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Abstract. Ocean acidification might reduce the ability of zooplankton might not be needed to simulate biogeochemi-
calcifying plankton to produce and maintain their shells of cal impacts on the marine carbonate cycle. The changes in
calcite, or of aragonite, the more soluble form of CaC saturation state confirm previous studies indicating that fu-
addition to possibly large biological impacts, reduced CaCO ture anthropogenic CfOemissions may lead to irreversible
production corresponds to a negative feedback on atmoehanges ir2a for several centuries. Furthermore, due to the
spheric CQ. In order to explore the sensitivity of the ocean long-term changes in the deep ocean, the ratio of open water
carbon cycle to increasing concentrations of atmosphericCaCQ; dissolution to production stabilizes by the year 2500
CO,, we use the new biogeochemical Bern3D/PISCESat a value that is 30-50% higher than at pre-industrial times
model. The model reproduces the large scale distributionsvhen carbon emissions are set to zero after 2100.

of biogeochemical tracers. With a range of sensitivity stud-
ies, we explore the effect of (i) using different parameter-
izations of CaC@ production fitted to available laboratory 1 |ntroduction

and field experiments, of (i) letting calcite and aragonite be

produced by auto- and heterotrophic plankton groups, an@cean uptake of atmospheric €@ads to a decrease in car-

of (iii) using carbon emissions from the range of the mostbonate ion concentrations, a reduction in pH, a shoaling of
recent IPCC Representative Concentration Pathways (RCP)he calcium carbonate (CaGDsaturation horizons, and a
Under a high-emission scenario, the Ca@@oduction ofall  subsequent increase in Cag@issolution. The current rate
the model versions decreases frorti Pg C yr* to between  at which this process, known as ocean acidification, is occur-
0.36 and 0.82PgCyt by the year 2100. The changes ring will likely have large biological consequences for ocean
in CaCQ production and dissolution resulting from ocean ecosystems within the near future. Past studies reported a
acidification provide only a small feedback on atmosphericdecrease in calcification with decreasing saturation state be-
CO;, of —1 to —11 ppm by the year 2100, despite the wide fore undersaturation is reached (refer to Fabry et al., 2008
range of parameterizations, model versions and scenarios iffor a synthesis of existing experimental evidence). Calci-
cluded in our study. A potential upper limit of the GO  fying plankton (mainly coccolithophores, foraminifers, and
calcification/dissolution feedback 630 ppm by the year pteropods; Schiebel, 2002; Kleypas et al., 2006) might be es-
2100 is computed by setting calcification to zero after 2000pecially vulnerable to the decreasing saturation state as these
in a high 21st century emission scenario. The similarity of organisms secrete calcite and aragonite, two important forms
feedback estimates yielded by the model version with cal-of CaCQ;, to form their shells. In addition to potentially
cite produced by nanophytoplankton and the one with calHarge impacts on the marine calcifiers, a decrease in GaCO
cite, respectively aragonite produced by mesozooplanktorproduction causes a higher ocean uptake 05,G®. a nega-
suggests that expending biogeochemical models to calcifyingive feedback on atmospheric GO
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The goal of this study is to document the performance of acreasing atmospheric GQOs quite small compared to other
new cost-efficient 3-dimensional circulation-marine ecosys-coccolithophore species, foraminifera and corals. It is thus
tem model and to apply this Bern3D/PISCES model to studypossible that biogeochemical models that only let CaCO
calcification under ocean acidification and related feedbackproduction be associated . huxleyj may underestimate
to atmospheric C& We address uncertainties by applying a the CQ-CaCG; feedback on atmospheric GO
wide range of parameterizations for the dependency of cal- Gangstg et al. (2008) extended the study by Gehlen et
cification on the chemical state of surface water and for aal. (2007) to include aragonite and, due to limited data
range of 21st century and long-term €@mission scenar- on aragonite producing pteropods, they used a dependency
ios. A novel parameterization for the production of calcite equivalent to Gehlen et al. (2007) to project the response of
by zooplankton is introduced and its impact on the cycle ofcalcite and aragonite production and dissolution to increas-
CaCQ; and on atmospheric COs evaluated. The combina- ing atmospheric C®concentrations. However, GE&CaCQy
tion of a cost-efficient circulation model and a complex ma- production/dissolution feedbacks were not calculated for this
rine ecosystem model allows us to go a step beyond existingnodel version. No model has so far explicitly included cal-
studies in terms of tested parameterizations and scenarios. tite production by mesozooplankton (foraminifera) and sim-
is, as far as we are aware of, the first time that calcite pro-ulated its response to ocean acidification. The sensitivity
duction by mesozooplankton is considered in global changef the marine carbonate cycle to Cag@roduction by het-
simulations. erotrophs, as well as to the choice of the functional relation-

The following chain of feedbacks is considered in this ship between CaC{production and seawater chemistry re-
model study. Anthropogenic emissions cause atmospherimains an open question.

CO; to rise, carbon uptake by the ocean to increase, and car- We thus address the following questions: how important
bonate ion concentration and the saturation state with respeds the choice of shape of the relationship fitting the response
to CaCQ to decrease. In response, production and dissoluef calcification to changing carbonate chemistry? Would the
tion of CaCQ change and affect the concentration of dis- inclusion of aragonite and calcite produced by zooplankton
solved inorganic carbon (DIC) and alkalinity, and in turn, change the predicted evolution of Cag@oduction and dis-
the CQ partial pressure in surface water and £dptake  solution, as well as the feedbacks on atmospherigZidow

by the ocean. Finally, the altered ocean uptake leads to fast is the expected reversibility of the ocean chemistry after
different evolution of atmospheric Gs compared to a sit- a CQ perturbation? Would this be affected by the future
uation where the CaC{Xxycle would not respond to changes changes in CaC&production and dissolution?

in CO; and the saturation state. The production of CgCO  The amount of data published about the response of cal-
removes DIC, but twice as much alkalinity from the water; cifying organisms to increasing GChas augmented over
the combined effect of removing DIC and alkalinity is to in- the last few years. Concerning open ocean calcifying or-
creasepCO;, (Frankignoulle et al., 1994). Thus, a decreaseganisms, coccolithophores (and especi@dlyhuxley) have

in CaCQ production and the related increase in DIC and got much attention (Riebesell et al., 2000; Zondervan et al.,
alkalinity, tends to increase carbon uptake and to lower at2001, 2002; Sciandra et al., 2003; Delille et al., 2005; Langer
mospheric C@. Similarly, shallower dissolution of CaGO et al., 2006; Iglesias-Rodriguez et al., 2008; Shi et al., 2009;
tends to increase DIC, alkalinity in surface water and to lowerCasareto et al., 2009; Godoi et al., 2009; Gao et al., 2009;
pCO; in surface waters and in the atmosphere. Miller et al., 2010). However, the number of experiments

Various model experiments have been performed duringperformed on foraminifera and pteropods is also growing
the recent years in order to identify future changes in calci-(e.g. Wolf-Gladrow et al., 1999; Bijma et al., 1999; Fabry
fication rates and associated feedbacks on atmosphetic CCet al., 2008; Comeau et al., 2009). Despite the continuously
(Heinze et al., 2004; Ridgwell et al., 2007, 2009; Gehlenincreasing number of studies published about the response
et al., 2007; Hofmann and Schellnhuber, 2009). The corre-of plankton to decreasing saturation state there are still large
sponding global biogeochemical models deal with carbonateincertainties related to the future evolution of calcification
production as a biogeochemical function rather than attemptrates and the associated feedbacks. Due to these uncertain-
ing to reproduce the complexity of biological responses. Un-ties, a number of sensitivity studies with a model including
til now, parameterizations of the response of calcification toan advanced representation of the marine ecosystem would
ocean acidification were generally fitted to experiments donebe of high advantage. However, these kinds of models typ-
on coccolithophores (mainlgmiliana huxleyi and CaCQ@ ically require large amounts of computing time preventing a
was on the form of calcite only. With the exception of the cost-efficient evaluation of different parameterizations.
study by Ridgwell et al. (2007), which provided a relatively = The new Bern3D/PISCES model, a combination of the
large CQ-CaCQ production/dissolution feedback response ecosystem model PISCES and the cost-efficient circulation
to atmospheric C@when simulating continued carbon emis- model Bern3D, allows us to explore the above mentioned
sions after the year 2100, all model experiments projected @uestions further. More recent experiments on both coc-
small CQ-CaCQ; feedback on atmospheric GORidgwell colithophores (Iglesias-Rodriguez et al., 2008 and Shi et al.,
et al. (2007) estimated that the respons& ohuxleyito in- 2009) and pteropods (Comeau et al., 2009; ildéhbender,
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S. Lischka, and U. Riebesell, personal communication, 2009mosphere is described by one well mixed box and the for-
permit us to improve previous studies on the response of calmulations of air-sea gas exchange are based on the updated
cification to increasing levels of atmospheric £OHow- OCMIP-2 protocol (Orr et al., 1999; Najjar and Orr, 1999),
ever, due to a still limited quantity of observations available, and downscaled by 19% as suggested lijléf et al. (2008).
only “idealized” scenarios may be projected. We have there-The model is forced with seasonal fields of temperature,
fore chosen a sensitivity study approach to our work. Wesalinity and wind stress. Sea surface temperatures and salin-
split our study into three parts: in the first part we explore ities are constrained by using restoring and mixed bound-
the change in calcite production in response to increasingry conditions. Restoring boundary conditions force SST
atmospheric C@ using different parameterizations of this and SSS to remain close to modern-day observational val-
response. Here, calcite is produced by nanophytoplanktorues. With mixed boundary conditions we prescribe fresh-
In the next section we broaden the study to include aragowater fluxes on the ocean surface instead of SSS, allowing
nite and calcite produced by mesozooplankton, investigatingirculation-salinity feedbacks to develop upon perturbation
changes in production, dissolution and ocean chemistry irof the model state (Bryan, 1986). An additional freshwa-
addition to quantifying the associated &0aCQ produc- ter flux correction is applied (by removing freshwater from
tion/dissolution feedbacks. Finally we use a range of emisthe Atlantic and distributing it in the North Pacific) in or-
sion scenarios to study the sensitivity and evaluate the reder to intensify and deepen the Atlantic meridional over-
versibility of the ocean carbonate system to ax@@rturba-  turning circulation (MOC). The model includes an isopyc-
tion. nal diffusion scheme and Gent-McWilliams parameterization
The formal outline is as follows. In Sect. 2, the for eddy-induced transport (Griffies, 1998). The standard
Bern3D/PISCES model and the new parameterizations foBern3D model has been tuned towards data-based chloroflu-
CaCQ; production are described. Model setup and experi-orocarbon and radiocarbon inventories and is able to cap-
ments are described in Sect. 3. Section 4 provides an evaldure the large-scale ocean circulation, the characteristics of
ation of the equilibrium state of the Bern3D/PISCES modelthe most important water masses and the large-scale distri-
with observation-based estimates for circulation and waterbutions of a range of ventilation timescale tracersi(iet et
mass distribution, CaC£production, the distribution of dis- al., 2006). The Bern3D model has been applied for a wide
solved inorganic carbon and alkalinity and of the saturationrange of studies (e.g. Mler et al., 2008; Sidall et al., 2007;
state as well as for the global ocean pelagic Ca®iget.  Ritz et al., 2008; Tschumi et al., 2008; Parekh et al., 2008;
Section 5 presents the results for transient simulations anéberber et al., 2009; Gerber and Joos, 2010).

