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Value of ocean services: US$ 24 tn
Annual Gross Marine Product: US$ 2.5 tn

7th economy of the world
(Hoegh-Guldberg, 2015)
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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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COMMENTARY:

Implications of the Paris 
agreement for the ocean
Alexandre K. Magnan, Michel Colombier, Raphaël Billé, Fortunat Joos, Ove Hoegh-Guldberg, 
Hans-Otto Pörtner, Henri Waisman, Thomas Spencer and Jean-Pierre Gattuso

In the aftermath of COP21, potential post-2030 emission trajectories and their consistency with the 
2 °C target are a core concern for the ocean scientific community in light of the end-century risks of 
impact scenarios.

On the road to the Twenty-first 
Conference of the Parties (COP21) 
and to the United Nations 

Framework Convention on Climate Change 
(UNFCCC), ocean scientists assessed 
the risks of the impact arising from past 
and future cumulative carbon emissions. 
Results suggested that several key marine 
and coastal ecosystems will face high risks 
of impact well before 2100, even under 
the most stringent IPCC Representative 
Concentration Pathway (RCP2.6)1–6. In 
parallel, small island developing states 
(SIDS), by nature ‘ocean countries’, have 
argued for several years that a temperature 
increase of 1.5 °C above pre-industrial 
levels, rather than 2 °C, should be the 
UNFCCC target. During COP21, together 
with the European Union, SIDS initiated the 
‘coalition of high ambition’, which gathered 
more than 100 nations from the least 
developed countries to highly developed 
ones7, giving more weight to their historical 
pledge. Such ocean-driven scientific 
arguments and political efforts contributed 
to push the Paris climate talks towards 
an ambitious outcome, and the Paris 
Agreement8 eventually established the goal 
of holding the global mean atmospheric 
temperature rise by the end of this century 
to well below 2 °C, if not 1.5 °C, above 
pre-industrial levels. The implementation 
of such an ambitious target is now a key 
concern for the ocean scientific community. 
This concern is reinforced by recent studies 
suggesting that end-century climate-related 
changes in the ocean will be more dramatic 
than previously reported in the Fifth 
Assessment Report of the IPCC (sea-level 
rise9, for example).

As part of the COP21 process, 
185 countries representing 94% of current 

global greenhouse gas (GHG) emissions and 
97% of the world population have submitted 
their emissions pledges under intended 
nationally determined contributions 
(INDCs), mostly with a 2030 time horizon. 
Some organizations have projected the 
increase in temperature by 2100 from 
an aggregation of these INDCs (see the 
Supplementary Information). As illustrative 
examples, the Climate Action Tracker 
(CAT10) and Climate Interactive (CI; 
https://www.climateinteractive.org/tools/
scoreboard. See also http://go.nature.com/
X8QgvM), using different assumptions 
about post-2030 emissions, estimated a 
median global temperature increase by 
2100 of 2.7 °C and 3.5 °C, respectively, 
with a range of uncertainty of 2.2–3.4 °C 
for CAT and 2.0–4.6 °C for CI. These 
different estimates and large uncertainties 
illustrate the challenge of extrapolating 
2030 trajectories to subsequent decades. 
COP21 established a legally binding 
and universal agreement promoting 
transparency and the implementation of 
UNFCCC Parties’ commitments as well as 
anchoring a new round of climate pledges. 
However, challenging questions remain 
regarding the 2030–2100 global emissions 
trajectory11 because INDCs do not 
provide explicit information on long-term 
mitigation pathways. As a result, whether 
the implementation of the Paris Agreement 
may allow a trajectory compatible with 
a target "well below" 2 °C remains highly 
uncertain. Such information is imperative 
for the ocean scientific community to refine 
its projected century-scale risks of impact 
scenarios and to answer a fundamental 
question: are we on track to prevent 
dangerous anthropogenic interference with 
the ocean system?

Here we briefly review the aggregated 
risks of impact to the ocean for selected 
temperature thresholds, including the below 
2 °C target and pathways derived from 
countries' INDCs, and draw conclusions on 
the need for the ocean scientific community 
and climate talks to inform each other.

