations, we observe periods when F. kerguelensis
abundances are generally more abundant (e.g. between ~1544-1645 C.E. with a peak around
1610 C.E., between 1765-1815 period, with three peaks at ~1765 C.E., ~1790 C.E. and ~1810
C.E and during the 1840-1955 period, with three maxima at ~1865 C.E., ~1890 C.E. and
~1945 C.E., and a minima at ~1910 C.E). The short intervals between these periods are

characterised by low F. kerguelensis relative abundances.

As F. kerguelensis, relative abundances of the Open Water gp display pervasive large
amplitude variations at short timescale (Fig. 52). However, higher relative abundances can be
observed between ~1550 C.E. and 1700 C.E. followed by lower values until 1810 C.E and a

subsequent increase.
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The Ti signal exhibits high values between ~1550-1715 C.E., with maximum values at ~1665
C.E (Fig. 52). Lower values are found over the ~1665-1870 C.E. period with minima at ~1730
C.E., ~1740 C.E., ~1790-1795 C.E. and ~1850-1870 C.E. The Ti signal subsequently
increases again over the ~1870-1910 C.E. and ~1950-1965 C.E. periods, with maxima around
1900 C.E. and 1965 C.E., and decreases between ~1915-1945 C.E. and ~1970-1980 C.E.

The T. antarctica record shows a singular trend compared to other proxies (Fig. 52). Highest
values are encountered at ~1550 C.E., followed by an abrupt decrease until ~1660 C.E.
Thalassiosira antarctica relative abundances then gradually increase over the ~1660-1885
C.E. period when it reaches its highest values at ~1885 C.E. Subsequently, T. antarctica
abundances strongly decrease over the top of the core, notably with minima during ~1960-
1995 C.E. period. Similarly, the Porosira gp displays its highest relative abundances at ~1550
C.E. and 1565 C.E., and then decrease rapidly until ~1655 C.E. Relative abundances of the
Porosira gp subsequently increase between ~1660-1685 C.E. with a maximum at ~1680 C.E.,
and then decrease abruptly until ~1765 C.E. The Porosira gp slightly increases over the
~1765-1970 C.E. period as per several pluri-decadal oscillations.
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Figure 52. Variations of the diatom assemblage, sea ice related biomarkers, major and minor element
content from the DTGC2011 covering the last 500 years in relation with climate modes of the
Southern Hemisphere. The Southern Oscillation Index (SOI; vyellow) precipitation-based
reconstruction inferred from Yan et al. (2011); the Southern Annular Mode ~90 years running mean
(SAM; dark blue), inferred from Villalba et al. (2012). Standardized and resampled sedimentary
signals from DTGC2011: sea ice diatoms group composed of Fragilariopsis curta and F. cylindrus
(FCC; light blue), [HBI:2]/[HBI:3] ratio (greenish blue), Chaetoceros resting spores group (CRS;
green), the Zr/Rb ratio (dark brown), F. kerguelensis (red), Open Water gp (orange), Titanium (Ti;
light brown), Thalassiosira antarctica (violet), and Porosira group (pink curve). (1) to (3) and grey
shading areas indicate climate phases indentified. Black curves indicate the ~90 years running mean of
the sedimentary signals.

5 Discussion

All the records in core DTGC2011 indicate a succession of abrupt and large amplitude
changes that were firstly quantified by wavelet analysis. In a second step, the possible related

forcing mechanisms are discussed by decreasing timescales.

5.1 Centennial scale variability

Variations of the diatom relative abundances, diatom specific biomarkers and of the major
and minor element contents display centennial scale variability that allow to delineate three
climatic periods characterized by significant changes in seasonal sea ice dynamics and
polynya activity over the last 500 years.

e (1) The 1540-1725 C.E. period

High abundance values of the FCC gp along with relatively important [HBI:2]/[HBI:3] ratio
(Fig. 52) probably indicate heavy sea ice presence in the form of increasing pack ice during
the spring season over that period. Such conditions are inferred from modern validation of the
proxy whereby sedimentary data from the core site were compared to meteorological data
over the instrumental period (Chap I11). The simultaneous high occurrences of the open water
proxies, i.e. F. kerguelensis and the Open Water gp along with high Ti levels (Fig. 52),
however, strongly suggest the presence of open water conditions during the summer-to-
autumn season. This is further supported by high abundances of the Porosira gp and low
values of T. antarctica (Fig. 52), which, when taking together, suggest the presence of light
sea ice conditions during autumn as observed over the recent period (Chap Ill). Low CRS

abundances along with relatively low Zr/Rb ratio values (Fig. 52) indicate that the DDUT
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polynya was reduced during this interval, conducting to overall weak dense water formation
and bottom water circulation, since both proxies were previously linked to intense coastal

polynya activity in the region (Campagne et al., 2015; Chap I1I).

Combined observations from the sedimentary proxies therefore indicate that although the
1540-1725 C.E. period is characterized by increasing spring sea ice presence and surface
stratification due to sea ice melting, the area also experience a relatively long ice-free season,
with sporadic sea ice conditions during the summer-autumn season. Over the instrumental
period, a similar scenario was observed to occur under dominant onshore wind circulation
(northerly to easterly wind fields), contributing to increase pack ice conditions in spring.
However, northerly winds also contribute to increase summer melting and limit ice growth in
autumn by transporting warm air from the north and by enhancing the swell (Chap I11). These
interpretations are supported by previous studies that suggested a southward migration of the
Southern Westerly Winds (SWW) and Circumpolar Trough during the ~1400-1700 C.E.
period, which brought moisture to high southern latitudes via increased cyclone activity
(Mayewski et al., 2004; Saunders et al., 2012; Goodwin et al., 2014). More regionally, several
positive anomalies of snowfall were recorded at Law Dome (DSS) during the ~1500-1700
C.E. interval (van Ommen and Morgan, 2010). Greater snowfall precipitations were
associated with more east to north-easterly flow at DSS and along the East Antarctic coast.
Such scenario is in agreement with our results and is likely consistent with increasing SAM
trends (Sinclair et al., 1997). Although paleo-reconstructions indicate a negative SAM (SAM-
) at that time (Fig. 52), the SAM index has been gradually and continuously increasing over
the previous centuries and the 1450-1725 C.E. period (Villalba et al., 2012; Abram et al.,
2014). At the opposite, paleoreconstructions indicate a strong positive Southern Oscillation
Index (SOI+; la Nina-like conditions) during the 1450-1725 C.E. period (Fig. 52; Yan et al.,
2011). Recent observations around Antarctica suggest that La Nina conditions (similar to
SAM+ and/or SOI+) would causes divergent sea ice motion and thus increased sea ice extent
in some places (Jacobs et al., 2006; Stammerjohn et al., 2008; Dinniman et al., 2012), along
with warm air advection to coastal Antarctica (Thompson and Solomon, 2002). Recent SAM+
trends would also cause anomalous upwelling of the relative warm and saline CDW onto the
continental shelf, there increasing summer open water conditions and melting of continental
ice (Jacobs et al., 2006; Williams et al., 2008; Dinniman et al., 2012; Schmidtko et al., 2014).
In the Adélie Depression, increasing sea ice conditions were tied to a westward shift of the

wind circulation onto the shelf (and decreasing katabatic winds) coinciding with the recent
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SAM+ trend (Campagne et al., 2015). Keeping in mind that exporting modern relationships
between climate mode forcing and environmental parameters to paleo records may not be
completely suitable due to the recent unprecedented positive trend of the SAM (Villalba et al.,
2012), the greater spring sea ice presence and reduced katabatic winds over the 1540-1725
C.E. period inferred from our sedimentary data, and further supported by regional glacial
records, suggest that a La Nina like atmospheric pattern characterized the 1450-1725 C.E.
interval despite the opposite phasing between the two climate modes.

e (2) The 1725-1890 C.E. period

Low values of the FCC gp and [HBI:2]/[HBI:3] ratio during that period suggest a reduced sea
ice cover during the spring season (Fig. 52). Concomitant high CRS and Zr/Rb ratio values,
low abundances of F. kerguelensis and Ti content during the 1730-1870 C.E. period, along
with low Open Water gp assemblages in sediments in the 1725-1810 C.E. interval (Fig. 52),
likely indicate the presence of a large coastal polynya and cool summer conditions, as
suggested by our previous findings on recent sediments (Chap Il1). However, the 1850-1890
C.E. period is characterized by decreasing CRS population, while highest values of Zr/Rb and
relative abundances of T. antarctica, F. kerguelensis and the Open Water gp (Fig. 52) suggest
enhanced polynya activity and concomitant open conditions during summer, with however

pronounced sea ice conditions in autumn.

The sedimentary assemblage indicate a progressive increase of the ice free season due to an
early spring sea ice retreat and presence of a recurrent polynya over the 1725-1890 C.E.
period. However, it seems that the polynya regime changed around 1850 C.E. from coastal
polynya conditions to seaward spreading polynya system over the DDUT, as response to a
shift from dominant southerly to easterly wind fields since 1850 C.E. Similarly at CB, 200 km
eastward, high relative abundances of CRS were found between 1800-1890 C.E. and high
Zr/Rb between 1800-1870 C.E. (Fig. 53; Campagne et al., 2015), suggesting that the entire
area experienced enhanced polynya activity during the 1725-1890 C.E. period, maybe with
maximum extent or activity during the 1750-1890 C.E period. Prevalent easterlies since 1850
C.E. also conducted to icier autumns as evidenced by higher abundances of T. antarctica RS
(Fig. 52). More regionally, precipitation reconstructions at DSS and Taldice point to negative
snowfall anomalies roughly between the 18th and the 19th centuries (van Ommen and
Morgan, 2010) probably in response to a reversal in the wind pattern relative to (1)

characterized by increasing katabatic winds in East Antarctica (Stenni et al., 2002; Ommen
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and Morgan, 2010). Regional reconstructions suggest that increasing Na levels at ~1850 C.E.
imply less sea-ice extent and duration in the region (Mayewski et al., 2004). The SAM index
continuously increases over this period (Villalba et al., 2012) while the SOI index decreases
in a stepwise pattern (Yan et al., 2011) (Fig. 52). This configuration (less negative SAM and
less positive SOI; more EI Nino-like conditions) results in opposition to (1) to an equatorward
migration of the SWW, which would reinforce katabatic winds at high latitudes. We however
note that the inferred shift in polynya nature at ~1850 C.E. (as traced by CRS and Zr/Rb
downcore records) falls in line with a drastic drop in SOI values, which may have conducted

to a more easterly wind fields during spring, despite the equatorward migration of the SWW.,
e (3) The 1890-2000 C.E. period

High values of the FCC gp and [HBI:2]/[HBI:3] ratio, along with low CRS assemblage
suggest increasing sea ice conditions in spring (Fig. 52). Particularly, highest [HBI:2]/[HBI:3]
ratio values are found during this interval, and according the study of recent sediments over
the instrumental period (Chap I1), suggest that amongst the coolest conditions occurred at
1895 C.E. and 1955 C.E. (Fig. 52). Highest values of F. kerguelensis, Open Water gp and Ti
coincide with lowered Zr/Rb values and a strong decrease of T. antarctica (Fig. 52),
suggesting an increase in the duration of the ice free season, and probably warmer surface
waters, in summer-autumn months. Polynya efficiency seems to decrease at that time besides
the presence of open conditions over the DDUT, as previously seen over the instrumental
period (Chap I11).

The sedimentary assemblage in (3) therefore indicate a delayed ice free season, characterized
by longer sea ice duration in spring, but warmer and less icy conditions during the summer-
autumn season. It also argues for reduced polynya activity off DDU. Increasing sea ice
seasonality and variability in (3) may traduce enhanced zonal wind pattern in our study area,
characterized by preponderant easterly winds alternating with westerly wind events, and so
overall decreasing katabatic winds as previously suggested (Chap Ill; Campagne et al., 2015).
Indeed, a strong decrease of polynya markers is observed in CB over the 20th century (Fig.
53; Campagne 2015), likely supporting the idea that polynya activity was regionally reduced
over the last 150 years. Such scenario may be triggered by decreasing wind velocity
associated to easterly wind circulation over the shelf, as demonstrated by atmospheric
reanalyses over the last 140 years and meteorological data from the DDU station over the last

50 years (Fig. 54). Reduced polynya activity and lengthening of summer-autumn open water
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conditions in interval (3) is in line with higher precipitations at DSS since 1880 C.E. and
culminating since the 1970s, which were associated with east to north-easterly flow anomalies
along the East Antarctic coast (van Ommen and Morgan, 2010). Since the 19th century, the
SOI gradually decreases while the SAM increases toward its millennial highest values (Fig.
52; Villalba et al., 2012). Although relationships between the occurrence of easterly winds
and climate modes is not fully assessed over the instrumental period, it has been suggested in
the region that such SAM+ trends have promoted a more zonal atmospheric circulation onto
the shelf (Chap. 1V; Massom et al., 2009; Campagne et al., 2015). As such, wind pattern

changes in (3) may have responded to preponderant SAM increase, relative to SOI.
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Figure 53. Variations of the diatom assemblage, sea ice related biomarkers, major and minor element
content from the DTGC2011 versus CB2010 over the last 250 years. Fragilariopsis cylindrus over the
DDUT (blue) and at CB (pink), [HBI:2]J/[HBI:3] ratio over the DDUT (blue) and at CB (pink),
Chaetoceros resting spores group (CRS) over the DDUT (blue) and at CB (pink), the Zr/Rb ratio over
the DDUT (blue) and at CB (pink), F. kerguelensis over the DDUT (blue) and at CB (pink), Titanium
over the DDUT (blue) and at CB (pink). Blue shading area indicate sea ice phases following calving

179



events of the MG (Campagne et al., 2015). Coarser curves indicate the ~90 years running mean of the
sedimentary signals.

5.2 High frequency climate variability off AGVL

Our records further display decadal to pluri-decadal variability over the last 500 years.
Spectral and wavelet analyses were performed to determine periodicities of the sedimentary
signals recorded in core DTGC2011. In addition, we compared our results with previous
findings from CB over the last 250 years in order to assess the origin and the regional versus
synoptic scale pattern of the forcing impacting oceanic conditions in AGVL. To this effect, F.
cylindrus (as for the CB records) and [HBI:2]/[HBI:3] ratio were used to track sea ice cover
variability, F. kerguelensis relative abundances were used to record open ocean conditions,
Zr/Rb ratio and CRS content were used to infer variations of DDU polynya activity, and Ti
levels to assess the potential sources of terrigenous inputs onto the shelf. Wavelet analyses
highlight the presence of non-stationary significant cyclicities at 10-30 years and 50-100 years
in DTGC2011 sedimentary signals (Fig. 55), which origin and associated mechanisms are

discussed hereafter.

5.2.1 Wind circulation and atmospheric variability

In the Southern Ocean and in Antarctica, decadal periodicities have generally been attributed
to atmospheric teleconnexions between the southern mid- and high-latitudes (Cook et al.,
1996; Souney et al., 2002; Enomoto et al., 1991; Thomas et al., 2008; Zitto et al., 2015).
Enomoto (1991) and van Ommen and Morgan (2010) evidenced a pluri-decadal inverse
relationship over the past centuries in precipitations and SLP between East Antarctica (e.g.
Wilkes Land) and the mid-latitudes through changes in the Westerly Winds pattern, with a
variability ranging from ~20-30 years and ~40-60 years. Similarly, quasi 20-year and quasi-50
year cyclicities were observed in the temperature and precipitation records of Base Orcadas at
South Orkney Islands and of the Gomez ice core in southern Antarctic Peninsula over the past
centuries and attributed to SAM and SOI forced atmospheric reorganisations (Thomas et al.,
2008; Zitto et al., 2015). Recent studies have demonstrated that atmospheric changes, and
notably modification of the wind pattern have important impacts on sea surface conditions,

polynya activity and terrigenous inputs in AGVL (Chap I1l; Massom et al., 2009; Campagne
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et al., 2015). Enhanced easterly winds pack ice and increased sea ice presence in the MGP
region, decreasing the polynya activity, whereas southerly winds would have the opposite
effects along the AGVL coast. As such, the significant decrease in polynya activity between
1950-1990 C.E., inferred from higher Zr/Rb values, may be attributed to the significant
westward shift of the wind pattern (more easterly winds) at that time, which has been
monitored and is supported by atmospheric reanalysis (Fig. 54; Campagne et al., 2015).
However, wavelet analyses indicate no clear statistical relationships between our sedimentary
records and SAM/SOI reconstructions and are thus not presented here. Absence of clear
trends could be possibly due to the smoothed impacts at pluri decadal scale of the climate
modes over the last centuries, relative to longer timescale forcing mechanisms. In addition,
the short decadal periodicities in our records might result from the expression of the
interannual fluctuations of the AAO and EI Nino indices (Stenseth et al., 2003; Jevrejeva et

al., 2003), that can increase noise in the signal.
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Figure 54. Changes in the wind pattern over the Adelie-Georges V Land since the 19 century. a)
Standardized values of the wind magnitude (blue) inferred from the wind speed at 2 meters from 20CR
reanalysis over the last 140 years for the A-GV Land; standardized yearly average values of wind
speed (dark green) for the 1956-2007 period measured at the Dumont D'Urville (DDU) station. b)
Standardized total wind direction angle (brown) respective to the inferred from the wind speed at 2
meters from 20CR reanalysis over the last 140 years for the A-GV Land; standardized yearly average
values of wind direction (dark green) for the 1956-2007 period measured at the DDU station. ¢) Wind
mean speed and vector, red box indicates the study area where the wind have been averaged in the
20CR reanalysis over the last 140 years, black box indicates the location of the DDU station.

In addition, direct influence of solar activity on the wind pattern over the SH has been
suggested at decadal (Zhao et al., 2014) to centennial scales (e.g. Varma et al., 2011).
Periodicities of 10-20 years have already been observed in previous studies in Antarctica
throughout the Holocene and linked to solar activity (Warner and Domack, 2002; Crosta et
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al., 2007) as they also occur in the **C and °Be records (Vonmoos et al., 2006). However, no
stable and significant relationships between solar activity, using Total Solar Irradiance (TSI)
reconstruction (Steinhilber et al., 2009), and sedimentary records from the DTGC2011 were
observed (Fig. 55). The only significant relationship is observed with the Open Water gp
(Suppl. Fig. 1), which sedimentary presence tracks warmer summer-autumn conditions and
lengthening of the growing season. This likely suggests that, if solar activity was to modulate
summer conditions off Adélie Land over the last centuries, the mechanisms involved remain

unclear.
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Figure 55. Continuous wavelet transform (CWT) of the sedimentary signals from the core DTGC2011
over the last 500 years. a) CWT of Fragilariopsis cylindrus; b) CWT of [HBI:2]/[HBI:3]; c) CWT of
Chaetoceros Hyalocaete resting spores (CRS); d) CWT of Zr/Rb; e) CWT of F. kerguelensis; f) CWT
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of Titanium. Data has been resampled every 4 years. CWT analyses were done using Morlet wavelet
and Monte Carlo methods according to Grinsted et al. (2004). Statistically significant periods are
identified by the black circled red zones. Data has been resampled every 4 years.

5.2.2 CDW pumping onto the shelf in Adélie Land

The Ti records in core DTGC2011 and CB2010 are perfectly synchronized and correlated in
the 40-80 years band between 1750 C.E. and 1950 C.E. (Fig. 56) and exhibit large decreases
during the 1760-1800 C.E., 1845-1880 C.E. and 1915-1960 C.E. periods (Fig. 53). Since the
1960s, both Ti signals present opposite trends, with low Ti values during the 1970s at DDUT
and high Ti values at CB during the 1980s and (Fig. 53). Similar Ti records at both sites,
whereas CB and DDUT experience opposite past sea-surface conditions, support the fact that
a common and dominant forcing controlled the terrigenous inputs in AGVL. The upwelling
and intrusion of warm CDW (Orsi et al., 1995) have been shown to increase sea surface
temperatures onto the shelf (Williams et al., 2008), and promote the basal melting of regional
glaciers (Miles et al., 2013), which contribute to higher release of bedrock and dirty ice
particles that can sink to depth as subglacial meltwater plumes (Finocchiaro et al., 2005).
Studies have suggested that increasing CDW onto the Antarctic continental shelf is driven by
atmospheric variability over the SH. Indeed, modelling studies have shown that advection of
CDW onto the Antarctic continental shelf is linked to enhanced upwelling southward of the
ACC, promoted by a southward shift and strengthening of the Southern Ocean Westerlies
(Hall and Visbeck, 2002; Marini et al., 2011), caused by a strengthening of the SAM pattern
(Martinson et al., 2008). More locally, CDW inflow onto the shelf was found to be linked to
stronger katabatic winds and enhanced polynya activity (Williams et al., 2008), likely
suggesting that the northward transport of dense water would promote the southward intrusion
of CDW in the region. In addition, pluri decadal periods of increasing terrigenous inputs at
CB and DDUT are well correlated with phases of higher MGP activity over the last 250 years
linked to the MG dynamics (Campagne et al., 2015), suggesting the potential role of the
coupled MGP-MG system. In the Adélie depression, a general clockwise circulation results
from the subsurface inflow of the CDW southeast into the depression and along the MG, and
from a westward return flow of dense saline shelf water along the coast and out via the Adélie
Sill (Williams et al., 2008). Mooring observations further indicate that the major incursion of
CDW occurs east of the Adélie Sill into the Adeélie Depression (Fig. 50), relative to the sill off
the DDU Bank (Williams et al., 2010), likely due to a more intense formation and export of
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dense shelf water in the Adélie depression (Arrigo et al., 2003; Tamura et al., 2012; Lacarra et
al., 2014). The out-of-pattern of terrigenous inputs signals observed over recent decades
suggest a punctual asymmetric inflow of CDW between both regions that is unexplained yet.
The paucity of hydrological data in Adélie Land does not allow to firmly assess potential

oceanic and glacial processes behind such decoupling between both regions.
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Figure 56. Cross wavelet correlation (XWT) between sedimentary signals from the core DTGC2011
and CB2010 over the last 250 years. a) XWT of Fragilariopsis cylindrus; b) XWT of
[HBI:2]/[HBI:3]; ¢) XWT of Titanium; d) XWT of Zr/Rb; e) XWT of F. kerguelensis. Data has been
resampled every 4 years. XWT analyses were done using Morlet wavelet and Monte Carlo methods
according to Grinsted et al. (2004). Statistically significant periods are identified by the black circled
red zones. Rightward pointed arrows indicate positively correlated signals while leftward pointed
arrows indicate negatively correlated signals. Data has been resampled every 4 years.
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5.2.3 Glacial dynamics in Adélie Land

Campagne et al. (2015) have recently discussed about the local influence of the Mertz Glacier
(MG) dynamics off AGVL. Indeed, it has been suggested the MG generates well marked pluri
decadal cycles (70-80 years) in sea surface and polynya conditions in the Adélie Trough over
the last centuries. We have investigated the relationships between the Adélie Depression
(more precisely Commonwealth Bay, CB, 200 km eastward of DDUT) and the DDUT sites
over the last 250 years. Whereas heavier sea ice condition are recorded between 1760-1800
C.E., 1845-1880 C.E. and 1915-1960 C.E. immediately after each calving of the MG
(Campagne et al., 2015; Fig 53 pink curves), the DDUT region was simultaneously
characterized by open water conditions, notably with increasing F. kerguelensis during the
1765-1820 C.E., 1845-1895 C.E. and 1920-1955 C.E. periods (Fig. 53, blue curves). As such,
the 1880-1920 C.E. and the 1950-1970 C.E. periods were characterized by increasing sea ice
conditions (Fig. 53). These opposite trends are further supported by wavelet analyses between
records from the two regions (Fig. 56), which highlight a strong and inverse relationships in
the ~70-80 years band for F. cylindrus, [HBI:2]/[HBI:3] and F. kerguelensis over the last 250
years. Such repetitive and opposite behaviour between the two regions, distant from 200 km,
exclude the implication of global climate forcing, but rather the influence of local processes.
Additionally, recent observations show that the 2010 calving of the MG had profound impacts
on the downstream area (Kusahara et al., 2011; Tamura et al., 2012; Lacarra et al., 2014),
including CB and the DDUT. Indeed, the seaward extent of the MGT blocks pack ice and
icebergs westward flow (Frezzotti et al., 1998), which are of particular importance for the
build up of a fast ice buttress on the Adélie bank and, thence, on sea surface conditions over
the DDUT (Chap I1I; Massom et al., 2001; Giles et al., 2008; Smith et al., 2011). Therefore,
while the Adélie Depression region experiences open water conditions due to the presence of
the MGP, the DDUT experiences heavy pack ice conditions because of the absence or
reduction of fast ice and iceberg fields on the Adélie bank. In contrast, a reduced (or absent)
MG tongue (MGT) allows the passage of pack ice reducing the MGP in the Adélie
Depression region and icebergs which then ground onto the Adélie Bank and promote fast ice
development which, in turn, promote the presence of open water conditions over the DDUT
area. However, such pattern may be altered in time by the nature of the forcing themselves.
Indeed, the MGT constitutes a relative continuous ice flow over decades while in the DDUT
the fast ice buttress over the banks is related to both the MG dynamics along with strong

interannual changes in atmospheric conditions (Chap I11). More spatial and temporal analyses
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of sea ice cover through the MODIS satellite imagery would help to assess the fast ice
variability in the region and particularly over the DDUT. Concerning the polynya activity, the
opposite pattern between both sites is a less obvious over the last 250 years. Our records
indicate that at the sub decadal timescale the Zr/Rb records at CB and DDUT have been
episodically and alternatively in phase (e.g. during 1800-1825 C.E., since 1960 C.E.) and out-
of-phase (e.g. during 1845-1890 C.E. and1890-1950 C.E.) (Fig. 53). Wavelet analyses
confirm such observations (Fig. 56). In phase relationship, as e.g. observed over the last
decades, could suggest that polynya activity may have been driven by atmospheric forcing
superimposed to local glacial dynamics, in agreement with previous findings (Chap IlI;

Campagne et al., 2015).

