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Abstract. Ocean ecosystems are increasingly stressed byng the effectiveness of extreme mitigation strategies. Al-
human-induced changes of their physical, chemical and bithough these stressors operate globally, they display dis-
ological environment. Among these changes, warming, acidiinct regional patterns and thus do not change coincidentally.
ification, deoxygenation and changes in primary productiv-Large decreases inx Cand in pH are simulated in global

ity by marine phytoplankton can be considered as four of theocean intermediate and mode waters, whereas large reduc-
major stressors of open ocean ecosystems. Due to rising ations in primary production are simulated in the tropics and
mospheric CQ in the coming decades, these changes willin the North Atlantic. Although temperature and pH projec-
be amplified. Here, we use the most recent simulations pertions are robust across models, the same does not hold for
formed in the framework of the Coupled Model Intercom- projections of subsurface xoconcentrations in the tropics
parison Project 5 to assess how these stressors may evolesd global and regional changes in net primary productiv-
over the course of the 21st century. The 10 Earth systenity. These high uncertainties in projections of primary pro-
models used here project similar trends in ocean warmingductivity and subsurface oxygen prompt us to continue inter-
acidification, deoxygenation and reduced primary produc-model comparisons to understand these model differences,
tivity for each of the IPCC’s representative concentrationwhile calling for caution when using the CMIP5 models to
pathways (RCPs) over the 21st century. For the “businessforce regional impact models.

as-usual” scenario RCP8.5, the model-mean changes in the
2090s (compared to the 1990s) for sea surface temperature,

sea surface pH, global Ocontent and integrated primary

productivity amount to+2.73 @0.72)°C, —0.33 ¢-0.003) 1 Introduction

pH unit, —3.45 ¢0.44)% and—8.6 (+7.9) %, respec-

tively. For the high mitigation scenario RCP2.6, correspond-In recent decades, the ocean has undergone large physical
ing changes are-0.71 (£0.45)°C, —0.07 &0.001) pH unit, and biogeochemical modifications in response to human-

—1.81 (£0.31) % and—2.0 (4.1) %, respectively, illustrat- induced global change, as revealed by a variety of in situ
and remote sensing observations. These changes encompass
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ocean surface warming, changes in ocean salinity, modifica- In addition, net production of organic matter by phyto-
tions of density structure and stratification, as well as an in-plankton (net primary production, or NPP), which repre-
crease in dissolved inorganic carbon concentrations and a desents the first link in open-ocean marine food webs, may
crease in seawater pH in response to ocean uptake of anthraiso be impacted by climate change and climate variabil-
pogenic carbon (Doney, 2010). These physical and chemicaty (Behrenfeld et al., 2006). Boyce et al. (2010) reported a
modifications (Bindoff et al., 2007) have the potential to af- global decrease of phytoplankton biomass of 1% per year
fect marine organisms and ecosystems (Doney et al., 2012)since 1900 based mostly on ocean transparency measure-
Temperature for instance has a fundamental effect on bioments. However, this result is debated and might arise from
logical processes, as most biological rates (e.g., enzyme reae- temporal sampling bias (Rykaczewski and Dunne, 2011).
tions) are temperature-dependent (e.g., Eppley et al., 1972bservations also suggest an extension of oligotrophic gyres
Sea surface temperature has increased by apout’C over by ~ 15 % between 1998 and 2007 (Polovina et al., 2008).
the last 100 yr (Bindoff et al., 2007). Some organisms mayConversely, Henson et al. (2011) emphasize that this trend
be able to acclimate to temperature changes that do not pustannot be unequivocally attributed to the impact of global
them outside of their optimal range, but rising temperaturesclimate change but may rather be a result of the strong
this century could cause poleward shifts in species therLa Nifia in 1998, and that a much longer time series is
mal niches and a decline in diversity as shown by Thomameeded to distinguish a global warming trend from natural
et al. (2012) for tropical phytoplankton. In addition, rising variability. Whether or not these changes in primary pro-
ocean temperatures lead to increased ocean stratification amtilictivity are attributable to global warming, they are likely
changes in ocean mixing and ventilation that could induceto be felt further up the food chain, with potential impli-
indirect effects, which in turn reduce subsurface dissolvedcations on marine resources (Pauly and Christensen, 1995;
O7 concentrations (Plattner et al., 2001) and supply of nutri-Nixon and Thomas, 2001).
ents to the euphotic layer, increasing nutrient stress for phy- Marine ecosystems are adapted to particular environmen-
toplankton (Bopp et al., 2001). tal conditions. Temperature, pHp@nd NPP are fundamen-
Sea surface pH has declined by about 0.1 pH unit sinceal controlling factors, which, when changed, affect how an
pre-industrial times (Bindoff et al., 2007). This decrease, ecosystem will be altered (Fischlin et al., 2007). Several pre-
along with other large-scale changes in seawater chemistryious modeling studies used coupled climate—marine bio-
(increased dissolved GQdecreased carbonate ion concen- geochemical models to investigate how these stressors could
trations), is referred to as anthropogenic ocean acidificaevolve under climate change scenarios. Most of these mod-
tion and is a direct consequence of the oceanic absorptioeling studies will be discussed later when compared to our
of ~30% of the total anthropogenic emissions of carbonnew results, but they all project large changes in these marine
dioxide (CQ) since 1750 (Sabine et al., 2004; Khatiwala ecosystem stressors over the coming decades as described
et al., 2009). These changes may have adverse effects diriefly below.
marine organisms. For instance, lower carbonate ion con- Using 13 ocean-only models, Orr et al. (2005) showed that
centrations reduce calcification for many calcifying organ- global-mean surface pH could drop by 0.3-0.4 pH unit in
isms (Hofmann et al., 2010), while very high g@evels 2100 under the 1S92a scenario (a “business-as-usual” sce-
impose increased physiological stress on heterotrophic orpario less severe than the RCP8.5 scenario used in this
ganisms (Portner et al., 2008) and may lead to decreasestudy). In this scenario, Southern Ocean surface waters start
stress on autotrophic organisms through Ciértilization to become undersaturated with respect to aragonite as soon
of photosynthesis, particularly for slow growers such asas year 2030 (McNeil and Matear, 2008). In 2100, arago-
diazotrophs (Hutchins et al., 2007). nite undersaturation extends throughout the entire Southern
Reduced oceanic{xoncentrations have been reported for Ocean and into the subarctic Pacific.
coastal areas in response to human-induced eutrophication Coupled climate—marine biogeochemical models used
(Gilbert et al., 2010), and for the open ocean as a conseever the past 15yr all project a long-term decrease in the
quence of two major processes: a warming-induced reduceceanic Q inventory in response to anthropogenic global
tion in solubility and increased stratification/reduced venti- warming (e.g., Sarmiento et al., 1998; Plattner et al., 2001;
lation (Helm et al., 2011). This reduction impQOreferred to  Bopp et al., 2002). In a recent intercomparison of seven Earth
as ocean deoxygenation, between the 1970s and the 1998gstem models, Cocco et al. (2013) found that the oceanic O
amounts to a global average reduction-6.93 mmol nt3 inventory would decline by 2—4 % in 2100 under SRES-A2,
(Helm et al., 2011). Most organisms are not very sensitivean earlier IPCC scenario similar to the RCP8.5 scenario used
to O, levels as long as concentrations are adequate. Howhere.
ever, beyond a critical threshold referred to as hypoxia (be- Finally, most coupled climate—marine biogeochemical
low 50-80 mmol nt3 depending on taxa; see Vaquer-Sunyer models also project a decline in NPP in the coming decades
and Duarte, 2008 for relevant references), many organismas a response to anthropogenic global warming (e.g., Bopp
start to suffer from several physiological stresses that coulcet al., 2001). In a recent model intercomparison study of four
ultimately lead to death. coupled models, Steinacher et al. (2010) reported a decrease
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in global mean NPP of 2—-20 % by 2100 relative to preindus-(Taylor et al., 2012). These simulations include four future
trial conditions in the SRES A2 emission scenario. scenarios referred to as RCPs (Moss et al., 2010; van Vu-

