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Abstract. The marine aragonite cycle has been included in1 Introduction
the global biogeochemical model PISCES to study the role

of aragonite in shallow water Ca@@issolution. Aragonite  The ocean calcium carbonate (Cagudget is a topic
production is parameterized as a function of mesozooplankgys long standing interest in marine geochemical research
ton biomass and aragonite saturation state of ambient waterge g. Berger, 1978; Milliman, 1993; Milliman and Droxler,
Observation-based estimates of marine carbonate productiopg%; Milliman et al., 1999; Iglesias-Rodriguez et al., 2002;
and dissolution are well reproduced by the model and abougerelson et al., 2007). The growing awareness of the impacts
60% of the combined CaCG{vater column dissolution from  of rising atmospheric C@concentrations on the chemistry
aragonite and calcite is simulated above 2000 m. In contrasiyf the ocean and related consequences on marine biota in
a calcite-only version y|e_Ids a much smaller fractlon._ This general and calcifying organisms in particular has recently
suggests that the aragonite cycle should be included in modreyjved this area of study (e.g. Caldeira and Wickett, 2003;
els for a realistic representation of Cag€ssolution and al- Feely et al., 2004; Orr et al., 2005; Royal Society, 2005,
kalinity. For the SRES A2 C@scenario, production rates of kjeypas et al., 2006). In a recent review of the marine CaCO
aragonlte. are projected to notably d.ecrease af.ter2.050. Bythgyde, Iglesias-Rodriguez et al. (2002) highlight the lack of
end of this century, global aragonite production is reducedindamental understanding of controls of Cagd@rmation,

by 29% and total CaCgproduction by 19% relative to pre- gjissolution and burial. This lack of fundamental understand-
industrial. Geographically, the effect from increasing atmo-jng hampers our capability for assessing the present state of
spheric CQ, and the subsequent reduction in saturation statejhe carbonate system and forecasting its evolution under in-

is largest in the subpolar and polar areas where the modelegyeasing atmospheric G@nd global warming.
aragonite production is projected to decrease by 65% until

2100 The present study focuses on one striking and yet not well

explained feature of past and recent estimates of the global
ocean CaC@budget, namely the reported loss (60-80%) of
pelagic CaC@ production in the upper 500 to 1000 m of the
water column (e.g. Milliman and Droxler, 1996; Berelson et
al., 2007). This contradicts the general paradigm of the con-
servative nature of pelagic Ca@g@t shallow depths (Sver-
drup et al., 1942). The latter is directly derived from the evo-
lution with depth of the saturation product for Caginer-

als which increases with decreasing temperature and increas-
ing pressure/depth (Zeebe and Wolf-Gladrow, 2001). As a

Correspondence tdR. Gangsta consequence surface ocean waters are at present oversatu-
BY (gangsto@climate.unibe.ch) rated with respect to CaG@e.g. Orr et al., 2005) precluding
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dissolution from a thermodynamic point of view. Fabry and Deuser, 1991). A significant contribution of arag-
Mechanisms proposed to explain the occurrence of GaCOonite to the reported shallow water dissolution can thus not
dissolution above the saturation horizon invoke biologicalbe ruled out a priori. Our study explores the potential con-
mediation. It was proposed that Cag@articles would dis-  tribution of aragonite to shallow water Cag@issolution
solve after ingestion by pelagic grazers during gut passagéy means of a model study. As a follow-up of Gehlen et
(Harris, 1994). Until recently, dissolution during gut passageal. (2007), we implemented aragonite production and disso-
had, however, not been unequivocally demonstrated (Honjdution to the global biogeochemical ocean model PISCES. In
and Roman, 1978; Pond et al., 1995). Antia et al. (2008) havéhe first section of this paper, we present a global open ocean
shown that microzooplankton grazing may explain the re-CaCQ; budget for calcite and for aragonite. Model improve-
ported amplitude of dissolution fluxes, while its exact quanti- ments are discussed with reference to the study by Gehlen
tative contribution to shallow-water dissolution remains un- et al. (2007) which was also based on PISCES, but did only
certain. Alternatively, the oxic remineralization of particu- consider calcite. In the second section, we assess potential
late organic C in aggregates could be at the origin of un-changes to the global CaG®udget in response to increas-
dersaturated microenvironments triggering the dissolution ofing atmospheric C®levels following the IPCC SRES A2
CaCQ particles associated to POC within the same aggre-scenario.
gate (Milliman et al., 1999). However, Jansen et al. (2002)
concluded from a modeling study that Cagdssolution in
marine aggregates in response tog@oduction by POC
remineralisation is unlikely to be at the origin of observed
shallow-water dissolution fluxes.

In the absence of a clear identification of processes drivindrne model used in the current study is the PISCES global
shallow water CaC@dissolution, we might address the topic .40 biogeochemical model (Aumont et al., 2003; Aumont

from the side of methods used to infer the order of magnitude, 4 Bopp, 2006; Gehlen et al., 2006) which simulates the
of dissolution fluxes. On one hand, we have the evolution Ofbiogeochémical <,:ycle of oxyger; carbon and the main nutri-
CaCQ fluxes recorded in sediment traps in comparison ©gnts controlling marine biological productivity: nitrate, am-
Upper ocean CaCQproductpn estimates (e.g. Milliman et - ,oniym, phosphate, silicate and iron. Biological productiv-
al., 1999; Feely et al., 2004; Wollast and Chou, 1998). Thisjyy is |imited by the external availability of nutrients. The

approach has its own set of caveats (e.g. Milliman et al.,)n,sphorus and nitrogen cycles in the model are decoupled
1999; Berelson et al., 2007) the complete discussion of wh|cr'by nitrogen fixation and denitrification.