6 Conclusion

Paleoclimate reconstructions from the DTGC2011 indicate that the DDUT region have
experienced three distinct climate phases over the last 500 years. These changes in the mean
climate state were linked to the synoptic scale reorganisations in the atmospheric and oceanic
patterns. The 1540-1725 C.E. period, characterized by a delayed ice free season and low
polynya activity, coincides with the beginning of the southward migration of the mid-latitude
Westerly Winds conducting to more northerly to easterly winds in the AGVL region. The
1725-1890 C.E. interval was characterized by a progressive increase of the ice free season due
to an early spring sea ice retreat and presence of a recurrent polynya over the 1725-1890 C.E.
period. Our data however suggest that the polynya regime changed around 1850 C.E. from a
coastal polynya to a seaward polynya. Such shift in sea ice and polynya dynamics might have
been caused by changes in the wind pattern, from prevalent katabatic to dominant easterly
winds. Finally, increasing sea ice seasonality since the late 19th century, characterized by icy
spring and more open conditions in summer to autumn, was likely associated to the apparition
of the persistent SAM+ pattern, promoting more frequent, weaker easterly winds and onshore
wind circulation in our study area. Additionally, climate modes and solar activity may have
continuously influenced sea surface conditions in the region at different timescales over the
last centuries, but the mechanisms involved remain unclear. Additionally, out-of-phase
records of sea ice and polynya activity between DDUT and CB, 200 km eastward, indicate
that the MG dynamics played a major role on regional sea-surface conditions on top of global

forcing. Studying impacts of the Dibble Glacier dynamics on sea surface conditions, notably
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on fast ice coverage, would be required to complete the contribution of glacial forcing
surrounding the DDUT. The polynya efficiency and terrigenous inputs may also be strongly
impacted by intrusion and circulation of the warm CDW onto the shelf. Coupled atmospheric
and oceanic variability, combined to the dynamics of the coupled MGP-MG system seem
likely to drive inflow of CDW onto the Adélie shelf. Although very preliminary, oceanic
exchanges between the Adélie Depression and the DDUT via the DDU bank have been
recently observed (Houssais, M.N., personal communications), but their impacts on local
oceanic surface conditions need to be identified. Analysis of additional sedimentary sections
in or nearby the DDUT area would provide a better and finer spatial view of local processes

that act in the region at interannual to decadal scale.
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Chapitre V: Les derniers 2,000 ans en Antarctique
de I'Est

La banquise antarctique exerce un réle important sur les flux de chaleur et les échanges de gaz
a l'interface océan-atmosphére, sur la circulation océanique globale, sur l'albédo de
I'Hémisphére Sud et sur la productivité primaire de 1'Océan Austral. Les reconstructions
paléo-climatiques (PAGES 2k Network, 2013) couvrant I'Holocéne tardif, ainsi que les
récentes observations (Cavalieri et de Parkinson, 2008) en Antarctique montrent que les
variations de températures et de couvert de banquise sont spatialement et temporellement
hétérogenes, pour des raisons encore inconnues. L'étude & haute résolution des conditions
passées du couvert de banquise en Antarctique au cours de I'Holocene est donc nécessaire afin
de mieux évaluer ces changements, ainsi que les forcages naturels et les mécanismes

impliqués.

Dans ce chapitre, notre objectif portait sur la reconstruction des conditions océanographiques
et climatiques en Antarctique de 1’Est au cours des deux derniers millénaires, 1a ou d'autres
enregistrements manquaient, étaient incomplets, ou étaient d'assez faible résolution sur ces
périodes. Dans ce chapitre final, grace a la validation de nos outils (Chap IlI), ainsi qu'a
I'étude fine des forcages climatiques au cours de derniers siécles (Chaps 11l & V), nous avons
pu distinguer quatre intervalles climatiques pluri centennales au cours de I'Holocéne tardif.
Les conditions moyennes de ces intervalles sont relativement opposées aux phases
climatiques bien connues observées dans I'Hémisphére Nord. La mise en perspective de nos
travaux a partir d'une carotte sédimentaire avec d'autres enregistrements glaciaires en
Antarctique de I'Est, ainsi que l'analyse par ondelettes de nos données, révelent des
changements brusques des conditions de surface, de polynies et de saisonnalité de la banquise,
en lien avec l'activité solaire a travers I'interaction couplée de la circulation atmosphérique et
océanique de I'Hémispheére Sud. Les résultats présentés dans ce chapitre constituent également

un article scientifique en préparation.
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Article 1V: High resolution reconstruction of climate and sea ice
seasonality in Adélie Land, East Antarctica, over the Late

Holocene

in preparation

Campagne, P.1,2,3, Etourneau, J.1, Massé, G.2,3, Crosta, X.1 and IODP Expedition 318 Scientists
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Antarctic sea ice exerts a strong control on the ocean-atmosphere heat and gas fluxes,
the Southern Hemisphere albedo, the global ocean circulation and the Southern Ocean
primary productivity. From the Late Holocene onward, paleo reconstructions (PAGES
2K, 2013) along with recent observations (e.g. Cavalieri and Parkinson, 2008) indicate
that temperatures and sea ice cover in Antarctica display spatial and temporal
heterogeneous trends that are not fully understood. High resolution investigation of past
Antarctic sea-ice conditions during the Holocene is thus required to better assess sea ice
changes and the mechanisms involved under natural climate forcing. Here, new and well
dated sediments from Integrated Ocean Discovery Program (IODP) Site U1357B,
retrieved on the continental shelf off Adélie Land (East Antarctica), constitutes the first
complete high-resolution marine-based paleoclimate records covering the last 2,000
years. A sequence of annual to near-annual laminated diatomaceous sediment enables
reconstruction of past sea-ice conditions at an unprecedented interannual to decadal
resolution over the Late Holocene. Diatom assemblages and diatom-specific lipid
biomarkers (HBIs) allow to distinct four intervals over the last 2,000 years, which mean
climate conditions were opposed to known climate phases observed in the Northern
Hemisphere. Wavelet analyses of the datasets also reveal large abrupt changes in sea ice
seasonality and polynya activity, which can be associated to solar activity forcing

through the modification of the coupled SH atmospheric and oceanic circulation.

Key words: Late Holocene, Adélie Land, Sea ice, SAM, SOI, Westerlies, solar activity,
diatoms, HBIs.
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1 Introduction

While the Holocene has been traditionally considered as a relatively stable climatic period,
significant changes have been reported on both regional and global scales. Notably, the late
Holocene period is characterized by large and rapid changes in temperature. Although
generally most pronounced in the Northern hemisphere (NH, e.g. Medieval Warm Period or
Little Ice Age, see Mann et al., 2009; Crowley, 2000), such climatic phases may also be
observed in marine records (e.g. Leventer et al., 1993; Leventer et al., 1996; Domack et al.,
2001; Nielsen et al., 2004) and glacial records (e.g. Masson et al., 2000; Masson-Delmotte et
al., 2004, Bertler et al., 2011; Orsi et al., 2012; PAGES 2k Network, 2013) from the Southern
hemisphere (SH). However, SH paleoclimate reconstructions highlight the complex
heterogeneous regional and temporal trends of the Late Holocene variability (Cook et al,
2000; Mann et al., 2008), particularly for the Antarctic region (Turner et al., 2005; Schneider
et al., 2006; Steig et al., 2009; Goosse et al., 2012).

Although an extensive network of ice cores in Antarctica is revealing some of the nature of
Late Holocene atmospheric variability, few marine records are available and, when available,
these tend to be short and low resolution. In particular, in East Antarctica, the few high
resolution records obtained from the marine environment lack the last millennium (JPC24,
MD2603-2601; Crosta et al., 2007; Denis et al., 2010) and this period, which is essential for
delineating climatic fluctuations induced by natural variability from those resulting from
Anthropogenic activities, is studied using information only collected via ice core
reconstructions. As such, very little is known on the interactions between the ocean, sea ice
and atmosphere climatic sub-systems and their teleconnexions to low-latitude climate as the
mechanism behind the regional climatic heterogeneity observed over the last millennium in
Antarctica (Goosse et al., 2012). This is especially evident for sea ice dynamics, which ice-

core records only cover the last 250 years (Curran et al., 2003).

Here we present the first high-resolution marine-based paleoclimate records from core I0DP
U1357 Hole B, retrieved on the continental shelf off Adélie Land and covering the last 2,000
years. Along the East Antarctic continental shelf zone, where high sedimentation rates have
been previously reported (JPC24, MD2603-2601; Crosta et al., 2007; Denis et al., 2010), the
Dumont d’Urville Trough (DDUT) site yields a ~180 meter long Holocene sediment archive
and constitutes the most expanded Holocene sediment section yet discovered worldwide
(Escutia et al., 2010). These exceptionally high sediment rates therefore allow for assessing
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the evolution of sea ice cover and related surface ocean conditions in the area during the Late
Holocene at a sub-decadal resolution. We use sea ice-related and open ocean-associated
diatom assemblages, along with diatom specific biomarkers (HBIs) to reconstruct past sea ice
variations in our study area. We further assess the amplitudes and frequencies of the forcing

mechanisms involved in long- and short-term sea ice variability.

2 Material and Methods

2.1 General characteristic of the study area

Antarctic coastal and continental shelf zones (CCSZ) are some of the most ecologically
productive regions of the Southern Ocean (Arrigo et al., 2008). Diatoms account for a large
proportion of primary productivity in CCSZ and in Adélie Land, East Antarctica, they
dominate (~80%) the phytoplanktonic assemblages, and occur mostly through intense spring
blooms (Beans et al., 2008) influenced by changes in stratification and thus the stability of
surface waters, that are, in turn, associated to oceanic dynamics and wind pattern variability
(Leventer, 1992; Vaillancourt et al., 2003; Arrigo and van Dijken, 2003; Williams et al.,
2008; Beans et al.,2008). Our study area, the Dumont d’Urville Trough (DDUT; Fig. 57), is
punctuated by several glacial depressions, which act as natural sediment traps by focusing the
local sedimentary material. The DDUT runs from the front of the Zélée and Astrolabe glaciers
to the continental shelf break along a SE-NW orientation and is flanked by the Dumont
d'Urville (DDU) Bank (Fig. 57), on its eastern side and the Dibble Bank on its western side.
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Figure 57. Study area. Map of the study area showing the location of sediment core IODP U1357 Hole
B (downward red arrows) in the Dumont D'Urville Through (DDUT). Are also mentioned the Dumont
D'Urville (DDU) french station (red square), the main glacial (in white) and topographic (upward
black triangle for high relief and downward for troughs) features, the East Wind Drift (EWD; blue
dashed arrow), the principal water masses as Circumpolar Deep Water (CDW,; green arrow) and the
High Salinity Shelf Water (HSSW; brown arrow) (Williams et al., 2008), and the katabatic winds
(black dashed arrows; Massom et al., 1998). Bathymetry data were obtained from
http://www.deepreef.org/publications/peer-review/82-gvdem.html.

The area is under the influence of several water masses and currents (Rintoul, 1998; Williams
and Bindoff, 2003; Williams et al., 2008) with, at the surface, the wind-driven East Wind
Drift, flowing westward. Close to the surface, the Antarctic Surface Water constitutes the
summer sub-surface water mass. They are located on the continental shelf while the
Circumpolar Deep Water (CDW) upwells near the Antarctic Divergence and can intrude onto
the plateau during summer. At the bottom, the High Salinity Shelf Water, which is formed by
brine rejection during winter sea ice formation and cooling of the CDW, flows northward
(Fig. 57) as part of the dense shelf water that extrudes the plateau. This Adélie Land Bottom
Water ultimately sources the Antarctic Bottom Water (Rintoul et al., 1998; Jacobs et al.,
2004; Meredith et al., 2013).

The CCSZ of Adélie Land experiences the strongest katabatic winds ever observed (Périard
and Pettré, 1993), due to the funnelling effect caused by presence of narrow glacial valleys
close to the shoreline (Wendler et al., 1997). These winds blow from the south-east and
support the occurrence of polynyas such as the DDU Polynya (DDUP; 66.11°S-139.31°E) in
the region.
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Sea ice covers ~80% of the area during winter and melt back to the coast in summer (Arrigo
and van Dijken, 2003). Fast ice is also present during the winter months and extends to ~100
km offshore between the Dibble Tongue in the west and the Adélie Bank in the east (Massom
et al., 2003; 2009; Smith et al., 2011; Wang et al., 2014). In summer, this fast ice buttress is
characterized by a succession of several breakouts and re-freezes in the DDUT as a result of a
lack of anchor points (Massom et al., 2009; Smith et al., 2011). In contrast, it remains more
stable and persists later in the season over the banks where numerous icebergs act as
grounding points. Recent studies suggest a strong inter-annual variability of sea ice cover in
our study area, both in of term of extent and timing (formation and retreat), as sea ice
conditions are closely linked to the fast-ice dynamics which are, in turn, largely related to
synoptic scale wind (Adolph et al., 1995; Massom et al., 2003; 2009; Smith et al., 2011, see
Chap 11).

2.2 Core description

In February 2010, the Integrated Ocean Discovery Program (IODP) Expedition 318 (lead
proponent: C. Escutia) recovered a ~180 meter long Holocene sediment archive in the DDUT.
The Hole U1357B (66.4°S, 140.4°E; Fig. 57) has been drilled close to the DDU station in the
most proximal depression of the DDUT at a depth of 1010 meters by an advanced piston
coring (APC)/extended core barrel (XCB) drilling assembly. The loss of sediment due of gas
evolution and section expansion was minimal throughout the core and the sequence recovered
from Hole U1357B, composed of 19 sections, provides an intact Holocene sedimentary
sequence (Escutia et al., 2010). The upper 170 m of the core consist of dark olive-brown to
light greenish brown diatom ooze, and exhibits centimeter scale laminations defined by color
changes between lighter greenish brown (spring season) and darker brown (summer season)
intervals, as previously shown at the same site (Maddison et al., 2012). Laminations range
from ~1 to ~4 cm of annual thickness, as a result of changing conditions between a high-
productivity deposition during spring and a less organic-rich sedimentation during summer
(e.g., Stickley et al., 2005; Maddison et al., 2006; Denis et al., 2006). The observation of
hydrogen sulfide gas at very shallow depth (uppermost meter) in all holes and the presence of
pervasive laminations throughout the sequence indicate anoxic conditions that prevented
larger benthic organisms from disrupting the laminations. The diatom ooze is unusually pure

and intervals with minor clay or fine silt grains only account for up to 10-20% of the smear
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slide grains (Escutia et al., 2010). Radiolarians, sponge spicules, and silicoflagellates are also
well preserved, further confirming the presence of preservation conditions highly suitable for
paleoclimate reconstructions. In this study, we focus over the uppermost ~38 m of the archive

that are corresponding to the last 2,000 years.

2.3 Core chronology

The chronological framework of the sediments was determined using radiometric techniques.
Radiocarbon analyses were performed at the Center for Accelerator Mass Spectrometry from
the Lawrence Livermore National Laboratory, Livermore, USA. Five carbonate shell dates
and eighty AO dates (Suppl. Table 1) were obtained for Hole U1357B sediments. The dead
carbon fraction (DCF) was determined by comparison of shells raw **C dates with raw **C
dates derived from AO treated samples within Hole U1357B and nearby cores (Costa et al.,
2007). A DCF correction of 425 years was subtracted from all AO raw **C dates prior to
calibration. A reservoir age correction of 1200 +/- 100 years (with a Delta R of 800 years), as
generally recommended for East Antarctic shelves (Ingolfsson et al., 1998), was assigned to
all **C raw dates for calibration using CLAM software (Blaauw and Christen, 2011) which
uses the marinel3 calibration curve. Overall, Hole U1357B sediments cover the last 11,500
years in ~170 meters. For the interval of consideration here, the core covers the ~-129-1907

C.E. period (Fig. 58) in ~38 meters, with an average sedimentation rate of ~1,8 cm/yr.
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Figure 58. Chronology of the IODP U1357 based on AMS 14C dates. Ages were calibrated to
calendar ages using BACON (Blaauw and Christen, 2011).

2.4 Diatoms analyses

Micropaleontological analyses were performed every 17-18 cm (~9.4 years resolution)
according to the methodology described in Crosta and Kog¢ (2007) in core U1357B. Diatom
slides were prepared from ~0.5 g of dry sediment. After decarbonatation and oxidation of the
organic matter, the residue was suspended in distilled water and settled onto a coverslip, dried
and subsequently mounted on a glass slide with NOA61. Cell counts were done using an
Olympus BH-2 at a magnification of x1000. For each sample, 300-350 diatom valves were
counted and data are presented as species relative abundances. Diatom identification was
performed to the species or species group level. More details about slide preparation and
diatom identification are available in Crosta et al. (2004). Approximately 70 diatom species
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were identified in down-core assemblages, from which less than a dozen species presented
abundances higher than 2% of the total diatom population. Diatom species have been grouped
according to their ecological preferences. Ecological interpretations were based on the

modern data (chap I11) as well as paleoclimate studies covering the Holocene.

2.5 Biomarker analyses

Few marine and freshwater diatoms belonging to Haslea, Navicula, Pleurosigma and
Rhizosolenia genera were recently found to be synthesizing Highly Branched Isoprenoids
(HBI) (Massé et al., 2011; Sinninghé et al., 2004). A di-unsaturated isomer [HBI:2] has been
identified in Antarctic sea ice and isotopic analyses provide evidence for that this isomer is
synthesized by sea ice dwelling diatoms, while a tri-unsaturated isomer [HBI:3] has been
identified in water column phytoplankton (Massé et al., 2011). Biomarker analysis followed
the technique described by Massé et al. (2011) and were performed every ~5-6 cm (~3 years
resolution) along the upper ~38 meters of the core IODP U1357B. Briefly, an internal
standard was added to the freeze-dried sediments, lipids were extracted using a
Dichloromethane/Methanol mixture to yield a total organic extract (TOE), which was then
purified using open column chromatography (silica). Hydrocarbons were analyzed using a
Gas Chromatograph coupled to a Mass Spectrometry detector (GC-MS). More details about

analyses are available in Massé et al. (2011).

2.6 Wavelet analyses

We used cross wavelet analysis and applied the Morlet wavelet as the mother function on our
dataset, through the MATLAB package and the complete method written by Grinsted et al.
(2004). This method provides a good balance between time and frequency localization, and
we used Monte Carlo simulations to provide frequency-specific probability distribution
(Global wavelet spectrum) that can be tested against wavelet coefficients. Statistical
significance was estimated against a red noise model (Grinsted et al., 2004). In this study, to
test the relevance of our proxies, their statistical relationships and to examine periodicities in a
frequency domain, we compared the two time series by their continuous wavelet transform,

which we hypothesized are linked in some way. The resulting Cross Wavelet Transform
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exposed their common power and relative phase in time-frequency space of the two signals.
Data were previously re-sampled at a 4 years constant step, close to the initial sampling step.
Data were then standardised by subtracting to each values the mean of the dataset and then by
dividing it with the standard deviation. Standardisation did not change the shape of the
records but normalized the amplitude of the variations. Given the resolution of our analyses,
cyclicities in the ~0-15 years band are not taken in consideration as they cannot be
distinguished from those arising from the noise.

2.7 Sedimentary proxies

The FCC gp includes Fragilariopsis curta and F. cylindrus. Large abundances of both species
were interpreted as an indication for the presence of a heavy sea ice cover in several
paleoclimate studies, including those from our study area (Crosta et al., 2007; Denis et al.,
2010). Recent studies have also proposed the use of [HBI:2] and [HBI:3] to reconstruct
variations of Antarctic sea ice duration during the Holocene as complementary sea ice proxy
to diatom counts (Denis et al., 2010; Collins et al., 2013). In the region, Campagne et al.
(2015) have observe a good correlation between [HBI:2] and F. cylindrus in response to

increasing sea ice conditions.

Chaetoceros Hyalochaete resting spores (CRS) in Holocene sediment from Adélie Land have
been associated to an intermittent mixing of the stratified surface waters caused by intense
katabatic winds during the ice free season (Maddison et al., 2006). Indeed, increasing
abundances of CRS in surface sediment were coinciding with the dominances of strong
southerly winds (Chap. Il1) that induced intense polynya activity along the DDU coast
(Riaux-Gobin et al., 2013). Sedimentary distribution of CRS in the region has also been
associated with high nutrient levels and the reduction of sea ice influence in spring (Leventer,
1991; Crosta et al., 1997; Denis et al., 2006).

Analysis of surface sediments (Chap. I1) revealed that increasing abundances of large centric
diatom (such as Thalassiosira lentiginosa, T. oliverana, T. trifulta, T. gracilis, T. tumida,
Actinocyclus actinochilus, Stellarima microtrias and Coscinodiscus spp) indicate open water
and relatively warm conditions during summer, and provides an indication of the length of the

phytoplankton growing season.
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Analysis of Holocene sediments indicate that Thalassiosira antarctica RS and the Porosira
gp, composed of P. glacialis and P. pseudodenticulata, shares broadly similar sea surface
temperature, sea surface salinity, sea ice proximity preferences as well as similar seasonal
occurrences (Pike et al., 2009). In Holocene sediments, these species were used to infer late
summer/autumn rapid deposition triggered by early sea ice return (Maddison et al., 2006;
Denis et al., 2006). However, analysis of modern regional sediments indicate that T.

antarctica prefers icier environments than the Porosira gp (Chap. I11).

3 Results

Relative abundances of the FCC gp show a slightly increasing trend over the last 2,000 years,
from which, large pluri decadal to centennial scale oscillations can be observed (Fig. 59). The
FCC gp reaches a mean values of ~34% between ~-129-480 C.E., and decreases gradually to
reach ~20% between ~480-850 C.E. (Fig. 59). Relative abundances of the FCC gp then
increase rapidly toward a mean values of ~39% in the sediments deposited between ~850-
1550 yrs C.E, and decreases gradually to ~30% between ~1550-1850 C.E. (Fig. 59). After
1850 C.E., the FCC gp relative abundance increase rapidly to reach a mean value of ~47%
over the last decades (Fig. 59). At the pluri decadal scale, the FCC gp relative abundances
display a strong variability throughout the entire record, with large amplitude shifts of up to
40%.

The [HBI:2]/[HBI:3] ratio record also exhibits a similar long-term trend with values
increasing over the last 2,000 years (Fig. 59). The [HBI:2]/[HBI:3] ratio presents a mean
value of ~0,032 between ~-129-480 C.E. and decreases to ~0,017 between ~480-850 C.E.
(Fig. 59). The ratio increases toward its highest values between ~850-1550 C.E. with a mean
value of ~0,043, and then decreases to ~0,03 between ~1550-1850 C.E (Fig. 59). After ~1850
C.E., the [HBI:2]/[HBI:3] ratio increases again toward a mean value of 0,04 although the last
decades experienced a sharp decrease (Fig. 59). Greater variability of [HBI:2]/[HBI:3] ratio,
traduced by large peak values up to 0,1, are discernible between 50-210 C.E. and between the
900-1900 C.E. intervals (Fig. 59), generally during periods of greater FCC gp relative

abundances.
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In contrast, relative abundances of the CRS exhibit an opposite long term trend, with a
relatively slight decrease over the last 2,000 yrs. The record also displays large amplitude of
pluri centennial scale oscillations (Fig. 59). The CRS abundances display a low mean values
of ~21% between ~-129-480 C.E., and then increase toward their highest values between
~480-850 C.E., with a mean value of ~34% (Fig. 59). Then, the CRS cell abundance
decreases to a mean value of ~19% between ~850-1550 C.E., and re-increases to 28%
between ~1550-1850C.E. (Fig. 59). After 1850 C.E., CRS relative abundances drop to ~14%
(Fig. 59). Beside these large periods, the CRS record further strongly varies and present large
pluri-decadal shifts of 20-40% throughout the record (Fig. 59).

Relative abundances of the open water gp slightly decrease throughout the record (Fig. 59).
The pluri centennial variability in relative abundances of the open water gp is less marked
than for previous records, however a strong pluri decadal variability is evidenced throughout
the whole core, characterized by large peak (values increasing up to 5-8 %) around ~-80 C.E.,
~230 C.E., ~660 C.E., ~750-770 C.E., ~1010 C.E. and at 1330 C.E. (Fig. 59).

Relative abundances of Thalassiosira antarctica also display a long-term trend decrease with
relatively high values at the beginning of the record (mean value of 7%) decreasing to low
values at 450-900 C.E. (mean value of 2%) and increasing again during the most recent period
(mean value of 9%). The pluri centennial variability is less marked than other spp. records but
pluri decadal variability is high with large peak values of ~8-25% at ~-40 C.E., ~200 C.E.,
~1150 C.E., ~1250 C.E., ~1680 C.E. and ~1790 C.E. (Fig. 59).

Relative abundances of the Porosira gp display some large pluri centennial scale oscillations
over the last 2,000 years (Fig. 59), with mean values of 2.5% during the -129-480 C.E., 5%
during the 480-850 C.E., 2% during the 850-1550 C.E. and 1% since 1550 C.E. (Fig. 59). The
Porosira gp also exhibit large amplitude shifts from ~4,5 % to ~0,7% at ~150 C.E., from ~1
% to ~5,5 % around ~480 C.E. and from ~6 % to ~1,6 % at ~840 C.E., and further displays
large peak values (up to 5 %) at ~570 C.E., ~680 C.E., ~730 C.E., ~780-800 C.E. and ~1320
C.E.
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Figure 59. Variations of sea surface conditions through the sedimentary records from the 10DP
U1357B covering the last 2,000 years and continental scale temperature reconstructions from
Antarctica. 30-year-mean standardized temperatures for the seven PAGES 2k Network regions,
inferred from PAGES 2k consortium, 2013. Variations of the diatom assemblage relative abundances
in IODP U1357 B covering the late Holocene, and sea ice related biomarkers: sea ice diatoms group
(FCC; blue curve), [HBI:2]/[HBI:3] ratio (light blue curve), Chaetoceros resting spores group (CRS;
green curve), open water group (red curve), Thalassiosira antarctica (violet curve), and Porosira
group (pink curve). (1) to (4) indicate climate phases indentified, with red shading area indicating
warmer periods. Black curves indicate the 90 years running mean.

4 Discussion

The late Holocene period is characterized by large and rapid changes in temperature that are
spatially and temporarily heterogeneous in the SH. In Antarctica, the few marine-based
paleorecords, which tend to be short and low resolution or incomplete, limit the understanding
of the interactions between the ocean, sea ice and atmosphere climatic sub systems and the
teleconnexion to low-latitude climate. Along the East Antarctic continental shelf zone, and
particularly off Adélie Land, the high sedimentation rates allow for assessing the evolution of
sea ice cover at a sub-decadal resolution over the Late Holocene. In section 4.1, we study the
variability of sea surface conditions off Adélie Land over the last 2,000 years, in term of
amplitudes and frequencies trough spectral analyses of our sedimentary signals. We also
compare our data with regional temperature reconstructions based on ice cores in order to
assess of the regional pattern of our results. Finally, in section 4.2 we discuss about the

potential forcing mechanisms involved in long- and short-term sea surface variability.

4.1 2,000 years of climate evolution in East Antarctica

Our records from IODP U1357B display a long-term trend during the Late Holocene on
which four contrasted climate phases lasting several hundred years are superimposed. Spectral
analyses on the sedimentary signals also evidence pervasive pluri-decadal scale cyclicities

over the last 2,000 years.
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4.1.1 Long-term evolution

Most of our records indicate a long-term cooling trend over the Late Holocene period. Indeed,
increasing relative abundances of FCC gp and of the [HBI:2]/[HBI:3] ratio over the last 2,000
years (Fig. 59) suggest enhanced concentration and duration of spring sea ice. Similarly, the
slight decrease in relative abundances of both CRS and the Open Water gp (Fig. 59) indicate a
reduction of DDU polynya and increasing sea ice concentrations (or less opened waters)
during the summer season. These trends are even more evident if we focus on the last
millennium with strong increase in FCC gp relative abundances and HBI content, along with
strong decrease in CRS and Open Water gp relative abundances since 800 C.E. We
congruently observe a steady increase in T. antarctica relative abundances along with a steady
decrease in the Porosira gp relative abundances (Fig. 59) that reflect enhanced sea ice
conditions in autumn. These results are in line with the global cooling trend observed over the
last millennium with cold conditions between ~1000-1800 C.E. (Mann et al.,
2009; Ljungqvist et al., 2010; Wanner et al., 2011) and, at the hemispheric scale, with the
mean cooling trend recorded in Antarctica (Fig. 59; Orsi et al., 2012; PAGES 2k Network,
2013) despite the spatial heterogeneity in ice core temperature reconstructions over that
period (Goosse et al., 2012).