These physical and biogeochemical changes in temperaidren et al., 2011): RCP8.5, RCP6.0, RCP4.5 and RCP2.6.
ture, pH, @ and NPP are known to interact with each other, The RCPs are labeled according to the additional radiative
potentially leading to synergistic effects, both on biogeo-forcing level in 2100 with C@ concentrations reaching 936,
chemical cycles and on marine ecosystems (Gruber, 2011670, 538 and 421 ppm, respectively. RCP2.6 is also referred
Some of these synergistic effects on biogeochemical cycleso as RCP3PD for “peak and decline”: the atmospherie CO
occur at large spatial (regional, global) scales, one exampeaks at a concentration of 443 ppm in 2050 before declining
ple being the still-debated impact of ocean acidification onin the second half of the 21st century.
ocean deoxygenation. Using ocean biogeochemical models The selection of the 10 models used for this study was
and a simple parameterization based on mesocosm expebased on the availability of all variables necessary to dis-
iments and relating C/N ratios of organic matter to £O cuss the four stressors we focus on: temperature, pH, O
levels (Riebesell et al., 2007), Oschlies et al. (2008) andand NPP. They were also selected on the requirement that
Tagliabue et al. (2011) showed that increasing dissolvegl CO at least one representative concentration pathway (RCP) was
could induce large increases in subsurface ufllization, performed up to 2099. We used historical simulations from
hence expanding the volume of suboxic waters. Synergistid870 to 2005, all climate change scenarios (RCPs) from
effects also take place at the physiological level. Tempera2006 to 2099, and pre-industrial control simulations. His-
ture and dissolved Cfmay affect levels of tolerance to low- torical and climate change scenarios are forced not only
O7 concentrations (Portner et al., 2004; Pdrtner et al., 2007)by prescribed atmospheric G(but also by other green-
whereas elevated Gand lower Q levels may reduce ther- house gas and aerosols concentrations, anthropogenic land
mal tolerance of some organisms (Portner, 2010, Metzger etise evolution, as well as by natural forcings such as solar
al., 2008). These studies emphasize that multiple stressom@nd volcanic forcings. In case several ensemble members
should be studied together simultaneously in order to be ablevere run for the same scenario and with the same model,
to evaluate synergistic effects. only the first member was used. Note that the simulations

Here, we use the most recent simulations performed in theised here are simulations in which atmospherig @Jpre-
framework of the Coupled Model Intercomparison Project 5scribed (as in Jones et al., 2013), and not the ones also per-
(CMIP5, Taylor et al., 2012) to assess how these stressorrmed with several of these Earth system models, in which
may evolve over the course of the 21st century. We focusatmospheric CQis explicitly computed from prescribed an-
on four stressors: temperature, pH, &d NPP, while com-  thropogenic emissions and the simulated ocean and land car-
paring four different representative concentration pathwaysbon sources and sinks (as in Friedlingstein et al., 2013). We
(RCPs) scenarios across 10 different Earth system moddid not use these latter simulations, as different atmospheric
els (ESMs), all including a marine biogeochemical compo-CO; levels between the different models for the same sce-
nent. The choice of pH as one of the main stressors insteadario would have added another degree of complexity in our
of calcite/aragonite undersaturation states or carbonate iomodel intercomparison study.
concentrations has been dictated by the fact that pH is a Table 1a and b present the 10 models used for this study.
more generic variable of ocean acidification and thus con-Each includes representations of the general circulation and
cerns many more processes than solely calcification (e.g., sgghysics of the atmosphere and the ocean (Table 1a), as well
Hutchins et al., 2009, for the impact of pH changes on marineas biogeochemical components (Table 1b), including a rep-
nutrient cycles). Note that some of the interactions betweemnesentation of the ocean carbon cycle and the lowest trophic
these stressors are not included in the models used here ahelel of marine ecosystems (i.e., phytoplankton). However,
could still well cause further changes. the models differ in many respects. Thus attributing the

The remainder of the paper is organized as follows. Seccauses of differences between models to particular processes
tion 2 describes the models and the set of simulations used inr parameterizations is difficult.
this study. Section 3 presents the main results and a discus- Atmospheric and ocean resolutions vary widely across
sion, describing major evolution of the different stressors atthe different models (Table 1a). Typical atmospheric hori-
the global scale, at the regional scale and relations betweepontal grid resolution is~ 2°, but it ranges from 0.94 to
the stressors. Conclusions and perspectives follow in Sect. 8.8°. Typical oceanic horizontal resolution is1° , but

it ranges from 0.3 to 2 The number of vertical levels
varies from 24 to 95 in the atmosphere and 31 to 63 in the

2 Methodology ocean. All marine biogeochemical components are typical
nutrient—phytoplankton—-zooplankton—detritus (NPZD) mod-
2.1 Models and simulations els, but with varying degrees of complexity, illustrated for

instance by the number of phytoplankton functional groups
The latest generation of Earth system models (ESMs) wergfrom 1 to 3) or limiting nutrients (from 3 to 5) explicitly
used to carry out simulations within the framework of CMIP5 represented (Table 1b). Note that while these models may be
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Table 1a.A brief description of the models used in this study, indicating atmospheric and oceanic resolution (lev is the number of levels on
the vertical, and then the horizontal resolution is indicated in degrees), the marine biogeochemical component included in the ESM, and the
different RCP scenarios performed and used in this study.

Model Atmosphere Ocean Reference MBG Reference RCPs
CESM1-BGC 26 lev, 1.25 60 lev, 1.128/ Gentetal. (2011), BEC Moore et al. (2004), 8.5,45
0.9# 0.27-0.53 Lindsay et al. (2013) Doney et al. (2009)
CMCC-ESM 39lev, 3.8 3llev,0.5-2 Vichietal. (2011), PELAGOS Vichi et al. (2007) 8.5
Cagnazzo et al. (2013)
GFDL-ESM2G 24 lev,2.92.0°  63lev,0.3-2 Dunne etal. (2013a) TOPAZ2 Dunne et al. (2013b) 8.5,6.0,4.5
and 2.6
GFDL-ESM2M 24 lev,2.8/2.0° 50lev,0.3-2  Dunne etal. (2013a) TOPAZ2 Dunne et al. (2013b) 8.5,6.0,4.5
and 2.6
HadGEM2-ES 38lev,1721.9 40lev, 0.3-2 HadGEM2 Team (2011), Diat-HadOCC Palmer and Totterdell (2000) 8.5, 6.0, 4.5
Collins et al. (2011) and 2.6
IPSL-CM5A-LR  391lev,1.9/3.8° 3llev,0.5-2 Dufresne etal. (2013) PISCES Aumont and Bopp (2006), 8.5,6.0,4.5
Séférian et al. (2013) and 2.6
IPSL-CM5A-MR  391lev, 1.2/2.5° 3llev,0.5-2 Dufresne etal. (2013) PISCES Aumont and Bopp (2006), 8.5,4.5
Séférian et al. (2012) and 2.6
MPI-ESM-LR 47 lev, 1.9 40 lev, 1.5 Giorgetta et al. (2013) HAMOCCS5.2 llyina et al. (2013) 8.5,4.5
and 2.6
MPI-ESM-MR 95 lev, 1.9 40lev, 0.4 Giorgetta et al. (2013) HAMOCCS5.2 llyinaetal. (2013) 8.5,45
and 2.6
NorESM1-ME 26lev,1.92.5° 53lev,1.128 Bentsenetal. (2013) HAMOCCS5.1  Tijiputra et al. (2013) 8.5,6.0,4.5
and 2.6

well suited to study the evolution of the four considered stres- Preindustrial control simulations, for which atmospheric
sors (temperature, pH, dissolved @d NPP), they are not CO, and other greenhouse gases and aerosols are set to prein-
designed to study the impact of changes in these stressors atustrial levels, were used to remove potential century-scale
marine ecosystems per se. For instance, most of these modetsodel drifts. This correction is applied for all regional-scale
do not include any effect of pH, dissolved 0r carbonate analyses and for global-average time series of NPP, export
ion concentration on phytoplankton photosynthesis or calciproduction, @ and heat content. It is not applied for time se-

fication. ries of surface pH and surface sea temperature for which no
apparent long-term drift was detectable.
2.2 Model output, model mean and robustness In the following analysis, we use both individual model