is beyond the scope of this paper. On the other hand, we have’ te model distinguishes two phytoplankton size classes

tracer based approaches, in particglar the alkalinity based aRhanophytoplankton and diatoms) and two zooplankton size
proach TA' (Feely etal., 2002; Sabine et al., 2002; Chung et|asses (microzooplankton and mesozooplankton).  The

al., 2003). Conceptually, it relays on the breakdown of total ¢ p ratios are assumed constant for all species and fixed to

qlkallnltyo(TA) into three components: the preformed alka- 1o Redfield ratios. For phytoplankton, the prognostic vari-

linity TA®, the alkalinity of the water parcel as it leaves the jpas are total biomass, iron, chlorophyll and silicon con-

surface ocean; the contribution from organic matter reminerianis  The internal ratios of Fe/C. Chl/C and Si/C are pre-
. . OU . . . 1

alization at depth, TA°Y, and the contribution from CaG0 gjcteq by the model. The only prognostic variable for zoo-

dissolution at depth, TA*. Friis et al. (2006) conclude from a p|ankton is total biomass. The bacterial pool is not modeled
model based assessment of the TA* method, that this metho@xplicitly.

probably overestimates the magnitude of Ca@i3solution There are three non-living compartments for organic car-

f':\t shallow water.depth because this approach does not take - in PISCES: small particulate organic carbon (PDBig
into account the influence of water mass transport. particulate organic carbon (P@{and semi-labile dissolved
In the pelagic realm CaCQis produced mainly as  rganic carbon (DOC). The C/N/P composition of dissolved

two polymorphs of differing solubility: calcite (coccol- anq particulate matter is also coupled to Redfield stochiom-
ithophores, foraminifera) and aragonite (mostly pteropods).eqry However, the iron, silicon and calcite pools of the par-
the latter being 50% more soluble than calcite. The contribucjes are fully simulated and their ratios relative to organic

tion of aragonite to shallow water Cag@issolution is men-  4,0n are allowed to vary. The production of calcite is as-

tioned by several authors (e.g. Milliman et al., 1999; Berel-gjgneq to nanophytoplankton as a function of temperature,
son et al., 2007), but judged to be insignificant on the ba-g4ration state, nutrient and light availability. The particu-
sis of its suppqsed only minor qontr|but|on to total pelag!c late detrital pools (POG POG,, biogenic silica and calcite)
CaCQ production (10% according to Fabry, 1990). Esti- 416 fyelled by mortality, aggregation from nanophytoplank-
mates of aragonite production and fluxes in the modern oceag,, anq diatoms, fecal pellet production and grazing.

are however scarce. Moreover these estimates cover a wide

range, spreading from 10 to 50% of the total global CaCO

flux (Berner, 1977; Berger, 1978; Berner and Honjo, 1981,

2 The PISCES model

2.1 General model description

Biogeosciences, 5, 1057672 2008 www.biogeosciences.net/5/1057/2008/
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The model simulates dissolved inorganic carbon and totaby the organism until a critical threshold is reached. Pass-
alkalinity. The carbon chemistry follows the OCMIP pro- ing the threshold value, calcification is expected to decrease
tocol (http://www.ipsl.jussieu.frfOCMIR A description of  rapidly. The mathematical expression corresponds to a sat-
the model including model equations and parameters can baration curve, such as the Michaelis Menten equation de-

found as auxiliary material in Aumont and Bopp (2006). rived for calcite production in Gehlen et al. (2007) from a
compilation of experimental results fé&. huxleyi Studies
2.2 Calcium carbonate geochemistry of aragonite secreting warm water corals show different re-

sponses to decreasing saturation state dependent on species:
The two-fold objective of this paper is (1) exploring the po- Langdon (2005) reported a linear reduction in calcification
tential for aragonite dissolution to significantly contribute to whereas the study by Gattuso (1998) showed a decrease in
shallow water CaC@dissolution and (2) producing a first aragonite production following a shape very similar to this
evaluation of the impact of future rising atmosphericZCO Michaelis-Menten curve. It is uncertain whether planktonic
levels on aragonite production and dissolution. We adopt gpteropods react in the same way as corals. Thus, due to the
geochemical approach to the question. This is justified bylack of studies focusing on pteropods we chose to adopt the
the limited observations available on aragonite productionMichaelis-Menten curve fitted to the mesocosm experiment
and dissolution in the ocean. Aragonite production and dis-by Delille et al. (2005) also for aragonite production.
solution was implemented to PISCES in line with the gen-  Aragonite production is expressed as the ratio of particu-
eral model structure and previous developments around thiate inorganic C in the form of aragonite (P{Cto particu-
CaCQ geochemistry in the model (Gehlen et al., 2007). late organic C (POC), as a function of the saturation state of
This choice allows a straight-forward comparison betweenseawater and mesozooplankton biomass:
the model results of this study and output of PISCES in its
calcite-only version (referred to as PISC/CAL) (Gehlen et al., % — factor, x MESO x (PlCA )
2007). POC POC/ ax

i i @D o -1 >0 1
2.2.1 Aragonite production Kot @D (£a-1 >0, (1)

In the modern ocean pelagos, cosmopolitan shelledvhere: factog, a scaling factor; MESO, mesozooplankton
pteropods are the main producers of aragonite (Lalli andoiomass (mol C11); (PICA/POC)a,=0.8, maximum ratio
Gilmer, 1989). Information on pteropod biogeography andreached under optimal growth condition&max=0.4, with
ecology is scarce and largely summarized in Lalli andanalogy to the half saturation constant.
Gilmer (1989). Pteropods are mostly found in near-surface KmaxWas chosen in order to obtain a curve with values of
waters down to depths of about 200 m. Only a few speciedPIC/POC relatively constant for high saturation state values
inhabit deeper waters. We did not implement pteropods asis typical for pre-industrial surface ocean waters, in line with
a distinct functional type in the model, but assigned arago-the mesocosm experiment from Delille et al. (2005). The sat-
nite production to the corresponding zooplankton size classyration index2,=[C&®*]x([CO3 |/K,p,4) and Ky, 4 cor-
mesozooplankton. Orr et al. (2005) report dissolution of responds to the stoichiometric ion concentration product for
pteropod aragonite shells in living organisms during expo-aragonite after Mucci (1983). The scaling factor allows ad-
sure to water undersaturated with respect to aragonite. Wgusting the partitioning of global carbonate production be-
might thus assume that the vertical distribution of pteropodstween calcite and aragonite to the range of published es-
across the water column is controlled by carbonate chemtimates. The pool of sinking aragonite particles is fuelled
istry, e.g. that the organisms, and thus aragonite productiory mortality. The sum of calcite and aragonite production
are restricted the water masses oversaturated with respect touted to the sinking particles is referred to as net CaCO
aragonite. production.

