N
N

N

HAL

open science

Variability of marine 14C reservoir ages in the Southern
Ocean highlighting circulation changes between 1910 and

1950

Martine Paterne, Elisabeth Michel, Virginie Héros

» To cite this version:

Martine Paterne, Elisabeth Michel, Virginie Héros. Variability of marine 14C reservoir ages in the Southern
Ocean highlighting circulation changes between 1910 and 1950. Earth and Planetary Science Letters, 2019,

511, pp.99-104. {10.1016/j.epsl.2019.01.029). <hal-02462774)

HAL Id: hal-02462774
https://hal.science/hal-02462774v1

Submitted on 24 Jun 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-02462774v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0012821X1930055X
Manuscript_2f6916dda6fc1d890f6c6ece32c05fas9

10

11

12

13

14

15

16

17

18

19

20

21

22
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Abstract

Recent changes in the Southern Ocean overturnicglation have been attributed
ether to natural variablity or to anthropogenarding. The'‘C analyses of mollusk shells
from Kerguelen Islands evidence a high decadalavdiy of the sea surface radiocarbon
reservor ages in the southern South Indian ranfymgn 832 to 1005 (£30) years between
1910 and 1930. Such high varibity is common he different sectors of the Southern
Ocean, (southern South Pacific and Atlantic), &ériannual and decadal timescales between
1901 and 1950. Notably,a decreasdlBfC of ~40%. (increased R of ~290 years) occurred
between 1901 and 1940, followed by an increase3®Pto-between 1940 and 1958. Using a
simp e box model of ocean-atmosph&@0, exchange, this aging is attributed to increased
upwelling of cold and“C-depl eted subsurface seawaters dueto intengbleivard Southern
Westerlies. The sea surfal€ aging is indeed well correlated to a postive sghaf the

Southern Hemisphere Annular Mode and to a coolinghe sea surface temperatures in the
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Southern Ocean between 1901 and 1940. These ples#@5surfacd’C changes highlight

the importance of natural changes in wind inteesiaind ocean dynamics.

Keywords: Radiocarbon, Reservor ages, Kerguellny Southern Westerlies- driven

upwelling, Southern Ocean,
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1. Introduction

The Southern Ocean (SO) is an important comporfeiitecyl obal oceanic crculation
wihtheredistribution of water masses betweerRdeific, Atlantic and Indian Oceans by the
Antarctic Crcumpolar Current (ACC) (Fig. 1) (Tathsdt al ., 2017and references therein).
The strong westerlies in the Southern Hemis phemabined wihthe Coriolis force,drivethe
ACC and a northward Ekman transport, per mitingpdeatersto upwell upto the surface at
the Antarctic Divergence. In the last few decadesface westerlies intensified poleward
(Thompson & Solomon, 2002) that may give rise gm#icant changes in ocean crculation,
carbon and heat uptake and biological product fiyggweier & Samuels, 1995; Le Quéé

et al ., 2007; Sall ée et al ., 2010, 2012; Waugh.eP@13; de ries et al ., 2017).

Significant changes of ocean ventiation in thetS8etn Ocean, such asthe increase in
the age of the crcumpolar deep waters (CDW), wiferred from the analysis of
chlorofluorocarbon-12 (CFC12) from early 1990s @@ and transport model simulations
(Waugh et al ., 2013). Simiarly, using a globaladassimiation ocean inverse model,and a
carbon cycling model, DeWries et al. (2017) found enhanced upper-ocean overturning
crculation in 1990s relatively to 1980s and ingesh outgassing of natural @CBoth
findings fromanalysis of CFC-12 and from inver sed&l ing are consistent wih the expected
increased northward Ekman drift and intensified elpiwg resulting from westerlies
intensification (Hall & Visbeck, 2002; Waugh et ,aP013; DeVries et al., 2017). Wind
intensty is associated t zonally symmetric structure in the at mospher&sgure gradient
between the southern mid4{atiudes and the polgions of the SO, referred to as the
Southern Annular Mode (SAM) (Thompson & WallaceQD@0Thompson et al., 2000). In a
postive phase the Westerlies, associated wihenigian normal sea level pressures at the
mid{atiudes and lower than normal at the hightudes, are reinforced poleward, driving

