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Introduction

The Sout hern Ocean (SO) is an important component of t he gl obal oceanic cir culat ion wit h t he r edistr ibut ion of wat er masses bet ween t he Pacif ic, Atlant ic and Indian Oceans by t he Antarct ic Cir cumpolar Curr ent (ACC) (Fig . 1) (Tamsitt et al ., 2017 and references therein).

The strong west erl ies in t he Southern Hemispher e, combined wit h t he Cor iol is force, dr ive t he ACC and a northward Ekman transport , per mitt ing deep wat er s t o upwell u p t o t he surface at the Antarct ic Divergence. In t he last few decades, surface west erl ies intensif ied pol eward [START_REF] Thompson | Int er pr etat ion of r ecent Sout hern Hemispher e cl imat e change[END_REF] t hat may give r ise t o significant changes in ocean cir culat ion, car bon and heat uptake and biol ogical pr oduct ivity [START_REF] Toggweil Er | Effect of Dr ake Passage on t he gl obal t her mohal ine cir culat ion[END_REF][START_REF] Qu Ér É | Sat urat ion of t he Sout hern Ocean CO 2 Sink Due t o Recent Cl imat e Change[END_REF][START_REF] Sall Ée | Zonally asymmetr ic r esponse of t he Sout hern Ocean mixed-layer dept h t o t he Sout hern Annular Mode[END_REF][START_REF] Sall Ée | Local ized subduct ion of anthropogenic car bon dioxide in t he Sout hern Hemispher e oceans[END_REF][START_REF] Waugh | Recent Changes in t he Vent ilat ion of t he Sout hern Oceans[END_REF]de Vr ies et al ., 2017).

Signif icant changes of ocean vent ilat ion in t he Southern Ocean, such as t he incr ease in the age of t he cir cumpolar deep wat er s (CDW), wer e inferr ed fr om t he analysis of chlorofluorocar bon-12 (CFC12) fr om early 1990s t o 2000s and transport model simulat ions [START_REF] Waugh | Recent Changes in t he Vent ilat ion of t he Sout hern Oceans[END_REF]. Simil arly, using a gl obal data assimilat ion ocean inver se model , and a car bon cycl ing model , DeVr ies et al . ( 2017) found an enhanced upper -ocean overturning cir culat ion in 1990s r elat ivel y t o 1980s and incr eased out gassing of natural CO 2 . Both findings from analysis of CFC-12 and fr om inver se model ing ar e consist ent wit h t he expect ed incr eased northward Ekman dr ift and int ensified u pwell ing r esult ing fr om west erl ies int ensificat ion [START_REF] Hall | Synchronous Var iabil it y in t he Southern Hemispher e At mospher e, Sea Ice, and Ocean Result ing fr om t he Annular Mode[END_REF][START_REF] Waugh | Recent Changes in t he Vent ilat ion of t he Sout hern Oceans[END_REF][START_REF] Devr Ies | Recent incr ease in oceanic car bon u ptake dr iven by weaker upper -ocean overturning[END_REF]. Wind int ensit y is associat ed t o a zonally symmetr ic structur e in t he at mospher ic pr essure gradient bet ween t he southern mid -lat itudes and t he polar r egions of t he SO, r eferr ed t o as t he Southern Annular Mode (SAM) (Thompson & Wallace, 2000;Thompson et al ., 2000). In a posit ive phase t he Westerl ies, associat ed wit h higher t han nor mal sea l evel pr essur es at the mid -lat i tudes and l ower than nor mal at t he high lat i tudes, ar e r einforced pol eward, dr iving incr eased northward Ekman dr ift and int ensified upwell ing [START_REF] Hall | Synchronous Var iabil it y in t he Southern Hemispher e At mospher e, Sea Ice, and Ocean Result ing fr om t he Annular Mode[END_REF]. Sout h of t he Polar Fr ont (PF), t he sea surface r eservoir ages (R), t he d iffer ence bet ween t he mar ine and at mospher ic 14 C ages at the sa me cal endar age, are highly var iabl e ranging fr om ~1000 t o ~1500 year s. They ar e based on t he 14 C dat ing of sol itary coral s, mollusk shell s, bones and fl esh r ema ins of penguins and seal s of known ages, t he 14 C of which r epr esent ing t hat of t he dissolved inor ganic car bon (DIC) in seawat er in which t hey grow. The values of R r efl ect t he balance between t he 14 C pr oduct ion and t he oceanat mospher e exchange of 14 CO 2 as well as ocean dyna mics [START_REF] St Uiver | Radiocar bon age cal ibrat ion of mar ine sa mpl es back t o 9000 cal yr BP[END_REF] and t heir temporal var iabil it y r efl ect changes a mong t hese factors. Part icularly, changes in zonal wind int ensit ies in t he Antarctic r egions may significantly modify t he ocean-atmospher e exchange and mixing bet ween t he sea surface and t he 14 C-depl et ed underlying subsurface wat ers, and consequently t he sea surface 14 C ages.