Risks of impact for the ocean
The CAT and CI mean estimates provide 
a positive signal as they suggest a major 
deviation from the IPCC business-as-usual 
scenario (RCP8.5). However, this deviation 
is theoretical, as INDCs only describe 
countries’ intentions. Whether the world 
will really avoid the RCP8.5 trajectory (or 
reach RCP2.6) will depend on the twenty-
first century mitigation storyline — that is, 
on both the level of implementation of the 
INDCs and subsequent mitigation efforts. 
This raises concerns because contrasting 
outcomes of the combined effects of ocean 
changes (that is, warming, acidification, 
deoxygenation and sea-level rise) on marine 
and coastal organisms, ecosystems and 
ecosystem services emerge from the wide 
range of pathways derived from RCPs and 
aggregated INDCs1–5.

The point of departure is that the impacts 
of climate change on the ocean are already 
detectable, with reef-building corals12 and 
mid-latitude bivalves at risk, as well as 
some ecosystem services such as coastal 
protection, recreational services from coral 
reefs and low- to high-latitude fin fisheries 
being at stake1,2. Recently published3 impact 
scenarios by 2100 for two contrasting GHG 
emission trajectories, that is, RCP8.5 and 
RCP2.6, show that the present-day level 
of impacts on a set of key organisms and 
ecosystem services is expected to multiply 
by 1.4 and 2.7, respectively (Fig. 1 and 
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Taking into account the full scenario range, 
global net negative emissions would need to 
set in around 2070 for the most challenging 
scenarios and progressively later for higher-
temperature stabilization levels.

IAMs6 and Earth system models (ESMs2) 
provide different but complementary 
approaches for quantifying negative 
emissions requirements. ESMs simulate 
the compatible net CO2 emissions based on 
mass balance between atmospheric changes 
in CO2 and land and ocean carbon sinks. A 
model intercomparison of ten ESMs found 
that two-thirds of the models required net 
negative emissions in the second half of the 
century9, but the ESMs make no assumption 
on how this is technically achieved. For 
IAMs, negative emissions are an outcome of 
an economic optimization driven by a choice 
between reducing emissions and BECCS 
(gross negative emissions). Both approaches 
model the link between CO2 emissions, 
atmospheric concentrations and subsequent 
climate change. Importantly, some of the 
non-CO2 emissions (for example, CH4 and 
N2O from agriculture) will be very difficult 
to mitigate completely, as will some CO2 
emissions from industry and transportation 
below which mitigation will be economically 
and technically very difficult10. Therefore, 
to reach long-term climate stabilization 
under the 2 °C limit, there is likely to be 
a requirement for gross negative CO2 

emissions (that is, at the project level) and 
likely also for net negative emissions (that is, 
the global net balance). 

The challenges ahead
The deployment of large-scale 
bioenergy faces biophysical, technical 
and social challenges11, and CCS is yet 
to be implemented widely. Four major 
uncertainties need to be resolved: (1) the 
physical constraints on BECCS, including 
sustainability of large-scale deployment 
relative to other land and biomass needs, 
such as food security and biodiversity 
conservation, and the presence of safe, long-
term storage capacity for carbon; (2) the 
response of natural land and ocean carbon 
sinks to negative emissions; (3) the costs 
and financing of an untested technology; 
and (4) socio-institutional barriers, such as 
public acceptance of new technologies and 
the related deployment policies. In the IAM 
scenarios in AR56 that are consistent with 
warming of less than 2 °C, the requirement 
for BECCS ranges between 2 and 10 Gt CO2 
annually in 2050, corresponding to 
5–25% of 2010 CO2 emissions and 4–22% 
of baseline 2050 CO2 emissions. Huge 
upscaling efforts will be needed to reach 
this level. In comparison, the current global 
mean removal of CO2 by the ocean and 
terrestrial carbon sinks is 9.2 ± 1.8 Gt CO2 
and 10.3 ± 2.9 Gt CO2, respectively5,12. 

Concerning the capture and storage portion 
of the BECCS chain, the International Energy 
Agency’s CCS roadmap clearly illustrates 
that huge efforts would be needed to achieve 
the scale of CCS (both fossil fuel emissions 
CCS and BECCS) foreseen in current 
stabilization scenarios, as publicly supported 
demonstration programs are still struggling 
to deliver actual large-scale projects13.