results (for RCP8.5) and model means (for all scenarios). In

In this study, we make use of the standard CMIP5 out-the case of model means, no weighting functions are applied:
put from the Program for Climate Model Diagnosis and In- &l models contribute the same to the model mean.
tercomparisonhttp://pcmdi3.linl.gov/esgcet/home.hiniwe Our core analysis is based on sea surface temperature, sea
use output provided by the different models listed in Table 1asurface pH, vertically integrated NPP, and &veraged over
and available at the time of writing. Not all models have per- 200-600m. For @ we focus first on this subsurface depth
formed all RCP simulations. interval to be able to describe changes in and around the oxy-
The variables selected for this study are annual-mean 39en minimum zones as well as changes in mid-latitude venti-
D temperature, salinity, meridional velocity, pH, carbonate lated waters. Later, we complete the core analysis by extend-
ion, O as well as 2-D vertically integrated NPP and export ing it to make use of the full 3-D distribution of temperature,
production of organic particles at 100 m. For models thatPH and dissolved § as well as by using additional variables
did not provide pH or carbonate ion concentration fields toSuch as export production and carbonate ion concentrations.
the database at the time of this writing (MPI-ESM-LR and  The inter-model difference or model spread is used as
HadGEM2-ES for pH, MPI-ESM-LR for carbonate ion), we an estimate of uncertainty around the projections. To show
computed pH and carbonate ion values using output of 3-Dnodel agreement on global-mean time series, we use one
Dissolved Inorganic Carbon (DIC), alkalinity, temperature, inter-model standard deviation. To show model agreement at
and salinity and and routines based on the standard OCMIghe regional scale, we use stippling on the maps based on
carbonate chemistry adapted from earlier studies (Orr et al.2 simple robustness (or agreement) measure. Similar to the
2005). approach used for surface temperature changes in Meehl et
To be able to compute model means and inter-model stan@l- (2007), high robustness for sea surface temperature and
dard deviations, all variables were interpolated onto a comfor pH is defined when the model-mean-simulated change

mon P x 1° regular grid and to standard ocean depths, usingexceeds the inter-model standard deviation (the robustness
a Gaussian weighted average. index, defined as the ratio between model-mean-simulated
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Table 1b. Main characteristics of the 7 marine biogeochemical components of the 10 ESMs used in this study: list of nutrients limiting
phytoplankton growth, the number of explicit phytoplankton groups represented, the number of explicit zooplankton groups represented,
explicit or implicit representation of heterotrophic bacteria, indications of the use of fixed Redfield (R) or variable (V) ratios for organic
matter production, an@ 1o for temperature dependency of biogeochemical processes (autotrophic/heterotrophic when 2 numbers are given).

Model Nutrients Phytoplankton Zooplankton Heterotrophic bacteria Redfield Temperature
BEC 5 (NG, NHg, POy, SiOy, Fe) 3 (diatom, nanophyto-, 1 implicit R(C:N:P) 2.0
diazotroph); and V (Si, Chl, Fe)
implicit calcification in
nanophyto-
PELAGOS 5 (NQ@, NHg, POy, Si0y, Fe) 3 (diatoms, flagellates, 3 (microzooplankton, 1 explicit V (N, P, Si, Fe, Chl) 2.0
picophytoplankton); heterotrophic (implicit anaerobic)
multiple nanoflagellates
and mesozooplankton)
TOPAZ2 5 (NG, NHg, POy, SiOy, Fe) 3 (large separated intol implicit R (C:N) 1.88
diatoms and other and V (P, Si, Chl, Fe)

eukaryotes, small,
diazotrophs)

implicit calcification in
small

Diat-HadOCC 4 (N@, NHy, SiOy, Fe) 2 (diatom, non-diatom); 1 implicit R (C:N) None
implicit calcification as and V(Si, Fe)
a fixed proportion of
non-diatoms

PISCES 5 (NQ@, NHg, PQy, Si0y, Fe) 2 (diatoms and 2 (micro- and implicit R(C:N:P) 1.88/2.14
nanophyto-); mesozooplankton) and V (Si, Chl, Fe)
implicit calcification in
nanophyto-

HAMOCCS5.2 3 (NG, POy, Fe) 1 (but separated into 1 implicit R(C:N:P:Fe) 1.88
diatoms and calcifiers)

HAMOCCS5.1 3 (PQ, NOgs, Fe) 1 (but separated into 1 implicit R(C:N:P:Fe) 1.88

diatoms and calcifiers)

change and inter-model standard deviation, is then largeperature, salinity, etc.) and the density referenced to 2000 m
than 1). Similar to the approach used for precipitation (o2).

changes in Meehl et al. (2007), high robustness for oxygen The limit between well-stratified TW and homoge-
and NPP is defined when at least 80 % of models agree oneous MIW was defined using a stratification criterion
the sign of the mean change (robustness index larger than 1§dc2/dz > 0.02 kg nm*, with z the depth). The lower bound-
Note that the estimate of uncertainty based on model spreadry of MIW was defined as the depth where the salinity is
may be biased by an arbitrary distribution of CMIP5 model equal to its deep minimum valu€0.05. DWs were distin-
output for a specific variable and by similarities between guished from BW using the deepest change in sign of merid-
models (e.g., IPSL-CM5A-LR and IPSL-CM5A-MR share ional velocities, orientated northward in BW and southward
the same components but differ in atmospheric resolutionjn DW. Note that in the North Atlantic MIWs are not associ-

see Table 1a). ated with a deep salinity minimum. Instead the limit between
MIW and DW was defined as a minimum in meridional ve-
2.3 Water mass analysis locities, which are oriented southward in both water masses.

We used a global framework to group together water masseg Results and discussion

of similar behavior. Four classes were defined: tropical water

(TW) masses, mode and intermediate water (MIW) massesiiost models, including their marine biogeochemical compo-
deep water (DW) masses and bottom water (BW) massesients, have been evaluated individually elsewhere (see ref-
For example, the class MIW aims at gathering mode and inerences in Table 1a). Here, we briefly discuss global mean
termediate waters of all basins, which share common featuregalues of present-day sea surface temperature (SST), surface
but are not distributed in the same range of density (HanawgH, oceanic @ content and integrated NPP, as listed in Ta-
and Talley, 2001). Limits between classes were defined usble 2 for each individual model. We also show a regional
ing several criteria (salinity, stratification, meridional veloc- comparison to data-based products of present-day model-
ities) resulting in different density thresholds in the five dif- mean SST, surface pH, subsurfaceddd NPP (Fig. 1). Fi-
ferent basins (North Atlantic, South Atlantic, North Pacific, nally the skill of the different models in representing spatial
South Pacific and Indian Ocean) and for the different mod-variability of data-based fields is quantified while relying on
els. These density thresholds were computed for each modédlaylor diagrams (Taylor, 2001, Fig. 2), for which we extend
using the first 10 yr (2006—2015) of scenario RCP4.5 (tem-the model-data comparison to 3-D temperature, 3-D pH, 3-D

www.biogeosciences.net/10/6225/2013/ Biogeosciences, 10, &22%-2013
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Fig. 2. Taylor diagrams showing the correspondence between
annual-mean model results and observationgdpEST, 3-D tem-
perature, subsurfaceCGaveraged over 200-600 m, 3-D dissolved
Oy, vertically integrated NPP; an®) surface pH, 3-D pH, surface
carbonate, and 3-D carbonate ion. Data-based products are from
i A —n - Reynolds et al. (2008) for SST, computed using DIC and alkalin-
MODEL ge/m2ly OBSERVATIONS ity from Key et al. (2004) for pH and C? , from WOA 2009 for
dissolved G concentrations and 3-D temperature, from Behrenfeld
Fig. 1. Comparison of model-meaifa) SST (°C), (b) sur- et al. (1997) for NPP. For NPP, all coastal points (identified with a
face pH (pH unit),(c) subsurface @ averaged over 200-600m bathymetry of less than 500 m) are left out. All data are from 1990—
(mmol m~3), and(d) vertically integrated PP (gCift.y~%) with 1999 except observed NPP from 1997—2006, apd@centration
data-based products. Observed estimates are from Reynolds ahd 3-D temperature from WOA 2009 climatologies. The angular
al. (2008) for SST, computed using DIC and alkalinity from Key et coordinate indicates the correlation coefficieR),(the radial coor-
al. (2004) for surface pH, from WOA 2009 forOfrom Behren-  dinate shows the normalized standard deviation (stdmodel/stdobs).
feld et al. (1997) for NPP. All data are from 1990-1999 except A model perfectly matching the observations would reside in point
observation-derived NPP from 1997-2006, angl @ncentration  [1,1].
from WOA 2009 climatology.

