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INTRODUCTION

Typicalgasesuchasoxygentendto bedistributedmostlyin theatmosphere
(99.4%)andlesssoin the ocean(0.6%). Carbondioxide is vastly different
from suchgaseswith 98.5%o0f the pre-industrialCO in the oceanandonly
1.5%in the atmosphere.The reasonthat CO is found preferentiallyin the
ocearis becausef its high solubility (thirty timesthatof oxygen)andbecause
of the hydrolysisreactionit undegoesto form carbonatendbicarbonateéons.
Theoceanicarboninventoryof total dissohedinorganiccarbon( )isalso
in uencedby acombinatiorof biologically mediatedorocesseéhebiological
pump)and physicaland chemicalprocessegthe solubility pump). Both the
biological and solubility pumpscontrikute to a higherconcentratiorof
in the deepocean,which reducesatmosphericCO relative to whatit would
beotherwise.

The fact that the largestpart of the total carboninventoryis in the ocean
suggestshattheocearexertsadominantcontrolonatmospheri€€O . Section
1 introducesthe carbonpumpsandtheir role in modulating CO onthe
glacial-integlacialtime scale.

Humanactvities suchasfossil fuel burning, productionof cementandland
usechange(e.g.,tropical deforestationland conversionfor crops)have led to
anincreasen emissionf carbondioxide, threequartersof which is dueto
fossilfuel burning. As aconsequencehepartial pressuref carbondioxidein
the atmospherdasincreasedrom 280 10 ppm beforethe industrialrevolu-
tion to 373 ppmin 2002,the highestCO level recordedn the past20 million
years.This spectaculaincreasds similar to the changethatoccuredn going
from glacial to interglacial periods. However, the presentincreasehashap-
penedwithin lessthan200years while glacial-integlacial variationsoccured
onatime scaleof thousand®f years.
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Most of theincreasen radiative trappingsincepreindustriatimeshasbeen
attributed to anthropogenic€CO , with a smalleramountdueto methane ni-
trousoxide,chloro uorocarbonsandotheranthropogenigasesindaerosols.
Sinceonly the anthropogeni€€O which staysin the atmospheraddsto the
greenhouseffect, it is critical thatwe quantify the amountof CO takenup
by oceanandland. Section2 discusseshe mechanism$ehindthe uptale of
anthropogeni€O by theoceansandillustratesthemwith resultsfrom ocean
generakirculationmodels(GCMs)andobsenations.

Anthropogenicallyinducedincreasesn carbondioxide and other atmo-
sphericgasesresultin anincreasen direct trappingof long wave radiation
emittedfrom Earth's surfaceand have mostlikely led to climatechangeand
global warming (IPCC Report,2001). The resultingchangesn the ocean
physicsandbiology will modify the biologicalandsolubility pumpswhichin
turnwill affecttheoceaniccarbonuptale. Thecomplex feedbacknechanisms
betweerclimatechangeandoceancarbonuptale arediscussednh Section3.

1. BASIC MECHANISMS AT WORK: THE
PRE-ANTHROPOGENIC CARBON CYCLE

CO notonly dissolhesin waterbut alsoreactswith it to form bicarbonate
(HCO ) andcarbonat§CO ) ions. Thetotal dissoled inorganic carbon
( ) is thus

(1)

wherethefractionalcontritutionsof thethreespeciedor averagesuriaceocean
waterare 0.5%, 88.9%and 10.9%,respectrely. Total alkalinity ( ) can
bede ned from astatemenbf chagebalanceof theoceamandis well approx-
imatedby:

)

where is theconcentratiomf theborateion andthefractionalcon-
tributionsof the rst threespeciesare 76.8%,18.8%,and4.2%, respectrely.
Obsenationsshaw that variesin the oceanfrom a surfacevalueof about
1970umol/kg to deepvaluesof 2280 umol/kg, while increasedrom
about2280umol/kg at the surfaceto 2350 umol/kg at depth. What arethe
processeshat maintainthesegradientsagainstthe homogenizingendencies
of oceanictransportand mixing ? What determineshe comple featuresof
pre-anthropogeniair-seaCO ux es? Themechanismsesponsibldor all of
theabove arethebiologicalandsolubility pumps.
Dissolhedinorganicchemicalssuchas andphosphatéPO ) arecon-
sumedby photosynthesiat the oceansuriace,andtransportedssinking par
ticlesor asdissoled organicmatterto the deepocean.Remineralizatiorcon-
verts organic matterbackinto dissohed inorganic matterdeepin the ocean.
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This biologicalprocesscalledthe soft-tissuepump [Volk andHoffert, 1985],
leadsto a net transportof inorganic carbonfrom suriaceto depth. Another
mechanisnmimportantin the oceanis the formationanddissolutionof calcite
andaragoniteassociatedvith coccolithophorid andforaminifera:

Ca CO CaCoO 3
Equationsl and2 shav thattheformationof mineralcalciumcarbonateshells
atthesunlitsurfaceis associatewvith adecreas@ both and , while
dissolutionof CaCO shellsdeepeiin the watercolumnresultsin anincrease
in and . Dueto the doublechage of the carbonatéon, the forma-
tion anddissolutionof calciumcarbonatechanges twice asmuchasit
changes . Theneteffectis thereforeatransferof and todepth

in a2:1ratio, aprocessalledthe carbonate pump [Volk and Hoffert, 1985].
Thesoft-tissueandcarbonatgoumpsaddup to thefull biological pump.

Carbondioxide is more solublein cold waterthanin warmwater Colder
deepwatersare thereforeexpectedto hold more thanwarmersurface
waters. Both the North Atlantic and the SouthernOceanare areasof deep
waterformation. Here,cold high latitudesuriacewatersrich in aresub-
meigedto thedeepcreatingthe Antarcticbottomwater(AABW) andtheNorth
Atlantic Deepwater(NADW). TheNADW penetratesouthvard at depthse-
tween1500m and 2500 m, asan essentiapart of the oceanicthermohaline
circulation(THC). The AABW penetrateso the northalongthe bottomin all
oceanbasins.This circulationpatternresultsalsoin a netincreasen at
depthrelative to the surface. The nettransportof carbonfrom the surfaceof
the oceanto the deepwhich is dueto temperatureandsalinity effectsonly is
calledthe solubility pump. We will shav thatthe gradientbetweerthe
surfaceanddeepoceann theabsencef biologyis indicative of thestrengthof
thesolubility pump. Simplebox modelsshav thatwithoutthe biologicaland
solubility pumps, CO wouldincreaséo 420ppm,50%higherthanits
pre-industriavalue[Marinov etal., in prep.].

11 THE REPRESENTATION OF OCEANIC CARBON
PUMPSIN BOX MODELS

Using the simplestrepresentationf the biological pumpin the context of
a two box modelof the oceanwith a surlaceanda deepbox (Figure 1), the
equatiorfor thedeepocearbalanceof PO canbewrittenas:

— 4

where is a vertical exchangeratein m /s, PO andPO arethe surface
and deepphosphateconcentrationsn mol/m , and  is the volume of the
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SURFACE

Figurel. Thetwo-boxmodelrepresentationf theoceanicdiogeochemicdbop. and
aresurfaceanddeepconcentrationstespectrely.  (mol/yr) is the biological pump,while
( lyr) istheverticalexchangeaatebetweerthereserwirs.

deepoceanin m . The netbiological export productionis representedy the
sinking particleanddissohed organicmatter ux measuredn mol/s of
PO . Herethetimerateof changeof deepPO depend®nthesurfaceto deep
concentratiordifference,which increasesas more organic matterfalls to the
deepandgetsremineralizedackinto inorganic PO . Biological production
consume$0O and ,andproduce® atthesurface.In theinterior of the
oceanorganicmatterremineralizatiorconsume$ , and producesnorganic
PO and . All theseprocessesendto occurin constant'stoichiometric”
ratiosof C:P:O [Andesonand Sarmientp1994]. Writing
Eq.4 atsteadystatefor O , PO and yields

suchthat
®)
(6)
where is the stoichiometricratio of total carbonto phosphatewhich also

takesinto accounthecarbonin CaCO . Pluggingin meanocearvaluesof 234
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Figure2. Obseredannualmeansurfacephosphateat the oceansurface,in umol/kg. From
NOAA NESDIS[1994].

mmol/m forO ,2.1mmol/m for PO and0mmol/m for PO ,andusing

= - 170 [Andeson and Sarmientp 1994] yields anoxic bottom waters
with oxygenconcentration®f -123 mmol/m . This resultis clearly wrong.
Oceandatashav deepoxygenconcentrationsround170 mmol/m . Where
doesthetwo box modelgowrong?

The limitation of the two box modelis relatedto the fact that most wa-
ter that participatesn the formationof deepwateroriginatesin smallsurface
regions of the high latitudesand thereforehas propertiesdifferentfrom the
global surlacemean. In particular high latitude watersare characterizedy
cold temperaturesesultingin higherthanaverageO andinefcient biology
resultingin large quantitiesof unutilizednutrients(1.3mmol/m of PO ), also
calledpreformed nutrients. Figure 2 shavs that nutrientsin high latitudes
aremuchhigherthanaveragdow latitudenutrients.Becausef thelarge scale
oceanthermohalinecirculation(THC), averagenutrientconcentrationsf the
high latitude surface watersfeedingthe deepoceanprovide more appropri-
atevaluesfor the abore problem. We modify our modelto accountfor polar
surfacewatersby including a third, high latitude box in our calculation,as
shavn in Figure3. The atmospherés representedby a single box with uni-
form CO of 280 ppm. The steady-statbalancefor O , PO, and
in thedeepbox becomes:

()
(8)



256 MARINOV & SARMIEND

Figure 3. Thethree-boxmodelof Sarmientoand Toggweiler [1984]. Box h representshe
surfacepolar oceanof both hemisphereshox | the low andmid latitude surfaceocean,box d

the deepocean.Photosynthesisorverts phosphaténto sinking particles,with and the
measureof this export production. is the unidirectionalthermohalineoverturningcircula-

tion representeds an adwection processwhile s a diffusive mixing term. Both high and
low latitudesexchangeCO with the atmospherénot shavn). Similar modelswereproposed
independentlyoy KnoxandMc Elroy [1984] andSieggenthalerand Wenk[1984].

9)

where and representhehighandlow latitudeboxes,respectiely. Notethat
in this model,export productionincludesbothlow () andhigh latitude( )
production.Here, (m /s)representshe corveyor beltcirculation,anadwec-
tion processwhich moveswaterup from the deepbox into the low latitude
surface, polevard to high latitudesandbackto the deepbox. The diffusion
term (m /s) mixesdeepandhigh latitudesurfacewaters.Equations7 and8
give:

(10)
closeto the obsered valueof deepoxygen. This resultcon rms theintuition
gainedfrom our analysisof thefailure of thetwo box model.

Thelow andhigh latitude CO concentrationsireconnectedhroughgas
exchangewith the atmosphere.The steadystatebalancein the low latitude
surfacebox takesinto accounthis gasexchange:

(11)
(12)
(13)
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Here, and aregasexchangeates(m/s)representate of thelow andhigh
latitudesrespectiely; ,  areoceanareagm ) effectively exposedto gas
exchangeand , aresolubilitiesof CO (mol/(m atm)),which depend
onlocaltemperatura@andsalinity.

