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Abstract. This model study addresses the change in pelagictate of seawater with respect to calcium carbonate (GaCO
calcium carbonate production (CagOas calcite in the The saturation state is defined as the ratio of the in situ ion
model) and dissolution in response to rising atmosphericconcentration product [éé]x[coéf] over the stoichiomet-
COy. The parameterization of CaG@roduction includes a ric solubility product Ksp (Mucci, 1983):
dependency on the saturation state of seawater with respect to

calcite. It was derived from laboratory and mesocosm stud-

ies on particulate organic and inorganic carbon production [Ca2+] X [CO%‘]

in Emiliania huxleyias a function of pC@ The model pre- =
dicts values of CaCgyproduction and dissolution in line with
recent estimates. The effect of rising p£@nh CaCQ pro-

duction and dissolution was quantified by means of modelln the modern ocean, abiotic Cag@recipitation is only a
simulations forced with atmospheric Gicreasing atarate  minor contribution to total carbonate production. The ma-
of 1% per year from 286 ppm to 1144 ppm over a 140 yearjority of CaCQ; is produced by organisms: e.g. coralline al-
time-period. The simulation predicts a decrease of CaCO gae (high-Mg calcite), pteropods and corals (aragonite), bi-
production by 27%. The combined change in production andvalves (calcite, aragonite, mixed calcite and aragonite), coc-
dissolution of CaC@yields an excess uptake of G&rom colithophores (calcite), foraminifera (mostly calcite, but also
the atmosphere by the ocean of 5.9 GtC over the period ofiragonite). The solubility decreases from high-Mg calcite,
140 years. and aragonite to calcite suggesting differing degrees of vul-
nerability of organisms to ocean acidification. While the ex-
act reaction pathway of biocalcification awaits further elu-
cidation for most calcifiers, it has been shown to strongly
depend on the level of supersaturation. In general, calci-
fication decreases with decreasing saturation state (refer to
Kleypas et al. (2006) for a comprehensive synthesis of exist-
ing data). While calcification appears to be linearly related
the saturation state in corals, experimental results obtained
r foraminifera and coccolithophores suggest the existence
bf a threshold value of saturation state below which the cal-

: cification will decrease drastically (e.g. Gattuso et al., 1998;
tween 1800 and 1994 (Sabine et al., 2004). In seawater COBijma etal, 1999; Kleypas et al., 1999; Riebesell et al., 2000;

behaves like a weak acid. The associated chemical reactionfondervan et al., 2001; Zondervan et al., 2002). Unmiti-

drive a decrease in pH (increase in acidity) and in carbonat%ated acidification of oceanic waters will ultimately threaten

- B + . _
lon concentration (C@FHZO*'C@ «2HCQy). This pro the existence of marine calcifiers and cause major changes in

cess known as acidification (e.g. Caldeira and Wickett, 2003'marine ecosystems.

Feely et al., 2004; Orr et al., 2005) decreases the saturation

Ksp @

1 Introduction

About 50% of the C@ released by human activity since the
beginning of the industrialization has accumulated in the at-
mosphere (Feely et al., 2004). The other half of the totalt
release was taken up by the terrestrial biosphere (20%) aan
the ocean (30%). The world ocean is thus the largest sink fo
anthropogenic Cg with a total uptake of 11819 Pg C be-

In terms of feedback on rising atmospheric £Ghree
Correspondence tavl. Gehlen distinct yet interconnected groups of processes involving
(marion.gehlen@cea.fr) CaCQ; can be identified:
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506 M. Gehlen et al.: Pelagic Ca@@roduction in the future ocean

1. Calcification: CaCegprecipitation leads to a pCQn- biogeochemical cycle of oxygen, carbon and of the main nu-
crease according to Eq. (2): trients controlling marine phytoplankton growth: nitrate and

ammonium, phosphate, silicate and iron. The nutrient con-

Ca* +2HCQ; < CaCQ + CO; + H20 (2)  centration is linked through a constant Redfield ratio and

A decrease in calcification would thus favor the uptake of at_phytoplan_kton growth is limited by the exte_rnal avallabil-
ity of nutrients. The cycles of carbon and nitrogen are de-

mospheric C@by the ocean and acts as a negative feedbacléou led in the model to a certain degree by nitrogen fixa-
on rising atmospheric pGOA potential decrease of surface tionpand denitrification. The model di%tin ui);hes tsvo hy-
ocean pCQ of 10 to 20uatm was estimated for a complete toplankt ecl ' ding t 9 hvt Iplé
shutdown of surface ocean calcification (Gruber et al., 2004) oprankion size-classes corresponding to nanophylopiankton

The ratio of CQ released per mole of CaG@recipitated is and diatoms, and two zooplankton size classes which_are mi-
a function of the buffer capacity of the seawater acid-basecrOZOOplankton and mesozooplankton. For all species, the
CO; system. Under present conditions, roughly 0.6 moles ofC/N/P ratios are assumed constant. The prognostic variables

. . of phytoplankton are total biomass, iron, chlorophyll and sil-
ggﬁgitﬂf asizglger ?ﬁf rogtigav%iflyﬁzrF)elfégda(sF;iZkgver- icon contents. The internal ratios of Fe/C, Chl/C and Si/C

all buffer capacity of seawater decreases in response to a pf phytoplankton are predicted by the model. For zooplank-

thropogenic C@ uptake (Zeebe and Wolf-Gladrow, 2001), on, the total biomass is the only prognostic variable. The

thereby counteracting the effect of decreasing calcification. bagtenal pool is not fT‘Ode'Gd explicitly. The modg | distin- )
2. Dissolution: The effect of dissolution follows directly guishes three non-living compartments for organic carbon:

rom the scciamety of £, (2) backrd eacion). En- 2T 201 SO UNG S100) 000 L TSRy
hanced dissolution of CaG0n response to acidification in- y ! P