dissolved @ as well as surface and 3-D carbonate ion con-
centrations fields. tion, and because they under-represent high productivity as-
Whereas large-scale patterns are well represented for SS3ociated with coastal regions, as discussed for a previous set
and subsurface £)the comparison to data-based products isof Earth system models in Schneider et al. (2008). For sur-
much less satisfying for surface pH and NPP (Fig. 1). Thisface pH, the models score poorly because of the very uniform
is also reflected in the Taylor diagrams, with correlation co-nature of this field (Fig. 1). When turning to 3-D pH, or to
efficient (R) ranging from 0.98 to 1.0 for SST, from 0.7 to carbonate ion concentrations (surface and 3-D), the model—
0.95 for @, but from 0.1 to 0.6 for surface pH and from 0.2 data correlation coefficients increase to 0.6—0.85, 0.93-0.98
to 0.6 for NPP (Fig. 2). For NPP, the models score poorlyand 0.85-0.96, respectively. Additionally, we can note that
because we do not include the seasonal cycle in the correlanodels that do perform well for one variable may perform
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Table 2. Observed and modeled present-day global average of sea surface tempé&@jusiface pH (pH unit), dissolved oxygen
(mmol m~3), volumes of waters (H¥m3) in which O is less than 80, 50 and 5mmol™, net primary productivity (PgCyr') and

export production of organic particles at 100m (PgCYr. Interannual standard deviations, when meaningful, are also indicated in parenthe-
sis. Observed estimates are from Reynolds et al. (2008) for SST, computed using DIC and alkalinity from Key et al. (2004) for surface pH,
from WOA (2009) for G content, from Bianchi et al. (2012) for the volumes of low oxygen waters, from Behrenfeld et al. (1997) for NPP.
All data are from 1990-1999 except satellite-derived NPP from 1997—-2006, and oxygen quantities from climatologigw{ragailable).

SST pH o vol 80 vol 50 vol 5 NPP EXP
content
°C (=) mmolm=3 10%m3 1015m3 105m3 PgCly PgCly
OBS 18.32 8.10 178 126 60.4 2.4 52.1
MODEL
CESM1-BGC 18.68 8.08 190 133 79.3 16.4 54.4 7.7
(0.13)  (0.004) (0.25)  (0.08)
CMCC-ESM 18.21 8.05 201 34.1 20.8 6.2 33.3 n.a
(0.09) (0.003) (1.07)
GFDL-ESM2G 18.10 8.09 184 167 116 50.4 63.8 4.9
(0.13)  (0.004) 0.37) (0.02)
GFDL-ESM2M 18.54 8.09 169 166 108 34.1 78.7 7.4
(0.12) (0.004) 051) (0.1)
HadGEM2-ES 18.00 8.10 176 54.2 16.9 0.4 35.3 5.4
(0.07) (0.004) (0.48) (0.07)
IPSL-CM5A-LR 17.28 8.08 148 259 12.5 0.8 30.9 6.6
(0.12) (0.004) (0.29)  (0.09)
IPSL-CM5A-MR  17.76 8.08 136 363 225 2.4 33.3 7.0
(0.13)  (0.004) (0.40)  (0.09)
MPI-ESM-LR 17.90 8.09 173 168 107 51.4 56.6 8.1
(0.19)  (0.004) (1.69) (0.27)
MPI-ESM-MR 18.22 8.09 172 189 121 47 52.5 7.4
(0.11) (0.005) (1.49) (0.21)
NorESM1-ME 17.69 8.09 231 111 84.5 48.1 40.6 7.9
(0.10)  (0.004) 0.91) (0.18)

poorly for others (e.g., IPSL-CM5A-MR performs well for ing greenhouse gas concentrations. The intensity of simu-
NPP (R =0.6), but poorly for surface pHR=0.2). lated sea surface warming in the coming decades is mostly
Global mean values of present-day SST, surface pHdictated by the RCP scenario, i.e., by the amount of green-
oceanic Q content, and integrated NPP also show somehouse gases emitted to the atmosphere, with an inter-model
striking differences between models, and when comparedange depending on the strength of the simulated climate
to observations. This is especially true for the globally av-feedbacks. From the 1990s to the 2090s, model-mean global
eraged @ concentration, with some models clearly under- average SST increases B2.73 0.72), +1.58 #0.48),
oxygenated (e.g., IPSL-CM5As) and other models over-+1.28 @&0.56) and4-0.71 {0.45) °C for RCP8.5, RCP6.0,
oxygenated (e.g., NorESM1-ME). For NPP also, some mod-RCP4.5 and RCP2.6, respectively (Fig. 3, Table 3). Note that
els simulate global integrated values as low as 30.9 PgE yr because of our model selection process, these model-mean
(IPSL-CMA-MR), whereas others simulate NPP as high asvalues would differ from the standard CMIP5 analyses that
78.7 Pg Cyr! (GFDL-ESM2M). While these model differ- include a wider selection of models. This simulated increase
ences in reproducing present-day patterns and values may eis, as expected, lower than for global-mean air surface tem-
plain some of the differences in the model projections we deperature, which amounts t94.2,4+2.5, +1.9 and+1.0°C
tail below, they also lead us to use relative quantities wherfor the same four RCP scenarios and from 1960-1990 to the
comparing NPP changes on®@hanges, as done in the rest end of the 21st century (Knutti and Sedlacek, 2012).

of the manuscript. The model spread for each scenario is used as an estimate
. of uncertainty around the model-mean projection. Part of this
3.1 Changes of multiple stressors at the global scale model spread is due to internal variability simulated by the

climate models. However, most of it arises from model differ-

The ocean warms becagse it takes up much of the ac_idﬂmnaénces in (1) the way RCP scenarios are set up (i.e., aerosols
heat that accumulates in the Earth system due to increas-
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Fig. 3. Model-mean time series of global sea surface warmingFig. 4. Individual model time series of global sea surface warming
(°C), surface pH change (pH unit), ocean Gntent change (%), (°C), surface pH change (pH unit), ocean Ebntent change (%),
and global NPP change (%) over 1870-2100 using historical sim-and global NPP change (%) over 1870-2100 using historical simu-
ulations as well as all RCP simulations. Shading indicates onéations as well as all RCP8.5 simulations.

inter-model standard deviation. All variables are plotted relative

to 1990-1999.

In contrast to SST projections, the model spread for global

and some greenhouse gases concentrations other than c@urface pH projections (estimated as the inter-model stan-
may differ between models for the same scenario; Szopa diard deviation) is very low (less than 0.003 pH unit). This
al., 2012), and in (2) climate sensitivities (Knutti and Hegerl, iS €xplained by (1) the weak interannual variability in global
2008). For example, the SST warming for the RCP8.5 scemean surface pH (Fig. 4), (2) a weak climate—pH feedback,
nario reaches-3.5°C in three of the models (MPI-ESM-LR, @S demonstrated in Orr et al. (2005) for earlier Earth sys-
IPSL-CM5A-LR and IPSL-CM5A-MR) and only 2.2 in tem models, (3) the similar carbonate chemistry equations
two others (GFDL-ESMs) (Fig. 4). This has been explaineda”d well-defined constants based on the OCMIP-2 protocol
by the differences in climate sensitivity: IPSL-CMs and MPI- used by most, if not all, models (Orr et al., 2000) and (4)
ESM-LR have high 2 CO, equilibrium climate sensitivi- the uniqueness of the ocean acidification forcing (i.e., of the
ties, whereas the GFDL-ESMs are on the low range of cli-a&tmospheric C@ trajectory of each RCP scenarios; Moss
mate sensitivities as demonstrated by Andrews et al. (2012)et al., 2010). Indeed, changes in surface oce@@,, and

Sea surface pH decreases as a consequence of the ocg¥gnce corresponding changes in carbonate chemistry, closely
taking up a significant fraction of anthropogenic carbon ac-track changes in atmospheric gBecause the equilibration
cumulated in the atmosphere. Even more than for SST, théme for CQ; between the atmosphere and mixed layer is fast
magnitude of pH decrease is entirely dictated by the sce©€noughin mostareas (global average-& months) to allow
nario (for a given atmospheric G@oncentrations). In the near equilibration.
2090s, the drop in global-average surface pH compared to All models lose Q from the ocean in response to cli-
1990s values amounts t60.33 (-0.003),—0.22 (£0.002), Mate change under every RCP scenario (Fig. 3). The model-
—0.15 @0.001) and—0.07 (0.001) pH unit, for RCP8.5, Mean reduction in global ocean oxygen content reaches
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3, Table 3)~3-45 (£0.44),-2.57 (£0.39),—-2.37 (£0.30), and—-1.81
The model-mean projection for RCP8.5 is slightly larger than(£0.31) % in the 2090s relative to the 1990s, for RCP8.5,
that by Orr et al. (2005) for the 1S92a scenario, in which RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 3 and Ta-
atmospheric C@ reaches 712 ppmv in 2100 as compared ble 3). For RCP8.5, this translates inte-8.03 @&1.15) Tmol
to 935 ppm in RCP8.5. Projections of surface carbonate ior02 OF —6.13 (£0.78) mmol nT* decrease in the 2090s rela-
concentrations, a better variable than pH to discuss potentiVe to the 1990s, based on the reference gloahtZentory

tial impacts on calcification and calcifiers, are detailed in from WOA 2009. This long-term decline inOnventory isa
Sect. 3.2.2. consistent trend simulated in many coupled climate—marine

biogeochemical models (e.g., Sarmiento et al., 1998). Our
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Table 3. Evolution of SST, pH, global § integrated NPP for all models and all scenarios. Model means in 2090-2099 (compared to
1990-1999) and inter-model standard deviations in 2090—-2099.