In thecourseof this chaptemve will exploredifferentwaysof measuringhe
strengthof the biological pump. Perhapghe simplestway of thinking about
thestrengthof thebiologicalpumpis asthe gradientbetweerdeepocean
andthe high latitudebox. CombiningEqs.7 and9 gives:

(14)

Thetotal strengthof thecarbonpumphasasigni cantimpacton CO ,
by determininghow much carbonis storedin the deepoceanrelative to the
surfaceoceamndtheatmosphereAn increasen thecarbonpumpmeanghat
morecarbonis sequestereth the deepoceanwhich will decrease CO
Concretelywe seethatadecreasén PO , anincreasen PO oranincrease

in in Eq. 14 increasdhebiologicalpumpstrength . Since
thedeepoceans ahugereserwoir, is dif cult to change An increasen
thereforeémpliesareductionin andthusa decreasén

CO , whichallows moreatmosphericCO dravdown.

SincePO s basicallysetby thetotalamountof PO in thesystemwhich
is assumedaonstanfor our purposeEq. 14 tells usthatthe strengthof the bi-
ological pumpis directly relatedto theamountof PO thatgoesunutilizedin
the high latitudes,i.e., the preformed phosphate(PO ). A decreasén pre-
formednutrientsstrengthenthebiologicalpump;themaximumpumpstrength
is achizzedwhenpreformedPO s zeroasin the2 BM. It is clearnow thatthe
anoxicbottomwatersin the2 BM aredueto anunrealisticallystrongbiologi-
cal pump. Using a preformedvalueof 1.3mmol/m in a3 BM yieldsalower
biological pumpanda realistichottomoxygen(Eqg. 10). Equations7 and11
yield anexpressiorfor PO

(15)

In comparisorto thetwo box modelwheresurfacenutrientsare x ed(Eg.5),
changesn , and canchangehe preformednutrientconcentrationthe
strengthof the biological pump and therefore CO . Theseparameters
conferuponthe threebox modeladditionaldegreesof freedomcomparedo
thetwo box model,allaving the carboncycle to respondo glacial-integlacid
changes.

1.1.1  The biological pump: glacial-interglacial changes. Oneof the
mostinterestingproblemsin the studyof climateis the attemptto understand
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theglacial-integlacid cycles,characterizetdy signi cant - about80ppm-and
fairly regular variationsof atmosphericdCO , asseenin the Vostokice core
[Petitetal., 1999].

Sarmientcand Toggweiler[1984], Knoxand Mc Elroy [1984], and Siegen-
thaler and Wenk[1984] usedsimple box modelsin an attemptto explain the
decreasin CO in glacialtimescomparedo intemglacials.Sincechanges
in the solubility pumpdueto coldertemperatureaccountfor only 25% of the
80 ppm drop during eachof the glacial periods[Bacastow 1996] andmuch
of thisis compensatebly a correspondingalinity increasqBroeder, 1982],
it hasbeensuggestedhat an increasediological pump strengthplayedthe
principalrole in lowering CO in glacialtimes[e.g., Sigmanand Boyle
2000]. Equationsl4 and15 allow mary alternatvesfor achieving anincrease
in biologicalpumpstrengthduringglacialtimes,aslisted below:

1.) Sarmient@andToggweiler[1984],KnoxandMc Elroy[1984]andSiayen-
thaler and Wenk[1984] proposedhat a decreasén preformedhigh latitude
phosphateoccuredduring glacial times. Accordingto Eq. 14 this would re-
sultin a strongeriological pumpwhich sequestermore carbonin the deep
oceananddravs moreatmosphericCO into the ocean. But why shouldwe
expecta decreasén high latitudesurfacenutrientsduringglacialtimes? Two
separatenechanismsouldberesponsibldor increaseditilization of available
nutrientsduringglacials.

1la.) An increasen the dovnward organic ux would increasePO
accordingo Eq. 15. Toggweileretal. [Part 2, 2003]illustratethis mechanism
in Figure4 whereatenfold increasdan morethandoublesthe surfaceto
deep gradient. Themaximumstrengthof thebiologicalpumpis achiezed
when and , i.e.,whenthethreebox modelbecomes
a two box model. An explanationoffered for the increasesn high latitude
productvity during glacialtimesis the Martin etal. [1990] iron fertilization
mechanismlron concentrations relatively low in the oceanandparticularly
scarcein certainnutrientrich areas(so-calledhigh nutrientlow chlorophyll
or HNLC regions) suchasthe SouthernOcean. Martin et al. proposedhat
thegrowth of SoutherrOcearnphytoplanktoris physiologicallylimited by the
lack of iron in the presentclimate. Dueto colder drier, andwindier climate,
theatmospheréransportednuchmoreiron-bearingdustto the oceansiuring
thelastglacialmaximum.This additionof solubleiron to the SoutherrOcean
might have increasedohotosynthetiauptale of CO and nutrientsfrom the
surfaceoceanthusincreasingCO uptale duringglacials.

1b.). Anotherpossibleexplanationfor the low PO  stemmingfrom the
original BM analysess an increasein polar strati cation and the resulting
reductionin SouthernOceancorvective mixing during glacialtimes. Con-
sidera modelin which solubility effects dueto varying surfacetemperature
andsalinity areneglected.In sucha modelthe gasexchangeanddistribution
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of CO is dueonly to biology and mixeshigh latitude suriacewaterswith
deepwatersrich in andnutrients. Dueto insufcient biological uptale
relative to the vertical supplyof carbonin the high latitudes,carbonstoredin
the deepoceanis thusoutgassedo the atmospherehroughthe high latitude
surfacebox. A decreasén duringglacialtimeswould thereforeactasacap
onthebiologicaloutgassingf CO to theatmospherén highlatitudes.More
CO would stayin the oceanandatmosphericCO concentratiorwould de-
crease This mechanisnwassystematicallyanalyzedoy Toggweiler[1999]in
thecontet of 3, 4, 6, and7 box models.

2.) Another possiblemechanisnfor lowering CO stemmingfrom
Eqg. 14 is to changethe total oceanicinventory of andtherefore ,
which could befeasibleby changingthe total carboninventoryin land plants.
Shagellton[1977] shavs, however, thatthis mechanismworksin theopposite
direction. Broeder [1982] suggestedhat a changein the deepoceaninven-
tory of PO dueto PO dissolutionfrom exposedshelveswasresponsibldor
the obseredglacial-integlacid differencein CO . This mechanisnwas
however shavn to resultin a delay of the CO changewell beyond whatis
obseredin trappedair-bubblesin ice cores[Sigmanand Boyle 2000].

Otherscontendthat x ed nitrogenratherthanphosphorudimits the netef-
fect of the biological CO pumpon geologictimescalesandthatthe ratio of
N xation/ denitri cation plays a key role in establishingatmosphericCO
[McElroy, 1983;Falkowskj 1997]. Nitrogenis involvedin photosynthesiand
remineralizatiorjust like phosphorus Additionally, bio-available oceanicni-
trogenis suppliedthroughriver input, rain, andin situ xation, andis lost
from the oceanthroughdenitri cation. If nitrogenlimits biological produc-
tion, anincreasan its oceanidnventoryduringglacialtimeswould have stim-
ulatedthe productionof phytoplanktongcontrituting to the obsered decrease
in CO . This could have beenbroughtaboutby a declinein denitri ca-
tion during glacials[Ganesham et al., 2002], increasedtontinentalweather
ing, or enhancemenf nitrogen xation by increasedaeolian ux es of iron
[Falkowskj 1997].

3.) It is possiblethat physicalprocessesuchasstrati cation and mixing
dictateecosystenstructure. Sincesomespeciesio betterin certainerviron-
mentsthanothers,the bulk stoichiometricratio of carbonto phosphate
might changeif we alter the physicsof the ervironment, thus changingthe
biological pump (Eq. 14). At the sametime we notethat the stoichiometric
coefcient depend=on the fraction of biological productiongoing into
the formationof CaCO, which might have changedetweenglacialsandin-
temglacials. Mechanism$asedon changesn the carbonatecycle might have
playedsomepartin the glacial-intglacial changesn biological pump;these
arediscussedby Archer and Maier-Reimer[1994].
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Organic-Only Model

280.1 TCO,d -TCOzl|
320.7 272.9
1.485 0 21413 | 21106
normal gas exch. 116.7
2.146 2227.2
280.0
2816 279.7
1.485 ° 21167 | 21154
30x gas exch. 87.2
2.146 2202.6
141.7
141.7 141.7
0 0 19705 | 19705
wo-box 281.0
fha=0, P,=0 2.162 22515
normal gas exch.
164.1
172.9 162.6
0.374 0 2015.3 | 20017
10xP,, 2455
normal gas exch. 2.158 2247.2
155.5
155.9 155.4
0.374 0 19922 | 19915
10xP;, 232.5
30x gas exch. 2.158 2224.1
P04 C02
Figure4. Figure2 of Togweileretal. [Part2,2003]. PO , , CO concentrationsand

(hereTCO d-TCO ) for ve solutionsof a soft-tissueonly model. Standard
simulationshave =20Svand =60Sv( in thispaper).PO is setto zero. Thetop two
panelgyive resultsfrom the 3BM with normalandfastgasexchangethebottomtwo panelsgive
resultsfrom atenfold increasen exportproductionP (  in thistext). Totalamountof CO
in normalgasexchangemodels(panelsl, 3, 4) is keptconstanto theamountgivenin panell;
total amountof CO in fastgasexchangemodels(panels2, 5) is kept constanto the amount
givenin panel2. An increasdn export productionor a decreasén gasexchangeincreasehe
biological pump strength,as measuredy the gradientsin italics, andasshavn in our
analysisin Section2.1.
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1.1.2  Thebiological pump: the effectof surfacedisequilibrium. Re-
cently a seriesof papershave beenwritten proposingthatgasexchangedise-
quilibrium in the high latitudesof the SouthernOceanmay play animportant
rolein theglacial-integlacid cycle of atmospheri€€O . We discussherehow
onecanusethebox modelsto gaininsightinto how this functions.

Volk and Hoffert [1985] rst proposedhe averagelow latitude surface-to-
deepgradientof in theocean, , astherelevantmetricfor
the strengthof the carbonpumps.We rewrite Eqs.11- 13 as:

(16)
(17)

Equationl 6 suggestthatanothemechanisnpotentiallyresponsibldor the
increasan strengthof the biological pumpduring glacialtimesis a changédn
thedegreeof equilibrationof surfacewaterswith atmospheri€CO
Considera scenaridn which eitherthethermohalinecirculation( ) is strong,
the gasexchangerate( ) is low, or the effective gasexchangearea( ) is
small. In sucha scenario,water sinking into the SouthernOceanhasless
time to equilibratewith theatmospherbdy outgassingarbondioxide,andasa
consequencdeepwaterendsup trappingmore thanthe equvalentwa-
termassdn a scenariovheretheseparameterarereversedin magnitude.This
increaseshetotal storageof CO in thedeepoceanIn termsof ourequations,
notethatin a biology only scenario and
(Eqg. 17). Decreasing or  orincreasing thusincreasethe strengthof
thebiologicalpumpasgivenby Eq. 16 andasillustratedgraphicallyin thetop
two panelsof Figure4 from Toggweileretal. [Part2, 2003].

Thismechanisnis equivalentto thesea-icanechanisnproposedy Stephens
and Keeling [2000], and the gas exchangemechanisnof Toggweiler et al.
[Part 2, 2003]. Interestingly this mechanisnoccursalsoasa resultof self-
sustainectlimateoscillationsin Gildor etal. [2002]. Increasedseaice cov-
eragedecreases andresultsin a decreasen gasexchangeefciency in
high latitudes,andthereforea strongemiologicalpump. StephenandKeeling
[2000] conjectureghatcompletecoveragewith ice of the SouthernOceandur
ing glacialswould have decreasedtmospheric CO by 80 ppmrelative to the
presentCO level. For moreon this andotherglacial-integlacid mechanisms
seealsothe Chapterl0, “Glacial-Integlacid Cycles”in thisbook.

