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Variabilité du CO, océanique autour de Kerguelen :
résultats du S.0. OISO + KEOPS

C. Lo Monaco, N. Metzl, C. Mignon, R. Gomez, C. Pierre, C. Ridame

Laboratoire d’Océanographie et du Climat: Expérimentation et Analyses Numériques (LOCEAN)
Sorbonne Universités (UPMC)-CNRS-IRD MNHN, 4 place Jussieu, Paris
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Motivations
Global Carbon Budget 2014

Anthropogenic CO, emissions Increase in
Fossil fuel + Land-se change

+9.8 GtC/yr
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OISO program

CO, observations in the South-West Indian Ocean since 1998

OISO: Océan Indien Service d’Observation Air-sea CO, fluxes (year 2000)
Long-term support from INSU, IPEV and IPSL Takahashi et al., 2009
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Following INDIGO (1985-87) and MINERVE (1990’s)

Obijectives :  To monitor and understand the evolution of the oceanic CO, system (mechanisms)
- Air-sea CO, fluxes (temperature effect, photosynthesis, ocean dynamics)
- Storage of anthropogenic CO2 (impact of climate change)

- Ocean acidification (anthropogenic CO2 and climate change)

SOCLIM réunion de préparation Villefranche/mer, 30-31 octobre 2014



OISO program

S

CO, observations in the South-West Indian Ocean since 1998

ummer and winter mean ApCO2 observed in the
South Indian Ocean (1998-2012)

Air-sea CO, fluxes (year 2000)
Takahashi et al., 2009
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OISO program

CO, observations in the South-West Indian Ocean since 1998

Air-sea CO, fluxes (year 2000)

Chlorophyll-a concentration in Nov. 2011 (MODIS) Takahashi et al., 2009
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Large CO, sink between 40 Sand 50 S
Kerguelen bloom south of the Polar Front (usually HNLC) - Subantarctic zone is always a sink

- iron fertilization from the Plateau (Blain et al., 2007) S 1sland mass effect
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First KEOPS cruise coupled with the OISO12 cruise (CO, measurements)

Observations above Kerguelen Plateau in Jan/Feb 2005

Chlorophyll and fCO, distribution
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1360
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fCO, (patm) measured during the
cruise in Jan/Feb 2005

: A -55 310
68 70 72 74 76 78 80 68 70 72 74 76 78 80

Chlorophylle-a
(SeaWiFs, 21-Jan-2005)

Biological uptake of CO, due to iron fertilization = 58+/-11 patm
(difference in and out of the bloom)

—> 2 to 3 times larger than the biological uptake estimated
during iron fertilization experiments in the SO Blain et al. (2007)
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KEOPS2 / OISO20 October (until Nov, 2)
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Low biological activity,
except for coastal waters

Chi-a MODIS (Hg/l) > light limitation
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KEOPS2 / OISO20 October (until Nov, 2)
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November (from Nov,3)

Chl-a MODIS (ug/l)
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KEOPS2 / 01SO20 November (from Nov,3)
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KEOPS2 / OISO20

-4

20111111

November (from Nov,3)
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KEOPS2 / O1SO20

ACO, (sea-air, patm)
October November

Chl-a November 2011

y Plateau (South) +17(x£9) | -44(x13)
Middle zone -7(£11) | -27(x11)
HNLC (upstream) | -3(x12)
North PF +18(x12) | -77(x23)
! Plateau <500m +4(£15) [ -33(x33)

Generally near-equilibrium or CO, outgassing in October due to deep mixing (light limitation),
small CO, sink in the Middle zone at the end of winter (low biological activity)

Rapid decrease in surface fCO, as soon as MLD is reduced (early in November)
stratification = increase in SST - increase in fCO,

reduced vertical mixing + photosynthesis = decrease in surface fCO,
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KEOPS2 / O1SO20

ACO, (sea-air, patm) Changes in surface CO, (patm)
October November Nov-Oct Warming Bio/Mix

Chl-a November 2011

mm Plateau (South) +17(x9) [ -44(x13) -61 +4 (0.3°C)  -65
Middle zone -7(x11) | -27(x11)| -20 +6 (0.4°C) -26
HNLC (upstream) | -3(x12)