We pr esent her e new values of R est imat ed fr om mollusk shell s coll ected bet ween 1910 and 1930 off t he Ker guel en Is. in t he southern South Indian (SSI) wher e no values of R exist pr esently (Fig . 1). They ar e compar ed t o pr evious est imat es in t he southwest ern South Atlant ic (SSA) (off Signy Is.) and in t he southeast ern Sout h Pacific (SSP) (off t he west ern Antarct ic Peninsula and in t he Ross Sea ) in or der t o bett er under stand t he causes of t he high var iabil it y of R in t he Southern Ocean. We r estr icted our compar ison t o biogenic car bonat es, though few, as penguins and seal s r ema ins may ca pt ur e t he 14 C cont ent of differ ent wat er masses due t o t he var iety of diving dept hs, oft en ver y far from t he Antarct ic coast s [START_REF] Biuw | Var iat ions in behavior and condit ion of a Southern Ocean t op pr edator in r elat ion to in sit u oceanogra phic condit ions[END_REF] (suppl ementary mat er ial , Tabl e S1). Aft er a br ief descr ipt ion of t he ma in hydrographic features at all the sa mpl e l ocat ions, the sea surface 14 C values ar e compar ed to those of DIC fr om early 14 C measur ement s of water sa mpl es befor e t he nucl ear bomb t est s [START_REF] Br Oecker | Natural Radiocar bon in t he Atlant ic Ocean[END_REF][START_REF] Raft Er | Car bon-14 var iat ions in Nat ur e, Part 3 measur ement s in t he south Pacific and antarct ic oceans[END_REF] and from the GLODAP r eanalyses of t he GEOSECS ca mpa igns in t he 70's [START_REF] Rubin | Separat ing natural and bomb pr oduced radiocar bon in t he ocean: t he pot ent ial alkalinit y met hod[END_REF][START_REF] Key | A gl obal ocean car bon cl imatology: Results from Gl obal Data Analysis Pr oject (GLODAP)[END_REF]. They ar e further compar ed t o the var iat ions of t he SAM index, based on t he t ime ser ies of t he sea l evel pr essur e differ ence bet ween t he Sout hern subtropical r egions and Antarct ica since 1860 [START_REF] Mar Shall | Tr ends in t he Sout hern Annular Mode fr om obser vat ions and r eanalyses[END_REF][START_REF] Visbeck | A stat ion-based southern annular mode index fr om 1884 t o 2005[END_REF][START_REF] Fogt | Hist or ical SAM Var iabil it y. Part II: Twent iet h-Cent ury Var iabil it y and Tr ends from Reconstruct ions, Obser vat ions, and t he IPCC AR4 Models[END_REF][START_REF] Jones | Hist or ical SAM var iabil it y. Part I: Cent ury-l ength seasonal reconstruct ions[END_REF] and t o those of t he annual sea surface t emperatur e (SST) anomal ies zonally averaged over the latit ude bands 50°S-70°S, r eferr ed t o as t he Southern Ocean cent ennial var iabil it y (SOCV) index [START_REF] Lat If | Sout hern Ocean Sector Cent ennial Cl imat e Var iabil it y and Recent Decadal Tr ends[END_REF].

Material and methods

Mollusk shell s, coll ect ed on Ker guel en Is., wer e obtained fr om t he coll ect ion of t he Muséum Nat ional d'Hist oir e Nat ur ell e de Par is (Fig . 1; suppl ementary mater ial and Tabl e S1).

They ar e r elat ed t o epifaunal species of gastropods, including t wo act ive pr edators Met hods for radiocar bon analyses wer e descr ibed el sewher e (Tisnerat -Laborde et al ., 2001). Chemical pr e-tr eat ment and car bonat e hydrolyses wer e perfor med at t he Gif -LSCE Radiocar bon Laboratory and gra phit e target s wer e pr epar ed and measured at t he Fr ench Nat ional AMS-ARTEMIS-LMC14 facil ity (Moreau et al ., 2013). Results ar e expr essed in convent ional year s BP (Ta bl e S1) and t he 14 C ‰ is t he deviat ion in parts per t housand (‰) of a sa mpl e's 14 C/ 12 C rat io corr ect ed for year of gr owth fr om t hat of t he absol ut e standard act ivit y in 1950 [START_REF] St Uiver | Discussion. Report ing of 14 C data[END_REF]. R is t he differ ence bet ween t he measur ed 14 C age and t he at mospher ic 14 C age fr om t he cal ibrat ion record SHCal 13 in t he southern Hemispher e [START_REF] Hogg | SHCal 13 Sout hern Hemispher e cal ibrat ion, 0-50,000 year s cal BP[END_REF], and R t he differ ence bet ween t he measur ed 14 C age and t he model ed ocean one using t he marine cal ibrat ion dataset Mar ine13 [START_REF] Reimer | Int Cal 13 and Mar ine13 radiocar bon age cal ibrat ion curves 0-50,000 years cal BP[END_REF] at t he dat e of the coll ect ion. Differ ence bet ween pr evious publ ished values and t hose pr esent ed in Tabl e S1 are due t o t he differ ent util ized cal ibrat ion r ecord.

