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Introduction et sommaire
Ocean warming and deoxgenation

Driver

Atmospheric
change

Changes to Organisms
and Ecosystems

Ocean Acidification

• Reduced shell and
skeleton production
Burning of fossil
fuels, cement
manufacture
and land use
change

relevant sections
[WGI 6.3.2]

Increase in
atmospheric
CO2

[WGI 2.2.1]

• Increased CO2,
bicarbonate ions
and acidity

• Changes in
assemblages, food
webs and ecosystems

• Decreased
carbonate ions
and pH

• Biodiversity loss

[WGI 3.8.2, 30.2.2]

High Certainty

Gattuso et al. (2014; IPCC AR5 WGII)

• Changes in biogas
production and
feedback to climate
[WGI 5.4.2.2, 5.4.4.2, 30.5.2,
30.5.3, 30, 5.4, 30, 5.6]

Socio-economic Impacts

• Fisheries,
aquaculture and
food security
• Coastal protection

Policy Options for Action
• UN Framework Convention on
Climate Change: Conference
of the Parties, IPCC,
Conference on Sustainable
Development (Rio+20)

• Tourism

• Convention on Biological
Diversity

• Climate regulation

• Geoengineering

• Carbon storage

• Regional and local acts, laws
and policies to reduce other
stresses

[CC-CR, 5.4.2.2, 5.4.2.4, 30.6.2]

[30.6.7]

Low Certainty

POLICYFORUM
Causes de l’acidification des
océans
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Upwelled water from deep ocean

Contributors to ocean acidification. In addition to global atmospheric CO2, this figure depicts the major
local (within 100 km) sources contributing to coastal ocean acidification.

such as shellfish and corals. In the face of
declining conditions, however, it is increasingly critical to establish historical and cur-
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Vegetation!
28%

Oceans!
28%
26 millions tonnes CO2
per day

Le Quéré et al. (2013)

Indian oceans for the mid-1990s. Because
anthropogenic CO2 invades the ocean by
gas exchange across the air-sea interface,
the highest concentrations of anthropogenic
CO2 are found in near-surface waters.
Away from deep water formation regions,
the time scales for mixing of near-surface
waters downward into the deep ocean can
be centuries, and as of the mid-1990s, the

to the ratio between DIC and alkalinity, where
the latter term describes the oceanic charge
balance. Low Revelle factors are generally
found in the warm tropical and subtropical waters, and high Revelle factors are found in the
cold high latitude waters (Fig. 3). The capacity
for ocean waters to take up anthropogenic CO2
from the atmosphere is inversely proportional
to the value of the Revelle factor; hence, the

centrations primarily because North Pacific
kalinity values are as much as 100 #mol kg
lower than those in the North Atlantic (Fig.
About 30% of the anthropogenic CO2
found at depths shallower than 200 m a
nearly 50% at depths above 400 m. T
global average depth of the 5 #mol kg
contour is "1000 m. The majority of t
anthropogenic CO2 in the ocean is, therefo
confined to the thermocline, i.e., the region
the upper ocean where temperature chang
rapidly with depth. Variations in the penet
tion depth of anthropogenic CO2 are det
mined by how rapidly the anthropogenic C
that has accumulated in the near-surface w
ters is transported into the ocean interior. T
transport occurs primarily along surfaces
constant density called isopycnal surfaces
The deepest penetrations are associat
with convergence zones at temperate la
tudes where water that has recently been
contact with the atmosphere can be transpo
ed into the ocean interior. The isopycnal s
faces in these regions tend to be thick a
inclined, providing a pathway for the mov
ment of anthropogenic CO2-laden waters in
the ocean interior. Low vertical penetration
generally observed in regions of upwellin
such as the Equatorial Pacific, where int
mediate-depth waters, low in anthropogen
CO2, are transported toward the surface. T
isopycnal layers in the tropical thermocli
tend to be shallow and thin, minimizing t
movement of anthropogenic CO2-laden w
ters into the ocean interior.
Figure 4A shows the distribution of a
thropogenic CO2 on a relatively shallo
isopycnal surface (see depths in Fig. 2) w
a potential density (%&) of 26.0. About 20
of the anthropogenic CO2 is stored in wat
with potential densities equal to or less th
that of this surface. The highest concent
tions are generally found closest to where t
density intersects the surface, an area referr
to as the outcrop. Concentrations decrea
away from these outcrops in the Indian a
Pacific oceans, primarily reflecting the aging
these waters, i.e., these waters were exposed

