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INTR ODUCTION

Typicalgasessuchasoxygentendto bedistributedmostlyin theatmosphere
(99.4%)and lessso in the ocean(0.6%). Carbondioxide is vastly different
from suchgases,with 98.5%of thepre-industrialCO� in theoceanandonly
1.5% in the atmosphere.The reasonthat CO� is found preferentiallyin the
oceanis becauseof its highsolubility (thirty timesthatof oxygen)andbecause
of thehydrolysisreactionit undergoesto form carbonateandbicarbonateions.
Theoceaniccarboninventoryof totaldissolvedinorganiccarbon(

�����

) is also
in�uencedby acombinationof biologicallymediatedprocesses(thebiological
pump)andphysicalandchemicalprocesses(the solubility pump). Both the
biologicalandsolubility pumpscontribute to a higherconcentrationof

�����

in the deepocean,which reducesatmosphericCO� relative to what it would
beotherwise.

The fact that the largestpart of the total carboninventory is in the ocean
suggeststhattheoceanexertsadominantcontrolonatmosphericCO� . Section
1 introducesthecarbonpumpsandtheir role in modulating� CO���
	�� on the
glacial-interglacial time scale.

Humanactivitiessuchasfossil fuel burning,productionof cement,andland
usechange(e.g.,tropicaldeforestation,landconversionfor crops)have led to
an increasein emissionsof carbondioxide, threequartersof which is dueto
fossil fuel burning.As aconsequence,thepartialpressureof carbondioxidein
theatmospherehasincreasedfrom 280
 10 ppmbeforethe industrialrevolu-
tion to 373ppmin 2002,thehighestCO� level recordedin thepast20million
years.This spectacularincreaseis similar to thechangethatoccuredin going
from glacial to interglacial periods. However, the presentincreasehashap-
penedwithin lessthan200years,while glacial-interglacial variationsoccured
ona time scaleof thousandsof years.
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Mostof theincreasein radiative trappingsincepreindustrialtimeshasbeen
attributed to anthropogenicCO� , with a smalleramountdueto methane,ni-
trousoxide,chloro�uorocarbons, andotheranthropogenicgasesandaerosols.
Sinceonly theanthropogenicCO� which staysin theatmosphereaddsto the
greenhouseeffect, it is critical that we quantify the amountof CO� taken up
by oceanandland. Section2 discussesthemechanismsbehindtheuptake of
anthropogenicCO� by theoceansandillustratesthemwith resultsfrom ocean
generalcirculationmodels(GCMs)andobservations.

Anthropogenicallyinducedincreasesin carbondioxide and other atmo-
sphericgasesresult in an increasein direct trappingof long wave radiation
emittedfrom Earth's surfaceandhave mostlikely led to climatechangeand
global warming (IPCC Report,2001). The resultingchangesin the ocean
physicsandbiologywill modify thebiologicalandsolubility pumps,which in
turnwill affect theoceaniccarbonuptake. Thecomplex feedbackmechanisms
betweenclimatechangeandoceancarbonuptake arediscussedin Section3.

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

CO� not only dissolvesin waterbut alsoreactswith it to form bicarbonate
(HCO��� ) andcarbonate(CO�

�

� ) ions. The total dissolved inorganiccarbon
(

�����

) is thus
�������������
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wherethefractionalcontributionsof thethreespeciesfor averagesurfaceocean
waterare0.5%,88.9%and10.9%,respectively. Total alkalinity ( "$#&% ) can
bede�ned from astatementof chargebalanceof theoceanandis well approx-
imatedby:
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;

� is theconcentrationof theborateion andthefractionalcon-
tributionsof the �rst threespeciesare76.8%,18.8%,and4.2%,respectively.
Observationsshow that

�����

variesin theoceanfrom asurfacevalueof about
1970umol/kg to deepvaluesof 2280umol/kg, while "'#(% increasesfrom
about2280umol/kg at the surfaceto 2350umol/kg at depth. What are the
processesthat maintainthesegradientsagainstthe homogenizingtendencies
of oceanictransportandmixing ? What determinesthe complex featuresof
pre-anthropogenicair-seaCO� �ux es? Themechanismsresponsiblefor all of
theabove arethebiologicalandsolubility pumps.

Dissolvedinorganicchemicalssuchas
�����

andphosphate(PO; ) arecon-
sumedby photosynthesisat theoceansurface,andtransportedassinkingpar-
ticlesor asdissolvedorganicmatterto thedeepocean.Remineralizationcon-
vertsorganicmatterback into dissolved inorganicmatterdeepin the ocean.
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This biologicalprocess,calledthesoft-tissuepump [Volk andHoffert, 1985],
leadsto a net transportof inorganic carbonfrom surfaceto depth. Another
mechanismimportantin theoceanis the formationanddissolutionof calcite
andaragoniteassociatedwith coccolithophorids andforaminifera:

Ca
�

>

� CO
�

�

�ON

CaCO��P (3)

Equations1 and2 show thattheformationof mineralcalciumcarbonateshells
atthesunlitsurfaceisassociatedwith adecreasein both

�Q���

and"$#&% , while
dissolutionof CaCO� shellsdeeperin thewatercolumnresultsin anincrease
in

�����

and "$#&% . Dueto thedoublechargeof thecarbonateion, theforma-
tion anddissolutionof calciumcarbonatechanges"$#&% twice asmuchasit
changes

�����

. Theneteffect is thereforeatransferof "'#(% and
�����

to depth
in a 2:1 ratio,a processcalledthecarbonatepump [Volk andHoffert, 1985].
Thesoft-tissueandcarbonatepumpsaddup to thefull biological pump.