North PF +18(+12) | -77(x23) -95 +3(0.2°C) -98
Plateau <500m +4(x15) | -33(£33)| (-37) +12(0.8°C) (-49)

Drawdown of CO, at the onset of the bloom is 3 times larger above the Plateau (iron source)
than in the Middle zone (recirculation)

Maximum CO, drawdown north of the PF, large variability in shallow waters

Small effect of surface warming on fCO,
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KEOPS2 / 01SO20

ACO, (sea-air, patm) Changes in surface CO, (patm)
October November Nov-Oct Warming Bio/Mix

Chl-a November 2011
o P12teaU (South) +17(29) [ -44(x13) -61 +4 (0.3°C)  -65
Middle zone -7(x11) | -27(x11)| -20 +6 (0.4°C) -26
HNLC (upstream) | -3(x12)
5 | North PF +18(+12) | -77(x23) | -95 +3(0.2°C) -98
Plateau <500m +4(+15) |-33(x33)| (-37) +12(0.8°C) (-49)

@08 01 02 03 04 05 05 O

Drawdown of CO, at the onset of the bloom is 3 times larger above the Plateau (iron source)
than in the Middle zone (recirculation)

Maximum CO, drawdown north of the PF, large variability in shallow waters

Small effect of surface warming on fCO,

420 -

*e CO, source _ _
0 : air Changes in surface fCO, are closely related to changes in
E e . CO, sink Chl-a (spatial+temporal)
= 360 - ¢
8 20 = Chl-a is related to iron (lateral and vertical mixing)
320 - $
300 . . ¢ - larger CO, sink above the Plateau South of Kerguelen
T iron source) than in the Middle zone (recirculation
Chl-a (pg/1)

SOCLIM réunion de préparation Villefranche/mer, 30-31 octobre 2014



KEOPS2 / O1SO20

ACO, (sea-air, patm) Changes in surface CO, (patm)
October November Nov-Oct Warming Bio/Mix

Chl-a November 2011
mmmmmm  '2teau (South) +17(29) [ -44(x13) -61 +4 (0.3°C)  -65
Middle zone -7(x11) | -27(x11)| -20 +6 (0.4°C) -26
HNLC (upstream) | -3(x12)
North PF +18(+12) | -77(x23) -95 +3(0.2°C) -98
Plateau <500m +4(x15) | -33(£33)| (-37) +12(0.8°C) (-49)

Drawdown of CO, at the onset of the bloom is 3 times larger above the Plateau (iron source)
than in the Middle zone (recirculation)

Maximum CO, drawdown north of the PF, large variability in shallow waters

Small effect of surface warming on fCO,

420 - Chl-a (pg/1)
¢ CO, source 0 ! 2 3 4 .
s00 me® 2 i e O —xoz:. . . . . Most of the change is
i e E . . .
RN co, sink 3E W attributed to biological
_:5 360 - b L PN . £ E" _22 | 9‘0 activity
S 340 - u ef | ¢ .
* X 2o 80 - . + changes in MLD
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Synthesis of CO2 data around Kerguelen

Air-sea CO, fluxes (climatological winds)

<> Ship observation a) b) Month of Year
(SOCATdatabase, incl. OISO/KEOPS) _
3 51
CARIOCA buoy (Déc.) 5 s A
B /"
Onset of the bloom (KEOPS2): i—,,m-
large spatial variability in the bloom (iron transport) ;_15_
Maximum uptake between November and January :::.20-
(N-S gradient related to MLD and SIOH4) o I
Interannual variability ? (MLD, iron transport) g S e g Month of Year
[ v 1m:
50°S — N : L v 5.:
CO, uptake from September to March : | 7 TLL \E : ¥
(close to annual uptake since winter CO, flux is ~0)  **—= W0E S0 T o0E T20E e
HNLC (iron limited): -0.4+0.2 molC/m?
Plateau S-E (iron source) : -1.1+0.2 molC/m? - iron fertilization of the whole ice-free SO (~50-60°S)

_ _ would increase the global uptake of atmospheric CO, by

PF zone (jets, SiIOH4 limitation) : -1.5+£0.2 molC/m?