Feely et al. (2013)

Pénétration du CO2 en profondeur

Fig. 2. Representative sections of anthropogenic CO2 (#mol kg$1) from (A) the Atlantic, (B) Pacific, and

After Gattuso and Hansson (2011) and Gattuso et al. (2011)

Recherches en pleine expansion

Chemistry: very high
confidence

Less acidity

More acidity

Concentrations
of Hydrogen ions
compared to distilled
water (pH)

Examples of solutions
and their respective pH

10,000,000

0

Battery Acid

1,000,000

1

Hydrochloric Acid

100,000

2

Lemon Juice, Vinegar

10,000

3

Orange Juice, Soda

1,000

4

Tomato Juice

100

5

Black Coffee, Acid Rain

10

6

Urine, Saliva

1

7

“Pure” Water

1/10

8

Sea Water

1/100

9

Baking Soda, Toothpaste

1/1,000

10

Milk of Magnesium

1/10,000

11

Household Ammonia

1/100,000

12

Soapy Water

1/1,000,000

13

Bleach, Oven Cleaner

1/10,000,000

14

Liquid Drain Cleaner
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1

• CO est un gaz acide (produit un acide
lorsqu’il se combine avec eau)!
• Chacun de nous ajoute 4 kg de CO par jour
2

2

dans les océans (augmentant son acidité)
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Acidity increases:!
“ocean acidification”

1

• CO est un gaz acide (produit un acide
lorsqu’il se combine avec eau)!
• Chacun de nous ajoute 4 kg de CO par jour
2

2

dans les océans (augmentant son acidité)

pH and acidity
pH

pH and acidity
pH
Acidity : x 10-9 mol H+/kg
+152 %

+34 %

L’acidification des océans peut être mesurée
Station ESTOC

L’acidification des océans peut être mesurée
Station ESTOC

Range 1995-2009:!
-0.0015 to -0.0022 units yr-1
IPCC AR5 WG1 Report, Chap. 3 (2013)

Steinacher et al. (2009)

Importantes différences régionales

Et dans le passé ?

Barker & Ridgwell (2012)

•Largest event since 55 My!
•Perhaps fastest event since 300 My

Multiple climate-related ocean stressors

Anthropogenic Ocean Bio
Anthropogen

pH!
Temperature!
Oxygen concentration!
Sea level rise
Temperature (°C)

Mora et al. (2013)

Oxygen (ml/l)

pH

Summary for Policy Makers
Ocean
Acidification
Summary for Policymakers

Third Symposium on the Ocean in a High-CO2 World

Confidence level
V Very high
H High
M Medium
L Low

ean
ification
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Chemistry

e Ocean in a High-CO2 World

V

The capacity of the ocean to act as a carbon
sink decreases as it acidifies and warms

V

Ocean acidification is caused by CO2 emissions
from human activity to the atmosphere that end
up in the ocean

V

The legacy of historical fossil fuel emissions on
ocean acidification will be felt for centuries

9
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anV Anthropogenic ocean acidification is currently in
fication
progress and is measurable

icymakers
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pH (total scale)

Ciais et al. (2013). IPCC AR5 WG I

V

Reducing CO2 emissions will slow the progress
of ocean acidification

8.2
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Cold-water coral communities are at risk and
H
may become unsustainable

Ocean in a High-CO2 World

H Some plants may benefit
Combination of elevated acidity and
H
temperature negatively affect many organisms

H Molluscs among the most sensitive groups
H Coral reef erosion will outpace reef building
H Impacts on biodiversity, not well constrained