Carbondioxide is moresolublein cold waterthanin warm water. Colder
deepwatersare thereforeexpectedto hold more

�����

thanwarmersurface
waters. Both the North Atlantic and the SouthernOceanare areasof deep
waterformation.Here,cold high latitudesurfacewatersrich in

�����

aresub-
mergedto thedeepcreatingtheAntarcticbottomwater(AABW) andtheNorth
Atlantic Deepwater(NADW). TheNADW penetratessouthwardatdepthsbe-
tween1500m and2500m, asan essentialpart of the oceanicthermohaline
circulation(THC). TheAABW penetratesto thenorthalongthebottomin all
oceanbasins.This circulationpatternresultsalsoin a net increasein

�����

at
depthrelative to thesurface. Thenet transportof carbonfrom thesurfaceof
theoceanto thedeepwhich is dueto temperatureandsalinity effectsonly is
calledthesolubility pump. We will show thatthe

�����

gradientbetweenthe
surfaceanddeepoceanin theabsenceof biologyis indicativeof thestrengthof
thesolubility pump. Simpleboxmodelsshow thatwithout thebiologicaland
solubility pumps,� CO�L�
	�� would increaseto R 420ppm,50%higherthanits
pre-industrialvalue[Marinov etal., in prep.].

1.1 THE REPRESENTATION OF OCEANIC CARBON
PUMPSIN BOX MODELS

Using thesimplestrepresentationof the biologicalpumpin the context of
a two box modelof the oceanwith a surfaceanda deepbox (Figure1), the
equationfor thedeepoceanbalanceof PO; canbewrittenas:

SGTVUXW

�

;

T

U

B

�ZY

/

2

W

�

;L[
<

W

�

;]\

7

�_^�`ba:c (4)

where
Y

is a vertical exchangerate in m � /s, PO;�d andPO;

T

arethe surface
and deepphosphateconcentrationsin mol/m� , and

SGT

is the volume of the
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Figure1. Thetwo-boxmodelrepresentationof theoceanicbiogeochemicalloop. egf and e0h

aresurfaceanddeepconcentrations,respectively. i (mol/yr) is thebiological pump,while j

( k$l /yr) is theverticalexchangeratebetweenthereservoirs.

deepoceanin m� . Thenetbiologicalexport productionis representedby the
sinkingparticleanddissolved organicmatter�ux ^6`�amc measuredin mol/sof
PO; . Here,thetimerateof changeof deepPO; dependsonthesurfaceto deep
concentrationdifference,which increasesasmoreorganicmatterfalls to the
deepandgetsremineralizedbackinto inorganicPO; . Biological production
consumesPO; and

�����

, andproducesO� at thesurface.In theinteriorof the
ocean,organicmatterremineralizationconsumesO � , andproducesinorganic
PO; and

�����

. All theseprocessestendto occurin constant“stoichiometric”
ratiosof C:P:O�

�onKnqpsrgntr

<
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[AndersonandSarmiento, 1994]. Writing
Eq.4 atsteadystatefor O� , PO; and
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whereH
‚0ƒ ` is thestoichiometricratio of total carbonto phosphate,which also

takesinto accountthecarbonin CaCO
�
. Pluggingin meanoceanvaluesof 234
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Figure 2. Observedannualmeansurfacephosphateat theoceansurface,in umol/kg. From
NOAA NESDIS[1994].

mmol/m� for O�
d , 2.1mmol/m� for PO;

T

and0 mmol/m� for PO;]d , andusing
H�a:z=ƒ ` = - 170 [Anderson and Sarmiento, 1994] yields anoxic bottom waters
with oxygenconcentrationsof -123 mmol/m� . This result is clearly wrong.
Oceandatashow deepoxygenconcentrationsaround170 mmol/m� . Where
doesthetwo boxmodelgo wrong?

The limitation of the two box model is relatedto the fact that most wa-
ter thatparticipatesin theformationof deepwateroriginatesin smallsurface
regions of the high latitudesand thereforehaspropertiesdifferent from the
global surfacemean. In particular, high latitudewatersarecharacterizedby
cold temperaturesresultingin higherthanaverageO � andinef�cient biology
resultingin largequantitiesof unutilizednutrients(1.3mmol/m� of PO; ), also
calledpreformed nutrients. Figure2 shows that nutrientsin high latitudes
aremuchhigherthanaveragelow latitudenutrients.Becauseof thelargescale
oceanthermohalinecirculation(THC), averagenutrientconcentrationsof the
high latitude surfacewatersfeedingthe deepoceanprovide more appropri-
atevaluesfor theabove problem. We modify our modelto accountfor polar
surfacewatersby including a third, high latitudebox in our calculation,as
shown in Figure3. The atmosphereis representedby a singlebox with uni-
form � CO���
	�� of 280ppm. Thesteady-statebalancefor O � , PO; , and