projections of atmospheric GOCaCQ production and dis- In the current study we use the parameter values for the
solution, and of the C®CaCQ; feedback. Concluding re- Bern3D model as given by Mler et al. (2006), with a few
marks follow in Sect. 6. exceptions. The diapycnal diffusivity has been increased

from 1x 10°ms 2 to 5x 10°ms 2 and the Atlantic-to-

Pacific freshwater flux correction was set equal to 0.2Sv in
2 The Bern3D/PISCES model order to strengthen the circulation fields and subsequently

improve the oxygen and nutrients fields of the biogeochem-
The Bern3D/PISCES model couples the Bern3D cost-ical model. The time step used for the Bern3D model is
efficient, dynamic ocean circulation model {ler et al., reduced by a factor of 2 compared to the standard version
2006) and the biogeochemical model PISCES. PISCES wagMiller el al., 2006), with the PISCES component called ev-
developed within the circulation model NEMO/OPA (Au- ery ~2h in order to assure numerical stability. Future at-
mont and Bopp, 2006; Gehlen et al., 2006, 2007; Gangstanospheric CQ depends also on the evolution of terrestrial
et al., 2008) which has a relatively high resolution in both carbon sources and sinks, and this is uncertain (e.g. Denman
time and space requiring large computing resources. Thet al., 2007). Here, we have not included a land biosphere
low resolution Bern3D/PISCES model facilitates sensitivity component as the focus is on the ocean carbonate cycle.
analyses, millennial-scale paleoclimatic studies, and multi-
scenario analyses. 2.2 The PISCES model

2.1 The Bern3D dynamical model PISCES is a global ocean biogeochemical model (Aumont
et al., 2003; Aumont and Bopp, 2006; Gehlen et al., 2006)
The Bern3D model is a global ocean circulation model which simulates the biogeochemical cycle of oxygen, car-
(Mdller et al., 2006) which is based on the 3-dimensionalbon and the main nutrients controlling marine biological pro-
rigid-lid model of Edwards et al. (1998) and Edwards and ductivity: nitrate, ammonium, phosphate, silicate and iron.
Marsh (2005). It has a horizontal resolution of:386 grid Biological productivity is limited by the external availabil-
boxes and 32 vertical layers with exponentially increasingity of nutrients and light. The model includes two phy-
thickness towards the ocean bottom. The surface layer hamplankton size classes (nanophytoplankton and diatoms)
a thickness of 39 m, the bottom layer of 397m. The at-and two zooplankton size classes (microzooplankton and

www.biogeosciences.net/8/433/2011/ Biogeosciences, 845832011
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mesozooplankton). The C/N/P ratios are assumed constarfbttp://www.ipsl.jussieu.frfOCMIP A detailed description
for all species. For phytoplankton, the prognostic variablesof the model including model equations and parameters can
are total biomass, iron, chlorophyll and silicon contents. Thebe found as auxiliary material in Aumont and Bopp (2006).
internal ratios of Fe/C, Chl/C and Si/C are predicted by the In the present study, the model alkalinity field was initial-
model. For zooplankton, the only prognostic variable is to-ized with a global mean alkalinity value of 2.410 mot#y
tal biomass. The bacterial pool is not modeled explicitly. which lies between the global average from GLODAP (Key
PISCES comprises three non-living compartments for or-et al., 2004) and the one from Goyet et al. (2000). In the
ganic carbon: small particulate organic carbon (RQ®8ig NEMO/PISCES model, half of the fraction of calcite produc-
particulate organic carbon (P@Cand semi-labile dissolved tion that is linked to loss of nanophytoplankton by grazing is
organic carbon (DOC). The C/N/P composition of dissolvedassumed to be dissolved in the guts of zooplankton; only the
and particulate matter is also coupled to Redfield stochiomeremaining half affects alkalinity in open water and is added
try, whereas the iron, silicon and calcite pools of the particlesto the CaCQ@ pool (Aumont and Bopp, 2006). Here, the per-
are fully simulated and their ratios relative to organic carboncentage of CaCgthat interacts with the alkalinity pool was
are allowed to vary. The particulate detrital pools (ROC increased from 0.5 to 0.85, which slightly improves the al-
POG,, biogenic silica and calcite) are fuelled by mortality, kalinity fields. Nitrogen fixation and denitrification as well
aggregation from nanophytoplankton and diatoms, fecal pelas river input and silicate deposition from dust were all set
let production and grazing. to 0 in the present study. In order to improve low oxygen
The standard version of the model (Aumont and Bopp,values at depth and low surface concentrations of nutrients
2006) considers CaC{n the form of calcite only and as- in the Bern3D/PISCES model, resulting from differences in
signs calcite production to nanophytoplankton, albeit with- circulation strength between the two dynamical models, the
out dependency of carbonate production on saturation statesinking speed of the largest class of particulate organic car-
The latter was implemented by Gehlen et al. (2007) for thebonate (POg) was reduced to a constant value of 60M.d
sake of studying the future evolution of the marine carbonateTotal pre-industrial CaC®production is tuned in all setups
cycle. The version developed for this study distinguishes twoto about 1.0 PgCyr by adjusting the scaling factors in
mineral phases of CaGQaragonite and calcite (Gangsta et Egs. (4), (9) and (11). The values of the scaling factors are
al.,, 2008). Changes in the concentration of Ca@®the not given as they depend largely on the carbonate chemistry
mineral form/ arise from productiorRrod, dissolution with  and circulation fields of the model used.
the dissolution rate),, and sinking of CaC@particles with

sinking speed: 2.2.1 Calcite production by nanophytoplankton
iCaCOg,l:Prod—k-CaCQl—a)iCaCQ” 1) The equations for calcite production by nanophytoplankton
dt ’ ' dz ' in the PISCES model are detailed by Gehlen et al. (2007).

We distinguish between dissolution in the open water andlhe proportion of calcifying phytoplankton is low in olig-
from the ocean bottom. Dissolution in open water occursOtrophic regions and calcifiers are often the dominant species
only in undersaturated wate®(< 1) and the rate. is depen- ~ When nanophytoplankton blooms. To mimic these condi-
dent on the saturation stafe, with respect to the appropriate tions, the following parameterization is applied for the frac-

mineral phase: tion of calcite production by nanophytoplankta®e ¢ (Au-
mont and Bopp, 2006):
M=k-(1-9)), for ;<1 (2) b
. . . . Rpc=fi-Lijn
CaCQ particles falling on the ocean floor dissolve imme- T P PICe
diately in the overlying grid cell independent &. This -max(0.000l 2+_T) -max(l,E) . <WC) . (4)

additional dissolution has only a minor effect on the ocean
chemistry. Only the open water dissolution is included in ourIn this parameterizationy; is a scaling factor used to match
further calculations and comparisons to observations. Proa global calcite production by nanophytoplankton of about
duction of CaCQ assigned to the plankton of typeand  1.0PgCyr! (see Tables 1 and 2)L denotes limitation by
of mineral phasé is taken to be proportional to all the loss the availability of phosphate, nitrate, ammonium, and iron
terms of this plankton type: and is taken to be identical to the nutrient limitation factor for
3) nanophytoplankton growtH is water temperature fiC and

P is mass of nanophytoplankton, with the term max{12)
No production of calcite or aragonite occurs if the water isin units of pmolCt1. The last factor in above equations
undersaturated with respect to the appropriate mineral phaseenotes the ratio of particulate inorganic (PIC) to organic
In oversaturated water, the fracti@) ; is not allowed to fall ~ (POC) carbon for calcifying nanophytoplankton under op-
below 0.01 or exceed 0.8 (Aumont and Bopp, 2006). Thetimal condition and as a function of the saturation state. Sub-
model simulates dissolved inorganic carbon and total alkascripti refers to different parameterizations of RI€OC,
linity. The carbon chemistry follows the OCMIP protocol and subscript C to calcite.

Prod; ;=R ;- {Loss Terms;.

Biogeosciences, 8, 43858 2011 www.biogeosciences.net/8/433/2011/
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Table 1. Simulated pre-industrial CaCGproduction (after 3000 yr of integration) for different parameterizations of Ga@@duction in
the Bern3D/PISCES model.