RCP8.5 RCP6.0 RCP4.5 RCP2.6
Change Std Change Std Change Std Change Std
SST €C) 2.73 (0.72) 158 (0.48) 1.28 (0.45) 056 (0.71)
Surface pH €) -0.33 (0.003) -0.22 (0.002) -0.15 (0.001) -0.07 (0.001)
O, content (%) —3.45 (0.44) 257 (0.39) -—2.37 (0.31) -1.81 (0.31)
Integrated NPP (%) —8.6 (7.9) -3.9 (5.7) -3.6 (5.7) -2.0 (4.1)

simulated rates of deoxygenation in the CMIP5 models un-and HadGEM2-ES) simulate a large decrease (betweéh
der RCP8.5 are quite similar to those reported in a previousand—18 % in 2100). The fact that models of the same fam-
model intercomparison study-@ to —4 %) of seven models ily (IPSL-CM5A-LR and IPSL-CM5A-MR, MPI-ESM-LR
under the SRES-A2 scenario (Cocco et al., 2013). and MPI-ESM-MR, GFDL-ESM2G and GFDL-ESM2M, re-
The model spread is limited (moderate uncertainty) largelyspectively), which share the same biogeochemical compo-
because the global£Onventory is an integrated quantity with nent, project similar changes in globally integrated NPP
low interannual variability (Fig. 4). The models with higher (Fig. 4) suggests that differences in marine biogeochemical
rates of deoxygenation, such as GFDL-ESMs and CESM-model parameterizations explain model differences, at least
BGC1, are not always those that simulate more intense seiom a global perspective.
surface warming. This suggests that the warming-induced re-
duction in solubility may not be the first driver of deoxygena- 3.2 Regional contrasts in multi-stressor projections
tion, at least in explaining model differences. We further de-
tail the contribution of solubility changes to deoxygenation 32 1 General description
in Sect. 3.3.1.
All models simulate a decrease in integrated global pri-
mary productivity during the 21st century, but there is a large

spread. Relative changes in NPP amount-®6 (£7.9),  Figyres 5 and 6 show the changes of SST, surface pH, av-
—3.9 (#5.7), -3.6 (£5.7), and—2.0 (£4.1) % in the 20905 g aqe( @ concentrations over 200-600 m and vertically in-

relative to the 1990s, for RCP8.5, RCP6.0, RCP4.5 anqeqyrated NPP, between 1990s and 2090s, and for the two
RCP2.6, respectively (Fig. 3 and Table 3). This reductiong,eme scenarios, RCP8.5 and RCP2.6, respectively. Lo-

is consistent with a recent inter-model comparison in which .o model agreement based on a robustness index detailed
four models all simulate a decline in integrated NPP, ranging,, sact. 2.2 is indicated by stippling

from —2% to —13%, from 1860 to 2100 under the SRES ' cpangesin SST are not spatially uniform. Stronger warm-
A2 scenario (Steinacher et al., 2010). Those simulated del'ng occurs in the tropics, in the North Pacific and in the

creases were primarily attributed to reduced nutrient SUPPIYActic Ocean. with SST increases larger thanC4in the

to the surface in the tropics and temperate ocean due to efpg 5 scenario (Fig. 5). On the contrary, much weaker

hanced stratification and reduced ocean ventilation. Howeve\yvarming even cooling, is simulated in the North Atlantic

oth_er modeling studies find that integrated NPP increaseand in some parts of the Southern Ocean, where deep convec-
during the 21st century, even though simulated new producyjgp, js strongly reduced or where sea ice remains unchanged.
tion and export productlo_n still decrease (Schmlytner et al.Ropustness of these regional projections is high (Knutti and
2008; Taucher.and OSChI'eS’,ZOM)' The d?‘?o‘,’p"”g betWee@edlacek 2012), even for the low-emission scenario RCP2.6
export production and net primary production in these latter Fig. 6). Only the regions with a weak signal show low ro-
studies has been shown to be driven by the direct effects Oéustness, which is a consequence of the signal-to-noise met-

temperature on biological processes such as remineralizatiof; ;;sed here to estimate robustness (the ratio of model-mean
rates. These links are explored further in Sect. 3.2.3. change over inter-model standard deviation).

The large inter-model spread in NPP is O,bViQUS in Fig.. 3 Changes in surface pH are smoother and more uniform
for all scenarios and illustrated for RCP8.5 in Fig. 4. While (4, ssT changes, and very robust across models. Surface

this large spread is partly linked to the large interannualpH changes range from0.25 to—0.45 pH unit in RCP8.5

variability of NPP, as simulated by some m?‘?e's (_e'g"and from—0.05 to—0.15 in RCP2.6 (Figs. 5 and 6). Larger
HadGEM2-ES, NorESM1-ME and MPI-ESMs), itis mainly  cpanges occur in the surface Arctic Ocean for both sce-

due to large model differences. Some models (GFDL'ESMS)narios. This is consistent with recent results obtained with

simulate a slight decrease of globally integrated NPP (beyne \jjroC ESM under the RCP8.5 scenario (Yamamoto et
tween 0 and-2% in 2100), whereas others (MPI-ESMS, 4| ' 5012) The authors showed that Arctic sea-ice melting

Unlike global mean projections, simulated changes in tem-
perature, pH, @and NPP have contrasting regional patterns.
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RCP8.5: 2090-2099

a. Sea surface temperature change b. Sea surface pH change

0° 100°E 160°W 60°W °C 0° 100°E 160°W 60°wW

c. Oxygen concentration change at 200-600m d. Integrated net primary productivity change

0° 100°E GO;W- gC/m2ly

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 ¢&) sea surface warming®C), (b) surface pH change (pH unitf¢) subsurface dissolved con-

centration change (averaged between 200 and 600 m, mmdl rand(d) vertically integrated NPP (gCTityr—1). Stippling marks high
robustness. Robustness is estimated from inter-model standard deviation for SST and pH, from agreement on sign of charages for O
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 arparison of the previous generation of Earth system models
thropogenic carbon, consistent with Steinacher et al. (2009)(Cocco et al., 2013).