It is difficult to estimate the actual costs 
of BECCS, as it is partially in competition 
for resources (land, biomass and storage 
capacity, and cost of CCS) used in other 
mitigation options and for objectives beyond 
climate stabilization. However, while negative 
emissions might seem more expensive than 
established mitigation options, including 
fossil fuel emissions CCS, the mitigation 
pathways to 2100 excluding negative 
emissions technologies are all substantially 
more expensive than the pathways including 
those technologies6,14,15.

Policymakers will need a much more 
complete picture of negative emissions 
than what is currently at hand. Issues of 
governance and behavioural transformations 
need to be better understood. The reliance 
of current scenarios on negative emissions, 
despite very limited knowledge, calls for 
a major new transdisciplinary research 
agenda to (1) examine consistent narratives 
for the potential of implementing and 
managing negative emissions, (2) estimate 

Figure 1 | Carbon dioxide emission pathways until 2100 and the extent of net negative emissions and bioenergy with carbon capture and storage (BECCS) 
in 2100. a, Historical emissions from fossil fuel combustion and industry (black) are primarily from the Carbon Dioxide Information Analysis Center4,6. They 
are compared with the IPCC fifth assessment report (AR5) Working Group 3 emissions scenarios (pale colours) and to the four representative concentration 
pathways (RCPs) used to project climate change in the IPCC Working Group 1 contribution to AR5 (dark colours). b, The emission scenarios have been grouped 
into five climate categories5 measured in ppm CO2 equivalent (CO2eq) in 2100 from all components and linked to the most relevant RCP. The temperature 
increase (right of panel a) refers to the warming in the late twenty-first century (2081–2100 average) relative to the 1850–1900 average24. Only scenarios 
assigned to climate categories are shown (1,089 of 1,184). Most scenarios that keep climate warming below 2 °C above pre-industrial levels use BECCS and 
many require net negative emissions (that is, BECCS exceeding fossil fuel emissions) in 2100. Data sources: IPCC AR5 database, Global Carbon Project and 
Carbon Dioxide Information Analysis Center.
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• Thresholds: +1.5 °C and -0.2 pH 
units relative to preindustrial

• RCP8.5: 69% of the ocean surface 
will exceed both thresholds

• RCP2.6: < 1%
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Risks of impact on marine and coastal organisms and 
ecosystem services

Gattuso et al. (2015)
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4 key messages at COP21
1.  Ocean strongly influences the climate 

system and important provider of key 
services

2.  Impacts already detectable, high risk 
of impacts well before 2100, even 
with a low emission scenario

3.  Immediate and substantial reduction 
of CO2 emissions to prevent massive 
and mostly irreversible impacts 

4.  As CO2 increases, the protection, 
adaptation, and repair options 
become fewer and less effective



Ocean: actor and victim of climate change
M
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Paris Agreement

“Holding the increase in the global average 
temperature to well below 2 °C above pre-industrial 
levels and to pursue efforts to limit the temperature 
increase to 1.5 °C above pre-industrial levels…”



Paris Agreement

1.5 °C mostly based on 
ocean matters



Very challenging objective
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The remaining carbon quota for 66% chance <2°C 



The remaining carbon quota for 66% chance <2°C 

Grey: Total quota for 2°C. Green: Removed from quota. Blue: remaining quota.
With projected 2015 emissions, this remaining quota drops to 865 Gt CO2

Source: Peters et al 2015; Global Carbon Budget 2015 
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The remaining carbon quota for 66% chance <2°C 

Grey: Total quota for 2°C. Green: Removed from quota. Blue: remaining quota.
With projected 2015 emissions, this remaining quota drops to 865 Gt CO2

Source: Peters et al 2015; Global Carbon Budget 2015 
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The remaining carbon quota for 66% chance <2°C 

Grey: Total quota for 2°C. Green: Removed from quota. Blue: remaining quota.
With projected 2015 emissions, this remaining quota drops to 865 Gt CO2

