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Abstract

Ocean acidification might reduce the ability ofaifging plankton to produce and maintain
their shells of calcite, or of aragonite, the msouble form of CaCe@ In addition to possibly
large biological impacts, reduced Cag@roduction corresponds to a negative feedback on
atmospheric C@ In order to explore the sensitivity of the oceambon cycle to increasing
concentrations of atmospheric e use the new biogeochemical Bern3D/PISCES model
The model reproduces the large scale distributidrisogeochemical tracers. With a range of
sensitivity studies, we explore the effect of ijngsdifferent parameterizations of CagO
production fitted to available laboratory and fiedsperiments, of ii) letting calcite and
aragonite be produced by auto- and heterotroplaokpbn groups, and of iii) using carbon
emissions from the range of the most recent IPC@rédentative Concentration Pathways
(RCP). Under a high-emission scenario, the Ca@@duction of all the model versions
decreases from ~1 Pg C'yto between 0.36 and 0.82 Pg C'ymy the year 2100. The
changes in CaC{production and dissolution resulting from oceaitification provide only

a small feedback on atmospheric & 1-11 ppm by the year 2100, despite the widgeanf
parameterizations, model versions and scenaridsded in our study. A potential upper limit
of the CQ-calcification/dissolution feedback of -30 ppm hetyear 2100 is computed by
setting calcification to zero after 2000 in a hRfts century emission scenario. The similarity
of feedback estimates yielded by the model verswith calcite produced by
nanophytoplankton and the one with calcite, re$pelgt aragonite produced by
mesozooplankton suggests that, at present, expgetidgeochemical models to calcifying
zooplankton might not be needed to simulate biolgewmical impacts on the marine
carbonate cycle. The changes in saturation statéireo previous studies indicating that
future anthropogenic COemissions may lead to irreversible changesQ for several
centuries. Furthermore, due to the long-term changehe deep ocean, the ratio of open
water CaC@ dissolution to production stabilizes by the ye80@ at a value that is 30-50%
higher than at pre-industrial times when carbonssians are set to zero after 2100.

1 Introduction

Ocean uptake of atmospheric £@ads to a decrease in carbonate ion concentsaten
reduction in pH, a shoaling of the calcium carben@@aCQ) saturation horizons, and a
subsequent increase in CagCdissolution. The current rate at which this precésiown as

ocean acidification, is occurring will likely havarge biological consequences for ocean



ecosystems within the near future. Past studiesrtegh a decrease in calcification with
decreasing saturation state before undersaturati@ached (refer to Fabry et al. (2008) for a
synthesis of existing experimental evidence). @ahay plankton (mainly coccolithophores,
foraminiferas, and pteropods (Schiebel, 2002; Kisygt al., 2006)) might be especially
vulnerable to the decreasing saturation state esetbrganisms secrete calcite and aragonite,
two important forms of CaCgto form their shells. In addition to potentialarge impacts on
the marine calcifiers, a decrease in Cg@&duction causes a higher ocean uptake of, CO

i.e. a negative feedback on atmospherie.CO

The goal of this study is to document the perforoeaof a new cost-efficient 3-dimensional
circulation-marine ecosystem model and to apply tBern3D/PISCES model to study
calcification under ocean acidification and relateeldbacks to atmospheric &@Ve address
uncertainties by applying a wide range of paranmdgons for the dependency of
calcification on the chemical state of surface wated for a range of 2century and long-
term CQ emission scenarios. A novel parameterization Fa production of calcite by
zooplankton is introduced and its impact on thdeeyd CaCQ and on atmospheric GQOs
evaluated. The combination of a cost-efficient Wimtion model and a complex marine
ecosystem model allows us to go a step beyond imxistudies in terms of tested
parameterizations and scenarios. It is, as far @ame aware of, the first time that calcite

production by mesozooplankton is considered in @lechange simulations.

The following chain of feedbacks in consideredhis imodel study. Anthropogenic emissions
cause atmospheric GQo rise, carbon uptake by the ocean to increase,carbonate ion
concentration and the saturation state with respec€CaCQ to decrease. In response,
production and dissolution of CaGQ@hange and affect the concentration of dissolved
inorganic carbon (DIC) and alkalinity, and in tuthe CQ partial pressure in surface water
and CQ uptake by the ocean. Finally, the altered ocedakepleads to a different evolution
of atmospheric C®as compared to a situation where the Caty@le would not respond to
changes in C@and the saturation state. The production of Ca@doves DIC, but twice as
much alkalinity from the water; the combined effeétremoving DIC and alkalinity is to
increase pC@®(Frankignoulle et al., 1994). Thus, a decreas€aCQ production and the
related increase in DIC and alkalinity, tends taréase carbon uptake and to lower
atmospheric C@ Similarly, shallower dissolution of CaG®nds to increase DIC, alkalinity
in surface water and to lower pg{ surface waters and in the atmosphere.



Various model experiments have been performed duha recent years in order to identify
future changes in calcification rates and assotitgedbacks on atmospheric £@®leinze et
al., 2004; Ridgwell et al., 2007, 2009; Gehlen ket 2007; Hofmann and Schnellnhuber,
2009). The corresponding global biogeochemical nsodeal with carbonate production as a
biogeochemical function rather than attempting éproduce the complexity of biological
responses. Until now, parameterizations of theawesg of calcification to ocean acidification
were generally fitted to experiments done on cattagbhores (mainlg. huxleyi) and CaC@
was on the form of calcite only. With the exceptiminthe study by Ridgwell et al. (2007),
which provided a relatively large GO CaCQ production/dissolution feedback response to
atmospheric C@when simulating continued carbon emissions afteryiear 2100, all model
experiments projected a small €O0CaCQ feedback on atmospheric @Ridgwell et al.
(2007) estimated that the responsd-ofuxleyi to increasing atmospheric G@& quite small
compared to other coccolithophore species, fordermiand corals. It is thus possible that
biogeochemical models that only let Cafroduction be associated & huxleyi, may
underestimate the GO CaCQ feedback on atmospheric €O

Gangstg et al. (2008) extended the study by Gedtlah (2007) to include aragonite and, due
to limited data on aragonite producing pteropotieytused a dependency equivalent to
Gehlen et al. (2007) to project the response aliteahnd aragonite production and dissolution
to increasing atmospheric G@oncentrations. However, GOCaCQ production/dissolution
feedbacks were not calculated for this model verddo model has so far explicitly included
calcite production by mesozooplanton (foraminifessd simulated its response to ocean
acidification. The sensitivity of the later and @gated feedbacks to atmospheric QO
including CaCQ production by heterotrophs in a biogeochemical @hods well as to the
choice of functional relationship between CaG@oduction and seawater chemistry remains

an open question.

We are lead to the following questions: How impottéas the choice of shape of the
relationship fitting the response of calcificatitmnchanging carbonate chemistry? Would the
inclusion of aragonite and calcite produced by tamkton change the predicted evolution of
CaCQ production and dissolution, as well as the feekiban atmospheric G@ How fast is
the expected reversibility of the ocean chemisttgraa CQ perturbation? Would this be

affected by the future changes in Ca@@duction and dissolution?

The amount of data published about the responsaloifying organisms to increasing @O

has augmented over the last few years. Concernpen awcean calcifying organisms,



coccolithophores (and especialiyniliana huxleyi) have got much attention (Riebesell et al.,
2000; Zondervan et al., 2001, 2002; Sciandra ¢2803; Delille et al., 2005; Langer et al.,
2006; Iglesias-Rodriguez et al., 2008; Shi et 2009; Casareto et al., 2009; Godoi et al.,
2009; Gao et al., 2009; Mdller et al., 2010). Hoar\the number of experiments performed
on foraminifera and pteropods is also growing (&Vglf-Gladrow et al., 1999; Bijma et al.,
1999; Fabry et al., 2008; Comeau et al., 2009) peshe continuously increasing number of
studies published about the response of planktatetoeasing saturation state there are still
large uncertainties related to the future evolutadncalcification rates and the associated
feedbacks. Due to these uncertainties, a numbseritivity studies with a model including
an advanced representation of the marine ecosystand be of high advantage. However,
these kinds of models typically require large antswf computing time preventing a cost-

efficient evaluation of different parameterizations

The new Bern3D/PISCES model, a combination of tbesgstem model PISCES and the
cost-efficient circulation model Bern3D, allows tasexplore the above mentioned questions
further. More recent experiments on both coccoptimes (lglesias-Rodriguez et al., 2008
and Shi et al., 2009) and pteropods (Comeau €2@09; J. Bidenbender, S. Lischka and U.
Riebesell, personal comm.) permit us to improveviptes studies on the response of
calcification to increasing levels of atmospheri©,CHowever, due to a still limited quantity
of observations available, only “idealized” scenarimay be projected. We have therefore
chosen a sensitivity study approach to our work. 8k our study into three parts: In the
first part we explore the change in calcite proaucin response to increasing atmospheric
CO,, using different parameterizations of this resgonblere, calcite is produced by
nanophytoplankton. In the next section we broatienstudy to include aragonite and calcite
produced by mesozooplankton, investigating chamggzoduction, dissolution and ocean
chemistry in addition to quantifying the associate@®, — CaCQ production/dissolution
feedbacks. Finally we use a range of emission sment study the sensitivity and evaluate
the reversibility of the ocean carbonate system @O perturbation.

The formal outline is as follows. In section 2, tBern3D/PISCES model and the new
parameterizations for CaG(roduction are described. Model setup and expetisnare
described in section 3. Section 4 provides an ewian of the equilibrium state of the
Bern3D/PISCES model with observation-based estsnéde circulation and water-mass
distribution, CaC@ production, the distribution of dissolved inorgaarbon and alkalinity

and of the saturation state as well as for theajlolbean pelagic CaGudget. Section 5



presents the results for transient simulations prajections of atmospheric GOCaCQ
production and dissolution, and of the CadlD, feedback. Concluding remarks follow in

section 6.