4.1.2 Pluri-centennial variability

In addition to this long-term trend, our records further display strong short-scale variability
over the Late Holocene. Indeed, wavelet analyses indicate that relative abundances of most
diatoms (with the exception of T. antarctica) exhibit prominent periodicities (significant at the
95% confidence level) in the ~250 and the ~500 years bands over the last 2,000 years (Fig.
60). For T. antarctica, these frequencies are not significant and more diffuse during the first
millennium, probably due to the low abundances of this species in the sediments at that time,
but appear more distinctly during the second millennium when cells are more abundant.
Unlike diatoms, wavelet spectrum of the [HBI:2]/[HBI:3] record shows significant power in
the 80-200 years band over the last millennium and non-significant high power in the 300-400
years band throughout the last 2,000 years. Absence or unstructured periodicities in the
[HBI:2]/[HBI:3] ratio signal during the first millennium is likely due to low ratio values at

that time. As such, the sedimentary signals from core IODP U1357B exhibit four distinct
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climatic periods, lasting several hundreds of years, each characterized by significant changes

in seasonal sea ice dynamics.

T.antarctica  Open water gp CRS [HBI:2]/[HBI:3] FCCgp

Porosira gp
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Figure 60. Cyclicities of sea surface conditions over the Late Holocene. Continuous wavelet transform
applied on the FCC gp, the [HBI:2]/[HBI:3] ratio, the CRS assemblage, the Open Water gp, the T.
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antarctica and the Porosira gp, using Morlet wavelet according to Grinsted et al. (2004). Data has
been resampled every 10 years and standardized.

e (1) The ~-129-480 C.E cold period

This interval is marked by high FCC gp abundances and relatively high values of the
[HBI:2]/[HBI:3] ratio (Fig. 59), suggesting icy conditions in spring resulting in cool, low
salinity meltwaters injection upon sea ice waning. Highest abundances of F. curta and F.
cylindrus are linked with locations that experience a sea ice cover duration of 9-11 month/yr
and 8-9 month/yr respectively (Armand et al., 2005). Moderate relative abundances of CRS,
centric diatoms (Open Water gp) and the Porosira gp suggest relatively cool summers and icy
autumns, along with a moderate polynya extent or activity. This assemblage therefore
indicates that surface oceanic conditions were characterized by a relatively late (although
important) melting period in spring and a relatively early autumn waxing during this interval
and, therefore, a reduced ice free season. The diatom assemblages in (1), when compared with
surface sediment assemblages from the SH (Armand et al., 2005; Crosta et al., 2005), suggest

an average sea ice duration of ~9-10 months/yr during this interval.
e (2) The ~480-825 C.E warm/mild period

This interval is characterized by the lowest relative abundances of the FCC gp and lowest
[HBI:2]/[HBI:3] ratio values together with the highest CRS and open ocean diatom relative
abundances throughout the entire record (Fig. 59). Relative abundances of the Porosira gp
were maximum while those of T. antarctica were lowest. These data therefore indicate that
(2) was characterized by an intense polynya activity and the most pronounced open water
conditions of the last 2,000 years. Sea ice was probably melting early in spring but, most
importantly, sea ice advance was also delayed in autumn, implying a short duration of the sea
ice season. When compared with assemblages from surface sediment in the SH (Armand et
al., 2005; Crosta et al., 2005), the species distribution in our sediments from that period

suggests an approximately 8 months long sea ice season.
e (3) The ~825-1550 C.E. cold period.

In contrast to (2), this interval is characterized by maximum abundances of the FCC gp and
high [HBI:2]/[HBI:3] ratio values along with low abundances of CRS, the Open Water gp and
T. antarctica and Porosira gp (Fig. 59). This suggests the occurrence of very icy spring

conditions and cool conditions during the summer/autumn season. Polynya extent and activity
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may also have been strongly reduced at that time. Therefore, our records indicate that, as
during (1), colder conditions rapidly took up at the end of (2) and prevailed between ~825-
1550 C.E. Mean sea ice duration, based on comparison to modern assemblages (Armand et
al., 2005; Crosta et al., 2005), can be estimated to a period lasting ~10-11 months/yr and was

characterized by a late spring melting and early autumn waxing.
e (4) The ~1550-1850 C.E. cold/mild period

During interval (4), although the FCC gp and [HBI:2])/[HBI:3] ratio values decrease, they
remained relatively elevated and coincided with increasing CRS abundances (Fig. 59). This
suggests that enhanced polynya activity characterized the interval in contrast to (1) and (3).
However, this time, the inverse relationship between sea ice and open water proxies
characterizing previous intervals is less marked. This probably indicates the occurrence of still
relatively cool summer conditions even if the spring conditions become progressively milder
than during the previous interval. Interestingly, T. antarctica abundances increased during this
interval while Porosira gp cells remained as low as during the previous interval suggesting
that icier conditions during autumn progressively took place probably in line with cooler
summers during this period. As such, between ~1550 and 1850 C.E., the sedimentary records
suggest still some relatively cold conditions and enhanced coastal polynya activity, likely due
to stronger and more persistent katabatic winds and, although the decrease in FCC gp
abundances indicates an early spring melting, an early sea ice advance results in a short ice
free season preventing the development of cells from the open water group. Comparison with
modern diatom cell distributions in surface sediments (Armand et al., 2005; Crosta et al.,
2005; Chap. IlI), would indicate a mean sea ice duration of ~9-10 months/yr during that
interval. After 1850 C.E., relative abundances of the FCC gp increased again while relative
abundances of CRS, open ocean and autumn diatoms markedly decreased. Although it is
difficult to assess about the sea cover seasonality here given the short duration of the period,
such sedimentary assemblage probably indicate icy spring conditions and reduced polynya

activity.

Our records differ from global paleoclimate reconstructions covering the Late Holocene.
Particularly over the last 1,000 years, the PAGES 2k network reconstructions based on ice
core records suggest warmer conditions in Antarctica in the early part of the last millennium
followed by colder conditions, at the opposite of our results (Fig. 59). The timing of

alternating cold and warm phases in IODP U1357 B is relatively similar to the well-known
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climatic phases described in the NH (e.g. Medieval Warm Period, Little Ice Age; Mann et al.,
2008), but follows an opposite pattern as already observed (Tavernier et la., 2014; Neukom et
al., 2014). This opposition could be linked to a delayed climatic response of the SH relative to
the NH via oceanic and atmospheric connections (Goosse et al., 2004; 2012; PAGES 2k

Network, 2013) but would imply a lag of several centuries that seems irrelevant.
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Figure 61. Regional climate connexions between the Adélie Land area, the East Antarctic region and
the Ross Sea regions. Map showing the location of the French station Dumont D'Urville (DDU; red
square), the Talos Dome Ice Core site (Taldice; red spot) and the Law Dome Summit South site (DSS;
red spot). a) Variations over the late Holocene period of standardized values of the CRS relative
abundances (green), the 56180 (blue) records at Taldice (Stenni, unpublished data.) using timescale
AICC2012, and the 6180 (violet) records at DSS (Moy et al., unpublished data, obtained from the
National Climatic Data Center). Red shading area indicate warmer periods identified in IODP U1357B
records. Black curves indicate the 90 years running mean. b) Wavelet cross correlation between the
CRS relative abundances, the 6180 records at Taldice (upper panel) and 6180 records at DSS (lower
panel), using Morlet wavelet according to Grinsted et al. (2004). Data has been sampled every 10
years.

Our records are, conversely, in much better agreement with East Antarctic climate as inferred
from 80 records at Talos Dome Ice Core (Taldice; 159°04'21"E-72°47'14"S, 2318.5 m;
Stenni, unpublished data) and at Law Dome Summit South (DSS; 112°50'5"E-66°43'47"S,
1368 m; Moy et al., unpublished data, NCDC) (Fig. 61a). Both ice core records show the
long-term cooling observed in our diatom and biomarker records, and also contrasted climate
phases at the pluri-centennial timescale. Taldice temperatures were amongst the highest (Fig.
61a) of the last 2,000 years during the (1) interval, while the DSS temperatures, although
covering only half of the interval, seemed relatively low at that time similar to the cold
conditions observed in our data. During the (2) interval, where we observe the warmest and
less icy conditions of the last 2,000 years, DSS temperatures increased while Taldice
temperatures stayed relatively elevated. Over the coldest and iciest period (3) of our data, both
Taldice and DSS records are coherent with our results by exhibiting a pluri-centennial
cooling. Finally, Taldice temperatures increased during the (4) period until 1850 C.E. (Fig.
61a), agreeing mostly with our sedimentary records. Conversely, DSS temperatures increased
between 1300-1700 C.E. and decreased after 1700 C.E. (Fig. 61a), out-of-phase with our
records. Interestingly, cross wavelet correlations between sedimentary signals from 10DP
U1357B and ice cores show higher correlation with CRS assemblages, with an in phase
relationship in the 350-500 years band and in the 250-450 years band, for Taldice and DSS
respectively (Fig. 61b). They also show non-stationary common cyclicities at the pluri-
decadal timescale. These results ground truth the regional expression of our records and imply
that East Antarctic coastal ocean and continental climate responded to similar forcing over the

last 2,000 years.
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4.1.3 Pluri-decadal variability

Wavelet analyses demonstrate that pervasive pluri-decadal variability in sea surface
conditions off Adélie Land were present irrespective of the long-term cooling and mean
environmental conditions recorded during the four climatic phases described above. The FCC
gp displays significant power in 60-130 years band between 100-550 C.E. and 1300-1400
C.E. (Fig. 60). Similarly, CRS display non-significant high power in the ~130-150 years band
between ~200-500 C.E. and ~700-950 C.E. (Fig. 60). Thalassiosira antarctica also shows
significant high power in the ~20-150 years band during the ~1600-1850 C.E. interval, where
large peaks are present, and Porosira gp shows a 30-40 years cycle during the period of its
maximal abundance at 700-800 C.E. (Figs 59 & 60). The Open Water diatom gp shows
significant periodicities of ~30-40 years and high power in the ~90-150 years band between
~500-1400 C.E (Fig. 60), successively coinciding with its maxima and minima abundances
(Fig. 59). The [HBI:2]/[HBI:3] ratio signal shows two significant periodicities in the ~100-
120 and ~120-150 years band during the 800-1800 C.E, and significant power in the ~30-70
years band, which coincide with two of its large peaks around ~200 C.E. and ~1400 C.E.
(Figs 59 & 60).

Regarding the regional relationships at pluri decadal scale between our data and temperature
reconstructions at Taldice and DSS, no stationary relationships are present over the last 2,000
years (Fig. 61b), which may imply that local forcing in Adélie Land may have dominated the
pluri-decadal scale variability during the Late Holocene. However, non-stationary common
cyclicities are present and, visually, we note that two maxima of temperatures around 550
C.E. and 750 C.E. at both Taldice and DSS coincide with minima of the FCC gp assemblages
in our data, highlighting the potential contribution of global forcing at that time.

4.2 Potential forcing driving East Antarctic climate variability of the

last 2,000 years

Sedimentary signals from IODP U1357B exhibit a large variability over the last two millennia
characterized by persistent periodicities occurring at both low and high frequencies. We here
aim to identify the potential forcing and mechanisms that acted at different timescales behind

these cyclicities.
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4.2.1 Long term forcing

The long cooling we observe in our data probably relies on external and natural climate
forcing, that are changes in insolation and volcanic activity. Indeed, several studies have
suggested that in Antarctica, declining temperatures and increasing sea ice cover over the
Holocene are attributable to processional changes in local mean annual and spring insolation
(Renssen et al., 2005; Shevenell et al., 2011; Etourneau et al., 2013). However, insolation
changes associated to Milankovitch orbital evolution over the last 2,000 years are weak.
Recent studies have also shown that repetitive volcanic eruptions may have further
contributed to this general cooling by modulating these radiative forcing via injection into the
stratosphere of large amounts of sulphur dioxide that converts to sulphate aerosol, thus
increasing the Earth albedo and leading to short-term, global-scale cooling at the Earth
surface (Robock et al., 2002). In particular during the last millennium, it has been suggested
that volcanic activity have contributed to negative radiative forcing between 1400-1850 C.E.
at global scale (Crowley et al., 2000; Cole Dai et al., 2000, McGregor et al., 2015; Sigl et al.,
2015) and in the Southern Ocean to Antarctic region (Bertler et al., 2011; Orsi et al., 2012;
Sigl et al., 2015).

4.2.2 Pluri centennial scale forcing

The pluri centennial scale variability exhibited by all sedimentary records and Taldice and
DSS d'®0 records suggests that a common forcing played a major role over the Late
Holocene. Robust long-term cyclicities at ~150-120 years, ~200-250 years and ~570 years
have already been observed in Antarctic marine sediments and generally attributed to solar
activity forcing (Domack et al., 2001; Leventer et al., 1996; Warner and Domack, 2002;
Nielsen et al., 2004; Crosta et al., 2007). Indeed, latitudinal migration of the Southern
Hemisphere Westerly Winds (SWW) and the circumpolar trough, that affected sea ice cover
in Antarctica during the Holocene (Bentley et al., 2009; Denis et al., 2010; Etourneau et al.,
2013. Kauffman et al., 2014), were associated to changes in solar activity (Mayewski et al.;
2004) with a 200 and a 400-500 years cycle over the Holocene (Lamy et al., 2001; Varma et
al., 2011). More precisely, periods of higher (lower) solar activity were associated with mean

southward (northward) shifts of the SWW, due to enhanced (weakened) meridional surface
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temperature gradient (Varma et al., 2011). Strengthened and southward SWW increases zonal
wind circulation (and so decreasing katabatic winds) off Adélie Land, in turn increasing sea
ice presence and decreasing polynya activity in our study area (Chap Ill; Campagne et al.,
2015). Our records suggest icier conditions off ALGV during the -129-480 C.E. and 825-1550
C.E. periods (intervals (1) and (3), respectively), in agreement with paleoclimate
reconstructions suggesting poleward SWW during the ~0-450 C.E. and ~850-1400 C.E.
periods (Lamy et al., 2001; Varma et al., 2011). Interestingly, the atmospheric configuration
in (1) and (3) coincided with Southern Oscillation Index (SOI) negative phases (Fig. 62; Yan
et al., 2011). Our data indicate less icy conditions, along with more intense polynya activity,
during the 480-825 C.E. and 1550-1850 C.E. periods (intervals (2) and (4), respectively) in
agreement with paleoclimate reconstructions indicating an equatorward position of the SWW
during the ~450-850 C.E. and ~1400-1900 C.E. periods (Lamy et al., 2001; Varma et al.,
2011). Such atmospheric configuration in (2) and (4) coincided with SOI+ phases (Fig. 62;
Yan et al., 2011). However, differences in sea ice seasonality occur between the two warmer
intervals of our records. Indeed, between ~1400-1900 C.E. several reconstructions (Fig. 62;
Lamy et al., 2001; Varma et al., 2011) point a continuous poleward migration of the SWW
(Mayewski et al., 2004; Bertler et al., 2011; Saunders et al., 2012), associated with the
increasing SOI+/SAM+ (Southern Annular Mode) atmospheric pattern (Fig. 62; Villalba et
al., 2012; Abram et al., 2014). Such atmospheric configuration may have progressively
decreased katabatic winds and so, as we observe in our data, soften polynya conditions and
increase the sea ice presence in the region over the (4) interval relative to (2). This scenario is
supported by the concomitant large increase of diatom assemblages associated with icy
conditions in autumn (T. antarctica) over the interval (4), whereas the (2) period experienced
more open water related assemblages (Porosira gp) (Fig. 62). Finally, we suggest that
increasing spring sea ice conditions and reduced polynya activity we observe since 1850 C.E.
were likely due to continuous decreasing katabatic winds at that time, probably caused by
persistent southward SWW and SAM+ trends (Fig. 62; Villalba et al., 2012; Abram et al.,
2014).

It therefore appears that phasing between the influence of SOI and SAM at pluri centennial
scale may strongly impact on Adélie Land sea ice dynamics and seasonality through
modulation of the regional wind pattern, an hypothesis previously suggested over the
instrumental period in the study area (Chap Ill; Campagne et al., 2015). Indeed, in our

sedimentary data alternating spring assemblages (FCC gp versus CRS) follows well the SOI
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pattern over the Late Holocene. At the opposite, autumnal assemblages in our records could
be highly sensitive to the SAM pattern in addition to the SOI, suggesting the SAM have
potential greater impacts on summer to autumnal conditions in our study area, in agreement
with recent observations (Thompson and Solomon, 2002). However, longer SAM
reconstructions recovering the (1) and (2) period in our records are required in order to verify

these assumptions.
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Figure 62. Relationships between sea surface conditions and polynya activity in Adélie Land and the
synoptic scale SH atmospheric variability over the Late Holocene. Decadal Southern Oscillation Index
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(SOI; red) precipitation-based reconstructions (Yan et al., 2011), negative (positive) values indicate
more El Nifio (la Nina) like conditions; Yearly Southern Annular Mode (SAM; blue) temperature-
based reconstruction (Abram et al., 2014) and its 90 years running mean (black); 90 years running
mean of the FCC gp relative abundances (blue); 90 years running mean of the T. antarctica relative
abundances (violet); 90 years running mean of the Porosira gp relative abundances (pink); Southern
Westerly Winds (SWW) long term changes (black arrows) inferred from Lamy et al. (2001) and
Varma et al. (2011). (1) to (4) indicate the climatic phases inferred from the IODP U1357 B. Red
shading area indicate warmer periods.

4.2.3 Pluri-decadal scale forcing

Cyclicities of 20-50 years appear in our sedimentary records but are strongly non stationary
over the last 2,000 years (Fig. 60). We suggest that the observed non-stationary periods are
partly due the mean climate state and resulting mean sedimentary content. Indeed, no
significant pluri decadal cyclicity is present in sea ice proxies during the intervals 480-825
C.E. and 1550-1850 C.E., while no cyclicity is observed in open ocean proxies during the
intervals -129-480 C.E. and 825-1550 C.E. Observations over the recent period in the SH
(Enomoto et al., 1991; Zitto et al., 2015) and atmospheric circulation reconstructions in East
Antarctica (Souney et al., 2002) attributed some pluri-decadal scale periodicities (20, 30, 40,
50 years) to the atmospheric teleconnexions between Southern high- and mid-latitudes, with
possible links with the pluri-decadal expression of the SAM. As such, the presence of these
non-stationary 20-50 years cyclicities in our records argument for similar atmospheric and
oceanic teleconnexion between low latitudes and the AGVL at these timescales over the last
2,000 years. We note that minima of spring sea ice diatom assemblages in our data coincide
well with maxima of SOI reconstructions over the last 2,000 years, while maxima of autumn
sea ice diatom assemblages were concomitant with periods characterized by SAM+ pattern
over the last 1,000 years (Fig. 62). However, wavelet analyses between the SAM
reconstruction and sedimentary signals from IODP U1357B point a variant relationship (and
are thus not presented here), with correlations which are sometimes in phase and sometimes
reversed. Absence of clear trends could be possibly due to the smoothed impacts at pluri
decadal scale of the climate modes over the last centuries, relative to longer timescale forcing
mechanisms. In addition, the short decadal periodicities in our records might result from the
expression of the interannual fluctuations of the AAO and El Nino indices (Stenseth et al.,
2003; Jevrejeva et al., 2003), that can increase noise in the signal. Our results highlight the
need for other regional long-term and high resolution paleoclimate reconstructions studies, in

order to correctly assess climate modes impacts and processes involved at pluri decadal scale.
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Additionally, local mechanisms may further trigger pluri-decadal scale variability in sea-
surface conditions in the region. Previous results in core CB2010 from the Mertz Polynya in
the region, demonstrated that the internal dynamics of the Mertz Glacier Tongue generated
fluctuations in sea ice conditions and polynya activity with a ~70 years cyclicity (Campagne
et al., 2015), which may imprint at the core site (Chapter 1V). No constrain on the Mertz
Glacier Tongue exist beyond the last 250 years and it appears tentative to extrapolate over the
last 2,000 years when climate forcing may become as important as internal dynamics.

5 Conclusion

Analysis of the sedimentary archives retrieved in the DDUT in Adélie Land, allow for the
reconstruction of sea ice cover and surface conditions at a decadal resolution. Our records are
in agreement with other Antarctic reconstructions that indicate a long term cooling, and
particularly in the East Antarctic region. Our reconstructions also suggest that the seasonal
distribution of the sea ice cover, the length of the growing season and the polynya activity
have changed at pluri centennial scale over the Late Holocene. As such, our reconstruction
indicate four distinct climate intervals that show some similar evolutions with glacial records
from the East Antarctica. These changes could be likely forced by solar activity modifying the
SH synoptic scale atmospheric circulation pattern which is coupled to oceanic variability and
changes of the regional wind pattern. Our results further suggest that, in our study area, sea
ice seasonality and both spring and autumn assemblages might be sensitive to the phasing
between SAM and SOI indices. Wavelet analyses also evidence periods of pluri decadal
cyclicities in our record, potentially reflecting the relative contributions of atmospheric
teleconnexions and local forcing (e.g. the Mertz Glacier calving cycle). Higher resolution
marine records in the region would better assess the inter-annual to pluri-decadal scale
forcing. Studies of the SH synoptic scale atmospheric variability and its impacts on sea
surface conditions have been undertaken for the instrumental period but less is known about
the longer timescale (e.g. Masson et al., 2000; Varma et al., 2011) especially with those
focusing onto wind pattern variability in Antarctic coastal regions. Additionally, since
observations of SH atmospheric circulation changes over the last decades might be biased due
to the global warming effects and more regionally to the ozone hole depletion, those may not

allow for assessing of the natural climate variability.
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Conclusions générales et perspectives

Les assemblages de diatomées, ainsi que les éléments majeurs et mineurs mesurés par XRF
core-scanner dans le sediment, sont des outils communément utilisés pour reconstruire les
variations paléo-environnementales dans I'Océan Austral. Plus récemment, l'utilisation de
biomarqueurs spécifiques de diatomées (HBI) est venue compléter ce panel d'outils
paléoclimatiques. Dans cette thése, nous avons réalisé grace a ces outils une étude a plusieurs
échelles de temps des conditions paléoclimatiques en Terre Adélie-Georges V sur la période

de I'Holocéne tardif.

Un des buts de ce travail de thése était, a partir d'une carotte d'interface, d'affiner la
compréhension du systéme climat/océan/banquise actuel, grace a I'étude tres haute résolution
de la réponse sédimentaire aux changements de conditions de surface sur la période
instrumentale. L'étude de la période climatique actuelle a également porté sur la partie
supérieure de deux carottes sédimentaires plus longues dans la région, ayant conservé leur
interface, permettant ainsi de contraindre une certaine reproductibilité spatiale de nos
résultats. Ces enregistrements sédimentaires ont de plus été confrontés, statistiquement quand
cela était possible, a un éventail de données météorologiques sur les derniéres décennies ainsi
gu'a de la ré-analyses atmosphérique pour des échelles de temps un peu plus longues. La mise
en perspective de nos signaux sédimentaires avec des données instrumentales saisonnieres
(direction et intensité du vent, température et concentration de glace) a I'échelle des sites
d'études, a permis de valider les outils pour une utilisation ultérieure sur des échelles de temps
plus longues, ce qui constituait l'objectif (1) de cette these. Le deuxiéme but (2) était
d'identifier les forcages régionaux et/ou locaux ainsi que leurs mécanismes associés a diverses
échelles temporelles de variabilité climatique (pluri centennale a décennale). Pour cela, des
ondelettes ont été réalisées sur des enregistrements couvrant les derniers siécles, mais aussi
sur une séquence sedimentaire recouvrant les derniers 2,000 ans, afin de documenter la
variabilité des conditions de surface et de glace, et d'éventuels schémas répétitifs au cours de
I'Holocéne tardif. Enfin, la caractérisation des conditions océanographiques et climatiques en
Antarctique de I’Est au cours des derniers siecles et millénaires, la ou d'autres enregistrements
manquaient, étaient incomplets sur ces périodes, ou d'assez faible résolution, constituait

I'objectif (3) de ce projet. De plus, la mise en perspective de nos travaux avec d'autres
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enregistrements glaciaires en Antarctique de I'Est couvrant I'Holocéne tardif est venue

compléter les objectifs (2) et (3).

Principaux résultats

1. Validation de nos outils

L'étude des relations entre nos différents outils, combinée aux parametres environnementaux a
I'échelle annuelle et interannuelle atteste de la pertinence et de l'utilisation de nombreux
indicateurs pour les études sédimentaires a plus long terme. Ainsi, les outils associés aux
conditions libre de glace semblent répondre presque linéairement a I'allongement de la saison
de croissance et a une faible concentration de glace, en accord avec les précédentes études
régionales ou synoptiques. Cependant, nos résultats démontrent aussi que certains indicateurs
environnementaux peuvent étre caractéristiques de la zone d'étude, notamment di a des
conditions particulieres (ex: la présence de polynie), ou encore que d'autres ne sont pas tout a
fait en accord avec les interprétations auxquelles ils sont associés dans les précédentes études
a longues echelles spatiales et/ou temporelles. En particulier, les indicateurs de conditions de
banquise présentent une relation complexe avec les conditions environnementales, et
apparaissent ainsi influencés par plusieurs facteurs tels que la concentration de banquise, la
dynamique de fonte et/ou de reformation, la structure et la nature du couvert de glace, en lien
étroit avec la circulation atmosphérique sur le plateau continental antarctique. A plus long
terme, cette réponse multi-variée apparait cependant lissée en relation avec une expression
moyennée des conditions environnementales dans les signaux sédimentaires ou encore l'action

plus ou moins prépondérante de certains processus.

2. ldentification des forcages et des mécanismes associés, Figure 63

Les enregistrements a I'échelle de 1'Holocéne tardif montrent que les changements d’état
moyen a I'échelle interannuelle a décennale sont de plus faible amplitude que ceux a 1’échelle
centennale a millénaire, probablement parce que les variations d’énergie associées aux
forcages a grandes échelles de temps sont plus grandes que celles associées aux forcages
courtes échelles de temps. Ainsi, au cours des dernieres décennies, dans un contexte de
réchauffement climatique global et d’intensification du SAM, la direction du vent semble

primordiale dans la modulation du cycle saisonnier du couvert de glace, premiérement
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controlé par les changements saisonniers d’insolation et de température. A plus longue échelle
temporelle cependant, les variations d’état moyen de I’insolation ainsi que les températures
atmosphériques et océaniques semblent jouer un réle plus important que la direction et

I'intensité des vents sur les conditions de banquise dans la région.

Millennaire - Insolation saisonniére locale Activité solaire

Pluri centennale Activité solaire Circulation atmopshérique synoptique

Dynamique glaciaire Activité solaire

Pluri décennale Couple ocean/atmosphere (Vents/Upwelling)-Modes climatiques

Inter annuelle Modes climatique-Vents-Dynamics de la fast ice

2oe|b 9p suonIpuo)

200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Age (CE.)