increased northward Ekman drift and intensified ejpwg (Hall & Visbeck, 2002).
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South of the Polar Font (PF), the sea surfacerveseages (R), the difference
between the marine and atmosphéf& ages at the same calendar age, are highly variabl
ranging from ~1000 to ~1500 years. They are basethe “C dating of soltary corals,
mollusk shells, bones and flesh remains of pengaims seals of known ages, tH€ of
which representing that of the dissolved inorgamcbon (DIC) in seawater in which they
grow. The values of R reflect the balance betwden fC production and the ocean-
atmosphere exchange HCO, as well as ocean dynamics (Stuiver et al., 198@) ther
temporal variabity reflect changes among thestdfs. Particularly, changes in zonal wind
intensties in the Antarctic regions may signifidgrmodify the ocean-atmosphere exchange
and mixing between the sea surface and'f@edefd eted underlying subsurface waters, and

consequently the sea surfdée ages.

We present here new values of R estimated fromusklkhells collected between
1910 and 1930 off the Kerguel&n in the southern South Indian (SSI) where no \vahfeR
exist presently (Fig. 1). They are compared to jpev estimates in the southwestern South
Atlantic (SSA) (off Signyls) and in the southeastern South Pacific (SSP)tfedfwestern
Antarctic Peninsula and in the Ross Sea) in oraldretter understand the causes of the high
variabity of R in the Southern Ocean. We resadcbur comparison to biogenic carbonates,
though few, as penguins and seals remains may reaita *“C content of different water
masses due to the variety of diving depths, oftesty var fromthe Antarctic coasts (Biuw et
al., 2007) (supdementary material, Table S1). rAfee brief description of the main
hydrographic features at all the samp e locatiths sea surfackC values are compared to
those of DIC from early’C measurements of water sampes before the nuobeab tests
(Broecker et al., 1960; Rafter, 1972) and from @16ODAP reanalyses of the GEOSECS
campaigns in the 70’s (Rubin & Key, 2002; Key et @004). They are further compared to

the varations of the SAM index, based on the tdaees of the sea level pressure difference
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between the Southern subtropical regions and Aritarsince 1860 (Marshall, 2003; Visbeck,
2009; Fogt et al ., 2009; Jones et al ., 2009) arttidee of the annual sea surface temperature
(SST) anomalies zonally averaged over the latibdeds 50°S-70°S, referred to as the

Southern Ocean centennial variabity (SOCV) indlext if et al ., 2013).

2 Material and methods

Mollusk shells, collected on Kergueldg, were obtained from the collection of the
Muséum National d’Histore Naturelle de Paris (Figsupp ementary material and Table S1).
They are related to epifaunal species of gastrgpaududing two active predators
Neobuccinum eatoni Smith (specimens from collections Rallier du BA809 and Loranchet
1914) and one herbivordacella kerguelensis Smith (collection Aubert dela Rue 1931). The
date of collection corresponds to the year of sampduring scientific exporations on
Kerguelenls. by Rallier du Batyexpedtion in 1908/1909 and in 1913/1914, and bpektide
la Rue in 1931. One epifaunal gastropod (1914)iisppesenting tissues. The shells of the
two other specimens are whole and intact, so tliceyndt wear away before being collected,

confr ming that they were samged al ve.

Methods for radiocarbon analyses were descr ibeelvtlare (Tisnerat-Laborde et al .,
2001). Chemical pretreatment and carbonate hyseslyvere performed at the Gif-LSCE
Radiocarbon Laboratory and graphte targets weepgmed and measured at the Fench
National AMS-ARTEMIS-LMC14 facity (Moreau et al2013). Results are expressed in
conventional years BP (Table S1) and & %o is the deviation in parts per thousand (%o)
of a sampe's““C/*C ratio corrected for year of growth from that betabsolute standard
activiy in 1950 (Stuiver and Polach, 1977). Rhis tlifference between the measutiiage

and the atmospheriC age fromthe cal ibration record SHCal 13 in thatkern Hemisphere