�Q���

in thedeepboxbecomes:
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Figure 3. The three-boxmodelof SarmientoandToggweiler [1984]. Box h representsthe
surfacepolaroceanof both hemispheres,box l the low andmid latitudesurfaceocean,box d
thedeepocean.Photosynthesisconvertsphosphateinto sinkingparticles,with i|Œ and iŽ• the
measureof this export production. • is the unidirectionalthermohalineoverturningcircula-
tion representedasan advectionprocess,while • is a diffusive mixing term. Both high and
low latitudesexchangeCO

z

with theatmosphere(not shown). Similar modelswereproposed
independentlyby KnoxandMc Elroy [1984]andSiegenthalerandWenk[1984].
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whereD and “ representthehighandlow latitudeboxes,respectively. Notethat
in thismodel,exportproductionincludesbothlow ( ^”‹ ) andhigh latitude( ^+„ )
production.Here,

…

(m� /s) representstheconveyor belt circulation,anadvec-
tion processwhich moves waterup from the deepbox into the low latitude
surface,poleward to high latitudesandbackto the deepbox. The diffusion
term ‡ (m� /s) mixesdeepandhigh latitudesurfacewaters.Equations7 and8
give:
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closeto theobservedvalueof deepoxygen.This resultcon�rms theintuition
gainedfrom ouranalysisof thefailureof thetwo boxmodel.

The low andhigh latitude � CO� concentrationsareconnectedthroughgas
exchangewith the atmosphere.The steadystatebalancein the low latitude
surfacebox takesinto accountthisgasexchange:

2

W

�

;

T

<

W

�

;�‹

7

/

… �

^'‹ (11)
2{�Q���•T

<

�����

‹

7

/

…

�‘¡�‹£¢G‹

"

‹V/

2

�

���

�L�
<

�

���

�
‹

7&�

H
‚0ƒ `

/I^'‹¤ (12)
¡L‹�¢G‹

"

‹b/

2

�

���

�L�'<

�

���

�
‹

7|�

¡L„™¢G„

"

„+/

2

�

���

�
„�<

�

���

�]�

7

(13)



THEROLEOF THEOCEANSIN THEGLOBAL CARBONCYCLE 257

Here, ¡L‹ and ¡L„ aregasexchangerates(m/s)representative of thelow andhigh
latitudes,respectively; "

‹ , "

„ areoceanareas(m
�

) effectively exposedto gas
exchange;and ¢0‹ , ¢G„ aresolubilitiesof CO� (mol/(m�

/¦¥ atm)),which depend
on local temperatureandsalinity.

In thecourseof thischapterwewill exploredifferentwaysof measuringthe
strengthof the biologicalpump. Perhapsthe simplestway of thinking about
thestrengthof thebiologicalpumpis asthe

�����

gradientbetweendeepocean
andthehigh latitudebox. CombiningEqs.7 and9 gives:
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Thetotalstrengthof thecarbonpumphasasigni�cant impacton � CO���
	�� ,
by determininghow muchcarbonis storedin the deepoceanrelative to the
surfaceoceanandtheatmosphere.An increasein thecarbonpumpmeansthat
morecarbonis sequesteredin thedeepoceanwhich will decrease� CO���
	�� .
Concretely, weseethatadecreasein PO;]„ , anincreasein PO;

T

or anincrease
in H�‚mƒ ` in Eq.14 increasethebiologicalpumpstrength

������T

<

�����

„ . Since
thedeepoceanis ahugereservoir,

������T

is dif�cult to change.An increasein
�Q���•T

<

�����

„ thereforeimpliesa reductionin
�Q���

„ andthusa decreasein
� CO�

„ , whichallows moreatmosphericCO� drawdown.
SincePO;

T

is basicallysetby thetotalamountof PO; in thesystem,which
is assumedconstantfor ourpurpose,Eq.14 tells usthatthestrengthof thebi-
ologicalpumpis directly relatedto theamountof PO; thatgoesunutilizedin
thehigh latitudes,i.e., thepreformed phosphate(PO;]„ ). A decreasein pre-
formednutrientsstrengthensthebiologicalpump;themaximumpumpstrength
is achievedwhenpreformedPO; is zeroasin the2 BM. It is clearnow thatthe
anoxicbottomwatersin the2 BM aredueto anunrealisticallystrongbiologi-
cal pump.Usinga preformedvalueof 1.3mmol/m� in a 3 BM yieldsa lower
biologicalpumpanda realisticbottomoxygen(Eq. 10). Equations7 and11
yield anexpressionfor PO;]„ :
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In comparisonto thetwo box modelwheresurfacenutrientsare�x ed(Eq.5),
changesin

…

, ‡ and ^+„ canchangethepreformednutrientconcentration,the
strengthof the biological pump and therefore� CO���
	�� . Theseparameters
conferuponthe threebox modeladditionaldegreesof freedomcomparedto
thetwo boxmodel,allowing thecarboncycle to respondto glacial-interglacial
changes.