Figure 63. Schéma des forcages climatiques identifiés dans la thése, ainsi que leurs échelles de temps
d'action respectives au cours de I'Holocene tardif. Les courbes en bleu indiquent les enregistrements
sédimentaires des diatomées de glace (Fragilariopsis cylindrus + F. curta) de toutes les carottes
étudiées pendant la these; les courbes en noir représentent les moyennes lisées a 90 ans.

e Variabilité climatique interannuelle a décennale
Nos travaux réalisés sur les sédiments d'interface indiquent que la variabilité de la circulation
atmosphérique sur le plateau continental de la Terre Adélie-Georges V constitue le forgcage
principal de la variabilité interannuelle des conditions de glace, notamment du point de vue de
la présence du pack-ice et de la fast-ice et, ainsi, de la productivité siliceuse. Nos
enregistrements tendent également a montrer que l'action couplée de I'atmosphére et de
I'océan, a travers la variabilité des conditions d'upwellings et de circulation de masses d'eau au

large du plateau, peut impacter saisonniérement les conditions de surface au cours des
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derniéres décennies. Cependant, en raison du manque de données hydrologiques et
océanographiques, qui nécessiterait un travail poussé en oceéanographie physique dans la
région, & confronter notamment aux mesures metéorologiques, ces hypothéses sont pour le
moment invérifiables. Toutefois, en accords avec les d'études bibliographiques, nos
observations tendent a indiquer que la variabilité atmosphérique interannuelle sur le plateau
de la Terre Adélie-Georges V répond aux modes climatiques dominants de I'HS et, plus
particulierement a la tendance positive du SAM, trés prononcée depuis les années 1950.

e Variabilité pluri décennale
Des variations décennales a pluri décennales relativement stationnaires ont également été
mises en évidence dans nos divers enregistrements. Sur la base des observations de la période
récente, nos résultats a plus longues échelles supportent le role important des relations modes
climatiques-conditions de vent (synoptiques/régionales) sur la variabilité pluri décennale des
conditions de surface dans notre zone d'étude. Nos résultats semblent également indiquer qu'a
cette échelle les conditions d'upwelling et de circulation de masses d'eau sur le plateau jouent
un role important sur les conditions de surface durant la saison de croissance du
phytoplancton. Cette variabilité océanique semble associée a la dynamique atmosphérique,
mais nos résultats tendent également a montrer un lien avec la dynamique glaciaire de la
région. Ainsi, le cycle de vélage du Glacier de Mertz apparait comme l'un des forcages
prépondérant des conditions de surface et de ’activité des polynies dans notre zone d'étude,
avec une cyclicité de ~70 ans dans nos signaux sédimentaires. Des cyclicités pluri décennales
proches de 'activité solaire n’apparaissent que partiellement dans nos données, ne permettant

pas d'établir clairement un lien.

e Variabilité pluri centennale
A T'échelle pluri centennale, le changement d’état moyen des modes climatiques semble
constituer le forcage prépondérant de la variabilité des conditions de surface au large du
continent Antarctique via la réorganisation des télé-connexions moyennes-hautes latitudes et
de la circulation atmosphérique synoptique résultante. Ainsi, nos résultats indiquent que la
dynamique du couvert de glace via les changements de saisonnalité au printemps et a
l'automne est sensible a I'expression des changements de phases des modes climatiques
dominant de I'Hémisphére Sud. Sur la base d'études bibliographiques, nous avons émis
I'hypotheése que ces changements d’état moyen des modes climatiques sont générés par la

variabilité pluri centennale de I'activité solaire.
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e Variabilité long-terme
Enfin, nos reconstructions a I'Holocéne tardif attestent d'un refroidissement progressif au
cours des derniers millénaires, probablement causé par la décroissance du rayonnement
solaire d0 a la précession (Steig et al., 2013) au long de I'Holocéne, voir de la réponse de
I’ Antarctique et de I’Océan Austral au forgage volcanique (McGregor et al., 2015) comme

observé pour I’Hémisphére Nord.

3. Caractérisation des conditions océanographiques et climatiques de I'Holocéne
tardif en Terre Adélie-Georges V

L'étude de nos archives sedimentaires longues a mis en évidence quatre intervalles
climatiques successifs au cours des derniers 2,000 ans, caractérisés par des variations tres
prononcées de la saisonnalité du couvert de glace et des conditions régionales de polynie. Nos
résultats sont relativement cohérents sur le long terme avec des enregistrements glaciaires en
Antarctique de I'Est, indiquant un lien trés prononcé avec les variations de températures dans
cette région. Cependant, les phases climatiques enregistrées au large de la Terre Adélie
semblent en opposition de phase par rapport a celles de I’HN. Par exemple, alors que la
plupart des enregistrements marins et terrestres de I'HN témoignent d'un refroidissement entre
le XIV-XIXe siecle, appelé Petit Age Glaciaire, nos enregistrements indiquent a l'inverse une
tendance au réchauffement entre XVI-XIXe siécle, bien que cette période ne constitue pas
I'intervalle le plus chaud (VI-1Xe siécle) des derniers 2,000 ans dans nos enregistrements. Les
raisons de cette opposition ou fort décalage pourraient résulter de la forte hétérogénéité
spatiale du climat antarctique, comme enregistré dans les carottes de glace ou du temps
nécessaire au transfert des anomalies climatiques de 'HN vers I’HS via I’atmosphére et
I’océan (Goosse et al., 2004; 2012; PAGES 2k Network, 2013). D’autres études de carottes
marines documentant le compartiment océanique a haute résolution temporelle et des études
couplées données-modeéles seront nécessaires pour mieux comprendre les mécanismes sous-

jacents.

Limites et perspectives

(1): compréhension du systéeme actuel
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Cependant, le travail sur les sédiments de surface a été grandement limité par le manque de
connaissance sur la compréhension du systéeme actuel, quant a la formation des signaux
sédimentaires dans la zone d'étude, leur transformation dans la colonne d’eau et leur
enfouissement a 1’échelle saisonniere. En effet, le modele d'age bien que contraint par un
grand nombre de mesures du 2°Phys et par leur reproductibilité, reste approximatif a I'échelle
intra annuelle, et ne permet pas d'étudier la variabilité saisonniere des signaux sédimentaires,
malgré la haute résolution de nos analyses. Deux lignes de pieges a sédiments ont été
mouillées en janvier 2010 au large de Dumont D’Urville au droit de la carotte [ODP U1357 et
dans la Dépression Adélie, a proximité du Glacier de Mertz, et devaient fournir une vision des
processus d'export et de sédimentation sur 4 ans. Cependant, en raison de contraintes
technique fortes di au milieu extréme, peu d'informations ont pu étre extraites, et n‘'ont pas pu
étre reproduites spatialement a cause de la perte d'une partie du matériel. Sur le piége au large
de DDU, le flux de masse a été caractérisé par un évenement unique de sédimentation
massive (dont la valeur est proche des valeurs maximales observées dans diverses région
antarctiques) restreint & deux semaines entre le 21 Janvier et le 6 Février (Closset, 2011), bien
qu'il soit possible que le picge ait manqué le début de flux de masse. Sur le restant de I’année
les flux ont été presque nuls, et ont ré-augmenté de nouveau lors de la récupération des piéges
a sediments en Janvier 2011 (Closset, 2011). Ces résultats vont a I'encontre des hypothéses
basées sur les nombreuses études long terme portant sur la microstructure et la composition
saisonniére des sédiments cotiers dans la région. En effet, Maddison et al. (2005), Denis et al.
(2006) et Escutia et al. (2010) ont ainsi démontré que la sédimentation sur la marge du plateau
résultait de la succession saisonniére de la production en surface entre le printemps et I'été
austral, et ont également mis en évidence des couplets annuels de lamines d’épaisseur pluri-
centimétrique dans la région et a notre site d'étude DDUT. Cependant, les nombreuses
mesures d'activité du plomb radioactif (*:°Pbys) réalisées au laboratoire EPOC ont montré des
variations importantes du taux de sédimentation sur les périodes trés récentes (Fig. 64;
Schmidt et al., unpublished data). En effet, on note clairement I'apparition de plateaux,
reproductibles sur plusieurs carottes, aux alentours des années 1983-1986 C.E. (Fig. 64), mais
aussi des micro-lamines voir des hiatus potentiels de sédimentation sur certaines années, qui
semblent correspondre a des variations de structures du sédiment, comme en témoignent les
changements d'assemblages de diatomées et de la teneur en silice sur la carotte interface
DTCI2010 (Fig. 64). Par ailleurs, les activités de “°Pb,s au top d'une carotte prélevée en

Janvier 2011, montrent qu'approximativement 20 cm ont été déposés entre 2010-2011,
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renforcant ainsi 1’hypothése d’un éveénement de sédimentation massif au début de 1’année
2010. L'étude des assemblages de diatomées et des concentrations de biomarqueurs sur cette
section pourrait apporter des éléments de réponse quant a la composition/structure et I'origine
de ces plateaux. Les raisons de la variabilité du taux de sédimentation n’ont pas encore été
étudiées en détail mais notre étude portant sur les derniers 40 ans (Chapitre 111) montre que
ces années sont caracterisées par des conditions d'ouverture de banquise parmi les plus
importantes des dernieres décennies, ainsi que des températures élevées et des conditions peu
venteuses. Ces conditions favoriseraient probablement une couche de surface relativement
stable et chaude et diminueraient ainsi la productivité associée a la glace de mer. Pour
expliquer la présence de plateaux, il a également été suggéré que cette sedimentation massive
n’est pas originaire de la production primaire locale mais serait transportée depuis la région
tres productive du Mertz plus en aval, soit par le courant c6tier en surface, soit par les
courants de fond. Cette derniere hypothése semble cependant peu probable en raison du Banc
Adélie qui limite les échanges entre la Dépression Adélie et la région de DDUT. De plus, nos
enregistrements sedimentaires au cours des derniers siecles indiquent des tendances opposées,
notamment sur les courtes échelles de temps, entre nos signaux sédimentaires a CB et DDUT,

réfutant une origine commune du sédiment aux deux sites.
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Figure 64. Variations interannuelles du taux de sédimentation en Terre Adélie. Activité du *°Pb,, dans
trois enregistrements sedimentaires au site DDUT: DTCG2011 (triangle vert; cf. Chap 1V); DTCI2010
(losange bleu; cf. Chap I1l) et DTCI2011 (cercle orange). Les ages des plateaux (rectangles en
pointillés gris) sont préliminaires, et ont été estimés & partir de I'activité du *°Pb (Schmidt et al.,
unpublished data). Variations de la structure sédimentaire au site DDUT basée sur l'analyse des
assemblages de diatomées (rouge) et de la teneur XRF en silice (vert), réalisées sur la carotte
DTCI2010.

Ainsi, le manque de connaissances quant aux variations spatio-temporelles de la productivité
et notamment des blooms phytoplanctoniques en Terre Adélie-Georges V ne permet pas
d'avoir une vision complete de la variabilité de la dynamique des polynie dans la région. Par
exemple, un des points clés de nos reconstructions a court et long termes est les relations des
assemblages de CRS aux conditions de polynie, associées aux vents catabatiques d'apres les
observations dans la région (Riaux Gobin et al., 2013). Il serait ici nécessaire de reconstruire
plus finement les variations spatiales du couvert de glace ou de la productivité en surface afin
de mieux contraindre la dynamique de la polynie au site DDUT. L'utilisation de données

satellite de chlorophylle a en surface permettrait de mieux appréhender cette variabilité, mais
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offre cependant une vision incompléte de la répartition spatiale du bloom en ne tenant pas
compte de la productivité dans les cracks et les leads de la banquise. L'utilisation d'images
MODIS, bien que disponible sur les dix derniéres années, permettrait en revanche d'observer
grace a un maillage plus fin la variabilité du couvert de glace ainsi que de discriminer les
conditions de fast ice de celle du pack ice, ayant un impact important sur les assemblages de
diatomées et les HBIS. Une telle étude permettrait ainsi de contraindre la production in situ de
celle exportée, et d'affiner ainsi la calibration et la validation de nos outils. Couplé a I'étude de
sédiment de surface, cette technique permettrait d'infirmer ou de confirmer les relations
démontrées dans le Chapitre 111 de certaines espéces de diatomées et également des HBIs avec

les variations des conditions atmosphériques et de surface.

(2) et (3): connaissance de la variabilité climatique aux échelles pluri décennale a pluri

centennale

La comparaison de simulations climatiques avec nos données pourrait nous aider a la
comprehension des mécanismes responsables de la variabilité des conditions de surface dans
notre zone d'étude au cours de I'Holocene et notamment sur le dernier millénaire. En
collaboration avec le Pr. Hugues Goosse, Louvain la Neuve, nous avons pu travailler avec des
données issues du modéle LOVECLIM, auxquelles nous avons confronter nos données
sédimentaires. LOVECLIM est un modele 3D de complexité intermédiaire développé a
I’Université de Louvain (Belgique). Ce modéle est composé principalement de trois modeles
simplifiés : le modele atmosphérique quasi-géostrophique ECBIlt, le modele de circulation
générale de ’océan et de la glace de mer (CLIO) et le modéele de la biosphére continentale
(VECODE). A I’inverse des GCMs, LOVECLIM est caractéris¢ par une dynamique simple et
une résolution horizontale et verticale plus grossiere, ce qui permet une plus grande rapidité
de calcul et rend possible 1’assimilation de données (Goosse et al., 2010). Cette méthode
reléve d’un processus mathématique par lequel 1’évolution d’un modéle numérique est
contrainte a rester proche d’une réalité particllement observée, en combinant les observations
et les résultats des modeles afin d’obtenir une reconstruction optimale de I’état du systéme

climatique dans le respect de la physique du modéle.

Nous utilisons ici deux simulations annuelles de concentration de glace de mer du modeéle
LOVECLIM, une sans assimilation de données, LOVECLIM_ Last2k (LL), couvrant la
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période 0-2,000 C.E., et une simulation avec assimilation de données, LOVECLIM_PR (LR),
couvrant la période 851-2,000 C.E. (Fig. 65). LOVECLIM inclue les forgcages climatiques
naturels (activité solaire et volcanique, paramétres astronomiques) et anthropiques (GESs,
aérosols, couverture terrestre). Une description des caractéristiques du modele sans
assimilation de donnée est disponible dans PAGES 2k Network (2013). L'assimilation de
données dans LOVECLIM est contrainte par des reconstructions de température estivales et
hivernales aux moyennes latitudes (ex: cernes d'arbres et sediments lacustres) ainsi que par
des enregistrements glaciaires aux hautes latitudes, de fagon a intégrer les télé-connexions
inter-latitudinales (Goosse et al., 2012). Une description des caractéristiques du modele avec

assimilation de donnée est disponible dans Goosse et al. (2012).

Sur le long terme, LL et LR indiquent une légere augmentation des concentrations de
banquise au site de la carotte IODP U1357B au cours des derniers 2,000 ans et 1,000 ans,
respectivement (Fig. 65), en accord avec nos reconstructions. LL montre une variabilité pluri
centennale moins prononcée par rapport a nos données et a la simulation LR dont I’amplitude
des changements est plus en accord avec nos données (Fig. 65). LL montre une diminution
des SIC entre 0-150 C.E. et 400-800 C.E. traduisant une tendance au réchauffement sur ces
périodes, entrecoupée d’une augmentation des SIC témoignant d'un refroidissement entre
150-400 C.E. et entre 800-1300 C.E. (Fig. 65), plus ou moins en accord avec ce que l'on
observe dans nos données. Cependant, LL indique un réchauffement autour de 1350 C.E.
suivit d'un refroidissement sur les derniers siécles a l'inverse de nos données (Fig. 65). LR
montre un réchauffement entre 1100-1300 C.E., 1450-1650 C.E.et un refroidissement entre
900-1050 C.E. ainsi qu'entre 1300-1450 C.E. et 1650-1800 C.E., en désaccord avec nos
données (Fig. 65). La variabilité pluri décennale dans LL et LR est bien représentée (Fig. 65).
Toutefois, aucune relation claire ne semble apparaitre au cours des derniers 2,000 ans entre
nos donnees et les deux sorties du modele (Fig. 65). On note en cependant que les plus hautes
valeurs de SIC dans LR coincident avec le maximum d'abondances relatives de diatomées de
glace (FCC gp) autour de 1350-1450 C.E., une période identifiée comme un épisode de froid
extréme de I'HS (Neukom et al., 2014).
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Figure 65. Comparaison entre les données sédimentaires de la IODP U1357B et la concentration de
glace de mer annuelle (SIC), estimée grace au modele LOVECLIM. Les assemblages du groupe de
diatomées de glace (FCC gp; bleu) ont été mis en perspective des résultats d'une simulation de SIC
avec assimilation de données (LR; vert), et d'une simulation sans assimilation de données (LL; red).
Les données sedimentaires et du modele ont été standardisees.

Ainsi, la simulation LR reproduit les mémes ordres de variabilité qu'observés dans nos
signaux sédimentaires, mais avec des tendances globalement en désaccord avec nos donnees.
Dans LL, la simulation sous-estime légérement la variabilité pluri centennale, mais les
tendances a cette échelle sont relativement en accord avec nos reconstructions jusqu'en 1300
C.E., puis sont inversées au cours des derniers siécles. LOVECLIM suggere que les
paramétres astronomiques, l'activité solaire, I'activité volcanique ainsi que la couverture des
sols constituent les forcages dominants responsables du refroidissement observé au cours du
dernier millénaire (PAGES 2k Network, 2013). Ainsi, la comparaison modele/données

sédimentaires tend a indiquer que nos enregistrements témoignent de l'expression de la
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variabilité climatique globale sur le long terme. En revanche, aux échelles pluri centennale a
décennale il semble que les forcages climatiques majeurs inclus dans les simulations
LOVECLIM ne suffisent pas & expliquer nos données. Dans la simulation avec assimilation
de données, les différences observées indiquent que méme en incluant des reconstructions
paléoclimatiques, une part de la variabilité climatique est propre a notre zone d'étude.
Cependant, les différences modele/données sédimentaires pourraient aussi étre dues au fait
que les reconstructions a partir d'enregistrements marins ne sont pas incluses dans le modéle
(Goosse et al., 2012), en raison d'une trop basse résolution. De ce fait, il n'existe pas
d'assimilation de données pour le couvert de banquise dans LOVECLIM. De plus, la
représentation de la variabilité des conditions de vent sur le plateau et notamment Il'intensité
des catabatiques, un des principaux forcages mais trés localisé dans notre zone d'étude, peut
étre mal paramétrée dans le modele. Les études tendent de plus en plus a démontrer que les
modeles surestiment les forcages externes par rapport a la dynamique interne du climat
(Goosse et al., 2012; Neukom et al., 2014), qui pourrait ici expliquer les tendances de nos
enregistrements. La multiplication d'enregistrements sédimentaires marins complets, haute
résolution, et leur intégration dans le modéle LOVECLIM pourraient offrir une vision plus
compléte du systeme climatique, en incluant par exemple les relations océan/banquise/vent,

notamment & I'échelle locale.

Notre étude s'inscrit parmi les nombreuses évidences (Tavernier et la., 2014; Neukom et al.,
2014) qui tendent a démontrer que le climat entre les deux hémispheres au cours des derniers
2,000 ans n'a finalement été en phase que sur quelques périodes de temps, correspondant a des
extrémes climatiques. Il se pourrait alors que la prépondérance de la recherche sur le climat
dans I'HN, poussant a la recherche systématique de I'expression de phases climatiques type
MWP ou LIA dans les enregistrements de I'HS, tende a biaiser la compréhension de la
variabilité climatique au cours de I'Holocéne. Il apparait que pour étudier la variabilité du
climat et réduire les incertitudes notamment quant a la part de variabilité climatique naturelle

et anthropique, les tendances de I'HN ainsi que I'HS doivent étre prises en compte.
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Annexes

Annexe 1 - Informations, figures et tables supplémentaires relatives a
I'article |

Supplement Note 1

We have focused on the relationships and response of sea surface conditions, through satellite
data, to atmospheric forcings inferred from automatic weather forecast measurements in the
region of Dumont D'Urville (Supplementary Fig. 1). The four seasons (DJF, MAM, JJA and
SON) are considered independently. We decided to not take in consideration the seasonal
lagged response that may exist between atmospheric forcings and sea ice conditions as this is
beyond the scope of this study. Only significant correlation are shown, but high level non
significant relationship (>+ 0,200) between parameters are also discussed here.

[2009/01/29

\

Supplement Figure 1: Location of satellite data pixels. MODIS satellite image
(2009/01/29) of the Georges V Land indicating the grid points (green spots; -66,5481;
140,5149 and -66,4065; 140,0883) used for the extraction of the daily sea ice concentration
values. The red spot indicates the DTCI core location, and the red square marks the Dumont
D'Urville french station.

In spring (September to November, SON), wind direction displays positive relationship with
the sea ice retreat date (Suppl. Table 1), indicating that more easterly (westerly) winds tend to
promote early (late) sea ice melting, as observed for the summer period (see below). Spring
SIC are positively linked with the sea ice retreat date and negatively related to the ice free
season (Suppl. Table 1). Finally, wind speed is positively associated with spring temperatures
(Suppl. Table 1), indicating that weak winds are cooler than strong ones for the season.



In summer (December to February, DJF), wind speed is significantly negatively correlated to
wind direction (-0,601;Suppl. Table 1) indicating that more easterly winds are stronger than
south to westerly ones in the area. Katabatic winds extend only to a limited distance over the
open ocean during the summer season, due to less gravitational flow, whereas in winter with
the sea ice cover, katabatic winds are not constrained and extend offshore (Pettré and Parish,
1993). Therefore, the opposite relationship we observed between wind speed and direction
might reflect the increasing contribution of the more along shore wind pattern through the
East Wind Drift, due to soften (meridional) katabatic winds in summer (Wendler et al., 1997).
Additionally, a strong relationship exists between the summer wind direction and the sea ice
retreat date while the wind speed displays an opposite relationship with the timing of sea ice
retreat. The wind direction in summer is further negatively linked to temperatures and the
length of the ice free season, suggesting that more easterly (westerly) winds would tend to be
associated with higher (lower) temperatures and longer (shorter) ice free season. Additionally,
wind speed displays opposite relationships with timing of sea ice advance, which in turn
appears positively linked to summer temperature. These results suggest that a stronger
easterly (weaker westerly) winds in spring-summer promote earlier (later) sea ice retreat in
our study area. Results regarding the sea ice advance date and atmospheric parameters appear
contradictory (see above), but looking at their relationships is question able as sea ice waxing
conditions are attributable to the autumn and not summer period (see below). Unsurprisingly,
summer SIC is significantly negatively correlated to the length of the ice free season (-0,868)
and significantly positively correlated to the sea ice retreat date (0,930).

For the autumn period, wind speed is positively linked to wind direction, and displays a
significant negative correlation with SIC (-0,472;Suppl. Table 1) and a significant positive
correlation with the closing date (0,360). These results would suggest that easterly (westerly)
winds are weaker (stronger) over the March to May period. In autumn, the katabatic phase
becomes stronger due to the strengthening of the surface inversion, which results in a more
downslope (increasing) wind direction (Wendler et al., 1997), likely explaining the opposite
relationship between wind direction and speed we found in summer (see above). Additionally,
our results show that years characterized by weaker easterly (stronger south to westerly)
winds in autumn would be associated by increasing (decreasing) sea ice conditions and
subsequently advanced (delayed) sea ice closing. Such sea ice conditions are further
associated to low (high) temperatures in our study area, as this latter exerts negative
relationship with SIC and positive link with the wind speed along with the closing time
period. However, satellite data of SIC does not allow to discriminate if increasing SIC in
autumn is due to increasing sea ice presence or sea ice formation in the area, whose
characteristics may have large impacts on water column stratification through the dense water
formation process. Unsurprisingly, for the autumn period SIC are significantly negatively
correlated with the sea ice advance date (-0,917) and the length of the ice free season (-0,425).

During the winter season, the wind speed displays a positive correlation with the temperature
(0.542;Suppl. Table 1), indicating that strong (weak) winds are associated to warmer (cooler)
temperature. Interestingly, although the winter wind direction is not significantly correlated to
winter wind speed and temperature, it displays high positive relationship with both, implying



that easterly winds are weaker and cooler in winter than westerly winds in the region. This
might reflects the contribution of storms crossing the Adélie Land coastal area and bringing
moist warmer air under a more westerly regime (Wang et al., 2014). SIC during winter are
negatively linked with wind speed and temperature (Suppl. Table 1), suggesting that weak
cold winds would promote increase of SIC.

Seasonal responses of sea ice conditions to atmospheric forcings highlight that summer and
autumn display the highest correlations/relationships with weather forecast/satellite data,
likely because both seasons at high latitude experience much of the environmental variability
through the sea ice melting and regrowth. Opposite response of sea surface conditions further
occurs between summer and autumn in our PCA, as stronger easterly (weak westerly) winds
would reduce (increase) sea ice conditions in summer at the core site but increase (reduce) sea
ice conditions during autumn. Relationship between wind conditions (notably wind direction)
and temperature varies seasonally in our data, but it seems that for any season wind speed is
negatively linked to temperature.

Supplement Note 2

Sea ice proxies

The Banquisia gp is composed by sea ice dwelling diatoms such as Navicula directa, N.
glaciei, Synedra spp and Ephemera spp (Annett et al., 2010;Torstensson et al., 2012). These
species are all localized in the F2- area (Fig. 38). Navicula directa is positively correlated to
Ephemera spp (0,181;Suppl. Table 2), and N. glaciei is positively correlated to Synedra recta
(0,265). Only Entomoneis spp and Synedra fragilis, known to be sea ice related, are located at
the opposite in the F2+ axis and are not correlated to other species. We nonetheless chose to
include them in the Banquisia gp as their low abundances may bias the PCA results.
Combined relative abundances of the species included in the Banquisia gp are less than 2% of
the total diatom assemblages (species noted in grey in Fig. 38), they were not compared with
meteorological parameters.

Fragilariopsis obliquecostata has been associated with surface melt pools and with the water
column under sea ice (Garrison, 1991; Armand et al., 2005; Gersonde et al., 2000).
Fragilariopsis obliquecostata is often associated to other cold water Fragilariopsis species
such as F. ritscheri and F. sublinearis in the literature, and they were found to present similar
Holocene recordsas F. curtain the region (Crosta et al., 2008). On the PCA, F. obliquecostata
is localized in the F1+/F2- quarter (Fig. 38) and displays its highest significant correlation
with F. rhombica (0.454;Suppl. Table 2) and Eucampia antarctica (0.378) for example.
Fragilariopsis obliquecostata is however not significatively related to F. ritscheri and F.
sublinearis in our study area, conversely to what is presented in the literature.