104 (Hogg et al., 2013), andR the difference between the measut®@age and the modeled
105 ocean one using the marine cal ibration datasetndaBi (Reimer et al ., 2013) at the date of
106 the collection. Difference between previous pul@égkalues and those presented in Table S1

107 areduetothedifferent utiized calibrationreator
108
109 3 Oceanographic setting

110 The Kerguelen pateau (water-depth <1000m) is a@mtajpographic barrier wherethe
111 eastward flowing ACC subdivides in two parts witetmain flows associated to the Sub-
112 Antarctic Font (SAF) and to the south by the SethhACC front (SACCF) (Park et al .,
113 2014) (Fig. 1). Between SAF and SACCF is locatedpblar front (PF),the path of which is
114 observed either north or south of the KerguékeiiSokolov and Rintoul , 2009; Kim and Orsi,
115 2014, Park et al ., 2014) and subject to large matt/southward shiftsupto 100 km in a few

116 tensof years (Sokolov and Rintoul, 2009; Kim amgi(2014).

117 Deep waters from the southern Pacific, Atlantic dmdian Oceans enter the ACC
118  wihin the Crcumpolar Deep Water (CDW) (Orsi et,dl993, 1995; Whitworth et al ., 1994;
119 Talley, 2013). FFom the South Atlantic, most of NWD marked by high salinty in SO,
120 entersthe ACC, where it is modified by mixing witte locally for med deep waters of the
121  lower core of CDW (LCDW). A small branch of NADWdls eastward drectly into the
122  South Indian upwelling as a component of the | esssd deep Indian Water. The Indian and
123  Pacific Deep Waters move southwardto the ACC abd&BW and form the upper core of
124 CDW (UCDW), characterized by any@inimum (Orsi et al., 1995; Talley, 2013). UCDW
125 upwelling is balanced by a northward flow of |owiséy that descends fromthe polar tothe

126  sub-Antarctic front (SAF)to formthe Antarctic é&nmediate Water characterized by a salinty
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minimum. LCDW flows poleward and sinks along thentamental slope mainly in the

Weddell and Ross Seas and along Adé ie Land aAnttaectic Bottom Water .

The Signyls. are located in the vicinty of the Drake Passagdle Scotia Ridge
where surface waters result romthe mixing of wager bodies fromthe ACC and fromthe
northwestern Weddell Sea (Whitworth et al., 199y ( 1). To the north of the shelf is
located the southern front of the ACC where UCDW &€DW upwell (Whitworth et al .,
1994; Orsi et al., 1995). To the south, a branciNeDW penetrates CDW in the South
Atlantic east of the Weddell Sea gyre near longt@d. Then it flows westward drectly
underneath the Antarctic surface water (AASW) aiheémw eaching the Antarctic shelves it is
transfor med to the Weddell Sea Bottom Water Shelfens (Whiworth et al ., 1994; Orsi et
al., 1995). Fomthe South Atlantic, another bran€ENADW flows eastward toward the
Kerguelen Pateau (Orsi et al., 1993). Over théeplaand upstream Kerguel i), AASW
overlay the cold Winter Water (WW) at a water -degtlaround 180-200 m (Park et al, 2008;
Bowie et al., 2015). UCDW was observed below atndQ@Gater -depth overlying LCDW
(Bowie et al ., 2015)Downstream, UCDW is observed at 600-800m wat erkdejith LCDW
deeper than 1300m (Park et al, 2008; Quéroué g2@l5). Over the southern Kerguelen
plateau, UCDW is observed at depth of 400-1400m &DW (Park et al, 2008). On the
western part of the Antarctic Peninsula, WW aresobad at a water -depth of ~100m below
the cold AASW (Orsi et al., 1995; Moffat et al.,0&). The UCDW intrudes the shelf as
frequent and short events, but not aslarge-soalesions, whiethe 50-150mthick LCDW is

inflowing tothe shelf at depths of a pproximateB0/ and below (Moffat et al ., 2009).