Oceanographic setting

The Ker guel en plat eau (wat er -dept h <1000m) is a major t opographic barr ier wher e t he east ward fl owing ACC subdivides in t wo parts wit h t he ma in fl ows associat ed t o t he Sub-Antarct ic Fr ont (SAF) and t o t he south by t he Southern ACC fr ont (SACCF) [START_REF] Park | Polar Fr ont around t he Ker guel en Islands: An up-t o-dat e det er minat ion and associat ed cir culat ion of surface/subsurface wat ers[END_REF] (Fig . 1). Bet ween SAF and SACCF is l ocated t he polar front (PF), t he pat h of which is observed eit her north or south of t he Ker guel en Is. [START_REF] Sokolov | Cir cumpolar structur e and distr ibut ion of t he Antarct ic Cir cumpolar Curr ent front s: 2. Var iabil it y and r elat ionship t o sea surface height[END_REF][START_REF] Kim | On t he Var iabil ity of Antarct ic Cir cumpolar Current Fr ont s Inferred from 1992-2011 Alt imetry[END_REF]Par k et al ., 2014) and subject t o large northward/southward shift s up t o 100 k m in a few tens of year s [START_REF] Sokolov | Cir cumpolar structur e and distr ibut ion of t he Antarct ic Cir cumpolar Curr ent front s: 2. Var iabil it y and r elat ionship t o sea surface height[END_REF][START_REF] Kim | On t he Var iabil ity of Antarct ic Cir cumpolar Current Fr ont s Inferred from 1992-2011 Alt imetry[END_REF]. Deep wat er s from t he southern Pacif ic, Atlant ic and Indian Oceans enter the ACC wit hin t he Cir cumpolar Deep Wat er (CDW) [START_REF] Or Si | On t he cir culat ion and strat ificat ion of t he Weddell Gyr e[END_REF][START_REF] Or Si | On t he mer idional ext ent and fronts of t he Antarct ic Cir cumpolar[END_REF]Whit worth et al ., 1994;[START_REF] Tall Ey | Cl osur e of t he global overturning cir culat ion t hrough t he Indian, Pacific and Sout hern Oceans: schemat ics and transport s[END_REF]. Fr om t he South Atlant ic, most of NADW, mar ked by high sal init y in SO, ent er s t he ACC, wher e it is modified by mixing wit h t he l ocally for med deep wat er s of t he lower cor e of CDW (LCDW). A small branch of NADW fl ows east ward dir ectly int o t he South Indian upwell ing as a component of t he l ess dense deep Indian Water . The Indian and Pacific Deep Wat er s move southward t o t he ACC a bove NADW and form t he u pper core of CDW (UCDW), character ized by an O 2 -min imum [START_REF] Or Si | On t he mer idional ext ent and fronts of t he Antarct ic Cir cumpolar[END_REF]Talley, 2013). UCDW upwell ing is balanced by a northward fl ow of l ow sal init y t hat descends from t he polar to t he sub-Antarct ic front (SAF) t o for m t he Antarct ic Inter mediat e Wat er character ized by a sal inity minimum. LCDW fl ows pol eward and sinks along t he cont inental sl ope ma inly in t he Weddell and Ross Seas and along Adél ie Land as the Antarct ic Bottom Water .

The Signy Is. ar e l ocat ed in t he vicinit y of t he Drake Passage on t he Scot ia Ridge wher e surface wat er s r esult from t he mixing of t he wat er bodies from t he ACC and fr om t he northwest ern Weddell Sea (Whit worth et al ., 1994) (Fig . 1). To t he north of t he shelf is locat ed t he southern fr ont of t he ACC wher e UCDW and LCDW u pwell (Whit worth et al ., 1994;[START_REF] Or Si | On t he mer idional ext ent and fronts of t he Antarct ic Cir cumpolar[END_REF]. To t he south, a branch of NADW penetrat es CDW in t he South Atlant ic east of t he Weddell Sea gyr e near longit ude 0°. Then it fl ows west ward dir ectly under neath t he Antarct ic surface wat er (AASW) and when r eaching t he Antarct ic shel ves it is transfor med t o t he Weddell Sea Bottom Wat er Shelf wat er s [START_REF] Wh It Worth | Weddell Sea Shelf Wat er in t he Bransfiel d Strait and Weddell -Scot ia Confluence[END_REF][START_REF] Or Si | On t he mer idional ext ent and fronts of t he Antarct ic Cir cumpolar[END_REF]. Fr om t he South Atlant ic, another branch of NADW fl ows east ward t oward t he Ker guel en Plat eau [START_REF] Or Si | On t he cir culat ion and strat ificat ion of t he Weddell Gyr e[END_REF]. Over t he plateau and u pstr eam Kerguel en Is., AASW overlay the cold Wint er Wat er (WW) at a wat er -dept h of around 180-200 m [START_REF] Park | Lar ge-scal e cir culat ion over and ar ound the Northern Ker guel en Pl at eau[END_REF][START_REF] Bowie | Ir on budget s for t hr ee dist inct biogeochemical sit es ar ound t he Ker guel en Ar chipelago (Southern Ocean) dur ing the natural fert il isat ion study[END_REF]. UCDW was obser ved below at 500m wat er -dept h overlying LCDW [START_REF] Bowie | Ir on budget s for t hr ee dist inct biogeochemical sit es ar ound t he Ker guel en Ar chipelago (Southern Ocean) dur ing the natural fert il isat ion study[END_REF]. Downstrea m, UCDW is observed at 600-800m wat er-dept h wit h LCDW deeper t han 1300m [START_REF] Park | Lar ge-scal e cir culat ion over and ar ound the Northern Ker guel en Pl at eau[END_REF][START_REF] Qu Ér Oué | High var iabil it y of dissolved ir on concentrat ions in t he vicinit y of Ker guelen Island, Southern Ocean)[END_REF]. Over t he southern Ker guel en pl ateau, UCDW is observed at dept h of 400-1400m over LCDW (Par k et al , 2008). On t he west ern part of t he Antarct ic Peninsula, WW ar e observed at a wat er -depth of ~100m bel ow the cold AASW [START_REF] Or Si | On t he mer idional ext ent and fronts of t he Antarct ic Cir cumpolar[END_REF][START_REF] Moffat | On t he charact er ist ics of Cir cumpolar Deep Wat er intrusions t o t he west Antarct ic Peninsula Cont inental Shelf[END_REF]. The UCDW intrudes t he shelf as fr equent and short event s, but not as large-scal e intrusions, whil e t he 50-150m t hick LCDW is infl owing t o t he shelf at dept hs of a ppr oximat ely 500m and bel ow [START_REF] Moffat | On t he charact er ist ics of Cir cumpolar Deep Wat er intrusions t o t he west Antarct ic Peninsula Cont inental Shelf[END_REF].