2 The Bern3D/PISCES model

The Bern3D/PISCES model couples the Bern3D costiefit, dynamic ocean circulation

model (Muller et al., 2006) and the biogeochemmaldel PISCES. PISCES was developed
within the circulation model NEMO/OPA (Aumont andfp, 2006; Gehlen et al., 2006,

2007; Gangstg et al., 2008) which has a relativedyh resolution in both time and space
requiring large computing resources. The low rasmuBern3D/PISCES model facilitates

sensitivity analyses, millennial-scale paleoclimmatiudies, and multi-scenario analyses.

2.1 The Bern3D dynamical model

The Bern3D model is a global ocean circulation n@iliglller et al., 2006) which is based on
the 3-dimensional rigid-lid model of Edwards et(@P98) and Edwards and Marsh (2005). It
has a horizontal resolution of 36 x 36 grid boxad 82 vertical layers with exponentially
increasing thickness towards the ocean bottom. Suréace layer has a thickness of 39
meters, the bottom layer of 397 meters. The atmergpis described by one well mixed box
and the formulations of air-sea gas exchange asedban the updated OCMIP-2 protocol
(Orr et al. 1999; Najjar and Orr, 1999), and dovated by 19 % as suggested by Miiller et al.
(2008). The model is forced with seasonal fieldseofiperature, salinity and wind stress. Sea
surface temperatures and salinities are constrdiyedsing restoring and mixed boundary
conditions. Restoring boundary conditions force $8d@ SSS to remain close to modern-day
observational values. With mixed boundary condgiare prescribe freshwater fluxes on the
ocean surface instead of SSS, allowing circulasalmity feedbacks to develop upon
perturbation of the model state (Bryan, 1986). Alligonal freshwater flux correction is
applied (by removing freshwater from the Atlantradistributing it in the North Pacific) in
order to intensify and deepen the Atlantic meridioaverturning circulation (MOC). The
model includes an isopycnal diffusion scheme andt®&Williams parameterization for
eddy-induced transport (Griffies, 1998). The staddzern3D model has been tuned towards
data-based chlorofluorocarbon and radiocarbon itavers and is able to capture the large-
scale ocean circulation, the characteristics ofntlost important water masses and the large-
scale distributions of a range of ventilation ticeds tracers (Muller et al., 2006). The



Bern3D model has been applied for a wide rangeudfiss (e. g. Miller et al., 2008; Sidall et
al., 2007; Ritz et al., 2008; Tschumi et al., 20P8rekh et al., 2008; Gerber et al., 2009,
Gerber and Joos, 2010).

In the current study we use the parameter valuethéoBern3D model as given by Miiller et
al. (2006), with a few exceptions. The diapycnéfudivity has been increased from 1 x°10
m s?to 5 x 10° m s? and the Atlantic-to-Pacific freshwater flux coriea was set equal to
0.2 Sv in order to strengthen the circulation fsefthd subsequently improve the oxygen and
nutrients fields of the biogeochemical model. Timeet step used for the Bern3D model is
reduced by a factor of 2 compared to the standardian (Mdiller el al., 2006), with the
PISCES component called every ~2 hours in ordeadsure numerical stability. Future
atmospheric C@depends also on the evolution of terrestrial carbources and sinks, and
this is uncertain (e.g. Denman et al. IPCC, 20Biéye, we have not included a land biosphere

component as the focus is on the ocean carbonele cy

2.2 The PISCES model

PISCES is a global ocean biogeochemical model (Aureo al., 2003; Aumont and Bopp,
2006; Gehlen et al., 2006) which simulates the dafpemical cycle of oxygen, carbon and
the main nutrients controlling marine biologicabguctivity: nitrate, ammonium, phosphate,
silicate and iron. Biological productivity is lingitl by the external availability of nutrients and
light. The model includes two phytoplankton sizasskes (nanophytoplankton and diatoms)
and two zooplankton size classes (microzooplan&tmhmesozooplankton). The C/N/P ratios
are assumed constant for all species. For phytkfanthe prognostic variables are total
biomass, iron, chlorophyll and silicon contentseThternal ratios of Fe/C, Chl/C and Si/C
are predicted by the model. For zooplankton, thlg prognostic variable is total biomass.
The bacterial pool is not modeled explicitly. PISSCEcomprises three non-living
compartments for organic carbon: small particulatganic carbon (PO big particulate
organic carbon (PO{ and semi-labile dissolved organic carbon (DOChe TC/N/P
composition of dissolved and particulate mattealso coupled to Redfield stochiometry,
whereas the iron, silicon and calcite pools of iheticles are fully simulated and their ratios
relative to organic carbon are allowed to vary. Paticulate detrital pools (PQCPOG,
biogenic silica and calcite) are fuelled by motyalaggregation from nanophytoplankton and
diatoms, fecal pellet production and grazing.



The standard version of the model (Aumont and B@PP6) considers CaGan the form of
calcite only and assigns calcite production to péytoplankton, albeit without dependency
of carbonate production on saturation state. Titerlavas implemented by Gehlen et al.
(2007) for the sake of studying the future evolutiof the marine carbonate cycle. The
version developed for this study distinguishes twioeral phases of CaGQaragonite and
calcite (Gangstg et al., 2008). Changes in the extnation of CaC@in the mineral formi

arise from productionProd, dissolution with the dissolution ratk, and sinking of CaC®

particles with sinking speed:

iCaCO3I = Prod, - A [€CaCQO,, —a)iCacog, : (1)
dt : dz

We distinguish between dissolution in the open wartel from the ocean bottom. Dissolution
in open water occurs only in undersaturated waberlj and the rat@ is dependent on the

saturation state, with respect to the appropriate mineral phase:

A =k1-Q,) foQ, < . )

CaCQ particles falling on the ocean floor dissolve indiwely in the overlying grid cell
independent of2. This additional dissolution has only a minor effen the ocean chemistry.
Only the open water dissolution is included in éwtther calculations and comparisons to
observations. Production of Cagé&ssigned to the plankton of typand of mineral phadds

taken to be proportional to all the loss termshaf plankton type:

Prod;, =R;, fLoss Termg ; . (3)

No production of calcite or aragonite occurs if thater is undersaturated with respect to the
appropriate mineral phase. In oversaturated wtterfractionR;; is not allowed to fall below
0.01 or exceed 0.8 (Aumont and Bopp, 2006). The ehastnulates dissolved inorganic
carbon and total alkalinity. The carbon chemistrglloilvs the OCMIP protocol
(http://www.ipsl.jussieu.frfOCMIP). A detailed degition of the model including model
equations and parameters can be found as auxitatgrial in Aumont and Bopp (2006).

In the present study, the model alkalinity fieldswaitialized with a global mean alkalinity
value of 2.410 mol /M, which lies between the global average from GLODKRY et al.,
2004) and the one from Goyet et al. (2000). InNEMO/PISCES model, half of the fraction

of calcite production that is linked to loss of nphytoplankton by grazing is assumed to be



dissolved in the guts of zooplankton; only the remmg half affects alkalinity in open water
and is added to the Cag@ool (Aumont and Bopp, 2006). Here, the percentzgéaCQ
that interacts with the alkalinity pool was incred$rom 0.5 to 0.85, which slightly improves
the alkalinity fields. Nitrogen fixation and deiiication as well as river input and silicate
deposition from dust were all set to 0 in the pnéstudy. In order to improve low oxygen
values at depth and low surface concentrationsutriemts in the Bern3D/PISCES model,
resulting from differences in circulation strendtbtween the two dynamical models, the
sinking speed of the largest class of particulatgamwic carbonate (PQLwas reduced to a
constant value of 60 m™d Total pre-industrial CaC{production is tuned in all setups to
about 1.0 Pg C ¥rby adjusting the scaling factors in Equations (8),and (11). The values
of the scaling factors are not given as they degdargkly on the carbonate chemistry and

circulation fields of the model used.

2.2.1 Calcite production by nanophytoplankton

The equations for calcite production by nanophynokton in the PISCES model are detailed
by Gehlen et al. (2007). The proportion of calaifyiphytoplankton is low in oligotrophic
regions and calcifiers are often the dominant gseethen nanophytoplankton blooms. To
mimic these conditions, the following parameteiatis applied for the fraction of calcite
production by nanophytoplanktoRp c (Aumont and Bopp, 2006):

_ e T PIC,
Roc = f 05, Dmax( o.oommj O maE< igj [ﬁ e ji . (4)

In this parameterizatiorf; is a scaling factor used to match a global calpiteduction by
nanophytoplankton of about 1.0 Pg C (see Table 1 and 2). denotes limitation by the
availability of phosphate, nitrate, ammonium, angchiand is taken to be identical to the
nutrient limitation factor for nanophytoplanktorogrth. T is water temperature in °C aRds
mass of nanophytoplankton, with the temax(1, P/2) in units ofumol C I''. The last factor

in above equations denotes the ratio of particutadeganic (PIC) to organic (POC) carbon
for calcifying nanophytoplankton under optimal ciiwh and as a function of the saturation
state. In our model parameterization, the globatipdustrial surface ocean has an average
PIC-/POC ratio of about 0.8. Subscriptefers to different parameterizations of BROC,

and subscripC to calcite.

According to experimental results of the coccolghoreE. huxleyi obtained by Riebesell et
al. (2000), Zondervan et al. (2001, 2002) and [zegt al. (2005), the calcification rate may



be described by a threshold value of the saturasiamte below which the calcification
decreases rapidly. Gehlen et al. (2007) fitted R@-/POC variable to these experimental
results. Since then, new experiments Vittuxleyi have been performed (Iglesias-Rodriguez
et al., 2008 and Shi et al., 2009). When considettie calcification rates, these studies show
an increase with decreasing saturation state, wisiégh contrast to previous studies Bn
huxleyi. However, when looking at the PIC-POC values, daga points from these two
studies fit well into the group of the other expeental data (Fig. 1a).