Model version Calcite production  Aragonite production Parameterization of the dependency of CaCO
(PgCyrl (PgCyrl) production on saturation state

Calcite production by nanophytoplankton only

CALMIC1 1.0 - Michaelis-Menten, this study

CALMIC2 1.00 - Michaelis-Menten based on Gehlen et al. (2007)
CALLIN1 1.05 - Linear curve, forced to zero fer =1

CALLIN2 1.04 - Linear curve, freely fitted

NODEPC 1.02 - Production is independent of saturation state

Calcite production by nanophytoplankton and aragonite production by mesozooplankton

CALARAG 0.66 0.34 Michaelis-Menten (this study) for calcite,
linear for aragonite
NODEPCA 0.69 0.35 Production is independent of saturation state

Calcite production by nanophyto- and mesozooplankton and aragonite production by mesozooplankton

CAL2ARAG 0.33+0.31 0.34 Michaelis-Menten for calcite by nanophytoplankton,
linear for aragonite production, linear for calcite
production by mesozooplankton

NODEPC2A 0.36 +0.35 0.35 Production is independent of saturation state

Table 2. The pre-industrial CaC@budget: results are for different parameterizations of the Ga@@duction in the Bern3D/PISCES

model and the NEMO/PISCES model, labeled PISC-CAL (Gehlen et al., 2007), and PISC-ARAG (Gangstg et al., 2008). Parameterizations
for the carbonate cycle are comparable between versions CAL-MIC2 and PISC-CAL and between versions CAL-ARAG and PISC-ARAG.
The lower boundary represents the deepest model grid boxes. The flux at the lower boundary is not to be compared with estimates of the
burial flux; the latter is not modeled in this study. Units are PgCyr

Parameterization Bern3D Bern3D Bern3D Bern3aD NEMO NEMO Observation-based
CAL- CAL- CAL- CAL2- PISC- PISC- estimates
MIC1 MIC2 ARAG ARAG CAL ARAG

Source

Net CaCQ production 1.05 1.00 1.00 0.99 0.79 0.87 0.81£.845

Sinks

Pelagic CaC@ dissolution 0.40 0.40 0.61 0.60 0.48 0.55 0.5+ 0.26,

(% of tot. CaCQ production) (38.1%) (40.0%) (61.0%) (60.6%) (60.8%) (63.2%) 1.0+0.5%

(>1500 m)

CaCg@; flux at lower boundary  0.65 0.60 0.39 0.39 0.31 0.32 -

CaCQ; burial flux - - - - - - 0.3

Related fluxes

Export flux 100 m 0.80 0.76 0.81 0.83 0.60 0.63 0.6/,0.6-1.6

(% of tot. CaCQ production) (76.2%) (76.3%) (81.0%) (83.8%) (75.9%) (72.4%) -—

Pelagic CaC@dissolution 0.036% 0.036% 26.0% 26.4% 2.5% 14% 60-80%

0—1km, % of tot. production

Pelagic CaC@dissolution 44% 52.3% 71.6% 71.3% 38% 58% >6098

0-2 km, % of tot. dissolution

1 |glesias-Rodriguez et al. (20021)ee (2001)3 Jin et al. (2006)* Berelson et al. (2007% Balch et al. (2007)° Feely et al. (2004)7 Sarmiento et al. (20028, Milliman and
Droxler (1996).

www.biogeosciences.net/8/433/2011/ Biogeosciences, 845832011
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Fig. 1. PIC-POC ratida) as a function of calcite saturation state with respect to ambient waters. Data from Delille et al. (2005) are shown as
black squares with error bars, from Zondervan et al. (2002) as black asterisks, data from Iglesias-Rodriguez et al. (2008) are shown as blac}
circles and data from Shi et al. (2009) as black crosses. Three new parameterizations are fitted to the data and used in the Bern3D/PISCE
model to compute CaC{production: a Michaelis-Menten curve (MIC1), a linear curve that is forced to go thraiggh 1 (LIN1) and a

linear curve that was freely fitted to the data (LIN2), which is also used for calcite production by mesozooplankton (FORAM-C). In addition,
the Michaelis-Menten curve that was used in Gehlen et al. (2007) and Gangstg et al. (2008) is included (MIC2). The red curve denotes the
parameterization used for aragonite production (ARAG). The respective sensit{fd€-POC)I 2, are shown ir(b).

According to experimental results of the coccolithophore Menten curve was extended @c = co. The parame-
E. huxleyiobtained by Riebesell et al. (2000), Zondervan etter Kmax corresponds to a half saturation constant, i.e. the
al. (2001, 2002) and Delille et al. (2005), the calcification value of ¢ — 1) where PIC/POC equals half the value of
rate may be described by a threshold value of the saturatiofPICc/POC)ax. Finally, Q¢ is the saturation state with re-
state below which the calcification decreases rapidly. Gehlerspect to calcite.
et al. (2007) fitted the PIPOC variable to these experi- The values (PIg/POChax and Kmax Were previously
mental results. Since then, new experiments \Eithuxleyi  set equal to 0.8 and 0.4, respectively (Gehlen et al., 2007;
have been performed (Iglesias-Rodriguez et al., 2008 and Stgangstg et al., 2008). New data published (lglesias-
etal., 2009). When considering the calcification rates, thes&odriguez et al., 2008 and Shi et al., 2009) encourage us to
studies show an increase with decreasing saturation statgaake a new fit, termed MIC1, to the data. Only data without
which is in contrast to previous studies Bnhuxleyi How-  severe light and nutrient limitation are considered (Zonder-
ever, when looking at the PIC-POC values, the data points/an et al., 2007), thus excluding one of the data sets from
from these two studies fit well into the group of the other Zondervan et al. (2002), in addition to another data set which

experimental data (Fig. 1a). should be discarded due to large uncertainties (Zondervan et
) ) ) ) ) al., 2002). These two data sets were included in the origi-

Michaelis-Menten type relationship between calcite nal fit MIC2. The new fit MIC1 provides an upper limit of

production and saturation the PIC-POC value for calcifying organisms equal to 1.04,

. . ] hereaskmax becomes 1.11. The PHIPOC ratio is shifted
In,\arer\:loul_s S&'d'?s (Gehlen ert] al., 2037’ ??jn]?Stﬁ]Etlfllé ZPO88 pwards for high saturation state values for the new fit MIC1
a Michaelis-vienten approach was adopted for the ) Q:ompared to the fit MIC2 (Fig. 1a). We refer to simulations

ratio of calcifying nanophytoplankton, in order to mimic with the new parameterization by the term “CALMIC1", to
the decreasing calcification with decreasing saturation statg J<e with the original fit by “CALMIC2" (Table 1) ’

(Riebesell et al., 2000; Zondervan et al., 2001, 2002; Delille
et al., 2005). The PIC-POC ratio for calcifying nanophyto-

. . : . Linear relationships between calcite production and
plankton as a function of saturation state is expressed as:

saturation
PICc _ (PICc (Qc—1)
POC/yc \POC max' Kmax+(Qc—1)" As the quantity of experiments performed on pelagic plank-
for (Qc—1) > 0. (5) ton is not yet massive, we may question the validity of using

a Michaelis-Menten type correlation, and wonder how the
(PICc/POChax is the maximum ratio reached under opti- use of a linear relationship between Ca{@oduction and
mal growth conditions for calcifying organisms, the max saturation state would influence projected calcification. In
value that PIG/POC would have on Fig. 1la if the Michaelis- parameterization LIN1, (PI&POC) and thus production is
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forced to go through zero f&2c equal 1: This results in the parameterization:
PICC> PIC,
with the slope ppcal equal to 0.19. No Cag@oductionis  for (2a—1) >0, (8)

allowed in undersaturated water.
In parameterization LIN2, data points are fitted with no Where the offset pparag equals 0.076 and the slope pparag2
forcing (the production is still set to 0 when the saturation IS 0.033. The Pl&-POC ratio is multiplied with mesozoo-

state becomes smaller than 1): plankton biomassM, and a scaling factoyys a, which is
used to tune the aragonite production to 1/3 of global calci-
<E> = ppcal2+ppcal3 (2¢c—1), fication. The factoRy, A for aragonite production by meso-
POC/ N2 zooplankton becomes:
for (Qc—1) > 0. (7) PIC
The offset ppcal2 is 0.55 and the slope ppcal3 is with 0.06Rm.A = fu,A-M- (P_()/2:>M’ 9)

more than three times smaller than in LIN1 (Fig. 1a). We ex-

pect thus a stronger response in calcite production for LIN1In contrast to the factoR, for nanophytoplanktonRys A
than for the other parameterizations. We refer to the lineadoes not depend on temperature and nutrient limitation. Fol-
parameterization forced through zero (Eq. 6) by “CALLIN1" lowing Eq. (3), Ry a is multiplied with the sum of the loss
and to the unconstrained linear fit (Eq. 7) by “CALLIN2” terms for mesozooplankton to yield the aragonite production.

(Table 1). We refer to the simulation including the aragonite parameter-
) ) ization (Eq. 8) and the new Michaelis-Menten parameteriza-
2.2.2  Aragonite production by mesozooplankton tion for calcite (Eq. 5) as “CALARAG” (Table 1).

The equations for aragonite production and dissolution are
specified in Gangstg et al. (2008). One third of pelagic2.2.3 Calcite production by mesozooplankton
CaCQ; production is assigned to aragonite producing meso-
zooplankton as a function of saturation state of seawater witlroraminifers are, in addition to coccolithophores, major cal-
respect to aragonite. This percentage is in the upper range a@fite producers in the pelagic ocean. They may account for
most estimates. Pelagic aragonite production is reported tbetween 32 and 80% of the Cag@at accumulates on the
contribute~10% to the total pelagic CaGQroduction by  sea floor (Schiebel, 2002). They are an important link to
Fabry (1990). However, estimates of aragonite productiorthe upper trophic levels (e.g. Legendre and léeiie, 1995;
and fluxes in the pelagic ocean are scarce and cover a largeowe et al., 2008). Studies of foraminifera show reduced
range, extending from 10 to 50% of the total global CaCO calcification in response to ocean acidification (e.g. Wolf-
flux (Berner, 1977; Berger, 1978; Berner and Honjo, 1981;Gladrow et al., 1999; Bijma et al., 1999; Lombard et al.,
Fabry and Deuser, 1991). 2010). Most of these studies include changes in shell weight
Due to the lack of observations available at the time of thisonly. The shell mass was reported to decrease by 4—8% for
study, the modeled dependency of the calcification on satua doubling of atmospheric GQSpero et al., 1997; Bijma et
ration state was done in an equivalent way as for calcite fol-al, 1999). Moy et al. (2009) suggest that a decrease in shell
lowing a Michaelis-Menten curve with (PKZPOChaxand  weight of 30-35% may have taken place since pre-industrial
Kmax equal to 0.8 and 0.4, respectively. Recently, new dataimes (thus within less than a doubling of atmospherigCO
has become available allowing a re-assessment of the paranissard et al. (2010) confirms the correlation between change
eterization. Comeau et al. (2009) studied the calcificationin carbonate ions and change in shell weights. Lombard et
response of the pteropddmacina helicinao decreasing sat- al. (2009) project a decrease in shell weight of between 20
uration states and report a decrease in aragonite productioand 27% within the end of the century. The decrease in shell
of 28% with a reduction in saturation state from 1.9 to 1.0 weight is in some studies reported to be non-linear (Bijma
(CO; increased from 350 to 760 patm). The authors did how-et al., 2002; Kuroyanagi et al., 2009), and in another study
ever not provide the corresponding RI® POC ratios. An-  linear (Lombard et al., 2009). When it comes to changes in
other study orL. helicinawas performed in Kongsfjorden, calcification rates of foraminifers, we are only aware of the
Spitsbergen, Norway. Here, the RIG POC ratios varied data by Lombard et al. (2009). They suggest a reduction in
between 0.078 and 0.106 (Ju@enbender, S. Lischka, and calcification rates of between 6 and 13% by the end of this
U. Riebesell, personal communication, 2009). A linear rela-century compared to present day conditions, and these data
tionship is developed from the two data sets. We let the maxindicate a linear shape of the response in calcification to in-
imum PICGy-POC value from the second study correspond tocreasing atmospheric GO
conditions with2a equal 1.9 and calculate a 28% linear de- A linear relationship to simulate the response in calcite
crease in PIx-POC down tac2a =1 (Comeau et al., 2009). production by foraminifera to decreasing saturation state is
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used here. We have chosen to use the unforced linear de¢ a) , Ptlantic overturning streamfunction
pendency on saturation state for the corresponding PIC/PO( . It E{Q/ﬂ ”(j";
7o