All t he consider ed sa mpl es of biogenic car bonates ar e l ocat ed in t he Antarct ic surface wat er s wit hin or south of t he ACC (Fig . 1). [START_REF] Hall | Constant Hol ocene Southern-Ocean 14 C r eservoir ages and ice-shelf fl ow rat es[END_REF].

Results and Discussion

At Ker guel en Is., t he values of 14 C c a r b l inearly decr ease wit h a highly significant regr ession coefficient (r 2 =0.98) bet ween 1909 a nd 1931 (Fig . 2). In t he SSP-SSA sect or , 14 C c a r b significantly decr ease l inearly bet ween 1917 and 1940 (r 2 =0. and t heir uncertaint ies, t he decr ease of 14 C c a r b would be of some ~10 ± 2‰ per decade bet ween 1901 and 1940 and t he sea surface 14 C incr ease per decade would be of some 18 ± 5 ‰ bet ween 1940 and 1958.

2) Factors contributing to the variations of sea surface • 14 C in the Southern Ocean

The int er -annual and decadal changes of sea surface S2).

The fl ux of NADW int o CDW was changed by a factor of 2, as obser ved dur ing t he past 60 year s for NADW int ensity in t he North Atlant ic (Br yden et al ., 2014;[START_REF] Kinson | Atlant ic transport var iabil it y at 25 N in six hydrographic sect ions[END_REF].

Augment ing t he contr ibut ion of NADW fr om 40% [START_REF] Ganachaud | Large-scal e mass transport s, wat er mass for mat ion, and diffusivit ies est imat ed fr om World Ocean Cir culat ion Ex per iment (WOCE) hydrographic data[END_REF]Ta lley, 2013) We compar ed t he t emporal changes of 14 C against the 11 year -r unning mean filt er ed r ecords of t he SAM index [START_REF] Visbeck | A stat ion-based southern annular mode index fr om 1884 t o 2005[END_REF] and of t he SOCV index [START_REF] Lat If | Sout hern Ocean Sector Cent ennial Cl imat e Var iabil it y and Recent Decadal Tr ends[END_REF] (Fig . 4). Aft er subtract ing 20 ‰ fr om SSI 14 C c a r b in order t o nor mal ize t o SSP, t he values of 14 C in t he Southern Ocean wer e int er polated using a 3 r d or der pol ynomial fit bet ween 1901 and 1958. The changes of 14 C in t he Sout hern Ocean ar e significantly corr elat ed wit h t he var iat ions of SAM (r 2 =0.67) wit h a t ime lag of 14 C of 6 year s and wit h t hose of SOCV (r 2 =0.94) and a t ime lag of 14 C of 12year s. Bet ween 1901 and 1940, 14 C decr eased when the wind str ength incr eased and SST beca me col der and bet ween 1940 and 1958 it incr eased when t he wind strength decr eased and SST became war mer . The l ong-t erm changes of 14 C in t he Southern Ocean are t hus l ikel y r elat ed to t he changes of wind dr iven upwell ing int ensit ies bet ween 1900 and 1958. The pol eward incr ease of west erl ies bet ween 1901 and 1940 l ed t o incr eased upwell ing similarly as deter mined from CFC analyses and inver se model ing for the 1980s to t he 2000s, when pol eward West erl ies int ensified [START_REF] Waugh | Recent Changes in t he Vent ilat ion of t he Sout hern Oceans[END_REF][START_REF] Devr Ies | Recent incr ease in oceanic car bon u ptake dr iven by weaker upper -ocean overturning[END_REF].