Gazeau et al. (2007)
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Figure 3 | Sea-grass shoot density and amount of epiphytic CaCO3 on
leaves growing at differing pH levels south of Castello d’Aragonese. Shoot
density (open column, n 5 4, mean and s.d.) and epiphytic CaCO3 (filled
column, n 5 80, mean and s.d.) for data from 18 April to 9 May 2007 at
various pH levels (mean and minimum values are shown; P1 n 5 30, P2
n 5 16, P3 n 5 23 and P4 n 5 37).
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their abundance was not significantly reduced until extremely low
mean pH 6.6 (Table 1 and Fig. 2). Juveniles of Osilinus turbinata and
Patella caerulea gastropods were absent in areas with pH minima
50 mgastropod shells (including Hexaplex trunculus
#7.4, where all adult
13°50′ E
13°57′ E
and Cerithium vulgatum) were weakened by the acidified sea water
NE
(Figs 2 and 4, Table 1 andNSupplementary
Video),
E
40˚45′
N an effect which
22
probably increases theirNW
risk of6 m
predation
.
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dge
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St 5
(pH 7.66)

SW

St 4
(pH 8.00)
St 3
(pH 8.11)
d

St 2
(pH 8.17)

St 1 (pH 8.17)

ocations of the sampling stations (St 1–5) at the Castello Aragonese site. Details of the eight sampling points
E, southeast; E, east; NE, northeast; N, north; NW, northwest; W, west; SW, southwest) are given.

300

m fragile and Pneophyllum zonale) dominated
tic community at stations 1–4 (18–69%
re the pH averaged 8.0–8.2, but were absent
5 where ethe mean pH was 7.7 (table f1;
ryozoans (Callopora lineata, Electra posidoniae,
ciliata and Tubulipora spp.) covered 1–6%
de surface, while non-calcified organisms
drozoans had less than 1 per cent cover.
over and epiphytic CaCO3 were highly
with pH and the other parameters of
ate chemistry (Pearson’s correlation test,

4. DISCUSSION
The present study shows a significant reduction
in epiphytic coralline algal cover with increasing
acidification of seawater due to natural CO2 vents.
Although a range of factors may be responsible for this
observed shift in seagrass epiphytism, lowered pH and
reduced calcite saturation levels are the most likely
factors affecting coralline algal cover. Coralline algae
were absent where the pH periodically fell below 7 and
their calcimass was greatly affected where the pH
ranged from 7.7 to 8.2. Our preliminary short-term

Non calcifiers (71 taxa)
Calcifiers (51 taxa)

Extinctions d’espèces calcaires
long view!
• TheHypercalcifiers
have come

•
and go!
• Response stronger when
ocean acidification is
combined with anoxia!

• Rate is key: biological crisis
•
•

when pCO2 rose fast, not
when pCO2 was high!
Selective extinction during
the end-Permian crisis!
Timescale of recovery
measured in geological
times

5%

54%
86%
n = 173
Heavy CaCO3 skeleton
(low metabolic rate)
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Rhynchonelliform brachiopods
-Orthida
-Strophomenida
-Spiriferida
-Rhynchonellida
-Terebratulida
Acrotretida
Crinoidea

n = 43

n = 229
Moderate CaCO3 skeleton
(high metabolic rate)
Gastropoda
Bivalvia
-Infaunal burrowers
-Epifaunal, attached
Nautiloidea
Ammonoidea
Ostracoda
0
Malacostraca
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Little or no CaCO3 skeleton
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Holothuroidea
Conodontophorida
Chondrichthyes
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Ocean acidification will adversely affect many
M
calcifying organisms
Pteropod (marine snail) shells are already
M
dissolving
Ocean acidification may have some direct
M effects on fish physiology, behaviour and
fitness
Nitrogen fixation in some cyanobacteria may
M
be simulated
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and
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fication
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Ocean in a High-CO2 World

Declines
in
shellfisheries
will
lead
to
M
economic losses, but their extent is uncertain
Negative socio-economic impacts of coral
M reef degradation are expected but the size of
the costs is uncertain
Impacts
of
ocean
acidification
on
ecosystems
L
may affect top predators and fisheries
Ocean acidification will alter biogeochemical
L
cycles at a global scale

an
Brief assessment of consequences
fication

icymakers

Ocean in a High-CO2 World

• Chemical effects: very high confidence! V
• Biological and ecological effects: high to
low confidence !
H M
• Biogeochemistry, society and the
M
economy: medium to low confidence!
• Knowledge gaps:!
• Multiple stressors!
• Evolutionary adaptation!
• Response of communities!
• Food web, up to predators

L
L
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accumulation of CO2 in the atmosphere. Solar geoengineering (also known as solar radiation managemen
attempts to break the link between accumulation of CO2 in the atmosphere and the amount of climate

Que faire ?
Que faire face à l’acidification des océans ?