We are unaware of published data on the response of calci- The change in concentration of mesozooplankton is given
fication in pteropods to the saturation state. Previous studie8s:
on the effect of carbonate chemistry on the calcification in
marine calcifiers focused on coccolithophores (e.g. SciandrdMESO/ét = Xgrazingy — respiration— mortality. 2
et al., 2003, Riebesell et al., 2000; Zondervan et al., 2001,
2002; Delille et al., 2005), foraminifera (e.g. Wolf-Gladrow The grazing term is written as:
etal., 1999; Bijma et al., 1999) and corals (e.g. Gattuso et al., .
1998; Kleypas et al., 1999; Langdon et al., 2003, 2005). All grazingy = e x ("F50(P) + gM=5%(D)
these studies report a decrease in calcification with increas; ¢MESO 7y 4 ,MESOpQQ)) x MESO, (3)
ing pCO, or decreasing saturation state. We expect that the
calcification response will display a tolerance over a range ofwhere: ¢”=0.33, model growth efficiencygMESC=grazing
oversaturation typical of the natural variability experienced rate for mesozooplankton on the various food sourced)(d

www.biogeosciences.net/5/1057/2008/ Biogeosciences, 5, 1032-2008
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N=food sources: nanophytoplanktoR){ diatoms {), mi- with depth (e.g. Berelson et al., 2002). The empirical re-
crozooplankton Z), and small and big particulate organic lation for depth dependent sinking speed was calibrated us-
carbon (POC). ing a model of aggregation/disaggregation resolving particle

The parameterization for the grazing on multiple resourcessize (Gehlen et al., 2006). A compilation of different lab-
is shown as (e.g. Frost, 1987; Moloney and Field, 1991):  oratory studies of sinking pteropods and empty shells was
published by Lalli and Gilmer (1989). Among them, Byrne

gMESO(N) = gM pN X N (4) et al. (1984) mea_sgred the sinking speed of empty shells of
K+ prxI the pteropod.. helicinato be equal to 1.0-1.4 cn$, about

! one order of magnitude higher than our modeled values. As

where: gMESO(N)=grazing on individual food sources: discussed by Lalli and Gilmer (1989) however, these labo-

¢M=0.7, maximum grazing rate for mesozooplanktoni(d ratory values are only approximations and do not take into
py=preference mesozooplankton has for the food souvces account the slowing down by encountering temperature and
K=20, half-saturation constant for grazingnfol C I-1): density boundaries and by a reduction in weight owing to dis-
I=all the resources that mesozooplankton can graze on. solution effects. Thus we expgct'the sinking speed in the real
The equation implies that mesozooplankton always graze§c€an to be slower. A lower sinking speed for carbonate par-
on the most preferred prey. In addition to this concentration-ticles is corroborated by a recent comprehensive study (Fis-
dependent grazing, PISCES also accounts for flux-feedingther and Karakas, 2008) suggesting average smkmglrlate val-
This type of grazing may be very important for the fate Y€S of carbonate particles equal to 51 dnq 318md. in
of particles in the water column below the euphotic zoneth€ upper and lower water column, respectively. Their values
(Dilling and Allredge, 2000; Stemmann et al., 2004). Flux- '€ well in range with other stU(_jles (e.g. Allredge and Silver
feeding depends on the flux, the product of the concentratiort 988; Sawada 1988) and are nicely matched by our modeled
and of the sinking speed. Only the largest particles (POC v_alu_es of sinking spet_ad. The particles sink with a prescribed
experience this type of grazing: sinking speed according to:

gMESO(POQJ) =8FF X wPO% x POG, (5) W = Wmin + (Wmax — Wmin) X max<0, 22:)53> ) 8

where: grr=10°, maximum flux feeding rate
((mmolImH~1);  wPO®=sinking speed of big sinking
particles (m d1).

The second term in Eq. 2 is given as:

where: wmin, minimum sinking speed of 50 MTd; wmax,
maximum sinking speed at 2000 m below the mixed layer of
200md1; z, depth (1); z,,, mixed layer depthvg).
Theexport fluxis defined as the amount of sinking CagO
MESO MESO particles that falls through the depth horizon of 200 m. There
X Kiceo F MESO < MESO. (B) is no ocean-sediment interaction included in our model ver-
sion. From the flux of CaC®reaching the deepest model
where: rMESO=0.008, excretion rate (@); Kmeso=0.1,  boxes (=lower boundary) an alkalinity equivalent of totally
half-saturation constant for excretionrfiolC I=1). 0.18 PgCy* corresponding to river input is removed (burial
Finally, the third term from Eq. 2 is written as: flux). The rest is re-dissolved instantaneously in the deepest
grid cells. The model is strictly mass conserving.

respiration=r

mortality = mMES© x MESCO?, (7)

MESO. ) 2.2.2 Aragonite dissolution
where: m =0.03, mesozoplankton mortality rate

(umolC 1) ~2d=1h. Compared to the numerous studies addressing the dissolution
The mortality term mimics predation, as most of the mor- kinetics of calcite (e.g. Morse and Berner, 1972; Berner and
tality of mesozooplankton is believed to be due to grazingMorse, 1974; Morse, 1978; Honjo and Erez, 1978; Plummer
by higher trophic levels. All terms in the equation driving et al., 1978; Keir, 1980; Walter and Morse, 1985; Arakaki
the temporal evolution of mesozooplankton depend on temand Mucci, 1995; Morse and Arvidson, 2002; Gehlen et al.,
perature (Buitenhuis et al., 2005). For a further description2005a, b; Morse et al., 2007), only a modest number of in-
of the parameterization of mesozooplankton please refer tgestigations focused on the dissolution behavior of aragonite
Aumont and Bopp (2006). (e.g. Morse et al., 1979; Keir, 1980; Busenberg and Plum-
In the PISCES standard version (Aumont and Bopp,mer, 1986; Morse et al., 2007). These studies converge to
2006), large particles of organic carbon, as well as theassign a similar rate law to aragonite and calcite dissolution.
detrital fractions biogenic opal and carbonate sink with aThe corresponding rate expressi@; for CaCQ dissolution
prescribed sinking speed that increases with depth fromwrites:
50md! (0.05cms?) at the base of the mixed layer to
390md? (0.45cms?) at 5000m depth. This parameter-
ization accounts for the observed increase of sinking speed

Biogeosciences, 5, 1057672 2008 www.biogeosciences.net/5/1057/2008/
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R=Fkx (1-Qu)" for(Qs—1) <0 (9)

where: k, dissolution rate constant, (8); », dimensionless
reaction order.