The Fragilariopsis summer group combines F. ritscheri and F. sublinearis. Highest
abundance of F. ritscheri is observed with SST ranging 0-3°C and can support a wide range



of an annual sea ice duration from 2 to 10.5 months, with a peak around 9 month/yr (Armand
et al., 2005). Although F. ritscheri has been observed in surface melt pools, land-fast and
pack-ice samples (Tanimura et al., 1990), it has been found in higher abundances in the
adjacent water column than in sea ice samples (Gersonde, 1984), suggesting that this species
potentially prefers melt water conditions (Armand et al., 2005). From its surface sediment
occurrence, F. sublinearis have been related close to and at, the summer sea-ice edge, in areas
characterized by year-round sea ice influence and summer surface water temperatures <—1°C
(Zielinski and Gersonde, 1997; Gersonde et al., 2000). Both species have found to co-occur
with other Fragilariopsis spp in the sea ice assemblage in Antarctic Peninsula (Crosta et al.,
2008).Fragilariopsis ritschieri and F. sublinearis are both significantly located in the
F1+/F2+ and in the F1+/F2- axes respectively (Fig. 38). Pearson correlation coefficient
reveals that both species are highly positively correlated (0,501;Suppl. Table 2) in agreement
with previous studies. Fragilariopsissublinearisis significantly correlated toF. curta (0.234),
along with summer and autumn associated species (e.g. T. antarctica: 0.234; E. antarctica:
0.223). However, unlike in paleoclimate studies (Crosta et al., 2008), F. sublinearis and F.
ritschieri display negative and significant correlation with F. cylindrus (-0.359 and 0.346,
respectively) and show no relationship with F. obliquecostata.

Distribution pattern of Eucampia antarctica in surface sediments, along with Holocene
sediment, indicates that the species is ubiquist and that its spatial distribution shows no clear
relationship with the distribution of sea ice (Crosta et al., 1998; Zielinski and Gersonde, 1997;
Crosta et al., 2008)probably because previous studies lumped together the two varieties E.
antarctica var antarctica (“warm” variety) and E. antarctica var recta (“cold” variety). In
core DTCI2010, only specimens of E. antarctica var recta were encountered. Eucampia
antarctica is located on the F1+/F2- (Fig. 38), and presents significant positive correlation
with several large centric diatoms (e.g. Porosira glacialis: 0.234; Thalassiosira lentiginosa:
0.260; Suppl. Table 2) and with F. rhombica (0.373). These results agree with the literature as
the seasonal progression of diatom assemblages in surface waters over the Antarctic Peninsula
suggests a concomitant occurrence of E. antarctica and large centrics diatoms (e.g. genera
Porosira, Stellarima and Thalassiosira), which increases through the ice free season (Annett
et al., 2010).

Open ocean proxies

The Rhizosolenia gp is composed of Rhizolenia spp and Proboscia spp (Fig. 38). Both genera
belong to the same family (Rhizosoleniaceae). Rhizosolenia spp and Proboscia spp are
generally associated to late summer season production, long diatom productivity season,
linked with open ocean conditions (Armand et al. 2005; Crosta et al. 2005; Maddison et al.
2006; Willmott et al., 2010). Undetermined Rhizosolenia spp were observed around the
Astrolabe Glacier, closely linked to mixed waters with higher surface densities and nutrient
levels (Beans et al., 2008).Rhizosolenia spp thrive better in mixed waters than the smaller
pennate diatoms due to drag-inducing adaptations that reduce their sinking rate compared to
needle-like morphology. They can also regulate buoyancy to move between shallow high light



and deeper high nutrient areas of the water column (Kemp et al., 2000; Annett et al., 2010).
Stickley et al. (2005) connected the occurrence of Proboscia spp in lceberg Alley, East
Antarctica, with an open ocean provenance and, thus, an increasing influence of offshore
waters in this area. Similarly, Maddison et al. (2006) suggested that the presence of P. inermis
in sediments in our study area constitutes a signal for warmer oligotrophic waters onto the
shelf. As such, it is possible that the Rhizosolenia gp can survive in stable, nutrient poor
surface waters associated to a strong seasonal thermocline and nutricline. The mass sinking of
those diatoms (the ‘‘fall dump’’), is triggered by the breakdown of the water column
stratification, therefore implying that Rhizosolenia gp may also indicates rapid deposition
(Kemp et al. 2000; Taylor et al., 2002). Proboscia inermis and Rhizosolenia spp (here
strongly dominated by R. antennata var semispina) are significantly located on the F1-/F2-
area, while P. truncata is situated in the F1+/F2- area (Fig. 38). Pearson coefficient
correlation confirms their positive relationship by indicating significant positive correlation
between P. truncata and P. inermis (0,250; Suppl. Table 2) and between Rhizosolenia spp and
P. inermis (0,639). Although P. alata is in the F1+/F2- axes (Fig. 38), Pearson coefficient
correlation points a significant positive correlation between P. truncata and P. alata (0,261).
From this and from the known similar ecologial preferences (see above), we decide to include
all these species in the Rhizosolenia gp.

The Thalassiothrix gp is composed by T. antarctica and Trichotoxon reinboldii. Both species
are found in low abundance in Holocene Antarctic shelf sediments (Crosta et al., 2008).
Similarly to the Rhizosolenia gp, species from the Thalassiothrix gp are likely linked to a long
diatom productivity season, and are an indicator for rapid deposition and good preservation in
sediment, as its needle-like frustules generally do not preserve well (Leventer et al., 1996).
However, due to their ubiquitous distributions in sediment, these species are not considered as
good environmental indicators (Zielinski et al., 1997). Thalassiothrix antarctica and T.
reinboldii are respectively located in the F1+/F2- and in the F1+/F2+ axes (Fig. 38). The
Pearson correlation between both species indicates significant positive value (0,303), arguing
for their combination, as suggested in the litterature.

In surface sediment samples, highest abundances were of F. rhombica are related to ice free
conditions in February and generally highly consolidated sea ice conditions in September
(between 65 and 90% concentration), in regions where sea ice cover persisted for 7-9
month/yr (Armand et al., 2005). In Holocene sediment, Denis et al. (2006) suggests that F.
rhombica replaced the F. curta during the warmer mid-Holocene relative to the colder Late
Holocene, and many chains of F. rhombica were found in situ in the spring laminae during
the Hypsithermal against few single cells during the Neoglacial. It is therefore believed that F.
rhombica would replace F. cylindrus and F. curta in the spring assemblage when sea ice is
less present during the spring/summer season (Armand et al., 2005). On the PCA, F.
rhombica is situated in F1+/F2- (Fig. 38). PCA indicate F. rhombica does not displays any
relationship with F. curta, but the species is significantly and negatively correlated with F.
cylindrus (-0,239; Suppl. Table 2).



Wind and stratification conditions related proxies

The Chaetoceros subgenus Phaeoceros is common in open water environment (Kang and
Fryxell, 1993). Chaetoceros dichaeta and C.cryophilum were found in water samples to be
the most abundant species of the C. Phaeoceros genus in the study area (Beans et al., 2008).
In Holocene sediment in Antarctic Peninsula, presence of Phaeoceros vegetative cells
suggests an oceanic influence (Maddison et al., 2005) and,inthe region, Phaeoceros spp with
F. rhombica and CRS in light laminae (Denis et al., 2006) possibly indicate a late spring
bloom when sea ice retreated. Wherever possible, Chaetoceros cells were counted at the
species level. Indetermined species of Phaeoceros (referred as Phaeoceros spp) along with C.
atlantica and C. dichaeta are positioned in the F1-/F2+ axes while C. cryophilum is situated at
the opposite in the F1+/F2- area and C. bulbosum is located on the F1-/F2- area (Fig. 38).
Pearson coefficient correlations indicate that C. atlantica and C.dichaeta are significatively
linked (0,424;Suppl. Table 2) as well as Phaeoceros spp and C.dichaeta (0,336). However no
clear relationship occurs for C. cryophilum and C. bulbosum. Based on PCA and Pearson
analyses, Phaeoceros gp in our study is composed by C. Phaeoceros spp, C. atlantica and C.
dichaeta. Phaeoceros species are generally considered having similar ecological preferences
and are grouped all together (Denis et al., 2006) or are not identified at the species levelin
moststudies (Riaux-Gobin et al., 2013). However, our observations highlight that differences
exist between species in term of seasonal to interannual behaviour, which should be
investigated in more details in future studies. Chaetoceros atlantica and C. dichaeta present
high significant correlations with T. Antarctica and some large centric diatoms, while C.
cryophilus displays significant correlation with the Thalassiothrix gp and F. kerguelensis
suggesting a summer production and/or open ocean origin.

Benthic diatoms were extremely rare in our samples. Cocconeis spp, Grammatophora spp,
Trachyneis spp, Licmophora spp, Melosira sol, M. adelia, Achnantes brevipes, Amphora spp,
Diploneis spp, Pseudogomphonema spp and O. weissflogii are epiphitic species (Al-
Handaland Wulff, 2008). The benthic taxa is not commonly used use for paleoenvironmental
interpretation as it constitutes the less well-documented taxa (Taylor et al., 2000). However,
Cocconeis spp occur in water depths >10 m (Whitehead and McMinn, 1997) and form
spring/summer blooms and diatom mats in the coastal subtidal zone (Krebs, 1983). The mats
disintegrate by late spring as wind strength increases and sea ice breaks up (Krebs, 1983). In
sediment traps from the northern Antarctic Peninsula, Leventer et al. (1991) recorded an
autumn diatom assemblage with increasing benthic and ice-related species as being the
coastal flora resuspended by autumn storms (Leventer, 1991). Therefore the benthic group
may be taken as an indicator for storm frequency and intensity and/or wave action implying
strong turbulences in the water column (Barbara et al., 2013), during the ice free season (Heil
et al., 2006). Achnantes spp is positively correlated to Cocconeis fasciolata (0,233;Suppl.
Table 2) and to Diploneis spp (0,289), Amphora spp and Odontella weissflogii are also
positively correlated (0,281), same for Melosira adelia and Pseudogomphonema spp (0,171).
All these species are located in the F1+ (Fig. 38). Although not been significantly correlated
to the species cited above, Grammatophora spp, Trachyneis spp, Cocconeis costata,
Licmophora spp and Melosira sol are also present in the F1+ area and were thus added into



the Benthic gp along with the other species mentioned . Cocconeis fasciolata is one of the
most abundant species of this group despite relative abundances less than 1% of the total
diatom assemblage. Cocconeis fasciolata presents significant positive correlation with several
open water related taxa (e.g. F. kerguelensis, T. antarctica and T. lentiginosa) supporting a
summer deposition of this group as suggested in the literature.

Corethron spp is typically associated with open ocean conditions (Armand et al. 2005; Crosta
et al. 2005). As such, C. criophilum occurs in open water with little sea ice (Fryxell and
Hasle, 1971). Beans et al. (2008) also observed that C. pennatum in the region showed a
positive relationship with surface mixed waters as it would thrive better in this environment
than the smaller pennate diatoms due to drag-inducing adaptations that reduce their sinking
rate. This species is part of the shade flora (Kemp et al., 2000). In Holocene sediment,
Corethron spp has been used to indicate disruption of the pycnocline associated to return of
atmospheric perturbations during summer/autumn (Denis et al., 2006). Given the difficulties
to identify them properly (low preservation of long appendices), we have grouped both
species during the counting process. On the PCA, Corethron spp is positioned in the F1+/F2-
quarter (Fig. 38). Corethron spp displays significant positive correlation with F. rhombica
and the Thalassiothrix gp along with some species of the open water gp, and negative
significant correlation with e.g. CRS and [HBI: 2] supporting a summer production as
suggested in the literature.
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Supplement Figure 2: Raw versus standardised data. Raw data (red) and standardised data
(grey) from the sediment core DTCI12010. Diatom relative abundances are expressed in (%),
Titanium levels in (cps) and HBIs concentrations are expressed in (pg.g™).

Opening Closing | MAM sic | LA sic SON_sic MAM dir | 1A dir SON_dir
1 001 0060  -003 0306 090 0155 0261 0229 = 029
0,051 1 -0,917 -0,251 -0,121 0,009 0,202 -0,012 0,126

-0,036 -0,251 0,398 ,246 -0,045 -0,049

__________
0,930 0,009 1 0,019 0,192 0,182

-0,295

-0,208 -0,236 0,189 -0,100 -0,086 -0,086 -0,299 -0,304 -0,230 -0,601

0,340 0,283 -0,244 -0,271 0,274 0,246 0,319 0,220 0,350 0,356

-0,022 0,216 -0,296 -0,250 -0,057 -0,088 0,103 -0,078 0,125 -0,254




) -0,106 0,168 0,004 0,044 0,423 0,336 -0,159 1

Supplement Table 1:Pearson matrix of coefficient correlation, from the PCA between
seasonal (3 months) averaged meteorological parameters.



[Hal?,l ) aChnOChylu . h‘:'3|i"|U‘-" ° rnphora °PP

[HBI:2] 1 0,797 -0,043 0,170 0,142 -0,145 0,047 0,037 -0,011

0,199 0,181 -0,059 0,195 -0,021 0,093 0,073 0,064 -0,059
0,056 0,124 0,024 0,001 0,082 0,001 -0,001 -0,010 0,008
0,108 0,121 -0,068 -0,139 0,055 -0,184 0,129 -0,075 0,064
-0,029 -0,044 0,030 0,110 -0,086 0,194 -0,077 -0,082 -0,007

0. w ogii 0,036 -0,040 0,107 -0,012 0,193 -0,051 0,011 0,104 0,281

[HBI:2]/[HB 0,797 1 -0,336 0,146 0,190 -0,188 -0,021 -0,054 -0,042
0,043 -0,336 1 -0,003 0,056 0,192 0,005 0,064 0,006
0,170 0,146 -0,003 1 0,024 0,083 -0,033 0,095 -0,076
0,142 0,190 -0,056 0,024 1 -0,060 -0,030 -0,091 -0,002
-0,145 -0,188 0,192 0,083 -0,060 1 0,072 0,119 -0,060
0,047 -0,021 0,005 -0,033 -0,030 0,072 1 0,091 -0,069
0,037 -0,054 0,064 0,095 -0,091 0,119 0,001 1 0,036
-0,011 -0,042 -0,006 -0,076 -0,002 -0,060 -0,069 -0,036 1
-0,040 0,016 -0,109 -0,078 -0,082 0,028 0,113 0,075 -0,045
0,013 -0,016 0,096 -0,014 0,015 0,232 0,190 0,212 0,098
0,124 0,078 0,086 0,226 0,034 -0,078 0,104 -0,129 0,074
-0,190 -0,169 -0,118 0,144 0,128 -0,018 -0,045 0,074 -0,022
0,080 0,085 -0,140 -0,068 -0,033 -0,190 0,002 0,033 -0,039
0,161 0,068 -0,032 0,122 -0,027 0,084 0,059 0,233 -0,067
0,104 0,123 0,167 -0,144 0,119 -0,201 0,146 -0,012 -0,088
0,122 0,110 -0,073 -0,044 0,013 -0,017 -0,035 -0,049 -0,071
0,149 0,213 -0,105 0,039 0,041 0,062 0,021 -0,071 -0,015
0,022 -0,042 0,047 0,151 0,065 -0,057 0,063 -0,074 0,248
0,084 0,021 0,020 0,244 0,013 -0,046 -0,009 0,035 0,103
-0,035 0,042 -0,101 0,034 0,067 -0,006 0,040 0,289 -0,027
0,057 0,022 -0,155 0,156 -0,007 -0,031 -0,016 0,032 0,010
0,004 -0,041 0,014 -0,167 0,194 -0,045 -0,090 -0,048 0,027
0,096 0,021 0,044 -0,119 0,095 0,066 0,183 0,008 0,066
0,018 -0,021 0,131 0,122 0,033 0,158 -0,017 0,038 0,101
-0,124 -0,062 0,189 -0,233 0,007 -0,082 -0,015 -0,146 0,123
0,128 0,046 -0,042 0,164 -0,031 0,264 0,255 0,243 0,029
-0,116 -0,090 -0,137 0,077 0,216 -0,113 -0,072 -0,099 0,152
0,051 -0,021 0,056 -0,074 -0,030 -0,077 0,083 -0,021 0,012
-0,043 -0,073 0,256 -0,121 0,027 0,151 0,166 -0,043 0,070
-0,245 -0,169 0,118 0,102 0,060 -0,013 0,071 -0,013 0,030
-0,148 -0,177 -0,071 0,029 -0,099 -0,046 -0,049 0,334 0,102
-0,054 -0,117 0,110 -0,081 -0,052 0,386 0,281 0,072 -0,063
-0,063 -0,123 -0,037 0,153 0,014 -0,033 -0,089 0,056 -0,002
-0,005 0,090 0,144 0,013 0,070 0,071 0,081 0,081 0,027
-0,009 -0,031 -0,014 0,006 0,204 -0,058 -0,057 -0,030 -0,017
-0,053 0,022 -0,070 -0,037 -0,069 -0,109 0,133 -0,048 -0,027
0,451 0,366 -0,033 0,045 0,091 -0,137 -0,032 -0,038 -0,086

0,206 0,154 0,001 0,060 -0,042 0,089 0,139 0,109 0,012
0,146 0,035 -0,097 0,225 0,026 0,004 0,149 0,007 0,121

-0,209 -0,244 0,635 -0,032 -0,077 0,241 0,076 -0,074 0,054

-0,076 0,144 0,104 -0,008 0,074 -0,026 -0,003 0,032 -0,029

0,010 0,124 0,103 0,092 0,137 0,142 0,046 -0,124 0,097

0,266 0,262 -0,009 0,132 0,105 -0,090 -0,001 -0,020 -0,054

-0,010 0,087 -0,042 -0,295 0,097 0,128 0,016 -0,124 -0,052

-0,117 0,177 0,491 0,097 -0,068 0,081 -0,031 0,018 0,077

0,198 0,152 -0,089 0,162 -0,135 0,027 0,104 -0,026 -0,054

0,003 -0,020 -0,104 0,027 0,031 -0,082 -0,026 0,008 0,095

: -0,092 -0,076 -0,050 -0,084 0,144 0,007 0,005 -0,087 0,164

0,218 0,087 -0,101 0,224 0,058 -0,080 0,237 0,133 0,053
-0,128 -0,082 0,091 0,075 -0,061 -0,047 0,168 -0,043 -0,024

0,163 0,101 0,026 0,218 -0,064 0,297 0,096 0,116 -0,038

a -0,138 -0,102 0,127 -0,018 -0,223 0,300 0,040 0,170 -0,098

T. lentiginosa 0,110 0,042 -0,195 0,330 -0,140 0,173 0,087 0,149 0,060
T. oliverana -0,037 0,002 -0,157 0,166 -0,168 -0,006 -0,092 -0,069 -0,067
T. ritscheri 0,028 -0,009 0,123 0,142 0,033 0,100 -0,004 -0,018 -0,013
T. toxon 0,178 0,079 -0,053 -0,026 -0,139 0,033 0,051 0,077 -0,067

T. trifulta 0,002 0,012 -0,070 0,152 0,039 0,077 0,106 0,197 0,191

T. tumida 0,147 0,044 -0,049 0,125 0,033 0,072 0,052 -0,135 0,004

i 0,372 0,394 -0,218 0,150 0,063 -0,130 0,044 0,071 -0,033
Trachyneis spp 0,080 0,056 -0,040 0,044 0,001 -0,078 0,219 -0,038 -0,022
Tx. antarctica 0,000 -0,040 -0,162 0,283 -0,034 0,009 0,036 0,183 -0,012

0,060 0,063 0,081 0,023 0,024 -0,077 -0,226 -0,068 0,009



C. atlant i crvophilum hyalo‘:hBEtE‘ - cryophilug

[HBI:2] -0,040 0,013 0,124 -0,190 0,080 0,161 0,104 0,122 0,149

[HBI:2]/[HBI:3] 0,016 -0,016 0,078 -0,169 0,085 0,068 0,123 0,110 0,213
0,109 0,096 0,086 0,118 0,140 0,032 0,167 -0,073 0,105
-0,078 -0,014 0,226 0,144 -0,068 0,122 -0,144 -0,044 0,039
-0,082 0,015 0,034 0,128 -0,033 -0,027 0,119 0,013 0,041
0,028 0,232 -0,078 -0,018 -0,190 0,084 -0,201 -0,017 0,062
0,113 0,190 -0,104 -0,045 0,002 0,059 -0,146 -0,035 0,021
0,075 0,212 0,129 0,074 0,033 0,233 -0,012 -0,049 0,071
-0,045 0,098 -0,074 -0,022 -0,039 -0,067 -0,088 -0,071 -0,015
1 0,145 0,110 0,118 0,424 0,082 0,082 0,032 0,061
0,145 1 0,021 -0,028 -0,113 0,075 -0,235 -0,077 0,094
0,110 0,021 1 -0,019 -0,100 -0,053 0,007 -0,107 0,093
-0,118 -0,028 -0,019 1 -0,061 -0,172 0,277 -0,124 0,094
0,424 -0,113 -0,100 -0,061 1 0,179 0,156 0,336 0,112
0,082 0,075 -0,053 0,172 0,179 1 0,026 0,016 0,004
0,082 -0,235 0,007 -0,277 0,156 0,026 1 0,108 -0,333
0,032 -0,077 -0,107 -0,124 0,336 0,016 0,108 1 0,124
0,061 0,094 -0,003 0,094 0,112 0,004 -0,333 0,124 1
-0,009 -0,083 0,047 0,085 0,154 -0,004 -0,160 -0,080 -0,009
-0,103 0,030 0,129 0,228 -0,160 -0,019 -0,065 -0,180 0,007
-0,038 0,083 -0,095 0,016 0,011 0,020 0,080 -0,055 0,036
0,037 0,094 0,166 0,363 -0,054 0,003 -0,206 -0,040 0,228
-0,062 -0,050 -0,007 -0,005 0,088 0,060 0,165 0,325 -0,087
-0,048 0,155 -0,106 -0,090 0,023 0,005 0,118 0,075 0,050
0,020 0,041 0,066 -0,140 -0,089 -0,073 0,340 -0,138 0,011
-0,061 0,155 -0,097 -0,051 -0,004 -0,165 0,271 -0,087 0,026
-0,049 0,171 0,014 -0,094 0,227 0,261 0,248 0,033 0,214
-0,084 0,066 0,076 0,377 0,077 -0,097 0,384 -0,157 0,186
-0,048 -0,049 -0,043 0,029 -0,070 -0,039 0,010 -0,050 -0,002
-0,062 0,168 -0,131 -0,039 -0,109 -0,088 0,278 -0,135 0,117
-0,216 -0,037 0,089 0,442 -0,256 -0,080 -0,351 -0,146 0,026
-0,113 -0,045 0,017 0,181 -0,193 0,105 0,036 -0,212 -0,194
0,067 0,136 -0,093 -0,123 -0,054 0,000 0,173 -0,067 0,065
0,042 -0,102 0,026 0,168 -0,096 0,250 -0,148 -0,207 -0,045
-0,063 0,148 0,038 0,027 0,084 0,025 0,176 0,095 0,012
-0,068 -0,070 -0,061 0,041 -0,014 -0,055 -0,101 0,015 0,067
0,041 -0,050 0,084 -0,046 0,014 0,109 0,079 -0,036 0,098
0,027 0,039 0,090 -0,033 -0,036 0,097 -0,078 0,128 0,235
-0,083 -0,029 -0,014 0,007 -0,035 0,028 0,020 -0,039 -0,034
0,007 -0,089 0,019 -0,099 0,004 -0,084 0,033 0,053 0,016
-0,023 -0,045 0,031 -0,098 0,085 -0,064 -0,027 0,036 0,081
0,089 0,009 0,011 0,086 -0,098 -0,074 -0,039 -0,062 0,032

issflogii 0,035 -0,117 -0,102 0,112 -0,021 -0,015 -0,061 -0,044 -0,104
-0,072 0,052 0,087 -0,003 -0,066 0,039 -0,073 -0,061 -0,019

0,050 0,043 0,105 0,076 -0,068 0,085 -0,051 -0,092 0,001

-0,163 0,079 -0,014 -0,025 -0,174 -0,163 -0,261 -0,010 -0,078

0,081 0,056 0,129 0,018 -0,078 0,054 -0,142 -0,167 -0,031

-0,077 -0,044 -0,072 -0,070 -0,061 -0,081 -0,311 0,054 -0,014

0,046 -0,048 0,085 -0,113 0,028 0,009 0,073 0,074 -0,06e4

0,028 0,102 -0,190 -0,104 -0,042 -0,209 -0,151 0,065 0,195

-0,112 0,031 -0,044 -0,022 -0,063 0,075 -0,180 0,104 0,086

-0,012 -0,134 0,101 -0,039 -0,077 -0,002 0,054 0,052 0,170

0,214 -0,074 0,041 0,094 0,014 0,002 -0,032 0,026 0,012

-0,060 -0,106 -0,130 0,191 -0,042 0,122 -0,132 -0,127 0,042

T. antarctica 0,299 -0,061 0,098 0,001 0,303 0,381 0,083 0,066 -0,010
0,026 0,036 -0,087 -0,088 0,023 0,004 -0,100 -0,121 0,005

-0,080 0,047 0,008 -0,180 -0,143 0,063 -0,140 -0,046 0,069

a -0,054 0,227 -0,052 -0,148 -0,167 0,031 0,029 -0,162 -0,123

T. lentiginosa -0,100 0,039 -0,002 0,187 -0,088 0,234 0,072 0,153 0,163
T. oliverana 0,071 -0,101 0,095 0,067 0,164 0,184 0,052 -0,007 0,089
T. ritscheri 0,165 -0,119 0,055 -0,014 0,230 0,049 0,052 0,050 0,051
T. toxon -0,072 -0,050 -0,148 0,130 -0,028 0,100 -0,062 0,025 0,139

T. trifulta 0,076 0,067 -0,103 0,074 0,078 0,043 -0,210 -0,072 0,042
T. tumida 0,017 -0,063 -0,015 0,139 0,043 0,095 -0,158 0,007 0,144

i 0,096 -0,013 0,176 0,027 0,125 0,086 0,087 0,147 0,167
Trachyneis spp 0,015 -0,003 -0,077 0,110 0,226 -0,018 0,077 0,021 -0,058
Tx. antarctica -0,115 -0,043 -0,099 0,298 -0,083 0,112 -0,131 -0,040 0,186

-0,096 0,003 0,112 -0,067 0,022 -0,218 0,059 0,012 -0,060



Variables occoneis spgscinodiscus s|Diploneis spp| E. antarctica ptomoneis spEphemera sp| F.curta F. cylindrus f. kerguelensif