1.1.1 The biological pump: glacial-interglacial changes. Oneof the
mostinterestingproblemsin thestudyof climateis theattemptto understand
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theglacial-interglacial cycles,characterizedby signi�cant - about80ppm-and
fairly regular variationsof atmosphericCO� , asseenin the Vostok ice core
[Petit et al., 1999].

SarmientoandToggweiler [1984],KnoxandMc Elroy [1984], andSiegen-
thaler andWenk[1984] usedsimplebox modelsin an attemptto explain the
decreasein � CO���=	�� in glacialtimescomparedto interglacials.Sincechanges
in thesolubility pumpdueto coldertemperaturesaccountfor only 25%of the
80 ppm drop during eachof the glacial periods[Bacastow, 1996] andmuch
of this is compensatedby a correspondingsalinity increase[Broecker, 1982],
it hasbeensuggestedthat an increasedbiological pumpstrengthplayedthe
principal role in lowering � CO���=	�� in glacial times[e.g.,SigmanandBoyle,
2000]. Equations14 and15 allow many alternativesfor achieving anincrease
in biologicalpumpstrengthduringglacialtimes,aslistedbelow:

1.) SarmientoandToggweiler[1984],KnoxandMcElroy[1984]andSiegen-
thaler and Wenk[1984] proposedthat a decreasein preformedhigh latitude
phosphateoccuredduring glacial times. Accordingto Eq. 14 this would re-
sult in a strongerbiological pumpwhich sequestersmorecarbonin the deep
oceananddraws moreatmosphericCO� into the ocean.But why shouldwe
expecta decreasein high latitudesurfacenutrientsduringglacialtimes? Two
separatemechanismscouldberesponsiblefor increasedutilizationof available
nutrientsduringglacials.

1a.) An increasein the downward organic �ux ^6„ would increasePO;L„

accordingto Eq.15. Toggweileretal. [Part 2, 2003]illustratethismechanism
in Figure4 wherea ten fold increasein ^6„ morethandoublesthesurfaceto
deep

�����

gradient.Themaximumstrengthof thebiologicalpumpis achieved
when W

�

;�„

�

W

�

;]‹

��u

and ‡

��u

, i.e.,whenthethreeboxmodelbecomes
a two box model. An explanationoffered for the increasesin high latitude
productivity during glacial timesis theMartin et al. [1990] iron fertilization
mechanism.Iron concentrationis relatively low in theocean,andparticularly
scarcein certainnutrient rich areas(so-calledhigh nutrient low chlorophyll
or HNLC regions)suchasthe SouthernOcean.Martin et al. proposedthat
thegrowth of SouthernOceanphytoplanktonis physiologicallylimited by the
lack of iron in thepresentclimate. Due to colder, drier, andwindier climate,
theatmospheretransportedmuchmoreiron-bearingdustto theoceansduring
thelastglacialmaximum.Thisadditionof solubleiron to theSouthernOcean
might have increasedphotosyntheticuptake of CO� and nutrientsfrom the
surfaceocean,thusincreasingCO� uptake duringglacials.

1b.). Anotherpossibleexplanationfor the low PO;L„ stemmingfrom the
original BM analysesis an increasein polar strati�cation and the resulting
reductionin SouthernOceanconvective mixing ‡ duringglacial times. Con-
sidera model in which solubility effectsdueto varying surfacetemperature
andsalinity areneglected.In sucha modelthegasexchangeanddistribution
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of CO� is dueonly to biology and ‡ mixeshigh latitudesurfacewaterswith
deepwatersrich in

�Q���

andnutrients.Due to insuf�cient biologicaluptake
relative to theverticalsupplyof carbonin thehigh latitudes,carbonstoredin
the deepoceanis thusoutgassedto the atmospherethroughthe high latitude
surfacebox. A decreasein ‡ duringglacialtimeswould thereforeactasa cap
on thebiologicaloutgassingof CO� to theatmospherein high latitudes.More
CO� would stayin the oceanandatmosphericCO� concentrationwould de-
crease.This mechanismwassystematicallyanalyzedby Toggweiler [1999] in
thecontext of 3, 4, 6, and7 boxmodels.

2.) Another possiblemechanismfor lowering � CO���
	�� stemmingfrom
Eq. 14 is to changethe total oceanicinventoryof

�Q���

andtherefore
�����$T

,
which couldbefeasibleby changingthetotal carboninventoryin landplants.
Shackellton [1977]shows,however, thatthismechanismworksin theopposite
direction. Broecker [1982] suggestedthat a changein the deepoceaninven-
tory of PO; dueto PO; dissolutionfrom exposedshelveswasresponsiblefor
theobservedglacial-interglacial differencein � CO���
	�� . This mechanismwas
however shown to result in a delayof the CO� changewell beyond what is
observedin trappedair-bubblesin icecores[SigmanandBoyle, 2000].