Changes in subsurface (200-600 nyp &e not spatially Over the mid-latitudes, patterns of projected changes in
uniform, and there is less agreement among models. Busubsurface @are broadly consistent with observations col-
despite a strong difference in magnitude, the complex patiected over the past several decades (Helm et al., 2011; Sten-
terns of spatial changes are very similar across the two scedardo and Gruber, 2012; Takatani et al., 2012). Yet there is no
narios and reflect the influence of changes in several prosuch model-data agreement over most of the tropical oceans.
cesses (ventilation, vertical mixing, remineralization) on O Observed time series suggest a vertical expansion of the low-
levels (Figs. 5 and 6). The North Pacific, the North At- oxygen zones in the eastern tropical Atlantic and the equato-
lantic, the Southern Ocean, the subtropical South Pacific andal Pacific during the past 50 years (Stramma et al., 2008),
South Indian oceans all undergo deoxygenation, wifld€®  conversely with models that simulate increasing I&vels
creases of as much as50 mmol n3 in the North Pacific  with global warming over the historical period (Andrews et
for the RCP8.5 scenario. In contrast, the tropical Atlantical., 2013). A more detailed analysis of the simulated evolu-
and the tropical Indian show increasing ©oncentrations tion of volumes of low-oxygen waters is given in Sect. 3.2.4.
in response to climate change, in both RCP8.5 and RCP2.6 Similar to subsurface £and in line with previous mod-
scenarios. The equatorial Pacific displays a weak east-weslling studies (Bopp et al., 2001; Steinacher et al., 2010),
dipole, with increasing @in the east and decreasing @ projected changes in NPP are spatially heterogeneous. A de-
the west. Apart from changes in the equatorial Pacific, these&rease in NPP is consistently simulated across models and
regional changes in subsurface &e consistent across mod- scenarios in the tropical Indian Ocean, in the west tropical
els under the RCP8.5 scenario (stippling in Fig. 5), and theyPacific, in the tropical Atlantic and in the North Atlantic
are quite similar to those from a recent inter-model com-(Figs. 5 and 6). This decrease reaches as muchl&® g
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RCP2.6: 2090-2099

a. Sea surface temperature change b. Sea surface pH change
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Fig. 6. Change in stressor intensity (defined as the change in the magnitude of the considered variable) in 2090-2099 relative to 1990—
1999 under RCP2.6. Multi-model mean @) sea surface warmingC), (b) surface pH change (pH unitj¢) subsurface dissolved-O
concentration change (averaged between 200 and 600 m, mnio) 1and (d) vertically integrated NPP (gCTn? yr_l). Stippling marks

high robustness. Robustness is estimated from inter-model standard deviation for SST and pH, from agreement on sign of changes for O
and NPP.

Cm~2yr—! regionally in the 2090s for the RCP8.5 scenario, not for the RCP2.6 scenario. Mechanisms that could ex-
more than a 50 % decrease in historical levels of NPP in theplain such an increase in NPP are related to an allevi-
North Atlantic, while at the same time there is a 30% de-ation of light limitation and/or temperature limitation as
crease in the tropical Indian and west tropical Pacific. Theshown by Steinacher et al. (2010), and to increased nutri-
main mechanisms responsible for NPP decreases in the trognt supply in upwelling regions under a shoaling nutricline
ics and in the North Atlantic have been identified in a pre- (Rykaczewski and Dunne, 2010).
vious model inter-comparison study (Steinacher et al., 2010) We now turn to four specific questions related to the
and are linked to a reduced supply of nutrients to the euphotichanges of surface carbonate ion concentrations, the changes
zone in response to enhanced stratification and slowed ciref pH at depth, the links between projected changes
culation. In the eastern equatorial Pacific, the model mearof NPP and export production, and the evolution of
also indicates a large decrease of NPP, but this responsaxygen minimum zones.
is not consistent across models, with three models (GFDL-
ESMs and CESM1-BGC) simulating an increase in NPP in3.2.2 Projected changes of carbonate ion concentrations
response to climate change in that region (eastern equatorial
Pacific). It is worth pointing out that in some regions of the Whereas we used pH as one of our four major stressors
largest changes in the model-mean NPP (e.g., equatorial PAwith temperature, dissolved Cand NPP), carbonate ion
cific), the models do not agree even in the sign of changes. concentrations or saturation states are more relevant vari-
Finally, the mean of the CMIP5 models exhibits increasedables to focus on when discussing impacts of ocean acid-
NPP in the western North Pacific, the Arctic Ocean, and inification on calcification and calcifiers. Along with reduc-
parts of the Southern Ocean (Figs. 5 and 6). These changd®ns in pH levels in response to increasing atmospheric

are consistent across models for the RCP8.5 scenario b2, carbonate ion concentrations decrease everywhere.
Carbonate ion concentrations eventually reach aragonite
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tion levels for the Arctic and the Southern oceans (dashed lines). model-mean changes of pH at that depth

undersaturation in the surface waters of the Southern Oceap,o-hed earlier (2060 and 2079 for RCP8.5 and RCPS6.0, re-
and the North Pacific in 2100 as already shown by O €lg,qctively). Aragonite saturation is not reached for RCP2.6

al. (2005) for the 1S92a scenario. Even earlier aragonite, the Arctic Ocean and not reached for RCP4.5 and RCP2.6
undersaturation could be reached in the Arctic waters a$n the Southern Ocean.

demonstrated by Steinacher et al. (2009).

Our results with the CMIP5 models confirm these pre-3.2.3 Projected pH changes over depth
vious findings, but also demonstrate large differences be-
tween the different RCPs. At the global scale, carbonateDirect observations of pH from available time series show
ion concentrations decrease from 206 pmot ko 121 @5), consistent trends of decreasing pH of about 0.02 pH unit per
146 (+2), 163 @6) and 187.5£6) umol L1 for RCP8.5,  decade for the surface ocean (Bindoff et al., 2007). However,
RCP6.0, RCP4.5 and RCP2.6, respectively (Fig. 7). In theseveral recent studies have reported more rapid reductions of
Arctic Ocean (defined here as north of°1N), aragonite  pH at subsurface (between 200 and 300 m) in the subtropi-
saturation is reached on average in 2048, 2061, and 2068al oceans (Bates et al., 2012; Dore et al., 2009; Ishii et al.,
for RCP8.5, RCP6.0 and RCP4.5, respectively, but could b&011), which can be explained solely by a lower carbonate
reached earlier (2038, 2047 and 2045 for RCP8.5, RCP6.0uffering capacity of these subsurface waters (Orr, 2011).
and RCP4.5, respectively) when taking into account the inter- These larger subsurface changes in pH could occur at
model spread. In the Southern Ocean (defined as south afepth relative to the surface, consistent across all models
60° S), aragonite saturation is reached on average in 20617sed here. In the 2090s and for the RCP8.5 scenario, max-
and 2092 for RCP8.5 and RCP6.0, respectively, but could bémum pH changes are located at the surface in the high
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latitude oceans and in upwelling regions, but at 100 to 400 m
depth in the subtropics (Fig. 8). These changes of subsur-
face pH are 0.05 pH unit larger than the comparable surface
changes (Fig. 8). The buildup of this subsurface low-pH wa-
ter may have implications on the timing of pH changes at the
surface when these water masses are brought/mixed back to
the surface (Resplandy et al., 2013).

3.2.4 Projected changes of NPP and export production

Model-mean projections of changes in export production are
shown for RCP8.5 in Fig. 9. These changes display very sim-
ilar patterns to those of NPP (Fig. 5), with increasing export

production in the Arctic Ocean and in parts of the South-

ern Ocean, and decreasing export production in the tropical
oceans, and in the North Atlantic. Interestingly, robustness _
of the model-mean projection is larger for export produc-
tion than for NPP projections: 38 % of X 1° ocean pixels

gC/m2ly

on Change (%)

4.0 F

have a robustness index of more than 1 for projected NPPz " — GFDLESM2G

whereas 45% of the same pixels have a robustness index [ e

greater than 1 for projected export production. This is espe-:’g} - e

cially the case for the eastern equatorial Pacific, where eightg -~ 2.0 - — IPSL-CMSA-MR

out of nine models project a decrease of export production® s 2 e

with climate change, whereas the response for NPP is split e CESM1-8GC

between an increase (three models) and a decrease (six mod-_20 o L \ \ ‘

els). For instance, GFDL-ESM2G and GFDL-ESM2M sim- 1900 1950 2000 2090 2100

Year

ulate a decoupling of export and primary production in that
region (i.e., decreased export production and increased NPP¥ig. 9. Change in export production of organic particles at 100 m un-
Some potential mechanisms explaining such decoupling aréer RCP8.5(a) Multi-model mean change of export production in
discussed below. 2090-2999 relative to 1990-1999 (%). Stippling marks robustness
For the global average, this increased model consistenc§fom agreement on sign of changés) Time series for all models
for simulated changes in export production versus those foPf the change of export production relative to 1990-1999 (%) from
NPP is also apparent (Fig. 9). For the RCP8.5 scenario, prot870-2099 using historical and RCP8.5 simulations.
jected changes in the 2090s for export production reach
to —18 % (inter-model standard deviation is 5.9 %) , whereas
for NPP they range between2 and —16 % (inter-model
standard deviation is 7.9 %).
Taucher and Oschlies (2011) have explored the paralle

