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Monitoring is essential
Global Ocean Acidification Observing Network

Sauzède et al. Nutrients and Carbonate System from T/S/O2

FIGURE 3 | Comparison of the values retrieved by CANYON with the corresponding measurements in the GLODAPv2 database for: (a) NO3
−;

(b) PO4
3−; (c) Si(OH)4; (d) pHT; (e) AT; (f) CT; and (g) pCO2 with data ordered according to the pressure. The 1:1 line is shown in each plot as visual reference. The

statistics are defined in Section Statistical Evaluation of Method Performance.
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Sauzède et al. (2017, FMS)

Neural network using S, T, P, O2, lat, lon, time



Future scenarios
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opinion & comment

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.

1980 2000 2020 2040 2060 2080 2100 0 10 20 3 0 40 50 60
Year BECCS in 2100 (% of total primary energy)

>1,000 ppm CO2eq
(172 scenarios, RCP8.5)
720–1,000 ppm 
(148 scenarios, RCP6)
580–720 ppm 
(144 scenarios, RCP4.5)
480–580 ppm 
(509 scenarios, no equivalent RCP)
430–480 ppm 
(116 scenarios, RCP2.6)

2014 estimate

Historical
 emissions

100

80

60

40

20

0

–20

N
et

 C
O

2 e
m

iss
io

ns
 (G

t C
O

2 y
r–1

)

a

70

>1,000 ppm CO2eq
720–1,000 ppm 
580–720 ppm 
480–580 ppm 
430–480 ppm 

0 20 40 60 80

200

150

100

50

–50

0

100

80

60

40

20

0

–20

N
et

 C
O

2 e
m

iss
io

ns
 (G

t C
O

2 y
r–1

)

RCP8.5
3.2–5.4 °C
Relative to 
1850 – 1900

b

RCP6
2.0–3.7 °C

RCP4.5
1.7–3.2 °C

RCP2.6
0.9–2.3 °C

Area of main figure

Net-negative global emissions

© 2014 Macmillan Publishers Limited. All rights reserved

Fu
ss

 e
t a

l. 
(2

01
4)



What does it means for the ocean?

G
attuso et al. (2015)



What does it means for the ocean?

G
attuso et al. (2015)



What does it means for the ocean?

G
attuso et al. (2015)



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



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



Gap between reductions needed and NDCs is alarmingly high

UNEP (2017)
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5. A large gap exists between 2030 emission 
levels and those consistent with least-
cost pathways to the 2°C and 1.5°C goals 
respectively. The 2°C emissions gap for 
the full implementation of both the 
conditional and unconditional NDCs for 
2030 is 11 to 13.5 GtCO2e. The gap in  
the case of the 1.5°C target is 16 to  
19 GtCO2e.

The assesseĚ Őůoďaů scenarios shoǁ that iĨ ůeastͲcost 
traũectories are ĨoůůoǁeĚ͕ then emissions oĨ aůů Őreenhouse 
Őases shouůĚ not exceeĚ ϰ2 Gt�K2e in 20ϯ0͕ iĨ the 2Σ� tarŐet 
is to ďe aƩaineĚ ǁith hiŐher than ϲϲ percent chance͘ The 
ůeveů Ĩor 1͘ϱΣ� has in earůier reports ďeen reporteĚ ǁith 

hiŐher than ϱ0 percent proďaďiůity anĚ is aďout ϱ Gt�K2e 
ůoǁer than the centraů estimate Ĩor the 2Σ� pathǁays͘ Eeǁ 
stuĚies are͕ hoǁever͕  ďecominŐ avaiůaďůe that present ůeastͲ
cost pathǁays startinŐ Ĩrom 2020 that couůĚ return Őůoďaů 
ǁarminŐ to ďeůoǁ 1͘ϱΣ� ďy 2100 ǁith hiŐher than ϲϲ percent 
proďaďiůity͘ These stuĚies inĚicate a much ůoǁer reƋuireĚ 
ůeveů oĨ arounĚ 2ϰ Gt�K2e͕ ǁhich ǁouůĚ impůy a neeĚ Ĩor 
siŐniĮcantůy Ĩaster anĚ Ěeeper reĚuctions than previousůy 
anticipateĚ͘ The numďer oĨ puďůisheĚ stuĚies on this topic 
is consiĚereĚ too ůoǁ to aůůoǁ Ĩor incůusion in the Őap 
assessment ǁith a hiŐh ůeveů oĨ conĮĚence in 2017͕ ďut it is 
expecteĚ that Ĩurther anaůysis oĨ these 1͘ϱΣ� pathǁays ǁith 
hiŐher than ϲϲ percent proďaďiůity ǁiůů ďe incůuĚeĚ in the 
201ϴ report͘

Figure ES.2: Gůoďaů Őreenhouse Őas emissions unĚer Ěiīerent scenarios anĚ the emissions Őap in 20ϯ0 ;meĚian estimate anĚ 10th to ϵ0th 
percentiůe ranŐeͿ͘  
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Possible approaches

Renewable energy
Energy substitution

for fossil energy

Increase energy efficiency

Bioenergy with carbon
capture and storage

Crops are burnt in power plants to generate energy and
resulting CO2 is captured and stored

Biochar and soil carbon
Carbon , including from partly burnt biomass

added to soil

Afforestation and reforestation
Including blue carbon from marine and coastal

vegetation to enhance CO2 uptake and
avoid further emissions

Enhance open-ocean productivity
by adding nutrients and cultivating marine plants