1.2 THE REPRESENTATION OF CARBON PUMPSIN
GCMS AND THE EFFECT OF THE PUMPS ON
AIR-SEA CARBON FLUXES

Thedistribution of carbonin theocearis affectedby boththebiologicaland
the solubility pumps,which dependn turn on the detailedcirculationcharac-
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teristicsandgasexchangeat the surface. Generakirculationmodels(GCMs)
offer usa closer moredetailedliook at whatsetsthe strengthof thesepumps
in the ocean.GCMsalsoenableusto examineanothelimportantaspecof the
globalcarboncycle, namely whatsetsthepatternof CO ux atthesurfaceof
theocean.

Theocearcirculationmodelwe will usefor illustrationin this chaptelis the
Modular OceanModel, Version3 in the exact setupdescribedoy Gnanade-
sikanetal. [2002]. The biogeochemicatomponenbf the modelfollows the
OCMIP2 speci cations[Najjar and Orr, 1999]. The modelincludessurface
productionand sub-surice consumptionof organic phosphoruscarbonand
oxygenin aratio of P:C:0 = 1:117:-170[Andeson and Sarmientg 1994],

carbonchemistryandphysicaltransporiof nutrientsand . Dissoledor-
ganicphosphateand calciumremineralizatiorfollow prescribedunctionsof
depth. Biological productionof organicphosphorus (mol/m /s) occurs

only in theeuphotidayer (top 75 m) andis givenby:

(18)
(19)

In ourstandardun, PO s restoredo theobsered (Levitus) surfacenutrients,
representetly PO , with days.Theair-seagastransferof CO in the
modelfollows the standardormulation of Wanninkhof[1992] which canbe
writtenin asimpli ed manneras:

(20)

where is a gastransfercoefcient (m/s)whichis afunctionof wind speed,
Schmidinumberandseaicefractionand istheCO solubility (mol/m  atm).

is the partialpressuratthe surfaceof theoceancomputedat each
time stepfrom prognosticvariablesof the model: temperaturd ), salinity
(), ,and

Four differentsimulationswill be presentedn this section. Threesimula-
tionsillustratetheimpactof changinggasexchangeor seaice coverageon the
air-sea ux, by analogywith thebox modelmechanismgresentedn Section
1.1.1. In thesesimulationsthe modelis run to equilibrium with a preindus-
trial CO of 278 ppm. A fourth simulationshav the impactof driving
PO to zeroin the SouthernOcean by analogywith mechanismi, Section
1.1.1. In this casethe modelis run to equilibrium while keepingthe total
ocean-atmosphearbonbudget x ed.

Theair-seaux of CO canbeseparateihto asolubility componentueto
the solubility pumpanda biotic componentdueto the biological pump. The
solubility componenis mainly a consequencef the heatand water ux es,
which changethe solubility of carbonandleadto locally large air-seaCO
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ux es. The biological formationof dissoled and particulateorganic carbon

and calcium carbonateand the transportof thesematerialsto other regions
of theworld wherethey areremineralizedr dissoled leave theirimprint on
the biological componenf the carbon ux. We separatehe two effectsby
runningtwo separatenodels.

In a rst biology only model we turn the solubility pump off by setting
the oceantemperatureand salinity constanteverywhereat the surfacein the
calculationof theair-seagasexchangeof CO [Toggweileretal., Part2,2003;
Marinov etal., in prep.]. Thevalueschoserfor and areobseredaverage
surfacevaluesof ~ Cand34.7psu,respectrely. Ourmodelincludesboththe
carbonatandsofttissuepumps.

Thebiologicalair-seaCO ux is intrinsically relatedto the nutrientdistri-
bution atthe oceansurface,PO , shavn in Figure2. In high surfacenutrient
concentratiomegionssuchasthe SouthernOcean North Atlantic, andNorth
Paci c, biological uptale is inef cient relative to the upward supplyof
excesscarbonandnutrients.Considerthe SouthernOceana region of strong
upwelling of deepwaterscharacterizedy the largestamountof preformed
nutrients.Here is not strongenoughto take up all of the PO from the
surfacewater As remineralizedhutrientsand CO upwell,the CO atthe
ocearsurfacebuilds up, resultingin theescapaf CO totheatmosphere.

In a steadystate Jarge uptale in the subtropicss requiredin orderto coun-
terbalancehigh latitude degassing. While the subtropicsare overall a CO
uptale region,watershigh in nutrientsand arebroughtup by upwelling
alongthecoasif NW SouthAmerica,in thesub-ArcticWesterrPaci ¢, Equa-
torial EasternPaci ¢ andby the upward entrainmenbf the equatorialunder
currentwater contrituting locally to large biological CO ux es out of the
ocean.

In a secondsolubility model biology is turnedoff [Murnaneet al., 1999].
Theair-seaux of CO istheresultof changesn CO solubility dueprimarily
to heat ux esandto a smallerextentto water ux es. Warmingof relatively
cold upwelledwaterin equatorialregionsdecreasegassolubility andresults
in lossof CO to the atmosphere.This lossis offset by the gainof CO in
high latitudesdueto coolingof the surfacewaters.Solubility effectsgenerally
opposehe effect of the biology on the air-sea ux. Figure5 shaws the strong
compensationbetweerthe biological (starredine) andsolubility air-sea ux
(dashedine).

Finally, afull modelwhichincludesbothbiologicalandsolubility effectsis
run. Thefull airseaCO ux representetby thefull line in Figure5 is very
well approximatedy the sumof the the biological andthe solubility air-sea
ux ux es(dottedline). Carboncycle modelsdo a reasonablgob at repro-
ducingthe obsered spatialdistribution of the pre-industriakir-seaCO ux.
Indeed,our full CO ux is very similarto the ux estimatedrom obsera-
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Figure5.  Equilibrium air-sea ux component$rom a setof PrincetonMOM3 simu-
lations(PgClyr/dgree). The starredanddashedines areair-sea ux esfrom biology only and
solubility only models respectiely. Thedottedline is the sumof thesetwo, while thefull line

is thetotal ux from a standardpre-industrialrun which includesboth biology and solubility

effects. All modelswererunto equilibriumwith a x edatmospheref 280 ppm. The standard
full run (full line) is theso-called’LL” run of Gnanadesikaetal. [2002].

tions by Takahashi1999] shawn in Figure6. This is to be expectedsincein
our model nutrients,temperatureand salinity are restoredtowardsobsera-
tionsatthe surfaceof theocean.

In orderto explore analogieswith the box modelwe calculatethe surface
to deep gradientsn the solubility, biology only, andfull models.Since
the of the watersfeedingthe deepoceanis hardto determineexactly
in GCMs, we expressour carbonpumpsby analogywith the
metric proposedn Sectionl1.1.2. gradientshereare calculatedas de-
viationsfrom the correspondingneansurface concentrationsuchthat
all surfacevaluesarein eachcasezero. Figure 7ashavs thatthe sumof the
solubility only andbiology only gradients(dottedline) is an excellent
approximationto the full modelDIC gradient(full line). The differencebe-
tweenthedottedandfull linesis dueto nonlinearitiesn the carbonchemistry
For example the additionof biology to a solubility modelchangeshe surface
chemistrymodifying thereponseof the systemto additionor removal of heat.

Thebiologicalpumpandthe correspondingir-sea ux dependstronglyon
the preformednutrientsandthe ef ciency of gasexchange assuggestedy
our discussiorin Sectionl.1.2.Figure7b shavs resultsfrom the biology only
modelin whichwe have eitherincreasedhegasexchangeporwe have depleted
surfacenutrientsin the SouthernrOcean We discussachof thesein turn.
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Figure 6.  Annually averagedCO ux atthe oceansurfacein for year1995.
Estimatedrom measurementsf sea-air CO differenceby Takahashietal., [1999].

Figure 7. a. Gradientsin from our setof PrincetonGCM simulations: a solubility
only model(dashedine), a biology only model(starredine) andafull modelwith biology and
solubility effects(full line). The sumof thelattertwo (dottedline) is a goodapproximatiorto
the gradientin the full model(full line). b. gradientfrom a biology only model
with normalgasexchange(starredine), in nitely fastgasexchange(squares)andnormalgas
exchangeafter SouthernOceannutrientdepletionsouthof S (triangles). The normalgas
exchangemodelis the sameoneusedfor Figure5.

In a rst simulationwith the biology only modelwe setthe gasexchange
to beasfastaspossibleby requiringsurface valuesatthe oceansurface
to bein equilibriumwith the overlying atmospherat eachtime step.Increas-
ing gasexchangemeanghatmoreof thedeepCO escape$o theatmosphere
throughthe high latitude surfacewaters. The resultis a net decreasen the
surface-to-deep gradientandthereforein the strengthof the biological
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pumpcomparedo the standardiological run. This mechanisms analogous
with thoseobsered in box modelsanddiscussedn Sectionl.1.2andis also

shavn in thetoptwo panelsof Figure4. Incompletesquilibrationof the South-
ern Oceandueto slower gasexchangecould have contrituted to a stronger
biologicalpumpandalower atmospheric CO duringglacials[Toggweileret

al., 2003;StephenandKeeling 2000].

Traditionally GCM basedstudiesof theice-ageCO dravdown focusedon
mechanismshatenhanceahe fertility of the oceanor on mechanismshatin-
creasdheratio of organicmatterrelatve to CaCO in thesinking ux [Archer
and Maier-Reimer 1994; McElroy, 1983]. An increasan nutrientutilization
in high latitudeswasoneof the rst explanationsofferedfor the obsered de-
creasdn atmosphericCO goingfrom intemglacialsinto glacials(mechanism
la.,Sectionl.1.1). Fertilizing the oceanwith iron soasto increasebiological
productvity hasalsobeenproposedasa potentialmechanisnfor offsetting
anthropogeniemission®f carbondioxide[Martin, 1991].

Assumingthat the total amountof phosphatén the oceanis x ed, Equa-
tion 14 implies that the maximumgradientin is achiered when high
latitudenutrientsaredepletedj.e.,whenPO s setto zero. In this casethe
organic pump operatesat maximumef ciency, retainingthe largestamount
of CO in the deepocean.In the GCM we canapproximatea moreef cient
biologicalpumpby performingnutrientdepletionsimulations We restoresur
facephosphatdo zeroin threedifferentareasof the ocean:SouthernOcean
southof 30 S, North Atlantic (30 N-80 N), North Paci ¢ (30 N-67 N), and
thetropicalband(18 S-18 N). Accordingto our de nition of biological pro-
ductiity (Eg. 18), setting to zeromaximizes andstrengthenshe
biologicalpump,whichtransfersCO fromtheatmospher¢o theocean After
500yearsof simulation,the decreasef CO is 63 ppmfor nutrientde-
pletionin the SoutherrOcean 15 ppmfor depletionin the North Atlantic, 3.7
ppm for depletionin the North Paci ¢ and4.4 ppmin the tropical depletion
simulation.

As area®f deepwaterformation,highlatitudewatersin uence stronglythe
characteristicef the deepocean.As expectedirom our 3 box modelanalysis,
forcing nutrientsto zeroin high latitudeshasa much strongerimpacton the
biologicalpumpthanforcingthemto zeroin low latitudes.TheNorth Atlantic
is aregionwheresurfacewateris fed directlyin theabyss.TheSoutherrOcean
is aregion whereabyssalwaterscometo the surfacewith very high nutrients
and ; herethesaewaterscanlosemuchof the thatisaddedothedeep
oceanby thebiological pump. Becausef thesecirculationcharacteristics,the
potentialchangen the biological pumpfollowing depletionis muchstronger
in the SouthernOcearnthanin the North Atlantic. Becausat is not anareaof
strongexchangewith the deepoceanthe North Paci ¢ is a weaksink of CO
underdepletion.
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Figure 8. (a) Equilibrium air-sea ux es of CO in a full model before depletion (pre-
industrial, full line) and after depletionof nutrientseverywheresouth of S (dottedline).
The differencebetweenthesetwo givesthe dash-dottedine. Note thatthe air-sea ux after
depletionis similar to the solubility only ux in Figure5. (b) The contrikution dueto depletion
(dash-dottedine) nearlycancelsoutthebiologicalair-sea ux (starredine, seealsoFigure5).
Depletionputsthe oceanin a statewherethereis no netair-seaux dueto biologicalcycling.