Whereas global export production seems to be mostly con-
trolled by the balance between reduction in nutrients supplied
[o the euphotic layer and alleviation of light and temperature
. ) imitations (but also by changes in plankton community as
responses of NPP and export production to climate chang hown by Bopp et al., 2005), larger uncertainties in projec-

o st o o PP emphasieh e o mprove modeeprsen-

ture. They show that when rates that are dependent on te tations of more direct blolo.g|cal_effects, such as the temper-
' ) Mture dependency of physiological rates studied by Taucher

perature are taken into account, elevated temperatures le d Oschlies (2011).

to enhanced NPP and accelerated carbon recycling, whic

is opposite to what is shown here with the CMIP5 mod- 3 5 5 Projected changes in the extension of oxygen

els. However, whether or not temperature-dependent rates minimum zones

are used, simulated export production decreases with climate

change in their simulations, as with previous model studiesOxygen minimum zones (OMZs) are key oceanic regions

(Bopp et al., 2001). Note that almost all of the biogeochem-pecause of their role in the marine nitrogen cycle (water-

ical components of the CMIP5 models include temperaturecolumn denitrification occurs almost exclusively in-O

dependent production and remineralization rates (Table 1b)deficient waters) and because of the unusual ecosystems as-

It is not yet clear if different parameter values for tempera- sociated with low-Q@ regions (OMZs represent a respiratory

ture dependency or different routing functions of living or- barrier for many organisms).

ganic material to particulate or dissolved pools may explain

the large discrepancy in NPP projections.
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o w w w ES and CESM1-BGC), whereas two other models project a
RS he. =r 1 slight contraction of~ 2% (NorESM1-ME and MPI-ESM-

L 7 MR). For the volume of waters below 5mmot only
RGN ’ m/rwm‘ one model (IPSL-CM5A-MR) is close to the volume esti-
i i ] mated from observations and simulates a large expansion of

0, <80 mmol/m?

o
o
T
1
1
!

— GFDL-ESM2G
[ — GFDL-ESM2M
HadGEM2-ES
[ — IPSL-CMSA-LR
NorESM1-ME
— IPSL-CM5A-MR
L — MPLESM-MR -
— MPLESM-LR

4.0

|
~
=}

Change in volume (%)

—4.0

this volume 30 % in the 2090s), These results for low-O
waters (5 and 50 mmol?) agree with those of Cocco et

|
@
o

Change in O, (200-600m, mmol/m*)

I CESM1-BGC 7 -8.0

ool ! ! ! | | | | al. (2013), with large model-data and model-model discrep-
1900 1950 2000 2050 2100 1900 1950 2000 2050 2100 . . . . .
Year Year ancies and simulated responses varying in sign for the evolu-
tion of these volumes under climate change.
o o The ability of climate models to represens Gbservations

L 0, <50 mmol/m®

< ot has been questioned in recent studies. Stramma et al. (2012)
N/v/ used an ESM of intermediate complexity to perform simula-

tions over the historical period and compared the simulated

m o i;\":/f;;::wg;:ﬁﬁég E o fromf el Lo . subsurface @ trends with observations. They showed that
E T 1 & 1 the model was unable to reproduce the spatial patterns of ob-
1o 1 © -2 ] served changes. Similarly, Andrews et al. (2013) compared

" ] ] output of MPI-ESM-LR and HadGEM2-ES to observations

T m ww _me me 2w 0w ww ao mw oz Overthe historical period. They reported that both models fail

Year Year

to reproduce the pattern of,doss recorded by observations
Fig. 10. Individual model time series for RCP8.5 and for of all in low-latitude OMZs.
models of(a) subsurface dissolved Qconcentration changes be- A more thorough analysis of the mechanisms responsible
tween 200 and 600 m (mmolTd), changes in (relative unit) vol-  for the model—data discrepancies as well as the mechanisms
ume with (b) 9<80 mmol M3, (c) 0p<50mmolnt™, and(d)  griving the simulated future changes is necessary. Gnanade-
Jate volumes “cose™ f the ones eatmatiec wih WOA-conrected SI<21 €t al- (2012) performed such an analysis with sim-

; : . ) ulations carried out with a previous version of the GFDL
oxygen climatology (Bianchi et al., 201_2) are colorédh between Earth system model (GFDL-ESM2.1) under the SRES-A2
4100 and—-50 % of the data-based estimated volume. i ) )

scenario. They show that the volume of suboxic waters does

not increase under global warming in the tropical Pacific. A

detailed analysis of the different terms contributing to the O

Following Cocco et al. (2013), we used three different budget showed that an increase in i@ very low oxygen
thresholds (5, 50 and 80 mmol¥) to characterize water waters is associated with an enhanced supply - ofif@ough
volumes of low-oxygen waters. Suboxic waters are definedateral diffusion and increased ventilation along the Chilean
with a threshold of 5 mmol m?, whereas hypoxic waters are coast. These results cast doubt on the ability of the present
defined here with a threshold of 50 mmot#a Figure 10  generation of models to project changes ind@curately at
presents the relative evolution of these three volumes as sinthe regional level, especially for low-Owaters, and stress
ulated by the CMIP5 models over 1870 to 2100 and for thethe need for more model-data comparisons over the histor-
RCP8.5 scenario. Although each model is plotted for eachical period alongside a better understanding of reasons for
of the three volumes in Fig. 10, we highlight the models model biases.
for which the simulated volumes over 1990-1999 fall within
+100 and—50 % of the observed volumes (126, 60 and 2.6
millions of km?®, respectively), as estimated from the revised
WOA 2005 database (Bianchi et al., 2012). )
By 2100, all models project an increase in the volume3-3-1 A global-scale perspective

of waters below 80 mmol i?, ranging from+1% (MPI-
ESMs) to+9 % (CESM1-BGC), relative to 1990-1999. This The existence of potential synergistic effects between the
response is more consistent than that of the previous generalifferent stressors discussed here emphasizes the need to
tion of Earth system models, i.e., changes varying fro26 study them together (Boyd et al., 2008). Figure 11 shows the
to +16 % over 1870 to 2099 under the SRES-A2 scenariotemporal model-mean evolution of global surface pH, global
(Cocco et al., 2013). Conversely, for lower oxygen levels, oxygen content and global NPP vs. global sea surface warm-
there is less agreement among the CMIP5 models. Simulatethg for each of the RCPs over 2006—2099. For RCP8.5, all
volumes do not agree with observations, and changes due tilvese relationships appear linear, implying a constant frac-
climate change may be either negative or positive. For thaion of acidification, deoxygenation, and NPP reduction per
volume of waters below 50 mmolmi, four models project degree of warming: mean surface pH decreases by 0.127 pH
an expansion of 2 to 16 % (both GFDL-ESMs, HadGEM2- unit°C~1, global oxygen content decreases by 1.3@#And

3.3 Relation between stressors and across scenarios
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global NPP loses 3.39%C 1 (with R2 0f0.99,0.99and 0.95, _ oo

respectively). L
For the other RCP scenarios, relationships are similar forg

surface pH vs. SST and for NPP vs. SST, but the reIa-LI;

—T
-0.1269 |
R*=0.9987 |

nge (-

—0.1 !

— RCP 26
tionship breaks down for oxygen content versus sea sur-g L RCP 4.5
face warming (Fig. 11). That is, deoxygenation continues 3 —°2[": - gg‘s’

long after sea surface temperatures have stabilized. In parg !
ticular for the RCP2.6 scenario, the total content of oxy- § |
gen in the ocean loses an additional 1% in the second half I
of the 21st century after sea surface warming has been sta-
bilized at+0.7°C in 2050 (Fig. 3). When plotted against
heat content change however, a single linear relationship for_
02 content emerges across the different scenarios with
slope of~ —0.149 %/182J or 3.9nmol 3! (R2>0.99) in
the RCP8.5 scenario (Fig. 11). This slope of 3.9 nmplG

is slightly lower than that found in early deoxygenation stud-
ies (e.g., 6nmol/J in Bopp et al., 2002), but more consistent:
with the recent study of Frélicher et al., (2009), thus indi-
cating a larger contribution (here around 40 %) of warming-
induced solubility reduction in global deoxygenation (whose
contribution is estimated at 1.5 nmoi%] Bopp et al., 2002).

0.0 71— - L I e B R A R R RS RN A RS AR RN RS A

297 F 0149 |
R°=09976 [ R*=0.9995 | ]

Change%)/o

;
\;) I I N\ I I
—2.0 eme T N Fmobenoea-d N oo d
L ! ‘ Lo ! ! L]

c —3.0 - R e R C------1—

Oxygen Content

| |
sold v v v L b b 4
0. 1. 2. 0. 4. 8 12. 16. 20. 24. 28.