A%

variable: /\’\7
A

PICc
<WC>M =ppcal2+ppcal3 (2¢c-1),

for (Qc—1) >0, (10)

b) Pacific overturning streamfunction
0 r

and to describe the fractioR, ¢ for calcite production by
mesozooplankton:

PICc
Ruc=fucM (POC)M’ (11)
where fi ¢ is again a scaling factor used to tune the cal-

cite production to 1/3 of global calcification. The parameter

ppcal? is set to 0.55 and ppcal3 to 0.06. We refer to the sim-
ulation including the aragonite parameterization (Eq. 8), the
new Michaelis-Menten parameterization for calcite (Eq. 5),

and the calcite parameterization from Eqgs. (10) and (11) as
“CAL2ARAG".

Fig. 2. Streamfunction of the Bern3D/PISCES model for tag

2.2.4 Sensitivity of the different parameterizations
y P Atlantic, (b) Pacific andc) global ocean.

To highlight the sensitivity of the parameterizations de-
scribed in the previous sections, their derivativE®IC-
POC)H(S2) were calculated (Fig. 1b). The derivative of the
Michaelis-Menten equations becomes:

as High) and RCP6 (Medium) are used (Van Vuuren et al.,
2008; Strassmann et al., 2009) in addition to a scenario with
zero carbon emissions (Low). Most of the model versions are
d(PIC/POG) PICc Kmax run with the High scenario only, whereas multi-scenario runs
dc ( POC) max (Kmaxt+Qc—1)2’ (12)  are performed with the CALARAG and NODEPCA versions

. ) o (Table 1). From year 2100 to year 2500 the £&nissions
For the linear equations the derivatives correspond to they e set to 0 for the High and Medium scenarios. An addi-

slope constants 0.1928 (LIN1), 0.0573 (LIN2) and 0.03334jon| set of runs is performed with the High scenario and all
(ARAG). model versions where the calcification is set to O from the
year 2000. All scenario runs are accompanied with corre-
sponding control runs with constant pre-industrial Gfon-
centrations.

The physical Bern3D model was first integrated over
10000 yr using restoring boundary conditions. Next, air-sea

. 4 Model evaluation/pre-industrial state
freshwater fluxes were diagnosed and averaged over the last P

1000yr to provide mixed boundary conditions. The model |, order to validate the new Bern3d/PISCES model, a
was then switched to mixed boundary conditions, and an adghorough model-data comparison is presented next. Pre-
ditional freshwater flux from the Atlantic to the Pacific was ;,qustrial model output is compared to pre-industrial ob-

included. The model was further run for 5000 yr. Finally, the seryations and observation-based estimates by first remov-
PISCES model was added and the Bern3D/PISCES modg},q anthropogenic perturbations from the data sets when-

was integrated over 3000yr with atmosphericZncen-  eyer these were available, such as for DIC and saturation
trations kept constant at 278 parts per million (ppm). All the gtate  For the other variables, we follow common praxis and
variables presented in this study (alkalinity, saturation statécompare pre-industrial model output with present-day obser-
CaCQ; production etc.) are given as annual means. vations, thereby implicitly assuming that the difference be-

Nine model versions are run to explore the projectedyyeen pre-industrial and present-day observations would be
changes in calcification to increasing atmospherie Cn- small.

centrations, six with and three, termed NODEPC, NODE-
PCA, NODEPC2A, without a dependency of calcification on
saturation state (Table 1). Atmospheric £ prescribed

for the period from 1766—2006. From 2007—-2100, projected
CO, emissions of the IPCC scenarios RCP8.5 (referred to

3 Model setup and simulations
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a) CaCO, production CALMIC1 b)  CALARAG minus CALMIC c)  CAL2ARAG minus CALMIC1
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Fig. 3. Vertically integrated CaC@production for(a) the version CALMICL1 that represents calcite production by nanophytoplankton only,
(b) the difference to version CALARAG that represents calcite and aragonite producti¢c) &meldifference to CAL2ARAG that represents
calcite production by nanophyto- and mesozooplankton and aragonite production.

4.1 Circulation and water masses 4.2 CaCQ; production

Maximum overturning reaches 23 Sv (1S4f m3s1) at . . ,
) : . The spatial pattern of CaG(production modeled with the
around 458N in the North Atlantic, with a southward trans- P b

: calcite-only version CALMIC1 (Fig. 3a) shows the major
port out of the Atlantic between 1000 and 2000 m depth of i . e ;
about 16 Sv (Fig. 2). This is comparable to the estimates O#arge scale features of the observations (Iglesias-Rodriguez

Tall t al. (2003) of : i d th det al., 2002a; Balch et al., 2007). Values are low in the
ta ey e ta. ( | t)isgaxflmum O\tlca.lrtgtrnéng anThsou \(/jvalr docean gyres and high in the North Atlantic, North Pacific,
ransport equal to v for most fatitudes. -~ 1he .’.“0 €l€dand Ssouthern Ocean, as well as in the near coastal upwelling
overturning is larger than in earlier model versionsii{idr

et al., 2006) where a lower diapycnal diffusivity has been zones in the eastern Pacific and eastern South Atlantic. How-
. . ver, wher h im from satellite im how littl
applied. North Atlantic Deep Water (NADW) is how propa- ever, whereas the estimates from satellite images show little

. . ) . calcification in lower latitudes compared to higher latitudes,
ghatlgg a little oo deeﬁ A ;’V‘*"’?k modeled oa/erturnmg . ;]n a larger part of the total modeled calcification occurs in low-
t/atlaueegfp tehsé ?g;g;értefgtn?rmz ?XS\?\FI) ?sn |§V\tlZI’AtﬁaBr\1N.e;[i-elat.itUde upweI.Iing areas. At Ieast.fc.)r thg EquatoriaI.Pacifig,

. this may be linked to model deficiencies as mentioned in
mates, which suggests a transport up to 8.5 Sv (Talley et al

- the previous section. The modeled annual average calcifi-
2003). In the South Pacific, the northward flow of AABW _cation reaches about 12 g CRyr—1 (~1mg C nr3d-1) in

ikgs place belot;/;/ 2t00t?]m antq mtaxgnu_lr_n I?eeptovlergjéggng I?he areas with maximum concentrations of nanophytoplank-
v, comparable to the estimate by Talley et al. ( ) %on. In the North Atlantic, the model simulates annual aver-

;3;8v|._kD:aetp equator?al lépwelhlr;g n the:[ Pai'ft'c IS V.V'th .abtcr)]ut age calcification rates of between 0.2 and 0.5 mg€dr?.
vV IIKely 100 much and resufts in nutrient trapping in the ¢, comparison, Balch et al. (2007) report typical calcifica-

thermocline of the equatorial Pacific (not shown). The for- . 1% .
. " , _ t tes of t 4- ™ the North Atlant
mation of North Pacific Intermediate Water (NPIW) is rather lon rates of about 4-5mg Cmd" " in the Nor antic

) in June, but hl I duri th ths of th
strong compared to observations (Talley et al., 2003), an%] une, but much fower values during other montns of the

o ear. The estimated total annual average calcification of

propagates too deep. Although most of the Pacific deepwat alch etal. (2007) is higher (1.6 Pg C than in our model
is supposed to flow southwards again at intermediate depth%v1 0Pg éyrl) '
too high radiocarbon values at the surface of the North Pa- ™ ’ ' ) ]
cific compared to observations (not shown) may indicate too_ I régions away from the coast, differences in modeled
little upwelling of old water masses here. Deep convectionC2CQ production are relatively small between the differ-
occurs mainly in the North Atlantic south of Greenland and €Nt model versions (Fig. 3). In other words, Ca@ro-
in the Ross and Weddell Sea next to Antarctica. ComparedUction by nanophytoplankton and by mesozooplankton has
to the standard Bern3D model as used in earlier studies, th@ Similar spatial pattern, as seen in Fig. 4. This reflects
Bern3D/PISCES simulates more overturning and youngef® dependency of mesozooplankton on the availability of
water masses. As far as the marine biological cycle is con@nophytoplankton as a source of food. Mesozooplankton
cerned, we expect too much biological production and too9r@Z€ on nanophytoplankton, in addition to grazing on di-
much nutrient trapping in the Equatorial Pacific due to up- &0Ms, microzooplankton and POC. In near-coastal areas, the
welling. CaCQ; production is, however, substantially higher in the

versions CALARAG and CAL2ARAG where 1/3 and 2/3
of the production are related to mesozooplankton (Fig. 3).
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a) Nanophytoplankton CALARAG x %0'3 b) Mesozooplankton CALARAG x %0'3
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Fig. 4. Spatial distribution ofa) nanophytoplankton an@) mesozooplankton concentration of the CALARAG model version.