—> Limitation by silicate after 1 to 3 months of intense biological activity (delayed to the South)

- The magnitude of the CO2 sink depends on iron transport

—> The start and duration of the CO2 sink depends on MLD (rapid establishment and rapid decay over the Plateau)
- Impact of remineralization on air-sea fluxes? change in the structure of the bloom?
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Conclusions

Low uptake of atmospheric CO, south of 50°S due to deep mixing (light limitation in winter)
and iron limitation (HNLC)

—> natural iron fertilization allows for the establishment of a large CO, sink above
and downstream Kerguelen Plateau as soon as MLD is reduced (Oct/Nov)

Large spatial variability in the uptake of CO, within the bloom in November related to iron
transport from the Plateau

Spatial variability in the CO, sink is reduced in January and February => silicate limitation?

Globally (over the productive season), the uptake of atmospheric CO, in the bloom does not
depend much on the level of iron fertilization

—> iron fertilization of the whole ice-free SO (~50-60°S) would increase the global
uptake of atmospheric CO, by less than 0.1 GtC (<1% of CO, emissions)
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Air-sea CO, fluxes
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Storage of anthropogenic CO,

Anthropogenic CO, concentrations at 400m
estimated from observations in the 1990’s
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Ocean Acidification

Subantarctic Zone (SAZ):
- Major CO2 sink
-Subantarctic Mode Water (SAMW) formation

Distribution of surface pH and Q,, onite

0 200 4 60 80" 100° 120 1407100180160 1407120100 80" 60" 40° 20" O
7 A TR IgR| i)

7 Antarctic zone (AZ):
b ro w P " - Upwelling > low values of pH and Q,,gonite

' Y:,ﬁzmmmmmmz@ v

b AZ PFZ SAZ STZ

- ‘ i 1 30

50
0" 200 4’ 60" 80° 100" 120" 140" 160" 180" 160" 140" 120° 100" 80° 60" 40" 20" O

TT4 800 802 804 805 808 810 812 814 816 8 80 B8N

pH
0° 20° 40° 60° 80° 100° 120" 140°160°180°160°140°120°100° 80" 60° 40° 20° 0
80, o i
',/7’ Z - 'ﬂ,".‘

] -------..-~_‘ t'l

&““\__ ¥ 55°% 50°S 45°S 40°S 35° 30°
W

o AT "
‘\i‘m“‘““"-fl bdl!l

3 80"
0" 20° 40" 60" 80 100°120"140"160"180°160°140" 120" 100" 80° 60" 40° 20" O

075 100 125 150 175 200 225 250 275 300 325 350 375 400 440
Calculated Omega of Aragonite

Surface pH and Q,.onite Climatology for
February 2005 (from Takahashi et al.,2014)

55°S 50°s 45°8 40°s 35°8 30°s

SOCLIM réunion de préparation Villefranche/mer, 30-31 octobre 2014



Ocean Acidification

Evolution of Cant and pH in the upper Southern Ocean

Subantarctic Zone (40 S): Large uptake of atm. CO, + Mode water formation

—>large accumulation of Cant - large reduction in pH (and CO;?%)

Antarctic Zone (56 S) : Upwelling of old deep waters (with no Cant), Vertical diffusion

-> lower accumulation of Cant - lower acidification rate ?
These R. Gomez (2013-2016)
Hovmoller diagram from summer observations.
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Antarctic Zone (56°S)
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Ocean Acidification
Acidification of Antarctic and Subantarctic surface waters

Antarctic:
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Collaborations

SOforCO, R. Schiebel (Univ. Angers), projet LEFE/INSU (2013-2016)
Réle des foraminiferes planctoniques dans la séquestration de CO,
dans I’Océan Austral )
?J 7 = MD189 % - = MD189
2% )
- & Nombre total %— %_
20 1 d'individus/ m3 3 3
15 g g g g
10 - 2 §
i_ uno i* uD <
- | a b
o 4 LJ . - et . 8 | . g |
3005 3505 4005 42.505 4805 ﬁb 160 S?f:(um) 560 1ﬂlﬂﬂ 56 160 S?r(um) 560 1UICIU
Filet a plancton Abondance des foraminiféres planctoniques Relation taille-biomasse des foraminiféres
dans I'Océan Indien Sud-Ouest planctoniques au cours des missions MD189 et

MD193: a) especes indifférenciées, b) cas de
Négloboquadrina pachyderma

(J. Meilland et al., in prep., Thése 2012-2015)

(J. Meilland, 2011, rapport de stage, UBO)

