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Océan: valeur économique considérable
H

oegh-G
uldberg et al. (2015)

• Modère le changement climatique
• Représente plus de 90 % de l’espace 

habitable de la planète
• Abrite 25 % des espèces évoluées
• Fournit 11% des protéines 

consommées par l’homme
• Protège les côtes
• …



Océan: valeur économique considérable
H

oegh-G
uldberg et al. (2015)

• Modère le changement climatique
• Représente plus de 90 % de l’espace 

habitable de la planète
• Abrite 25 % des espèces évoluées
• Fournit 11% des protéines 

consommées par l’homme
• Protège les côtes
• …



Océan: valeur économique considérable
H

oegh-G
uldberg et al. (2015)

• Modère le changement climatique
• Représente plus de 90 % de l’espace 

habitable de la planète
• Abrite 25 % des espèces évoluées
• Fournit 11% des protéines 

consommées par l’homme
• Protège les côtes
• …



Bilan global du gaz carbonique (2008-2017)

Le Quéré et al. (2018)

5.5 ± 2.6 Gt CO2/an (9%)
+

34.5 ± 1.8 Gt CO2/an (91%)

Imbalance of 1.8 Gt CO2/yr
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L’océan : acteur et victime du changement climatique
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Température dans la rade de Villefranche
Réchauffement très rapide :
0.8 °C par décennie
(0.11°C par décennie à l’échelle globale)
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-

Ocean Sci., 13, 411–426, 2017 www.ocean-sci.net/13/411/2017/



Réchauffement : mortalités massives



Réchauffement : redistribution des espèces
Poloczanska et al. (2014)
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Qu’est ce que l’acidification des océans?

• CO2 est un gaz acide (il 
forme de l’acide carbonique 
lorsqu’il se dissous dans 
l’eau)

• Chacun de nous ajoute 4 kg 
CO2 par jour dans l’océan
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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Figure 2. Time series observations (a–g) and anomaly trends (h–n) for temperature, salinity, and seawater carbonate chemistry at Point B,
1 m. Regression slopes are drawn ±SE (standard error, in grey) and noted with a star for significance at ↵ = 0.05. Variable abbreviations are
the same as in Table 2.

collected between 16 July 2014 and 3 May 2016), spatiotem-
poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-
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poral mismatch sampling at EOL (±0.007, mean offset of
pHT of the calibration samples from calibrated time series),
and variability in purified m-cresol dye batch accuracy com-
pared to tris buffer CRM pH (±0.006, mean offset of pHT of
the spectrophotometric measurement of tris buffer from the
CRM value).

3 Results

3.1 Time series trends

At Point B from January 2007 to December 2015, more than
400 samples were collected for carbonate chemistry at both 1
and 50 m. Anomaly trends detected at 1 m (Fig. 2) were also
significant at 50 m (Fig. 3, Table 2), with the exception that
salinity only increased at 50 m (0.0063 ± 0.0020 units yr�1

).
At 1 m, trends were significant for pHT (�0.0028 units yr�1

),

AT (2.08 µmol kg�1 yr�1
), CT (2.97 µmol kg�1 yr�1

), pCO2
(3.53 µatm yr�1

), and �a (�0.0064 units yr�1
). At the

same time, temperature anomaly increased (0.072 �C yr�1
).

Changes in carbonate chemistry parameters were greater at
1 compared to 50 m, with the exception of salinity and tem-
perature. The warming rate at 50 m was slightly greater com-
pared to 1 m, mostly due to increasing summer temperatures
since 2007. Time series data are available online (Gattuso et
al., 2014).

Strong seasonal cycles of carbonate chemistry parame-
ters were present at Point B at 1 m (Fig. 4). Climatologi-
cal monthly means (2007–2015) are described briefly and
listed in Supplement Table S1. Mean temperature range was
11.2 �C with a maximum of 24.77 ± 1.35 �C in August and
minimum of 13.58 ± 0.41 �C in February. The range in AT
was 19 µmol kg�1 from June to September. The CT range
was 33 µmol kg�1 with a peak in late winter and minimum
values in August and October. Due to summer warming co-

Ocean Sci., 13, 411–426, 2017 www.ocean-sci.net/13/411/2017/

-0.028 unité pH par décennie



Biodiversité
• Disparition de certaines espèces 

calcaires
• Réduction de la biodiversité
• Changement des communautés
• Réchauffement peut augmenter ces 

impacts de l’acidification
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Accord de Paris
“contenir l’élévation de la température 
moyenne de la planète nettement en 
dessous de 2 °C par rapport aux 
niveaux préindustriels et de poursuivre 
l’action menée pour limiter l’élévation 
des températures à 1,5 °C…”