Zonally-averaged production is higher in the Southern Oceartemporally sparsely resolved coverage and includes samples
(<50° S) and for the maximum south of the equator for the taken over the top 200 m. While the overall pattern of spatial
version with mesozooplankton calcification (CALARAG, variability displayed by the observations is reproduced, the
CAL2ARAG) than for the versions with CaGproduction  model underestimates the global mesozooplankton concen-
by nanophytoplankton only (Fig. 5a). This reflects the rela-trations from the dataset, and especially in the North. The
tively higher aragonite and meso-calcite production in theseglobal average value of the model equals 0.46 mmolm
productive regions, caused by the relatively higher abun-compared to 0.84 mmoln? from the NMFS data set. The
dance of mesozooplankton than nanophytoplankton herenodel shows a better match to observations from the Con-
(Fig. 4b). The model versions with no dependency of CaCO tinuous Plankton Recorder survey (CPR) (Buitenhuis et al.,
production on saturation state broadly follow similar zonal 2006), which are taken from regular surveys in the North At-
patterns. lantic Ocean only, and are therefore not shown. The aver-
Observations and estimates of pteropod and foraminiferage value of the model in this region equals 0.65 mniotm
calcification are scarce. Most of the aragonite production occompared to 0.60 mmolT# from the CPR data set. The
curs in subpolar and polar areas (Lalli and Gilmer, 1989).improved fit might be due to the better data coverage pro-
Sediment trap studies have shown that in the Southern Oceanided by a time-series type of survey as the CPR, compared
south of the Polar Front, pteropods are the major source ofo a sparse and synoptic data set like NMFS. The mismatch
the carbonate flux-{50%) to the depth (Hunt et al., 2008). in the North when comparing to the NMFS dataset suggests
In the Sub-Antarctic Zone, tests from coccolithophores andthat the under/overestimation of aragonite production in the
foraminifers dominate the flux (Honjo et al., 2000; Honjo, high/low latitudes may be linked to a bias in the modeled
2004). The model versions with aragonite both provide mesozooplankton distribution. The parameterization of arag-
guite high CaC@ production rates in polar and subpolar ar- onite production does not include a dependency on temper-
eas, coherent with literature reporting that aragonite shellsiture, making the missing temperature effect another likely
of pteropods are especially abundant here (e.g. Collier et alexplanation of the he latitudinal trend with higher average
2000; Honjo et al., 2000; Urban-Rich et al., 2001; Accornerorates of aragonite production occurring at low latitudes.
et al., 2003). However, compared to the high latitudes, the CaCQ production is simulated down to a depth of
model simulates a higher aragonite production in lower lati-~500 m with little differences in basin-averaged production
tudes. While studies report that pteropods are also significanprofiles between the different model versions (Fig. 6a). Most
contributors to the CaC£flux in low latitudes, such as inthe of the production is simulated above 200 m. While the verti-
Indian Ocean (Panchang et al., 2007) and the Equatorial Ateal distribution of coccolithophorids (nanophytoplankton) is
lantic (Volbers et al., 2001), the highest biomass of pteropodgunction of light and nutrient availability, the vertical migra-
is expected to be found in cold, high-latitude waters (Lalli tions of pteropods are not taken into account.
and Gilmer, 1989). This may indicate an underestimation of In conclusion, CaC@production appears to be reasonably
aragonite production in high latitudes or an overestimationrepresented in the Bern3D/PISCES model when compared
in low latitudes by the Bern3D/PISCES model. Since arago-with available observation-based estimates and their uncer-
nite production is linked to the modeled mesozooplanktontainty. Aragonite production is likely overestimated in low
distribution, a bias in the latter could explain the latitudi- and mid-latitude regions compared to high-latitude regions
nal trend. Figure 5b shows the zonal average modeled disas production is linked to mesozooplankton abundance with-
tribution of mesozooplankton compared to a data set fromout considering that many aragonite producing species are
the National Marine Fisheries Service (NMFS), compiled found predominantly in cold, high-latitude waters.
by Buitenhuis et al. (2006). The dataset has a global, yet
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Fig. 5. Zonally-averageda) CaCQ; production,(b) mesozooplankton concentratioft) alkalinity, (d) DIC, (e) calcite saturation state

and(f) aragonite saturation state for the global ocean and different parameterizations of @asdQction in the Bern3D/PISCES model.
Observations and observation-based estimates are shown by green lines (NMFS data set; Buitenhuis et al., 2006, and GLODAP; Key et al.
2004). All concentrations are averages over the upper 3 layers of the model, equivalent to a depth of 126 m.

4.3 Alkalinity and DIC thus the alkalinity and DIC concentrations at the surface and
in the upper part of the water column. Consequently, includ-

The observed spatial patterns of DIC and alkalinity in the i"g aragonite in the model improves the simulated concen-
surface ocean are well matched by the model (Figs. 5¢ andations of surface alkalinity and DIC (Fig. 5¢ and d).

d, 7a and b and 8a—d). The Bern3D/PISCES reproduces the At depth, the model generally reproduces observation-
high alkalinity values in the north and south Atlantic and the based alkalinity and DIC patterns (Fig. 7a and b). Existing
high DIC concentrations in the Southern Ocean. Howevermismatches can be explained by deficiencies in the simulated
the surface alkalinity and DIC concentrations are on averag®cean circulation. DIC and alkalinity increase along the deep
lower than observed. DIC and alkalinity are slightly higher ocean transport path, due to the water column remineraliza-
in the versions including aragonite production and dissolu-tion of organic carbon and CaGOModeled DIC concentra-
tion. This is due to the 50% higher solubility of aragonite tions in most of the Atlantic are low compared to observa-
compared to calcite, which increases shallow dissolution andions and for all model versions. This is likely related to the
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duction by nanophytoplankton only (blue), CALARAG, represent- An exce.ptlo.n is the alkalinity in the de_ep Atlantic and _Pa-
ing calcite and aragonite production (red) and CAL2ARAG, rep- Cific, which is more over- and underestimated, respectively,
resenting calcite production by nanophyto- and mesozooplanktorin the model versions including aragonite (Fig. 7a). The dif-
and aragonite production (green). Observation-based estimates aferences between the model versions with calcite only and
shown by black solid lines (GLODAP; Key et al., 2004) and satura- the model versions including aragonite appear in the Taylor
tion concentrations for Cﬁ with respect to calcite and aragonite diagram (Fig. 9), where modeled global alkalinity and DIC
are indicated by black, dashed lines. are compared to pre-industrial values from the Global Ocean
Data Analysis Project (GLODAP) (Key et al., 2004). Due

Fig. 7. Depth profiles for(a) alkalinity (molm~3), (b) DIC
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to the mismatches in the deep Atlantic and Pacific, the cor- L L L L
relation coefficient between modeled and data-based alka-
linity is ~0.8 for the versions without aragonite, and.7

for the versions including aragonite. For DIC, the correla-
tion coefficient is higher than 0.9 for all versions and inde-
pendent of the form of CaC{) whereas the standard devi-
ation becomes closer to unity when aragonite is included.
To conclude, except for some discrepancies in the Atlantic

-

on
1

®

sl
T

—
1

Relative standard deviation

and Pacific mainly related to deficiencies in modeled circu- 054 @CALMICT 5
lation, the observed alkalinity and DIC concentrations are 28&'[3'&12 9
fairly well represented by the model. 2%?‘[!&%\2.@

QCAL2ARAG
4.4 Saturation state 0 - - T T

0 0.5 1 15

Modeled surface C§7 concentrations, calcite and aragonite Relative standard deviation

saturation state compare well with observgtions (Figs. 5e angig_ 9. Taylor diagram comparing modeled global fields of arag-

f, 8e and f). The modeled surface saturation state is 0n avefsnite saturation state, alkalinity, and DIC for different parameter-

age slightly too high. izations of the CaC@ production to observation-based estimates
At depth, the observed values of aragonite saturation statéGLODAP; Key et al., 2004). The modeled and estimated satura-

are relatively well represented in the Southern and Indiantion horizons with respect to calcite (CSH) and aragonite (ASH) are

Ocean (Figs. 7c, 10e-h), with aragonite saturation horizongdded.

around the depth of 1000 m. Mismatches between model re-

sults and observations in the Atlantic and Pacific deep oceap . . .

(Fig. 10a—d) are linked to deficiencies in the modeled DIC a}ted to the hlgher SOIU.b'“ty of aragonite gompared to cal-
and alkalinity fields. Due to these mismatches, a model-C't&- Includ|_ng aragonite in the model yields a substan-
observation comparison of the exact depth of the saturatiorliIal CaCQ dissolution in th? upper part of the_wate_r col-
horizons with respect to calcite and aragonite results in lowHMn" compareq t.o the version without aragonite (Fig. 6b,
correlations in the Taylor diagram (Fig. 9). However when Tablg 2). This increased shallow water CaC@issolu-
comparing the patterns between modelggland GLODAP tionin CALARAG.’ compared.to CALMICL gnd CALMIC2,
observations, the diagram shows correlation coefficients O]matches better with observation-based estimates (Feely etal.,

about 0.95 for all versions and a relative standard deviatio 004d; tl;/lllléman a;nd Frfxgbéggs) ?nd conflrrpst;[]hehresutlrt]s
just above unity. This indicates an overall good representa-oun y Gangsts etal. ( )- Italso supports the hypothe-

tion of the aragonite saturation state in the Bern3D/PISCES S!S that the estimated loss of Ca&ar excess of alkalinity in
the upper part of the water column may be at least partly
attributed to aragonite dissolution (Milliman and Droxler,

1996; Berelson et al., 2007) and upward mixing (Friis et al.,

Next, the global pre-industrial CaGQproduction, export 2007). . .
and dissolution fluxes are discussed in the context of !NSummary, the global CaC(production, exportand dis-

observation-based estimates and compared with those froifolution fluxes in the Bern3D/PISCES model are comparable

the NEMO/PISCES model (Tables 1 and 2) (Gehlen et al. [0 OPservation-based estimates.