Source: Peters et al 2015; Global Carbon Budget 2015 

Remaining



The remaining carbon quota for 66% chance <2°C 

The total remaining emissions from 2014 to keep global 
average temperature below 2°C (900 Gt CO2) will be 
used in around 20 years at current emission rates

Grey: Total quota for 2°C. Green: Removed from quota. Blue: remaining quota.
With projected 2015 emissions, this remaining quota drops to 865 Gt CO2

Source: Peters et al 2015; Global Carbon Budget 2015 
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On the road to COP21: INDCs
The C

arbon Brief

INDC: Intended Nationally Determined Contributions



Temperature rise with current INDCs



Rachet mechanism



Rachet mechanism

High quality science needed to 
inform negotiators



How much fossil fuel must stay underground?

To have a 66% chance to remain below 2°C



How much fossil fuel must stay underground?

To have a 66% chance to remain below 2°C

52%
of natural 
gas 
reserves

35%
of oil 
reserves

88%
of coal 
reserves

Redrawn from Carbon Brief (data from McGlade & Ekins, 2015)
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Supplementary Table 2). This confirms 
the conclusions from other recent studies, 
demonstrating that even RCP2.6 would 
considerably increase the impacts on the 
ocean compared with today1–3,13.

We illustrate the risks of impact that 
can be expected from the Paris Agreement 
pledges with the 2.7 °C (CAT) to 3.5 °C 
(CI) projections. As shown in Table 1, sea 
surface temperature in a 3.5 °C and a 2.7 °C 
world at the end of this century rises by 
2.6 °C and 2.0 °C relative to 1870–1899, 
respectively, compared with 3.2 °C for 
RCP8.5 and 1.1 °C for RCP2.6. Surface 
ocean pH, which describes seawater acidity, 
decreases by 0.34 and 0.26 units relative to 
1870–1899 in the 3.5 °C and 2.7 °C scenarios 
compared with a decrease of 0.41 units 
for RCP8.5 and 0.15 units for RCP2.6. 
Such changes in the ocean’s basic physical 

and chemical parameters14 significantly 
aggravate the RCP2.6-related risks of impact 
for almost all of the organisms and services 
considered in Fig. 1. From RCP2.6 to 
the 2.7 °C estimate the risk moves from 
undetectable to moderate for mangroves; 
from moderate to high for mid-latitude 
seagrass, coastal protection, recreational 
services from coral reefs, mid-latitude 
bivalve fisheries and aquaculture; and from 
high to very high for warm-water corals 
and mid-latitude bivalves. This yields an 
increase in the aggregated present-day risk 
of impact by factors of 2.5 and 2.2 in the 
3.5 °C and 2.7 °C scenarios, respectively 
(Supplementary Table 2).

Even the most optimistic assessment 
derived from the aggregated INDCs — 
that is, 2.7 °C by 2100 — profoundly and 
negatively affects the ocean and the services 

it provides to the world population. The 
well-below 2 °C (political) target, which 
includes “efforts to limit the temperature 
increase to 1.5 °C”8, must therefore be 
considered as an upper limit beyond which 
severe, pervasive and partially irreversible 
impacts develop15. Staying on track to 
a well-below 2°C transition is thus of 
key importance for the world ocean and 
society, and this depends on two pre-2030 
requirements regarding the mitigation of 
global GHG emissions. As shown in the 
following sections, it is necessary to first raise 
the 2030 ambition embedded in the Paris 
Agreement, and second avoid introducing 
path dependency effects that will constrain 
further efforts post-2030. We argue that 
the ocean scientific community could both 
contribute to and benefit from these pre-
2030 requirements, in a very iterative way.
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Figure 1 | Contrasting risks of impact for the ocean and society in 2100 from different GHG emission pathways. The expected changes in the impacts on key 
marine and coastal organisms and ecosystem services by 2100 are shown, according to low (RCP2.6) and business-as-usual (RCP8.5) GHG emissions scenarios 
and to estimates derived from the aggregation of the 2015 INDCs by CI and the CAT (3.5 °C and 2.7 °C respectively, see the Supplementary Information). The 
figure also considers the impacts for the present day. Confidence levels in the level of the impacts per organism or service for the present day, RCP2.6 and 
RCP8.5 scenarios are from the IPCC1,2 and ref. 3. Compared with the present day, the aggregated risks of impact in 2100 will probably be 1.4-, 2.2-, 2.5- and 
2.7-fold higher under RCP2.6, CAT, CI and RCP8.5 scenarios, respectively. The Supplementary Information provides details of the methodology.
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Supplementary Table 2). This confirms 
the conclusions from other recent studies, 
demonstrating that even RCP2.6 would 
considerably increase the impacts on the 
ocean compared with today1–3,13.