Michaelis-Menten type relationship between calpi@duction and saturation

In previous studies (Gehlen et al., 2007; Gangsid.£2008) a Michaelis-Menten approach
was adopted for the PIC-POC ratio of calcifying o@mytoplankton, in order to mimic the
decreasing calcification with decreasing saturasitate (Riebesell et al., 2000; Zondervan et
al., 2001; Zondervan et al., 2002; Delille et @005). The PIC-POC ratio for calcifying
nanophytoplankton as a function of saturation sgexpressed as:

Q. -1
PIC :(P'ch 2D oo, 5)
POC ) . \POC/ . K.nt+(2:.-1)

(PIC/POCax is the maximum ratio reached under optimal groeghditions for calcifying
organisms, the max value that RIROC would have on Fig. 1a if the Michalis-Menteme
was extended t@c=c. The parameter Kx corresponds to a half saturation constant, he. t
value of Qc-1) where PIC/POC equals half the value of ROC) . Finally, Qc is the

saturation state with respect to calcite.

The values (PIgPOC) max and Kax Were previously set equal to 0.8 and 0.4, respalgti
(Gehlen et al., 2007; Gangstg et al., 2008). Neta gablished (lglesias-Rodriguez et al.,
2008 and Shi et al., 2009) encourage us to makenafih, termed MIC1, to the data. Only
data without severe light and nutrient limitatioe @onsidered (Zondervan et al., 2007), thus
excluding one of the data sets from Zondervan .e{2802), in addition to another data set
which should be discarded due to large uncertarfiendervan et al., 2002). These two data
sets were included in the original fit MIC2. TheanBt MIC1 provides an upper limit of the
PIC-POC value for calcifying organisms equal to4]l.@hereaK m.x becomes 1.11. The
PIC-/POC ratio is shifted upwards for high saturatidates values for the new fit MIC1
compared to the fit MIC2 (Fig. 1a). We refer to slations with the new parameterization by
the term “CALMIC1", to those with the original fity “CALMIC2” (Table 1).

Linear relationships between calcite production satiration




As the quantity of experiments performed on pelgdankton is not yet massive, we may
guestion the validity of using a Michaelis-Mentgpé correlation, and wonder how the use of
a linear relationship between Cag@roduction and saturation state would influence
projected calcification. No CaCGOproduction is allowed in undersaturated water. In
parameterization LIN1, (PKZPOC) and thus production is forced to go througio Zor Q¢
equal 1:

PIC, J
= ppcal ([Q. -1), for Qc-1) >0, (6)
[POC LIN1 ©

with the slope ppcal equal to 0.19.

In parameterization LIN2, data points are fittedhao forcing (the production is still set to 0

when the saturation state becomes smaller than 1:

[ PIC ] = ppcal 2+ ppcal 3HQ. —1), for Qc-1) > 0. (7)
POC LIN2

The offset ppcal2 is 0.55 and the slope ppcal3itis 206 more than three times smaller than
in LIN1 (Fig. 1a). We expect thus a stronger resgoim calcite production for LIN1 than for
the other parameterizations. We refer to the linppgaameterization forced through zero (Eg.
(6)) by “CALLIN1” and to the unconstrained lineatr (Eq. (7)) by “CALLIN2” (Table 1).

2.2.2 Aragonite production by mesozooplankton

The equations for aragonite production and disswiudre specified in Gangstg et al. (2008).
One third of pelagic CaC{production is assigned to aragonite producing m@golankton

as a function of saturation state of seawater wgipect to aragonite. This percentage is in the
upper range of most estimates. Pelagic aragonidugtion is reported to contribute ~10% to
the total pelagic CaCOproduction by Fabry (1990). However, estimatesacdgonite
production and fluxes in the pelagic ocean arecgcand cover a large range, extending from
10 to 50% of the total global CaG@ux (Berner, 1977; Berger, 1978; Berner and Honjo
1981; Fabry and Deuser, 1991).

Due to the lack of observations available at theetof this study, the modeled dependency of
the calcification on saturation state was donenirequivalent way as for calcite following a
Michaelis Menten curve with (PKIPOC) max and Kmax €qual to 0.8 and 0.4, respectively.
Recently, new data has become available allowing-assessment of the parameterization.



Comeau et al. (2009) studied the calcification oesge of the pteropodimacina helicina to
decreasing saturation states and report a decreasmgonite production of 28% with a
reduction in saturation state from 1.9 to 1.0 ¢G@rreased from 350 to 760atm). The
authors did however not provide the correspondiligyRo POC ratios. Another study an
helicina was performed in Kongsfjorden, Spitsbergen, Norwisre, the PIg to POC ratios
varied between 0.078 and 0.106 (J. BudenbendeLisShka and U. Riebesell, personal
comm.). A linear relationship is developed from tiwe data sets. We let the maximum RIC
POC value from the second study correspond to tondiwithQa equal 1.9 and calculate a
28% linear decrease in PA®OC down taQa=1 (Comeau et al. 2009). This results in the

parameterization:

PIC, = pparag + pparag2 {Q, -1), for Qa-1) > 0, (8)
POC ),

where the offset pparag equals 0.076 and the gippeag2 is 0.033. The PA&POC ratio is

multiplied with mesozooplankton bioma$4, and a scaling factdy; », which is used to tune
the aragonite production to 1/3 of global calcifica. The factorRya for aragonite

production by mesozooplankton becomes:

_ PIC,
RM,A_ fM,ADVI I:éF)OCJM (9)

In contrast to the factd®, for nanophytoplanktorRy o does not depend on temperature and
nutrient limitation. Following Eq. (3)Rv.a IS multiplied with the sum of the loss terms for
mesozooplankton to yield the aragonite productitfe. refer to the simulation including the
aragonite parameterization (Eq. (9)) and the newhislilis-Menten parameterization for
calcite (Eq. (5)) as “CALARAG” (Table 1).

2.2.3 Calcite production by mesozooplankton

Foraminifers are, in addition to coccolithophoresajor calcite producers in the pelagic
ocean. They may account for between 32 and 80%eo€aCQ that accumulates on the sea
floor (Schiebel, 2002). They are an important linkthe upper trophic levels (e.g. Legendre
and Le Févre, 1995; Rowe et al., 2008). Studidsraiminifera show reduced calcification in

response to ocean acidification (e.g. Wolf-Gladegval., 1999; Bijma et al., 1999; Lombard
et al., 2009). Most of these studies include changeshell weight only. The shell mass was
reported to decrease by 4-8% for a doubling of apheric CQ (Spero et al., 1997; Bijma et

al, 1999). Moy et al. (2009) suggest that a deer@ashell weight of 30-35% may have taken



place since pre-industrial times (thus within léean a doubling of atmospheric @O
Dissard et al. (2009) confirms the correlation kew change in carbonate ions and change in
shell weights. Lombard et al. (2009) project a dase in shell weight of between 20 and 27%
within the end of the century. The decrease inlskeight is in some studies reported to be
non-linear (Bijma et al., 2002; Kuroyanagi et aD09), and in another study linear (Lombard
et al.,, 2009). When it comes to changes in caltibn rates of foraminifers, we are only
aware of the data by Lombard et al. (2009). Thaeygsest a reduction in calcification rates of
between 6 and 13% by the end of this century coetptr present day conditions, and these

data indicate a linear shape of the response aificakion to increasing atmospheric €O

A linear relationship to simulate the response aicite production by foraminifera to
decreasing saturation state is used here. We hhusew to use the unforced linear

dependency on saturation state for the correspgrieli@/POC variable:

(PI ch = ppcal 2+ ppcal 3LQ. -1)  for (Qc-1) >0, (10)
POC ),

and to describe the fractidty ¢ for calcite production by mesozooplankton:

Ruc = fonc M Eﬁp'c°j . (11)

POC

where fyc is again a scaling factor used to tune the calprtduction to 1/3 of global
calcification. The parameter ppcal2 is set to Ol ppcal3 to 0.06. We refer to the
simulation including the aragonite parameterizat{&gy. (5)), the new Michaelis-Menten
parameterization for calcite (Eqg. (1)), and thecital parameterization from Equations (10)
and (11) as “CAL2ARAG".

2.2.4 Sensitivity of the different parameterization s

To highlight the sensitivity of the parameterizasodescribed in the previous sections, their
derivatives d(PIC-POC)/€) were calculated (Fig. 1b). The derivative of tkéchaelis-

Menten equations becomes:

d(PIC/POC,) _ PICc, '\ Ko - (12)
dQc POC (Kmax+QC _1)

For the linear equations the derivatives corresgornte slope constants 0.1928 (LIN1),
0.0573 (LIN2) and 0.0333 (ARAG).



3 Model setup and simulations

The physical Bern3D model was first integrated al@)000 years using restoring boundary
conditions. Next, air-sea freshwater fluxes wermegdosed and averaged over the last 1,000
years to provide mixed boundary conditions. The ehodas then switched to mixed
boundary conditions, and an additional freshwdiex from the Atlantic to the Pacific was
included. The model was further run for 5,000 ye&isally, the PISCES model was added
and the Bern3D/PISCES model was integrated ove@03ykars with atmospheric GO
concentrations kept constant at 278 parts peranillppm). All the variables presented in this

study (alkalinity, saturation state, Cag@oduction etc) are given as annual means.

Nine model versions are run to explore the progecieanges in calcification to increasing
atmospheric C® concentrations, six with and three, termed NODERODEPCA,
NODEPC2A, without a dependency of calcification @aturation state (Table 1).
Atmospheric CQ is prescribed for the period from 1766-2006. Fr2d®7-2100, projected
CO, emissions of the IPCC scenarios RCP8.5 (refeweabtHigh) and RCP6 (Medium) are
used (Van Vuren et al., 2008; Strassmann et aD9R{h addition to a scenario with zero
carbon emissions (Low). Most of the model versians run with the High scenario only,
whereas multi-scenario runs are performed with @ ARAG and NODEPCA versions
(Table 1). From year 2100 to year 2500 the,@missions are set to 0 for the High and
Medium scenarios. An additional set of runs is @eried with the High scenario and all
model versions where the calcification is set tsadn the year 2000. All scenario runs are
accompanied with corresponding control runs withnstant pre-industrial CO

concentrations.