2007 and Gangstg et al., 2008). Total Ca@@bduction was

tyned tm; PgCyr? fo.r all VEersions in agreementwith pub- 5 Future projections: sensitivity to parameterizations,

I|_shed estimates (lglesias-Rodriguez et al., 2002b; Lee, 2001; feedbacks and reversibility

Jinetal., 2006; Berelson et al., 2007; Balch et al., 2007). The

modeled CaC@export at 100m{0.8 PgCyrt)issmaller 51 Atmospheric CO, and saturation state

than the net production, because CaG%also produced be-

low 100m (Fig. 6a). Model export matches well the esti- Next, we will present the projected anthropogenic pertur-

mate by Berelson et al. (2007), but is higher than proposedation in the CaC®@ cycle and the evolution of under-

by Sarmiento et al. (2002). lying drivers for carbon emission commitment scenarios
The pelagic CaCe@dissolution of all model versions is (e.g. Fblicher and Joos, 2010). Carbon emissions are pre-

within the range of estimates of 4+ 0.2PgCyr! (Feely  scribed up to 2100 according to one of the RCP scenarios

et al., 2004). The total pelagic Cag@issolution is sub- and then hypothetically (and unrealistically) set to zero to

stantially lower in calcite only versions (CALMIC1 and study the long-term impacts of 21st century emissions on

CALMIC2; ~0.4PgCyrl) than in those with aragonite the CaCQ cycle and CQ. We will first present results for

(CALARAG and CAL2ARAG;~0.6 PgCyrl). Thisisre-  the high-emission, no climate-policy intervention scenario,

4.5 Global carbonate budgets
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b) a, Atlantic GLODAP Differences in projected changes in &0n surface satu-
- ration with respect to calcit€)c) or aragonite @a) and in
m the volume of undersaturated water are relatively small be-
[ tween the different model versions (Figs. 11b, 12, and 13).
Atmospheric CQ increases to almost 1000 ppm by 2100 for
i the High scenario. Afterwards, GQlecreases only slowly
to about 600 ppm by 2500 AD, even though emissions are
zero after 2100. Q¢ decreases from about 5.2 to 2.2 and
d) @, Pacific GLODAP Qa from about 3.4 to about 1.4 by the year 2100 and for all
W versions (Fig. 11b). Saturation increases again afterwards
] at the surface. Regionally, the largest decrease in satura-
tion is found in the tropics, whereas surface waters in high-
latitude become undersaturated with respect to aragonite over
i the course of this century and remain undersaturated by 2500
under the High scenario (Fig. 12). Undersaturation with re-
spect to aragonite is imminent in the Arctic and becomes also
widespread in the Southern Ocean. The evolution of the sur-

/—f" [ face ocean aragonite saturation state projected by model ver-

F_
//\ sions CALARAG and NODEPCA (Fig. 12) is close to iden-
L tical up to the year 2100 and differences are small after 2100.
In other words, the overall effect from the decreasing calcifi-

0 -20 0 20 40 60 80

0 20 40 60 8 0 -20 0 20 40 60 8

e) QA Indian CALARAG f) QA Indian GLODAP

cation on the saturation state is small.

Following Steinacher et al. (2009) anddkcher and
Joos (2010), we distinguish different classes of saturation
" with respect to aragonite and compute global changes in

the volume occupied by undersaturated and oversaturated
water masses as an indicator of whole ocean acidification
4 (Fig. 13). Compared to GLODAP observations, our model
correctly simulates the volume occupied by the upper three
classes, whereas the model underestimates the volume of un-
0 B00LT0 50 0 -0 30 ° dersaturated water (crosses in Fig. 13). The volume of water
oversaturated with respect to aragonite decreases from about
Fig. 10. Distribution of the aragonite saturation state simulated by 60% to only 15% of the ocean volume until 2200. Satura-
the Bern3D/PISCES model (left; version CALMIC1) and based ontion changes long after emissions have been stopped as an-
observations from GLODAP (right). The saturation horizofah  thropogenic carbon continues to invade the slowly ventilated
(c), (e) and(g) is given for the CaC@ production parameteriza-  jeep ocean. Water that is more than three times supersatu-

tiogs CALM.ltC1 (V‘éhimt.’ Caldtz %13&EF’:‘A‘QRAG (bla::'ft' cglciéeth rated disappears in the next decades and remains absent until
and aragonite production) an (grey, calcite by bo the year 2400 for the High case. This illustrates the long-

nanophyto- and mesozooplankton and aragonite). Values represept ina i ts of anth . b .
zonal averages. asting impacts of anthropogenic carbon emissions.

S+

0 -20 0 20 4

d) Q, Southern CALARAG h) Q, Southern GLODAP

T =8

5.2 CaCQG; production and dissolution
before showing the range of scenarios in Sect. 5.4. Note that )
global warming is not modeled here and production of or- Calcite-only production by nanophytoplanktonmder the
ganic material remains constant throughout the simulationHigh scenario, the CaCG{production decreases to between
The changes in CaG@production and dissolution are thus 0-69 and 0.82 chy'l by the year 2100, for most of the
only forced by changes in the saturation state with respecg@lCite-only versions (Fig. 11c). This corresponds to a 20—
to CaCQ. The evolution of CaC@production is therefore 34% reduction relative to pre-industrial values. The excep-
closely linked to the evolution of the saturation state in thetion is version CALLIN1 which experiences a reduction in
surface ocean (Figs. 11b and 12), which itself closely fol- calcification of 66%. In this version the PIC-POC is forced to
lows atmospheric CEXFig. 11a). The evolution of openwa- 2€ro forc approaching one and the production depends par-
ter CaCQ dissolution is influenced by the growing extent of ticularly sensitively on saturation over the entig-range

undersaturated water (Fig. 13) and the degree of undersatfFig- 1)- After 2100, the CaCéproduction increases again,
ration. following the increase in saturation state and the decrease

in COy. By the end of the scenario, at the year 2500, the
production in the CALLIN1 version with the most sensitive
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a) Atmospheric CO2 b) Surface Qc and QA
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Fig. 11. Influence of different CaC@production parameterizations for projeci@l atmospheric CQ, (b) global-mean surface saturation
states with respect to calcite and aragonitg,global CaCQ@ production,(d) global, open water CaG{dissolution,(e) global relative
dissolution, andf) the CQ-CaCQ; production/dissolution feedback quantified as the difference in atmosphegi®&@een simulations

with and without a dependency of Cag@roduction on the saturation state. The Bern3D/PISCES model was forced with 21 carbon
emissions from the high-emission scenario and emissions are hypothetically set to zero after 2100.

parameterization has increased to about 0.6 Pg € yiom- The decrease in calcite production projected by the
pared to~0.9 Pg C yr! for the other 3 calcite-only versions Bern3D/PISCES model of 20-66% confirms results from lit-
(Fig. 11c). Hence, with the exception of the more extremeerature. Gehlen et al. (2007) reported a decrease in produc-
linear parameterization, the different calcite parameterization equal to 27% by the end of their scenario, where the
tions shown in Fig. 1a, whether linear or functions of a atmospheric CQ was increased at a rate of 1% per year,
Michaelis-Menten curve, provide similar responses of thewhich is higher than the rate of increase of the IPCC RCP8.5
calcite production to the simulated perturbation in the sat-scenario selected for this study. It resulted in shorter time
uration state. duration, and the atmospheric concentration reached a max-
imum of 1144 ppm after 140yr (compared to 992 ppm in
our study). Although not directly comparable due to the
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Projected evolution of QA a) Calcite production (gC/mZfy) b)  Aragonite production (gC/m2iy)
80 1 1
5 60 |
0.8 0.8
40 5
3 20 0.6 0.6
e ¥ 0.4 . 0.4
[} ) - -40 ﬁ 0.2 - 0.2
3 ’ 5 60 - X
.‘g 1800 2000 2200 2400 1800 2000 2200 2400
| Year Year
1.5
1 Fig. 14. Projected evolution ofa) calcite andb) aragonite produc-
5 tion (g C nT2yr—1) for the CALARAG version.
T T T T
1800 2000 2200 2400 . .
Year reduction in CaC@ export production of about 60% at an

atmospheric C@content equal to 1000 ppm. This reduction
Fig. 12. Projected evolution of the aragonite saturation state in theyg|ye is comparable to our estimate obtained for the linear
surface ocean (top 125 m) for the High emission commitment sCeparameterization forced to the intercept (LIN1). While the
nario w_here carbon emissions increase in the 213? century followin arameterization LIN1 provides a poor fit to the data and
scenario RCP8.5. Color scalg and blgck contour I|ne§ representvaly o 14 be viewed as an extreme end-member for the sensi-
ues from the CALARAG version that includes aragpnlte _and CaICItetivity study, such a strong response of calcification on satu-
production. White contour lines are from the version with CaCO . ' L. .
production independent of the saturation state (NODEPCA). ration state can a priori not_ be r“'ef_i out based on Ridgwell
et al. (2007). Based on available evidence, a global decrease
in pelagic carbonate production of about 30% in response to
Volume (%) of Q ocean acidification under a business-as-usual-scenario (with-
. ' ' ' out climate change) seems likely by the year 2100. However,
uncertainties in these estimates are large.

Calcite and aragonite production by zooplankton and by
nanophytoplankton:the two versions including aragonite,
CALARAG and CAL2ARAG, generally yield a larger de-
crease in CaC@production (Fig. 14) than the versions with
calcite only (Fig. 11c). The total CaG@roduction (calcite
and aragonite) decreases by 35 and 31% within the year 2100
for the versions CALARAG and CAL2ARAG, respectively
(Table 3). By the year 2500, the production has reached
0.80 and 0.78 Pg C y#, respectively, corresponding to a 19
and 18% decrease compared to pre-industrial times. The
larger reduction in CaCgyproduction of the versions includ-
Fig. 13. Simulated global annual mean changes in the entire ocearing aragonite is caused by the higher solubility of aragonite
volume of supersaturated (light blue to red) and undersaturategharticles compared to calcite particles. The aragonite satura-
(blue) waters with respect to aragonite for the High emission com-tion state is lower than the calcite saturation state already at
mitment scenario where emissions are set to zero after 2100. Diﬁerpre-industrial times (Fig. 11b) and it decreases to even lower
ences are small between the versions with (color, black contours),,jyes with increasing atmospheric £0

and without (white contours) CaGroduction dependingon satu-  pg gitterent parameterizations for calcite and aragonite
ration. The black dashed line indicates the separation between ove L . .
and undersaturated water with respect to calcite. The crosses dé_roductlon imply different changes in the amount of CaCO

note the respective volumes of pre-industrial saturation state deriveé?mduced per un!t change 'r? the saturaﬂoq Sta}te (Fig. 1,b)' For
from the GLODAP data set. Qc > 4, the calcite production parameterization LIN1 is by

far the most sensitive to changes in the saturation. MIC1 be-
comes most sensitive fagc below 2.5. The sensitivity of

differences in the underlying scenario and its duration, wearagonite production to changes in saturation state is com-
note the agreement with our result for the same parametearably low. Pre-industrial zonal average surface values for
ization. Heinze (2004) projects a decrease in calcificationS2c Were lying within the range of 2.5-6.5. This implies
of approximately 30% at atmospheric €@oncentrations that the model version with parameterization LIN1 will show
equal to 1000 ppm, when fitting a linear dependency to theStronger reductions in CaG@ompared to other versions at
CaCQ production rates as a function of G@eported by  leastas long agc remains above 2.5.

