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Fig. 5. Change in stressor intensity (defined as the change in the magnitude of the considered variable) in 2090–2099 relative to 1990–1999
under RCP8.5. Multi-model mean of (a) sea surface warming ( �C), (b) surface pH change (pH unit), (c) subsurface dissolved O2 con-
centration change (averaged between 200 and 600m,mmolm�3), and (d) vertically integrated NPP (gCm�2 yr�1). Stippling marks high
robustness. Robustness is estimated from inter-model standard deviation for SST and pH, from agreement on sign of changes for O2 and
NPP. Dark red color shading is used to mark the change in stressor that is detrimental for the marine environment.

amplifies the decrease of surface pH due to the uptake of an-
thropogenic carbon, consistent with Steinacher et al. (2009).
Changes in subsurface (200–600m) O2 are not spatially

uniform, and there is less agreement among models. But
despite a strong difference in magnitude, the complex pat-
terns of spatial changes are very similar across the two sce-
narios and reflect the influence of changes in several pro-
cesses (ventilation, vertical mixing, remineralization) on O2
levels (Figs. 5 and 6). The North Pacific, the North At-
lantic, the Southern Ocean, the subtropical South Pacific and
South Indian oceans all undergo deoxygenation, with O2 de-
creases of as much as �50mmolm�3 in the North Pacific
for the RCP8.5 scenario. In contrast, the tropical Atlantic
and the tropical Indian show increasing O2 concentrations
in response to climate change, in both RCP8.5 and RCP2.6
scenarios. The equatorial Pacific displays a weak east–west
dipole, with increasing O2 in the east and decreasing O2 in
the west. Apart from changes in the equatorial Pacific, these
regional changes in subsurface O2 are consistent across mod-
els under the RCP8.5 scenario (stippling in Fig. 5), and they
are quite similar to those from a recent inter-model com-

parison of the previous generation of Earth system models
(Cocco et al., 2013).
Over the mid-latitudes, patterns of projected changes in

subsurface O2 are broadly consistent with observations col-
lected over the past several decades (Helm et al., 2011; Sten-
dardo and Gruber, 2012; Takatani et al., 2012). Yet there is no
such model–data agreement over most of the tropical oceans.
Observed time series suggest a vertical expansion of the low-
oxygen zones in the eastern tropical Atlantic and the equato-
rial Pacific during the past 50 years (Stramma et al., 2008),
conversely with models that simulate increasing O2 levels
with global warming over the historical period (Andrews et
al., 2013). A more detailed analysis of the simulated evolu-
tion of volumes of low-oxygen waters is given in Sect. 3.2.4.
Similar to subsurface O2 and in line with previous mod-

eling studies (Bopp et al., 2001; Steinacher et al., 2010),
projected changes in NPP are spatially heterogeneous. A de-
crease in NPP is consistently simulated across models and
scenarios in the tropical Indian Ocean, in the west tropical
Pacific, in the tropical Atlantic and in the North Atlantic
(Figs. 5 and 6). This decrease reaches as much as �150 g
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Figure 3

Fig. 3. Model-mean time series of global sea surface warming
(�C), surface pH change (pH unit), ocean O2 content change (%),
and global NPP change (%) over 1870–2100 using historical sim-
ulations as well as all RCP simulations. Shading indicates one
inter-model standard deviation. All variables are plotted relative
to 1990–1999.

and some greenhouse gases concentrations other than CO2
may differ between models for the same scenario; Szopa et
al., 2012), and in (2) climate sensitivities (Knutti and Hegerl,
2008). For example, the SST warming for the RCP8.5 sce-
nario reaches+3.5 �C in three of the models (MPI-ESM-LR,
IPSL-CM5A-LR and IPSL-CM5A-MR) and only 2.25 �C in
two others (GFDL-ESMs) (Fig. 4). This has been explained
by the differences in climate sensitivity: IPSL-CMs andMPI-
ESM-LR have high 2⇥CO2 equilibrium climate sensitivi-
ties, whereas the GFDL-ESMs are on the low range of cli-
mate sensitivities as demonstrated by Andrews et al. (2012).
Sea surface pH decreases as a consequence of the ocean