Enhanced weathering and
alkalinization

Addition of natural or man-made
alkalinity to enhance CO2 removal

and/or carbon storage

Enhancing
societal
adaptation

Addressing
the causes
of climate
change

Cloud brightening
Adding cloud condensation nuclei

to the lower atmosphere to
enhance cloud brightness and longevity

Space-based methods
Using reflective particles and screens

Pollution reduction
Reduce pollution from all sources,

including land, rivers and black carbon

Supporting biological and
ecological adaptation

(including ecosystem-based management)

Biodiversity preservation
Protect habitats and ecosystems through spatial
measures including marine protected areas

Assisted evolution
Assisted evolution and
genetic modifications

Restoration and enhancement
of habitats, ecosystems and ecosystem
services; ecological engineering

Managing
solar

radiation

Relocate and diversify
economics activities
Relocate and diversify
economics activities

Relocate people
Coastal retreat and migration
Relocate people
Coastal retreat and migration

Change practices
and policies
Resource use, consumption
modes
urban planning, regulation...

Change practices
and policies
Resource use, consumption
modes
urban planning, regulation...

Community-based adaptation
Enhance local social capital, gender equity,
traditional knowledge...

Community-based adaptation
Enhance local social capital, gender equity,
traditional knowledge...

Surface albedo
enhancement
For example, by thickening sea ice or
producing long-lived ocean foam

Aerosol-based methods
Adding sulfate and other aerosols in the
stratosphere

Infrastructure-based adaptation
Building standards, hard defences...
Infrastructure-based adaptation
Building standards, hard defences...

Mitigation (increasing sinks of GHG)

Adaptation

Mitigation (reducing sources of GHG)

Sunlight reflection

Carbon capture and storage
Sequestration of CO2 underground on

land and under sea floor
Direct air capture and storage

Taking
action

G
attuso et al. (sbm

)



The Ocean Solutions Initiative

Gattuso et al. (sbm)



The Ocean Solutions Initiative
•Assess potential of ocean-based measures to:

•reduce changes in three major climate-related 
drivers  globally and/or locally

•reduce adverse impacts
•Expert assessment based on 8 criteria: 

•environmental effectiveness
•technological readiness
•lead time until full potential effectiveness
•duration of benefits
•co-benefits
•disbenefits
•cost effectiveness
•governability from an international perspective

Gattuso et al. (sbm)



Addressing the causes

Addressing
the causes of

climate
change

Hybrid methods
Hybrid land/ocean methods (e.g.
marine-biomass-fueled energy
with capture on land, marine

biochar, etc.)

Albedo enhancement
Increase surface ocean albedo by
producing long-lived ocean foam

Cloud brightening
Adding cloud condensation nuclei to

the lower atmosphere to enhance
cloud brightness and longevity

Renewable energy
Ocean energy substitution

of fossil energy

Restoring hydrology
Maintain and restore coastal hydrological regimes
including riverine delivery of water and sediments

Fertilization
Enhance open-ocean

productivity by adding nutrients

Alkalinization
Addition of natural or man-made

alkalinity to enhance CO2
removal and/or carbon storage

(global & local)

Manipulation
of biological
and ecological
adaptation

Protection
of biota and
ecosystems

Eliminating overexploitation
Eliminate overexploitation of living resources
and over-extraction of non-living resources

Protection
Protect marine habitats and ecosystems
through spatial measures including marine
protected areas

Assisted evolution
Assisted evolution and
genetic modifications

CO2

Relocation
and reef restoration
Restore and enhance
degraded habitats and
ecosystems, and create
new habitats

Pollution reduction
Reduce pollution from all sources,

including land and rivers

Solar radiation
management

Taking
action

Vegetation
Restoration and conservation of

coastal vegetation to enhance CO2
uptake and avoid further emissions

(global & local)
G
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Protection

Restoring hydrology
Maintain and restore coastal hydrological regimes
including riverine delivery of water and sediments

Protection
of biota and
ecosystems

Eliminating overexploitation
Eliminate overexploitation of living resources
and over-extraction of non-living resources

Protection
Protect marine habitats and ecosystems
through spatial measures including marine
protected areas

Pollution reduction
Reduce pollution from all sources,

including land and rivers
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Solar radiation management

Albedo enhancement
Increase surface ocean albedo by
producing long-lived ocean foam

Cloud brightening
Adding cloud condensation nuclei to
the lower atmosphere to enhance
cloud brightness and longevity

Solar radiation
management
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Manipulations

Manipulation
of biological
and ecological
adaptation

Assisted evolution
Assisted evolution and
genetic modifications

Relocation
and reef restoration
Restore and enhance
degraded habitats and
ecosystems, and create
new habitats
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Conclusion and key messages
• Climate change already affects marine and coastal ecosystems and their 

services

• Paris Agreement has the potential to avoid the unmanageable but one must 
manage the unavoidable

• Urgent need for ambitious global mitigation and local adaptation: ocean 
provides solutions for both

• Most global measures (except renewable energy) exhibit too many 
uncertainties to be recommended for large-scale deployment

• Local measures are no-regret options with huge co-benefits, can be 
scaled up immediately (although far less effective to address the global 
problem)

• Greatest benefit is derived from the combination of global and local 
solutions
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