4  Model evaluation/pre-industrial state

In order to validate the new Bern3d/PISCES moddahaough model-data comparison is
presented next. Pre-industrial model output is caneqb to pre-industrial observations and
observation-based estimates by first removing aptbhgenic perturbations from the data sets
whenever these were available, such as for DICsaharation state. For the other variables,
we follow common praxis and compare pre-industnabdel output with present-day

observations, thereby implicitly assuming that ti&erence between pre-industrial and

present-day observations would be small.



4.1 Circulation and water masses

Maximum overturning reaches 23 Sv (1 Sv £ &8 s?) at around 45°N in the North Atlantic,
with a southward transport out of the Atlantic be¢éw 1,000 and 2,000 m depth of about 16
Sv (Fig. 2). This is comparable to the estimatesTafiey et al. (2003) of maximum
overturning and southward transport equal to 18 f&@v most latitudes. The modeled
overturning is larger than in earlier model versidiMiller et al., 2005) where a lower
diapycnal diffusivity has been applied. North AtianDeep Water (NADW) is now
propagating a little too deep. A weak modeled awarhg cell in the deepest part of the
Atlantic corresponds to AABW. The value of the spart from the AABW is lower than
estimates, which suggests a transport up to 8.6I'&ley et al., 2003). In the South Pacific,
the northward flow of AABW takes place below 2,0@0and maximum deep overturning is
14 Sv, comparable to the estimate by Talley e28l03) of 13 Sv. Deep equatorial upwelling
in the Pacific is with about 9 Sv likely too muchdaresults in nutrient trapping in the
thermocline of the equatorial Pacific (not showmhe formation of North Pacific
Intermediate Water (NPIW) is rather strong comparedbservations (Talley et al., 2003),
and propagates too deep. Although most of the ieaddepwater is supposed to flow
southwards again at intermediate depths, too higliocarbon values at the surface of the
North Pacific compared to observations (not shomay indicate too little upwelling of old
water masses here. Deep convection occurs mairtlyeifNorth Atlantic south of Greenland
and in the Ross and Weddell Sea next to Antardiompared to the standard Bern3D model
as used in earlier studies, the Bern3D/PISCES sit@slimore overturning and younger water
masses. As far as the marine biological cycle iscemed, we expect too much biological
production and too much nutrient trapping in thei&qrial Pacific due to upwelling.

4.2 CaCOgs production

The spatial pattern of CaG@roduction modeled with the calcite-only versioALMIC1

(Fig. 3a) shows the major large-scale featurehefabservations (lglesias-Rodriguez et al.,
2002a; Balch et al., 2007). Values are low in theam gyres and high in the North Atlantic,
North Pacific, and Southern Ocean, as well as enrtbar coastal upwelling zones in the
eastern Pacific and eastern South Atlantic. Howewdrereas the estimates from satellite
images show little calcification in lower latitudesmpared to higher latitudes, a larger part of
the total modeled calcification occurs in low-late upwelling areas. At least for the
Equatorial Pacific, this may be linked to modelidehcies as mentioned in the previous



section. The modeled annual average calcificagaches about 12 g Cny™* (~1 mg C n?
d!) in the areas with maximum concentrations of nagagplankton. In the North Atlantic,
the model simulates annual average calcificatidesraf between 0.2 and 0.5 mg C mi".
For comparison, Balch et al. (2007) report typizaltification rates of about 4-5 mg C°rd™

in the North Atlantic in June, but much lower vauguring other months of the year. The
estimated total annual average calcification ofcBat al. (2007) is higher (1.6 Pg C)ythan

in our model (~1.0 Pg CY.

In regions away from the coast, differences in nedi€aCQ production are relatively small
between the different model versions (Fig. 3). lineo words, CaC® production by
nanophytoplankton and by mesozooplankton has dasispatial pattern, as seen in Fig. 4.
This reflects the dependency of mesozooplanktotheravailability of nanophytoplankton as
a source of food. Mesozooplankton graze on nanoplankton, in addition to grazing on
diatoms, microzooplankton and POC. In near-coaatakls, the CaCOproduction is,
however, substantially higher in the versions CAlAXRand CAL2ARAG where 1/3 and 2/3
of the production are related to mesozooplanktag. (8). Zonally-averaged production is
higher in the Southern Ocean (<°SY and for the maximum south of the equator for the
version with mesozooplankton calcification (CALARAGAL2ARAG) than for the versions
with CaCQ production by nanophytoplankton only (Fig. 5a).isTheflects the relatively
higher aragonite and meso-calcite production irsghproductive regions, caused by the
relatively higher abundance of mesozooplankton tm@mophytoplankton here (Fig 4b). The
model versions with no dependency of Ca@@duction on saturation state broadly follow

similar zonal patterns.

Observations and estimates of pteropod and foréenancalcification are scarce. Most of the
aragonite production occurs in subpolar and paleas (Lalli and Gilmer, 1989). Sediment
trap studies have shown that in the Southern Ocarth of the Polar Front, pteropods are
the major source of the carbonate flux (>50%) @ dlepth (Hunt et al., 2008). In the Sub-
Antarctic Zone, tests from coccolithophores anérainifers dominate the flux (Honjo et al.,

2000; Honjo, 2004). The model versions with aragpoiioth provide quite high CaGO

production rates in polar and subpolar areas, eoheavith literature reporting that aragonite
shells of pteropods are especially abundant hege Qmllier et al., 2000; Honjo et al., 2000;
Urban-Rich, 2001; Accornero et al., 2003). Howewampared to the high latitudes, the
model simulates a higher aragonite production oimer latitudes. While studies report that

pteropods are also significant contributors to @& G flux in low latitudes, such as in the



Indian Ocean (Panchang et al., 2007) and the Eqalfgtlantic (Volbers et al., 2001), the
highest biomass of pteropods is expected to bedfaurcold, high-latitude waters (Lalli and
Gilmer, 1989). This may indicate an underestimatadraragonite production in high latitudes
or an overestimation in low latitudes by the BerfBISCES model. Since aragonite
production is linked to the modeled mesozooplanktstribution, a bias in the latter could
explain the latitudinal trend. Figure 5b shows #wnal average modeled distribution of
mesozooplankton compared to a data set from themNatMarine Fisheries Service (NMFS),
compiled by Buitenhuis et al. [2006]. The datases la global, yet temporally sparsely
resolved coverage and includes samples taken beetop 200 meters. While the overall
pattern of spatial variability displayed by the ehstions is reproduced, the model
underestimates the global mesozooplankton condemtsafrom the dataset, and especially in
the North. The global average value of the modelatn0.46 mmol i, compared to 0.84
mmol mi® from the NMFS data set. The model shows a betscimo observations from the
Continuous Plankton Recorder survey (CPR) (Buitenktial., 2007), which are taken from
regular surveys in the North Atlantic Ocean onlyd are therefore not shown. The average
value of the model in this region equals 0.65 mmd) compared to 0.60 mmol frfrom the
CPR data set. The improved fit might be due toltbieer data coverage provided by a time-
series type of survey as the CPR, compared toraespad synoptic data set like NMFS. The
mismatch in the North when comparing to the NMFStaskt suggests that the
under/overestimation of aragonite production inhigh/low latitudes may be linked to a bias
in the modeled mesozooplankton distribution. Theapeeterization of aragonite production
does not include a dependency on temperature, gpakénmissing temperature effect another
likely explanation of the he latitudinal trend witigher average rates of aragonite production

occurring at low latitudes.

CaCQ production is simulated down to a depth of ~50Qvith little differences in basin-
averaged production profiles between the diffenmotdel versions (Fig. 6a). Most of the
production is simulated above 200 m. While the igaftdistribution of coccolithophorids
(nanophytoplankton) is function of light and nuttieavailability, the vertical migrations of

pteropods are not taken into account.

In conclusion, CaC@production appears to be reasonably representie iBern3D/PISCES
model when compared with available observation-thasstimates and their uncertainty.
Aragonite production is likely overestimated in lamd mid-latitude regions compared to

high-latitude regions as production is linked to somooplankton abundance without



considering that many aragonite producing speciesf@und predominantly in cold, high-

latitude waters.

4.3 Alkalinity and DIC

The observed spatial patterns of DIC and alkalimtyhe surface ocean are well matched by
the model (Figs. 5¢ and d, 7a and b and 8a-d). Bé@3D/PISCES reproduces the high
alkalinity values in the north and south Atlantisdathe high DIC concentrations in the
Southern Ocean. However, the surface alkalinity Bx@ concentrations are on average
lower than observed. DIC and alkalinity are sliglttigher in the versions including aragonite
production and dissolution. This is due to the Stigher solubility of aragonite compared to
calcite, which increases shallow dissolution andttihe alkalinity and DIC concentrations at
the surface and in the upper part of the watermanluConsequently, including aragonite in
the model improves the simulated concentrationsuoface alkalinity and DIC (Fig. 5¢ and
d).

At depth, the model generally reproduces obsemadiased alkalinity and DIC patterns (Figs.
7a and b). Existing mismatches can be explainedidficiencies in the simulated ocean
circulation. DIC and alkalinity increase along ttheep ocean transport path, due to the water
column remineralization of organic carbon and CaQWodeled DIC concentrations in most
of the Atlantic are low compared to observationd &r all model versions. This is likely
related to the large formation rate and deep patietr of relatively carbon poor NADW.
High DIC and alkalinity concentrations are foundtie very deep Atlantic, which is partly
linked to the too weak AABW spreading in the AtlaniThe substantial trapping of alkalinity
in the deep Atlantic contributes to the low alkdlinconcentrations modeled in the deep
Pacific as the total ocean alkalinity inventoryiixed. Modeled alkalinity and DIC are higher
than observations in the intermediate (~1,000 -O@,th) Pacific as expected from the

modeled large equatorial upwelling.