The dissolution of CaC@is in general described as a
higher order reaction with estimates of n ranging from 2.3
to 4.5 (e.g. Morse and Arvidson, 2002). Due to the lim- o0
ited information available specifically on aragonite dissolu-
tion, we adopted the same rate description and reaction rate
constant as for calcite in Gehlen et al. (2007). Aragonite
dissolution is thus described as a first order reacticrl)
with respect to undersaturation with a dissolution rate con-
stant of 10.9d!. The latter was derived from the evoluton 2
with depth of CaC@ fluxes recorded in traps deployed be-
low 1000 m (Gehlen et al., 2007). 11 stations were selected, (m)
for which mean annual fluxes were reported from at leasttwo  _ ~ — ' ! : g— '
different deployment depths from a comprehensive study on = ~
particle fluxes (Dittert et al., 2005). The fraction of CagO
lost to dissolution was calculated as the difference in CaCO
concentrations between the respective upper and lower traps
A linear dependency of CaGQlissolution on underestima-
tion was adopted, as supported by Hales (2003). The reactior
rate constant was next calculated based on the fraction lost
to dissolution, the concentration of calcite particles and the
saturation state with respect to calcite. The values ahd
k may not be changed separately; as they combined fit the b) 30 150% froew 10w
dissolution fluxes from this study. For a detailed description GLODAP
of this calculation, please refer to Gehlen et al. (2007). The
derivation by Keir (1980) of similar reaction rate constants rig. 1. Depth of aragonite saturation horiza@) model output(b)
for pteropods and untreat&d huxleyisupports our choice of  recalculated from GLODAP (Key et al., 2004).
using the same dissolution rate expressions for aragonite.

The quantity of CaCe particles that re-dissolves in the
deepest grid cells of the model is not included in our def-
inition of pelagic CaCQ@ dissolution The ratio between
pelagic dissolutiomndnet productioris here denoted asl-
ative CaCQ dissolution
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creates a representation of ocean circulation/mixing that is
forced by observational climatologies. Please see Aumont
and Bopp (2006) for more details and the associated refer-

ences.
Model alkalinity field was initialized with the global mean
3 Model simulations alkalinity value from Goyet et al. (2000). The new parame-

terizations of aragonite production and dissolution were im-
The physical fields that are used to force PISCES are baseplemented with aragonite production accounting for 1/3 of
on a climatological simulation with the ORCA2 global ocean the total net CaC@production. In order to obtain the ap-
model configuration of OPA version 8.2 (Madec et al., 1998). proximate 1:2 relationship between aragonite and calcite,
The mean horizontal resolution of the model is approxi-the scaling factor for aragonite was set equal to 0.05 and
mately 2 by 2° cos latitude and the meridional resolution the one for calcite equal to 0.3. This is in the upper end
is enhanced to 0%at the equator. The model has 30 ver- of the range of most estimates and permits the identifica-
tical levels; with an increment that increases from 10 mtion of an approximate upper limit of which aragonite may
at the surface to 500m at depth (12 levels are located ircontribute to the estimated shallow depth CaGfissolu-
the first 125m). The physical/dynamical simulation with tion. The consequent changes in the Cg@§cle call for
OPA employs climatological atmospheric forcing from vari- a long spin-up; hence the model was integrated over 5000
ous data sets. These include NCEP/NCAR 2 m atmospherigears using the degradation-integration tool DEGINT (Au-
temperature (averaged between 1948 and 2003) and relativeont et al., 1998) to reach quasi-equilibrium. The tracer
humidity, ISCCP total cloudiness (averaged between 1983utput was used to re-initialize the PISCES model at the
and 2001), precipitation (averaged between 1979 and 2001)priginal resolution (%2°cos (latitude), 31 vertical levels)
weekly wind stress based on ERS and TAO observations andnd the model was then integrated over 300 years using a

www.biogeosciences.net/5/1057/2008/ Biogeosciences, 5, 1032-2008



1062 R. Gangstg et al.: Modeling the marine aragonite cycle

Table 1. The carbonate cycle in PISCES: Comparison between model output and data in PgCaCb PISC/CAL=results from an
equivalent model study without aragonite (Gehlen et al., 2007). The lower boundary represents the deepest model grid boxes.

Process Present study PISC /CAL Data Data references
Source
Net CaCQ production 0.9 0.8 0.8-1.6 Iglesias-Rodriguez et al. (2002),

Lee (2001), Jin et al. (2006),
Berelson et al. (2007)

Sinks

Total pelagic CaC@dissolution 0.5 0.5 0450.2 Feely et al. (2004),
1.0+0.5 Berelson et al. (2007)

(>1500m)

CaCg@; flux at lower boundary 0.3 0.3 - -

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

Related fluxes

Export flux 100 m 0.6 0.6 0.6 Sarmiento et al. (2002),

Berelson et al. (2007)

CaCG@; dissolution 0-1000m 0.1 0.02 - -

(% of tot. CaCQ production) (14%) (2.5%) (60-80%)  (Milliman and Droxler, 1996)

CaCGQ; dissolution 0-2000 m 0.3 0.2 - -

(% of tot. CaCQ dissolution) (58%) (34%) %60%) (Feely et al., 2004)

constant climatological ocean circulation field without inter- presented in Fig. 1. Except from the North Atlantic, where

annual variability before reaching final equilibrium. Atmo- the modeled aragonite saturation horizon is located slightly

spheric CQ was all the time kept constant and equal to 278 deeper than the GLODAP saturation horizon, there is a very

parts per million (ppm). good match between model and observations. The modeled
To study the effect of risinggCO, on the carbonate cy- aragonite saturation horizon follows the estimated saturation

cle, a model experiment with two different atmosphericcO depth characteristics: it is deepest in the Atlantic, and shoals

scenarios were performed: one with constant pre-industriathrough the Indian to the Pacific Oceans following the wa-