Al the considered sampes of biogenic carbonatesa@cated in the Antarctic surface

waters wihin or south ofthe ACC (Fig. 1).
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4 Results and Discussion

1) Values of R and *“C off Kerguelen Is. and comparison with previous

deter minations of mollusk shells and seawater «*“C in the Southern Ocean

Values of R and]*'C of the biogenic carbonateB{C.a1,) off Kerguelenls. range
from 832 + 31 yearsto 1005 + 32 yearsand fron3-2@ 3.2to -131.9 + 3.2 %o, respectively,
between 1909 and 1931 (Fig. 2; Table S1). Compar e€dese, greater Rand more depeted
0%Ccarpwere measured from mollusk shells off the AntarBéninsula and fromthe eastern
Ross Sea varying from 1088 + 58 yearsto 1326 ye#lds and from -136.9 + 6 %ot0 -166.8 +
3.9 %o respectively in the two regions. Values angils. are also greater than the measured
ones off Kerguelems. at an average of 1109 + 89 yearsand -146 + 9.5 statistical Chi-
squaretests indicate that, in each sector,theesadf R andl**C..,pare incompatible at the
95% confidence level attesting a highly significaat abity of *“C in the Antarctic surface

water .

We compared thB*C.,,pto the naturall*“Cpc estimated in ther respective regions
(Broecker et al. 1960; Rafter, 1972; Rubin & Ke3Q02; Key et al. 2004) (Fig. 3;
suppementary material, Table S2). Mean valuedl¥€pc in UCDW and LCDW are
calculated using the temperature, salinty angr@perties defined by Orsiet al. (1995). The
sea surface and UCDW/LCDW values [0fCp,c are simiar wihin the uncertainties in the
southern South Pacific (SSP) along the Antarctitii®ila and in the Ross Sea and they are
not significantly different fromthose of Sigrg. in the southwestern South Atlantic (SSA).
Values of **Cpic in SSP and SSA are consequently grouped intoguersector . The mean
0*Cpic are lower in SSP-SSA than in SSI by ~20 %. for btk sea surface and

UCDWY/LCDW. In all the sectors, the values from nusk shells mimic the high variabity
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of AASW [*Cpc and some are close or simiar tothose of UCDW B@BW. This is also

featured by thé*C..,, of the corals fromthe Ross Sea ice shelves @tal ., 2010).

At Kerguelenls., the values ofl**C..,pinearly decrease with a highly significant
regression coefficient %0.98) between 1909 and 1931 (Fig. 2). In the SSR-Sector,
0%Ccarp significantly decrease linearly between 1917 a8d01(*=0.76) whie they do not
vary between 1917 and 195340.05), that is partly duetothe high inter-annuaiiabi ity of
0*CcarpOf ~18%o at Signyls. at around 1950. This is also related to a wellked rever se
increasing trend in 1940 upto 195849.73) consider ing the measur@dCpc in 1958 in the
southern South Atlantic, south of the ACC, anchia Ross Sea where the bomb-produéed
effect had a minimum impact (Broecker et al ., 1988fter, 1972) (Table S2). Between 1917
and 1940, the equation ofthe linear regressidsSR is very simiar to that of SSI. Moreover,
i is also simiar and highly significant%0.87) when adding one value in 1901 from one
coral from the Ross Sea (Hall et al., 2010) and rwhecounting for the calendar age
uncertainty, which is greater than that of mollgsiells (suppdementary material, Fig. S1).
Finally,the negative trends @f“Cca,pin SSland SSP between 1901 and 1940 have an offse
of ~20 + 7% that is very consistent wih the estieshdifference ofl**Cp,c between these
sectors (Table S2). Subtracting 20%o to the valieB"¢C. ., at Kergueleris. results in a
significant decrease of sea surfdd@ (’=0.90) between 1901 and 1940. We thus conclude
that the observed decreasesldiC..;p, in the southern South Indian and South Pacific are
robust statistical trends between 1901 and 194&elkas the increase of**Cgarp, and
between 1940 and 1958. The uncertaintylldiC, estimated from the square root of the
variance, is + 7-9%. between 1901 and 1958 thaf ihv® same order than the mean inter -
annual changes of measul#dC..,at Signyls.. In addiion to the inter-annual variabity,
the record ofl*“C from the biogenic carbonates and seawater DI hieely refiects long-

term changes of sea surfaé€ in the Southern Ocean, which are very | ikely tueommon
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processes acting on the global Southern Ocearust&s™'C. Using the values of the slopes
and ther uncertainties, the decreasdlC.a,r would be of some ~10 + 2%. per decade
between 1901 and 1940 and the sea suffdt@ increase per decade would be of some 18 +

5 %o between 1940 and 1958.