Riebesell et al. (2000). Ridgwell et al. (2007) report a larger

Volume percentage

1800 1900 2000 2100 2200 2300 2400 2500
Year
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The shape of the relationship between seawater saturation Global CaCQ dissolution in the open water increases to
state and pelagic carbonate production, the functional groupeach a plateau after 2200 in the NODEP cases for the High
to which it is assigned, as well as the particular Ca@aly- scenario (Fig. 11d). The evolution in dissolution roughly
morph produced are at the origin of uncertainties in modelparallels the increase in the volume of undersaturated wa-
projections. Since the sensitivity study discussed abovder (Fig. 13). The evolution in global open water dissolution
demonstrated an overall low sensitivity of the carbonate cy-is more complex in the versions that include the dependency
cle to the shape of the parameterization, a linear curve t®f production on saturation. Global Cagdissolution is
describe the response of calcifying mesozooplankton to deprojected to decrease until 2100 in response to decreased
creasing saturation state appears justified at this time. Fu€aCQ export. Then, open water dissolution increases and
ture studies will provide insight into the calcification mecha- raises well above the pre-industrial level, mainly in response
nism and its controls, thereby enabling the derivation of im-to decreasing deep ocean saturation. The relative dissolu-
proved model parameterizations. By including the more sol-tion (Fig. 11e), i.e. the ratio between open water dissolution
uble aragonite, as well as calcite producing mesozooplankto production, increases first gradually until the year 2100,
ton, we increase the sensitivity of Cag@roduction to in-  then rapidly until the year 2200, followed by a slight trend to
creasing atmospheric GO reach~90-95% for all versions. In other words, the fraction

The Bern3D/PISCES model version CALARAG (calcite of CaCQ; that is dissolved in the open water increases from
produced by nanophytoplankton and aragonite by mesozogpre-industriab-40% for the calcite-only versions ands0%
plankton) projects a larger reduction in total CafCfro- for the versions including aragonite to almost 100%. Obvi-
duction (-35%) by the year 2100 than obtained with the ously, the expansion of the volume of undersaturated water
NEMO/PISCES model{19%). While the latter assumed a with respect to aragonite from pre-industrial 40% to around
Michaelis-Menten (MIC2) type dependency of Cag@o- 80% (and with respect to calcite from pre-industrial 20% to
duction on seawater saturation state for calcite and aragonit60%) of the total ocean volume causes a corresponding in-
(Gangstg et al., 2008), a linear parameterization was usedrease in open water Ca@G@issolution. Trends in produc-
for aragonite production as a function €fy in the model tion and dissolution are getting smaller towards 2500, but
version CALARAG along with parameterization MIC1 for the system is still away from equilibrium by the end of the
calcite. The linear parameterization ARAG has a strongersimulation as expected from the century to multi-millennial
sensitivity to changes i®2a compared to MIC2 foi2a > perturbation life time of an anthropogenic g@erturbation.

5.5 (Fig. 1b). Pre-industrial values @25 remained be-

low that threshold in both models, implying an increas- 5.3 C0,-CaCOj3 production/dissolution feedback on

ing higher sensitivity of aragonite production to changes atmospheric CO,

in Qa in NEMO/PISCES with progressing ocean acidifi-

cation. The opposite holds for calcite production with pa- In the following, we will quantify the C@CaCQ produc-
rameterization MIC1 being more sensitive than MIC2. The tion/dissolution feedback with respect to changes in CaCO
stronger response of the Bern3D model reflects the combinaproduction only by taking the difference between a model
tion of (i) differential sensitivities of parameterizations, dif- version that includes a dependency of Ca@@duction on
ferences in (ii) the modeled pre-industrial saturation horizonsaturation state and the corresponding version (NODEP) that
and (iii) the rate of transfer of anthropogenic £€fbom the  does not incorporate such a dependency.

surface to the deep ocean (ventilation, deep convection). Dif- The feedback responses in atmospheric,Goe from
ferences in the emission scenarios, scenario RCP8.5 yields2.5 to —11.4ppm by 2100 for the High scenario (Ta-
atmospheric C@levels about 165 ppm higher by the year ble 3). Thus, the feedback is small compared to the to-
2100 than SRESA2 (Gangstg et al., 2008), most likely playtal atmospheric C®perturbation of about 710 ppm by the

a minor role. The substantial differences obtained with theyear 2100, despite a decrease in Ca@@oduction of be-
same biogeochemical model, but coupled to different oceartween 20 and 66% in the different versions. The feedback
general circulation models highlights the need for a system-increases after year 2100, although emissions have been set
atic model inter-comparison study. to zero and CaC®production increases again (Fig. 11c).

CaCQ; dissolution:the absolute magnitude of Cag@is- This increase is linked to the slow time scale of surface-to-
solution in the open water column (Fig. 11d) depends (i) ondeep transport in the ocean, and the complex interplay be-
the amount of CaCgyproduced (Fig. 11c), and (ii) on the sat- tween tracer transport, production, and shallow dissolution
uration state with respect to Cag@® the thermocline and of CaCQ. Both model versions with aragonite, CALARAG
deep ocean (Fig. 13). The relative importance of the twoand CAL2ARAG, provide a feedback on the atmospheric
factors is quantified with the help of simulations that do not CO, of —5.8 ppm by the year 2100. The further evolution is
include a dependency of the Cagf@roduction on the satu- also similar between the two versions. After the peak around
ration state. In these simulations, labeled “NODEP”, produc-year 2200 follows a reduction in feedback towards the year
tion remains constant and changes in dissolution are entirel2500, which is stronger than in the versions with calcite only.
driven by changes in the dissolution rate (Eq. 2). This reflects a faster recovery of the carbonate system when
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Table 3. Sensitivity of CaCQ production and of the C&CaCQ; production/dissolution feedback to different parameterizations and emis-
sion pathways. Emissions follow the High, Medium and Low scenario over the 21st century and are set to zero aftec2idi@pglicable.

CaCGQ; prod., CaCQ prod., CaCQ@prod., Feedbackby Feedback by
1766 (PgCyrl) 2100-1766 (%) 2500-1766 (%) 2100 (ppm) 2500 (ppm)

Sensitivity to parameterizations
(High scenario)

CALLIN1, calcite 1.06 —66 —42 —-11.37 —24.32
CALLINZ2, calcite 1.05 —22 -15 —3.60 —8.70
CALMIC1, calcite 1.06 -34 -16 —-4.29 —-10.85
CALMIC2, calcite 1.01 -20 —08 —2.53 —5.05
CALARAG, calcite 0.66 —-32 -16 N N
CALARAG, aragonite 0.32 —-40 -25 N N
CALARAG, total CaCQ 0.98 -35 -19 —-5.77 —6.81
CAL2ARAG, calcite by nanop. 0.34 -31 -15 N N
CAL2ARAG, aragonite 0.32 —40 -25 N N
CAL2ARAG, calcite by mesop. 0.30 -21 —14 N N
CAL2ARAG, total CaCQ@ 0.96 -31 —18 —5.78 —5.96

Sensitivity to scenarios

CALARAG, tot. CaCQ, High 0.98 -35 -19 —-5.77 —6.81
CALARAG, tot. CaCQ, Medium 0.98 -23 -11 —4.07 -5.01
CALARAG, tot. CaCQ, Low 0.98 -5 -2 —-1.26 —0.77

aragonite is considered, due to the higher solubility of arag-calcification is set to 0 after 2000 corresponds—80 ppm
onite compared to calcite. By the year 2500, most model(Fig. 15b). The corresponding maximum value when 1/3
versions provide a feedback effect due to decreasing calcifiaragonite is included is 23 ppm.
cation of between-5.1 and—10.9 ppm. The more extreme In all the scenarios presented, the two model versions in-
parameterization (LIN1) yields a stronger &0aCQ pro- cluding aragonite show a very similar response to increas-
duction/dissolution feedback corresponding+@4.3ppm  ing atmospheric C®despite the very different parameteri-
by this time. The feedback effects of the model versions withzations for calcite production. In both versions, two thirds of
aragonite, CALARAG and CAL2ARAG, correspond-td.8 total CaCQ production are in the form of calcite at steady
and—6.0 ppm, respectively. state. However, in the model version CALARAG calcite is
Our results fall in a narrow range considering the vari- produced by nanophytoplankton only, whereas in the model
ety of model parameterizations and emission scenarios adrersion CAL2ARAG half of the calcite production is by
dressed in this study. They range frea8 to —11ppm by  nanophytoplankton and half by mesozooplankton at steady
the year 2100, in the case of continuous G#issions up  state. The similar response of the two versions in scenar-
to the year 2100. Our results compare well to previous studios with increasing C@is most likely explained by the fact
ies which report negative feedbacks to atmospherig &>  that the abundance of zooplankton is coupled to the food
tending from—2 to —12 ppm integrated over the duration of source, i.e., phytoplankton, and that the sensitivities of the
the simulations (Heinze, 2004; Gehlen et al., 2007; Ridg-different parameterizations of calcite production to satura-
well et al., 2007; Hofmann and Schellnhuber, 2009). Despitetion state changes are relatively similar. This study suggests
the diversity in model systems, scenarios and parameterizahat at present and considering the still limited experimental
tions all studies converge to project a rather modest negativevidence on which to draw for improved process parameter-
COp-CaCQy production/dissolution feedback to increasing izations, the first order biogeochemical response of the open
atmospheric CQ ocean CaCe@cycle is adequately reproduced by a model in-
In order to estimate the potential upper limit of the £0 cluding one calcifying plankton functional type.
CaCQ; feedback, calcification was set to O after the year PISCES includes only an indirect approach to the ballast
2000 for all model versions (Fig. 15a). While the previous effect, by assuming that 50% of the organic matter of the
simulations resulted in a maximum feedback-ef1ppm  calcifiers is associated with the shell. Since calcite is sig-
with the strongest parameterization LIN1 by the year 2100,nificantly denser than organic matter, 50% of the biomass of
the equivalent maximum CGECaCQ feedback when the dying calcifiers is routed to the fast sinking POC. A reduction
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Fig. 15. Sensitivity of the different CaC@production parameterizations to setting the global Cg@@duction to O after the year 2000, as
shown in(a). Subfiguregb) illustrates the subsequent maximum potential value of the-C&CG; production/dissolution feedback.

of calcifying nanophytoplankton goes along with a reduction changes in the marine carbonate cycle and associated feed-
of its contribution to the pool of fast sinking POC. Mesozoo- backs to atmospheric CQit also suggests that the magni-
plankton contributes to the same pool of fast sinking parti-tude of published feedback estimates might represent an up-
cles, but as their total biomass is not affected by acidifica-per limit on time scales of decades to a few centuries.