Mise en oeuvre de l’Accord de Paris
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Plus de 50 % de 
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1,5°C en 2100
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100 %

100 %

-95 %
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Projections de température après Accord de Paris



Prochaines échéances : CCNUCC



Les dernières statistiques sont mauvaises



Océan : acteur et victime du 
changement climatique mais 
aussi une source de solutions



Solutions basées sur l’océan
G

attuso et al. (2018)



Solutions : messages-clés



Solutions : messages-clés
Décisives



Solutions : messages-clés
Sans regretDécisives



Solutions : messages-clés

Incertaines ou risquéesSans regretDécisives



Conclusions
• L’avenir de l’Humanité dépend de celui de l’océan 
• Impacts sur l’océan déjà détectables
• Besoin urgent atténuation et adaptation
• L’océan peut fournir des solutions :

• La plupart des mesures globales ont trop d’incertitudes et 
des risques d’effets collatéraux négatifs. Trop tôt pour 
recommander leur mise en œuvre à grande échelle

• Mesures à petite échelle : sans regret car multiples co-
bénéfices, “faciles” à mettre en œuvre mais efficacité 
modeste pour résoudre le problème global

• Combinaison global + local
• Le rôle des collectivités et du secteur privé est essentiel
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Interdépendance entre océan  
et climat : implications  
pour les négociations climatiques 
internationales
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du Pacifique), Sarah R. Cooley (Ocean Conservancy), Ryan Kelly (université de 
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MESSAGES CLÉS
 ❚ Le climat et l’océan sont indissociables : l’océan atténue le changement climatique 

d’origine anthropique en absorbant une quantité significative de la chaleur et du CO2 
qui s’accumulent dans l’atmosphère, et en recevant l’eau libérée par la fonte des 
glaciers et des calottes polaires.

 ❚ Cette fonction de régulation du climat se fait au prix d’une altération profonde du 
fonctionnement physique et chimique de l’océan, induisant un réchauffement et une 
acidification de l’eau ainsi qu’une élévation du niveau de la mer. Ces évolutions af-
fectent profondément l’écologie de l’océan (organismes et écosystèmes) et, au final, 
les activités humaines marines et côtières (pêche, aquaculture, tourisme, santé, etc.).

 ❚ Le nombre et l’efficacité des solutions se réduisent à mesure que la concentration de 
CO2 dans l’atmosphère augmente.

 ❚ Ce constat apporte de nouveaux arguments irréfutables en faveur d’une réduction 
immédiate et ambitieuse des émissions de CO2 à l’échelle internationale. Cette 
conclusion s’applique à la COP21 comme au régime climatique de l’après-2015.

INTRODUCTION

L’atmosphère et l’océan sont deux composantes du système 
terrestre cruciales pour la vie. Les activités humaines sont 
pourtant en train de les affecter. Le changement climatique 
contemporain est un problème désormais bien connu : 
causes anthropiques, modifications des phénomènes clima-

tiques extrêmes, dégradation progressive de l’environnement, impacts 
généralisés sur la vie et les ressources naturelles, et multiples menaces 
pesant sur les sociétés humaines. Une partie du problème reste toute-
fois encore largement méconnue en dehors de la communauté scien-
tifique, à savoir les changements profonds que connaît l’océan et qui 
menacent l’ensemble de la vie sur terre.

Ce Policy Brief expose l’importance des évolutions observées dans 
l’océan. Il est fondé sur un article paru dans la revue Science1 qui 
fournit une synthèse des impacts récents et futurs du changement 
climatique sur les océans et leurs écosystèmes, mais aussi sur les biens 
et les services fournis à l’homme. Deux scénarios contrastés d’émis-
sions de CO2 sont étudiés : un scénario de poursuite des tendances 
actuelles, dit business-as-usual ou RCP8.5 ; et un scénario de réduc-
tion drastique de ces émissions ou RCP2.6, qui permettrait d’atteindre 
l’objectif de l’accord de Copenhague2 de contenir le réchauffement 
climatique mondial à +2 °C d’ici 2100.

1. Gattuso J.-P. et al. (2015). Contrasting Futures for Ocean and Society from 
Different Anthropogenic CO2 Emissions Scenarios. Science, 349 (6243).