Otherscontendthat �x ednitrogenratherthanphosphoruslimits thenetef-
fect of the biologicalCO� pumpon geologictimescalesandthat the ratio of
N �xation/ denitri�cation plays a key role in establishingatmosphericCO�

[McElroy, 1983;Falkowski, 1997].Nitrogenis involvedin photosynthesisand
remineralizationjust like phosphorus.Additionally, bio-availableoceanicni-
trogenis suppliedthroughriver input, rain, and in situ �xation, and is lost
from the oceanthroughdenitri�cation. If nitrogenlimits biological produc-
tion, anincreasein its oceanicinventoryduringglacialtimeswouldhavestim-
ulatedtheproductionof phytoplankton,contributing to theobserveddecrease
in � CO���
	�� . This couldhave beenbroughtaboutby a declinein denitri�ca-
tion duringglacials[Ganeshram et al., 2002], increasedcontinentalweather-
ing, or enhancementof nitrogen�xation by increasedaeolian�ux esof iron
[Falkowski, 1997].

3.) It is possiblethat physicalprocessessuchasstrati�cation andmixing
dictateecosystemstructure.Sincesomespeciesdo betterin certainenviron-
mentsthanothers,the bulk stoichiometricratio of carbonto phosphateH�‚0ƒ `

might changeif we alter the physicsof the environment, thuschangingthe
biological pump(Eq. 14). At the sametime we notethat the stoichiometric
coef�cient H™‚0ƒ ` dependson the fraction of biological productiongoing into
theformationof CaCO

�
, which might have changedbetweenglacialsandin-

terglacials. Mechanismsbasedon changesin thecarbonatecycle might have
playedsomepart in the glacial-integlacial changesin biologicalpump; these
arediscussedby ArcherandMaier-Reimer[1994].
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h•¬
©›ªqem• (hereTCO

z

d - TCO
z

l) for � ve solutionsof a soft-tissueonly model.Standard
simulationshave • =20 Sv and •�Œ

h =60 Sv ( • in this paper).PO
c

• is setto zero. Thetop two
panelsgiveresultsfrom the3BM with normalandfastgasexchange;thebottomtwo panelsgive
resultsfrom a tenfold increasein exportproduction,PŒ ( i•Œ in this text). Totalamountof CO

z

in normalgasexchangemodels(panels1, 3, 4) is keptconstantto theamountgivenin panel1;
total amountof CO

z

in fastgasexchangemodels(panels2, 5) is kept constantto theamount
given in panel2. An increasein export productionor a decreasein gasexchangeincreasethe
biological pumpstrength,asmeasuredby the ©›ªqe gradientsin italics, andasshown in our
analysisin Section2.1.
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1.1.2 The biological pump: the effectof surfacedisequilibrium. Re-
cently, a seriesof papershave beenwritten proposingthatgasexchangedise-
quilibrium in thehigh latitudesof theSouthernOceanmayplay an important
role in theglacial-interglacial cycleof atmosphericCO� . Wediscussherehow
onecanusetheboxmodelsto gaininsightinto how this functions.

Volk andHoffert [1985] �rst proposedtheaveragelow latitudesurface-to-
deepgradientof

�����

in theocean,
�Q����T

<

�����

‹ , astherelevantmetricfor
thestrengthof thecarbonpumps.Werewrite Eqs.11-13 as:
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Equation16suggeststhatanothermechanismpotentiallyresponsiblefor the
increasein strengthof thebiologicalpumpduringglacialtimesis a changein
thedegreeof equilibrationof surfacewaterswith atmosphericCO� , ­

�$®�¯

JCF’° .
Considerascenarioin whicheitherthethermohalinecirculation(

…

) is strong,
the gasexchangerate( ¡�„ ) is low, or the effective gasexchangearea( "

„ ) is
small. In sucha scenario,water sinking into the SouthernOceanhas less
timeto equilibratewith theatmosphereby outgassingcarbondioxide,andasa
consequencedeepwaterendsup trappingmore

�����

thantheequivalentwa-
termassin a scenariowheretheseparametersarereversedin magnitude.This
increasesthetotalstorageof CO� in thedeepocean.In termsof ourequations,
note that in a biology only scenario�

���

�
„ ¶

�

���

�L� and ­
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(Eq. 17). Decreasing¡]„ or "

„ or increasing
…

thusincreasethe strengthof
thebiologicalpumpasgivenby Eq.16andasillustratedgraphicallyin thetop
two panelsof Figure4 from Toggweileretal. [Part2, 2003].

Thismechanismisequivalentto thesea-icemechanismproposedbyStephens
and Keeling [2000], and the gasexchangemechanismof Toggweiler et al.
[Part 2, 2003]. Interestingly, this mechanismoccursalsoasa resultof self-
sustainedclimateoscillationsin Gildor et al. [2002]. Increasedseaice cov-
eragedecreases"

„ and resultsin a decreasein gasexchangeef�ciency in
highlatitudes,andthereforeastrongerbiologicalpump.StephensandKeeling
[2000] conjecturethatcompletecoveragewith iceof theSouthernOceandur-
ing glacialswouldhavedecreasedatmospheric� CO� by 80ppmrelative to the
presentCO� level. For moreon thisandotherglacial-interglacial mechanisms
seealsotheChapter10,“Glacial-Interglacial Cycles”in thisbook.