The alkalinity and DIC concentrations at depthsightly improved in the versions including
aragonite, due to the rearranging of DIC and atikigliconcentrations in the water column
caused by shallow water aragonite dissolution (6. An exception is the alkalinity in the
deep Atlantic and Pacific, which is more over- amdlerestimated, respectively, in the model
versions including aragonite (Fig 7a). The differes between the model versions with calcite
only and the model versions including aragoniteeappn the Taylor diagram (Fig. 9), where



modeled global alkalinity and DIC are compared te-ipdustrial values from the Global
Ocean Data Analysis Project (GLODAP) (Key et aDp2). Due to the mismatches in the
deep Atlantic and Pacific, the correlation coeéitdir between modeled and data-based
alkalinity is ~ 0.8 for the versions without aragen and ~ 0.7 for the versions including
aragonite. For DIC, the correlation coefficient hggher than 0.9 for all versions and
independent of the form of CaGQwvhereas the standard deviation becomes closenitp
when aragonite is included. To conclude, exceptstone discrepancies in the Atlantic and
Pacific mainly related to deficiencies in model@duwation, the observed alkalinity and DIC

concentrations are fairly well represented by tloeleh

4.4 Saturation state

Modeled surface C§ concentrations, calcite and aragonite saturattate ssompare well
with observations (Figs. 5e and f, 8e and f). Thedeted surface saturation state is on

average slightly too high.

At depth, the observed values of aragonite saturagtate are relatively well represented in
the Southern and Indian Ocean (Figs. 7c, 10e-ijy aiagonite saturation horizons around
the depth of 1,000 m. Mismatches between modeltseand observations in the Atlantic and
Pacific deep ocean are linked to deficiencies erttodeled DIC and alkalinity fields. Due to
these mismatches, a model-observation comparisotheofexact depth of the saturation
horizons with respect to calcite and aragonitelteso low correlations in the Taylor diagram
(Fig. 9). However when comparing the patterns betwenodeledQ2s and GLODAP
observations, the diagram shows correlation caeffts of about 0.95 for all versions and a
relative standard deviation just above unity. Tihdicates an overall good representation of
the aragonite saturation state in the Bern3D/PISCES

4.5 Global carbonate budgets

Next, the global pre-industrial Ca@@roduction, export and dissolution fluxes are assed

in the context of observation-based estimates aothpared with those from the
NEMO/PISCES model (Tables 1 and 2) (Gehlen e280;7 and Gangstg et al., 2008). Total
CaCQ production was tuned to ~1 Pg Clyior all versions in agreement with published
estimates (lglesias-Rodriguez et al., 2002b; LE©12Jin et al., 2006; Berelson et al., 2007,
Balch et al., 2007). The modeled Caa&xport at 100 m (0.8 to 0.89 PgClyr) is small@mth
the net production, because Ca0® also produced below 100 m (Fig. 6a). Model expo



matches well the estimate by Berelson et al. (20@m)is higher than proposed by Sarmiento
et al. (2002).

The pelagic CaC®dissolution of all model versions is within thengae of estimates of
0.51£0.2 (Feely et al., 2004). The total pelagic Oadissolution is substantially lower in
calcite only versions (CALMIC1 and CALMIC2; ~0.4 @yyr?) than in those with aragonite
(CALARAG and CAL2ARAG : ~0.6 Pg C . This is related to the higher solubility of
aragonite compared to calcite. Including aragoimt¢éhe model yields a substantial Ca_O
dissolution in the upper part of the water colunempared to the version without aragonite
(Fig. 6b, Table 2). This increased shallow wate€Oadissolution in CALARAG, compared
to CALMIC1 and CALMIC2, matches better with obsdiga-based estimates (Feely et al.,
2004; Milliman and Droxler, 1996) and confirms tiesults found by Gangstg et al. (2008). It
also supports the hypothesis that the estimatesiddo£aCQ or excess of alkalinity in the
upper part of the water column may be at leastlypattributed to aragonite dissolution
(Milliman and Droxler, 1996; Berelson et al., 20@nd upward mixing (Friis et al., 2007).

In summary, the global CaGOproduction, export and dissolution fluxes in the

Bern3D/PISCES model are comparable to observatised estimates.

5 Future projections: sensitivity to parameterizati ons, feedbacks and

reversibility

5.1 Atmospheric CO ; and saturation state

Next, we will present the projected anthropogeredyrbation in the CaC{cycle and the
evolution of underlying drivers for carbon emissmmmitment scenarios (e.g. Frolicher and
Joos, 2010). Carbon emissions are prescribed upl®® according to one of the RCP
scenarios and then hypothetically (and unrealibyicaet to zero to study the long-term
impacts of 21 century emissions on the Cag€ycle and CQ We will first present results
for the high-emission, no climate-policy intervemtiscenario, before showing the range of
scenarios in section 5.4. Note that global warms\got modeled here and production of
organic material remains constant throughout thmukition. The changes in CagO
production and dissolution are thus only forceccbgnges in the saturation state with respect
to CaCQ. The evolution of CaC@production is therefore closely linked to the esimn of
the saturation state in the surface ocean (Figb. did 12), which itself closely follows



atmospheric C@Q(Fig. 11a). The evolution of open water CaQissolution is influenced by

the growing extent of undersaturated water (Fig.at@l the degree of undersaturation.

Differences in projected changes in £ @ surface saturation with respect to calcide)(or
aragonite Q») and in the volume of undersaturated water aratively small between the
different model versions (Figs. 11b, 12, and 13néspheric CQincreases to almost 1,000
ppm by 2100 for the High scenario. Afterwards,,@@creases only slowly to about 600 ppm
by 2500 AD, even though emissions are zero afté022: decreases from about 5.2 to 2.2
and Qs from about 3.4 to about 1.4 by the year 2100 amdall versions (Fig. 11b).
Saturation increases again afterwards at the surfRegionally, the largest decrease in
saturation is found in the tropics, whereas surfacaters in high-latitude become
undersaturated with respect to aragonite over tberse of this century and remain
undersaturated by 2500 under the High scenaria () Undersaturation with respect to
aragonite is imminent in the Arctic and becomes alglespread in the Southern Ocean. The
evolution of the surface ocean aragonite saturastate projected by model versions
CALARAG and NODEPCA (Fig. 12) is close to identiced to the year 2100 and differences
are small after 2100. In other words, the overiédlat from the decreasing calcification on the

saturation state is small.

Following Steinacher et al. (2009) and Frdliched a@wos (2010), we distinguish different
classes of saturation with respect to aragonite @rdpute global changes in the volume
occupied by undersaturated and oversaturated waeses as an indicator of whole ocean
acidification (Fig. 13). Compared to GLODAP obséimas, our model correctly simulates
the volume occupied by the upper three classesyeabethe model underestimates the
volume of undersaturated water (crosses in Fig. T3¢ volume of water oversaturated with
respect to aragonite decreases from about 60%lyolé86 of the ocean volume until 2200.
Saturation changes long after emissions have bdepped as anthropogenic carbon continues
to invade the slowly ventilated deep ocean. Wdtat s more than three times supersaturated
disappears in the next decades and remains abs@rithe year 2400 for the High case. This

illustrates the long-lasting impacts of anthropagearbon emissions.

5.2 CaCOj3; production and dissolution

Calcite-only production by nanophytoplankton: Under the High scenario, the CagO
production decreases to between 0.79 and 0.82 g ®y the year 2100, for most of the
calcite-only versions (Fig. 11c). This corresporidsa 20-34% reduction relative to pre-



industrial values. The exception is version CALLINdhich experiences a reduction in
calcification of 66%. In this version the PIC-POLforced to zero fof)c approaching one
and the production depends particularly sensitivatysaturation over the entifec-range
(Fig. la). After 2100, the CaGQproduction increases again, following the increase
saturation state and the decrease in.(BY the end of the scenario, at the year 2500, the
production in the CALLIN1 version with the most séive parameterization has increased to
about 0.6 Pg C ¥ compared to ~0.9 Pg C ¥yifor the other 3 calcite-only versions (Fig.
11c). Hence, with the exception of the more extrdimear parameterization, the different
calcite parameterizations shown in Fig. 1a, whelihear or functions of a Michaelis-Menten
curve, provide similar responses of the calcitedpobion to the simulated perturbation in the
saturation state.

The decrease in calcite production projected by Bleen3D/PISCES model of 20-66%
confirms results from literature. Gehlen et al.q2Preported a decrease in production equal
to 27% by the end of their scenario, where the apheric CQ was increased at a rate of 1%
per year, which is higher than the rate of increaisthe IPCC RCP8.5 scenario selected for
this study. It resulted in shorter time durationddhe atmospheric concentration reached a
maximum of 1144 ppm after 140 years (compared ® 8 in our study). Although not
directly comparable due to the differences in thdaulying scenario and its duration, we note
the agreement with our result for the same parameat®n. Heinze (2004) projects a
decrease in calcification of approximately 30% tmb@spheric C@ concentrations equal to
1,000 ppm, when fitting a linear dependency to@a€Q production rates as a function of
CO; reported by Riebesell et al. (2000). Ridgwell kt(2007) report a larger reduction in
CaCQ export production of about 60% at an atmosphefdz €ontent equal to 1,000 ppm.
This reduction value is comparable to our estinmdiined for the linear parameterization
forced to the intercept (Linl). While the paramigi@ion Linl provides a poor fit to the data
and should be viewed as an extreme end-membehéoisénsitivity study, such a strong
response of calcification on saturation state canai not be ruled out based on Ridgwell et
al. (2007). Based on available evidence, a globatahse in pelagic carbonate production of
about 30% in response to ocean acidification uradéusiness-as-usual-scenario (without
climate change) seems likely by the year 2100. Heweuncertainties in these estimates are

large.

Calcite and aragonite production by zooplankton and by nanophytoplankton: The two

versions including aragonite, CALARAG and CAL2ARAGenerally yield a larger decrease



in CaCQ production (Fig. 14) than the versions with cal@nly (Fig. 11c). The total CaGO
production (calcite and aragonite) decreases bwrg@b 31% within the year 2100 for the
versions CALARAG and CAL2ARAG, respectively (TabB®. By the year 2500, the
production has reached 0.80 and 0.78 Pgt; igspectively, corresponding to a 19 and 18%
decrease compared to pre-industrial times. Thestargduction in CaC@production of the
versions including aragonite is caused by the higbkibility of aragonite particles compared
to calcite particles. The aragonite saturationiesis lower than the calcite saturation state
already at pre-industrial times (Fig. 11b) andetieéases to even lower values with increasing

atmospheric C@

The different parameterizations for calcite andyardgte production imply different changes
in the amount of CaC{produced per unit change in the saturation statg.(1b) ForQ¢ > 4,
the calcite production parameterization LIN1 isfay the most sensitive to changes in the
saturation. MIC1 becomes most sensitive far below 2.5. The sensitivity of aragonite
production to changes in saturation state is coalgarlow. Preindustrial zonal average
surface values fof)c were lying within the range of 2.5-6.5. This inggsl that the model
version with parameterization LIN1 will show stra@mgreductions in CaC{compared to

other versions at least as longtasremains above 2.5.