0,022 0,084 -0,035 0,057 0,004 0,096 0,018 -0,124 0,128
[HB -0,042 0,021 0,042 0,022 -0,041 0,021 -0,021 -0,062 0,046
0,047 0,020 -0,101 -0,155 0,014 0,044 0,131 0,189 -0,042
0,151 0,244 0,034 0,156 0,167 0,119 0,122 -0,233 0,164
0,065 0,013 -0,067 -0,007 0,194 0,095 0,033 0,007 -0,031
0,057 -0,046 -0,006 -0,031 0,045 0,066 0,158 -0,082 0,264
0,063 0,009 0,040 0,016 0,090 0,183 0,017 0,015 0,255
-0,074 0,035 0,289 0,032 -0,048 0,008 0,038 -0,146 0,243
0,248 0,103 -0,027 0,010 0,027 -0,066 0,101 0,123 -0,029
-0,009 -0,103 -0,038 0,037 -0,062 -0,048 0,020 -0,061 -0,049
-0,083 0,030 0,083 0,094 -0,050 0,155 0,041 0,155 0,171
0,047 0,129 -0,095 0,166 0,007 -0,106 0,066 -0,097 0,014
0,085 0,228 0,016 0,363 -0,005 -0,090 -0,140 -0,051 -0,094
-0,154 -0,160 0,011 -0,054 0,088 -0,023 -0,089 -0,004 -0,227
-0,004 -0,019 0,020 0,003 0,060 0,005 0,073 -0,165 0,261
-0,160 -0,065 0,080 -0,206 0,165 0,118 -0,340 -0,271 -0,248
-0,080 -0,180 -0,055 -0,040 0,325 0,075 0,138 -0,087 -0,033
-0,009 0,007 -0,036 0,228 -0,087 0,050 -0,011 0,026 0,214
1 0,236 -0,054 0,129 0,056 0125 -0,045 -0,005 0,038
0,236 1 0,037 0,305 0,089 -0,052 -0,008 -0,203 0,026
-0,054 0,037 1 0,022 0,035 0,056 -0,045 -0,094 0,026
0,129 0,305 0,022 1 -0,004 -0,034 -0,054 -0,252 0,146
-0,056 -0,089 0,035 -0,004 1 -0,077 -0,147 0,022 -0,133
0,125 -0,052 0,056 -0,034 0,077 1 0,075 0,171 0,075
-0,045 -0,008 -0,045 -0,054 0,147 -0,075 1 -0,306 0,136
-0,005 -0,203 -0,094 -0,252 0,022 0171 -0,306 1 -0,432
F. kerguelensis 0,038 0,026 0,026 0,146 -0,133 0,075 0,136 0,432 1
0,154 0,186 -0,031 0,378 0,083 -0,085 0,040 -0,143 0,077
-0,025 -0,039 -0,016 0,029 0,016 0,072 -0,048 -0,038 0,150
-0,016 -0,193 -0,137 -0,180 -0,069 0,221 -0,183 0,535 0,063
0,119 0,259 0,013 0373 0,088 -0,082 0,051 0,239 0,027
-0,044 0,215 0,278 0,083 0,026 -0,219 0,114 -0,346 0,090
0,069 0,131 0,019 -0,110 0,110 0,102 0,225 -0,068 0,356
0,073 0,188 0,054 0,223 0,012 -0,165 0,234 0,349 0,138
0,128 0,033 0,199 0,116 0,012 0,141 0,037 -0,200 0,057
0,035 -0,056 -0,022 0,042 0,023 0,102 0,063 -0,093 0,004
Licmophora spp -0,056 -0,017 0,143 -0,004 -0,036 0,043 -0,016 -0,085 -0,016
M. adelia -0,010 0,054 -0,067 0,264 -0,029 0,167 -0,016 -0,003 0,083
0,120 0,075 0,020 0,063 0,078 0,090 0,099 -0,020 0,133
0,178 -0,158 -0,049 -0,082 0,081 0,181 0,050 0,083 0,033
0,028 -0,155 0,016 0,097 0,029 0,135 -0,037 0,162 0,117
-0,022 0,002 -0,081 0,151 0,006 -0,016 0,055 -0,097 0,008
0,311 0,159 0,075 0,002 0,038 0,082 0,073 0,162 0,088
[ poalata [ENEN] -0,007 0,021 0,065 -0,077 0,069 0,045 -0,063 0,293
0,049 0,210 -0,059 0,234 0,062 -0,040 0,013 -0,303 0,235
0,041 -0,139 -0,078 -0,237 -0,074 0,128 0,010 0,353 -0,049
0,051 0,004 0,081 0,046 0,263 -0,136 0,100 -0,040 0,074
[ P.tronca  [EEPLD -0,011 -0,091 -0,012 0,093 0,155 0,130 -0,035 0,153
Pseudogomphonema spp -0,067 0,019 -0,070 -0,045 -0,072 -0,150 0,144 -0,178 0,007
Pseudo-nitschia spp -0,032 -0,247 -0,007 -0,208 -0,103 0,257 -0,038 0,337 -0,145
Rhizosolenia spp 0,136 0,029 -0,066 0,058 0,040 -0,011 -0,143 0,093 0,097
-0,053 -0,075 -0,069 0,004 0,071 0,011 0,048 -0,196 0,121
0,107 0,211 0,024 0,155 -0,015 -0,138 0,120 -0,246 0,156
[ S.recta  [EEOWEE] -0,028 0,036 0,147 0,066 0,027 -0,045 -0,058 -0,023
0,081 0,100 -0,009 0,063 0,092 0,118 -0,040 -0,363 0,184
-0,050 -0,079 -0,031 0,036 -0,032 0,079 0,099 0,049 -0,007
[ T.gracilis  [BRNGES -0,080 -0,042 -0,038 0,071 0121 0,249 -0,216 0,485
0,000 0,040 0,157 -0,137 0,129 0,061 0,092 0,036 0,001
0,100 0,190 0,141 0,260 0,137 0,068 0,022 0,378 0,507
-0,136 0,032 0,074 0,234 0,046 -0,101 -0,143 -0,143 0,053
0,053 -0,055 -0,093 0,079 0,055 -0,109 0,088 0,111 0,011
-0,147 0,100 0,040 0,160 0,086 0,082 0,092 -0,219 0,213
0,032 0,174 0,106 0,130 0,015 0,020 0,183 0,200 0,136
0,076 0,105 -0,128 0,245 -0,031 0,041 0,137 -0,150 0,051
0,033 -0,038 0,046 0,175 0,006 -0,019 0,051 -0,283 0,248
0,044 0,114 -0,028 -0,092 0,029 -0,025 0,033 -0,091 -0,035
0,101 0,313 0,207 0,291 0,162 -0,001 -0,008 -0,388 0,334
BT oo -0,025 0,024 -0,034 0,125 0,097 0,011 0,151 0,176



Ty Py e
-0,116 0,051 -0,043 -0,245 -0,148 -0,054 -0,063 -0,005 -0,009
-0,090 -0,021 -0,073 -0,169 -0,177 0,117 -0,123 0,090 -0,031
-0,137 0,056 0,256 0,118 -0,071 0,110 -0,037 -0,144 -0,014
0,077 -0,074 0,121 0,102 0,029 -0,081 0,153 0,013 0,006
A. Curvatulus 0,216 -0,030 0,027 0,060 -0,099 -0,052 0,014 -0,070 0,204
0,113 0,077 0,151 0,013 -0,046 0,386 -0,033 0,071 -0,058
0,072 0,083 0,166 0,071 -0,049 0,281 0,089 -0,081 0,057
-0,099 -0,021 -0,043 0,013 0,334 0,072 0,056 0,081 -0,030
0,152 -0,012 0,070 -0,030 0,102 -0,063 -0,002 0,027 0,017
-0,084 -0,048 -0,062 -0,216 -0,113 0,067 0,042 -0,063 -0,068
0,066 -0,049 0,168 -0,037 -0,045 0,136 0,102 0,148 0,070
[ C.costata [V -0,043 0,131 0,089 0,017 -0,093 0,026 -0,038 -0,061
0,377 0,029 0,039 0,442 0,181 0,123 0,168 -0,027 0,041
-0,077 -0,070 -0,109 -0,256 -0,193 -0,054 -0,096 -0,084 -0,014
-0,097 -0,039 -0,088 -0,080 0,105 0,000 0,250 0,025 -0,055
-0,384 -0,010 0,278 -0,351 0,036 -0,173 -0,148 0,176 -0,101
-0,157 -0,050 -0,135 -0,146 -0,212 -0,067 -0,207 0,095 0,015
0,186 -0,002 0,117 0,026 -0,194 0,065 -0,045 0,012 0,067
0,154 -0,025 0,016 0,119 -0,044 0,069 0,073 0,128 0,035
0,186 -0,039 0,193 0,259 0,215 -0,131 0,188 -0,033 -0,056
-0,031 -0,016 -0,137 0,013 0,278 0,019 0,054 0,199 -0,022
0,378 0,029 -0,180 0,373 0,083 -0,110 0,223 0,116 0,042
-0,083 0,016 -0,069 -0,088 0,026 0,110 -0,012 0,012 -0,023
-0,085 0,072 0,221 -0,082 -0,219 0,102 -0,165 0,141 0,102
0,040 -0,048 0,183 -0,051 0,114 0,225 0,234 0,037 0,063
-0,143 -0,038 0,535 -0,239 -0,346 -0,068 -0,349 -0,200 -0,093
0,077 0,150 0,063 0,027 0,090 0,356 0,138 0,057 0,004
1 -0,028 0,132 0,454 0,117 0,111 0,155 -0,189 0,160
0,028 1 0,023 0,005 0,074 0,090 0,080 -0,056 -0,010
F. pseudonana -0,132 -0,023 1 -0,156 -0,332 0,093 -0,319 -0,130 0,042
0,454 0,005 -0,156 1 0,248 0,123 0,196 -0,058 0,168
0,117 0,074 0,332 0,248 1 -0,112 0,501 0,299 0,009
0,111 0,090 0,093 0,123 -0,112 1 -0,038 -0,179 -0,020
0,155 0,080 0,319 0,196 0,501 -0,038 1 0,178 0,138
0,189 -0,056 0,130 0,058 0,299 0,179 0,178 1 0,056

0,160 -0,010 0,042 0,168 0,009 -0,020 0,138 0,056 1

0,036 -0,016 0,028 0,106 0,027 -0,0a7 0,007 0,104 0,023
M. adelia 0,083 -0,050 0,033 -0,052 -0,145 -0,068 -0,021 -0,077 0,089
0,022 0,035 0,125 0,048 -0,087 0,032 -0,053 0,023 0,049
0,126 -0,077 0,139 -0,189 -0,200 0,035 0,126 0,046 -0,036
0,114 -0,039 0,032 -0,101 -0,208 -0,0a7 0,121 0,115 -0,055
-0,001 -0,037 0,063 -0,040 0,048 0,066 0,073 -0,031 -0,052
0,141 0,017 -0,096 0,041 0,136 -0,063 0,104 0,012 -0,024
-0,070 -0,034 0,142 0,072 -0,137 0,304 0,028 -0,067 -0,048
0,141 0,143 -0,160 0,051 0,129 -0,034 0,255 0,004 0,081
-0,097 -0,022 0,412 -0,090 -0,224 0,080 -0,203 -0,051 0,032
0,115 0,055 -0,147 0,101 0,063 0,038 0,208 -0,202 -0,004
0,124 -0,041 0,173 0,155 -0,112 0,169 0,021 -0,141 0,197
0,018 -0,032 0,129 -0,009 0,107 -0,036 0,122 -0,086 -0,045
-0,093 -0,110 0,198 -0,007 -0,230 0,071 0,331 -0,030 -0,048
0,053 0,005 0,146 -0,026 -0,150 -0,042 0,046 -0,038 0,038
-0,060 -0,031 -0,005 -0,040 0,029 -0,037 0,011 0,122 -0,044
0,100 0,010 0,194 -0,008 0,065 -0,021 0,132 -0,007 0,029
0,258 0,431 0,035 0,222 0,006 -0,008 0,165 -0,073 0,122
0,029 0,115 0,271 -0,212 0,054 0,032 0,234 0,057 0,032
0,013 -0,014 0,033 0,039 -0,110 -0,063 0,052 -0,065 -0,020
-0,206 -0,010 0,134 -0,068 -0,049 0,269 -0,013 0,012 0,099
-0,084 -0,057 -0,069 -0,035 0,037 0,164 -0,163 -0,048 -0,081
0,056 0,073 -0,157 0,079 0,155 0,035 0,092 0,101 -0,103
0,087 -0,039 0,189 0,028 0,029 0,136 0,191 -0,075 -0,055
0,019 0,031 0,020 -0,140 -0,091 0,171 0,039 -0,066 0,029
0,055 0,152 -0,106 -0,019 0,121 -0,017 0,149 0,051 0,095
0,178 -0,048 0,177 0,201 0,205 -0,104 0,270 0,007 0,125
0,248 0,165 0,159 -0,016 -0,031 -0,061 0,249 0,004 -0,004
-0,001 -0,017 0,104 -0,047 -0,058 0,166 0,107 0,061 0,029
-0,099 -0,013 -0,086 -0,108 -0,059 0,172 0,105 -0,101 0,018
Tx. antarctica 0,289 0,070 -0,244 0,238 0,253 -0,083 0,209 0,129 0,148
-0,076 -0,055 0,236 -0,042 -0,132 -0,173 -0,226 -0,018 0,000



NitZSChia °PP P gladalis

-0,053 0,451 0,199 0,056 0,108 -0,029 0,036 0,206 0,146
[HBI:2]/[HB 0,022 0,366 0,181 0,124 0,121 -0,044 -0,040 0,154 0,095
HBI:3

-0,070 0,033 -0,059 -0,024 -0,068 0,030 0,107 0,001 0,097
-0,037 0,045 0,195 0,001 -0,139 0,110 -0,012 0,060 0,225
-0,069 0,001 -0,021 0,082 0,055 -0,086 0,193 -0,042 0,026

-0,109 -0,137 0,003 0,001 -0,184 0,194 -0,051 0,089 0,004
0,133 -0,032 0,073 -0,001 0,129 -0,077 0,011 0,139 0,149
-0,048 -0,038 0,064 -0,010 -0,075 -0,082 0,104 0,109 0,007
-0,027 -0,086 -0,059 0,008 0,064 -0,007 0,281 0,012 0,121
0,041 0,027 -0,083 0,007 -0,023 0,089 0,035 0,072 0,050
-0,050 0,039 -0,029 -0,089 -0,045 0,009 0,117 0,052 0,043
0,084 0,090 0,014 0,019 0,031 0,011 -0,102 0,087 0,105
-0,046 -0,033 0,007 -0,099 -0,098 0,086 0,112 -0,003 0,076
0,014 -0,036 -0,035 0,004 0,085 -0,098 -0,021 -0,066 -0,068
0,109 0,097 0,028 -0,084 -0,064 -0,074 -0,015 0,039 0,085
0,079 -0,078 0,020 0,033 0,027 -0,039 -0,061 -0,073 -0,051
0,036 0,128 -0,039 0,053 0,036 -0,062 0,044 -0,061 -0,092
0,098 0,235 -0,034 0,016 0,081 0,032 -0,104 -0,019 0,001
-0,056 -0,010 -0,120 0,178 0,028 -0,022 0,311 0,080 0,049
-0,017 0,054 -0,075 -0,158 -0,155 0,002 0,159 -0,007 0,210
0,143 -0,067 0,020 -0,049 0,016 -0,081 0,075 0,021 -0,059
-0,004 0,264 0,063 -0,082 0,097 0,151 0,002 0,065 0,234
-0,036 -0,029 -0,078 -0,081 -0,029 0,006 -0,038 -0,077 0,062
0,043 0,167 0,090 0,181 0,135 -0,016 -0,082 0,069 0,040
-0,016 -0,016 -0,099 0,050 -0,037 0,055 0,073 0,045 0,013
-0,085 -0,003 -0,020 0,083 0,162 -0,097 -0,162 -0,063 -0,303
-0,016 0,083 0,133 0,033 0,117 0,098 0,088 0,293 0,235
-0,036 0,083 -0,022 -0,126 0,114 -0,001 0,141 -0,070 0,141
0,016 -0,050 -0,035 -0,077 -0,039 -0,037 0,017 -0,034 0,143
-0,028 0,033 0,125 0,139 0,032 0,063 -0,096 0,142 0,160
0,106 -0,052 -0,048 0,189 -0,101 -0,040 0,041 0,072 0,051
0,027 -0,145 -0,087 -0,200 -0,208 0,048 0,136 -0,137 0,129
-0,047 -0,068 0,032 0,035 -0,047 0,066 -0,063 0,304 -0,034
0,007 -0,021 -0,053 -0,126 -0,121 0,073 0,104 0,028 0,255
0,104 0,077 0,023 0,046 0,115 0,031 0,012 0,067 0,004
-0,023 0,089 -0,049 -0,036 -0,055 -0,052 -0,024 -0,048 0,081
1 -0,063 0,034 0,044 -0,029 -0,083 0,038 -0,077 -0,083
-0,063 1 0,073 0,007 0,037 0,027 -0,088 0,117 -0,134
0,034 0,073 1 -0,046 -0,059 0,088 0,012 0,075 0,072
0,044 0,007 0,046 1 0,150 -0,040 0,043 0,062 0,041
-0,029 0,037 -0,059 0,150 1 -0,036 0,056 0,202 -0,004
-0,083 0,027 0,088 -0,040 -0,036 1 0,063 0,165 0,159
0. weissflogii -0,038 -0,088 -0,012 0,043 -0,056 0,063 1 0,107 0,129
-0,077 0,117 0,075 0,062 0,202 0,165 0,107 1 -0,018

-0,083 -0,134 0,072 -0,041 -0,004 0,159 0,129 -0,018 1
-0,049 -0,068 -0,020 0,118 0,001 -0,073 -0,044 0,060 -0,154
0,020 -0,126 -0,097 0,197 -0,052 0,128 0,010 0,035 0,252
-0,093 0,090 0,063 0,193 0,011 0,106 0,091 0,261 0,047
-0,072 0,171 0,127 -0,070 -0,035 -0,024 0,017 -0,034 0,089
-0,046 -0,007 -0,089 0,119 0,169 -0,067 -0,005 -0,074 -0,234
-0,020 0,037 0,022 0,059 0,021 -0,027 0,050 0,086 0,053
0,024 0,074 0,177 0,069 0,026 0,250 -0,075 0,054 0,190

as -0,015 0,001 -0,098 -0,060 -0,068 0,025 0,113 -0,107 0,157
0,066 0,155 0,117 -0,005 0,263 0,024 0,173 -0,002 0,130
-0,028 -0,023 0,023 -0,083 -0,040 0,059 0,162 0,023 0,356
0,199 0,012 0,055 0,175 0,031 -0,074 0,034 -0,068 -0,068
[ T.gracilis  [EEONIED 0,131 0,055 0,022 0,112 0,102 0,019 0,145 0,042
0,023 -0,186 -0,018 -0,013 -0,108 -0,040 -0,004 -0,038 -0,023
-0,005 0,035 0,172 0,041 0,111 0,177 0,097 0,105 0,304
0,021 -0,035 0,135 -0,167 -0,100 0,095 0,022 -0,114 0,262
0,008 -0,076 0,080 0,143 0,056 -0,052 0,035 0,049 0,056
0,021 0,243 0,104 -0,140 0,076 -0,033 0,139 0,091 0,066
0,047 0,107 0,064 0,070 0,023 0,022 0,307 0,017 0,090
0,048 0,198 0,079 -0,083 0,200 0,004 0,095 -0,004 0,215
0,077 0,155 0,112 0,076 0,025 0,033 0,007 0,200 0,228
-0,029 -0,054 0,016 -0,040 0,082 -0,066 -0,030 0,017 0,004
0,086 0,014 0,099 0,068 -0,152 -0,009 0,187 -0,009 0,264

0,060 -0,041 0,019 -0,073 0,025 -0,087 0,031 -0,043 -0,193



Variables P. inermis denticu| P.tronca |ogomphonenjudo-nitschia fiizosolenia sg S. fragilis . mic trm

-0,209 -0,076 0,010 0,266 -0,010 -0,117 0,198 0,003 -0,092
2 f -0,244 -0,144 0,124 0,262 0,087 -0,177 0,152 -0,020 -0,076
0,635 0,104 0,103 -0,009 0,042 0,491 -0,089 -0,104 -0,050

-0,032 -0,008 0,092 0,132 -0,295 0,097 0,162 0,027 -0,084
A. Curvatulus -0,077 0,074 0,137 0,105 0,097 -0,068 -0,135 0,031 0,144

0,241 -0,026 0,142 -0,090 0,128 0,081 0,027 -0,082 0,007
0,076 -0,003 0,046 -0,001 0,016 -0,031 0,104 -0,026 0,005
-0,074 -0,032 0,124 -0,020 0,124 -0,018 -0,026 0,008 -0,087
0,054 -0,029 0,097 -0,054 -0,052 0,077 -0,054 0,095 0,164
-0,163 0,081 -0,077 0,046 0,028 0,112 -0,012 0,214 -0,060
0,079 0,056 -0,044 -0,048 0,102 0,031 0,134 -0,074 -0,106
0,014 0,129 0,072 0,085 0,190 -0,044 0,101 0,041 0,130
-0,025 0,018 -0,070 -0,113 -0,104 -0,022 -0,039 0,094 0,191
-0,174 -0,078 -0,061 0,028 -0,042 -0,063 -0,077 0,014 -0,042
-0,163 0,054 -0,081 0,009 -0,209 0,075 -0,002 0,002 0,122

C. hyalochaete RS -0,261 -0,142 -0,311 0,073 -0,151 -0,180 0,054 -0,032 -0,132
C. Phaeoceros gp -0,010 -0,167 0,054 0,074 0,065 0,104 0,052 0,026 -0,127

-0,078 -0,031 -0,014 -0,064 0,195 0,086 0,170 0,012 0,042
0,041 0,051 0,259 -0,067 -0,032 0,136 -0,053 0,107 0,289
-0,139 0,004 0,011 0,019 -0,247 0,029 0,075 0,211 -0,028
0,078 0,081 -0,091 -0,070 -0,007 -0,066 -0,069 0,024 0,036
0,237 0,046 -0,012 -0,045 -0,208 0,058 0,004 0,155 0,147
-0,074 0,263 -0,093 -0,072 -0,103 -0,040 0,071 -0,015 -0,066
0,128 -0,136 0,155 -0,150 0,257 -0,011 0,011 -0,138 0,027

F 0,010 0,100 0,130 0,144 -0,038 -0,143 0,048 0,120 -0,045

0,353 -0,040 -0,035 -0,178 0,337 0,093 -0,196 -0,246 -0,058
-0,049 0,074 0,153 0,007 -0,145 0,097 0,121 0,156 0,023
-0,097 0,115 0,124 -0,018 -0,093 0,053 -0,060 0,100 0,258
0,022 0,055 -0,041 -0,032 0,110 0,005 0,031 0,010 0,431
0,412 -0,147 0,173 -0,129 0,198 0,146 -0,005 -0,194 0,035

-0,090 0,101 0,155 -0,009 -0,007 -0,026 -0,040 -0,008 0,222

0,224 0,063 0,112 0,107 0,230 -0,150 0,029 0,065 0,006
0,080 0,038 0,169 -0,036 0,071 -0,042 -0,037 -0,021 -0,008
-0,203 0,208 0,021 0,122 0,331 0,046 0,011 0,132 0,165
0,051 -0,202 0,141 0,086 0,030 0,038 0,122 0,007 0,073
0,032 -0,004 0,197 -0,045 -0,048 0,038 -0,044 -0,029 0,122
-0,049 0,020 -0,093 -0,072 0,046 -0,020 0,024 -0,015 -0,066
-0,068 -0,126 0,090 0,171 -0,007 0,037 0,074 0,001 -0,155
-0,020 -0,097 0,063 0,127 -0,089 0,022 0,177 -0,098 0,117
0,118 -0,197 0,193 -0,070 0,119 0,059 0,069 -0,060 -0,005
0,001 -0,052 0,011 -0,035 0,169 0,021 0,026 -0,068 0,263
-0,073 0,128 0,106 -0,024 -0,067 -0,027 0,250 0,025 0,024
0. w gii -0,044 0,010 0,091 0,017 -0,005 0,050 -0,075 0,113 0,173

0,060 -0,035 0,261 -0,034 -0,074 0,086 0,054 -0,107 -0,002

-0,154 0,252 0,047 0,089 -0,234 0,053 0,190 0,157 0,130

1 -0,037 0,250 -0,094 0,096 0,639 -0,076 -0,118 0,014

-0,037 1 -0,028 0,093 -0,073 0,045 0,013 0,152 0,019
0,250 -0,028 1 0,162 0,068 0,119 0,005 -0,114 0,137
-0,094 0,093 0,162 1 -0,022 -0,028 -0,040 -0,010 -0,093

Pseudo-nitschia spp 0,096 -0,073 0,068 -0,022 1 -0,126 -0,040 -0,147 0,030
Rhl.r.DSLl'E'I'IId spp 0,639 0,045 0,119 -0,028 -0,126 1 -0,054 -0,048 0,039

-0,076 0,013 0,005 -0,040 -0,040 -0,054 1 -0,044 -0,107
-0,118 0,152 -0,114 -0,010 -0,147 -0,048 -0,044 1 0,107
s. 0,014 0,019 0,137 -0,093 0,030 0,039 -0,107 0,107 1
] -0,308 0,093 -0,068 -0,007 -0,391 0,027 0,090 0,132 0,010
0,140 -0,005 0,008 0,018 0,058 0,090 0,043 -0,073 0,058
0,016 -0,099 0,208 0,033 -0,004 -0,093 0,114 -0,011 -0,081
0,114 0,008 0,035 -0,105 0,002 -0,052 -0,078 0,084 -0,087
0,197 0,038 0,056 0,028 0,288 0,003 0,233 0,186 0,024
0,174 0,035 -0,095 -0,033 -0,159 0,003 0,001 -0,002 0,012
0,060 0,071 0,065 0,057 -0,105 0,108 0,017 0,082 0,012
-0,128 -0,052 -0,096 -0,011 -0,050 -0,025 0,177 0,129 0,095
0,139 0,080 0,170 0,006 0,035 0,017 0,099 0,026 0,007
-0,045 -0,020 0,068 0,009 -0,054 0,020 0,048 0,059 0,210
_ -0,265 0,049 -0,026 0,066 -0,085 -0,091 0,155 0,087 -0,009
Trachyneis :pp -0,101 -0,071 -0,074 -0,006 -0,090 -0,076 0,010 0,084 0,021
0,118 0,016 -0,040 0,079 -0,260 0,117 0,073 0,217 0,065

0,099 -0,004 0,092 -0,031 -0,020 -0,090 -0,072 -0,097 -0,061



Vfrengue”i T trifuita

[HBI:2] 0,218 -0,128 0,163 -0,138 0,110 -0,037 0,028 0,178 0,002

[HBI:2)/[ 0,087 -0,082 0,101 -0,102 0,042 0,002 -0,009 0,079 -0,012
0,101 0,001 0,026 0,127 0,195 0,157 0,123 -0,053 0,070
0,224 0,075 0,218 -0,018 0,330 0,166 0,142 -0,026 0,152

0,058 -0,061 -0,064 -0,223 -0,140 -0,168 0,033 -0,139 0,039

[ A hookerii [EEEEVKEN) -0,047 0,297 0,300 0,173 -0,006 0,100 0,033 0,077
0,237 0,168 0,096 0,040 0,087 -0,092 -0,004 0,051 0,106
0,133 -0,043 0,116 0,170 0,149 -0,069 -0,018 0,077 0,197
0,053 -0,024 -0,038 -0,098 0,060 -0,067 -0,013 -0,067 0,191
0,299 0,026 -0,080 -0,054 -0,100 0,071 0,165 0,072 0,076
-0,061 0,036 0,047 0,227 -0,039 -0,101 0,119 -0,050 0,067