tion, there will be no effect of decreasing aragonite produc-

tion on POC fluxes. The model most likely underestimatess.4  Sensitivity to future CO, emissions

the decrease in ballasting of organic C fluxes by CaCO

(Armstrong et al., 2001; Klaas and Archer, 2002) as a di-Thjs section addresses the sensitivity of the marine carbonate
rect consequence of ocean acidification. A reduction in thecycle to projected atmospheric G®ajectories. We focus on
ballast effect would decrease the penetration depth of organig,e legacy of historical and future G@missions in terms of
C. The resulting shallower remineralization depth of organicijmpacts on the production/dissolution of marine carbonates
C would provide a positive feedback to atmospheric2CO  (Fig. 16¢ and d), as well as on the surface ocean saturation
which might well be of similar or larger magnitude as the gtate with respect to aragonite (Fig. 16b). To this end we
CO,-CaCQy production/dissolution feedback (Barker et al., compare the business-as-usual IPCC scenario RCP8.5 (re-
2002; Heinze et al, 2004; Hofmann and Schellnhuber, 2009¢erred to as High) to the alternative pathway RCP6 (Medium)
Kwon et al., 2009). and to a Low scenario. For the High scenario, total cumula-
Climate change, with higher temperatures is at the origintive CO, emissions of 1916.9 Pg C between 2007 and 2100
of an increase in stratification of the ocean waters. Chemicatranslate into a maximum of atmospheric £6 992 ppm in
changes related to the temperature effect (decreasing soluhe year 2100 (Fig. 16a). Atmospheric g@eaks at 702 ppm
bility of CO2 with increasing water temperature), but also in 2100 for the Medium scenario (with total cumulative £0
a slowing down of the surface to deep transport of wateremissions of 1138.0 Pg C for the period 2007—2100). In con-
masses, combine to a positive feedback to the atmospheritast to the High and Medium cases for which emissions in-
CO; (Joos et al., 1999; Greenblatt and Sarmiento, 2004crease up to the year 2100 and are then set to zero, the emis-
Friedlingstein et al., 2006; Plattner et al., 2008). sions are set to zero after the year 2007 for the Low scenario.

Impacts of climate change on saturation are small except Plotting surface ocean saturation state, Caf@duction,
in polar waters. The decrease i in the Arctic is am-  respectively dissolution as a function of atmospheric,CO
plified by surface freshening and sea ice retreat which mayllows identifying time lags in the system response to the
cause increased uptake of anthropogenic carbon (Steinachggrturbation. The saturation state with respect to aragonite
etal., 2009). Going along with the projected increase in stratclosely follows atmospheric CQFig. 16b) suggesting it to
ification may be a reduction in marine net primary produc- be approximately in equilibrium with atmospheric forcing.
tivity and export production (Steinacher et al., 2010). The We observed a small shift towards lower values of the satu-
reorganization of surface ocean ecosystems with a shift fronfation state at identical atmospheric £@lues before and
diatoms towards nanophytoplankton (Bopp et al., 2005) hagfter 2100 attributed to the ongoing uptake of £y the
also been suggested. The ultimate fate of Caf@duction ~ 0cean and related changes in carbonate chemistry.
will thus depend on the interplay between ocean acidifica- In order to relate changes in surface ocean saturation
tion and direct climate change effects. While this discussionstate with respect to aragonite to habitat suitability for cal-
highlights the large uncertainties still linked to projections of cifiers, we follow the classification proposed by Kleypas et
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al. (1999) for tropical coral ecosystems and applied by oth-tion of the simulation, irreversible changes in surface ocean
ers at the scale of the global ocean (Steinacher et al., 200%aturation state. “Suitable habitats” for aragonite produc-
Frolicher and Joos, 2010). Following this scheme and ining pelagic organisms such as pteropods(@a > 4) are
terms of carbonate chemistr2a > 4 stands for optimal, lost and conditions remain at “best marginal’<X2a < 3)

3 < Qa <4, for adequate conditions, while2Qa <3 and by the year 2500. Our model results further confirm the
1 < Qa < 2 are indicative of a marginal, respectively inade- early onset and persistence of undersaturation of high lat-
quate carbonate chemistry for coral growth. Finally, valuesitude waters (Orr et al., 2005; Steinacher et al., 2009).
of Qa < 1 indicate undersaturated conditions and hence arThe evolution ofQ2a is projected to be less severe in the
unsuitable environment for most calcifiers (e.g. pteropods)medium case emission scenario. While carbonate chemistry
We stress that uncertainties with ecosystem impacts are largshifts towards “marginal conditions” for the development of
The high case scenario projects large and, over the durgpteropods around 2100, the saturation state of low latitude
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Fig. 17. Modeled evolution of zonal annual mean surface aragonite saturation state(af Medium and(b) Low emission commitment
scenario and the CALARAG model version.

waters increases back to values above 3 by the year 2500. The resulting feedbacks on atmospheric,G@ the 3 sce-
Similarly, the extension and duration of undersaturation innarios are given in Table 3. Compared to the High scenario
high latitude regions is less severe. Keeping in mind thewhich provides a reduction in atmospheric £06f about
scarcity of data on consequences of large decreases in sd&:8 ppm by the year 2100 and 6.8 ppm by the year 2500
uration state for calcifying organisms and from a safety prin-due to decreasing calcification and increasing dissolution,
ciple, only the low emission scenario allows for moderatethe Medium and Low scenarios produce the respective nega-
changes i2a and hence the prevalence of suitable condi-tive CO,-CaCQ; feedbacks on atmospheric @of —4.1 and
tions for pteropods. The evolution of ocean saturation state-1.3 ppm by the year 2100, areb.0 and—0.8 ppm by the
with respect to aragonite projected by the Bern3D/PISCESyear 2500.
model is consistent with simulations with the comprehensive Figure 17 presents the evolution of surface oc®an(an-
NCAR climate-carbon cycle model and we refer to the litera- nual mean) with time for the Medium and Low G@mis-
ture for a further discussion on changes in the saturation statgion scenarios and with the CALARAG model version. In
and the reversibility of the impacts of 21st century emissionsthe Medium scenario (Fig. 17a), the undersaturation starts
on the carbon cycle and climate icher and Joos, 2010; in Arctic and the Southern Ocean and is only slightly later
Steinacher et al., 2009). than with the High scenario. Although a much smaller area
As the atmospheric COincreases, the global mean of the higher latitudes become undersaturated, the undersat-
CaCQ production decreases at the same rate for all threairation in Arctic is maintained for several centuries in both
emission scenarios, until the peak £@lues of 992ppm  the High and Medium scenario. The Low scenario provides
(High), 702 ppm (Medium) and 342 ppm (Low) are reached. oversaturation everywhere in the surface areas. With this sce-
Thereafter, the production increases following nearly thenario, the surface waters start to recover already soon after
same curves back towards, but without reaching, the origithe year 2000 when the saturation state of the surface waters
nal CaCQ production values. This is a direct consequencesslowly returns towards near-pre-industrial values. However,
of the still higherpCO; levels in 2500 and hence the lower even with the Low scenario, the pre-industrial values are not
surface ocean saturations. The dissolution decreases steadiyached within the year 2500 in most regions. In line with
with increasing atmospheric GQlue to the reduced supply other studies (e.g. Blicher and Joos, 2010), the results in-
of CaCQ; particles (Fig. 16c), also increasing again after the dicate that future anthropogenic g@missions may lead to
peak of atmospheric CQOs reached. However, itincreases at jrreversible changes ifta for several centuries.
a larger rate than it decreased and the dissolution rate by the
year 2500 becomes much higher than it was initially. While
the global mean dissolution rate was around 0.6 Pg¢& yr 6
at the start of the scenarios, it reaches between 0.65 (Low)

and 0.75 (Medium and High) Pg CY¥ by the end of the In this study we wused the new biogeochemical

scenario. This_non-linearity oceurs b_ecause, contrary to & emn3D/PISCES model to explore the sensitivity of the
CaCQ production, the CaCgxissolution takes place ”?the ocean carbon cycle to increasing concentrations of at-
fjeep olcgan. Wlht;e reas tht(:] f#rfai:e ocer?@ .Clmce;]ntrgtmn mospheric CQ@. With a range of sensitivity studies, we
IS hear yhln e.qlt“' rium wi e: mosp lerlcl Qfﬂ € tr?e?:o explore the effect of (i) using different parameterizations
ocean chemistry recovers much more slowly from the; of CaCQ production fitted to available laboratory and

perturbation (Fig. 16e). field experiments, of (ii) letting calcite and aragonite be

Conclusions
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produced by auto- and heterotrophic plankton groups, and oéragonite in terms of suitability to marine calcifiers, both sce-
(i) using CO; emissions from the range of the most recent narios High and Medium suggest large scale habitat loss to
IPCC Representative Concentration Pathways (RCP). Undewccur within a few decades and prevailing up to several cen-
a high-emission scenario, the Cagproduction of all the turies. Following the precautionary principle, only scenarios
model versions decreases fromlPgCyr! to between with low carbon emissions seem recommendable when large
0.36 and 0.82 Pg C y by the year 2100. From the variety scale changes in ocean ecosystems and their functioning are
of parameterizations and model versions, the changes ito be avoided.

CaCQ production (and dissolution) resulting from ocean  The legacy of ocean acidification and ongoing Q-
acidification provide only a small overall negative feedbacktake after the unrealistic shut-down of emissions after 2100
on the atmospheric CQCequal to betweer-1 and—11ppm is also seen in the deep ocean. The volume of undersat-
by the year 2100. The similar response to increasing atmourated water masses remains superior to its pre-industrial
spheric CQ by the model version with calcite produced value by the year 2500. As a consequence of the slow recov-
by nanophytoplankton and the one with calcite producedery of the deep ocean after a g@erturbation, the CaC{

by mesozooplankton may indicate that either of the twodissolution of all model versions continues to increase over
plankton groups may be used when simulating futurethe scenario. By the end of the High scenario, the CaCO
changes in marine pelagic calcification if changes in calcitedissolution-production ratio has stabilized at a value that is
production in response to environmental drivers are indeed0-50% higher than its initial value. Changes in Ca@@-
similar for nano- and mesozooplankton. Moreover, in theduction will lead to rain ratio changes, which together with
light of the uncertainties associated with the response of cala reduction in CaC@sedimentation and burial will modify
cifying organisms and the overall similar feedback strengthsthe marine carbonate cycle for several thousand years. The
yielded by the different model versions, the biogeochemicalinteraction with marine sediments will ultimately bring the
response of the pelagic Cag®©ycle to ocean acidification system back to a new equilibrium state (Archer, 2005).

may at present be adequately capture by a model with a
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