Next to the shape of the relationship between sesvgaturation state and pelagic carbonate
production, the functional group to which it is igeed, as well as the particular Cag£O
polymorph produced are at the origin of uncertagtin model projections. Since the
sensitivity study discussed above demonstratedvanath low sensitivity of the carbonate
cycle to the shape of the parameterization, alineeve to describe the response of calcifying
mesozooplankton to decreasing saturation stateaappestified at this time. Future studies
will provide insight into the calcification mecham and its controls, thereby enabling the
derivation of improved model parameterizations.iByluding the more soluble aragonite, as
well as calcite producing mesozooplankton, we iaseethe sensitivity of CaG@roduction

to increasing atmospheric GO

The Bern3D/PISCES model version CALARAG (calcitequced by nanophytoplankton and
aragonite by mesozooplankton) projects a largemataoh in total CaC@production (-35%)
by the year 2100 than obtained with the NEMO/PISCE&Iel (- 19%). While the latter
assumed a Michaelis Menten (MIC2) type dependeric€aCQ production on seawater
saturation state for calcite and aragonite (Gangstd., 2008), a linear parameterization was

used for aragonite production as a functiof2@in the model version CALARAG along with



parameterization MIC1 for calcite. The linear paedenization ARAG has a stronger
sensitivity to changes 2, compared to MIC2 fof, > 5.5 (Fig. 1b). Pre-industrial values of
Q. remained below that threshold in both models, yimgl an increasing higher sensitivity of
aragonite production to changes @, in NEMO/PISCES with progressing ocean
acidification. The opposite holds for calcite protdon with parameterization CAL1 being
more sensitive than CAL2. The stronger responsethef Bern3D model reflects the
combination of (i) differential sensitivities of g@aneterizations, differences in (ii) the
modeled pre-industrial saturation horizon and ¢hi¢ rate of transfer of anthropogenic £O
from the surface to the deep ocean (ventilatiorpdmnvection). Differences in the emission
scenarios, scenario RCP8.5 yields atmospherig |€¢@ls about 165 ppm higher by the year
2100 than SRESA2 (Gangstg et al. (2008), mostylipghy a minor role. The substantial
differences obtained with the same biogeochemidadlety but coupled to different ocean

general circulation models highlights the needafalystematic model inter-comparison study.

CaCOs; dissolution: The absolute magnitude of Cagdissolution in the open water column
(Fig. 11d) depends (i) on the amount of Ca@@duced (Fig. 11c), and (ii) on the saturation
state with respect to Ca@On the thermocline and deep ocean (Fig. 13). Télative
importance of the two factors is quantified witle thelp of simulations that do not include a
dependency of the CaGQ@roduction on the saturation state. In these sitoms, labeled
“NODEP”, production remains constant and changesligsolution are entirely driven by
changes in the dissolution rate (Eq. (2)).

Global CaCQ dissolution in the open water increases to reaptageau after 2200 in the
NODEP cases for the High scenario (Fig. 11d). Taution in dissolution roughly parallels
the increase in the volume of undersaturated w#&igr 13). The evolution in global open
water dissolution is more complex in the versidmat include the dependency of production
on saturation. Global CaGQ@lissolution is projected to decrease until 2100esponse to
decreased CaCG(export. Then, open water dissolution increasesrarsgs well above the
pre-industrial level, mainly in response to decragsleep ocean saturation. The relative
dissolution (Fig 11e), i.e. the ratio between opeter dissolution to production, increases
first gradually until the year 2100, then rapidiytiithe year 2200, followed by a slight trend
to reach ~90-95% for all versions. In other worti®, fraction of CaC@that is dissolved in
the open water increases from pre-industrial ~46P4He calcite-only versions and ~60% for
the versions including aragonite to almost 100%viQisly, the expansion of the volume of

undersaturated water with respect to aragonite fpoerindustrial 40% to around 80% (and



with respect to calcite from pre-industrial 20%6@%) of the total ocean volume causes a
corresponding increase in open water CaGddssolution. Trends in production and
dissolution are getting smaller towards 2500, hetgystem is still away from equilibrium by
the end of the simulation as expected from theurgrib multi-millennial perturbation life

time of an anthropogenic G@erturbation.

5.3 CO; - CaCOg3 production/dissolution feedback on atmospheric CO 2

In the following, we will quantify the CO— CaCQ production/dissolution feedback with
respect to changes in Cag@roduction only by taking the difference betweemadel
version that includes a dependency of CaQfdoduction on saturation state and the

corresponding version (NODEP) that does not inc@tgosuch a dependency.

The feedback responses in atmospheric @@ -2.5 to -11.4 ppm by 2100 for the High
scenario(Table 3). Thus, the feedback is small @etg to the total atmospheric €0
perturbation of about 710 ppm by the year 2100pites decrease in Ca@@roduction of
between 20 and 66% in the different versions. Téedlback increases after year 2100,
although emissions have been set to zero and ga@@uction increases again (Fig. 11c).
This increase is linked to the slow time scaleurface-to-deep transport in the ocean, and the
complex interplay between tracer transport, pradactand shallow dissolution of CaGO
Both model versions with aragonite, CALARAG and CRAG, provide a feedback on the
atmospheric C@of -5.8 ppm by the year 2100. The further evohluti® also similar between
the two versions. After the peak around year 2200wWs a reduction in feedback towards the
year 2500, which is stronger than in the versioith walcite only. This reflects a faster
recovery of the carbonate system when aragontensidered, due to the higher solubility of
aragonite compared to calcite. By the year 2500stmaodel versions provide a feedback
effect due to decreasing calcification of betweérl -an -10.9 ppm. The more extreme
parameterization (Linl) yields a stronger £0 CaCQ production/dissolution feedback
corresponding to -24.3 ppm by this time. The feelbaffects of the model versions with
aragonite, CALARAG and CAL2ARAG, correspond to -&&d -6.0 ppm, respectively.

Our results fall in a narrow range considering Hiaeiety of model parameterizations and
emission scenarios addressed in this study. Theyerfrom -3 to -11 ppm by the year 2100,
in the case of continuous G@missions up to the year 2100. Our results compateto
previous studies which report negative feedbacksttmospheric C@extending from -2 to -
12 ppm integrated over the duration of the simarfeti(Heinze, 2004; Gehlen et al., 2007;



Ridgwell et al., 2007; Hofmann and SchellnhuberQ®0 Despite the diversity in model
systems, scenarios and parameterizations all stusheverge to project a rather modest
negative C@Q— CaCQ production/dissolution feedback to increasing apheric CQ.

In order to estimate the potential upper limitloé ICQ — CaCQ feedback, calcification was
set to O after the year 2000 for all model versi@iig. 15a). While the previous simulations
resulted in a maximum feedback of -11 ppm withgtrengest parameterization LIN1 by the
year 2100, the equivalent maximum £OCaCQ feedback when the calcification is set to O
after 2000 corresponds to -30 ppm (Fig 15b).

The two model versions including aragonite showeayvsimilar response to increasing
atmospheric C@despite the very different parameterizations falcite production. In both
version, two thirds of total CaGQproduction are in the form of calcite at steadytest
However, in the model version CALARAG calcite ioguced by nanophytoplankton only,
whereas in the model version CAL2ARAG half of thalcte production is by
nanophytoplankton and half by mesozooplanktoneddst state. The similar response of the
two versions in scenarios with increasing 8 most likely explained by the fact that the
abundance of zooplankton is coupled to the foodcsu.e., phytoplankton, and that the
sensitivities of the different parameterizationsalcite production to saturation state changes
are relatively similar. This study suggests thapmsent and considering the still limited
experimental evidence on which to draw for improygdcess parameterizations, the first
order biogeochemical response of the open oceait©Ceytle is adequately reproduced by a

model including one calcifying plankton functiorgpe.

PISCES includes only an indirect approach to tHestaeffect, by assuming that 50% of the
organic matter of the calcifiers is associated wh#shell. Since calcite is significantly denser
than organic matter, 50% of the biomass of dyirlgifars is routed to the fast sinking POC.

A reduction of calcifying nanophytoplankton goesraj with a reduction of its contribution to

the pool of fast sinking POC. Mesozooplankton abaotes to the same pool of fast sinking
particles, but as their total biomass is not aéddby acidification, there will be no effect of

decreasing aragonite production on POC fluxes. Mbeel most likely underestimates the
decrease in ballasting of organic C fluxes by Ca@&mstrong et al., 2002; Klaas and

Archer, 2002) as a direct consequence of oceairfiaattbn. A reduction in the ballast effect

would decrease the penetration depth of organi€h@.resulting shallower remineralization
depth of organic C would provide a positive feedbtcatmospheric C§€ which might well

be of similar or larger magnitude as the L£LO CaCQ production/dissolution feedback



(Barker et al. 2002; Heinze et al, 2004; Hofmand &chnellnhuber, 2009, Kwon et al.,
2009).

Climate change, with higher temperatures is abtigin of an increase in stratification of the
ocean waters. Chemical changes related to the tamope effect (decreasing solubility of
CO, with increasing water temperature), but also avisig down of the surface to deep
transport of water masses, combine to a positigdfack to the atmospheric €@Qoos et al.,
1999; Greenblatt and Sarmiento, 2004; Friedlingsteial., 2006; Plattner et al., 2008.).