0,098 -0,087 0,008 -0,052 -0,002 0,095 0,055 -0,148 -0,103
0,001 -0,088 -0,180 -0,148 0,187 0,067 -0,014 0,130 0,074
0,303 0,023 -0,143 -0,167 -0,088 0,164 0,230 -0,028 0,078
0,381 0,004 0,063 0,031 0,234 0,184 0,049 0,100 -0,043
0,083 -0,100 -0,140 0,029 0,072 0,052 0,052 -0,062 0,210
0,066 -0,121 -0,046 -0,162 -0,153 -0,007 0,050 0,025 -0,072
-0,010 0,005 0,069 0,123 0,163 0,089 0,051 0,139 0,042
0,081 -0,050 -0,036 0,000 0,100 -0,136 0,053 -0,147 0,032
0,100 -0,079 -0,080 0,040 0,190 0,032 -0,055 0,100 0,174

-0,009 -0,031 -0,042 0,157 0,141 0,074 -0,093 0,040 0,106
0,063 0,036 -0,038 -0,137 0,260 0,234 0,079 0,160 0,130

0,092 -0,032 -0,071 0,129 -0,137 0,046 0,055 -0,086 0,015
0,118 0,079 0,121 0,061 0,068 -0,101 -0,109 0,082 0,020
-0,040 0,099 0,249 0,092 -0,022 -0,143 0,088 0,092 0,183
-0,363 0,049 0,216 0,036 -0,378 -0,143 0,111 -0,219 -0,200
0,184 -0,007 0,485 0,001 0,507 0,053 -0,011 0,213 0,136
0,029 0,013 -0,206 -0,084 0,056 0,087 0,019 0,055 0,178
0,115 -0,014 -0,010 -0,057 0,073 -0,039 0,031 0,152 0,048

0,271 0,033 0,134 -0,069 -0,157 -0,189 -0,020 -0,106 0,177
-0,212 0,039 -0,068 -0,035 0,079 0,028 -0,140 -0,019 0,201
0,054 -0,110 -0,049 0,037 0,155 0,029 -0,091 0,121 0,205
0,032 -0,063 0,269 0,164 0,035 -0,136 0,171 -0,017 -0,104

0,234 0,052 -0,013 -0,163 0,092 0,191 0,039 0,149 0,270

0,057 -0,065 0,012 0,048 0,101 0,075 0,066 0,051 0,007
0,032 -0,020 -0,099 -0,081 -0,103 -0,055 -0,029 0,095 0,125
-0,028 0,199 -0,044 0,023 -0,005 -0,021 0,008 0,021 -0,047
-0,023 0,012 0,131 -0,186 0,035 -0,035 -0,076 0,243 0,107
0,023 0,055 0,055 -0,018 0,172 0,135 0,080 0,104 -0,064
-0,083 0,175 0,022 -0,013 0,041 -0,167 0,143 -0,140 0,070
-0,040 0,031 0,112 -0,108 0,111 -0,100 0,056 0,076 0,023
0,059 -0,074 0,102 -0,040 0,177 0,095 -0,052 -0,033 0,022
0. weissflogii 0,162 -0,034 -0,019 -0,004 0,097 -0,022 0,035 0,139 0,307
0,023 -0,068 0,145 -0,038 0,105 -0,114 0,049 0,091 0,017
0,356 -0,068 0,042 -0,023 0,304 0,262 -0,056 0,066 0,090
-0,308 0,140 0,016 0,114 -0,197 -0,174 0,060 -0,128 -0,139
0,093 -0,005 -0,099 0,008 0,038 0,035 0,071 0,052 0,080
-0,068 0,008 0,208 0,035 -0,056 -0,095 0,065 -0,096 0,170
-0,007 0,018 0,033 -0,105 -0,028 -0,033 0,057 -0,011 0,006
Pseudo-nitschia spp -0,391 0,058 -0,004 0,002 -0,288 -0,159 -0,105 -0,050 -0,035
0,027 0,090 -0,003 -0,052 0,003 0,003 0,108 -0,025 -0,017
0,030 0,043 0,114 -0,078 0,233 0,001 -0,017 0,177 -0,099
ni 0,132 -0,073 -0,011 0,084 0,186 -0,002 0,082 0,129 0,026
0,010 -0,058 -0,081 -0,087 0,024 0,012 0,012 0,095 -0,007
1 -0,116 -0,050 -0,131 0,266 0,280 0,129 0,097 0,102
0,116 1 0,191 0,076 0,024 -0,079 0,042 0,015 0,225
[ T.gracilis [N 0,191 1 0,141 0,266 0,064 -0,105 0,076 0,047
-0,131 0,076 0,141 1 0,051 -0,097 -0,113 -0,057 -0,034
0,266 0,024 0,266 0,051 1 0,251 -0,006 0,233 0,131
0,280 -0,079 0,064 -0,097 0,251 1 0,036 0,011 0,083
0,129 -0,042 -0,105 -0,113 -0,006 0,036 1 -0,075 0,017
0,097 0,015 0,076 -0,057 0,233 0,011 -0,075 1 0,062
0,102 0,225 0,047 0,034 0,131 0,083 0,017 0,062 1
0,130 -0,024 0,027 -0,134 0,097 0,045 0,053 0,306 0,153
0,238 0,016 0,148 -0,164 0,119 0,089 0,052 0,075 0,015
0,204 -0,026 -0,033 -0,062 0,018 0,055 0,170 0,090 -0,043
0,161 0,072 0,159 0,081 0,528 0,054 -0,050 0,303 0,151
-0,188 -0,158 0,119 -0,027 -0,133 0,106 0,097 -0,158 0,112



Supplement Table 2:Pearson matrix of coefficient correlation, from the PCA between
sedimentary raw data/proxies from the DTCI 2010.

ST

-0,989 1 0,289
WEST 0,451 0,207 0,065 0352 0371 0,090
0,248 0,039 0,213 0,078 0,298 0,163
0,063 0,026 0338 0,140 0,441 0,004
0,848 0,771 0,011 -0,456 0,021 0,396
0,220 -0,052 0,131 0,191 0,175 0,364
-0,035 0,081 0,178 0,220 0,158 0,091
0,221 0,223 0,053 0,220 0,211 0,044
-0,385 0,281 0,259 0,243 0,114 -0,066
0,048 -0,093 0,160 0,303 0,156 0,070
0,209 -0,193 0,172 0,145 0,183 0,237
0,051 0,012 0,144 0,016 0123 0,224
0,190 0,188 1 0,154 0,254 0,252
0,239 -0,157 0,154 1 0,086 0,383
0,308 -0,386 -0,254 0,086 1 0,061

0,251 0,289 0,252 0,383 0,061 1

0,187 -0,155 0,017 0,350 0,209 0,277

: 0,139 0184 0,385 0338 0,129 0,539
0,028 -0,017 0,205 0,283 -0,108 -0,341
0,089 0,143 0,152 -0,014 0,318 0,226
-0,001 0,059 0,091 0,192 0,132 0,432
0,535 -0,624 0,288 0,036 0,567 0,306
0,129 -0,195 0,303 0,103 0,095 0,526
0,453 0,472 -0,003 0,234 0,017 0,342
P 0,112 0,065 0,308 0,060 -0,265 -0,520

0,208 0,288 0,278 0,285 0,445 0,476
T 0,011 -0,105 0,077 0,191 -0,045 0,178
0,338 0,330 0,219 0,484 0,105 0,345
0,361 0,412 0,008 0,250 0,173 0,467
0,158 -0,260 0,126 0,046 0,173 0,027
Bl -0,283 0,220 -0,073 -0,221 0,220 0,459

| ze/Rb | (WBI3) | [HBI2] |HBI2]/[HBI:3

0,028 0,089 -0,001 0,535 0,129 0,453 0,112 -0,208 0,011 0,361 0,158 -0,283

-0,017 -0,143 0,059 -0,624 195 -0,472 0,065 0,288 -0,105 0,412 -0,260 0,220

-0,086 0,135 0,043 0,154 -0,003 0,110 0,078 0,221 0,162 0,199 0,218 0,398

0,017 0,399 0,231 -0,086 0,255 -0,031 0,411 0,026 0,244 0,303 0,119 -0,052

-0,121 0,266 0,085 -0,262 0,017 -0,228 0,102 0,215 -0,045 -0,039 0,305 -0,270

0,120 -0,240 0,052 0,211 0,247 0,435 0,159 -0,100 0,068 0,482 0,025 0,520
0,073 0172 0236 0,236 0,072 0,081 0,29 0,073 04175 0,206 0,085 0,022
-0,354 0,171 0,116 0,223 0,194 -0,340 -0,038 0,170 -0,227 -0,097 -0,180 -0,127
-0,360 0,162 0,111 -0,288 0,222 -0,431 -0,020 0318 0,121 -0,206 0,178 -0,026
-0,058 0,016 0,264 0,272 0,008 0,217 0,064 0,334 0,056 -0,140 0,011 0,082
0,316 0,148 0,211 0,162 -0,202 0,312 0,042 -0,163 0,141 0,132 0,163 0,061
0,560 0,418 0,178 0,467 0,161 0,299 0,226 0,214 0,351 0,235 0,463 0,155
0,594 -0,324 0,220 0,083 0,291 0,232 0231 0,092 0,273 0,334 0,329 0,064
0,205 0,152 0,091 0,288 0,303 0,003 0,308 0,278 0,077 -0,008 0,126 0,073
0,283 -0,014 0192 -0,036 0,103 0,234 0,060 0,285 0,191 0,250 0,046 0221

-0,108 -0,318 0,132 0,567 -0,095 -0,017 -0,265 -0,445 -0,045 0,173 0,173 0,220

-0,341 -0,226 0,432 -0,306 0,526 -0,342 -0,520 -0,476 0,178 -0,467 -0,027 0,459

0,621 -0,233 -0,010 0,011 0,404 0,480 0,347 0,324 0,294 0,594 0,373 -0,100

0,331 0,146 0,297 -0,063 0,286 0,235 0,245 0,503 0,005 -0,001 0,129 0,217

1 -0,441 0,067 0,192 0,295 0,407 0,230 0,111 0,421 0,474 0,449 0,09

-0,441 1 0,028 0,273 0,171 -0,208 0376 0,001 0,258 0,256 0,288 0,476

0,067 0,028 1 0,222 0,019 0,265 0,041 0,387 0,218 0,027 -0,100 0,129
0,192 0273 0,222 1 0,005 0,506 0233 0,391 0,442 0,164 0,586 0,262
0,295 0,171 0,019 0,005 1 0,198 0,403 0,285 0,181 0322 -0,006 -0,296
0,407 -0,208 0,265 0,506 0,198 1 0,061 0,008 0,344 0,530 0436 -0,120
os P 0,230 0,376 0,041 -0,233 0,403 0,061 1 0,395 0,117 0,547 -0,247 -0,551
0,111 0,001 0,387 0,391 0,285 0,008 0,395 1 -0,008 0,026 0,357 0,375
I 0,421 -0,258 0,218 0,442 0,181 0,344 0,117 -0,008 1 0,185 0,561 0,363
-0,181 0,038 0,359 -0,284 0,044 -0,269 0,170 -0,194 0,273 1 -0,193 0,024 0,141
0,474 0,256 -0,027 0,164 0,322 0,530 0,547 0,026 0,185 -0,193 1 0,364 -0,474
0,449 -0,288 -0,100 0,586 -0,006 0,436 0,247 -0,357 0,561 0,024 0,364 1 0,582
0,096 -0,476 -0,129 0,262 0,296 -0,120 0,551 -0,375 0,363 0,141 0,474 0,582 1

Supplement Table 3:Pearson matrix of coefficient correlation, from the PCA between
significant sedimentary data and meteorological parameters, averaged over the
November to March period.
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CRS [HBI/2]/[HBI/3] FCC

Zr/Rb

Open water gp F. kerguelensis




Suppl. Figure 1

Raw versus standardised data. Raw data (grey) and standardised data (orange) from the
sediment core DTGC2011.
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Suppl. Figure 2

Solar forcing over the last centuries on sea surface conditions in Adélie Land. a) Open
Water gp composed of large centric diatoms (orange) from the DTCG 2011, and total solar
irradiance (TSI, green) based on variability of cosmogenic °Be (Steinhilber et al., 2009); b)
Cross wavelet correlation between the Open Water gp and ATSI, using Morlet wavelet and
Monte Carlo methods according to Grinsted et al. (2004). Statistically significant periods are
identified by the black circled red zones. Rightward pointed arrows indicate positively
correlated signals while leftward pointed arrows indicate negatively correlated signals. Data

has been resampled every 4 years.



Annexe 3 - Tables supplémentaires relatives a I'article 1V

Core & Median . Reported DCF
] cm bsf Material +
section CSFB (m) 14C age corrected
1HCCW  17-18 2,48 AO bulk -197,4 3,3 1765 1340
2H1IW  129-130 3,76 AO bulk -237,0 29 2170 1745
2H3W  52-53 5,92 AObulk  -203,6 2,8 1830 1405
2H6W  90-91 10,66 AQ bulk -222,5 2,3 2020 1595
3HIW  96-97 12,90 shell -205,6 3,1 1850 1850
3HIW  126-127 13,17 AO bulk -269,5 2,6 2520 2095
3H2W  130-131 14,60 AO bulk -264,1 2,2 2465 2040
3H3A  122-123 15,91 shell -271,1 31 2540 2540
3HAW  146-147 17,52 AQ bulk -274,8 2,7 2580 2155
3H6W 17-18 19,10 AQ bulk -289,5 2,1 2745 2320
3HCCW  51-52 21,44 AObulk  -293,5 25 2790 2365
AHIW  111-112 22,54 AO bulk -286,9 2,5 2715 2290
4H3W 19-20 24,48 AO bulk -2884 2,0 2735 2310
4H3W  123-124 25,44 shell -269,9 3,1 2525 2525
4HAW  144-145 27,04 AObulk -321,8 24 3120 2695
4H6W  93-94 29,37 AQ bulk -313,2 2,1 3020 2595
AH7W 5-6 29,94 shell -282,7 31 2670 2670
S5H1IW  89-90 31,83 AQ bulk -357,6 2,5 3555 3130
5H3W  28-29 34,03 AObulk  -349,6 2,6 3455 3030
SH4W  105-106 36,13 AO bulk -340,8 2,0 3350 2925
5H5W 133-134 37,76 AQ bulk -363,8 2,7 3635 3210
S5HEW 63-64 38,50 AO bulk -362,5 2,7 3615 3190
6H1W 130-131 41,75 AObulk  -401,1 1,8 4120 3695
BH2W  136-137 43,25 AO bulk -405,2 2,6 4175 3750
6H3W  76-77 44,11 AO bulk -3899 24 3970 3545
6HAW  54-55 45,34 AQ bulk -429,0 2.3 4500 4075
BHEW 95-96 48,47 AO bulk -401,1 2,0 4120 3695
7H2W  27-28 51,66 AObulk  -467,0 1,9 5055 4630
JH3W 67-68 53,26 AO bulk -465,8 1,7 5035 4610
7HSW 42.5-143. 56,45 AQ bulk -486,4 2,1 5355 4930
JH6W  91-92 57,44 AObulk  -480,1 2,3 5255 4830
SH1W 7-8 59,58 AO bulk -498,6 1,7 5545 5120
8H3W  65-66 63,16 AO bulk -508,5 2,2 5705 5280
8HAW  118-119 65,19 AO bulk -502,0 1,8 5600 5175
9H1W 122-123 70,23 AObulk  -513,4 1,5 5785 5360
9H4W  73-74 74,03 AObulk  -520,4 1,8 5905 5480
9H5W 08.5-109. 75,88 AQ bulk -532,3 2,2 6105 5680
OH7W  46-47 77,54 AQ bulk -527,3 1,7 6020 5595
10H1W  90-91 79,41 AO bulk -5473 14 6365 5940
10H2W  121-122 81,22 AO bulk -541,9 1,7 6270 5845
10HAW  42-43 83,36 AQ bulk -549,2 19 6400 5975
10H6W  83-84 86,77 AQ bulk -553,3 2,0 6475 6050
11H1IW  32-33 88,33 AObulk  -567,2 1,6 6730 6305
11H2W 104-105 89,68 AQ bulk -566,1 1,6 6705 6280
11H4AW 128-129 92,71 AO bulk -602,8 1,5 7415 6990




Core & Median N Reported DCF

bsf Material +
section cmbs CSFB (m) ater 14C age corrected

11H6W  25-26 94,68 AO bulk -582,5 2,0 7015 6590
11H7W  89-90 96,82 AO bulk -586,6 1,5 7095 6670
12H4AW  25-26 101,13 AO bulk -594,0 14 7240 6815
12H5W 131-132 103,69 AQ bulk -605,9 1,8 7480 7055

12H7W  68-69 106,06 AO bulk -603,8 1,5 7435 7010
12H7W 106-107 106,44 AO bulk -603,5 1,2 7430 7005
13H1IW  13-14 107,13 AO bulk -6158 1,6 7685 7260
13H1A  52-53 107,50 shell -596,5 3,5 7290 7290
13H2W  56-57 108,73 AO bulk -611,3 1,4 7590 7165
13H3W 87.5-88.5 110,43 AO bulk -617,9 1,3 7730 7305
13H5W  6.5-7.5 112,47 AO bulk -620,0 1,2 7775 7350
13H6W 63.5-64.5 114,25 AO bulk -632,7 19 8045 7620
13HCCW 27.5-28.5 116,45 AO bulk -6354 14 8105 7680

14H2W  26-27 117,38 AO bulk -650,2 1,7 8435 8010
14H3W 135-136 119,95 AO bulk -659,0 1,2 8640 8215

14H5W 3-4 121,62 AQO bulk -656,5 1,3 8585 8160
14H6W  86-87 123,92 AO bulk -661,7 1,3 8705 8280
14H7W 107-108 125,61 AO bulk -669,2 1,3 8885 8460
15H1W  78-79 126,79 AO bulk -664,9 13 8785 8360

15H3W  27-28 129,00 AO bulk -665,6 1,1 8800 8375
15H5W  146-147 133,18 AO bulk -671,9 1,6 8950 8525
15H6W 143-144 134,66 AQO bulk -673,1 1,3 8980 8555
16HIW  71-72 136,21 AO bulk -683,9 1,0 9250 8825
16H3W  13-14 138,26 AO bulk -690,8 1,2 9430 9005
16H4W  77-78 140,23 AO bulk -6854 1,2 9290 8865
16H6W  31-32 142,72 AO bulk -696,9 0,9 9590 9165
16H7W  81-82 144,68 AO bulk -696,2 1,3 9570 9145
17HIW  60-61 145,57 AO bulk -697,4 1,2 9605 9180
17H3W  30-31 148,09 AO bulk -704,2 1,0 9785 9360
17H4W 122-123 150,35 AO bulk -713,3 1,2 10035 9610
17H6W  82-83 152,76 AO bulk -718,6 1,1 10185 9760
18HIW  68-69 155,14 AO bulk -715,8 0,9 10105 9680
18H3W  13-14 157,41 AO bulk -731,6 1,1 10565 10140
18H4W  97-98 159,57 AO bulk -741,3 1,0 10860 10435
18H5W 137-138 161,33 AO bulk -747,7 1,0 11065 10640
18H7W  52-53 163,32 AO bulk -748,9 1,0 11100 10675
19H1IW 108-109 165,08 AO bulk -755,7 1,5 11320 10895
19H2W  97-98 166,44 AO bulk -751,7 1,0 11190 10765
19H3W  64-65 167,60 AO bulk -760,3 0,9 11475 11050
19HAW  66-67 169,10 AO bulk -788,8 1,5 12490 12065
19H4W 102-103 169,46 AO bulk -771,6 1,4 11860 11435
19H5W  61-62 170,53 AO bulk -989,4 1,4 36560 36135

Suppl. Table 1
IODP U1357B '“C dates. Carbonate shell dates and acid only dates from IODP U1357B.
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Antarctica holds the largest ice sheet in the world, the East Antarctic Ice Sheet (EAIS), and plays a
significant role in both local and global climate through the interactions between ice sheets, ocean,
sea ice, and atmosphere. Our understanding of East Antarctica Holocene climate variability relies mainly
on ice cores that however do not document glacial discharge history. Here, we present the first high
resolution 8'80gjzom record derived from two marine sediment cores retrieved on the East Antarctic
continental shelf to reconstruct glacial discharge off Adélie Land and George V Land (AL-GVL) over
the last 11,000 years from decadal to centennial resolution. Our results suggest multi-centennial glacier
advances and retreats until 2000 cal yr BP, followed by a period of relative instability marked by two
major glacial retreats centered at ~1700 cal yr BP and ~1980 CE. We suggest that the multi-centennial
oscillations during the Early/Mid-Holocene reflect glacier fluctuations in response to long-term local
seasonal insolation and short-term solar variability. We also propose that §'8Qgjaom Vvariability over
the last 2000 years was the result of a recent change in the AL-GVL region to increasing atmospheric
influence, linked to ENSO intensification and teleconnections strengthening between low and high

latitudes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Antarctica and its ice sheets have played, and continue to play,
a major role in the global ocean-atmosphere system. The East
Antarctic Ice Sheet (EAIS), the largest in the world, stores 79% of
Antarctica ice and influences directly both Antarctic and global cli-
mate through interactions with the ocean, the sea ice, and the
atmosphere of the Southern Hemisphere. Ice sheet morphology
(e.g. through the presence of glacier ice tongues) has an impor-
tant impact on sea ice cycle and thus on bottom ocean circulation
and primary productivity. As such, a better understanding of the
impact of glacier systems and the associated climate feedbacks of
the east Antarctic region is important for future climate predictions
(Denis et al., 2009a).

Scarce environmental reconstructions based on ice cores, ma-
rine sediments, lake sediments, and terrestrial records revealed
that Antarctic climate shows three contrasted intervals during
the Holocene (Mayewski et al., 2009): a Deglacial period (also

* Corresponding author.
E-mail address: julien.crespin@weizmann.ac.il (J. Crespin).

http://dx.doi.org/10.1016/j.epsl.2014.03.009
0012-821X/© 2014 Elsevier B.V. All rights reserved.

termed the Early Holocene Climate Optimum), a Mid-Holocene
warm period or Hypsithermal, and a Late Holocene period or
Neoglacial cooling (Hodgson et al., 2009a; Denis et al., 2009a;
Verleyen et al.,, 2011), followed by the recent climate warming.
The climatic periods are not always synchronous in the differ-
ent regions of Antarctica due to the spatial heterogeneity in the
intensities of the forcing mechanisms. As a result, the Antarctic cli-
mate system is regionally partitioned with heterogeneous surface
air temperature trends and ice-sheet/glacier fluctuations on millen-
nial to decadal timescales (Masson et al., 2000; Denis et al., 2009a;
Hall, 2009; Mayewski et al., 2009; Verleyen et al., 2011). This
partitioning was also monitored over the last 50 years whereby
East Antarctica (EA) and Antarctic Peninsula (AP) surface air tem-
perature increased by ~1°C and ~3°C, respectively (Turner et
al., 2005a). However, even if EA currently appears less sensitive
to recent global warming, numerical models predict that warm-
ing, and therefore melting of the EAIS, will greatly increase in
the next decades, which will drastically impact ocean circulation
(Summerhayes et al., 2009). Over the last few decades, the most
profound changes in the ice-sheets result from glacier dynamics
at ocean margins (Pritchard et al., 2009). Moreover, it has been
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Fig. 1. Study area (modified from Beaman et al.,, 2011): location of cores MD03-2601 and CB2010 (red dots) and coastal cores from Berg et al. (2010) and Pike et al. (2013)
(red asterisks), glaciers (in italic), katabatic winds (light blue arrows), and details of oceanographic currents and different water masses in the region. HSSW: High Salinity
Shelf Water; MCDW: Modified Circumpolar Deep Water; ACC: Antarctic Coastal Current; AACC: Antarctic Circumpolar Current. Features include the Adélie Land-George V
Land (AL-GVL), the Adélie Depression (AD), Commonwealth Bay (CB), Dumont d'Urville Trough (DDUT). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

evidenced that large parts of the EAIS margin are more vulner-
able to external forcing than previously recognized (Miles et al.,
2013). Hence, it is important to reconstruct the glacial discharge
history (iceberg and brash-ice discharge together with basal melt-
ing of floating glaciers/ice shelves) to the coastal waters off EA in
order to further improve numerical predictions.

We present the first high-resolution diatom oxygen isotope
(8180giatom) records obtained from two marine sediment cores col-
lected on the Adélie Land-George V Land (AL-GVL) continental
shelf (EA). The down core 8'®0gjsom records enable to recon-
struct the glacial discharge history of AL-GVL at decadal to cen-
tennial resolution to better understand the relationship between
East Antarctic climate variability and local glacier fluctuations. This
could provide potential insights on the sensitivity of the EAIS to
future climatic changes.

2. Material and methods

Two marine sediment cores (piston core MDO03-2601:
66°03.07’S, 138°33.43'E; 746 m water depth; interface core
CB2010: 66°54.33'S; 142°26.20'E; 780 m water depth; Fig. 1)
were analyzed to investigate changes in glacial discharge during
the Holocene on the AL-GVL in the Indian sector of the Southern
Ocean. These high accumulation sites from the coastal continen-
tal shelf zones are located below one of the most productive
ecological provinces in the Southern Ocean (Arrigo et al., 2008).
Several glaciers, releasing freshwater to the surface water of the
marine environment, dissect the coastal area off AL-GVL region.
The Zélée, Astrolabe, and Francgais glaciers predominantly affect
the MDO03-2601 site off AL, whereas the CB2010 site off GVL is in-
fluenced by both the Mertz and Ninnis glaciers (Fig. 1). The two
cores are located ~200 km apart and are separated by the Adélie
Bank. Piston core MD03-2601 is composed of a 4000-cm-long se-
quence of laminated diatom ooze, while interface core CB2010 is
composed of a 30-cm-long of massive diatom ooze.

2.1. Chronology

The age model used for piston core MD03-2601 is based on
seven Accelerator Mass Spectrometry 4C dates of the humic frac-
tion of bulk organic matter calibrated to calendar ages using CALIB
5.0 and a reservoir age of 1300 years (see Denis et al., 2009a
for further details on the age model). Core MD03-2601 spans the
period between 11,000 and 1000 calendar years BP (cal yr BP).

1000 -

g [T

@ 100 A ~4

E T

z T

S 101 T

E= T

13

© 1\1

2 11

g R?=0.99
0.1 T T T T 1

0 5 10 15 20 25

Depth (cm)

Fig. 2. Down core profile of 219Pbys activity (blue diamonds). Error bars correspond
to 1SD. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

The age model of interface core CB2010 (Fig. 2) was developed
from the excess 219Pb activity (219Pbys), which yields a mean sed-
imentation rate of 0.11 cm yr~! and taking into account that the
interface of the core is contemporaneous to the retrieval date as
shown by the presence of an oxydated fluffly layer. 21%Pbys profile
was determined as the difference of the total (2'°Pb) and sup-
ported (#26Ra) activities in sediment, measured by low-background
high-efficiency gamma spectrometry (Schmidt et al.,, in press). In-
dividual sample ages were calculated by fitting a smooth curve to
the chronological data. Core CB2010 spans the past 250 years.