2) Factors contributing to the variations of sea surface «*‘C in the Southern Ocean

The interannual and decadal changes of sea sullf4€en the Southern Ocean are
much greater than the changes‘# in the atmosphere. Notably, the sea surfd€eaging
between 1900 and 1940 is 2times greater thandht@mporaneous aging of the atmosphere
duetothe industrial and domest ic input‘®@-depl eted fossi fuels, known as t8aess effect
(Hogg et al., 2013). Changes of the sea surf&8en the Southern Ocean can nether be
attributed to changes in the extent of the seac@meer that inhibits the at mosphere-ocean
%C0O, exchange, nor to changes in the outflow of ol gliveaters from subglacil lake brines,

such as inthe Ross Sea (Mikucki et al ., 200931ech features do not exist at Kerguden

Changes of the sea surfati€ in the Southern Ocean may be the result of the
var ations of the flux of NADW into the CDW core teas asdl**Cp,c is higher in NADW at
around -100%. (Broecker et al., 1960) than in thetlsern South Indian and Pacific deep
waters (Fig. 3). They may be also caused by chaofyednd-induced mixing of sea surface
wih the cold and“C-depeted subsurface waters from UCDW or LCDW rmuesti by
changes of ether the mixed layer depth (MLD) omgk-induced upwelling. Nonetheless,
the greatest wind-induced changes in MLD wer e olegkewithin and north of the ACCrather
than in the southernmost regions of the Southerea®dqSall ée et al., 2010; Carranza and

Gile, 2014).

10
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We thus estimated the changes of R due to charides & the NADW flux into the
Southern Ocean or in upwelling intensties from @ified equations fofl a surface water
box, exchanging with a deep box CDW and the at mergplsupporting material, Fig. S2).
The flux of NADW into CDW was changed by a factérZ)as observed during the past 60
years for NADW intensity in the North Atlantic (Bdgn et al., 2014; Atkinson et al ., 2012).
Augmenting the contribution of NADW from 40% (Gahacd, 2003; Talley, 2013)to 57%
decreases R in SO by 25 years,that is much |dvegrthe measured decadal changes of ~80
years. Testing a 40% increase of the upwelling @, the sea surfac¥C ages were
augmented by ~100 years. In our simge model, usisgnusoidal change in SO upwelling,
the time lag of the maximuMC age response to changes in wind-driven upweflinges is
6 years, but a couped ocean-atmosphere model viettdr estimate the impact of winds on
both the amp tude and timing of the oceanic changfe'’C in SO. The 40% increase in
upwelling at the Antarctic Divergence used in tésitis of the same order of magntudethan
that estimated by DeVfies et al. (2017), using dasaimiation of global oceanographic
tracers (CFC, temperature and salinty) in the §9@0ative to 1980s in an inverse model of
the upper ocean crculation. The impact of incréagavell ing is clearly a robust candidateto

account for thelongter msea surface changes ge&Gs per decade inthe SO.