Figures7b and8 shaw theimpactof SouthernOceannutrientdepletionon
the biological pumpandon the total air-sea ux esof CO , respectiely. Fig-
ure8ashavsthestandardhir-sea ux beforedepletion(full line, includesboth
solubility andbiological effects), andthe air-sea ux after performingnutri-
entdepletion(dottedline). The dash-dottedine is the differencebetweerthe
above two lines,andrepresentthe changen air-sea ux dueto thedepletion.

Underthis depletionscenaricandfor this particularcirculationandgasex-
changethe biological pumpin the SouthernrOceanoperatest its maximum,
asshawvn by the high gradientin Figure7b. Biology is highly ef cient
suchthatall the nutrientsbroughtfrom the deepandthe CO associatedvith
themareconsumediuring photosynthesidgncreasingsigni cantly the netex-
portproduction.ConsequentiCO is notallowedto escapdo theatmosphere
andthe total biological CO ux is closeto zero. This is exactly the mean-
ing cornveyed by Figure8b,whichshavsthattheair-sea ux componentiueto
depletion(dash-dottedine) actsin suchaway asto cancelouttheinitial (pre-
depletion)biological air-sea ux (starredline). The signi cant cancellation
northof 30 S suggestshatthe SouthernOceanplaysa critical role in setting
up thebiologicalpumpin therestof the ocean.Notethatthetotal air-sea ux
afterdepletion(dottedline in Figure8a)is roughly equalto the pre-depletion
solubility ux (dashedine in Figure5).

Archeretal. [2000]madethe pointthatdifferentmodelsrespondiifferently
to nutrientdepletionsimulations.In particular they foundthatthe decreasén
atmospheric CO with nutrientdepletionis considerablyargerin simplebox
modelsthanin GCMs.
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To gainsomeinsightinto why this mightbeso, let usconsideragainEqs.14
and16. While in the 3 box modelthereis only onetype of preformednutri-
ent(PO ), thenetpreformednutrient“seen”by thedeepoceans in reality a
combinationof unusedPO from differentregionsof the oceanmostnotably
from the North Atlantic andSoutherrOcean.Theactualvalueof PO  there-
fore dependshot only on preformedPO in the North Atlantic and Southern
Ocearbut alsoonthefractionalcompositiorof deepwater whichis afunction
of adwection andmixing coefcients characteristi¢do eachregion. Thus,
differentways of representindarge scalecirculation, deepwater formation,
andmixing processei the box modelsrelative to the GCMs could resultin
differentnetvaluesof PO andthereforein differentresponsesf the biolog-
ical pumpto nutrientdepletion.At the sametime, is acombination
of surfacedisequilibriumcontritutionsfrom the deepwaterformationregions.
Recently Toggweilerconjecturedhatthe SoutherrOcearsurfacewaterequi-
libratesto a differentdegreein box modelsand GCMs becausef different
mechanism$or deepwaterventilation][ Toggweileretal., Part2, 2003]. In box
modelsdeepwateris ventilatedthroughhigh latitudeboxesof 10%to 20% of
the oceanareawhile in GCMs ventilation occursin very small areaswhere
deepcorvectionreacheghe surface. GCM surface watersare thereforefar
lessequilibratedwith the atmospher¢hancorrespondingvatermassesn box
modelsandrespondessto suracenutrientdepletion. Differencesn surface
disequilibriumcanthereforebe critical in explaining differencesn biological
pumpsbetweerbox modelsandGCMs.

2. ANTHROPOGENIC CO UPTAKE BY THE
OCEANS

In orderto monitor andeventuallymoderateclimatechangedueto human
interferenceon the naturalsystem,wemustunderstandhe mechanismslriv-
ing the carbonsinksin the oceanandland,andaccuratelyprojecttheir future
evolution. Thefollowing two sectiongeview someof themechanisméehind
the presentoceancarbonsink without climate change(Section2) andin the
presencef climatechanggSection3).

The growth rateof atmosphericCO , asshawvn in Figure9 [Sarmientaand
Gruber, 2002], wasabouthalf the rate of fossil CO emissionsn the 1990s.
The implicationis that the oceanandthe terrestrialbiosphereare taking out
abouthalf of theanthropogenitossilCO releasedo theatmospherefigure9
alsopointsto theconsiderablénterannualariability in thetotal rateof uptale,
which hasbeenlinkedto processesuchasEl Nino.

Partitioningtheanthropogenicarbonsink betweerocearandlandis anon-
trivial task which hasbeenboostedby the developmentof the atmospheric
oxygenmethodof RalphKeeling[Keelinget al., 1992; Benderet al., 1994;



THE ROLE OF THE OCEANSN THE GLOBAL CARBONCYCLE 269

Figure 9.  Growth rate of carbonreserwirs. Since 1958, the yearly accumulatiorrate of

atmosphericcarbondioxide hasgrown, on average,from 1 to 3.0 Pg Clyr (light blue area).
Over the sameperiod, fossil-fuel emissiongred line) have grovn from about2.5 Pg Clyr to

about6.5 PgC/yr. Netuptale by the oceanor terrestrialbiospherggreenregion) mustaccount
for the difference. Note the large interannualvariationin the atmospheric growth rate.
Highergrowth ratesgenerallyappeato beassociateavith El Nino episodegblackarrons), the

exceptionbeingthe periodfollowing the Mt. Pinatuboeruptionin the early 1990s. Figure 3

from Sarmientaand Gruber, [2002].

Keelingetal., 1996;Battle et al., 2000; Manning 2001]. More recentbreak-
throughsimprove the global CO budgetby correctingfor the oxygentrend
dueto warmingof theoceanin the 1990s[Keelingetal., 2002;Plattneretal.,
2001; Plattneret al., 2002]. The resultingbreakdavn of carbonsourcesand
sinksis presentedh Tablel.

Uptake of CO by land implies an excessof primary productionover res-
piration andotheroxidationprocessesuchasorganic matterdecomposition.
Land-usechangesn theform of deforestatioreadto anetlossof carbonfrom
plantsand soil, whereageforestatioron land that was previosuly farmedor
loggedcanleadto a netgainof carbon.The exactbreakdevn of land carbon
sourcesandsinksis subjectto intensedebate.Goodaleet al. [2002] suggest
that northernforestsandwoodlandsprovided a total sink for 0.6-0.7Pgof C
peryearduringthe early 1990s,with mostof the estimatedsink in temperate
forestsaffectedby re suppressionagriculturalabandonmentndplantation
forestry Carbonmayaccumulatelsoin agriculturalsoils, nonforestedareas
respondingo re supressionywood productsbothin useandin land lls, sedi-
mentsof reserwirs andrivers.Pacalaetal. [2001] suggesthattheadditionof
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Tablel. An updatedcompilationof carbonsourcesandsinks. (a) Fossil fuel emissionsand
atmosphericCO increaseare basedon the 2001 IPCC report[Houghtonet al., 2001]; these
areour moststronglyconstrainecstimates(b) Thelandandoceansink estimatesreupdated
fromthe2001IPCCreportto take into accounthangesn theO methoddueto oceanvarming
[Keelingand Garcia, 2002].Thesegarticularresultsarecon rmed by nenv oceanestimatesy

Gloor etal. [2003] andMcNeil etal. [2003]. (c) The land breakdavn is very differentfrom

the 2001 1PCCreport. The tropical deforestatiorcomponentve shav is muchsmallerthanin

theIPCCreport,andis basedn arecentanalysisby De Fries etal. [2002]. The magnitudeof

this term continuego be controrersial. Thetotal land sink is calculatedasa residual;its value
is stronglydebated.

CarbonSourcesandSinks(PgCyr )

19805 1990s
Emissiongfossil fuel, cement) +5.4 0.3 +6.3 0.4
Atmospheridncrease -3.3 0.1 -3.2 0.1
NetOceans/Land -2.1 0.3 -3.1 04
LandandOcearBreakdevn usingOxygenandCarbonDioxide Obsenations
OcearnSink -1.8 0.6 -2.2 05
NetLand Sink -0.3 0.7 -09 0.7
LandBreakdavn
Tropicaldeforestation 0.6 0.9
(0.3t00.8) (0.5t01.4)
Total Land Sink -0.9 -1.8
(-0.6t0-1.1 0.7) (-1.4t0-2.3 0.7)

thesetermsto theforestair-to-land ux doubleghetotal landsink of CO for
the 1980-1990decaddn the US. If thesenon-forestsink termswere equally
importanteverywhereelsein theworld, they could potentiallyaccountfor the
restof theCO landsink.

The netoceanicsink accountdor aboutone-thirdof thetotal carbonemis-
sions,andincreasedetweerthe 1980s(1.8 0.6 PgC/yr)and1990s(2.2 0.5
PgClyr) (Table 1).We know that the pre-anthropogenioceanaccountedor
98.5%o0f thetotal atmosphere-oceddO inventory Why thenis the oceanic
uptale of anthropogeni€€O sosmall? Whatarethebasicprocessegovern-
ing the uptale of excesscarbon?

2.1 THE CARBONATE SYSTEM

Only onein about20 molesof CO addedto the oceanstaysas CO ,
while theremainingonesreactwith carbonateon to form bicarbonatevia the
“buffering” reaction:

(21)
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Following a CO addition of 20 molesto the ocean, increasesy 20
moleswhile the dissolved CO concentratioronly increasesdy 1 mol, such
that in a pre-industrialsetting. As we addanthropogenic
CO to the oceanthe carbonataon concentratiordecreaseshusincreasing
the proportionof CO addedthat staysin its dissoled form and decreasing

. Thisresultsin a decreasén the overall capacityof the ocean
to take up additionalcarbon. Carbonatebuffering ensureghat only 85% of
theanthropogenicarbondioxide we areaddingto the atmosphereodaywill
eventually dissolhe into the ocean;this uptale capacitydecreaseaswe put
evenmoreCO in theatmospher¢Sarmientcetal., 1992].

In the extremescenarioin which all of the CO  availabletodayin the
oceanaround4000GtC eq)is depletedevery moleof CO enteringtheocean
would stayasdissolved CO . In this limit at equilibrium about33% of the
addedCO wouldgointo theocearand66%would remainin theatmosphere.
Onatimescaleof about10,000years thereactionof anthropogeni€O in the
deepoceanwith calcium carbonatesedimentsaccountsor a 9-15%increase
in the uptale capacityof the ocean[Archer et al. 1998]. On even longer
time scalesCO is neutralizedby reactionswith CaCO andsilicateson land.
Becausef their long time scalesthesereactionshave little relevancefor the
immediateanthropogeniciptale of CO .