2.2. Diatom extraction and analysis

Cores MDO03-2601 and CB2010 were sampled every 32 cm and
1 cm leading to a sampling resolution of ~80-100 years and
~10 years, respectively. Diatoms were separated from the sedi-
ment and purified using a combination of previously published
cleaning techniques adapted for our Antarctic marine samples
(Juillet-Leclerc, 1986; Morley et al., 2004; Shemesh et al., 1995;
Swann and Leng, 2009). Sediment samples were pretreated with
30% H0, for 4 h at 60°C and 10% HCl for 2 h at room tem-
perature, followed by sonication for a few seconds. Samples were
then sieved and the 10-32 pum size fraction was retained for den-
sity separation by sodium polytungstate (SPT) (specific gravities
from 2.1 to 2.25 g/ml) to separate diatoms from detrital miner-
als. Following oxidation of the labile organic matter coating the
diatom valves by using a 1:1 mixture of HNO3 (65%)/HClO4 (70%)
at 60°C for 1 h, samples were centrifuged 8 times with deion-
ized water and dried at 60 °C. All samples were subjected to light
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Fig. 3. Scanning electron microscope (SEM) images of clean diatom material analyzed for oxygen isotopes from MD03-2601 core showing the excellent preservation of the
diatoms, the complete removal of adhering clays and the absence of any significant contamination.
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microscopy inspection in order to evaluate their purity prior to
isotope analysis. Several samples, along the two cores, were sub-
jected to SEM inspection in order to evaluate a possible dissolu-
tion effect and to ensure the purity of the samples (Fig. 3). The
percentage of carbon content (%C), ranging from 0.15% to 0.35%,
indicates that these procedures efficiently removed extraneous or-
ganic matter (Crosta et al., 2002; Jacot Des Combes et al., 2008;
Hurrell et al., 2011) (Fig. 4).

Samples were then subjected to controlled isotopic exchange
followed by high-temperature re-crystallization (to minimize the
isotope effect associated with opal-bound water) with two water
samples having different isotopic compositions (880w = +34.6%o
and 880y, = —10.7%0 vs. VSMOW). This allows the determina-
tion of the amount of exchangeable oxygen in the samples and
to correct the measured isotopic composition of the stable frac-
tion. 3180diamm measurements were performed on 124 samples
from MD03-2601 and on 30 samples from CB2010, using an In-
fra Red (IR) laser extraction technique. A Merchanteck 25W CO; IR
laser, combined with BrFs; reagent, was used to extract molecular
0, from 200 pg of purified diatom. Following extraction and pu-
rification, O was analyzed using a Thermo Finnigan Delta Plus XL
isotope-ratio mass spectrometer. Absolute calibration was achieved

by using NBS 28 and the PS diatom standard (Chapligin et al.,
2011). The 8'80gjatom values are expressed relative to VSMOW and
showed a mean standard deviation of 4+0.36% (10). The %C of
the intrinsic organic matter encased within the cleaned diatom
opal was measured on 145 samples from both the MDO03-2601
and CB2010 cores using a Carlo Erba EA1110 elemental analyzer
in line with a Finnigan MAT 252 stable isotope ratio mass spec-
trometer. We point out that the isotope measurements were made
on the 10-32 pm size fraction and that the species counts were
carried out on the bulk assemblage. However, the cleaning proce-
dure showed that most of the diatoms from cores MD03-2601 and
CB2010 are within the 10-32 pm size fraction, with very few di-
atoms in the size fractions of <10 pm and >32 pm.

3. Results

81804iatom values obtained from MD03-2601 and CB2010 cores
vary between 39.9%o and 45.0%o (Fig. 5A). MD03-2601 §'804iatom
record does not show any trend throughout the Holocene as
the 0.4%o decrease between 11,000 cal yr BP and 2000 cal yr
BP is within 1 standard deviation of the measure. MD03-2601
8180giatom record presents absolute variations up to 1.5%o until
2000 cal yr BP. Major low events are found at ~10,500 cal yr BP,
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~9200 cal yr BP, ~6700-5800 cal yr BP, ~3000 cal yr BP and
~2500 cal yr BP. However, the most prominent low is found after
2000 cal yr BP when a 3.9%¢ drop, with values as low as 40.9%q,
is recorded at ~1700 cal yr BP.

CB2010 record expands the MD03-2601 record to the present,
and allows generating a quasi-continuous record due to the good
agreement between the top and the bottom values of two in-
dependent parameters from the two cores: percentage of carbon
and 8'80yisom values (Figs. 4 and 5, respectively). Core CB2010
presents values varying between 42%. and 44.5%c during the
1750-1850 CE when an abrupt drop occurred. Lowest §'80g;ztom
of the combined records, with values as low as 39.9%, are then

recorded at 1980 CE. §'80gjaom Values subsequently recovered to
reach back 42% at the core top.

4. Discussion
4.1. Controls on 8 Ogiatom

To date, there have been no studies relating §'8Ogiatom to local
processes along the AL-GVL coastal margin. However, it has been
evidenced that §'80gjaom depends on both temperature and §'80
of the sea surface water (8'8Oyacer) from which it was deposited
(Juillet-Leclerc and Labeyrie, 1987; Shemesh et al., 1992; Swann
and Leng, 2009 and references therein). Secondary processes, such
as vital effect, dissolution, and silica maturation can also influence
the §'80g;atom signal and are discussed below.

4.1.1. Species effect - dissolution

A species effect on marine §'80gj,0m has been proposed based
on the §'®0gjom Offset recorded between two different diatom
size fractions in Plio-Pleistocene and late Pleistocene samples from
the north Pacific (Swann et al., 2007, 2008). Conversely, culture
and sediment trap experiments along with other down-core stud-
ies indicated that species effects are either non-existent or within
analytical error (Shemesh et al, 1995; Brandriss et al., 1998;
Schmidt et al.,, 2001; Moschen et al., 2005; Schiff et al., 2009). In
core MD03-2601, we observed insignificant correlations between
relative abundances of the four main diatom species (Chaetoceros
Hyalochaete spp. resting spores (CRS), Fragilariopsis curta, Fragilari-
opsis kerguelensis and Thalassiosira antarctica) and §'8Ogirom values
(0.01 < R < 0.04), spanning different size fractions and shape,
which strongly argue here against any potential species vital ef-
fect (Fig. 6).

Opal dissolution may lead to isotope fractionation, thus altering
the original signal. Two studies showed minimal isotopic alteration
in fresh diatoms under pH conditions of 7-8 (Schmidt et al., 2001;
Moschen et al., 2006) and no isotope alteration in old diatom ma-
terial under variable pH (Moschen et al., 2006). SEM scans show
that MDO03-2601 diatoms are well preserved and do not exhibit
signs of dissolution or diagenesis (Fig. 3), as already pointed out
by Crosta et al. (2007). Taking into account the fact that the pH of
Southern Ocean water is ca. 8, we infer that §'80gjom Signature
has not been significantly altered by dissolution.

4.1.2. Silica maturation

Biogenic silica maturation during sedimentation/early burial
leads to 80 enrichment in the sedimentary opal (Schmidt et al.,
1997, 2001; Moschen et al., 2005, 2006; Dodd et al., 2012). How-
ever, the extent to which these changes may impart on palaeoen-
vironmental inferences from 8'80gi;om remains unknown, espe-
cially in marine environments. In conjunction with other evi-
dences, a number of studies have documented strong correlations
between records of §'80gisom and other §'80-based proxy data
that would not have been expected if silica maturation significantly
altered the fossilized 8'®0gjarom record (Shemesh et al., 1992;
Leng and Barker, 2006; Swann and Leng, 2009). We here observed
a 2%o decrease within the top four centimeters of core CB2010
5180giatom Trecord, opposite to the expected effect of silica matura-
tion. We also observed a down-core increase in the percentages of
exchangeable oxygen (from the -Si-OH layer of the diatom frus-
tule), from 1.8% to 4.6%, (Fig. 4C) where a decrease (a reduction of
-Si-OH groups with depth) would have been expected from silica
maturation (Schmidt et al., 2001; Moschen et al., 2006). Moreover,
cores CB2010 and MDO03-2601 bear a similar range of exchangeable
oxygen (2.97 + 1.28%, n =5; 3.06 £ 0.86%, n = 13; respectively),
indicating similar amounts of -Si-OH groups on centennial to mil-
lennial timescales and sediment thickness of 30 cm to 4000 cm.
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These observations argue against significant impact of silica matu-
ration on our §'80gjatom records.

4.1.3. Influence of sea-surface temperature and water masses on
(Slsodiatom

Previous temperature reconstructions, based on diatom census
counts (summer diatom group - S-DG) in core MD03-2601, argue
for warmer sea-surface waters and lesser sea ice cover between
8000 cal yr BP and 4000 cal yr BP, and colder sea-surface wa-
ters, and icier conditions from 4000 cal yr BP to 1000 cal yr
BP (Denis et al., 2009b; Fig. 5C). Transient climate simulations
of the last 9000 years, additionally show a cooling of the South-
ern Ocean south of 60°S since ~4000 cal yr BP (Renssen et al.,
2005, 2012). However, the Mid-Holocene optimum and subse-
quent Neoglacial cooling periods, previously recorded both in AP
(Taylor et al., 2001) and EA (Denis et al., 2009b, 2010), are not
evidenced in the MD03-2601 §'80gjtom record. Moreover, subsur-
face ocean temperatures, derived from TEX'é6 measurements in the
same core, do not indicate long-term variability until 2000 cal yr
BP (Kim et al., 2012). Finally, if we use a diatom-temperature coef-
ficient within the acknowledged —0.2%0/°C and —0.5%0/°C range
(Brandriss et al., 1998; Crespin et al., 2010; Dodd and Sharp, 2010;
Juillet-Leclerc and Labeyrie, 1987; Moschen et al., 2005; Shemesh
et al., 1992), the 5'80gjarom maximum amplitude of 3.9%o recorded
in core MD03-2601 will lead to an implausible temperature range
of 7.8°C to 19.5°C. The temperature range derived from the TEX’é6
measurements is 4-5 °C for the Holocene (Kim et al., 2012), while
diatom counts suggest a 1-2°C drop between the Hypsithermal
and the Neoglacial periods (Crosta et al., 2007). It is, therefore, very
unlikely that §80gicom Variations are controlled by temperature in
agreement with a previous study for the west Antarctic Peninsula
(WAP) (Pike et al., 2013).

Additionally, though no specific environmental study about the
surface ocean water composition (water masses and sea-ice §180
contributions to the photic zone) along the AL-GVL area has been
undertaken, available data for the area between 130°E-150°E and
60°5-68°S (569 values) indicate that most of §'80yater values for
water depths between 0 m and 3500 m are between —0.2%, and
—0.3%0 with a maximum amplitude of 0.5%o (Schmidt et al., 1999;
http://data.giss.nasa.gov/o18data/). Hence, it is difficult to attribute
the Holocene trend in 8'80gjsom to drastic changes in the water
masses occupying these sites, as no surface water masses present
very different §'80ater. Moreover, meteoric water derived from
snow shows mean §'80 values of ~—18% at Dumont d’Urville on

the Adélie coast (Masson-Delmotte et al., 2008). Then, by assuming
that meteoric water mean §'80 values were comparable during the
Holocene, a relatively small change in glacial discharge reaching
the surface ocean was likely to have a strong impact on §'8Oyacer.

Thus, we argue that changes in §'80gj,om are governed by
5180yater Which is, in turn, mainly regulated by glacial discharge
via iceberg and brash ice discharge (Domack and Ishman, 1993;
Domack et al., 1995) and/or frontal melting of glaciers (Pritchard
et al,, 2012) as already suggested by Pike et al. (2013) for the WAP.
The §'80gjaom interpretation for the last 2000 years is consistent
with the diatom assemblages showing icier sea-surface conditions
(Denis et al., 2009b) probably because increased glacial ice dis-
charge to the coastal ocean, further acting to cool surface waters.

Grounded icebergs, resulting from calving, might be the source
of the isotopically depleted water rather than frontal melting of
glaciers as calving of icebergs accounts for most of the mass loss
from the Antarctic glaciers (Jacobs et al., 1992). Recently, for the
Mertz and Ninnis glacier system, iceberg calving has been identi-
fied as the major contributor of the total mass loss compared to
basal melting for the last thirty years (Rignot et al., 2013). More-
over, the George V coast is known to be an “iceberg trap” where
large icebergs ground on Mertz Bank and Adélie Bank of the con-
tinental margin (Frezzotti et al., 1998b; Legrésy et al., 2004) where
their long residence time is likely to have a significant impact
on the ocean freshwater budget (Massom, 2003). Hence, a criti-
cal component recorded in the Holocene §'80gjaom record could
be the production of icebergs from the surrounding glaciers, which
might be indirectly related to the glacier fluctuations through cli-
mate forcing as suggested by Miles et al. (2013) for the current
period.

4.2. AL-GVL glacial discharge history during the Holocene

4.2.1. Comparison with Southern Ocean §'80gjatom records

The range of §'80gj,om Values obtained in MD03-2601 and
CB2010 cores (39.9%0-45.0%0) is similar to the range measured by
Pike et al. (2013) for the same period in Palmer Deep, WAP region
(39.5%0-43.5%0) (Fig. 5B). These values are also consistent with
51804iatom Holocene values published by Shemesh et al. (1995)
and Hodell et al. (2001) for the Atlantic sector of the South-
ern Ocean. However, much lower values with significant scatter
(34.0%0-41.0%0) were measured by Berg et al. (2010) in a Holocene
core from Prydz Bay (EA). We note that the later core was retrieved
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at much shallower depth and in an archipelago nearby the conti-
nent.

The high-resolution §'80gjatom record from the WAP (Pike et
al,, 2013) shows some similarities compared to the MDO03-2601
5180giatom record during the last 5000 years (Fig. 5B). Both records
show a decreasing trend since 5000 years with lowest 58 Ogiatom
values during the last 2000 years. The records differ in the pe-
riod between 10,000 cal yr BP and 5000 cal yr BP probably be-
cause of different climatic forcings in the WAP and EA during the
early Holocene and different local responses due to very different
oceanographic settings. The §'80gjaom record from the WAP shows
important variations throughout the Holocene (~10,200 cal yr
BP, ~8900 cal yr BP, ~4400 cal yr BP, and ~1700 cal yr BP)
with events of ~150-200 yr duration presenting maximum am-
plitude of 2.4%.. During the Holocene, our composite §'®Ogiatom
record shows less important variations, except during the last
2000 years with two major events of ~150 years duration present-
ing a 8'80g;atom decrease of 3.9%o (centered at ~1700 cal yr BP)
and 4.9%o (centered at ~1980 CE). As such, the youngest glacial
discharge (iceberg and brash ice discharge and/or frontal melting
of glaciers) recorded in core CB2010 (~1700 cal yr BP) appears
unprecedented during the Holocene. We note that the upper part
of the WAP §'80yjstom record shows a strong §'80gisom decrease
with very low Holocene values (39.5-40%c), similar to the event
observed in core CB2010 (39.9-40.3%), though leading it by a cou-
ple of hundred years.

The low resolution §'80gjsom from Prydz Bay (Berg et al.,
2010) shows a different pattern with very low §'80gjzom Values
(<35Y%, the lowest values of the three 580g;arom records) during
the early Holocene, interpreted by the authors as input of meltwa-
ter from melting of local ice sheets, with higher §180gisom values
between 9000 cal yr BP and 6000 cal yr BP and lower values since
6000 cal yr BP. However, the very low resolution of this record
(~10 measurements for the Holocene) does not allow a detailed
comparison with our record.

4.2.2. AL-GVL glacial discharge history during the Early/Mid-Holocene

The glacier mass balance (the change in vertical thickness) is
the direct signal of annual atmospheric conditions - with no delay
- whereas the advance or retreat of glacier tongues (the change
in horizontal length) is an indirect, delayed, and filtered signal
of climatic change (Haeberli, 1995; Haeberli and Hoelzle, 1995;
Haeberli, 1998; Oerlemans, 2001). At the low frequencies and
long timescales (multidecadal to millennial) we are interested in,
glaciers are in quasi-equilibrium with the climate forcing and the
long-term trends observed in glacial discharge could not be ran-
dom glacier dynamics.

At the Holocene timescale, no trend is observed in our
81804iatom record and the main variability of this record is ex-
pressed in the low amplitude high frequency domain. Spectral
analysis of the MD03-2601 §'80gjatom (11,000-2000 cal yr BP) was
performed with RedFit 3.8 using 1000 Monte Carlo simulations,
an oversampling factor of 4 for the Fourier transform, four seg-
ments with a 50% overlapping, and a Welch window-type. The
program works directly from unevenly spaced data, avoiding the
introduction of bias during interpolation. Two significant periods,
at the 95% confidence level, were identified at ~220 years and
~440 years (see Supplementary material). The 220 years period-
icity is very similar to the Suess period of solar activity (Turney
et al., 2005); we suggest that the ~440 years periodicity is proba-
bly the resonance of the 220 years periodicity. This similarity may
suggest, ultimately, a link between solar activity and the main pa-
rameter influencing 8'®Ogiatom, Namely glacial discharge, probably
through changes in atmospheric circulation, sea ice seasonality,
and oceanic conditions modulating the energy balance at southern
high latitude (Crosta et al., 2007).

The multi-centennial timescale variations observed in the
down-core record of §'80gjaom allow us to refine previously pub-
lished AL-GVL glacier fluctuations during the Holocene. Denis et
al. (2009a) documented millennial AL-GVL glacier advances or re-
treats through a combination of diatom census counts (Chaetoceros
resting spores, high stratification indicator, or E curta, sea ice in-
dicator) and focusing factor (i), the latter one been based on the
230Th excess method and used as a qualitative proxy of changes
in lateral sedimentary input to the core site (Denis et al., 2009a).
Based on these proxies, the authors identified eight focusing events
as glacial retreat or advance.

Event 1 (11,000-10,300 cal yr BP) and Event 2 (9400-8600 cal
yr BP) during the deglaciation were suggested to represent glacial
discharge. Event 3 (8100-7300 cal yr BP) during the cool rever-
sal, Events 4 (6900-5600 cal yr BP) and 5 (5100-4800 cal yr
BP) during the Hypsithermal, and Events 6 (3500-2200 cal yr BP),
7 (2000-1600 cal yr BP) and 8 (1300-1000 cal yr BP) were identi-
fied as glacial advances of different amplitudes. The focusing factor
and diatom proxies are, however, ambiguous as both retreat and
advance of glaciers bring particles to the core site and that glacial
discharge via basal melting of ice shelf may also favor sea ice freez-
ing (Bintanja et al., 2013) and, thereof, the production of F. curta.

Event 1 falls in line with high §'8Ogjyom values at ~10,900 cal
yr BP and low §'80gjaom values at ~10, 500 cal yr BP, indicating
a two-phased event (Fig. 5A) with first a glacier advance followed
by an important glacial discharge. Similarly, Event 2 might be un-
derstood as a three-phased event with an advance of the glacier
system at ~9000 cal yr BP interrupting the general glacial dis-
charge observed by Denis et al. (2009a). Event 3 occurred concomi-
tantly to high §'80gjaom Values and represents a glacial advance in
phase with a large atmospheric negative anomaly in EA (Masson
et al,, 2000). Similarly, Event 4 and Event 5 are congruent with
high §'80gjaom Vvalues and represent glacial advances as inferred
by Denis et al. (2009a). The long-duration of event 6 might be
separated in several phases of glaciers advance and retreat at the
initiation of the Neoglacial (Fig. 5A). Event 7 might be separated in
two phases with a glacial advance at 2000 cal yr BP and a glacial
discharge at 1700 cal yr BP, while Event 8 is seemingly a glacial
advance (Denis et al., 2009a).

We note that several low §'80yjzom Values between 6000 cal yr
BP and 7000 cal yr BP are not expressed in the focusing factor
and may represent glacial retreats that did not result in sediment
transport to the core site. These variations at the multi-centennial
scale are not imprinted in the focusing factor, partly because of the
low resolution of the later record and partly because the focusing
factor is linked to bottom water transport while the §'80Ogjatom iS
a surface water signal. We also notice that glacial advances oc-
curred during cool phases as recorded in East Antarctic ice cores
while glacial discharges occurred 500-1000 years after the main
Holocene warming events at 11,500 cal yr BP, 10,000 cal yr BP,
3800 cal yr BP and 1200 cal yr BP (Masson et al., 2000).

4.2.3. AL-GVL glacial discharge history during the last 2000 years

Due to the gap in time between the two cores, the last
2000 years hereafter refer to two periods: one between 2000
and 1000 cal yr BP and another one covering the last 250 years.
These two periods are represented by the upper part of core
MDO03-2601 and by core CB2010, respectively (Fig. 5A) and char-
acterized by higher amplitude variations of the isotopic signal
culminating in two major events with much lower §'80gjstom Vval-
ues (39.9%0-41.1%0) (Fig. 5A). Higher climate variability in terms
of amplitude and frequency has been evidenced both at global
scale (Mayewski et al., 2004) and in Antarctica (Mayewski et al.,
2009) since 2000 yr BP. In AL-GVL region, greater variability in
subsurface temperature (Kim et al., 2012), atmospheric circulation,
upwelling intensity, and sea-ice extent (Denis et al., 2010) were
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observed during the late Holocene and was attributed to the im-
pact of stronger and more frequent ENSO (Fig. 5). During the last
2000 years, the ENSO conditions at low-latitudes (Moy et al., 2002;
Cane, 2005) were linked to orbitally induced changes in inso-
lation seasonality: a maximum Holocene ENSO frequency since
~2200 cal yr BP (Conroy et al., 2008) (Fig. 5D) coupled with peak
summer insolation at 60°S (Berger and Loutre, 1991) (Fig. 5E).

The two major events, centered at ~300 CE and ~1980 CE
(Fig. 7A), are attributed to two important glacial discharges. The
lowest 5180gjarom Vvalues recorded at 1870-2010 CE may result
from the proximity of CB2010 to the Mertz-Ninnis glacier com-
plex that could make its isotopic record more sensitive to glacial
discharge than MDO03-2601 record. Historical observations demon-
strated different advance/retreat dynamics of the Mertz and Ninnis
glaciers. While the Mertz ice tongue calved between 1912-1956 CE
and subsequently grew until the last calving in February 2010,
the Ninnis glacier calved in the early 1950s and in 1980-1982 CE
(Wendler et al., 1996; Frezzotti et al.,, 1998b). Therefore, the am-
plitude and duration of the §'80gj,om low values event between
1870 CE and 2010 CE in core CB2010 could reflect the out-of-phase
response of the two local glacial systems, probably initiated by a
global forcing.

The two major events observed in our composite &'8Ogiatom
record were congruent with high ENSO activity (Fig. 7C). The
glacial discharge recorded in core MD03-2601 at ~300 CE is syn-
chronous with a major glacial ice discharge observed in the WAP
region, which was attributed to greater ENSO activity (Pike et al.,
2013). However, in the AL-GVL region this event presents a higher
magnitude (8'80giatom decrease of 2.3%o and 3.9%o in ~150 years
for the WAP and AL-GVL regions, respectively, Fig. 5). The event
recorded in core CB2010, centered at ~1980 CE, presents an un-
precedented 8'8Ogiyom decrease of 4.9%c in ~150 years. This
event is congruent with a large reduction in length records of
Cameron (Putnam et al., 2012) and Franz Joseph glaciers (Leclercq
and Oerlemans, 2012) from New Zealand Southern Alps (Fig. 7B)
and the exponential increase in atmospheric CO, concentrations
recorded in Law Dome ice core (the most coastal ice core avail-
able for EA) (Fig. 7D). The similarities are especially striking when
comparing the §'80giaom record of CB2010 with the Franz Joseph

glacier length record (Fig. 7A and B), one of the most respon-
sive temperate maritime glaciers in New Zealand’s Southern Alps
(Leclercq and Oerlemans, 2012) and thus, highly sensitive to cli-
matic changes. We also note that the increase towards higher
51804iaom Vvalues in CB2010 after ~1980 CE is congruent with
the increased mass balance of the Franz-Joseph glacier, which
was coincident with a change in Interdecadal Pacific Oscillation
and an associated increase in ENSO events (Chinn et al., 2005;
Jones and Mann, 2004; Fitzharris et al., 2007). This further re-
inforces the idea of a possible coupling between New Zealand’s
cryosphere and southern high-latitude climate during the recent
period.

Given the similarities between our record off EA with records
from the WAP and New Zealand we infer that only large scale
atmospheric processes such as ENSO can explain such a similar-
ity between New Zealand and Antarctica, as already suggested
above (Fig. 7C). The link among the behavior of the Southern
Ocean, the southern atmospheric circulation, atmospheric CO,
and New Zealand glaciers behavior was established for the last
deglaciation (Kaplan et al., 2010). Moreover, atmospheric tempera-
ture, modulated by large scale changes in atmospheric circulation,
has been evidenced as the dominant climate control on Southern
Alps glaciers behavior for the modern period (Anderson and Mac-
Kintosh, 2006; Chinn et al., 2012; Clare et al., 2002; Hoelzle et
al.,, 2007; Purdie et al.,, 2011), as well as for the late Holocene
(Schaefer et al., 2009). Additionally, low to high-latitude telecon-
nections are today recognized in ENSO-sea ice (Stammerjohn et al.,
2008) and in ENSO-glacial ice discharge relationships in the WAP
region (Pike et al., 2013).

Synchronicity of the unprecedented §'80gjom decrease at
~1980 CE with the CO, exponential increase suggests that atmo-
spheric CO; could have intensified the decadal expression of the
ENSO over the last decades (Fowler et al,, 2012; Li et al,, 2013),
and may have amplified the last glacial discharge observed in core
CB2010. We, however, acknowledge that higher resolution marine
records of glacier activity spanning the instrumental period and
the last millennia are pivotal to better document the interaction
between climate and glacier fluctuations.
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5. Conclusions

We showed that our §'80Ogjsom record off AL-GVL area gen-
erally does not bear the Holocene climatic features recorded in
Antarctic marine and ice core records. Conversely, our 8'®0giatom
record does not present any trend until 2000 cal yr BP when
two high amplitudes centennial-scale events occurred. We argue
that 5'80gjarom Signal off AL-GVL area is controlled by glacial dis-
charge forced by glacier fluctuations in response to long-term lo-
cal seasonal insolation and short-term solar variability during the
Early/Mid-Holocene. Our §'8Qgjzom record, thus suggests for the
last 2000 years that two major periods (centered at ~1700 cal yr
BP and ~1980 CE) of substantially increased iceberg and glacial
discharge to the ocean occurred probably as a result of increasing
atmospheric influence. We propose that the increased atmospheric
forcing was linked with the intensification of centennial ENSO-like
variability at low-latitudes, together with peak summer insola-
tion at 60°S. The magnitude of the last major glacial discharge,
as documented by our composite §'80giaom record (Fig. 5A) and
starting 100 years ago, is unprecedented for the last 11,000 years
in the AL-GVL region and bears strong similarities to the Franz
Josef Glacier length record in New Zealand, thus arguing for a
large-scale connection southern mid- and high-latitude climate. It
is also possible that the important increase in atmospheric CO;
concentration during the past 200 years may have led to an am-
plification of the most recent glacial discharge during the past few
decades. More 5'80gjatom records along EA will potentially improve
our knowledge of Antarctic ice sheet/glaciers system evolution and
its consequences for global environmental changes.
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