In t he lat i t udinal bands 50°-70°S, t he SST exhibit one cycl e of cent ennial var iabil ity (Lat if et al ., 2013) (Fig . 4B). Pr ior t o 1901, few values of 14 C c a r b exist from pa ir ed 14 C and U/Th dat ing of corals from Ross Sea Ice Shelves [START_REF] Hall | Constant Hol ocene Southern-Ocean 14 C r eservoir ages and ice-shelf fl ow rat es[END_REF]. The t wo values of 14 C c a r b in 1847 and 1862 ar e compat ibl e at -144.1± 8.4‰ and significantly mor e depl et ed than t hat of t he coral in 1901, indicat ing an incr ease of 14 C c a r b pr ior t o 1901 (suppl ementary mat er ial ). Bet ween 1850 and 1958, t he 14 C of corals, mollusks shell s and seawat er DIC fr om the Ross Sea , Antarct ic Peninsula and southern Sout h Atlant ic would vary along a pot ent ial fluctuat ion of ~80-100 year , t hat should be examined mor e t horoughly.

The r ecent changes in wind int ensit ies wer e attr ibut ed eit her to natural decadal var iabil it y or t o anthropogenic forcing due t o increased gr eenhouse gases and ozone depl et ion [START_REF] Thompson | Int er pr etat ion of r ecent Sout hern Hemispher e cl imat e change[END_REF][START_REF] Thompson | Signatur es of t he Antarct ic ozone hol e in Southern Hemispher e surface cl imat e change[END_REF] or both [START_REF] Waugh | Recent Changes in t he Vent ilat ion of t he Sout hern Oceans[END_REF][START_REF] Devr Ies | Recent incr ease in oceanic car bon u ptake dr iven by weaker upper -ocean overturning[END_REF]. Bet ween 1910 and 1940, wind int ensit ies incr ease markedly such as bet ween 1980 and 2000 [START_REF] Visbeck | A stat ion-based southern annular mode index fr om 1884 t o 2005[END_REF], but t he CO 2 in put int o t he at mospher e incr eases moderately by 10ppm [START_REF] Rubino | A r evised 1000 year at mospher ic 13 C-CO 2 r ecord from Law Do me and South Pol e, Antarct ica[END_REF]) whil e it augment s by 45 ppm bet ween 1980and 2000[START_REF] Keel Ing | At mospher ic car bon dioxide var iat ions at Mauna Loa Obser vatory[END_REF][START_REF] Thoning | At mospher ic car bon dioxide at Mauna Loa Obser vatory 2. Analysis of t he NOAA GMCC data , 1974-1985[END_REF]. The changes of 14 C c a r b in t he Antarct ic surface wat er s that we l inked t o fl uctuations in wind dr iven upwell ing int ensit ies pr ovide further evidence of the natural var iabil it y of the coupl ed ocean-at mospher e syst em at l ow fr equency.

Conclusion

The [START_REF] Br Oecker | Natural Radiocar bon in t he Atlant ic Ocean[END_REF][START_REF] Raft Er | Car bon-14 var iat ions in Nat ur e, Part 3 measur ement s in t he south Pacific and antarct ic oceans[END_REF][START_REF] Rubin | Separat ing natural and bomb pr oduced radiocar bon in t he ocean: t he pot ent ial alkalinit y met hod[END_REF][START_REF] Key | A gl obal ocean car bon cl imatology: Results from Gl obal Data Analysis Pr oject (GLODAP)[END_REF]. Sea surface 14 C DIC not ed DP (Drake Passage) is from t he northern edge of t he ACC (suppl ementary mat er ial

Ta bl e S2). Recor ds ar e nor mal ized for gra phic convenience and correspond t o 11yr -r unning means. 

Fig . 4 :

 4 Fig .4: Co mpar ison of the changes of 14 C (same symbol s t han in Fig .2) wit h t he annual

∆

  Figure 1

  Fig.4

  Neobuccinum eatoni Smit h (specimens fr om collect ions Rall ier duBaty 1909 and Loranchet 1914) and one her bivor e, Nacella kerguelensis Smit h (coll ect ion Aubert de la Rue 1931). The dat e of coll ect ion corr esponds t o t he year of sa mpl ing dur ing scient ific expl orat ions on

	Ker guel en Is. by Rall ier du Baty expedit ion in 1908/1909 and in 1913/1914, and by Aubert de
	la Rue in 1931. One epifaunal gastropod (1914) is st ill pr esent ing t issues. The shell s of t he
	two ot her specimens ar e whol e and intact , so t hey d id not wear away before being coll ect ed,
	confir ming t hat t hey were sa mpl ed al ive.

1) Values of R and • 14 C off Kerguelen Is. and comparison with previous determinations of mollusk shells and seawater • 14 C in the Southern Ocean

  Mean values of 14 C DIC in UCDW and LCDW ar e calculated using t he t emperatur e, sal init y and O 2 pr opert ies defined by[START_REF] Or Si | On t he mer idional ext ent and fronts of t he Antarct ic Cir cumpolar[END_REF]. The sea surface and UCDW/LCDW values of 14 C DIC ar e similar wit hin t he uncertaint ies in t he southern Sout h Pacif ic (SSP) al ong t he Antarct ic Peninsula and in t he Ross Sea and t hey ar e not significantly differ ent from t hose of Signy Is. in t he southwest ern South Atlant ic (SSA).Val ues of 14 C DIC in SSP and SSA ar e consequently grouped into a unique sect or . The mean 14 C DIC ar e l ower in SSP-SSA t han in SSI by ~20 ‰ for bot h t he sea surface and UCDW/LCDW. In all t he sect ors, t he values fr om mollusk shells mimic the high var iabil ity of AASW 14 C DIC and some ar e cl ose or similar to t hose of UCDW and LCDW. Th is is al so featur ed by t he 14 C c a r b of t he corals fr om t he Ross Sea ice shelves