We compared the temporal changesIOfC against the 11 year - running mean
fitered records of the SAM index (Visbeck, 2008paof the SOCV index (Latif et al ., 2013)
(Fig. 4). After subtracting 20 %o from S81*C.arpin order to normalize to SSP, the values of
0%C in the Southern Ocean were inter polated usinf @r@ler polynomial fi between 1901
and 1958. The changes BY'C in the Southern Ocean are significantly correatth the
variations of SAM (=0.67) with a time lag ofl**C of 6 years and wih those of SOCV
(t >=0.94) and a time lag di**C of 12years. Between 1901 and 194C decreased when

the wind strength increased and SST became coldebetween 1940 and 1958 it increased

11
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when the wind strength decreased and SST becameeanvarhe longterm changes Bf'C

in the Southern Ocean are thus likely related t® thanges of wind driven upwelling

intensities between 1900 and 1958. The pol ewancease of westerlies between 1901 and
1940 led to increased upwelling simiarly as defeech from CFC analyses and inverse
model ing for the 1980s to the 2000s, when polewaasterlies intensified (Waugh et al .,

2013;deVries et al ., 2017).

In the lattudinal bands 50°-70°S, the SST exhiinie cycle of centennial variabity
(Latif et al ., 2013) (Fig. 4B). Prior to 1901, fexalues of1*“C.., exist from paied‘C and
U/Th dating of corals from Ross Sea Ice Shelvedl (eiaal., 2010). The two values of
0%Ccarpin 1847 and 1862 are compatible at -144.1+ 8.4%b significantly more depeted
than that of the coral in 1901, indicating an irgeof0“C.,,, prior to 1901 (supp ementary
material ). Between 1850 and 1958, {Hé&C of corals, mollusks shells and seawater DIC from
the Ross Sea, Antarctic Peninsula and southerrmSilantic would vary along a potentil

fluctuation of ~80—2100 year ,that should be examhin®rethoroughly.

The recent changes in wind intensties were afteth ether to natural decadal
variabity or to anthropogenic forcing due to ieased greenhouse gases and ozone depetion
(Thompson and Solomon, 2002; Thompson et al ., 2&1bpth (Waugh et al, 2013; De '\t ies
et al., 2017). Between 1910 and 1940, wind int@ssincrease markedly such as between
1980 and 2000 (Visbeck, 2009), but the,@put into the atmosphere increases moderately
by 10ppm (Rubino et al., 2013) whie t augments 4%y ppm between 1980 and 2000
(Keeling 1976; Thoning et al ., 1989). The chandeB'dC. ., in the Antarctic surface waters
that we | inked to fluctuations in wind dr ven uphrel) intensi ies provide further evidence of

the natural variabity of the couded ocean-at nasp systemat |low frequency.

12
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5 Conclusion

The *C analyses of mollusk shells collected on Kerguéseavidence a high decadal
variabity of the sea surface radiocarbon reserages in the southern South Indian ranging
from 830to 1005 (x30) years between 1909 and 188t&h high variabilty of sea surface
C is common to the different sectors of the South@cean at inter-annual and decadal
timescales. In addtion to inter-annual changesltC.a:, of 18%. as observed in the
southwestern South Atlantic,a noticeable sea sard&crease of ~40%o. (increased R of ~290
years) was evidenced between 1900 and 1940, folldwean increase of ~30%. between
1940 and 1958. These pre-1950 variations are leoggared to atmospher ic variations and
highlight the natural variabi ty of the Southercéan reservor ages.

Between 1900 and 1958, the temporal changes ofwdace®'C in the Southern
Ocean are well correlated to the indices of thedvwatrength and SST changes of SAM and
SOCV, respectively. Aging of sea surface occurréenvSAM changed to a posiive phase
and SST became colder between 1901 and 1940, aadséhy later upto 1958. We suggest
that wind driven upwelling of cold andC-dep eted waters upto the sea surface is the main

factor controlling the observed changes in thessetace''C content in the Southern Ocean.

Measurements of the past changes of sea suffadeom biogenic carbonates, such
as those between 1840 and 1950, provide one waypooach the low frequency natural
variabity of the coup ed ocean-atmosphere systauther detaied‘C analyses and model
simulations would hel pin separating the natural anthropogenic causes of the variabity of

the Southern Hemisphere Westerlies.
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Figures Captions

Fig. 1. Map of the Southern Ocean from Ocean Daaw\(R. Schltzer, 2018) with the

location of mollusks shells (black stars), corabbi(e stars)and water sampl es stations
from the GEOSECS campaigns (humbered crcles) aomh fearly cruises (ettered
crcles) in Broecker et al. (1960) (B) and Raft&#942) (R). Hydrographic fronts are
from Orsi et al. (1995): SAF: sub-Antarctic froE: polar front; SACC: Southern
front of the ACC; Bdy: southernmost boundary of th€C. The lower and higher
values of R in the Southern South Indian (SSI)tBaulantic (SSA)and South Pacific

(SSP) arealso indicated (supp ementary infor mahidext section 1and Table S1).