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

Thedistributionof carbonin theoceanis affectedby boththebiologicaland
thesolubility pumps,which dependin turn on thedetailedcirculationcharac-



262 MARINOV & SARMIENTO

teristicsandgasexchangeat thesurface.Generalcirculationmodels(GCMs)
offer usa closer, moredetailedlook at whatsetsthestrengthsof thesepumps
in theocean.GCMsalsoenableusto examineanotherimportantaspectof the
globalcarboncycle,namely, whatsetsthepatternof CO� �ux at thesurfaceof
theocean.

Theoceancirculationmodelwewill usefor illustrationin thischapteris the
Modular OceanModel, Version3 in the exact setupdescribedby Gnanade-
sikanet al. [2002]. Thebiogeochemicalcomponentof themodelfollows the
OCMIP2 speci�cations[Najjar and Orr, 1999]. The modelincludessurface
productionandsub-surfaceconsumptionof organicphosphorus,carbonand
oxygenin a ratio of P:C:O� = 1:117:-170[Anderson and Sarmiento, 1994],
carbonchemistryandphysicaltransportof nutrientsand

�Q���

. Dissolvedor-
ganicphosphateandcalciumremineralizationfollow prescribedfunctionsof
depth.Biological productionof organicphosphoruşV¹mºE»

T

(mol/m� /s) occurs
only in theeuphoticlayer(top75 m) andis givenby:
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In ourstandardrun,PO; is restoredto theobserved(Levitus)surfacenutrients,
representedby PO;

¾ , with
½Q�Z–™u

days.Theair-seagastransferof CO� in the
modelfollows the standardformulationof Wanninkhof [1992] which canbe
written in asimpli�ed manneras:
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where ¡ is a gastransfercoef�cient (m/s)which is a functionof wind speed,
Schmidtnumber, andseaicefractionand¢ is theCO� solubility (mol/m�

/¦¥ atm).
�

�”4

�

»¼Å!Æ

�
Ç is thepartialpressureat thesurfaceof theoceancomputedateach
time stepfrom prognosticvariablesof the model: temperature(

…

), salinity
( È ),

�Q���

, and "$#&% .
Four differentsimulationswill bepresentedin this section.Threesimula-

tionsillustratetheimpactof changinggasexchangeor seaicecoverageon the
air-sea�ux, by analogywith thebox modelmechanismspresentedin Section
1.1.1. In thesesimulationsthe model is run to equilibrium with a preindus-
trial � CO���
	�� of 278 ppm. A fourth simulationshow the impactof driving
PO;L„ to zeroin theSouthernOcean,by analogywith mechanism1, Section
1.1.1. In this casethe model is run to equilibrium while keepingthe total
ocean-atmospherecarbonbudget�x ed.

Theair-sea�ux of CO� canbeseparatedinto asolubility componentdueto
thesolubility pumpanda biotic componentdueto thebiologicalpump. The
solubility componentis mainly a consequenceof the heatand water �ux es,
which changethe solubility of carbonand lead to locally large air-seaCO�
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�ux es. The biological formationof dissolved andparticulateorganiccarbon
and calcium carbonateand the transportof thesematerialsto other regions
of theworld wherethey areremineralizedor dissolved leave their imprint on
the biological componentof the carbon�ux. We separatethe two effectsby
runningtwo separatemodels.

In a �rst biology only model we turn the solubility pump off by setting
the oceantemperatureandsalinity constanteverywhereat the surfacein the
calculationof theair-seagasexchangeof CO� [Toggweileretal., Part2, 2003;
Marinov et al., in prep.].Thevalueschosenfor

…

and È areobservedaverage
surfacevaluesof

n’u�É

C and34.7psu,respectively. Ourmodelincludesboththe
carbonateandsoft tissuepumps.

Thebiologicalair-seaCO� �ux is intrinsically relatedto thenutrientdistri-
bution at theoceansurface,PO;

¾ , shown in Figure2. In high surfacenutrient
concentrationregionssuchastheSouthernOcean,North Atlantic, andNorth
Paci�c, biologicaluptake ¸�¹mºE»

T

is inef�cient relative to theupwardsupplyof
excesscarbonandnutrients.ConsidertheSouthernOcean,a region of strong
upwelling of deepwaterscharacterizedby the largestamountof preformed
nutrients.Here ¸�¹mºE»

T

is not strongenoughto take up all of thePO; from the
surfacewater. As remineralizednutrientsandCO� upwell, the � CO� at the
oceansurfacebuildsup,resultingin theescapeof CO� to theatmosphere.

In asteadystate,largeuptake in thesubtropicsis requiredin orderto coun-
terbalancehigh latitude degassing. While the subtropicsare overall a CO�

uptake region,watershigh in nutrientsand
�Q���

arebroughtup by upwelling
alongthecoastof NW SouthAmerica,in thesub-ArcticWesternPaci�c, Equa-
torial EasternPaci�c andby theupward entrainmentof theequatorialunder-
currentwater, contributing locally to large biological CO� �ux es out of the
ocean.