2.2 THE ROLE OF GAS EXCHANGE AND
CIRCULATION: THE GREEN'S FUNCTION
SOLUTION

In this sectionwe assumeéhatthe naturalcarboncycleis in steadystateand
is unafectedby theanthropogeni€O addition,whichwe treatasa perturba-
tion on the system.For the purposeof this sectionwe ignorethe land carbon
sourcesandsinks. Let usconsiderthe carbonbalanceor atmospheric€CO

— (22)

where is the atmosphericCO concentrationin ppm, is the carbon

inputto theatmospherattime and is the oceanicuptale attime .
Following Maier-Reimerand Hasselmanrj1987] we usea Greens Func-

tion approacho gaininsightinto the rate of oceanicuptale. We considera

simpli ed problemin which  undegoesajump at , thatis,
for and at . This correspondso
For we thenseeka solutionto

— (23)
(24)



272 MARINOV & SARMIEND

In otherwords,we askwhatis theatmosphericoncentratiomndcoresponding
oceaniaiptale attime following aninstantaneouadditionof ~ ppmof CO
attime ? In orderto solve this problemwe needa functionalform for the
oceanicuptale . Assumingthat the oceanresponddinearly to the CO
additionto the atmospherea well motivatedchoiceis:

- (25)

where is a characteristidime scalefor the oceanuptale. If is thefrac-
tion of the initial sourcepulse that staysin the atmospheret equilibrium,
is the amountof carbonleft in the atmospher@ncethe system

reachegquilibriumand decreasesxponentiallyto 0 at equilibrium. We
substituteEq. 25 into Eq. 23 andsolwve for subjectto theinitial condition
(24):
(26)
(27)

If thereis morethanonecharacteristidcime scalefor oceanicuptale , one
canwrite the function asa superpositiorof a numberof exponentialsof
differentamplitude andrelaxationtime [Maier-ReimerandHasselmann
1987]:

(28)
(29)

Notethat is associatedvith anin nite relaxationtime scale.The Greens

function is thefractionof theinitial sourcepulsestill in theatmospherat

time ; and . For anarbitraryemissionfunction
thesolutionto Eqgs.23 - 24 canbeformally written as:

(30)
wherethe Greens function is the linear responsdo a pulseat time
Notethatsubstituting reduceseq. 30to Eq. 26, asexpected.

Maier-Reimerand Hasselmanrj1987] and Sarmientoet al. [1992] per
turbedafull GCM with a stepfunctioninitial changerepresentingninstanta-
neous25%increasedoublingandquadruplingof thebackground CO =280
ppm:i.e., =70ppm,280ppm, 840 ppm,respectiely. A responsef the
form (26), where

(31)
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Table2. Coefcients for exponentialts to theatmosphericesponsé¢o a pulseinput.  and

arethe amplitudeand exponentialrelaxationtime scalesfrom Eq. 28. The numbersin the
initial input column are the fraction by which the atmospheridcCO was increasedabove its
pre-industriaivalueof 280 ppm. TableAl in Sarmientcetal. [1992].

Initial Input
0.25 0.164 | 0.245| 358.8 | 0.302 | 60.8 | 0.229 | 10.3 | 0.059| 1.0
1.00 0.174| 0.275| 376.6 | 0.307 | 67.7 | 0.189 | 10.7 | 0.054 | 0.9
3.00 0.208 | 0.358 | 433.3| 0.261 | 83.9| 0.131| 11.2 | 0.042| 0.8

wasleast-squardted to theatmospheric€€O responseo apulseinputin the
GCM, in orderto determine and . Theresultsof onesuchperturbation
experimentareshavnin Table2. Once is determinedpnecanin principle

useEq. 30 to determinethe atmosphericconcentratiorgiven ary sourceof

excessCO .

In the quadruplingexperimentthe atmospheriaconcentratiorincreaseby
840 ppm representsan addition of 1780 GtC to the atmospherepf which
about1424GtC eventuallyendupin theocean. An additionof the order1400
GtCegcanchangesigni cantly theCO  reserwir, whichis presentlyabout
4000 GtC. This experimentthereforefalls into a nonlinearregime in which
CO changestronglyandtheasymptoticoceanicuptale dropsaccordingly
to 79.2%, as contrastedwvith 83.6%for the 25% addition case. Thoughour
representatiomf Greens functionsis strictly correctonly for an oceanthat
responddinearly to the atmospherasin Eq. 25, the quadruplingexperiment
is consideredn orderto estimatethe changesn the relaxationtime scales
andamplitudesdueto chemicalnonlinearitiesn the systemSarmientcet al.,
1992].

The representationf the atmosphericoncentratiorin termsof exponen-
tials allows usto assessheimportanceof differentphysicalandchemicalpro-
cessewnthestorageof CO in theocean.Theequationshav that isthe
sumof termsof theform . Eachof thesetermsdecreaseeaxpo-
nentiallyasoceanigorocessewith time scales graduallyabsorbCO from
theatmosphereThebiggerthe , thelongerit takesfor the particularprocess
to absorbcarbon.Thetime scalegjivenin Table2 suggesthat  (350years)s
therelaxationtime scaleassociatedvith deepwaterthermohalinecirculation,

(60years)s representate of intermediatevaterventilation, (10years)s
associatewvith theventilatedhermoclineor gyrecirculation,and (1 year)is
thetime scalefor the equilibrationof mixedlayerCO with atmosphericCO
throughgas-&change Thus,while onshorttime scaleghepenetratiorof CO
into the mixed layeris animportantprocessas increaseshe absorptionof
CO is graduallylimited by larger scalecirculationprocesses.
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Thecoefcients  representhefractionof thatisinvolvedin processes
with the relaxationtime scale ; the sumof all the coefcients is one. Al-
ternatvely, we canthink of the A coefcients asthe relatve capacitiesof
thereseroirs which are lled up at ratesgivenby . Consideran initial
input of 0.25 280 ppm.  =16.4%is the fraction of the sourcethat stays
permenentlyin the atmosphere.Thus, the potential uptake of the oceanis

, I.e. of the addedcarbondioxide. Ac-
cordingto Table 2 on a time scaleof 1 yearthe anthropogenicignal pen-
etratesroughly % of the total volume of
the ocean;on a time scaleof 10 yearsthe signalpenetrateinto an additional

% of the oceanvolume,andsoforth.

Notethatit is not straightforvard to accountor the nonlinearityof the sys-
temwith the Greens function approachdescribedabore. Maier-Reimerand
Hasselmanrj1987] and Sarmientoet al. [1992] shaw that the magnitudeof
theA coefcients andthecorrespondingime scales dependonthesizeof
thepulse theinitial atmospheri€€O concentratiorandthetime historyof the
backgroundatmospheri€CO . In particular astheinitial input increasesthe
capacityof the oceanto hold CO at equilibrium goesdovn andmoreof the
initial CO will stayin theatmospherd,e., increasesThisgenerakonclu-
sion holdsfor morerealisticscenariosn which the sourcefunctionincreases
linearly or exponentiallyin time.

Onecanapplythe Greensfunctionmethodto simpleboxmodels.lnal BM

of theocearnwe canstill write where isthetimescale
associateavith the surfacegasexchange. is the potentialuptale
of the oceanasdeterminedy carbonbuffering, i.e., approximately85%. For
the2 BM of Figurel we canwrite , Where

is the gasexchangetime scaleand is the deepwater ventilationtime
scale. dependonthe mixing betweendeepandsurfacewaters ; large
resultsin fastmixing andsmaller . The ratio of to is roughly the
ratio of the bottomto the surfacebox volumesand
85%. Joosetal. [1997] exploredthe sensitvity of the oceanicuptale of CO
to differentvertical diffusivity valuesin a box model. For a careful choice
of depth-dependertiffusivity with highervaluesnearthe surfaceandlower
valuesat depth, their 12 layer BM was able to reasonablypredict both the
uptale of anthropogeni€O andnatural C obserations.

We will next try to understandherole of the gasexchangean the uptale of
anthropogeni€O . Considerthe time rateof changen the mixed layerof a
gasthatexchange®nly with theatmospheresuchassurfaceoxygenO

— - (32)
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A typicalmagnituddfor canbeestimatedasfollows:
— (33)

where is agasexchangecoefcient (in m/day)and is the mixed layer
depth(in m). As thegasexchangetime scale is very shortrelative to the cir-
culationtime scale,surfaceO in wateris well equilibratedwith atmospheric
O . Thisis the reasonwhy in GCMs, box modelsandin the real oceanthe
surfaceconcentratiorof O is very closeto theO saturatiorconcentration.
Thesurfaceexchangeof CO s differentfrom thatof O becaus&€CO isa
weakacidin seavaterthatreactswith waterandcarbonatéEq.21). Thetime

rateof changeof in thesurfacemixed layeris well approximatedy:
— (34)
suchthat
- (35)
— — (36)

Thetime scale correspond$o in Table2. The characteristidime scale
on which gasexchangeoccursis thereforelongerfor CO thanfor O by the
factor . NotethatasmoreCO is addedto the atmospheré¢his
ratio decreaseshusmoderatelydecreasing asshavnin Table2.

Thecharacteristi¢cime scaleof 1 yearfor a 75 m top layerto reachequilib-
rium with the atmospherés smallerthanthe time-scaleof the presentanthro-
pogenicperturbationwhich is roughly an exponentialwith an e-foldingtime
of several decades. Surface watersthus track the atmospherigerturbation
closely Sarmientoet al. [1992] shaved thata doublingof the gasexchange
coefcient  increasesheoverall excessCO uptale only moderately
in the PrincetonGCM). This experimentcon rms previous intuition gained
from box models[Sieggenthaler 1983; Sieggenthalerand Joos 1992]thatver
tical exchangeis the dominantprocessn limiting perturbationCO ux into
the ocean. Thus,intermodeldifferencesn the rateat which deepwatersare
exposedto the surfaceandthensubmegedinto the deepor in the convective
parameterizationancausdarge differencedetweerthe resultingcarbonup-
take.

Thedifferencebetweerthe presenbceaniauptale of 40%of thetotal
atmosphere-oceancreasgTablel) andthe potentialuptale of 85%of theto-
tal excessatmosphere-oceddO is explainedby the slownessof the oceanic
circulation, which doesnot mix the newv anthropogeni€CO signalinto the
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deepsufciently fastto allow for extensve surfaceuptale. Slow mixing be-
tweensurfaceand deepshouldcontinueto produceoceanuptale for several
centuriesafter an input of anthropogenicCO into the atmospherd Siegen-
thaler and Hasselman1978; Sarmientoet al., 1992]. This also meansthat
CO will continueto enterthe oceanfor decade®r centurieseven aftera po-
tential stabilizationof atmosphericCO ; the equilibriumtime scaleis of the
orderof hundredsf yearsto a thousandyears. Therole of circulationin the
uptale of anthropogeni€O is furtherdiscussedh thefollowing section.

2.3 THE ROLE OF CIRCULATION AND MIXING:
MODEL RESULTS AND OBSERVATIONS

The anthropogenisignal,which canbe de ned astheincreasdan oceanic
carbondioxide relative to the pre-industrialtimes, is small comparedo the
naturalsignalandrequiresvery accurataneasuremenis theocear]Sabineet
al., 1997]. Few time-serieghatallow long-term,precisemeasurementsxist.
Giventhe presentimitationsto directly estimatinganthropogenicCO from
obserations,oceammodelshave beenoneof theprincipaltoolsfor quantifying
air-sea ux esandoceaniauptale of anthropogenicarbondioxide.