- : . late organic carbon (small particles = POCs and big particles
creases ocean alkalinity thereby favoring take, which — _ '~ 3 ™\ e the C/N/P composition of dissolved and

n nsider negative f k on atmospheric .. . . . .
can be considered as a negative feedback on atmospheric rticulate matter is tied to Redfield stochiometry, the iron,

pal
pCOy. . . .
3. CaCQ export and rain ratio effect: A decrease in cal- silicon and carbonate contents of the particles are diagnosed.

cification will alter the ratio of organic C to inorganic C (the ¢ Tlhg tgvo parilclgtlate detrltalt_poolfs (POCs an: tP O|Cbl)(tare
rain ratio): an increase in rain ratio will promote the disso- ueied by mortaily, aggregation from hanophytoplankion
lution of CaCQ in marine sediments resulting in a higher and diatoms, fecal pellet production and grazing. Mineral-

alkalinity (Archer and Maier-Reimer, 1994), a negative feed- |zat|to_rk1) Otf patrt"t:# late or_glarl;|_<|: carb(l)n ft(égethle ' \(;V'th excretion

back operating on timescales of 10 000 years. Alternatively,gOn ”D_l:,_res c;_ Ie St(tal'ml- a ('ﬁ pgol o disso vet orga;nllc car

if the ratio of organic C to inorganic C is closely bound by the on. iterential settling and turbulence promote particie ag-
.gregation. The parameterization of aggregation is based on

process of ballasting (Ittekott, 1993; Armstrong et al., 2002; .
Klaas and Archer, 2002), less Cagfroduction would im- Jackson (1990) and Kriest and Evans (1999, 2000). Small
’ ) |.particles sink with a constant sinking speed of 3m/d. Large

ly | llasti f i P fl h
ply less ballasting of organic C (POC) fluxes and a sha particles, as well as CaGand SiQ sink with a sinking

Rvgef;éedrgglirilrzzzxg s(::)fhz(r)iccgvg ich corresponds to a posi speed increasing with depth from 50 m/d aF the base of the
The interplay between these processes makes it difficul ixed layer to 200m/d at 2000m, respectively 425m/d at
to have an a priori knowledge of the amplitude and sign of 000 m d.epth. L . .
the feedback associated with changes in the carbonate chern,-A detailed descrlpthn of RISCES' including model equa-
istry of seawater and calcification/dissolution/ballasting in 1ONS @nd parameters is available as supplementary material
response to ocean acidification. The present model study foll! Aumont and Bopp (2006). We present hereafter a descrip-
cuses on the response of calcification (1) and Ca@ie- _t|0n_of CaCQ production and dissolution. These parameter-
solution (2) to rising pC@, but not on the rain ratio ef- izations were adapted for the scope of the present study.

fect (3). The aim is, on one hand, to quantify the calcifica-
tion/dissolution feedback on rising atmospheric£@n the

other, to assess the relative importance of the two indiVidua|P|SCES simulates dissolved inorganic carbon and total al-

processes. kalinity (carbonate alkalinity + borate + water). The car-
bon chemistry is computed following the OCMIP protocols
2 Model description (http:/www.ipsl.jussieu.frfOCMIP

2.2 Biogeochemical cycle of carbonate in PISCES

2.1 The biogeochemical model PISCES: a brief general de2.2.1  Carbonate production
scription
Several phyla contribute to pelagic Cag®roduction.
The biogeochemical model PISCES (Aumont et al., 2003;Together with calcite producing coccolithophores and
Aumont and Bopp, 2006; Gehlen et al., 2006) simulates theforaminifera, aragonite secreting pteropods make up for the

Biogeosciences, 4, 50529, 2007 www.biogeosciences.net/4/505/2007/
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majority of planktonic CaCe@ production (Kleypas et al.,
2006). Quality data on the distribution and abundances 10 |
of these taxa are scarce and large uncertainties are associ-
ated with estimates of their contribution to pelagic calcifica-

tion. Foraminifera and coccolithophores are believed to be 0.8 1
the main contributors (Schiebel, 2002), leaving between 4
to 13% of CaCQ production to be attributed to pteropods

O
(Fabry, 1989; Fabry, 1990). The partition between coccol- O 0.6
ithophores and foraminifera is poorly constrained. Accord- &
ing to Schiebel (2002), the latter may contribute up 23-56% g 04 |

