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CO2 atmosphérique : dernières 800 000 années

Luthi et al. (2008, Nature)
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The increase in atmopsheric CO2

C. David Keeling
(1928-2005)

Direct measurements of atmopsheric CO2
(increase at Hawaii since 1957)



Les émissions récentes sont pire que les projections

• émissions CO2 anthropique 
+2.0% en 2008
+3.4% par an 2000-2007
+1.0% par an 1990-1999
+2.0% par an depuis 1850

• accroissement pire que prévu

• baisse récente provisoire 
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Emissions: -2.8%
PNB:          -1.1% 
C intensité: -1.7%

Raupach et al. 2007, PNAS, updated; Le Quéré et al. 2009, Nature Geoscience; International Monetary Fund 2009
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Budget contemporain de carbone (2000-2008)5

~½ des émissions anthropiques reste dans l’atmosphère

~½ est absorbée par l’océan + la biosphère terrestre

ΔCO2 atm = émissions – absorption (océan + terre)

Augmentation du carbone atmosphérique
7.7 + 1.4 – 2.7 – 2.3 = 4.1 Pg C / an

Global Carbon Project (2009)

2.3 ± 0.5 PgC/an2.7 ± 1.0 PgC/an1.4 ± 0.7 PgC/an

deforestation Land uptake océan

7.7 ± 0.5 PgC/an

combustion fossile



Acidification des océans

• l’océan absorbe ¼ du CO2
anthropique émis dans 
l’atmosphère

• le CO2 est un gaz acide

• l’acidité de l’océan +30% 
depuis le début de l’ère 
industrielle

H2O + CO2 + CO3
2- → 2HCO3

-

acide antiacide

H+ + CO3
2- → HCO3

-

CO2 + H2O → H+ + HCO3
-



HCO3
- CO3

2-CO2(aq)



Réduction du pH de l’océan déjà mesurable

Données : 

Bates (2007), 

Dore et al. (2009), 

Santana-Casiano et al. (2007), 

Gonzàles-Dàvila et al. (2010)



Future SRES emission scenarios from the IPCC     
… and resulting atmospheric CO2



Changements futurs : calculs simples 

A2

B1

*Equilibrium calculations with characteristic T, S, Alk & atm pCO2

Δ[CO3
2-]med > Δ[CO3

2-]océan

ΔpHmed ≈ ΔpHocéan



Aumont & Bopp (2006)

Euphotic Layer 
(100-150m)

Models:

BGC model: PISCESCoupled climate model: IPSL/CM4.1
•Atmosphere: LMD 
•Ocean: OPA/ORCA-LIM Model

- Resolution: 2° nominal (½° tropics)
- Isopycnal Diffusion & GM
- TKE Model (prognostic  Kz)
- Sea ice model (LIM)
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Grandes réductions de pH et [CO3
2-] en surface

• réductions de pH                   
-0.3 à -0.4 avant 2100         = 
plus de [H+] (100-150%)

• Réduction de [CO3
2-]                   

= sous-saturation (ΩA < 1) 
dans l’océan austral   
(jusqu’à 55+/-5 μmol/kg en 
2100, IS92a)

Aragonite Saturation

Calcite Saturation

1765
1994
2100s
2100i

Orr et al. 2005 (Nature)Orr et al. 2005 (Nature)
Ocean Carbon-cycle Model 
Intercomparison Project



1994 2100    (IS92a scenario)

Atlantic

Pacific

μmol kg-1

Le CO2 anthropique augmente et pénètre
dans l'océan profond



Pac

Atl

• Surface de l’océan             
sur-saturée partout
– depuis au moins 800 Ka
– et probablement 25Ma

• Horizon de saturation 
d’aragonite (ou Δ[CO3

2-]A = 0)
– Océan Austral

(jusqu’à 1000 m)
– Atlantique Nord 

(jusqu’à ~3000 m)

• Sous-saturation en surface 
(Δ[CO3

2-]A < 0)
– Océan Austral 
– Pacifique subarctique

• Remontée de l’horizon de 
saturation d’aragonite       
(i.e., Δ[CO3

2-]A = 0)
– Océan Austral

(vers ~1000 m)
– Atlantique nord

(vers ~3000 m)

Etat actuel de l’océan : saturation en terme 
d’aragonite: Δ[CO3

2-]A= [CO3
2-] - [CO3

2-]A
sat

En 2100… grands changements de l’état de 
saturation en sous-surface (Δ[CO3

2-]A)  [μmol kg-1]



Incertitude liée aux émissions 
(scénarios IPCC : IS92a et SRES scénarios)