Impacts of climate change on saturation are snxak@t in polar waters. The decreas&in

in the Arctic is amplified by surface fresheninglasea ice retreat which may cause increased
uptake of anthropogenic carbon (Steinacher et2809). Going along with the projected
increase in stratification may be a reduction inrimenet primary productivity and export
production (Steinacher et al., 2010). The reorgeion of surface ocean ecosystems with a
shift from diatoms towards nanophytoplankton (Bapgal., 2006) has also been suggested.
The ultimate fate of CaC{production will thus depend on the interplay bedtweocean
acidification and direct climate change effects. id/Hhis discussion highlights the large
uncertainties still linked to projections of chasga the marine carbonate cycle and
associated feedbacks to atmospheric,,dDalso suggests that the magnitude of published
feedback estimates might represent an upper limittime scales of decades to a few

centuries.

5.4 Sensitivity to future CO , emissions

This section addresses the sensitivity of the neacerbonate cycle to projected atmospheric
CO, trajectories. We focus on the legacy of historimadl future C@ emissions in terms of
impacts on the production/dissolution of marineboaiates (Figs. 16¢c and d), as well as on
the surface ocean saturation state with respeariaigonite (Fig. 16b). To this end we compare
the business-as-usual IPCC scenario RCP8.5 (rdfesras High) to the alternative pathway
RCP6 (Medium) and to a Low scenario. For the Higlenario, total cumulative GO
emissions of 1916.9 Pg C between 2007 and 2108lataninto a maximum of atmospheric
CO, of 992 ppm in the year 2100 (Fig. 16a). Atmosph&®, peaks at 702 ppm in 2100 for
the Medium scenario (with total cumulative £€@missions of 1138.0 Pg C for the period
2007-2100). In contrast to the High and Medium sdee which emissions increase up to the
year 2100 and are then set to zero, the emissiensed to zero after the year 2007 for the

Low scenario.



Plotting surface ocean saturation state, Ca@@duction, respectively dissolution as a
function of atmospheric CQallows identifying time lags in the system resporie the
perturbation. The saturation state with respedragonite closely follows atmospheric £0
(Fig. 16b) suggesting it to be approximately in iBlguum with atmospheric forcing. We
observed a small shift towards lower values of dhturation state at identical atmospheric
CO, values before and after 2100 attributed to theoorgguptake of C@by the ocean and
related changes in carbonate chemistry.

In order to relate changes in surface ocean saioratate with respect to aragonite to habitat
suitability for calcifiers, we follow the classiition proposed by Kleypas et al. (1999) for
tropical coral ecosystems and applied by otheteeascale of the global ocean (Steinacher et
al., 2009; Frolicher and Joos, 2010). Followingstischeme and in terms of carbonate
chemistry,Qa > 4 stands for optimal, 3 &a < 4, for adequate conditions. While Xz < 3
and 1 <Qa < 2 are indicative of a marginal, respectivelydequate carbonate chemistry for
coral growth. Finally values of2a < 1 indicate undersaturated conditions and hemce a
unsuitable environment for most calcifiers (e.grppods). We stress that uncertainties with
ecosystem impacts are large. The high case scemajects large and, over the duration of
the simulation, irreversible changes in surfaceaacgaturation state. “Suitable habitats” for
aragonite producing pelagic organisms such as mbeiso(3 < > 4) are lost and conditions
remain at “best marginal” (2 a < 3) by the year 2500. Our model results furtharficm

the early onset and persistence of undersaturafidnigh latitude waters (Orr et al., 2005;
Steinacher et al., 2009). The evolutionthf is projected to be less severe in the medium case
emission scenario. While carbonate chemistry shdtgards “marginal conditions” for the
development of pteropods around 2100, the saturatiate of low latitude waters increases
back to values above 3 by the year 2500. Similathe extension and duration of
undersaturation in high latitude regions is lesese Keeping in mind the scarcity of data on
consequences of large decreases in saturationfstatalcifying organisms and from a safety
principle, only the low emission scenario allows fooderate changes @, and hence the
prevalence of suitable conditions for pteropodse €kiolution of ocean saturation state with
respect to aragonite projected by the Bern3D/PIS@i68el is consistent with simulations
with the comprehensive NCAR climate-carbon cyclalei@nd we refer to the literature for a
further discussion on changes in the saturaticte sad the reversibility of the impacts of21
century emissions on the carbon cycle and clinfat&@icher and Joos, 2010, Steinacher et al.,
2009).



As the atmospheric COncreases, the global mean Ca(®@oduction decreases at the same
rate for all three emission scenarios, until thakp€Q values of 992 ppm (High), 702 ppm
(Medium) and 342 ppm (Low) are reached. Thereatftes, production increases following
nearly the same curves back towards, but withoathi@g, the original CaC{production
values. This is a direct consequences of the lsgiher pCQ levels in 2500 and hence the
lower surface ocean saturations. The dissolutionredses steadily with increasing
atmospheric C@due to the reduced supply of Cagfarticles (Fig. 16c), also increasing
again after the peak of atmosphericG©reached. However, it increases at a largerthaie

it decreased and the dissolution rate by the y&&0 Zecomes much higher than it was
initially. While the global mean dissolution ratesvaround 0.6 Pg C yrat the start of the
scenarios, it reaches between 0.65 (Low) and O/&slium and High) Pg C yrby the end of
the scenario. This non-linearity occurs becausetrapy to the CaC@production, the CaCO
dissolution takes place in the deep ocean. Whdteasurface ocean G@oncentration is
nearly in equilibrium with the atmospheric gQhe deep ocean chemistry recovers much
more slowly from the C@perturbation (Fig. 16e).

The resulting feedbacks on atmospheric,d0r the 3 scenarios are given in Table 3.
Compared to the High scenario which provides actduo in atmospheric COof about 5.7
ppm by the year 2100 and 6.8 ppm by the year 22@td decreasing calcification and
increasing dissolution, the Medium and Low scersapmduce the respective negative,GO
CaCQ feedbacks on atmospheric €6f -4.1 and -1.3 ppm by the year 2100, and -5d-an
0.8 ppm by the year 2500.

Figure 16 presents the evolution of surface o€&ag@nnual mean) with time for the Medium
and Low CQ emission scenarios and with the CALARAG model mersin the Medium
scenario (Fig. 17a), the undersaturation start&ragtic and the Southern Ocean and is only
slightly later than with the High scenario. Althdugn much smaller area of the higher
latitudes become undersaturated, the undersatmraticArctic is maintained for several
centuries in both the High and Medium scenario. To& scenario provides oversaturation
everywhere in the surface areas. With this scentreosurface waters start to recover already
soon after the year 2,000 when the saturation sihténe surface waters slowly returns
towards near-pre-industrial values. However, evéh the Low scenario, the pre-industrial
values are not reached within the year 2500 in magbns. In line with other studies (e. g.
Frélicher and Joos, 2010), the results indicate fitaire anthropogenic GGemissions may

lead to irreversible changesQ for several centuries.



6 Conclusions

In this study we used the new biogeochemical BefRBRCES model to explore the
sensitivity of the ocean carbon cycle to increasiagcentrations of atmospheric @@With a
range of sensitivity studies, we explore the effefct) using different parameterizations of
CaCQ production fitted to available laboratory anddielxperiments, of ii) letting calcite and
aragonite be produced by auto- and heterotroptaakpbn groups, and of iii) using GO
emissions from the range of the most recent IPC@rédentative Concentration Pathways
(RCP). Under a high-emission scenario, the Ca@duction of all the model versions
decreases from ~1 Pg C'yio between 0.36 and 0.82 Pg C'yay the year 2100. By the year
2500, the ratio of open water Cag@ssolution to production stabilizes at a valuat tis 30-
50% higher than at pre-industrial times when carbomssions are set to zero after 2100.
From the variety of parameterizations and modetives, the changes in Cagfroduction
(and dissolution) resulting from ocean acidificatiprovide only a small overall negative
feedback on the atmospheric £@qual to about -11 ppm by the year 2100. The amil
response to increasing atmospheric,d® the model version with calcite produced by
nanophytoplankton and the one with calcite produngdhesozooplankton may indicate that
either of the two plankton groups may be used wsierulating future changes in marine
pelagic calcification if changes in calcite prodantin response to environmental drivers are
indeed similar for nano- and mesozooplankton. Meeeoin the light of the uncertainties
associated with the response of calcifying orgasissmd the overall similar feedback
strengths yielded by the different model versidhe, biogeochemical response of the pelagic
CaCQ cycle to ocean acidification may at present begadeely capture by a model with a
single calcifying plankton type (e.g. nanophytofikam in the standard model setting). The
maximum potential limit of the CO- CaCQ production/dissolution feedback by the year

2100, by setting the calcification to O after ttleay 2000, equals -30 ppm.

We quantified changes in the marine Ca@gxle for two emission commitment scenarios in
which carbon emissions followed RCP8.5 (High) ar@PR (Medium) until 2100 and are set
to zero after 2100, and one scenario where thesemis are set to zero after the year 2007
(Low). In all simulations, the surface aragonitdusation state decreases in parallel to
increasing atmospheric GOThe resulting decreases in Cag@oduction and increases in
dissolution have a negligible effect on surfaceancearbonate chemistry. Ongoing ocean

acidification is thus not buffered by changes irCOa production and dissolution. Under the



High scenario, undersaturation of Arctic and South®cean surface waters is projected
within few decades, and is maintained over sevaaturies. In the Arctic, both the Medium
and the High scenario give early and long-term wsataration. Although undersaturation of
the surface waters is overall not reached undettive scenario, we note that the saturation
state remains below pre-industrial levels by thary2500. The results confirm previous
studies (Orr et al., 2005; Steinacher et al., 2608¢licher et al., 2010) indicating that future
anthropogenic C@emissions may lead to irreversible changeRjrfor several centuries.

The projected changes in saturation state and asoge calcification may have large
consequences for marine organisms (Fabry et @8;28uinotte and Fabry, 2008; Raven et
al., 2005; Kleypas et al., 2006). When interpretig results in the light of a classification of
surface ocean saturation state with respect tooartgin terms of suitability to marine
calcifiers, both scenarios High and Medium sugdgasfe scale habitat loss to occur within a
few decades and prevailing up to several centuReowing the precautionary principle,
only scenarios with low carbon emissions seem regendable when large scale changes in

ocean ecosystems and their functioning are to beled.