of the CaCQ flux at 100 m (Schiebel et al., 2002). While
experimental studies with representatives of all three groups
of calcifiers gave evidence for a calcification response to 02}
changes in the carbonate system, the majority of data were
collected for coccolithophores (Kleypas et al., 2006). Facing
the scarcity of experimental data and in order to allow a first 0.0 +
assessment of the calcification/dissolution feedback on ris- 0 1 2 3 4 5 6 7 8 9 10
ing atmospheric C& we decided to attribute pelagic calci- Q.
fication to calcite secreting coccolithophores. Our approach
is extended to aragonite producing pteropods in a follow-upFig. 1. The PIC/POC ratio as a function of the saturation state
study by Gangstg et al. (2037) with respect to calciteQ2.. Open symbols, data by Zondervan et
Marine calcifiers are not implemented as a distinct plank-al- (2002). Closed diamonds, data by Delille et al. (2003). Solid
ton functional group in PISCES. In the model standard ver-line fit, obtained with Eq. (3)?=0.9193).
sion, carbonate production is assigned to nanophytoplankton,
the size class of coccolithophores, as a function of tempera-
ture and nutrient levels. Parameter values controlling GaCO trient repleteE. huxleyicultures (Riebesell et al., 2000; Zon-
production were chosen such as to reproduce the general diglervan et al., 2001, 2002) yielded a decrease in PIC/POC
tribution patterns of coccolithophores (Moore et al., 2002; with increasing pC@resulting from the combined effect of
Aumont and Bopp, 2006). For the purpose of this study, thea decrease in inorganic carbon production and an increase
standard parameterization of Cagfrmation was updated in organic carbon synthesis. The same response was found
to account for the saturation state of ambient waters with reduring a mesocosm experiment with a natural phytoplankton
spect to calcite based on a synthesis of experimental studiepopulation dominated by bloomirtg. huxleyi(Delille et al.,
The bloom-forming cosmopolitan speciEmiliania hux- 2005).
leyi was used in a large number of studies addressing the We included only experimental data from N-replete ex-
effect of increasing atmospheric pg@n the production of ~ periments for the purpose of this model study (Delille et al.,
calcite and the particulate inorganic carbon (PIC) to partic-2005; Riebesell et al., 2000; Zondervan et al., 2001, 2002).
ulate organic carbon (POC) ratio. Experimental studies enThe saturation state of seawater with respect to calcite was
compass laboratory experiments with monospecific culturesomputed from measured total alkalinity and p@ing the
of E. huxleyi(Riebesell et al., 2000; Sciandra et al., 2003; CO2SYS Package (Lewis and Wallace, 1998) and carbonic
Zondervan et al., 2001, 2002) and results from a mesocosracid dissociation constants by Mehrbach et al. (1973). Ex-
experiment with a natural phytoplankton population domi- perimental PIC to POC ratios are plotted as a function of
nated by this calcifying species (Delille et al., 2005). All saturation of seawater with respect to calci®& Xin Fig. 1.
studies document a decrease in calcification with increasing\ll experiments document a qualitatively similar response to
pCO,. The response in terms of the PIC to POC ratio is morea decrease in saturation state (Fig. 1). The scatter in the
differentiated and depends on light and nutrient conditions data reflects differences in experimental conditions (e.g. nu-
Under N-limited growth conditions, Sciandra et al. (2003) re- trient availability and light conditions). Due to the limited
port constant PIC to POC ratios fr huxleyicultures grown ~ number of observations, all data were used to derive the pa-
under elevated pCO The constant PIC to POC ratio results rameterization describing the carbonate production as a func-
from the concomitant decrease in inorganic carbon and ortion of ©2.. Since the biocalcification underlies physiological
ganic carbon production. In contrast, experiments with nu-controls, a Michaelis-Menten kinetic was selected for the de-
pendency of the carbonate production — expressed as the ratio
1Gangste, R., Gehlen, M., Bopp, L., Aumont, O., Schneider, B., Of PIC to POC —to the saturation state:
and Joos, F.: Representing aragonite production and dissolution in a
biogeochemical ocean model, Global Biogeochem. Cy., in review, PIC  ( PIC (-1
2007, POC ™~ <Poc)maX * K max+ (2 — 1)

©)
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where: PIC/POC-=ratio of inorganic to organic carbon; Gehlen et al. (2005b) carried out kinetic experiments with
PIC/POG,ax=0.8, maximum ratio observed under optimal biogenic CaC®@. They derived an average reaction rate or-
growing conditionsK max=0.4, with analogy to the half sat- der ofn=2.3+-0.4 from 8 experiments with biogenic CagO
uration constant, value of).—1) for which PIC/POC equals in artificial seawater. The higher reaction order is explained
half of its maximal value. in terms of a multiphase system. It results from the con-
The ratio PIC/POC max was chosen to equal 0.8. While incomitant dissolution of carbonate fractions characterized by
monospecific cultures values up to 1 might be encounteredvyariable reaction rate constants.
the ratio PIC to POC in natural phytoplankton population While the in-depth discussion of Ca@g@issolution ki-
does not exceed 0.8 even when coccolithophores are bloommetics is out of the scope of our paper, the preceding section
ing (see Fig. 1 and corresponding references). The value dfighlights the need for further experimental studies of the
Kmax of 0.4 reflects the observation that for some marinedissolution behavior of biogenic Ca@G@hases. For the fo-
calcifiers calcification decreases rapidly below a thresholdcus of this modeling study, we adopted a linear dependency
value of2=4.0 (Gattuso et al., 1998). of CaCQ dissolution on undersaturation{1). Since the
Following the new parameterization, the model computesextrapolation of experimental results from controlled labora-
carbonate production as a function of environmental paramiory experiments which express reaction rate constants nor-
eters (temperature, nutrient limitation and saturation state)malized to the specific surface area of CaC@.g. Keir,
We refer to this production as tiggoss CaCQ production 1980; Gehlen et al., 2005b) to the global scale is not straight-
The pool of sinking carbonate particles is fueled by mortal-forward, we used the evolution with depth of Cagfluxes
ity and grazing on calcifying nanophytoplankton. Half of the recorded in sediment traps to derive the apparent reaction rate
grazed shells are routed to the sinking flux of CaC@e  constantk™ (1/time). We selected stations for which mean
other half is assumed to dissolve in the guts of grazers. Thannual fluxes were reported from at least two different de-
resulting carbonate flux corresponds to ttet CaCQ pro- ployment depths from a comprehensive data set on particle
duction This description was adopted in order to accountfluxes (Dittert et al., 2005). This was the case at 11 stations.
for the observed, yet largely unexplained, loss of carbonatdn order to derive dissolution rates from Cagfuxes, the

production in the upper ocean (Milliman et al., 1999). time it takes for settling particles to bridge the depth interval
. _ between trap deployments needs to be known. This calls for
2.2.2 Carbonate dissolution the knowledge of particle sinking speed. The particle sink-