Figure 10 shaws typical airrseaCO ux resultsfrom a 3D simulationof
anthropogenicarbonuptale with the samePrincetormodeldescribedn Sec-
tion 1.2 and Figures5 and 8. The anthropogeniaontritution is calculated
directly in modelsby subtractinghe pre-anthropogeaiair-sea ux (full line)
from the greenhouse-forcedir-sea ux (dottedline). By comparingFigure
10 with Figure5 we seethattheincreaseof atmospheric aboveits pre-
industrial level tendsto increaseoceanicuptale in naturalsink regions such
ashigh latitudesanddecreasé¢hereleaseof CO to theatmospherén natural
CO outgassingegions. The anthropogeniaptale by the ocean(dash-dotted
line in Figure 10) is calculatedasthe differencebetweenthe dottedandfull
lines. Oneshouldbearin mind thatwhenappliedto CO source(outgassing)
regions,uptale of anthropogenicarbonrepresentan actualdecreasén out-
gassing(of theCO alreadypresenin the ocean)elative to the pre-industrial
state. Reducedoutgassingmplies that more carbonstaysin the ocean;this
excesscarbondioxideis whatis referedto asthe anthropogenicCO contri-
bution.

Accordingto models,high uptale of anthropogeni€O occursasa con-
sequencef strongexchangewith uncontaminatechterior waters[Sarmiento
et al., 1992]. Suchexchangeoccursin upwelling and corvective overturn-
ing areassuchasthe upwelling Equatorialregion, the North Atlantic, andthe
SoutherrmOceanasre ectedin theair-sea ux patternsn FigurelO.

The SouthernOceanis particularlyimportantin this regard. As uppercir-
cumpolardeepwaterswith low, pre-anthropogeni€O upwellto the surface
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Figure 10.  Anthropogenicair-sea ux of CO from a standardPrincetonbiogeochemistry
model. The modelwas rst runto equilibriumwith anatmospher®f 280 ppmwhile keeping
thetotal amountof in the systemconstantpre-anthropogeniair-sea ux (full line) is the
sameasin Figure5.CO wasthenreleasednto the atmospherdolowing the OCMIP protocol;
thedottedline is theresultingair-seaux atthepresentime. Thedifferencebetweerthesetwo
ux esis theexcess(anthropogeniclux (dash-dottedine).

in the SouthernOcean,they interactwith an atmospherevhich nowv con-
tains higher anthropogenicCO . AnthropogenicCO penetrateshis watet
whichis thentransportedhorthward beforesinkingasSubantarctidviode Wa-
ter (SAMW) and Antarctic IntermediatéVater (AAIW) someavherebetween

and S[Caldeim and Duffy, 2000]. Excesscarbonis thus carriedto
thesoutherrsubtropicswhereit is storedalongwith CO thatenterghemain
thermoclinedirectly in lower latitudes. This circulation patternaccountsin
modelsfor thelarge cumulatve ux Southof  Sandfor the northwardshift
in thetotal columninventorycomparedo thecumulatve ux of anthropogenic
CO [Sarmientcetal.,1992].

The OceanCarbonModel IntercomparisorProject(OCMIP) is a recentef-
fort to systematicallgomparaifferentmodels.Participatingmodelsuseiden-
tical oceanbiogeochemistryand gasexchangeparametrizationsut different
modelphysics(i.e, differentgrids, resolution,eddymixing parametrizations).
Modelswereforcedby a spline t to historicalobserationsfrom 1765until
1990underprescribedgconstansuriaceconditions(temperaturesalinity, wind
speedalkalinity).

Figure1l from Orr etal. [2001] shawvs the zonalmeanandzonalintegral
of anthropogeniair-seaCO ux esin 1990in four differentOCMIP models.
Signi cant differencesn the uptale of anthropogeni€O aredueto different
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Figure1l. Zonalair-to-seaux of anthropogeni€O for theglobaloceanin 1990,givenas
(a)thezonalmean(mol/m ) and(b) thezonalintegral (PgClyr/ lat). The modelscomparechre
Hadley, MPI, IPSL, Princeton/GFDLFigure 1 from Orr etal. [2001]. Note the large uptale
andintermodeldifferencesn the SoutherrOcean.

physicsof thesemodels.FortheMPI, IPSL,Hadley andPrincetormodels, ux

estimatesouthof 30 Srangefrom 35 to 48% of eachmodels globaluptale.

Thus,the SoutherrOceansouthof 30 S, with its deepwintertimemixing and
strongupwelling,hashigherexcesscarbonuptale andinventorythanexpected
from its areaof 31%of theglobaloceanarea[Orr etal., 2001]. The Southern
Ocearis alsofoundto accountor about50%of theintermodelvariancecon-
sistentwith ndings from sensitvity studieghatthisis theregionwith highest
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variability of CO uptale in responséo changesn physicalparametrizations
[Matear, 2001;Marinov etal., in prep.]. Thissuggestshattraceruptale in the
SoutherrOceanis poorly determinedy modelsandhighly uncertain.

A critical componenffor global carboncycle studiesis the evaluation of
modeledanthropogenicarboruptale andinventorythroughcomparisonsvith
tracerobsenrationsin the ocean.The tracersmostusedfor suchanalysesre
estimatef anthropogenic€CO itself, estimatef bomb  , andmeasure-
mentsof chloro uorocarbong s). Becauseof the lack of pre-industrial
CO obsenrations, estimatingthe oceanicinventory of anthropogenidCO
from obserations has beendoneindirectly Starting from the analysesof
Brewer [1978] and Chenand Millero [1979], Gruberet al. [1996] proposed
thatthetotalanthropogeni€O concentratiorin the ocearis givenby

(37)

where is thepresentlyobsered in theocean, is the contrikution
dueto the soft tissueand carbonatepumps, is the calculated
equilibriumconcentrationvith apre-industrial CO of 280ppm,and is
the concentratiorthatresultsfrom theair-seaCO disequilibriumatthe
timethewaterparcelleft thesurfaceocean Figurel2 shavstheanthropogenic
calculatedwith this methodfrom obserationsof present

AnthropogenicCO inventoriessince 1800 from modelsare globally in
roughagreementith obserationalestimatesHowever, differencesetween
modelsandobsenationscanbelarge on a regional scale.Models[Orr etal.,
2001; Matear, 2001] seemto over-predictat high latitudesthe inventory of
anthropogeni€O estimatedrom obserationswith the Gruberetal. [1996]
methodor with other methods]i.e., McNeil et al., 2002]. Figure 12 [Gru-
ber and Sarmientp 2002] shawvs high penetrationof anthropogenicCO in
the subtropicsandlow penetrationinto the deepSouthernOcean. Note that
anthropogenicarbonhaspenetratedigni cantly belov about2000metersof
thewatercolumnonly in theNorth Atlantic, wheresurfacewaterssink directly
intotheabyssBetween Sand N CO penetrations generallyshallaver
andexcessCO storages lower in modelscomparedo dataestimates.This
differencebetweermodelsandobsenrationscouldbeexplainedby inadequate
ocearphysicsn themodels suchasaproblematiqparametrizationf Southern
OcearphysicalprocessesToo muchsurfacewaterventilationin the Southern
Ocearsouthof S, for example,couldleadto overestimatinganthropogenic
storagein theregion. A northward transportout of the SouthernOceanthat
is too weak (dueto inadequatésopycnal mixing, too low adwection,or inad-
equateformationof SAMW or AAIW) could explain the reducedpenetration
andlow storagdn the southerrsubtropicsn themodels.

While thisintercomparisomointsto theincompleterepresentationf phys-
ical processesn the GCMs, one hasto alsotake into accountthe random
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Figure 12.  Anthropogeniccarbonconcentrationdn the oceanalongthe track shawn in the

inset. Theblackarearepresenttheoceanoor. Theanthropogenicarbonis separateérom the

naturalbackgroundoy usingthe  methodof Gruberetal. [1996] appliedto high-precision
measurementsf dissohedinorganiccarbon.Uncertaintiesn this separatiortechniqueareso

large southof S that they are shavn thereas contourlines only. Anthropogeniccarbon
haspenetratedsigni cantly belov about2000 metersof the water columnonly in the North

Atlantic, wheresurfacewaterssink directly into theabyssnotethelow SoutherrOcearnuptale.

Figure3 from Gruberand Sarmientd2002].

andsystematicerrorsassociatedvith dataestimationmethods.For example,
Coatanoaretal. [2002] shav thattwo studiesof the samelndian Oceandata
set[Sabineetal., 1998andGoyetetal., 1999]usingtwo differentmethodgthe
Gruberetal. [1996] methodanda regressiortechnique)roducedquite dif-

ferentestimategor anthropogeni€CO storageanduptale. Thereforeunder

standinguncertaintieassociatedvith thesetechniquess a muchneededstep,
and model calibrationmustbe principally donewith tracerssuchas s,
wheretheseuncertaintieglo not exist.

Sincethey entertheocearvia gasexchangeandaretransportedn theocean
aspassie andconserative tracers, shave beenproposedis“ventilation
clocks” for the oceanj.e., asindicatorsof waterageanddeepoceanventila-
tion. -11and -12 have beenproposedisanalogsf anthropogenic
CO becaus¢hey grew exponentiallyfrom 1950to 1995justasanthropogenic
CO hassincethe Industrial Revolution. s have the advantageover an-
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thropogenicCO andbomb  thatthey have nonaturalbackgroundandthey
canbe measuredvith high precisionwith extendedcoveragefrom therecent
World OceanCirculationExperiment.

A numberof studieshave used sto evaluatemodelsof the oceancir-
culation[e.qg., England 1995; Englandand Hirst, 1997, Dutay, 1998, etc.],
decadalscaleventilation characteristic§Dutay et al, 2002], and to validate
model parametrizatiorschemegRobitaille et al., 1995]. Model sensitvity
studiesin which one variesthe gasexchangeformulation or the circulation
characteristicshouldhelp us understandetterthe effect of theseprocesses
onrelationsbetweerbomb s, andanthropogeni€€O inventories.
Obsenredtracertracerrelationscould guideour choiceof appropriategasex-
changeor mixing parametrizationsand lead to signi cant modelimprove-
ment.

3. THE OCEAN CARBON CYCLE AND CLIMA TE
CHANGE

3.1 CLIMA TE RESPONSETO CO INCREASE

Simulationsof theanthropogeni€O increasén atmosphere-oceanodels
coupledwith oceanbiogeochemistrihave traditionally beendonein models
with constanibceaniccirculation,seatemperatureandbiology suchasthose
analyzedn Section2. However, all coupledclimatemodelsto datepredictthat
continousemissionof anthropogeni€€O leadto increasedadiative forcing
resultingin higherseasurfacetemperaturdSST)anda strongerhydrological
cycle, accompaniedy signi cant changesn oceancirculation and mixing
[IPCCreport,2001].

At presentthe high latitude oceanlosesheatand gainsfresh waterfrom
precipitationandrunof. In simulationsof greenhousgasforcing, increased
polewvardtransporbof moisturein theatmosphergSdiller etal., 1997]results
in increasedrecipitationin high latitudesandespeciallyin the formationre-
gion of the NADW. In somemodels this causesa fresheningof high latitude
waters[Manabeand Stoufer, 1993] and a strongdeclinein surfacedensity
particularlyin theformationregionsof NADW andAABW. At thesametime,
increasedSTfurther decreasesurfacedensity stabilizingthe uppercolumn
throughoutthe ocean(Fig. 13e). This surface stabilizationreducesvertical
mixing by attening isopycnals,anddiminishingcorvective mixing andther
mohalineoverturning.Therelative rolesof thetemperaturéncreaseandof the
surfacefresheningon surfacestabilizationremainscontroversial[Dixon etal.
1999 Mikolajewicz and Voss 2000],with somemodelsshaving thatfreshen-
ing in the North Atlantic is counteractedby advectionof high salinity waters
from thetropics[IPCCreport,2001].
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All of the above changesarelikely to resultin a modi cation of the ther
mohalinecirculation, with somemodelsindicating a reductionin the North
Atlantic maximummeridionaloverturningcirculation(a measuref the THC)
of 10%-50%following a CO increasen the atmosphereaip to theyear2100
[Manabeand Stoufer, 1993; Sto&ker and Scmittner 1997]. Most modelsso
far projectsigni cant changesn the marinecarboncycle anda reductionin
theoceaniccarbonuptale dueto all of theseprocessesyhich mayin turn ac-
celerateatmospheri€O growth [SarmientaandLe Quew, 1996;Matearand
Hirst, 1999;Coxetal., 2000].