In a secondsolubility model biology is turnedoff [Murnaneet al., 1999].
Theair-sea�ux of CO� is theresultof changesin CO� solubility dueprimarily
to heat�ux esandto a smallerextent to water�ux es. Warmingof relatively
cold upwelledwaterin equatorialregionsdecreasesgassolubility andresults
in lossof CO� to the atmosphere.This loss is offset by the gain of CO� in
high latitudesdueto coolingof thesurfacewaters.Solubility effectsgenerally
opposetheeffect of thebiology on theair-sea�ux. Figure5 shows thestrong
compensationbetweenthebiological(starredline) andsolubility air-sea�ux
(dashedline).

Finally, a full modelwhich includesbothbiologicalandsolubility effectsis
run. The full air-seaCO� �ux representedby the full line in Figure5 is very
well approximatedby the sumof the thebiologicalandthe solubility air-sea
�ux �ux es(dottedline). Carboncycle modelsdo a reasonablejob at repro-
ducingtheobservedspatialdistribution of thepre-industrialair-seaCO� �ux.
Indeed,our full CO� �ux is very similar to the �ux estimatedfrom observa-
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Figure 5. Equilibrium air-sea©›ªqe �ux componentsfrom a setof PrincetonMOM3 simu-
lations(PgC/yr/degree).Thestarredanddashedlinesareair-sea�ux esfrom biology only and
solubility only models,respectively. Thedottedline is thesumof thesetwo, while thefull line
is the total �ux from a standardpre-industrialrun which includesboth biology andsolubility
effects.All modelswererun to equilibriumwith a �x edatmosphereof 280ppm. Thestandard
full run (full line) is theso-called“LL ” runof Gnanadesikanetal. [2002].

tionsby Takahashi[1999] shown in Figure6. This is to beexpectedsincein
our modelnutrients,temperature,andsalinity are restoredtowardsobserva-
tionsat thesurfaceof theocean.

In orderto explore analogieswith the box modelwe calculatethe surface
to deep

�Q���

gradientsin thesolubility, biology only, andfull models.Since
the

�����

of the watersfeedingthe deepoceanis hard to determineexactly
in GCMs,we expressour carbonpumpsby analogywith the

�Q���'T

<

�����

‹

metric proposedin Section1.1.2.
�����

gradientsherearecalculatedasde-
viationsfrom the correspondingmeansurface

�Q���

concentration,suchthat
all surfacevaluesarein eachcasezero. Figure7a shows that the sumof the
solubility only andbiology only

�����

gradients(dottedline) is an excellent
approximationto the full modelDIC gradient(full line). The differencebe-
tweenthedottedandfull linesis dueto nonlinearitiesin thecarbonchemistry.
For example,theadditionof biology to asolubility modelchangesthesurface
chemistry, modifying thereponseof thesystemto additionor removal of heat.

Thebiologicalpumpandthecorrespondingair-sea�ux dependstronglyon
the preformednutrientsandthe ef�ciency of gasexchange,assuggestedby
ourdiscussionin Section1.1.2.Figure7bshows resultsfrom thebiologyonly
modelin whichwehaveeitherincreasedthegasexchange,or wehavedepleted
surfacenutrientsin theSouthernOcean.Wediscusseachof thesein turn.
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Figure 6. Annually averagedCO
z

�ux at the oceansurfacein k$Ê�Ë�Ì=k

z

Ì=ÍIÎ for year1995.
Estimatedfrom measurementsof sea-air« CO

z

differenceby Takahashiet al., [1999].

Figure 7. a. Gradientsin ©›ªqe from our setof PrincetonGCM simulations:a solubility
only model(dashedline), abiologyonly model(starredline) anda full modelwith biologyand
solubility effects(full line). Thesumof thelatter two (dottedline) is a goodapproximationto
the ©›ªqe gradientin the full model (full line). b. ©›ªqe gradientfrom a biology only model
with normalgasexchange(starredline), in�nitely fastgasexchange(squares),andnormalgas
exchangeafter SouthernOceannutrientdepletionsouthof ÏÑÐÓÒ S (triangles). The normalgas
exchangemodelis thesameoneusedfor Figure5.

In a �rst simulationwith the biology only modelwe setthe gasexchange
to beasfastaspossibleby requiringsurface

�Q���

valuesat theoceansurface
to bein equilibriumwith theoverlying atmosphereat eachtime step.Increas-
ing gasexchangemeansthatmoreof thedeepCO� escapesto theatmosphere
throughthe high latitudesurfacewaters. The result is a net decreasein the
surface-to-deep

�Q���

gradientandthereforein the strengthof the biological
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pumpcomparedto thestandardbiological run. This mechanismis analogous
with thoseobserved in box modelsanddiscussedin Section1.1.2andis also
shown in thetoptwo panelsof Figure4. Incompleteequilibrationof theSouth-
ern Oceandue to slower gasexchangecould have contributed to a stronger
biologicalpumpanda loweratmospheric� CO� duringglacials[Toggweileret
al., 2003;StephensandKeeling, 2000].