) . ) ) ing speed at depth of trap deployment was obtained from the
The dissolution of CaCohas been extensively studied over n,qqe| parameterization of sinking speed of large particles:
the past decades (e.g. Morse and Berner, 1972; Ingle et al.,

1973; Berner and Morse, 1974; Berner, 1976; Morse, 1978; 2 Zm
) 1 ’ ) l l w = . _ . max 0’ . 5
Honjo and Erez, 1978; Plummer et al., 1978; Keir, 1980; Wrnin ~+ (Wmax — Wmin) X < 2000) ©)
Walte_r and Morse, 1985; Chqu et al., 19?9; Arakaki andwhere:wmin, minimum sinking speed of 50 m/d:;

Mucci, 1995; _M_orse and ArV|ds_0n, 2002; _Gehlen et al., wmax SiNking speed at 2000 m below the mixed layer of
2005a, b). It is in general described by a higher order de—200 m/d:z, depth:

q he dissoluti : he d d :Zm, depth of mixed layer.
pendence of the dissolution reaction on the degree of under- Knowing the sinking speed, allows deriving the concen-
saturation of seawater:

tration of CaCQ from flux observations. The fraction of

Roiss = k x (1— )" 4) _CaCQ lost to dlssolgnon was calculated as the difference
in CaCQ; concentrations between the respective upper and
where:k, dissolution rate parameter, 1/time. lower traps. The saturation state of seawater with respect to

Keir (1980) derived a reaction rate order of 4.5 from lab- calcite €.) was determined from GLODAP data (Key et al.,
oratory dissolution experiments with synthetic calcite. The2004) at the location of the lower trap. At two of the sta-
higher order dependence was challenged by Hales and Emetions even the lower traps were in waters oversaturated with
son (1997a). The authors re-evaluated Keir's (1980) experrespect to calcite. The slight decrease in Cg@0xes ob-
imental data and concluded that the rate of dissolution isserved in the data suggests either the presence of a more solu-
linearly dependent on undersaturatier{). According to  ble carbonate phase (e.g. aragonite) or shallow dissolution of
Hales and Emerson (1997a), the high reaction order derivedalcite driven by the interaction between particles and biota
by Keir (1980) could be attributed to uncertainties in the sat-(e.g. grazing and dissolution during gut passage or dissolu-
uration state of the experimental seawater. Moreover, firsttion in acidic microenvironments, see Milliman et al. (1999)
order calcite dissolution kinetics proved to be more consis-for references). Rearranging the model equation for calcite
tent with the interpretation of in-situ pore water pH mea- dissolution:
surements (Hales and Emerson, 1997a, b). As stressed b
Gehlen et al. (1999), a satisfying reproduction of pore Wa-% =[CaCQy] x k¥ x (1 - ) Q)
ter profiles through diffusion—reaction models is, however, R.

not a proof per se of the validity of a kinetic expression, Yi€lds k*=[CaCQ] =2 @

Biogeosciences, 4, 50529, 2007 www.biogeosciences.net/4/505/2007/
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Terms [CaCQ@] and R, correspond to the concentration of
calcite particles in mol/l, respectively to the bulk dissolution
rate in mol/l per unit time. The latter is calculated from the
difference in concentrations and the time necessary for set-ryn 1D pco, CaCQ; production ~ CaC@dissolution
tling particles to bridge the depth interval between successive increase  dependent & dependent of2,.
trap deployments. CALOL yes yes yes

In a first stepc* was determined for each sediment trap ar- CTLOL  no yes yes
ray. This resulted in* estimates ranging from 0 to 479.2% CALO2

Table 1. Summary of simulations characteristics.

. . yes cst at preind. level  yes
with an average value of 93.64and a median of 12.1d. CTLO2  no cst at preind, level  yes
This wide spread and also the large difference between av-caL03  yes cstat preind. level  cst at preind. level
erage and median values suggested a further refinement ofcTLo3 no cstat preind. level  cst at preind. level

the determination of*. This fit was done by systematically
varying k* to predict for each sediment trap array the upper
CaCQ concentration from the concentration at the respec-