2. Convention-cadre des Nations unies sur les changements climatiques (2009), 
Accord de Copenhague, Décision 2/CP.15, Genève.
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Ocean Solutions to Address Climate
Change and Its Effects on Marine
Ecosystems
Jean-Pierre Gattuso1,2,3* , Alexandre K. Magnan2,4, Laurent Bopp5,6,
William W. L. Cheung7, Carlos M. Duarte8,9, Jochen Hinkel10,11, Elizabeth Mcleod12,
Fiorenza Micheli13, Andreas Oschlies14, Phillip Williamson15,16, Raphaël Billé17,
Vasiliki I. Chalastani1,6, Ruth D. Gates18, Jean-Olivier Irisson1, Jack J. Middelburg19,
Hans-Otto Pörtner20 and Greg H. Rau21

1 Sorbonne Université, CNRS, Laboratoire d’Océanographie de Villefranche, Villefranche-sur-Mer, France, 2 Institute
for Sustainable Development and International Relations, Sciences Po, Paris, France, 3 Monegasque Association on Ocean
Acidification, Prince Albert II of Monaco Foundation, Monaco, Monaco, 4 UMR LIENSs 7266, Université de La Rochelle –
Centre National de la Recherche Scientifique, La Rochelle, France, 5 CNRS/ENS/UPMC/École Polytechnique, Laboratoire
de Météorologie Dynamique, Institut Pierre-Simon Laplace, Paris, France, 6 Département de Géosciences, École Normale
Supérieure, Paris, France, 7 Nippon Foundation – UBC Nereus Program and Changing Ocean Research Unit, Institute
for the Oceans and Fisheries, The University of British Columbia, Vancouver, BC, Canada, 8 King Abdullah University
of Science and Technology, Red Sea Research Center, Thuwal, Saudi Arabia, 9 Arctic Research Centre, Department
of Bioscience, Aarhus University, Aarhus, Denmark, 10 Adaptation and Social Learning, Global Climate Forum e.V., Berlin,
Germany, 11 Division of Resource Economics, Albrecht Daniel Thaer-Institute and Berlin Workshop in Institutional Analysis
of Social-Ecological Systems (WINS), Humboldt University of Berlin, Berlin, Germany, 12 The Nature Conservancy, Austin, TX,
United States, 13 Center for Ocean Solutions, Hopkins Marine Station, Stanford University, Stanford, CA, United States,
14 GEOMAR – Helmholtz Centre for Ocean Research Kiel, Kiel, Germany, 15 Natural Environment Research Council, Swindon,
United Kingdom, 16 School of Environmental Sciences, University of East Anglia, Norwich, United Kingdom, 17 The Pacific
Community (SPC), Noumea, New Caledonia, 18 Hawaii Institute of Marine Biology, University of Hawaii at Mânoa, Honolulu,
HI, United States, 19 Department of Earth Sciences, Utrecht University, Utrecht, Netherlands, 20 Alfred Wegener Institute
for Polar and Marine Research, Bremerhaven, Germany, 21 Institute of Marine Sciences, University of California, Santa Cruz,
Santa Cruz, CA, United States

The Paris Agreement target of limiting global surface warming to 1.5–2�C compared
to pre-industrial levels by 2100 will still heavily impact the ocean. While ambitious
mitigation and adaptation are both needed, the ocean provides major opportunities
for action to reduce climate change globally and its impacts on vital ecosystems and
ecosystem services. A comprehensive and systematic assessment of 13 global- and
local-scale, ocean-based measures was performed to help steer the development
and implementation of technologies and actions toward a sustainable outcome. We
show that (1) all measures have tradeoffs and multiple criteria must be used for
a comprehensive assessment of their potential, (2) greatest benefit is derived by
combining global and local solutions, some of which could be implemented or scaled-up
immediately, (3) some measures are too uncertain to be recommended yet, (4) political
consistency must be achieved through effective cross-scale governance mechanisms,
(5) scientific effort must focus on effectiveness, co-benefits, disbenefits, and costs of
poorly tested as well as new and emerging measures.

Keywords: climate change, ocean acidification, ocean solutions, global, local, governance
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Un large panel de mesures fondées sur 
l’océan existe pour limiter le changement cli-
matique et ses impacts sur les écosystèmes 
marins. Cela suggère que la communauté 
des océans, des institutions internationales 
au secteur privé, peut jouer un rôle impor-
tant à l’échelle globale en matière d’adapta-
tion comme d’atténuation.