Figure 2: Radiocarbon ages (A), reservor ages (B)1**Ccar 1 (%0) (C) asa function of year

A.D. of mollusk shells from Kerguel ds. (squares), Antarctic Peninsula (black crcles)
and Ross Sea (grey crcle), Sighs/ triangles) (Table S2) and from Ross Sea corals
(open crcles) (Hall et al ., 2010). Measured sead'Cpic in 1958 from the Ross Sea
(dotted crcles) (Rafter, 1972) and fromthe southfeouth Atlantic in the Weddell Sea
(whietriangle) (Broecker et al., 1960) are alsowen on C. Between 1901 and 1940,
linear regression equations and coefficients ofa@ation are shown for values of
Kerguelenls. (SSI); for shell values of the Antarctic Penirssaind Ross Sea (SSP1)
and for shellsand coral values of these two legions (SSP2). Between 1940 and 1958,
the linear regression equations and coefficientsarfelation derive from values of
0%Ccarp and seawatel*Cpic excluding the most*“C-depeted value at -170%o
(supplementary material). Uncertainties BHC.a,, (10) for SSI (grey lines), SSP1
(black lines) and SSP2 (dotted lines) are repr eseptior to 1940, as well as between

1940 and 1958 for SSP(3) (blacklines) (seetext).
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470  Fig. 3: (A) Comparison ofi**C.a,pand0*Cpic in SSI, SSAand SSP. ValuesBfC.,,p,and

471 uncertainties (&) are reported for mollusk shells from Kerguellen(SSI), Signyls.
472 (SSA), Antarctic Peninsula (AP) and Ross Sea (R&ble S2) and from corals in the
473 Ross Sea (Hall et al., 2010) (SSP) wih the samebsis than in Figure 2. Values of
474 0*Cpic at the sea surface (plus), in UCDW (cross) and WO@ouble cross) are from
475 early 1*C measurements of water sampl es before the nusbemb tests (B*: Broecker
476 et al., 1960; R*: Rafter, 1972) and from GLODAP mabyses of naturalC from
477 stations (St) of the GEOSECS campaigns in the /in & Key, 2002; Key et al .,
478 2004). The mean values d&f‘Cpc and standard deviations are underlined for sea
479 surface (grey box)and UCDW-LCDW (dark grey boxjatytical errors and standard
480 deviations of the means arereportedatAnalytical errors of UCDW and LCDW, not
481 drawn for graphic readabity,range between 70dd as an average (Broecker et al .,
482 1960; Rafter, 1972; Rubin & Key, 2002; Key et &004). Sea surfacg**Cpc noted
483 DP (Drake Passage) is from the northern edge ofAGE (suppementary materil
484 Table S2).

485

486 Fig. 4: Comparison of the changes [BfC (same symbols than in Fig. 2) with the annual

487 variations of SAM as a function of time (Year) (Ahe dotted (@nnual) and dark grey
488 (11yr running mean)records are from Visbeck (2008)n black line refersto records
489 from Marshall (2003) and light grey | ine to Fogtadt (2009) and Jones et al. (2009).
490 Records are normal ized for graphic conveniencecangspondto 11yr +unning means.
491 (B) Same comparison with the annual ¢hin blacld ddyr running mean (bold grey)
492 variations of SOCV (Latif et al., 2013). The thibkack line in Aand Brepresents a
493 thid order polynomial fit between the valuesfC, once subtracting 20%. fromthe
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494 0%C from Kerguelenls. (dotted squares) in order to normalize to SSE (s&t). A

495 sinusoidal curve of a 100 yr period (dotted | ireegliso shown in (B).

496
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