tive lower trap. By systematically varying', the rms-error  mented into the PISCES standard version and the model
for the predicted and measured Cagxoncentrations in the  \yas run for another 400 years. This allowed for a reorga-
upper traps converged to a minimum value £610.9.d 1, nization of dissolved inorganic carbon (DIC) and alkalinity
which was then implemented into the PISCES model. (ALK) fields down to 1000 m in response to the modified
Possible drawbacks of this approach are that only datajescriptions of calcification and dissolution. In order to eval-
from a few stations (11) were available and for two of them yate the potential impact of atmospheric pCicrease on
calcite dissolution was theoretically impossible due to Ca'-peiagic calcification and CaCQdissolution, 3 model ex-
cite oversaturation at the lower trap level. This mlght bias perimentg were then performed according to the standard
thek* value towards low estimates, however, these traps coneMIP scenario (Coupled Model Intercomparison Progrect,
tained among the lowest CaGConcentrations and thus con-  http://www-pcmdi.linl.gov/projects/cmip/index.phpof at-
tributed relatively little error to the optimization &f by the mospheric pC@increasing at a rate of 1% per year from 286
rms. Furthermore, the gradient of Cag€aturation between to 1144 ppm over a 140 year time_period_ Assuming that un-
the two trap depths was not taken into account, only the deder constant climate the land biosphere and the ocean make
gree of saturation at the lower trap level, as at all stationsyp for CQ, sinks of the same order of magnitude (Friedling-
except for one the water surrounding the upper traps wastein et al., 2001), the atmospheric pCidcrease scenario
still oversaturated with respect to calcite. This assumptioncorresponds to 3320 GtC emitted over the duration of the ex-
may also biag™ estimates towards lower values. Fittik§  periment. In the first simulation, both calcification and dis-
by minimization of the rms-error for predictions of the up- selution depended on the saturation state of seawater with
per trap fluxes may lead to a high weight for traps with high respect to calcite (CALO1). In the second experiment, cal-
CaCQ fluxes, as here the misfit between predicted and meacification was independent of saturation state (= constant at
sured values may have a strong impact on the rms. Howyalues corresponding to the initial state) and dissolution was
ever, this was obviously not the case as for example the twyjlowed to respond to changes in saturation driven by rising
traps with highest CaC§concentrations also had the high- pco, (CAL02). A third simulation was set up to isolate the
est individualk*-value, but the resulting value far* is still effect of the Soiub”ity pump by keeping Ca@@roduction
relatively low and close to the median. and dissolution at preindustrial values (CAL03). All three
The flux of CaCQ reaching the last model box (= lower scenarios were doubled with a corresponding control-run (la-

boundary) is re-dissolved instantaneously after removing thébeled CTLO1 to CTL03) at constant pGOTable 1 summa-
alkalinity equivalent corresponding to river input. The model rizes the model simulations carried out.
is strictly mass conserving.

4 Results and discussion
3 Methodology

4.1 The carbonate cycle in PISCES: Initial state
The 3-D global ocean general circulation model OPA (Madec
et al., 1998) provided the physical forcing fields for tracer We plotted the distributions of alkalinity (ALK) and total dis-
transport. After 3000 years of integration in an off-line mode solved inorganic carbon (DIC) along sections across the At-
at constant pC@of 278 ppm, modeled nutrient and chloro- lantic (a), Pacific (c) and Indian Ocean (d) reached at the end
phyll fields have reached a quasi steady-state with yearlof the spin up (pC@=278 ppm) on Figs. 2 and 3. Since the
mean distributions and seasonal variations similar to obsermodel was initialized with the global mean alkalinity concen-
vations (Aumont and Bopp, 2006). The new parameterizatration by Goyet et al. (2000), we include observed ALK on
tions of carbonate production and dissolution were imple-Figs. 2b, d, f along the same sections. Modeled distributions

www.biogeosciences.net/4/505/2007/ Biogeosciences, 4 58@52007
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Model Goyet
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Fig. 2. Comparison between modelled and observed alkalipitpgl/l) along sections across the Atlantic, Pacific and Indian Ocgare,
d), model output andb, d, e)observations after Goyet et al. (2000). Black line on (a, ¢, d), predicted depth of the calcite saturation horizon.

of DIC are to the contrary independent of model initialization in all three basins (Fig. 3), a satisfying correspondence be-
and reflect internal processes and air-sea gas exchange. Weeen modeled and observed ALK fields is limited to the up-
selected preindustrial DIC fields based on the Global Datgper 1000 m of the water column (Fig. 2). Below 1000 m, ob-
Analysis Project (GLODAP, Key et al. 2004) for model out- served ALK fields display strong latitudinal gradients. These
put — data comparison (Fig. 3b, d, f). The modeled distri-features are not present in the GLODAP data set (Key et
butions of both tracers reflect the large-scale circulation patal., 2004), neither are they reproduced by the model, which
tern combined to air-sea gas exchange (DIC) and biologicapredicts distributional patterns in line with GLODAP. Fur-
production, as well as remineralization. While the model re-thermore, they can not be explained in terms of circulation
produces the large scale structures of observed DIC fieldsand/or biological processes. It is likely that they reflect the
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Fig. 3. Comparison between modelled and observed QU@ @l/l) along sections across the Atlantic, Pacific and Indian Océarc, d),
model output andb, d, e)observations correspond to pre-industrial concentrations calculated from GLODAP (Key et al., 2004).

underlying method of data interpolation, as the approachof pre-industrial ALK fields compared to Aumont and Bopp
used by Goyet et al. (2000) introduces two discontinuities:(2006). The former model version predicted even higher sur-
one at 1000 m and the other &tlongitude (Key et al., 2004). face ocean ALK levels, which together with low Cagéx-
When limiting our comparison between model output andport fluxes (Gehlen et al., 2006) suggests an underestima-
observation to the upper 1000 m, the model slightly over-tion of the strength of the carbonate counter-pump. The
estimates surface ocean ALK, while it reproduces well thepersistent, although smaller overestimation of surface ALK
general structure of the fields. concentrations in the model version used during this study
Implementing a dependency for Cag@ormation on  Suggests that the amount of dissolution associated with zoo-

[COZ™] and updating the parameterization of Cagifisso-  Plankton grazing (50%) may be too high.
lution in the model resulted in an improved representation
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Fig. 4. Depth of calcite saturation horizorfa) model output(b) Fig. 5. Basin-wide(a) average CaC@dissolution rates(b) Sat-
recalculated from GLODAP (Key et al., 2004). uration index with respect to calcitdg) mean concentration of
CaCQ; particles. Note that there are localized areas in the Pacific