MD-CPR P. Koubbi (UPMC) + C. Cotté (LOCEAN/MNHN)
+

Impact des variations de parameétres environnementaux (SST, pH, 02, ...
Echosondage P P (5T, p )

sur les ecosystemes planctoniques et les prédateurs supérieurs
(mammiferes et oiseaux marins)

SOCLIM réunion de préparation Villefranche/mer, 30-31 octobre 2014



Ai r_Sea CO? fl uxes 0 20" 40° 60° 80' 100" 120" 140°160"180°160° 140" 120" 100" 80" 60° 40° 20° 0
80 s . st ? B

60°S

Service d’Observation OISO

(Océan Indien Service d’Observation)

fCO2 (uatm)

450

400

350

300

250

200 -

150

e RGN
2 < S

Ocean Data View

Tid 2007 Jan 16 1623.06 0" 20" 40" 60" 80" 100" 120" 140" 160" 180" 160" 140" 120" 100" 80" 60" 40" 20" 0
30°W 0° 30°E 60°E 90°E 120°E 150°E

Mesures de CO, dans les eaux de surface depuis 1998

air (1998)

R.R.V Marion Dufresne
(IPEV/TAAF)

Zone Frontale:
Zone Antarctique : forte variabilité Zone Subtropicale:
faibles variations saison. ~  (spatiale, interannuelle)  importantes variations saison.
-65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15

Latitude (°N)

SOCLIM réunion de préparation

Villefranche/mer, 30-31 octobre 2014



Mean ApCQO2 in Jan/Feb (1998-2012)
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KEOPS2 / OISO20
Near-equilibrium or CO, outgassing in October = winter conditions (deep mixing, low Chl-a)

Rapid decrease in surface fCO, early in November (stratification)
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Changes in surface fCO, are closely related to changes in Chl-a (spatial+temporal)
Chl-a concentration is related to iron (water age)

420 -

- larger CO, sink above the Plateau South of 00 /me® CO, source
Kerguelen than in the Middle zone  _ ., _%—' air
£ *» CO, sink
October November CO, drawdown 5. Fe
Plateau +17(x9) -44(x13)  -61 patm R s
¢
Middle zone -7(x11) -27(x11)  -20 patm 0 : : . .

Chl-a (ug/1)
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North Kerguelen bloom - SAF
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Air_sea CO? fluxes o 2 4 eoa_t? 00 120 1401601801601:0 120 o 0 BEBT

Evolution décennale L LT am

40

CO, atmosphérique : +1.7 patmiyr .’

CO, océanique : +2.1 patmiyr, |

Réduction du puits de CO, : =0.4 patmiyr -\

Metzl, 2009 Communiqué de
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Air-sea CO, fluxes

Evolution décennale

Evolution de la SAM observée depuis 50 ans
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Accélération des vents dans 'Océan Austral en

réponse a I'évolution de la SAM
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Couplage Climat / CO, Océanique

Southern Annular Mode (SAM) index =
différence de pression atm. entre 40°S et 60°S

Tendance décennale de la SAM vers les valeurs
positives

due a diminution de O3 stratosphérique
+ augmentation des gaz a effet de serre

- Accélération des vents dans I’Austral
- Renforcement de 'upwelling ?

Stratospheric O3 (-) Y Greenhouse Gases (+)

A
Southern Annular Mode (+)
CO2 Uptake (-)
ATMOSPHERE winds (1) ()

(+)

Deep Ocean

Carbon Rich Deepwater

40°S
(Lenton et al, 2009, GRL)

Antarctica
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Storage of anthropogenic CO,
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Net Flux (moles CO, m? year)

Accumulation de CO, anthropique
dans I'océan (année 1995)

accumulation totale : 118 GtC

Sabine et al. (2004)
= CO, en excés dans l'océan
-> Acidification des eaux

Propagation dans 'océan intérieur
(eaux de mode, eaux profondes)
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Storage of anthropogenic CO,
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Ocean Acidification
Surface Waters

Antarctic:
-0.025+0.003/dec.

SubAntarctic :
-0.022+0.007/dec.

Subantarctic Mode

Waters:
-0.018+0.005/dec.
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Summer pH trends and its drivers in the SAMW

Subantarctic Mode Waters (~300m)
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