We illustrate the risks of impact that 
can be expected from the Paris Agreement 
pledges with the 2.7 °C (CAT) to 3.5 °C 
(CI) projections. As shown in Table 1, sea 
surface temperature in a 3.5 °C and a 2.7 °C 
world at the end of this century rises by 
2.6 °C and 2.0 °C relative to 1870–1899, 
respectively, compared with 3.2 °C for 
RCP8.5 and 1.1 °C for RCP2.6. Surface 
ocean pH, which describes seawater acidity, 
decreases by 0.34 and 0.26 units relative to 
1870–1899 in the 3.5 °C and 2.7 °C scenarios 
compared with a decrease of 0.41 units 
for RCP8.5 and 0.15 units for RCP2.6. 
Such changes in the ocean’s basic physical 

and chemical parameters14 significantly 
aggravate the RCP2.6-related risks of impact 
for almost all of the organisms and services 
considered in Fig. 1. From RCP2.6 to 
the 2.7 °C estimate the risk moves from 
undetectable to moderate for mangroves; 
from moderate to high for mid-latitude 
seagrass, coastal protection, recreational 
services from coral reefs, mid-latitude 
bivalve fisheries and aquaculture; and from 
high to very high for warm-water corals 
and mid-latitude bivalves. This yields an 
increase in the aggregated present-day risk 
of impact by factors of 2.5 and 2.2 in the 
3.5 °C and 2.7 °C scenarios, respectively 
(Supplementary Table 2).

Even the most optimistic assessment 
derived from the aggregated INDCs — 
that is, 2.7 °C by 2100 — profoundly and 
negatively affects the ocean and the services 

it provides to the world population. The 
well-below 2 °C (political) target, which 
includes “efforts to limit the temperature 
increase to 1.5 °C”8, must therefore be 
considered as an upper limit beyond which 
severe, pervasive and partially irreversible 
impacts develop15. Staying on track to 
a well-below 2°C transition is thus of 
key importance for the world ocean and 
society, and this depends on two pre-2030 
requirements regarding the mitigation of 
global GHG emissions. As shown in the 
following sections, it is necessary to first raise 
the 2030 ambition embedded in the Paris 
Agreement, and second avoid introducing 
path dependency effects that will constrain 
further efforts post-2030. We argue that 
the ocean scientific community could both 
contribute to and benefit from these pre-
2030 requirements, in a very iterative way.
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Figure 1 | Contrasting risks of impact for the ocean and society in 2100 from different GHG emission pathways. The expected changes in the impacts on key 
marine and coastal organisms and ecosystem services by 2100 are shown, according to low (RCP2.6) and business-as-usual (RCP8.5) GHG emissions scenarios 
and to estimates derived from the aggregation of the 2015 INDCs by CI and the CAT (3.5 °C and 2.7 °C respectively, see the Supplementary Information). The 
figure also considers the impacts for the present day. Confidence levels in the level of the impacts per organism or service for the present day, RCP2.6 and 
RCP8.5 scenarios are from the IPCC1,2 and ref. 3. Compared with the present day, the aggregated risks of impact in 2100 will probably be 1.4-, 2.2-, 2.5- and 
2.7-fold higher under RCP2.6, CAT, CI and RCP8.5 scenarios, respectively. The Supplementary Information provides details of the methodology.
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• This presentation: https://db.tt/VKfZ1hUw
• More information on products of The 

Oceans 2015 Initiative: http://bit.ly/
1M6YiS6 

https://db.tt/VKfZ1hUw
http://bit.ly/1M6YiS6