*modèle de Bern (complexité réduite) de G.-K Plattner et F. Joos



Undersaturation is strongest in the Arctic

Aragonite undersaturation Δ[CO3
2-]Arag at 2xCO2

*Model approach (model results only, scenario: +1% annual increase)



Distance-weighted mean along sections

0

Projections améliorées par correction des biais 
modernes (4 modèles de système terre)

Along 2 Arctic sections
(distance-weighted fraction) 
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Corrosive waters 
within 10 years

Projected undersaturation along Beringia section (A2 scenario)



Past, Present, & Projected changes in 
Arctic CaCO3 saturation in summer:

• Preindustrial - Surface and near subsurface waters supersaturated w.r.t. 
aragonite and calcite

• Now - Near-subsurface waters in Canada Basin have become 
undersaturated w.r.t. aragonite, due to anthropogenic CO2 increase

• In 10 years
– 10% of surface waters undersaturated w.r.t. aragonite
– near-subsurface waters undersaturated w.r.t calcite

• In 40 years – average surface waters undersaturated w.r.t. aragonite

• In 50 years – 10% surface waters undersaturated w.r.t. calcite

• In 70 years – 50% surface waters undersaturated w.r.t. calcite



Aragonite Saturation along 
trans-Arctic sections

• Future [CO3
2-] computed 

on section after adding 
model perturbations to 
data: DIC, Alk, T, S, SiO2, & 
PO4

3-

(Historical + SRES A2)

• Deep saturation horizons 
resist change

• Undersaturation invades 
from surface
– Aragonite: surface 

undersat. by 2050

Aragonite

Calcite

*Data-Model approach

Δ[CO3
2-]ARAG



*Amplitude (annual cycle) > 30 years of current anthropogenic transient

Winter low

Summer
high

Observed 
Annual cycle

Lines are data + model 
median (late summer)
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In winter, Chukchi Sea surface waters already 
undersaturated by 1990

*Amplitude (annual cycle) > 30 years of current anthropogenic transient





Coral skeletons grow more slowly at higher CO2 levels
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Decline in GBR coral growth since 1990 
• 328 Massive Porites coral colonies 

(on 69 reefs)

• Reductions 1990-2005
-14% calcification
-13% linear growth

• Most probable causes:
warming
acidification

De’ath et al. (2009) Science



Cold-water corals may be particularly vulnerable

Stony Cold-water corals:
• 2005 :  95% with ΩA > 1
• 2100 :  35% with ΩA > 1

Most cold-water corals exposed to corrosive 
waters by 2100 (IS92a scenario)

Lophelia pertusa

Guinotte et al. (2006, Frontiers in Ecol. Env)



Mussels & oysters calcify less at higher CO2

Decrease in calcification rates for 
the 2 species: Mytilus edulis & 
Crassostrea gigas
– Significant with pCO2

increase and [CO3
2-] 

decrease

At pCO2 740 ppmv:
• 25% decrease in 

calcification for mussels
• 10% decrease in 

calcification for oysters

Gazeau et al., 2007



Prominent role of shellfish in Arctic 
marine food web

Marine food web in the Beaufort Sea



Effects on other other Arctic animals?



Photo credit: Russ Hopcroft, NOAA

Limacina helicina
(dominant polar pteropod)

• Macro-Zooplankton
• Abundant food source for 

marine predators
• Integral component of 

food webs
• Pteropod populations 

highest in cold waters 
(reaching 10,000 / m3)

• Ross Sea
– L. helicina sometimes 

dominates over krill
– Indicator of ecosystem 

health
– Dominant exporter of 

organic & inorganic C



Jour 0

Photos: David Liittschwager

Lab experiment by Prof. Victoria Fabry using Southern Ocean
conditions projected for year 2100 from Orr et al. (2005, Nature)



Jour 2



Jour 16



Monaco Declaration urges 
policymakers to take action on

• is ongoing

• is already detectable

• is accelerating & severe damages 
are imminent

• will have socioeconomic impacts

• is rapid, but recovery will be slow

• can be controlled only by limiting 
future atmospheric CO2 levels

http://www.ocean-acidification.net

Ocean acidification:

Signed by 155 ocean scientists from 26 countries



http://www.epoca-project.eu/index.php/FAQ.html



A first EU response:

• Large-scale IP: ocean acidification 
& its consequences

100+ scientists

27 institutes

9 countries 

• Total budget: 16 M€
(6.5 M€ from EU) 

• 2008-2012

EPOCA Coordinator: J.-P. Gattuso 
(LOV, Villefranche-sur-mer, France)
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