Figure 1. Comparaison du potentiel et de la faisabilité des différentes options de gestion
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acceptable à l’acidification des océans. Comme
le soulignent Joos et al. (2011), « les techniques
de géo-ingénierie n’en sont pas encore au stade
de l’application, contrairement aux technologies
sobres en carbone ». Mais on ne peut ignorer que
les techniques de retrait du CO2 de l’atmosphère
pourraient devenir incontournables face au retard
pris pour en réduire les émissions. Elles impliquent
moins d’incertitudes et de risques que les tech-

optimiser au maximum l’efficacité de recommandations politiques à des échelles infra-globales.
Le renforcement de la résilience des écosystèmes
et la réhabilitation de ceux qui ont pâti de l’acidification des océans doivent constituer un autre
angle d’action. Le renforcement de la résilience
offre des leviers d’action à différentes échelles
spatiales et il est de toute façon nécessaire, même
en l’absence de toute acidification, de protéger les
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It is amazing to think that just ten years ago hardly
anyone had heard of ocean acidification.
It is now much more widely understood that the
increasing amount of carbon dioxide (CO2) we are
emitting into the air by our activities is reacting
with the ocean to alter its chemistry and push it
along the scale towards acidity. One major effect is
reducing the availability of carbonate ions needed
by many marine animals and plants to build their
shells and skeletons.

T

© Karen Hissman, IFM-GEOMAR

his document presents the highlights of the Frequently Asked Questions about Ocean
Acidification (2010, 2012; www.whoi.edu/OCB-OA/FAQs), a detailed summary of the state of
ocean acidification research and understanding. The FAQs and this fact sheet are intended to
aid scientists, science communicators, and science policy advisors asked to comment on details about
ocean acidification. In all, 63 scientists from 47 institutions and 12 countries participated in writing
the FAQ, which was produced by the Ocean Carbon and Biogeochemistry Project (www.us-ocb.org),
the United Kingdom Ocean Acidification Programme (www.oceanacidification.org.uk), and the
European Project on Ocean Acidification (EPOCA). More information and contacts can be found at
any of these websites or at the Ocean Acidification International Coordination Centre’s website
(www.iaea.org/ocean-acidification). The Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report findings on ocean acidification can be viewed at www.ipcc.ch.

This briefing paper from the International
Ocean Acidification Reference User Group
provides essential information and highlights
the actions needed on ocean acidification by
Governments at Rio+20

1
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Ocean acidification (OA) is a progressive increase in the
acidity of the ocean over an extended period, typically
decades or longer, which is caused primarily by uptake of carbon dioxide (CO2) from the atmosphere. It can also be caused
or enhanced by other chemical additions
or subtractions from the ocean.
Acidification can be more severe
in areas where human activities
and impacts, such as acid rain and
nutrient runoff, further increase
acidity.

There is little doubt that the ocean is undergoing
dramatic changes that will impact many human lives
now and ever more so in the coming generations,
unless we act quickly and decisively. Previous
acidification events in the Earth’s geological record
were often associated with extinctions of many
species. Whilst the causes of such extinction
episodes are complex, it is notable that the
biodiversity recovery took hundreds of thousands
and, after mass extinctions, millions of years.

5

The pH of the open-ocean surface layer is unlikely to
ever become acidic (i.e. drop below pH 7.0), because
seawater is buffered by dissolved salts. The term “acidification”
refers to a pH shift towards the acidic
end of the pH scale, similar to the
way we describe an increase in
temperature from -20°C to
-0°C (-4°F to 32°F): it’s
still cold, but we say
it’s “warming.”
OA is also
changing
seawater carbonate chemistry.
The concentrations of dissolved
CO2, hydrogen ions,
and bicarbonate ions
are increasing, and the
concentration of carbonate
ions is decreasing.

OA has been well
documented with
global observations
conducted over several decades by hundreds of researchers.
It has been definitively
attributed to human-generated CO2 in the atmosphere that has been released primarily
by fossil fuel combustion and land use changes.