Au-delà d’opportunités, chaque mesure pré-
sente des limites. Si plusieurs mesures offrent 
un potentiel élevé pour résoudre le pro-
blème à l’échelle mondiale, elles présentent 
trop d’incertitudes et/ou de risques d’effets 
collatéraux négatifs pour que l’on recom-
mande leur déploiement à grande échelle. 
En revanche, la plupart des mesures locales 
apparaissent « sans regret », mais elles ne 
répondent pas au défi à l’échelle planétaire.

Appréhender la pertinence de chacune des 
mesures impose de considérer en même 
temps plusieurs critères, notamment son 
efficacité potentielle, sa faisabilité, ses 
co-bénéfices, ses inconvénients, son rapport 
coût-efficacité et sa gouvernabilité.

La « solution » réside dans l’association 
de mesures globales et locales, certaines 
d’entre elles pouvant être déployées à 
grande échelle dès à présent. Cela en appelle 
toutefois à une coopération internationale 
encadrée.

Résumé vidéo : http://bit.ly/2QcUetB.

Le rôle potentiel  
de l’océan dans 
l’action climatique
A.K. Magnan, R. Billé, L. Bopp, V.I. Chalastani, W.W.L. Cheung, C.M. Duarte,  
R.D. Gates, J. Hinkel, J.-O. Irisson, E. Mcleod, F. Micheli, J.J. Middelburg,  
A. Oschlies, H.-O. Pörtner, G.H. Rau, P. Williamson, J.-P. Gattuso

Face à l’insuffisance des efforts mondiaux d’atténuation des émissions de gaz à effet de 
serre (GES) pour maintenir le réchauffement global « bien en-dessous de 2 °C » (en 2100, 
par rapport à la période préindustrielle) et ainsi favoriser l’atteinte des objectifs de déve-
loppement durable des Nations unies, il est critique, aujourd’hui, de relever l’ambition 
politique tant en matière d’atténuation que d’adaptation des écosystèmes et des sociétés. 
Dans cette perspective, ce Document de propositions pose la question des opportunités 
offertes par l’océan pour soutenir l’action climatique internationale. L’océan joue un 
rôle déterminant dans la minimisation du changement climatique d’origine anthropique 
(en termes d’absorption de la chaleur atmosphérique et du CO2), mais au prix de réper-
cussions importantes sur son fonctionnement chimique et physique : réchauffement, 
acidification, désoxygénation et élévation du niveau de la mer. Cela a bien entendu des 
implications, déjà détectables, sur les écosystèmes et les services écosystémiques. 
À la fois victime et acteur, quel est le potentiel de l’océan et de ses écosystèmes pour 
limiter les causes du changement climatique et ses conséquences ? Ce Document de 
propositions résume les principales conclusions de l’Ocean Solutions Initiative1, qui a 
évalué le potentiel de 13 mesures fondées sur l’océan.

1 Document en libre accès (avec affiliations des auteurs) : Gattuso, J.-P. et al. (2018). Ocean solutions to address climate change and its 
effects on marine ecosystems. Frontiers in Marine Science, http://bit.ly/2MVx4pm
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Contrasting futures for ocean and
society from different anthropogenic
CO2 emissions scenarios
J.-P. Gattuso,1,2,3* A. Magnan,3 R. Billé,4 W. W. L. Cheung,5 E. L. Howes,6 F. Joos,7

D. Allemand,8,9 L. Bopp,10 S. R. Cooley,11 C. M. Eakin,12 O. Hoegh-Guldberg,13

R. P. Kelly,14 H.-O. Pörtner,6 A. D. Rogers,15 J. M. Baxter,16 D. Laffoley,17 D. Osborn,18

A. Rankovic,3,19 J. Rochette,3 U. R. Sumaila,20 S. Treyer,3 C. Turley21

The ocean moderates anthropogenic climate change at the cost of profound alterations of
its physics, chemistry, ecology, and services. Here, we evaluate and compare the risks of
impacts on marine and coastal ecosystems—and the goods and services they provide—for
growing cumulative carbon emissions under two contrasting emissions scenarios. The
current emissions trajectory would rapidly and significantly alter many ecosystems and the
associated services on which humans heavily depend. A reduced emissions scenario—
consistent with the Copenhagen Accord’s goal of a global temperature increase of less
than 2°C—is much more favorable to the ocean but still substantially alters important
marine ecosystems and associated goods and services. The management options to
address ocean impacts narrow as the ocean warms and acidifies. Consequently, any new
climate regime that fails to minimize ocean impacts would be incomplete and inadequate.