CO, concentrations and one with prescribed increasing atter circulation along the deep conveyor belt, where the water

mospheric C@ concentrations. The prescribed increase of masses get more and more enriched in DIC the older they get

atmospheric C@starts with a pre-industrial value of 286.2 due to the remineralization of organic matter.

ppm and follows the historical development (IPCC SRES

20C3M) for the period from 1861-1999 and the A2 sce-4.1.2 CaCQ sources and sinks

nario (IPCC SRES A2) from 2000-2100. The resulting at-

mosphericpCO; values for the years 2000 and 2100 are Table 1 compares global pelagic pre-industrial Ca@@-

367 ppm and 827 ppm, respectively. For all simulations theduction, export and dissolution obtained from the present

model was forced with a constant climatological ocean cir-model study, from a similar study (PISC/CAL) which
culation field without interannual variability. only considered calcite (Gehlen et al., 2007) and from

observation-based estimates. The final total net calcification
in the present study at the end of the spin-up (0.87 Pggy

4 Results and discussion is slightly higher than the one in PISC/CAL (0.79 PgCy.
Both values lay at the lower end of the range of esti-

4.1 Model initial state mates. The total pelagic Ca@G@lissolution predicted by
the model is 0.55 PgCy}, whereas the value obtained with

4.1.1 Aragonite saturation state the model version PISC/CAL was 0.48 PgCly The re-

sults from both model versions closely match the estimate
Simulated aragonite saturation horizons are compared to thef 0.5+0.2 PgC y! published by Feely et al. (2004). They
pre-industrial saturation depth values from the Global Ocearare lower than the best estimate from Berelson et al. (2007),
Data Analysis Project (GLODAP) (Key et al., 2004), and but still consistent with their uncertainty range (Table 1).
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Finally the budget is closed by the sinking Caggarticles
that reach the model lower boundary. This flux does not
correspond to the burial flux reported in literature and may
not be directly compared to observations.

The modeled CaCg&export from the upper 100 m matches
well the result by Sarmiento et al. (2002) of 0.6 PgCyThe
export is smaller than theet productiordue to a quantity of
CaCQ; production below, and a small amount of dissolution
above, 100 m.

4.1.3 Calcite and aragonite production

The different environmental controls on calcite and arago-
nite production in the model lead to different global distri-
butions of calcite and aragonite production (Fig. 2). For the
calcite production (Fig. 2a), the spatial variability is well re-
produced by the model: low values in central ocean gyres,
high values in upwelling zones of the eastern boundary cur-
rents, the Arabian Sea and the equatorial Pacific and Atlantic.
Consistent with Milliman (1993), the model also predicts in-
creased rates of calcite productivity in subpolar waters. Ver-
tically integrated rates of calcite production range between
0.02mgC nT2d~1 in central ocean gyres to 78 mgCfd 1
reached in localized hot spots as the Gulf of Thailand and
south of the Gulf of Guinea. Milliman (1993) reports typi-
cal values for open ocean Cag@roduction spanning from
0.4 to 20mgCm?d-1, where the contribution of arago-
nite is explicitly excluded. A total open ocean Cag@o-
duction of 6.9-7.9mgC mfd-1 was calculated by Morse
and MacKenzie (1990). The model yields an average total
CaCQ production of 6.7 mgC méd—1.

The distribution of aragonite production in the model
follows ocean productivity with maximum values in ar-
eas where the latter is high (e.g. upwelling zones, subpo-
lar waters) (Fig. 2b). This pattern reflects the occurrence
of mesozooplankton which is tightly coupled to the avail-
ability of food. The model simulates an average arago-
nite production of 2.4mgCmfd-1. Fabry (1989, 1990)
reports estimates ranging from 0.25mgC%d~1 in the
Central Pacific to 0.83mgCmd~! in the equatorial Pa-
cific. Betzer et al. (1984) observed an aragonite flux of 2.3—
4.9mgCnr2d-1 at 100m in the North Pacific, where the

samples were taken above the aragonite saturation horizon

and living pteropods were excluded (Betzer et al., 1984). Of
the total net CaC@production, aragonite production in the
model (0.30 PgCy') amounts to 35%.

While the model predicts aragonite production in high lat-
itudes of the right order of magnitude, it overestimates the
production in equatorial areas compared to Fabry (1990).
About 40% of the modeled total aragonite production takes
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place between<and 20 while only 10% occurs at latitudes Fig. 2. Production of(a) calcite,(b) aragonite andc) total CaCQ

greater than 40 Most of the aragonite production is sug-
gested to take place in subpolar and polar areas (Lalli and
Gilmer, 1989). This indicates a possible overestimation by
our model of the aragonite production in the equatorial areas,

www.biogeosciences.net/5/1057/2008/

ingC m2s 1, integrated over depth.
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Fig. 3. Average pelagi¢a) calcite,(b) aragonite andc) CaCQ; dissolution rates in the Atlantic, Pacific and Indian Ocean basin.

perhaps in combination with an underestimation in higherMaxima in open water aragonite dissolution are at 400 m,
latitudes. The latter is supported by an underestimation of thee000 m, and 3200 m depth in the Pacific, Indian and Atlantic,
modeled mesozooplankton biomass in ocean gyres and sulespectively, while the basin-mean peak rates for water col-
polar areas compared to observations compiled by Buitenumn calcite dissolution are simulated at 2000 m, 2300 m and
huis et al. (2006), especially in the north Pacific. The low 4200 m.

mesozooplankton biomass in ocean gyres in turn reflects the the simylated total amount of Ca@@hat dissolves in
tendency of the model to underpredict ocean productivity inyne upper 1000 m of the pelagic ocean equals 0.12 P4Cy
these regions (Gehlen et al., 2006). However, in agreemenfhereas 0.32 PgCy dissolves in the upper 2000 m (Ta-
with observations, the model presents higher aragonite prop|e 1) Milliman and Droxler (1996) compared the dissolu-
duction in the western North and eastern equatorial Pacifigio in the upper 1000 m to the total Cag@roduction and

and lower values in the Central Pacific, which is CO”SiSte“treported that between 60-80% of the total production dis-
with the mesozooplankton distribution in these areas (Fabryggyed at shallow depths. Feely et al. used the 2000 m hori-