. . . _for which the model predicts a saturation index that is shallower
Figure 4 presents the depth of the calcite saturation horiy, . the basin-wide average of (b).

zon predicted by (a) the model and computed for ALK and
preindustrial DIC provided by (b) the GLODAP data base
(Key et al., 2004). The preindustrial ocean is characterized . o L
by a deep calcite saturation horizon in the Atlantic Ocean. inreflects the boupdary conditions and its inherent criteria of
the North Atlantic the entire water column is oversaturatedMass conservation.
with respect to calcite. The saturation horizon shoals along The evolution with depth of the CaG@issolution rate is
the flow path of the meridional overturning circulation from plotted on Fig. 5a for the Atlantic, Pacific and Indian Ocean.
North to South across the Atlantic and from South to North The differences in the evolution with depth of dissolution
in the Pacific, which is captured by the model. We note how-rates reflect the varying depth of saturation horizon for cal-
ever that the predicted depth of the saturation horizon is toctite (Fig. 5b) between ocean basins. Model derived dissolu-
shallow, which in part reflects the coarse vertical model res-ion rates are low compared to in situ dissolution rates sum-
olution. marized by Feely et al. (2004). The distribution of in situ
Global rates were computed for the gross, as well as thélissolution rates with depth (Fig. 4, Feely et al., 2004) sug-
net carbonate production and carbonate dissolution. The@ests that substantial dissolution occurs for deptB800 m,
are summarized and compared to literature results in Table 2vhich the model fails to reproduce. This does not imply that
The gross CaC@production of 1.3 PgC/yr includes the car- the global modeled dissolution flux is too low, but rather indi-
bonate fraction lost to dissolution during zooplankton graz-cates a discrepancy in the vertical distribution of dissolution
ing. In terms of CQ fluxes, the net production (0.8 PgClyr) predicted by the model and derived from the observations.
is the relevant quantity. It falls at the lower end of published The missing dissolution at shallow depth is compensated by
estimates. The model predicts a global dissolution flux ofdissolution below the saturation horizon.
0.5 PgClyr and compares well to the estimate given in Feely The in situ dissolution rates were estimated from alka-
et al. (2004). The CaC£Xlux at the lower model boundary linity fields (excess alkalinity TA*, Feely et al., 2002) and
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Table 2. The carbonate cycle in PISCES: Comparison between model ouput and data. All fluxes (production, dissolution) are igPg CaCO
Clyr.

Process Model Data Data reference

Mean global DIC (tM) 2292 2305 Key et al. (2004)

Mean global ALK M) 2389 2390 Goyetetal. (2002)

Gross CaC@ production 1.3 0.8-1.4 Igelias-Rodriguez et al. (2002);

Lee (2001); Jin et al. (2006);
Ridgewell et al. (2007)

Net CaCQ production 0.8

Pelagic CaC@dissolution 0.5 0.5 Feely et al. (2004)
CaCQ; flux at lower boundary 0@

CaCQ; burial flux 0.3 Feely et al. (2004)

@ From model lower boundary condition.

combine dissolution of calcite and the more soluble carbon-at depths>1000 m for our analysis. The apparent dissolution
ate mineral aragonite. Dissolution driven by the upward mi-rate parametet™ was derived from CaCg&flux attenuation
gration of the calcite and aragonite saturation horizons inprofiles and is not a free model parameter. The bulk dis-
response to anthropogenic g@vasion adds to the flux at solution rate is the product of the kinetic expression times
shallow depth. The model, to the contrary, only simulatesthe concentration of CaC{particles (Eq. 6). The average
calcite and predicts zero dissolution above the calcite satu€aCGQ concentration is plotted with depth in Fig. 5¢c. Feely
ration horizon. The quantitative contribution of aragonite to et al. (2004) used the depth attenuation of Cg@axes from

the marine CaCe@cycle awaits further elucidation (Kleypas a different set of trap deployments to derive bulk dissolu-
et al., 2006). Milliman and coworkers (1999) for instance tion rates. The correspondence between modeled dissolution
conclude that the shallow water dissolution flux is dominatedrates and these estimates suggests that the concentration of
by the dissolution of calcite. They base their assumptionCaCQ particles predicted by the model is in the right or-
on Fabry’s (1990) estimate of the contribution of aragoniteder of magnitude. To summarize the preceding discussion,
to the planktonic CaC@production which amounts to only the version of the PISCES model just presented computes a
10%. We demonstrate in a follow-up study that including carbonate budget within the range of published estimates.
shallow dissolving aragonite as a model tracer contributes to

an improved representation of carbonate geochemistry in thd.2  Transient experiments

model (Gangstg et al., 2087 However, alkalinity based

estimates (Feely et al., 2002) do not account for transportfable 3 summarizes simulation results for CaG@oduc-
processes in computing excess alkalinity, the latter being tofion, export and dissolution. The reference state of the
tally ascribed to dissolution. Mixing might however trans- Model presented in the previous section will be referred to
port TA* from below the saturation horizon to shallow depth &s CALO1-1xpCQ;, in the following discussion. Time series
(Friis et al., 2006). While the occurrence of shallow carbon-©f (2) atmospheric pC (b) mean global CaC§X(calcite)

ate dissolution is documented by independent evidence (e.gaturation state of surface ocean waters, (c) net Gg&&