3.3.2 Analysis within a water-mass framework Global Sea Surface Warming (°C)  Ocean Heat Content Change (10% J)

Global Ocea

For more insight into regional relationships between the dif- £
ferent stressors, we computed trends of temperature, pH ané 0.0 [
O; in distinct water masses as described in the methodolé :
ogy section. Because coupled climate models have strong biz | :
ases in the way they simulate the distribution of the main2 , L
oceanic water masses (see Sallee et al., 2013, for an evaluag- o
tion of Southern Ocean water masses in the CMIP5 models),g ~>°¢
this water mass framework is a natural approach to analyzet
model behavior (ludicone et al., 2011) or to compare models .2 = ! ! ]
Furthermore, it avoids averaging biogeochemical propertiesg-100 - ———————————
between different water masses. © Global Sea Surface Warming (°C)
Figure 12 details the global relationships between temper-
ature and pH and between temperature apdréspectively,  Fig. 11. Relations between model-mean changes in surface pH
across the different RCP scenarios and for the four distinc{PH unit), global G content (%) and global NPP and model-mean
water masses (WMs). fea; Sl;]rface Warmir|1g"((:)I f&r daII sc_en?riﬁs. For _glctnbflllfco?- ont
Not surprisingly, this analysis reveals large differences be- "}, changes are aiso plotied against changes in total heat conten
tween thepdiffe?e):lt WMs, a)r/ld for instancegbetween tropical(210%2;_2'1&3I changes are relative to 1990-1999 and plotted over
waters (TWs) and mode/intermediate waters (MIWs). TWs '
are characterized by relatively low acidification-to-warming

and low deoxygenation-to-warming ratios (Fig. 12). In con-  the climate change patterns differ when the model re-

trast, MIWs are characterized by much higher acidification-g 5 are distinguished by an oceanic basin. Figure 13 shows

and deoxygenation-to-warming ratios, demonstrating the imyq re|ationships between pH and temperature, and between
portance of these water masses in the propagation of the acub2 and temperature for three of the four WMs (omitting

ification and deoxygenation signals to the ocean'’s interior. 'nTW), averaged over large oceanic basins (North Atlantic,
addition, MIWs have a low buffer capacity of the carbonate North pacific and Southern Ocean) for RCP8.5 (2090s minus
system thus amplifying the response of pH to the uptake 0bg0s) Remarkably, the responses of different stressors in
anthropogenic carbon (see Sect. 3.2.3). The deep and bofre \ater masses of different basins are distinct and rela-
tom water masses (DWs and BWs) show very little acidifica- ey robust across the range of models used here, demon-
tion and warming trends, but some significant deoxygenationsyating the promise of such an approach. The North Pacific
trend for the high-emission scenarios (RCP8.5). and the Southern Ocean display similar behavior with simi-
lar ratios of acidification-to-warming and deoxygenation-to-

— T
-3.309 7]
R*=0.9485

C
-8.0 [
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Fig. 12. Relations between model-mean changes in pH (pH unit),,:ig_ 13. Relation between model-mean changes in pH (pH unit),
dissolved @ (mmolm~3) and model-mean temperature change dissolved @ (mmolm~3) and model-mean temperature change
(°C), in four distinct global water masses (tropical water mass, °c), in three distinct global water masses (modal and intermedi-
modal and intermediate water mass, deep water mass and bottofe water mass, deep water mass and bottom water mass), for three
water mass) and for the four different RCPs. For a definition of the gitterent basins (North Atlantic, North Pacific and Southern Ocean)
different water masses, please see Sect. 2.3. Inter-model standagghy for RCP8.5. For a definition of the different water masses,
deviations are also indicated. please see Sect. 2.3. Inter-model standard deviations are also in-
dicated.

warming for the different water masses with larger changes
in both stressors for MIW and less in deep and bottom wa-
ters. The Southern Ocean shows, however, stronger signaity, may evolve over the course of the 21st century and under
than the North Pacific for MIW and BW, whereas the North several atmospheric GQathways. All models project con-
Pacific shows stronger signals for DW (Fig. 13). WMs of the Sistent warming, acidification, deoxygenation and lowering
North Atlantic are characterized by much larger uncertain-of primary productivity, whose intensities strongly depend
ties (model spread) and by acidification- and deoxygenationon the scenario. Sea surface warming, sea surface pH reduc-
to-warming ratios different from the ratios of other basins tion, decrease in global oxygen content and decrease in inte-
(Fig. 13). The North Atlantic MIW shows very small changes grated primary productivity range from0.71 to+2.73°C,
in temperature and oxygen, but a large and robust signal ifrom —0.07 to—0.33 pH unit, from—1.81 to—3.45%, and
pH (—0.26 pH unit). In the North Atlantic DW, the models from —2.0 to—8.6 %, respectively, in the 2090s compared to
project a very strong acidification and deoxygenation sig-the 1990s and for all RCP scenarios covered here.
nals, with—0.16 pH unit and-13 mmol n3 for a warming Turning to the regional scale, the simulated evolutions
of only 0.1-0.2C. of the different stressors differ (Fig. 5 and 6). Figure 14
Although a more thorough analysis is needed to assess theummarizes the regional responses of the different stressors
mechanisms responsible for these changes and their relatiogt the end of the 21st century under RCP8.5 scenario. To
ship with ocean circulation and water mass formation, thisdo so, we highlight the regions where each stressor change
first analysis illustrates the unique character of MIW, acrossexceeds a threshold defined using the global-scale mean
the ocean, in terms of its intensity of deoxygenation andchange. In addition, we also highlight the simulated present-
acidification. This study also reveals strong differences be-day low-oxygen regions in which a decrease of dissolved O
tween the North Atlantic relative to the Southern Ocean andwould have much more impact on ecosystems than inan O
the North Pacific. The large model spread for warming andenriched water mass. In brief, the tropical oceans are charac-
deoxygenation in the North Atlantic, for all water masses, terized by high warming rates, low acidification rates, incon-
is likely to be linked to differences between models for the sistent changes in subsurface oxygen, and high rates of NPP
weakening of the Atlantic Meridional Overturning Circula- decrease. The North Pacific is characterized by high warm-
tion (Cheng et al., 2013) and for changes in the distributioning rates, high acidification rates, large decrease in subsur-
of North Atlantic WMs. face oxygen and a mixed and inconsistent response in NPP.
The North Atlantic is characterized by low warming rates,
high acidification rates, medium-to-large decrease of subsur-
4 Conclusions face oxygen and large decrease of NPP. Finally, the Southern
Ocean is characterized by very low warming rates, high acid-
Using here 10 ESMs participating to the recent Coupledification rates, medium-to-large decrease of subsurface oxy-
Model Intercomparison Project 5, we assess how the majogen and a mixed response in NPP.
stressors of marine ecosystems, namely ocean temperature, The mechanisms explaining these modifications are not
pH, dissolved oxygen concentrations and primary productiv-analyzed in detail here, but consistency with previous model
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RCP8.5 - 20905, changed from 1990s One critical improvement in future ESMs will be amelio-
- — == ration of biases in the representation of OMZs. A related
R - X Sl long-term goal will be vastly enhanced resolution to repre-
% y . .ﬁwqﬁ/wf/f/g%%_ sent the scales of coastal upwelling and other mesoscale phe-
L iy 4 . ”%i 7 nomena such as eddies. Finally, representation of ecosystems
f ‘,% 2L WD ""////’”” Ty % ] in models such as these is an evolving science. They repre-
%/% 7 il ! Mg sent only a small set of the processes controlling the ecosys-
< " K - tem and biogeochemical function. While the models are each
Lo o B » I constructed in mathematically defensible forms, they are all
i ’ € ] different in the underlying assumptions. Rather than repre-
Coe . . /. - senting discrete biological forms, they represent ecosystems
—_— s as a bllolog|cal continuum with infinite b|od|ver§|_ty_ in some
= o, <1 [ 0, <50 mmol ms ways (i.e., the role of temperature), and an artificial rigidity

in others (i.e., fixed half-saturation constants).

Fig. 14.Change in multiple stressor intensity (defined as the change

in the magnitude of the considered variable) in 2090-2099 relative .
to 1990-1999 under the RCP8.5 scenario. The thresholgst(T Acknowledgementsie acknowledge the World Climate Research
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