1990; Buitenhuis et al., 2006). zon to separate the upper and lower part of the water column
and compared the dissolution in the upper part to the total
4.1.4 Calcite and aragonite dissolution water column dissolution. Combining the sediment trap flux

of CaCQ at 2000 m (0.41 PgCV) and the CaC@accumu-

Although total CaC@ dissolution in both the present model lation in continental shelf sediments (0.13-0.17 '_Dgé)y _
version and in PISC/CAL match literature estimates, we sedh€y conclude that up to 60% or more of the total dissolution
an essential difference between the two model versions wheRCCUrS in the water column or sediments in the upper 2000
studying the vertical distribution of the Cag@issolutionin ~ ™M» With most of the CaC@dissolving before it reaches the
the water column. The profiles of CaG@ater column dis- sedlr.nent-wa'ter interface. Whereas our model yields a dis-
solution for the Atlantic, Pacific and Indian Ocean (Fig. 3) Solution flux in the upper 1000 m accounting for only 14%
show how the water column dissolution of aragonite (Fig. 3b)°f the total CaC@ produced, it simulates a dissolution flux
starts at distinctly shallower depths than dissolution of cal-aP0ve 2000 m corresponding to 58% of the total pelagic wa-
cite (Fig. 3a), which is directly related to the shallower loca- t€r column CaC@dissolution, comparable to the findings of
tion of the aragonite saturation horizon compared to the calF€ely etal. (2004). In contrast, the equivalent percentages for
cite saturation horizon in the three oceans (e.g. Broecker ani’® model version PISC/CAL which only considered calcite
Takahashi, 1978; Feely and Chen, 1982; Feely et al. 2004)2r¢ No more than 2.5 and 38%, respectively.

It results in shallow depth CaGQlissolution in the Pacific Our modeled aragonite contribution to the shallow depth
Ocean, mid-depth water dissolution in the Indian Ocean andCaCQ dissolution represents an upper limit estimate.
deep water dissolution in the Atlantic Ocean basin (Fig. 3c).Thus, the discrepancy between model output and estimates
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Fig. 4. Saturation state with respect to aragonite of surface waters (0O-1@@tijneseries of meag, for the global ocean, the equatorial
area and for high latitudes, and maps in y@ggr1861,(c) 2000,(d) 2050,(e) 2075 andf) 2100. Solid curves indicat®,=4 for year 1861
and 2000 and2,=1 for year 2050, 2075 and 2100.

(Milliman and Droxler, 1996) in the upper 1000m sup- The increased shallow depth dissolution obtained by im-
ports the findings that additional mechanisms (e.g. Friis eplementing aragonite yields support to the hypothesis that
al., 2007, Antia et al., 2008) are needed in order to ex-high dissolution fluxes at depths above 2000 m may largely
plain the overall estimated loss of CagOr excess of al- be attributed to more soluble Cag@hases like aragonite
kalinity in the upper part of the water column. However, (lglesias-Rodriguez et al., 2002; Kleypas et al., 2006). Fur-
our results maintain that the underestimation of the mod-thermore, the vertical distribution of the Cag@issolution
eled CaCQ dissolution in the upper 0-2000 m in PISC/CAL fluxes in the present model version is considerably improved
may to a great extent result from an exclusion of aragonitecompared to the PISC/CAL version.

in the PISCES model as proposed by Gehlen et al. (2007).
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Table 2. Summary of pelagic calcite and aragonite production, sinking fluxes, dissolution and relative dissolution for the years 1861, 2000
and 2100 (averaged over 10 years and drift corrected) in P§C@hanges between pre-industrial times and at the end of the scenario are
given in %.

Process Pre-ind Today Future Changes between
(1861-1870) (1996-2005) (2091-2100) Pre-ind and Future (%)

Production

Net calcite production 0.57 0.56 0.49 -13

Net aragonite production 0.31 0.30 0.22 -29

Net CaCQ production 0.87 0.85 0.71 -19

Export (100 m)

Calcite export 0.41 0.41 0.36 -13

Aragonite export 0.22 0.21 0.13 -41

CaCQ; export 0.63 0.62 0.49 -23

Dissolution, total

Calcite dissolution 0.38 0.37 0.35 -7

Aragonite dissolution 0.18 0.18 0.16 -15

CaCG@; dissolution 0.56 0.55 0.50 -10

Relative dissolution, total

Calcite dissolution/net prod. (%) 67 67 71 4
Aragonite dissolution/net prod. (%) 60 62 72 12
CaCG@; dissolution/net prod. (%) 64 65 71 7

Dissolution, 0-2000 m

Calcite dissolution 0.18 0.18 0.20 12
Aragonite dissolution 0.15 0.15 0.14 -6
CaCGQ; dissolution 0.34 0.34 0.35 4
Relative dissolution, 0-2000 m
Calcite dissolution/net prod. (%) 32 33 42 10
Aragonite dissolution/net prod. (%) 50 53 66 16
CaCQ; dissolution/net prod. (%) 38 40 49 11
4.2 Transient simulation relative dissolution for year 1861, 2000 and 2100 are sum-
marized in Table 2.
Projections of future changes of the Cagaudget with in- The mean global saturation state of surface ocean waters

creasing atmospheric GQwill next be presented and dis- (0—100 m) with respect to aragonite decreases ffpm 3.5
cussed. Figure 4 presents a) timeseries of the mean satin year 1861 to less than 2 in year 2100 (Fig. 4a). In the
ration state of surface waters with respect to aragonite an@quatorial area the mean saturation state decreases rapidly
corresponding maps for year b) 1861, c) 2000, d) 2050, efrom 2,>4 to Q2,=2 at the end of the scenario, whereas at
2075 and f) 2100 for the SRES A2 scenario. In addition tohigh latitudes where the saturation state is already very low,
the Global Ocean, results are shown for two critical areas: 1)t reaches values below 1 before year 2100. According to our
the high latitudes or polar and subpolar regions (here definegharameterization, calcification may occur everywhere where
as the area-40° S and>40(° N) where the largest change ,>1. Maps ofQ2, averaged over the top 100 m of the wa-
in saturation state occurs, and 2) the equatorial area (herer column (Fig. 4b—f) show that in year 1861 the criteria
restricted within 20S-20 N) which include important up- for aragonite production is met everywhere across the global
welling areas with high calcification rates. Time series of a) surface ocean. In year 2000 the area$gf-4 are some-
and b) net calcite and aragonite production, ¢) and d) calcitavhat reduced, while in year 2050 such areas do no longer
and aragonite dissolution and e) and f) relative calcite andexist and small regions of the surface water in the Arctic
aragonite dissolution are shown in Fig 5. Model results forOcean are now already projected to be undersaturated with
CaCQ production, export, sinking fluxes, dissolution and respect to aragonite for the SRES A2 scenario. Following the