	Val ues of R and 14 C of t he biogenic car bonat es ( 14 C c a r b ) off Ker guelen Is. range
	from 832 ± 31 year s t o 1005 ± 32 year s and from -108.2 ± 3.2 t o -131.9 ± 3.2 ‰, r espect ively,
	bet ween 1909 and 1931 (Fig . 2; Tabl e S1). Co mpar ed t o t hese, gr eat er R and mor e depl et ed
	14 C c a r b wer e measur ed from mollusk shell s off the Antarct ic Peninsula and from t he east ern
	Ross Sea varying from 1088 ± 58 year s t o 1326 ± 40 year s and from -136.9 ± 6 ‰ t o -166.8 ±

3.9 ‰ r espect ivel y in t he t wo r egions. Val ues at Signy Is. ar e al so gr eat er t han t he measur ed ones off Ker guel en Is. at an average of 1109 ± 89 year s and -146 ± 9.5 ‰. The stat ist ical Chisquar e t est s indicat e t hat , in each sector , t he values of R and 14 C c a r b ar e incompat ibl e at t he 95% confidence l evel attest ing a highl y significant var iabil it y of 14 C in t he Antarct ic surface wat er .

We compar ed t he 14 C c a r b t o t he natural 14 C DIC est imat ed in t heir r espective r egions

[START_REF] Br Oecker | Natural Radiocar bon in t he Atlant ic Ocean[END_REF][START_REF] Raft Er | Car bon-14 var iat ions in Nat ur e, Part 3 measur ement s in t he south Pacific and antarct ic oceans[END_REF][START_REF] Rubin | Separat ing natural and bomb pr oduced radiocar bon in t he ocean: t he pot ent ial alkalinit y met hod[END_REF][START_REF] Key | A gl obal ocean car bon cl imatology: Results from Gl obal Data Analysis Pr oject (GLODAP)[END_REF]

) (Fig .

3

; suppl ementary mat er ial , Tabl e S2).

  76) whil e t hey do not vary bet ween 1917 and 1953 (r 2 =0.05), t hat is partly due t o t he high int er -annual var iabil it y of 14 C c a r b of ~18‰ at Signy Is. at around 1950. Th is is al so r elated t o a well -marked r ever se incr easing tr end in 1940 up t o 1958 (r 2 =0.73) consider ing t he measur ed 14 C DIC in 1958 in t he southern South Atlant ic, south of t he ACC, and in t he Ross Sea wher e t he bomb-pr oduced 14 C ing on t he global Sout hern Ocean sea surface 14 C. Using t he values of t he sl opes

	robust stat ist ical tr ends bet ween 1901 and 1940 as well as t he incr ease of 14 C c a r b and
	bet ween 1940 and 1958. The uncertainty of 14 C, est imat ed fr om t he squar e r oot of t he
	var iance, is ± 7-9‰ between 1901 and 1958 t hat is of t he sa me or der than t he mean int er -
	annual changes of measured 14 C c a r b at Signy Is.. In addit ion t o t he int er -annual var iabil it y,

effect had a minimum impact

[START_REF] Br Oecker | Natural Radiocar bon in t he Atlant ic Ocean[END_REF][START_REF] Raft Er | Car bon-14 var iat ions in Nat ur e, Part 3 measur ement s in t he south Pacific and antarct ic oceans[END_REF]

) (Ta ble S2). Bet ween 1917 and 1940, t he equat ion of t he l inear r egr ession in SSP is ver y similar to t hat of SSI. Mor eover , it is al so similar and highly significant (r 2 =0.87) when adding one value in 1901 fr om one coral from t he Ross Sea

[START_REF] Hall | Constant Hol ocene Southern-Ocean 14 C r eservoir ages and ice-shelf fl ow rat es[END_REF] 

a nd when account ing for the cal endar age uncertainty, which is great er t han t hat of mollusk shell s (suppl ementary mat er ial , Fig .

S1

).

Finally, t he negat ive tr ends of 14 C c a r b in SSI and SSP bet ween 1901 and 1940 have an offset of ~20 ± 7‰ t hat is very consist ent wit h t he estimat ed differ ence of 14 C DIC bet ween t hese sector s (Tabl e S2). Subtract ing 20‰ t o t he values of 14 C c a r b at Ker guel en Is. r esult s in a signif icant decr ease of sea surface 14 C (r 2 =0.90) bet ween 1901 and 1940. We t hus conclude that t he obser ved decr eases of 14 C c a r b in t he southern Sout h Indian and Sout h Pacific ar e the r ecord of 14 C fr om the biogenic car bonat es and seawat er DIC ver y likel y r efl ect s l ongter m changes of sea surface 14 C in t he Sout hern Ocean, which ar e ver y l ikely due t o common pr ocesses act