Schiebel, 2002), its amount is likely to be overestimated byduction, (d) CaC@ export and (e) dissolution, as well as of
the TA* technique. the (f) cumulative air-sea exchange of £@re reproduced

on Fig. 6. Figure 7 presents maps of the saturation state of

The depth attenuation of CaG@@luxes provides an al- surface ocean waters with respect to calcite for (a) preindus-
ternative approach to estimate dissolution rates. Feely etrial conditions and (b) 4pCO,. Model results are presented
al. (2004) compiled data from several trap arrays and comfor net CaCQ production and CaCgdissolution rates inte-
puted corresponding dissolution rates. They are smaller thagrated over the entire water column in Fig. 8.
in situ estimates reported in the same paper. Modeled disso- The mean global saturation state of surface ocean waters
lution rates fall within the range of trap derived ones (Feely (Fig. 6b) with respect to calcite decrease frn-5 at year 0
et al., 2004). The use of sediment trap data has its own set® Q.=2 end the end of the acidification scenario. MapQef
of caveats (e.g. over-/undertrapping due to turbulence espeaveraged over the top 100 m of the water column document
cially for traps deployed at depths1000 m; intrusion of thatthe preindustrial ocean is characterizeddy-4 prevail-
swimmers, hypothesis of a 1-D system etc). Below 1000 ming between 45S and 50N (Fig. 7a), which corresponds
the trapping efficiency of sediment traps is reported to beaccording to our parameterization to optimal conditions for
close to 1 (Yu et al., 2001). We selected only traps deployedtalcification. At 4<pCQy, Q.<4 is predicted everywhere
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Table 3. Summary of results. Model output is presented in absolute numbers for experiment CALOpAGDL, 2xpCO, and 4xpCO;.
For all experiments, model output is given as drift corrected % change@E®, relative to the control simulation at constant p£O

Process CALO1-4pCO, CAL01-2xpCO, CAL01-4xpCO, %change % change % change
CALO1 CALO2 CALO3
Net CaCQ production (Pg Clyr) 0.79 0.74 0.58 —-27 0 0
CaCGQ; export 100 m (Pg Clyr) 0.59 0.55 0.42 —-29 —3.6 0
Pelagic dissolution (Pg Clyr) 0.48 0.46 0.42 -16 +19 0
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Fig. 6. Time series:(a) atmospheric C® (ppm) forcing used for
acidification scenarios and control rur{f) mean saturation state
of surface ocean waters (0O—100 m) with respect to cakg)eylobal Fig. 7. Saturation stat€, with respect to calcite of surface ocean
net CaCQ production (plain line) and export at 100m (stippled Waters (0-100m)(a) 1xpCO;, and(b) 4xpCQO;. Solid lines indi-

line); (d) global CaCQ dissolution flux;(e) cumulative air-sea flux ~ Cate2c=4 for 1xpCQ,, respectively2.=1 for 4xpCO,.

of CO, on left axis, and C uptake in excess to CALO3 on right

axis. CALO1 = production and dissolution of Cag@sponds to

changes in carbonate chemistry; CALO2 = constant production, butotal decrease of 27%. At the same time, the Ca@&port

dissolution respo_nds to changes_ in carbonate chemistry; CALO3 F|,x at 100 m (Fig. 6¢) decreases by 29% over the course of

constant production and disselution. experiment CALO1. The slightly higher decrease of export
flux compared to calcification (27%) reflects the relative in-
crease of dissolution.

(Fig. 7b), suggesting suboptimal conditions for pelagic cal- The response of CaG@issolution to acidification of

cification across the global surface ocean. ocean waters is shown in Fig. 8d to f. Spatial patterns of

Net CaCQ production decreases in response to anthro-Fig. 8e and f reflect bottom topography with increasing dis-

pogenic CQ invasion (Fig. 6¢) for time series and Fig. 8a, b, solution along topographic heights (for instance the mid-

c for the spatial distribution). The model predicts a decreaseAtlantic ridge) and decreasing dissolution in the other areas.

of total production at 2pCQO, from 0.79 to 0.74 PgClyr, Since overall less carbonate particles are produced under ris-

which further drops to 0.58 PgClyr atx$COy, yielding a  ing atmospheric pCg&) their complete dissolution will result
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Fig. 8. Net CaCQ@ production and CaCg®dissolution in the simulation CALO1(a) Vertical integrated net production (gC?hyr) at
1xpCQOy; (b) difference in net production atCO, minus IxpCOy; (c) difference in net production at-dpCO, minus IxpCOy; (d)
vertical integrated dissolution rate (gCityr) at 1xpCOy; (e) difference in dissolution rate at@CO, minus IxpCOy; (f) difference in
dissolution rate at 4pCO, minus IxpCO,.

in a lower absolute dissolution flux compared to the prein-contrary, in regions with carbonate accumulation, a shoal-
dustrial state. This happens outside areas of benthic GaCQing of the saturation horizon will result in an increase of the

accumulation, where atxlpCQ;, close to 100% of the car- dissolution flux. Relative to total net production, dissolution

bonate flux gets dissolved before reaching the benthic boundncreases from 61% atdpCQO, to 72% at 4 pCO,.