Of someconcernis a scenaridn which the entirethermohalinecirculation
collapsesafter passinga critical threshold whenthe global atmosphericem-
peraturdhasincreasedy C [Manabeand Stoufer, 1993;Sdmittner
andStoder, 1999;Dixonetal. 1999]. Thereductionor shut-devn of the THC
leadsto a reductionin the meridionaltransportof heatin the Atlantic, anda
regional cooling which counteractshe temperaturéncrease.The meridional
distributionsof precipitationandwarming[Sdiller etal., 1997],sea-leel rise
[Knutti and Stoder, 2000], and biogeochemistryof the ocean[Joos et al.,
1999;SarmientaandLe Quel, 1996]wouldall be profoundlyaffectedby this
scenarid Stoufer andManabe 1999].

Physicalprocessesuchascorvection, diffusion andsub-gridscale(eddy)
motions,while fundamentafor calculatingthe oceanicuptale of naturaland
anthropogenicCO (Section?2), are not resolhed and are insteadparameter
ized in climate models. Climate changepredictionsdependstrongly on the
respons®f the hydrologicalcycle to warming,the parameterizatioof mixing
processeandof deepwaterformation,the vertical transportof heat,andthe
rateof temperaturéincreasd Stoker andSdmittner 1997]. Differencesn the
representationf theseprocesseandour cruderenditionof sea-iceprocesses
accounffor large uncertaintiegndintermodeldifferencesn climatewarming
simulations.

3.2 CO RESPONSETO GLOBAL WARMING

3.2.1  Oceanicfeedbacks. The continuousreleaseof anthropogenic
CO into theatmospherehangeghe physicalandbiogeochemicaproperties
of theoceansA changdn thesepropertiecouldin uence thefutureuptale of
anthropogeni€O by theoceansandtherefore CO . Thepresentsection
discussesomeof thesepropertychangeswhich canbe eitherdirectchanges
in theanthropogeniaptale itself (point 1 below), or indirectchangeshrough
alterationsof the naturalsolubility andbiological pumpsin the ocean(points
2-4). For the purposeof this paperwe de ne positive feedbackastheinterac-
tion betwenclimatechangeandthe carboncycle thatresultsin anincreasen
(6{0) andadecreasén theoceancarbonuptale.
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1. As anthropogenicCO accumulatesn the surface ocean,the carbonate
chemistryof the oceancontinuouslychanges.This processmodi es the car-
bonatebuffering andis apositive feedbaclkactingto decreas¢éheuptale capac-
ity for CO asmoreanthropogenicarbonis addedto the ocean(seeSection
2.1).

2. Thecontinuoussmissionof CO increasesadiative forcing andresultsin a
netheat ux intotheocean Gasesrelesssolublein warmerwaters.Warming
of the suriacewatersthereforeincreasesurface CO anddrivesCO out of
the ocean.This is a positive feedback;the chemicalcapacityof the oceanto
dissole anthropogeni€O decreaseasSSTrises.

3. Coupledatmosphere-oceanodelspredictincrease verticalstrati cation
anda generalwealening of the vertical componenbf isopycnal mixing and
corvective overturning. As a consequencethe amountof water submeged
from or upwelledto the surfacechanges.This slowing of vertical exchange
will alterboththe naturalcarboncycle andthe uptale of anthropogeni€O .
Modelssofar predictan overall decreasén cumulatve oceanicuptale of an-
thropogeniccarbondueto circulationchangesj.e., a positive feedback(see
Table3 anddiscussiorin this chapter).

4. Perhapghe largestunknavn andthe hardestto systematizeare changes
in the carbonuptale dueto changesn oceanbiology. The oceanbiological
pump canbe affectedby numerousclimate-relatedactorssuchas: tempera-
ture,cloudines®r light availability, nutrientavailability, oceamphysics sea-ice
coverage.In arecentstudy Falkowskiet al. [1998] pointedto threefactors,
listedbelow, thatcouldaffectthestrengthof thebiologicalpumpandtherefore
the oceaniauptale of CO . For amorecomprehense review of thesefactors
seealsothe2001IPCCreport.

= a. Changesn surfacenutrientutilizationin nutrientrich areasChanges
in the supply of iron to high nutrientlow chlorophyl[HNLC] regions
might affect the utilization of surface nutrients,therebychangingex-
portproductionandoceaniccarbonstorage Theamountof iron-bearing
dustin theatmosphereepend®n climate(precipitation wind strength,
moisture)and on the extent of dustsourceswhich could vary dueto
anthropogenicallyor climateinducedchangesn vegetationcover. In-
creasesn erosion(dueto enhancedagriculture,urbanization,conver-
sion of land for agriculturaluse)andthe hydrologicalcycle will likely
affecttransporof iron-bearingdustto theocean TegenandFung 1995;
Harrison etal., 2001]. This could changethe biological pumpstrength
and alter atmosphere-oceazarbonpartitioning. A similar mechanism
mighthave workedin thepast(seemechanisnia,Sectionl.1.1;Martin,
[1990]). Notethatsuriacenutrientavailability dependsn strati cation
andvertical mixing, which might changewith climatewarmingaswell
[Sarmientcetal., 1998].
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m b, Changesn total oceanicinventoriesof nutrientscould be triggered
by changesn the delivery of critical nutrients(N, P, Fe, Si) from ex-
ternalsourcegrivers,atmospheresedimentspr by changesn nitrogen
xation anddenitri cation rates. Theseprocessesight have occured
on glacial-integlacid time scalesand could occurin the future asin-
direct effects of climate change{Falkowskj 1998]. If Falkowski's hy-
pothesizedink betweemitrogen xation andexternaliron supplyexists
[Falkowskj 1997], the x ed nitrogeninventory dependsn the chang-
ing hydrologicalcycle, asit affectsthe availability of iron to the ocean.
Changesn strati cation and mixing with climate warming might also
affect nitrogen xation ratesandthereforethetotal nitrogeninventory

m c. Changedn the averageelementalcompositionof organic material.
Climate-relatedactorssuchastemperaturecloudinesglight availabil-
ity), sea-iceaxtent,strati cation andmixing mightaffectthestructureof
marineecosystemsA signi cant shiftin ecosystenstructureandpartic-
ularly in thecompositionof phytoplanktorspeciesouldchangehe av-
eragestrengthof the biologicalpumpandresultin amodi ed CO
[IPCCreport,2001].

Notethatmechanismsgato c) abore areanalogougo mechanismgl to 3)
proposedn Sectionl.1.lasexplanationdor glacial-integlacid CO changes.
The simpleintuition gainedfrom our threebox modelanalysisand Egs. 14
and 16 canhelp us understandow the biological pumprespondgo climate
change.

Modeling studiesof future climate have so far investigatedonly someof
the feedbackmechanismslescribedabore. Recentstudiesthatlooked at the
feedbackbetweenclimate changeand oceanuptale include Maier-Reimeret
al. [1996], Sarmientcand Le Quele [1996], Sarmientcet al. [1998], Matear
andHirst[1999],Joosetal. [1999], Coxetal. [2000]. All of thesestudiegper
formedandintercomparedwo typesof runs: climatecontrolrunsandglobal
warmingruns.A constantlimatecontrolrun x esCO andothergreenhouse
gasesat their pre-industriaivalues. Globalwarmingsimulationsare basecon
prescribedncreasef CO andothergreenhousgasesnto the future (so-
called“emissionscenarios”).

Sarmientcand Le Quele [1996] and Sarmientcet al. [1998] coupledtheir
ocean-carbomodelto the Princeton/GFDLlatmosphere-oceartimatemodel.
Theirdiagnostianarinebiologicalmodelincludeshiologicalpumpparametriza-
tionsandthefull carbonsystemequationsandis coupledwith x ed biolog-
ical export ux es. The Joosetal. [1999] modelis highly idealizedin thatit
usesa zonally averagedoceanmodel coupledto an atmospherienegy bal-
ancemodel,andasimpli ed marinebiologicalmodel. Themodelaccountgor
the potentialfertilization of land by elevatedCO . Matear and Hirst [1999]
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performedsimulationsin a coupledatmosphere-oceariimate modelsimilar
to Sarmientoet al. [1998]. However, this study usesthe Gent-McWilliams
eddy mixing parametrizationin the oceananda prognosticparameterization
of exportproduction.Thesetwo factorshave the potentialto signi cantly alter
thefeedbackdetweerclimatechangeandoceanicCO uptale. Resultsfrom
thesethreestudiesaresummarizedn Table3 andaredescribedelow.

Table3. Theresponsef oceanicCO uptale to climate-inducedeedbacksn threestudies
discussedn thetext. Climatebaselinerefersto simulationswith anthropogeni€O emissions
but preindustrialoceantemperaturend circulation. Percentthangegeferto uptale changes
for the climate simulation-basedon the IPCC 1S92ascenario+elative to the climatebaseline.
Warmingandcirculationeffectsarechangesiueto warmingandvariationin transporprocesses
in the absenceof the biological pump. “Total effect” is the uptale changewhenall climate
feedbacksrepresent;total uptale” is thecumulatve ocearuptale for amodelwhichincludes
all feedbacksNote thatdecreasem oceancarbonuptale (i.e., negative numbersn thetable)
correspondo positive feedbackselatveto CO . Sarmientoetal. x biological export
ux eswhile the othertwo studiesusevariable export ux es. Jooset al. usea simpli ed,
2D ocearmodelcoupledto anatmospherienegy balancamodel;the othertwo studiesuse3D
coupledatmosphere-oced®CMs. Warmingandcirculationtendto decreas¢éheoceaniaiptale
of CO , with circulationhaving a larger effect later on in the century while biology increases
theuptale of CO .

Responsef OceanidJptake to climate-induceaceanfeedbacks

Sarmientcetal. ['98] | MatearandHirst['99] | Joosetal. ['99]

Time Span 1990-2065 1850-2100 1765-2100
ClimateBaseling(PgC) 289 402 530
WarmingEffect -11.4% -11.9% -12.8%
CirculationEffect -21.8% -10.2% -2.8%
Biological Effect +23.9% +8.2% +6.2%
Total Effect -9.3% -13.9% -9.4%
Total Uptale (PgC) 262 346 480

In thecontext of modellingstudiesthe Solubility feedbackis de ned asthe
interactionbetweerclimate changeandthe oceancarbonuptale in a solubil-
ity only climatechangescenario.ln the absencef biology, avaryingclimate
affectsoceanicCO uptale through(a) temperature@r heat ux changeg4SST
feedback)and (b) changesn strati cation and convection (circulation feed-
back).Notethatthesearepreciselymechanism& and3 from the beginning of
thissection.Thetemperaturandcirculationeffectson CO uptale canbesep-
aratedfrom eachotherby assuminghatthey arelinearly independent,e. by
neglectingnonlinearitiesof the carbonateehemistry The climatesimulations
arethereforerunin two separat@bioticmodelsin which eitherthe circulation
or the seasurfacetemperaturarekeptconstant.
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UnderglobalwarmingconditionsjncreasingsSTscauseareductionin sol-
ubility, whichdrivesCO outof theocearanddecreasethenetcapacityof the
ocearnfor takingup CO . Modelsalsopredictanincreasdn upperwatercol-
umn strati cation anda decreasén high latitude corvective overturningwith
climatewarming(Fig 13 e andd, respectirely). Overall decreases convec-
tion and THC resultin lesscommunicatiorbetweerdeepandsurfacewaters.
Thisresultsin awealer solubility pumpin high latitudes,i.e., lesslossof heat
to theatmospherandlessCO ux into the high latitudeocean.