taking up a significant fraction of anthropogenic carbon ac-
cumulated in the atmosphere. Even more than for SST, the
magnitude of pH decrease is entirely dictated by the sce-
nario (for a given atmospheric CO2 concentrations). In the
2090s, the drop in global-average surface pH compared to
1990s values amounts to �0.33 (±0.003), �0.22 (±0.002),
�0.15 (±0.001) and �0.07 (±0.001) pH unit, for RCP8.5,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3, Table 3).
The model-mean projection for RCP8.5 is slightly larger than
that by Orr et al. (2005) for the IS92a scenario, in which
atmospheric CO2 reaches 712 ppmv in 2100 as compared
to 935 ppm in RCP8.5. Projections of surface carbonate ion
concentrations, a better variable than pH to discuss poten-
tial impacts on calcification and calcifiers, are detailed in
Sect. 3.2.2.
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Fig. 4. Individual model time series of global sea surface warming
(�C), surface pH change (pH unit), ocean O2 content change (%),
and global NPP change (%) over 1870–2100 using historical simu-
lations as well as all RCP8.5 simulations.

In contrast to SST projections, the model spread for global
surface pH projections (estimated as the inter-model stan-
dard deviation) is very low (less than 0.003 pH unit). This
is explained by (1) the weak interannual variability in global
mean surface pH (Fig. 4), (2) a weak climate–pH feedback,
as demonstrated in Orr et al. (2005) for earlier Earth sys-
tem models, (3) the similar carbonate chemistry equations
and well-defined constants based on the OCMIP-2 protocol
used by most, if not all, models (Orr et al., 2000) and (4)
the uniqueness of the ocean acidification forcing (i.e., of the
atmospheric CO2 trajectory of each RCP scenarios; Moss
et al., 2010). Indeed, changes in surface ocean pCO2, and
hence corresponding changes in carbonate chemistry, closely
track changes in atmospheric CO2 because the equilibration
time for CO2 between the atmosphere and mixed layer is fast
enough in most areas (global average of⇠ 8 months) to allow
near equilibration.
All models lose O2 from the ocean in response to cli-

mate change under every RCP scenario (Fig. 3). The model-
mean reduction in global ocean oxygen content reaches
�3.45 (±0.44), �2.57 (±0.39), �2.37 (±0.30), and �1.81
(±0.31)% in the 2090s relative to the 1990s, for RCP8.5,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3 and Ta-
ble 3). For RCP8.5, this translates into a�9.03 (±1.15) Tmol
O2 or �6.13 (±0.78)mmolm�3 decrease in the 2090s rela-
tive to the 1990s, based on the reference global O2 inventory
fromWOA 2009. This long-term decline in O2 inventory is a
consistent trend simulated in many coupled climate–marine
biogeochemical models (e.g., Sarmiento et al., 1998). Our
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Uncertainties in marine biogeochemical 
predictions :

Ocean dynamic	

and/or 	

≠ ocean/atm coupled models

Ocean Biogeochemistry 	

≠ biogeochemical models

?	

Biogeochemical inter-model differences is a major driver of the uncertainties in 
biogeochemical projections (Laufkötter et al., 2015).	

	
What if we get rid of those inter-model differences ? 	

RaDonale	
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Same	ocean	and	biogeochemical	models	:	NEMO-PISCES	
only	≠	are	the	hybrid	forcing	sets	

Methodology	
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SpreadNPP=12%
vs. 11% * in 
coupled models.
*but most coupled 
models  predict  a 
decrease in NPP !

PO4	:	IPSL	Coupled	model	-	WOA	 PO4	:	IPSL	forced	model	-	WOA	

An	unexpected	result	



Conclusion	
•  Uncertainty in O2 in coupled models mainly due to the inter-model difference of the 

biogeochemical component 

•  Forced models with same ocean & biogeochemical component increase the 
robustness of the predictions 

	
PerspecDves	:	

•  New	sets	of	experiments	with	long	term	trends	&	trends	in	the	variability	

•  Role	of	nitrogen	fixaDon,	pO4	iniDal	concentraDon,	on	the	NPP	predicDons		