ary layer. In these areas, a shoaling of the saturation horizon _ L .
will have little to zero impact on total dissolution. To the Th_e decrease n calcification in CALOL goes_along V.V'th a
relative decrease in surface water p{@ereby increasing
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the capacity of the ocean for GQuptake. An increase in the decrease of carbonate production in response to increas-
pelagic CaC@ dissolution is expected to further enhance ing pCGQp.
this effect due to alkalinity production. However, the lower  Ridgwell et al. (2007a) reach the opposite conclusion,
flux of carbonate particles translates in an overall lower ab-namely that Heinze's (2004) estimate would be the lower
solute dissolution flux{€16%, Table 3 and Fig. 6e), which limit of the expected response. They point to the poten-
partially counteracts the effect of decreasing production ortial bias introduced by parameterizations based on exper-
air-sea CQ exchange. The combination of processes resultdmental results obtained foEmiliania huxleyi Ridgwell
in a net increase of the oceanic DIC inventory from 35578et al. (2007a) compiled experimental data documenting the
to 36421 GtC (=2.1%). In the experiment CALO2, where calcification response of different organisms to increasing
carbonate production was constant at preindustrial levels, weCO,. They fitted data from individual experiments (e.g. Bi-
compute a net increase in dissolution of 19% (Table 3 andma et al., 1999) or group of experiments (e.g. Zondervan et
Fig. 6e). The effect of dissolution alone results in a DIC al., 2001) to the widely accepted rate expression of CGACO
inventory increase of the same order of magnitude as foiprecipitation
CALO1. This result stresses the importance of changes i n
CaCQ; dissolution in addition to production, in controlling TRepec=k x (1 - Q0" ®)
the magnitude of the full CaC{feedback on atmospheric Inorganic precipitation of calcium carbonate is known to fol-
COy increase. low Eq. (8) (Zhong and Mucci, 1993, and references therein).
Changes in DIC inventories computed for experimentshe reaction rate order n determined for inorganic precip-
CALO1 and CALO2 reflect the combined response of theitation is strlptly >1. Interestingly, with t.he exc_ept|on of
solubility pump and CaC@production and dissolution to ~corals for which a value of~1 was determined, Ridgwell et
increasing atmospheric pGO Experiment CALO3 dur-  &l- (2007a) derived values of n ranging from 0.2 to 0.75 from
ing which carbonate production and dissolution were keptPiogenic calcification experiments. Previous studies (Hales
constant at pre-industrial levels allows the contribution of 2nd Emerson, 1997; Gehlen et al., 2005) highlighted poten-
the solubility pump to be singled out. During experiment tial sources of uncertainty in the determination of the reac-
CALO1, the cumulative uptake of GQby the ocean in ex- tion rate order from the reassessment of experimental data.
cess to the solubility pump is 5.9 GtC (Fig. 6€). In contrastWhether values oi <1 are a true characteristic of biotic cal-

with CALO1, constant calcification and increasing dissolu- Cification or an artifact introduced by fitting Eq. (8) to a lim-
tion in CALO2 combine into an additional 1.2 GtC taken up ited set of scattered data needs further experimental elucida-
in excess to CALO3 (Fig. 6e). Consequently, the effect of10N- _ . _ . .
reduced calcification in CALO1 enhances the negative feed- 1he potential for a variable reaction of different calcifying
back to rising atmospheric G@&ompared to CAL02, where species to ocean acidification needs to be stressed. Langer et
only dissolution is at work. The cumulative ocean uptakeal- (2006) report data on the calcification response of the coc-
of CO; of 5.9 GtC during experiment CALO1 is low com- colithphoresCalcidiscus leptoporusindCoccolithus pelag-
pared to the total change in DIC inventory of about 750 GtC.Icus to increased pC& While to former displays an opti-

It should however not preclude the expected consequence fdpum curve centered at present day pd©360 ppm), the
the entire pelagic ecosystem. later appears rather invariant to pg@crease. The rela-

tionship between calcification and pg@n C. leptoporus
) . . suggests decreased rates of PIC production during past pe-
4.3 Comparl_son of assessments of future changes in maringyds of lower atmospheric pGO Since decreased rates of
calcification PIC production correlate with changes in coccolith morphol-
ogy (Langer et al., 2006), the analysis of the sedimentary
Heinze (2004) predicts a global decrease in CaG{60% record provides a means for the verification of this hypoth-
at the end of a model experiment similar to CALOL. The fi- esis. Langer et al. (2006) analyz€d leptoporudiths from
nal atmospheric C&concentration was however higher than last glacial maximum and Holocene sediments and found no
4xpCQ,. At 4xpCQOy, carbonate production declined by ap- evidence for changes in coccolith morphology. The inconsis-
proximately 38 % (Fig. 3 in Heinze, 2004) compared to 27%tency between results obtained from laboratory experiments
in this study. While Heinze (2004) used different forcing sce- and analysis of geological samples, might indicate the adap-
narios, the discrepancy in the predicted sensitivity of calcifi-tation of C. leptoporusto changes in carbonate chemistry.
cation to acidification is most likely due to differences in the The impact of ocean acidification on marine calcifiers will ul-
parameterizations of CaG@roduction and its dependency timately depend on their capability to adapt. In this context,
on pCQ. Heinze (2004) lets the CaG@roduction be lin-  understanding the differential response of coccolithophore
early dependent on seawater p£@ is however likely that  species to pC@challenges our knowledge of the controls
the biological response is not linear with pg&Qut rather  of biomineralization processes. The scenario CALO2 can be
follows an asymptotic type function. It is thus likely that considered as an extreme end-member for the unlikely situ-
Heinze (2004)’s estimate corresponds to an upper limit ofation of 100% success in adaptation of pelagic calcifiers to
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changes in carbonate chemistry. Under these circumstancgmrt production will modify the downward delivery of POC
only inorganic dissolution would respond to decreasing satu-and thereby the availability of energy for the deep ocean and
ration state. benthos.
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