Biogeosciences, 5, 1057672 2008 www.biogeosciences.net/5/1057/2008/



R. Gangstg et al.: Modeling the marine aragonite cycle 1067

decreasing saturation values, in year 2075 large areas of both In addition to the decrease in pelagic carbonate production
the Arctic and the Southern Ocean are undersaturated witkvith increasing C@ concentrations, the modeled amount of
respect to aragonite, whereas in year 2100, compared to prgelagic calcite and aragonite dissolution decreases (Fig. 5d).
industrial times, the conditions for calcification have altered The fact that this occurs, although one might expect higher
dramatically. Most of the Southern and the Arctic Ocean ex-dissolution in more acidic waters, can be explained by the re-
perience at this time&2, <1, indicating unfavorable condi- duced abundance of particulate Cafde to lower CaC@
tions for aragonite production and matching results of Orr etproductivity. The relative amount of pelagic Cag@issolu-
al. (2005) for the Southern Ocean and of Steinacher (2007)ion, however, expressed as the ratio of calcite and aragonite
for the Arctic. dissolution versus the respective rate of production (dissolu-
The change in saturation state with respect to calcite fol-tion/production) in percent, is increasing (Fig. 5e). A slight
lows a similar pattern (see Gehlen et al., 2007), however aincrease from 67 to 71% of calcite material is dissolved in
the saturation horizon of aragonite is located shallower inthe water column, whereas for aragonite the ratio increases
the water column than the one of calcite (e.g. Broecker andby 12%, from 60 to 72%, i.e. 3 times more than for calcite.
Takahashi, 1978; Feely and Chen, 1982) the surface waterEhis leads to a total increase in relative Cadissolution
get undersaturated with respect to aragonite at a much earlidrom 64 to 71%. The reason why the calcite dissolution to
stage. net production ratio is higher than the equivalent ratio for
The predicted reduction in saturation state is further re-aragonite is probably due to the fact that a larger fraction of
flected in the modeled production and dissolution rates ofthe aragonite production occurs in areas with deep saturation
CaCQ; (Fig. 5 and Table 2). Both calcite and aragonite cal- horizons, where very little or no dissolution may occur, than
cification rates have decreased considerably at the end of thef the calcite production. 30% of the total pelagic arago-
SRES A2 scenario (Fig. 5a). While the reduction in pro- nite production takes place in the Atlantic Ocean where the
duction rates is insignificant during the historical period up saturation horizon is deepest, compared to 27% of the total
to year 2000, it is large after year 2050. By this year, Orrcalcite production. In the north Atlantic only, 19% of the
et al. (2005) projected that the Southern Ocean surface waotal aragonite is produced, whereas 16% of the total cal-
ters would begin to become undersaturated with respect taite production takes place in this area. Due to the gradually
aragonite. Hoegh-Guldberg et al. (2007) indicate a threshiower saturation state value in surface waters, the predicted
old for major changes to coral reefs to be at about 480 ppmincrease in relative calcite and especially aragonite dissolu-
which according to the SRES A2 scenario represents yeation is highest in the upper part of the water column. In the
2040. For calcite the total global production rate per yearupper 2000 m the relative dissolution of calcite, aragonite
has decreased by 13% at the end of the scenario, from 0.5@nd total CaC@ increase by 10, 16 and 11%, respectively
(pre-industrial times.) to 0.49 PgC ¥ (year 2100). Forarag- (Table 2).
onite the corresponding reduction in global production rate As the waters within year 2100 mainly become undersat-
is of considerably 29%, i.e. of almost 1/3 since pre-industrialurated with respect to calcite and aragonite in the high lat-
times, with global aragonite production decreasing from 0.31litudes, we would expect the largest effects on Ca@d-
to 0.22 PgCy!. The modeled decrease in total Cagifdo- duction in this area. In fact, the calcite production in the
duction is 19%. The calcite and aragonite export flux athigh latitudes is reduced by as much as 24%, while the arag-
100 m decreases by 13 and 41%, respectively, providing @nite production is reduced dramatically by 65% (from 0.03
decrease in total CaG@xport of 23%. to 0.009 PgCyl). The relative calcite dissolution has in-
Gehlen et al. (2007) performed an experiment according tacreased by 4%, whereas the relative aragonite dissolution has
the standard CMIP scenario of atmosphei@O; increasing  experienced a drastic increase of 72%, from 41 to 113%. The
at a rate of 1% per year from 286 to 1144 ppm over a 140 yeatatter value implies that in the end of the SRES A2 scenario,
time-period. They simulated a decrease in Ca@@duc- more aragonite is actually dissolved than produced in this
tion of 27% at the end of their scenario, where the initial pro- area, indicating transport of some aragonite particles from
duction was 0.8 PgCy. The export was reduced by 29%. lower to higher latitudes. It may also in part be due to a tran-
Their final atmospheric COconcentration was however 4 sient behaviour; if the production decreases while the stock
times the pre-industrial concentration, while with the SRESof particles still reflects the previous higher production rate,
A2 scenario used in the present study the atmospheric valuene would expect that the sum of particles and the dissolution
of COy in year 2100 is closer to 3 times the pre-industrial is higher than the actual production. While the amount of
value. On the other hand, the duration of their scenario wasiragonite produced in high latitudes equals 0.009 PgCy
shorter and the annual rate p€O, was higher. At 3 times the quantity that dissolves or reaches the bottom equals
the pre-industrial value a reduction in calcification of approx- 0.0273 PgC y!, leaving an amount of 0.018 PgC¥to be
imately 15% was predicted with PISC/CAL, not far from our lateral transport and/or transient behaviour. This is twice as
predicted reduction in calcite production of 13% with the much as the amount produced and thus significant for this
present model version. area, while compared to the total aragonite production, it ac-
counts for about 8.3%. The changes in aragonite production
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Fig. 5. Time series of global calcite and aragonita) net production(b) export,(c) sinking flux at 2000 m(d) dissolution ande) total
pelagic dissolution/net production. PI+G@epresents model simulations with increasing,Gile PI-CQO, is the control run.