  We t hus est imat ed t he changes of R due t o changes eit her in t he NADW flux into t he Southern Ocean or in upwell ing int ensit ies fr om simpl ified equat ions for a surface wat er box, exchanging wit h a deep box CDW and t he at mospher e (support ing mat er ial , Fig .

	wat er s (Fig . 3). They may be al so caused by changes of wind-induced mixing of sea surface
	wit h t he cold and 14 C-depl et ed subsurface water s from UCDW or LCDW mediat ed by
	changes of eit her t he mixed layer dept h (MLD) or Ekman-induced upwell ing. Nonet hel ess,
	the gr eatest wind-induced changes in MLD wer e obser ved wit hin and north of t he ACC rather

14 

C in t he Sout hern Ocean ar e much gr eat er t han t he changes of 14 C in t he at mospher e. Notably, t he sea surface 14 C aging bet ween 1900 and 1940 is 2 t imes gr eat er t han t he cont emporaneous aging of t he at mospher e due t o t he industr ial and domest ic input of 14 C-depl et ed fossil fuel s, known as t he Suess effect

[START_REF] Hogg | SHCal 13 Sout hern Hemispher e cal ibrat ion, 0-50,000 year s cal BP[END_REF]

. Changes of t he sea surface 14 C in t he Southern Ocean can neit her be attr ibut ed t o changes in t he ext ent of t he sea -ice cover t hat inhibit s t he at mospher e-ocean 14 CO 2 exchange, nor t o changes in t he outflow of old fr eshwat er s from subglacial lake br ines, such as in t he Ross Sea

[START_REF] Mikucki | A cont emporary micr obially ma intained subglacial Ferrous "Ocean[END_REF]

, a s such featur es do not exist at Ker guel en Is.. Changes of t he sea surface 14 C in t he Sout hern Ocean may be t he r esult of t he var iat ions of t he flux of NADW int o t he CDW cor e wat er s as 14 C DIC is higher in NADW at around -100‰

[START_REF] Br Oecker | Natural Radiocar bon in t he Atlant ic Ocean[END_REF] 

t han in t he southern Sout h Indian and Pacific deep than in t he southernmost r egions of t he Southern Ocean

[START_REF] Sall Ée | Zonally asymmetr ic r esponse of t he Sout hern Ocean mixed-layer dept h t o t he Sout hern Annular Mode[END_REF][START_REF] Carranza | Sout hern Ocean wind-dr iven entrainment enhances sat ell i t e chlorophyll -a t hrough t he summer[END_REF]

.

  t o 57% decr eases R in SO by 25 year s, t hat is much l ower t han t he measur ed decadal changes of ~80 year s. Test ing a 40% incr ease of t he upwell ing in SO, t he sea surface 14 C ages wer e augment ed by ~100 years. In our simpl e model , using a sinusoidal change in SO u pwell ing, the t ime lag of t he maximum 14 C age r esponse t o changes in wind-dr iven u pwell ing fl uxes is 6 year s, but a coupl ed ocean-at mospher e model would bett er est imat e t he impact of winds on

bot h t he a mpl itude and t iming of t he oceanic changes of 14 C in SO. The 40% incr ease in upwell ing at t he Antarct ic Diver gence used in t he t est is of t he sa me order of magnit ude t han that est imat ed by DeVr ies et al . (2017), using data assimilat ion of global oceanographic tracer s (CFC, t emperature and sal init y) in t he 1990s r elat ive t o 1980s in an inver se model of the upper ocean cir culat ion. The impact of incr eased upwell ing is cl early a robust candidat e to account for t he l ong-t er m sea surface changes of 80 year s per decade in t he SO.