Climate warming simulationsperformedwith abiotic modelscon rm that
the SSTfeedbackandthe circulationfeedbackareboth positive feedback®n

(6{0)] which contritute to a decreasén the net uptale of excessCO hy
the ocean(Table 3). In the Sarmientoet al. [1998] abiotic simulations,the
SSTfeedbackaccountdor 82% of the decreasén cumulatve uptale in CO
earlyin thesimulation(years1765-1990)while transporiprocessetake over
lateronin thesimulations.From1990to 2065,the slow-down of oceancircu-
lation processeaccountdor about66% of the decreases cumulatve ocean
uptale, with temperaturéncreaseaccountingor theremaining34%. Thein-
clusionof the Gent-McWilliams eddy-adectionschemas hypothesizedo re-
ducetheimportanceof corvectionin the SoutherrDcearandseemsdo account
for the smallereffect of the circulationfeedbackof 10.2%in the Matear and
Hirst study(Table3). Thesmallcirculationfeedbackof Joosetal. is dif cult
to evaluate,sincethis study usesa highly simpli ed, two dimensionalbcean
model.

Biological feedbackis the interactionbetweerclimate changeandthe up-
take of CO dueto biologicalmechanismsasdescribedy mechanismg a-c
in this chapter

The biological modelsusedin the global climate changestudiespresented
above are highly simpli ed; mostof themonly allow for simple changesn
surfacenutrientavailability with climatechangegmechanisnéa). Theresult-
ing biologicalfeedbacksrenecessarilyentatve parameterizationsf thereal
processesccuringin nature.ln the context of our modelsthe biologicalfeed-
backis dictatedonly by changesn verticalstrati cation andthethermohaline
circulation. Thesemodify the amountof and nutrientsbroughtfrom
depthby the overturningcirculation, altering the strengthof the naturalbio-
logical pumpandthe CO partitioningbetweenoceanandatmosphereNote
that currentthinking holdsthat at currentCO levels, increasingCO in the
oceanby anthropogeni@additiondoesnot directly affect biological processes
in theoceanmodelingstudiessofar have beenbasedn this premise.

Sarmientcet al. [1998] usea constant-biotanodelwhich x esthe export
andproductionattheirinitial values.Theexceptionareareasvherephosphate
becomeslepletedat the surface;here,productionis setto zero. In this simple
model,increasedtrati cationandslower circulation(Fig. 13eandd) lowerthe
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upwardsupplyof deepcarbonandnutrientsto theeuphoticzone. TheSouthern
Ocearis aregion wheredeepmixing ensuresommunicatiorbetweersurface
anddeepwatersby outcroppingisopycnals. A attening of isopycnalsanda
decreasén verticalmixing with climatewarmingreduceshe communication
betweerdeepwaters(rich in andPO ) andsurfacewaters(poorin
andPO ) and,in amodelwherebiologicaluptale is x edatits pre-industrial
value,resultsin a decreasén surface-vater PO (Fig 13f) andaccumulation
of excess in the deep. The biological pump becomeamore effective
especiallyin the SouthermOceanasre ectedby thelarge ux of CO intothe
region. Thenetchangedueto thebiologicalpumpis a24%increasen oceanic
uptale of CO (Table3). Figure 13b provides an interestingcounterparto
Figure 8 and model studieswhich shav that the SouthernOceanbiological
pump reactsmore strongly to nutrientdepletionexperimentsthan ary other
region of theocean(seeSectionl.2).

Theabore mechanisnis equivalentto mechanisnmibin Sectionl.1.1.The
neteffect of increasedtrati cation anddecrease@outhernrOceancorvective
mixing in a3 box modelis adecreasén . Whenbiologicalexport ux es
are x ed,adecreasén resultsin adecreasén preformechutrientsPO |, in
agreementvith Eq. 15. Theresultingdepletionof nutrientsactsto increasdhe
biological pumpstrengthandthe oceanicuptale of CO asshavn by Eq. 14
andFigures4 and8.

Notethatthestrengthof the biologicalfeedbackdepend®n boththe physi-
calandthebiologicalmodelsbeingused,.e. onthespeci cationof and
in our model. Joosetal. [1999] comparetheir standardorognostidhiological
model, whereexport ux esare allowed to changein responseo climate,to
a constaniexport productionmodel. Table 3 presentsesultsfrom their prog-
nostic biological modelruns. In this model increasedstrati cation and the
resultingsurface nutrientdepletiondecreasesxport production. This effect
works againstthe decreasén surface nutrientsupply andtendsto make the
biologicalpumplessefcient. While the overall effectin the Joosetal. prog-
nosticmodelis still anincreasdn the oceanicuptale of CO , thisincreasds
smallercomparedo aconstanexportproductionrmodelsuchasthatemploed
by Sarmientcetal. [1998].

Finally, theinclusionof the Gent-McWilliams parametrizatiorof the eddy
effects[Gentetal., 1995]by Matearand Hirst [1999] resultsin a smallerin-
creasdn strati cation with climate change. This thenresultsin lessnutrient
depletionandthereforea smallerincreasean the oceanicuptale of CO com-
paredto Sarmientoet al. [1998]. For eachof the abore modelstudies,the
negative biological feedbackgartially cancelout the positive solubility feed-
backson the oceanicuptale. The neteffect of including climatechangeis a
decreasén theoceaniauptale of CO .
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Figure 13.  Figure2 from Sarmientoet al. [1998] shaving the PrincetonGCM responsdo
anthropogeniclimatewarming. Zonalintegralsfor the decade2056-650f: a. the changein
air-seaCO ux es(positive for oceanuptale) dueto warmingandchangesn oceantransport
estimatedy thedifferencebetweerthesolubility Globalwarming(GW) andsolubility baseline
(Pg/dgreelyr);b. thechangedn air-seaCO ux esdueto thebiologicalpumpcalculatedasthe
differencebetweenthe constant-biotaGW andthe constantbiota baselineairrseaCO ux es,
afterremoving thechangesiueto warmingandtranspor{Pg/dgree/yr);c. GW minusbaseline
heat ux esin W/m; d. GW minusbaselineof theconvectionindex; e. Solidline: changen total
surfacedensity(GW minuscontrol)in kg/m ; dashedand dottedlines shav densitychanges
dueto temperatureandsalinity, respectiely. f. Constanthiota GW minusct. biotabaseline
surfacePO in mmol/m . Dottedline is the negative of baselinePO .

More recently Boppetal. [2001] investigatedhe responsef marinepro-
ductiity to climatechangeausingtwo differentocearbiogeochemicadchemes.
The rst links marine export productionto phosphateutilization at the sur
face,temperatureand light intensity but, just like the schemesabore, does
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notincludeexplicit biology. Theseconds anNPZD (nutrient-phytoplarton-
zooplankton-detrits) type modelin which phytoplanktorgronth dependn
thelocal conditionsof light, temperatureandverticaleddydiffusion.

Interestinglyincreasedtrati cation associateavith climatewarmingleads
to bothreducednutrientsupply asin previous studies,andto increasedight
supplyin thenow thinnermixedlayer Reducedutrientsupplymainlyin win-
tertimecausesa decreasén the biological production.Increasedight supply
in thenow morestronglystrati ed high latitudesgiveslongergrowing seasons
in theseareasandan overall polevard shift in oceanicbiological production.
Boppetal. nd thatthe effect of increasedight supply prevails in high lati-
tudes,while the effect of reducedupwelling of nutrientsis mostimportantin
low latitudes.As aresultexport productionincreasedy 30%in highlatitudes
anddecreaseby 20%in low latitudesfor adoublingof atmospheri€O . The
overall effectis a modestdecreasén export productionof 6%, similar to the
decreasén export productionfound by Jooset al. [1999]. Onewould expect
thatthehigh latitudeincreasen biologicalproductionwill dominate resulting
in anetincreasan oceanicCO uptale.

Theresponsef biology to climatechangeandits feedbackon the system
is highly dependentn the modelbeingused(Table3). TheBoppetal. study
makesthepointthatproductionandsurfacenutrientconcentratiomlependna
varietyof mechanismsuchaslight availability andtrophicinteractionswhich
needto be includedin future climate feedbackstudies. A naturalnext step
in modeldevelopmentwould thenbe to replacethe nutrientbasedbiological
modelswith more comple, ecosystendynamics(NPZD) type modelsasin
the studiesof Coxetal. [2000] andFriedlingsteinetal. [2001].

4. SUMMARY

This chapterfocuseson understandinghe mechanismsesponsibldor the
oceanicuptale of carbon. The oceanicuptale of naturalCO is determined
by the carbonpump,which is the sumof the biologicaland solubility carbon
pumps(Sectionl). The gradientbetweerthe surfaceandthedeepocean
provesto be a goodmetricfor the strengthof the carbonpumps. Simplebox
modelscanhelpusunderstandhe basicmechanismsinderlyingthe variation
of atmospheric CO betweenglacialsand intemglacialsandthe relationship
betweerthe biological pumpstrengthand preformednutrients,oceaniccircu-
lation,andgasexchanggSectionl.1).

One of the mostimportantproblemsof carboncycle researclis to deter
minewhereall the anthropogenicarbonaddedto the oceanss going. While
Sectionl analyzeghe steadystateoceanicuptale, Section2 studiesthetran-
sientproblem,i.e., the behaior of the oceanicuptale andthe corresponding
atmosphericesponsdo anthropogeni€CO perturbations.The uptale of ex-
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cesscarboncanbe characterizedsa sumof decayingexponentialfunctions
with time scales characteristidor differentoceanicprocesseandwith co-
ef cients relatedto therelatve capacitie®f thereseroirs lled upwith CO
atrates . Mixing betweensuriaceand deepwatersdetermineghe rate at
whichthesereserwirs arebeing lled up. Differencesn corvective mixing or
isocpycnal mixing arethuspartly responsibldor differencesn carbonuptale
betweerdifferentmodels.

Model studiessuggesthat the SouthernOceanplaysa critical role in the
uptale of anthropogeni€O from theatmospher¢Figuresll and12)andin
the feedbackprocessebetweenhe oceaniccarboncycle andclimatechange
(Figure13). Changesn oceanicSST, circulation, mixing, gasexchangefol-
lowing climatewarmingwill resultin changef the naturalbiological and
solubility pumpsin theoceanwhichwill in uence in theirturnthefurtherup-
take of carbonby the ocean.In particular GCM studiessuggesthat climate
warmingresultsin increasedstrati cation, a decreasén the vertical compo-
nentof isopycnalmixing andadecreas@n convective overturningprimarily in
the SoutherrOcean.

Theresultingdecreasén preformednutrientssuggestsa strengtheningf
thebiologicalpumpandthereforeanincreasean thebiologicaluptake of CO .
At thesametime, decreasindiigh latitudecorvectionresultsin reduceduptale
by the solubility pumpin the high latitude ocean. Finally, increasingSSTs
causean additionalreductionin the solubility pump, driving CO out of the
ocean. The solubility effects win over the biological effects. Accordingto
the mostrecentmodelsavailable,in the net, climate warming decreaseghe
capacityof the oceanfor further carbonuptale andthusrepresents positive
feedbackon the atmosphericarbondioxide. This result,aswell asthelarge
uncertaintyassociatedvith it, shouldraiseared ag andstimulatescientists
to improve both modelsandtheoryin orderto betterunderstandaturaland
anthropogeni€O uptale by theocean.
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