The legacy of ocean acidification and ongoing,@ptake after the unrealistic shut-down of
emissions after 2100 is also seen in the deep oddsn volume of undersaturated water
masses remains superior to its pre-industrial vhluthe year 2500. As a consequence of the
slow recovery of the deep ocean after a @€rturbation, the CaCQlissolution of all model
versions continues to increase over the scenayidh® end of the High scenario, the CaCO
dissolution-production ratio has stabilized at dugathat is 30-50% higher than its initial
value. Changes in CaG@roduction will lead to rain ratio changes, whidgether with a
reduction in CaC@ sedimentation and burial will modify the marinerbmznate cycle for
several thousands year. The interaction with magediments will ultimately bring the

system back to a new equilibrium state (Archer, 2200
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Table 1. Simulated pre-industrial Cag@roduction (after 3,000 years of integration) for

different parameterizations of Cagf@roduction in the Bern3D/PISCES model.

Model version Calcite Aragonite
production production

(PgCyi)  (PgCyi)

Parameterization of the dependency of CaCO
production on saturation state

Calcite production by
nanophytoplankton only

CALMIC1 1.0 -
CALMIC2 1.00 -
CALLIN1 1.05 -
CALLIN2 1.04 -
NODEPC 1.02 -

Calcite production by nanophytoplankton and
aragonite production by mesozooplankton
CALARAG 0.66 0.34

NODEPCA 0.69 0.35
Calcite production by nanophyto- and mesozooplankton
and aragonite production by mesozooplankton

CAL2ARAG 0.33+0.31 0.34

NODEPC2A 0.36 + 0.35 0.35

Michaelis-Menten, this study
Michaelis-Menten based on Gehd¢al. 2007
Linear curve, forced to zero f6=1

Linear curve, freely fitted

Production is independent of sdiom state

Michaelis-Menten (this studgy calcite,
linear for aragonite

Production is independenatdigtion state

MichaelMenten for calcite by nanoplankto
linear for aragonite production, linear for
calcite production by mesoplankton

Production is indejsen of saturation state




Table 2. The pre-industrial CaG®@udget: Results are for different parameterizatiohthe
CaCQ production in the Bern3D/PISCES model and the NERISCES model, labeled
PISC-CAL (Gehlen et al., 2007), and PISC-ARAG (Gataget al., 2008). Parameterizations
for the carbonate cycle are comparable betweenovesrsCAL-MIC2 and PISC-CAL and
between versions CAL-ARAG and PISC-ARAG. The loweundary represents the deepest
model grid boxes. The flux at the lower boundargas to be compared with estimates of the
burial flux; the latter is not modeled in this sputlnits are Pg C .

Parameterization Bern3aD Bern3D Bern3D Bern3aD NEMO NEMO  Observation-
CAL-  CAL- CAL- CAL2 PIsc- pisc. Pasedestimates
MIC1 MIC2 ARAG  ARAG CAL ARAG

Source

Net CaCQ production 1.05 1.00 1.00 0.99 0.79 0.87 0.8-1.62345

Snks

Pelagic CaC@dissolution 0.40 0.40 0.61 0.60 0.48 0.55 0.5+0.2,

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

(>1500 m)

CacCQ 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%

0-1 km, % of tot. production

Pelagic CaC@dissolution 44% 52.3% 71.6% 71.3% 38% 58% > 60%

0-2 km, % of tot. dissolution

1. Iglesias-Rodriguez et al. (2002b), 2. Lee (2081)in et al. (2006), 4. Berelson et al. (2067Balch et al. (2007), 6. Feely et al. (2004),
7. Sarmiento et al. (2002), 8. Milliman and Drox(£996).



Table 3. Sensitivity of CaC{Oproduction and of the GO- CaCQ production/dissolution
feedback to different parameterizations and emmsp@thways. Emissions follow the High,

Medium and Low scenario over the2tentury and are set to zero after 2100. N = not

applicable.
CaCQ CaCQprod., CaCQprod., Feedback Feedback by
prod., 1766 2100 - 1766 2500 - 1766 by 2100 2500 (ppm)
(PgCyr) (%) (%) (ppm)
Sensitivity to parameterizations
(High scenario)
CALLINZ, calcite 1.06 -66 -42 -11.37 -24.32
CALLIN2, 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 0.34 -31 -15 N N
nanop.
CAL2ARAG, aragonite 0.32 -40 -25 N N
CAL2ARAG, calcite by 0.30 -21 -14 N N
mesop.
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, 0.98 -23 -11 -4.07 -5.01
Medium
CALARAG, tot. CaCQ, Low 0.98 -5 -2 -1.26 -0.77
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Figure 1. PIC-POC ratio (a) as a function of calgaturation state with respect to ambient
waters. Data from Delille et al. (2005) are shovenbdack squares with error bars, from
Zondervan et al. (2002) as black asterisks, datm flglesias-Rodriguez et al. (2008) are
shown as black circles and data from Shi et al0920as black crosses. Three new
parameterizations are fitted to the data and usedtié Bern3D/PISCES model to compute
CaCQ production: A Michaelis-Menten curve (MIC1), adar curve that is forced to go
throughQc=1 (LIN1) and a linear curve that was freely fittecthe data (LIN2), which is also
used for calcite production by mesozooplankton (R®RC). In addition, the Michaelis-
Menten curve that was used in Gehlen et al. (2@Dd) Gangstg et al. (2008) is included
(MIC2). The red curve denotes the parameterizaiged for aragonite production (ARAG).
The respective sensitivities, d(PIC-POQ)/dre shown in b).
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Figure 2. Streamfunction of the Bern3D/PISCES mddethe a) Atlantic, b) Pacific and c)

global ocean.
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calcite production by nanophytoplankton only, b@ tiifference to version CALARAG that

represents calcite and aragonite production andhe) difference to CAL2ARAG that

represents calcite production by nano- and mesdaokion and aragonite production.
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Observations and observation-based estimates asensiby violet (NMFS data set,



Buitenhuis et al., 2006) and green lines (GLODARyket al., 2004). All concentrations are

averages over the upper 3 layers of the modelyalgnt to a depth of 126 m.
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Figure 6. Depth profiles for a) CaG@roduction gmol kg'y™?) and b) open water CaGO
dissolution imol kg'y™) of two versions CALMIC1 (calcite, black) and CARRG (calcite,

aragonite and total CaGQOred). Production of total CaG@ shown for the upper 500 m,
dissolution for the entire water column.
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by black solid lines (GLODAP; Key et al., 2004) asaturation concentrations for @Qwith

respect to calcite and aragonite are indicateddgkbdashed lines.
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Figure 8. Distribution of (a, b) alkalinity, (c, d)IC and (e, f) carbonate ion concentrations
simulated by the Bern3D/PISCES model (left) andnfihe GLODAP data (right; Key et al.,

2004). Values are from the model version CALARAGtthepresents calcite and aragonite
production and shown are averages over the tope3daf the model, equivalent to a depth of

126 m.
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Figure 9. Taylor diagram comparing modeled globelds of aragonite saturation state,
alkalinity, and DIC for different parameterizatioosthe CaC@ production to observation-
based estimates (GLODAP; Key et al., 2004). Theetemland estimated saturation horizons
with respect to calcite (CSH) and aragonite (ASi¢)added.
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Figure 10. Distribution of the aragonite saturatsiate simulated by the Bern3D/PISCES
model (left; version CALMIC1) and based on obsdoret from GLODAP (right). The

saturation horizon in a), c), €) and g) is given tfee CaCQ production parameterizations
CALMIC1 (white, calcite only), CALARAG (black, cake and aragonite production) and
CAL2ARAG (grey, calcite by both nano- and mesozaogton and aragonite). Values

represent zonal averages.
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Figure 11. Influence of different Ca@Qproduction parameterizations for projected a)
atmospheric Cg b) global-mean surface saturation states witlpeess to calcite and
aragonite, c) global CaGproduction, d) global, open water Cag@issolution, e) global
relative dissolution, and f) the GG CaCQ production/dissolution feedback quantified as the
difference in atmospheric G®etween simulations with and without a dependaicaCQ

production on the saturation state. The Bern3D/FIS®odel was forced with Z2icarbon



emissions from the high-emission scenario and eomssare hypothetically set to zero after
2100.
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Figure 12. Projected evolution of the aragoniteirsdion state in the surface ocean (top 125
m) for the High emission commitment scenario wheagbon emissions increase in thé'21
century following scenario RCP8.5. Color scale htatk contour lines represent values from
the CALARAG version that includes aragonite anaitalproduction. White contour lines are

from the version with CaC{production independent of the saturation statelEPCA).
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Figure 13. Simulated global annual mean changesth@ entire ocean volume of
supersaturated (light blue to red) and undersadrétlue) waters with respect to aragonite
for the High emission commitment scenario wheressions are set to zero after 2100.
Differences are small between the versions withofcdolack contours), and without (white
contours) CaCe@ production depending on saturation. The black eddime indicates the
separation between over and undersaturated watieregpect to calcite. The crosses denote

the respective volumes of pre-industrial saturasitate derived from the GLODAP data set.
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Figure 14. Projected evolution of a) calcite andat®gonite production (g Cfry?) for the
CALARAG version.
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Figure 15. Sensitivity of the different Cag@@roduction parameterizations to setting the
global CaCQ production to 0 after the year 2000, as shown).ifsabfigure b) illustrates the
subsequent maximum potential value of the, E@aCQ production/dissolution feedback.
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Figure 16. Projected global mean values for a H\édium, and Low emission scenario and
for the Bern3D/PISCES version that includes aragoamnd calcite production (CALARAG).
Evolution of a) atmospheric GGas a function of time, b) aragonite saturatiornesta) total
CaCQ production, d) open water Cagdissolution and e) volume of aragonite

undersaturation are shown as functions of atmospG€,.
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Figure 17. Modeled evolution of zonal annual meariese aragonite saturation state of the a)
Medium and b) Low emission commitment scenario thedCALARAG model version.