  14 C analyses of mollusk shell s coll ect ed on Kerguel en Is. evidence a high decadal var iabil it y of t he sea surface radiocar bon r eservoir ages in t he southern South Indian ranging from 830 t o 1005 (±30) year s bet ween 1909 and 1931. Such high var iabil i ty of sea surface 14 C is common t o t he differ ent sector s of t he Southern Ocean at int er -annual and decadal t imescal es. In addit ion to int er -annual changes of 14 C c a r b of 18‰ as observed in t he southwest ern Sout h Atlant ic, a not iceabl e sea surface decr ease of ~40‰ (incr eased R of ~290 year s) was evidenced between 1900 and 1940, followed by an incr ease of ~30‰ bet ween 1940 and 1958. These pr e-1950 var iat ions ar e large compar ed t o at mospher ic var iat ions and highl ight t he natural var iabil it y of t he Sout hern Ocean r eservoir ages.Bet ween 1900 and 1958, t he t emporal changes of sea surface 14 C in t he SouthernOcean ar e well correlated t o t he indices of t he wind str ength and SST changes of SAM and SOCV, r espect ivel y. Aging of sea surface occurred when SAM changed to a posit ive phase and SST beca me col der bet ween 1901 and 1940, and inver sely lat er up t o 1958. We suggest that wind dr iven upwell ing of cold and 14 C-depl eted wat ers up t o t he sea surface is t he ma in factor controll ing t he observed changes in t he sea surface 14 C cont ent in t he Sout hern Ocean.Measur ement s of t he past changes of sea surface 14 C fr om biogenic car bonat es, such as t hose bet ween 1840 and 1950, pr ovide one way t o a ppr oach t he l ow fr equency natural var iabil it y of t he coupl ed ocean-at mospher e system. Further detail ed 14 C analyses and model simulat ions would hel p in separat ing t he natural and anthropogenic causes of t he var iabil ity of the Sout hern Hemispher e West erl ies. Ma p of t he Southern Ocean from Ocean Data View (R. Schl it zer , 2018) wit h t he locat ion of mollusks shells (black stars), corals (whit e star s) and wat er sa mpl es stat ions Co mpar ison of 14 C c a r b and 14 C DIC in SSI, SSA and SSP. Val ues of 14 C c a r b and uncertaint ies (1σ) ar e r eported for mollusk shells fr om Ker guel en Is. (SSI), Signy Is.(SSA), Antarct ic Peninsula (AP) and Ross Sea (RS) (Ta bl e S2) and from corals in t he Ross Sea[START_REF] Hall | Constant Hol ocene Southern-Ocean 14 C r eservoir ages and ice-shelf fl ow rat es[END_REF] (SSP) wit h t he sa me symbol s t han in Figur e 2. Values of 14 C DIC at t he sea surface (pl us), in UCDW (cr oss) and LCDW (doubl e cross) ar e fr om early 14 C measur ement s of wat er sa mpl es befor e the nucl ear bomb t est s (B*: Br oecker et al ., 1960; R*: Raft er, 1972) and from GLODAP r eanalyses of natural 14 C fr om stat ions (St ) of t he GEOSECS ca mpa igns in t he 70's[START_REF] Rubin | Separat ing natural and bomb pr oduced radiocar bon in t he ocean: t he pot ent ial alkalinit y met hod[END_REF][START_REF] Key | A gl obal ocean car bon cl imatology: Results from Gl obal Data Analysis Pr oject (GLODAP)[END_REF]. The mean values of 14 C DIC and standard deviat ions ar e underlined for sea

	Figures Captions Fig . 3: (A)
	Fig . 1: from t he GEOSECS campa igns (number ed cir cles) and from early cr uises (l etter ed
	cir cl es) in Br oecker et al . (1960) (B) and Raft er (1972) (R). Hydrographic front s ar e
	from Or si et al . (1995): SAF: sub-Antarct ic front ; PF: polar fr ont ; SACC: Sout hern
	front of t he ACC; Bdy: southernmost boundary of t he ACC. The l ower and higher
	values of R in t he Sout hern South Indian (SSI), South Atlant ic (SSA) and Sout h Pacific
	(SSP) ar e al so indicat ed (suppl ementary infor mat ion in t ext sect ion 1 and Tabl e S1).
	Ker guel en Is. (SSI); for shell values of t he Antarct ic Peninsula and Ross Sea (SSP1)
	and for shell s and coral values of t hese t wo last r egions (SSP2). Bet ween 1940 and 1958,
	the l inear r egr ession equat ions and coefficient s of corr elat ion der ive from values of
	14 C c a r b and seawater 14 C DIC excluding t he most 14 C-depl et ed value at -170‰
	(su ppl ementary mat er ial). Uncertaint ies on 14 C c a r b (1σ) for SSI (gr ey l ines), SSP1

Figur e 2: Radiocar bon ages (A), r eser voir ages (B) and 14 C c a r b (‰) (C) a s a funct ion of year A.D. of mollusk shell s from Ker guel en Is. (squar es), Antarct ic Peninsula (black cir cl es) and Ross Sea (gr ey cir cle), Signy Is. (tr iangl es) (Ta bl e S2) and from Ross Sea corals (o pen cir cl es) (Hall et al ., 2010). Measur ed seawater 14 C DIC in 1958 fr om the Ross Sea (dott ed cir cl es) (Raft er , 1972) and from t he southern Sout h Atlant ic in t he Weddell Sea (whit e tr iangl e) (Br oecker et al ., 1960) ar e al so shown on C. Bet ween 1901 and 1940, l inear r egr ession equat ions and coefficient s of corr elat ion ar e shown for values of (black l ines) and SSP2 (dotted l ines) ar e r epr esent ed pr ior t o 1940, a s well as bet ween 1940 and 1958 for SSP(3) (black l ines) (see t ext ).

surface (gr ey box) and UCDW-LCDW (dark grey box). Analyt ical errors and standard deviat ions of t he means ar e r eport ed at 1σ. Analyt ical errors of UCDW and LCDW, not drawn for graphic r eadabil it y, range bet ween 7 t o 10 ‰ a s an average

(Broecker et al ., 

  (B) Sa me compar ison with t he annual (t hin black) and 11yr r unning mean (bol d gr ey) var iat ions of SOCV(Latif et al ., 2013). The t hick black l ine in A and B r epr esent s a thir d order pol ynomial f it bet ween t he values of 14 C, once subtract ing 20‰ fr om t he
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C fr om Ker guel en Is. (dott ed squar es) in order t o nor mal ize t o SSP (see t ext ). A sinusoidal curve of a 100 yr per iod (dott ed l ine) is al so shown in (B).
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