A
tmospheric carbon dioxide (CO2) has in-
creased from 278 to 400 parts per million
(ppm) over the industrial period and, to-
gether with the increase of other green-
house gases, has driven a series of major

environmental changes. The global ocean (includ-
ing enclosed seas) acts as a climate integrator
that (i) absorbed 93% of Earth’s additional heat
since the 1970s, offsetting much atmospheric
warming but increasing ocean temperature and
sea level; (ii) captured 28% of anthropogenic CO2

emissions since 1750, leading to ocean acidifica-
tion; and (iii) accumulated nearly all water result-
ing from melting glaciers and ice sheets, hence
furthering the rise in sea level. Thus, the ocean
moderates anthropogenic climate change at the
cost of major changes in its fundamental chem-
istry and physics. These changes in ocean prop-
erties profoundly affect species’ biogeography
and phenology, as well as ecosystem dynamics
and biogeochemical cycling (1–3). Such changes
inevitably affect the ecosystem services on which
humans depend. The ocean representsmore than
90% of Earth’s habitable space, hosts 25% of
eukaryotic species (4), provides 11% of global
animal protein consumed by humans (5), pro-
tects coastlines, and more. Simply put, the ocean
plays a particularly important role in the live-
lihood and food security of hundreds of millions
of people.
The United Nations Framework Convention

on Climate Change (UNFCCC) aims to stabilize
atmospheric greenhouse gas concentrations “at a
level thatwould prevent dangerous anthropogenic
interference with the climate system ... within a
time-frame sufficient to allow ecosystems to adapt

naturally to climate change, to ensure that food
production is not threatened, and to enable eco-
nomic development to proceed in a sustainable
manner” (6). According to the Copenhagen Ac-
cord (7), meeting these goals requires that the
increase in average global surface temperature
be less than 2°C over the preindustrial average.
However, despite the ocean’s critical role in global
ecosystem goods and services, international cli-
matenegotiationshave onlyminimally considered
ocean impacts, especially those related to ocean
acidification (8). Accordingly, highlighting ocean-
related issues is now crucial, given that even
achieving the +2°C target (set on global tem-
perature)wouldnot preventmany climate-related
impacts upon the ocean (9).
This paper first summarizes the key findings

of the Fifth Assessment Report (AR5) of the In-
tergovernmental Panel on Climate Change (IPCC)
and, given the ongoing acceleration of climate
change research, adds newer literature to assess
the impacts of global change—including ocean
warming, acidification, deoxygenation, and sea
level rise—linking ocean physics and chemistry
to biological processes, ecosystem functions, and
human activities. Second, it builds on scenarios
based on the range of cumulative fossil carbon
emissions and the IPCC Representative Concen-
tration Pathways (RCP) RCP2.6 and RCP8.5, con-
trasting two potential futures. RCP2.6 reflects the
UNFCCC target of global temperature staying
below +2°C, whereas RCP8.5 reflects the current
trajectory of business-as-usual CO2 emissions.
Third, this paper provides a broad discussion of
the options society has for addressing ocean im-
pacts and ends with key messages that provide

further compelling arguments for ambitious CO2

emissions reduction pathways.

Changes in ocean physics and chemistry

Ocean changes resulting from anthropogenic
emissions include long-term increase in temper-
ature down to at least 700 m, increased sea level,
and a decrease in Arctic summer sea ice (Fig. 1 and
Table 1) (10). Other radiatively active agents—such
as ozone, methane, nitrous oxide, and aerosols—
do not affect the ocean asmuch as CO2. Setting it
apart, CO2 accounts for two or more times the
warming attributed to the non-CO2 greenhouse
gases by 2100 (11) and causes ocean acidification.
The uptake of excess anthropogenic CO2 by the
ocean increases the partial pressure of carbon
dioxide (PCO2) and dissolved inorganic carbon
while decreasing pH and the saturation state of
seawater with respect to the calcium carbonate
minerals aragonite and calcite, both being crit-
ical drivers of solubility of shells and skeletons
(12). Rising global CO2 also further exacerbates the
nearshore biogeochemical changes associatedwith
land use change, nutrient inputs, aquaculture,
and fishing (13).
Both the magnitude and rate of the anthropo-

genic carbon perturbation exceed the extent of
natural variation over the last millennium and
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