3

Acidity may be thought of as simply the hydrogen
ion concentration (H+) in a liquid, and pH is the logarithmic scale on which this concentration is measured. It is
important to note that acidity increases as the pH decreases.

7

Changes in pH and carbonate chemistry force marine
organisms to spend more energy regulating chemistry
in their cells. For some organisms, this may leave less energy
for other biological processes like growing, reproducing or
responding to other stresses.

4
A
book and two award winning films
one by school children and another
by professional film makers
Average global surface ocean pH has already fallen from
a pre-industrial value of 8.2 to 8.1, corresponding to an increase in acidity of about 30%. Values of 7.8–7.9 are expected
by 2100, representing a doubling of acidity.
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website and blog on
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Documents for policy
makers – some
written by EPOCA’s
Reference User
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stakeholders

Pteropods, also called sea butterflies, are one type of shelled organism at risk from ocean
acidification. Photo by Nina Bednarsek (NOAA/PMEL).
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his document presents the highlights of the Frequently Asked Questions about Ocean
Acidification (2010, 2012; www.whoi.edu/OCB-OA/FAQs), a detailed summary of the state of
ocean acidification research and understanding. The FAQs and this fact sheet are intended to
aid scientists, science communicators, and science policy advisors asked to comment on details about
ocean acidification. In all, 63 scientists from 47 institutions and 12 countries participated in writing
the FAQ, which was produced by the Ocean Carbon and Biogeochemistry Project (www.us-ocb.org),
the United Kingdom Ocean Acidification Programme (www.oceanacidification.org.uk), and the
European Project on Ocean Acidification (EPOCA). More information and contacts can be found at
any of these websites or at the Ocean Acidification International Coordination Centre’s website
(www.iaea.org/ocean-acidification). The Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report findings on ocean acidification can be viewed at www.ipcc.ch.
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Changes in pH and carbonate chemistry force marine
organisms to spend more energy regulating chemistry
in their cells. For some organisms, this may leave less energy
for other biological processes like growing, reproducing or
responding to other stresses.

Pteropods, also called sea butterflies, are one type of shelled organism at risk from ocean
acidification. Photo by Nina Bednarsek (NOAA/PMEL).

Conclusion
Ocean warming and deoxgenation

Driver

Atmospheric
change

Changes to Organisms
and Ecosystems

Ocean Acidification

• Reduced shell and
skeleton production
Burning of fossil
fuels, cement
manufacture
and land use
change

relevant sections
[WGI 6.3.2]

Increase in
atmospheric
CO2

[WGI 2.2.1]

• Increased CO2,
bicarbonate ions
and acidity

• Changes in
assemblages, food
webs and ecosystems

• Decreased
carbonate ions
and pH

• Biodiversity loss

[WGI 3.8.2, 30.2.2]

High Certainty

Gattuso et al. (2014; IPCC AR5 WGII)

• Changes in biogas
production and
feedback to climate
[WGI 5.4.2.2, 5.4.4.2, 30.5.2,
30.5.3, 30, 5.4, 30, 5.6]

Socio-economic Impacts

• Fisheries,
aquaculture and
food security
• Coastal protection

Policy Options for Action
• UN Framework Convention on
Climate Change: Conference
of the Parties, IPCC,
Conference on Sustainable
Development (Rio+20)

• Tourism

• Convention on Biological
Diversity

• Climate regulation

• Geoengineering

• Carbon storage

• Regional and local acts, laws
and policies to reduce other
stresses

[CC-CR, 5.4.2.2, 5.4.2.4, 30.6.2]

[30.6.7]

Low Certainty

Conférence climat, Paris (COP21)

• Constitution d’un groupe d’expert : The
Oceans 2015 Initiative!
• Fondation Albert II et Ocean
•

Acidification International Coordination
Center!
Information des négociateurs à la
lumière des engagements exprimés en
mars 2015

Merci !
• Organisateurs de l’Université d’été!
• Soutien financier :!
• Commission Européenne!
• Fondation BNP Paribas!
• Fondation Prince Albert II de Monaco!
• Agence internationale de l’énergie atomique