and dissolution suggest the potential for detrimental impactRoss, 1989; Fabry and Deuser, 1991; Kalberer et al., 1993;
of acidification on pteropods in the high latitudes, where Fischer et al., 1996). In year 2100 the model still predicts
shells of pteropods dominate the flux of Cag_(@ollier et  a large area with aragonite saturation values above 2 in the
al., 2000; Honjo et al., 2000; Urban-Rich; 2001; Accornero gyres (Fig. 4). However, near the coast and in the equato-
et al., 2003; Tsurumi et al., 2005, Manno et al. 2007). rial upwelling area the saturation state is already close to 1

In the equatorial area, the calcite and aragonite productiod? Year 2100. In areas with upwelling of DIC enriched deep-
is reduced by 9.5 and 18%, whereas the relative dissolutioVater the saturation state may decrease rapidly with increas-
has increased by 4% and 5%, respectively. This change i#9 CO concentrations. We would thus expect that shortly
small compared to the percentages presented for the high laifter year 2100 the surface waters in the equatorial and espe-
itudes, however the quantitative impacts on calcite and aragocially upwelling areas would become undersaturated, which
nite producers may be large due to the moderate to high calcivould probably prevent large amounts of aragonite from be-
fication rates observed in equatorial regions (e.g. Deuser antfd Produced in this area.
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In comparison to the pelagic ocean (Table 1), Ca@- the hypothesis that high dissolution fluxes in the upper part
duction in benthic calcifying systems<(00m) is low, of  of the water column may largely be attributed to aragonite.
0.02-0.1PgCy! (Milliman and Droxler, 1996). The ac- Effects of increasing atmospheric @on the CaC@ pro-
cumulation in the shallow depth sediments is reported toduction and dissolution were studied using the SRES A2 sce-
be 0.01-0.1 PgCy* (Milliman and Droxler, 1996). As the nario. Following the increasing values of atmospherig Q0D
coastal areas are usually oversaturated, very little dissolutiothreshold phase seems to occur around year 2050; at this time
takes place in the water column and in the sediments. Withalready the entire ocean surface is predicted to have subop-
a “business as usual” G@missions scenario the saturation timal conditions for aragonite production and some surface
state of the surface waters with respect to calcite and aragowater areas in the Arctic are undersaturated with respect to
nite is projected to decrease by 45% within year 2100 and byaragonite. As a result of the decreasing saturation state, the
73% by year 2300 (Caldeira and Wickett, 2005; Andersson eglobal modeled aragonite production is reduced by almost
al., 2006). Andersson et al. (2006) suggested that this couldne third in year 2100 compared to pre-industrial times. The
lead to a reduction in carbonate production rate in coastal arglobal relative aragonite dissolution (dissolution/production)
eas of 40% by 2100 and by 90% by year 2300, using a lineahas increased by 12%. At latitudes above&,4there produc-
relationship between saturation state and calcification. Agion rates of aragonite are estimated to be highest, a decrease
the amount of dissolution is low in the coastal areas, the ratidn aragonite production of substantially 65% is projected.
dissolution/calcification in this area might thus increase sig-Here the relative aragonite dissolution increases by 72%. To-
nificantly. The feedbacks on atmosphepi€O, of changes tal global modeled CaC§production has decreased by 19%
in the budget of shallow water benthic carbonates can howby the end of the SRES A2 scenario, compared to approxi-
ever not be extrapolated from our study. mately 15% for the model version without aragonite. Most

of the increase in relative dissolution takes place in the upper

part of the water column. While the feedback to atmospheric

. CO, of reduced CaCe production and increased relative

5 Conclusions dissolution is estimated to be small (Gehlen et al., 2007),

the predicted changes in aragonite production and dissolu-
The work presented here is intended as a first step towardgon highlight potential impacts of changing carbonate chem-
Understanding the role of aragonite prOdUCtion and diSSOlUistry on aragonite producing Organisms and the Surrounding
tion in the global CaC@budget and its evolution with in-  ecosystem of the pelagic ocean, especially in subpolar and
creasing atmospherigCO,. Aragonite was included in the polar areas.
global biogeochemical model PISCES, where the parameter- The inclusion of 1/3 aragonite is in the upper range of most
ized prOdUCtion and dissolution were implemented with anal-estimateS, |eading to a probab|e overestimation of the qguan-
ogy to the corresponding terms for calcite. The productiontitative changes in aragonite production and dissolution with
was assigned to mesozooplankton as a function of mesozogncreasing atmospherigCO,. Alternatively, if the decrease
plankton biomass and aragonite saturation state of amblenﬁ production of pteropod aragonite follows a linear param-
waters. The marine carbonate cycle is well reproduced byeterization as found by Langdon (2005) for corals instead of
the model with net global carbonate production rates correthe curve fitted to experiments with coccolithophores, a faster
sponding to recent data-based estimates (Table 1). Excepésponse to the increasing €1 expected. This would point
from a possible overestimation by the model of producedtowards an underestimation of the quantitative reduction in
aragonite in the equatorial zones (Fabry, 1990), the modehragonite production suggested by our model. Thus further
predicts a global spatial variability in aragonite production exploration is needed to quantify the contribution of arago-
and dissolution consistent with literature. nite to the total CaC@budget and the evolution of aragonite

With aragonite included in the model, the total CaCO production and dissolution in the future ocean.
water column dissolution above 2000 m constitutes 58% of
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