Traditionally, GCM basedstudiesof theice-ageCO� drawdown focusedon
mechanismsthatenhancethe fertility of theoceanor on mechanismsthat in-
creasetheratioof organicmatterrelative to CaCO� in thesinking�ux [Archer
andMaier-Reimer, 1994;McElroy, 1983]. An increasein nutrientutilization
in high latitudeswasoneof the�rst explanationsofferedfor theobservedde-
creasein atmosphericCO� going from interglacialsinto glacials(mechanism
1a.,Section1.1.1).Fertilizing theoceanwith iron soasto increasebiological
productivity hasalsobeenproposedasa potentialmechanismfor offsetting
anthropogenicemissionsof carbondioxide[Martin, 1991].

Assumingthat the total amountof phosphatein the oceanis �x ed, Equa-
tion 14 implies that the maximumgradientin

�����

is achieved when high
latitudenutrientsaredepleted,i.e., whenPO;L„ is setto zero. In this casethe
organic pump operatesat maximumef�ciency, retainingthe largestamount
of CO� in thedeepocean.In theGCM we canapproximatea moreef�cient
biologicalpumpby performingnutrientdepletionsimulations.Werestoresur-
facephosphateto zeroin threedifferentareasof the ocean:SouthernOcean
southof 30

É

S, North Atlantic (30
É

N-80
É

N), North Paci�c (30
É

N-67
É

N), and
the tropicalband(18

É

S-18
É

N). Accordingto our de�nition of biologicalpro-
ductivity (Eq.18), setting W

�

;

¾ to zeromaximizeş]¹mºE»

T

andstrengthensthe
biologicalpump,whichtransfersCO� from theatmosphereto theocean.After
500yearsof simulation,thedecreaseof � CO�L�
	�� is 63 ppm for nutrientde-
pletionin theSouthernOcean,15 ppmfor depletionin theNorth Atlantic, 3.7
ppm for depletionin the North Paci�c and4.4 ppm in the tropical depletion
simulation.

As areasof deepwaterformation,highlatitudewatersin�uencestronglythe
characteristicsof thedeepocean.As expectedfrom our3 boxmodelanalysis,
forcing nutrientsto zeroin high latitudeshasa muchstrongerimpacton the
biologicalpumpthanforcingthemto zeroin low latitudes.TheNorthAtlantic
is aregionwheresurfacewateris feddirectlyin theabyss.TheSouthernOcean
is a region whereabyssalwaterscometo thesurfacewith very high nutrients
and

�����

; herethesewaterscanlosemuchof the
�����

thatisaddedto thedeep
oceanby thebiologicalpump.Becauseof thesecirculationcharacteristics,the
potentialchangein thebiologicalpumpfollowing depletionis muchstronger
in theSouthernOceanthanin theNorth Atlantic. Becauseit is not anareaof
strongexchangewith thedeepocean,theNorth Paci�c is a weaksink of CO�

underdepletion.
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Figure 8. (a) Equilibrium air-sea�ux es of CO
z

in a full model before depletion(pre-
industrial, full line) andafter depletionof nutrientseverywheresouthof Ï�Ð Ò S (dottedline).
The differencebetweenthesetwo gives the dash-dottedline. Note that the air-sea�ux after
depletionis similar to thesolubility only �ux in Figure5. (b) Thecontribution dueto depletion
(dash-dottedline) nearlycancelsout thebiologicalair-sea�ux (starredline, seealsoFigure5).
Depletionputstheoceanin a statewherethereis no netair-sea�ux dueto biologicalcycling.

Figures7b and8 show theimpactof SouthernOceannutrientdepletionon
thebiologicalpumpandon the total air-sea�ux esof CO� , respectively. Fig-
ure8ashows thestandardair-sea�ux beforedepletion(full line, includesboth
solubility andbiological effects),andthe air-sea�ux after performingnutri-
entdepletion(dottedline). Thedash-dottedline is thedifferencebetweenthe
above two lines,andrepresentsthechangein air-sea�ux dueto thedepletion.

Underthis depletionscenarioandfor this particularcirculationandgasex-
change,thebiologicalpumpin theSouthernOceanoperatesat its maximum,
asshown by thehigh

�����

gradientin Figure7b. Biology is highly ef�cient
suchthatall thenutrientsbroughtfrom thedeepandtheCO� associatedwith
themareconsumedduringphotosynthesis,increasingsigni�cantly thenetex-
portproduction.ConsequentlyCO� is notallowedto escapeto theatmosphere
andthe total biological CO� �ux is closeto zero. This is exactly the mean-
ing conveyedby Figure8b,whichshows thattheair-sea�ux componentdueto
depletion(dash-dottedline) actsin suchawayasto cancelout theinitial (pre-
depletion)biological air-sea�ux (starredline). The signi�cant cancellation
northof 30

É

S suggeststhat theSouthernOceanplaysa critical role in setting
up thebiologicalpumpin therestof theocean.Notethatthetotal air-sea�ux
afterdepletion(dottedline in Figure8a) is roughlyequalto thepre-depletion
solubility �ux (dashedline in Figure5).

Archeretal. [2000]madethepointthatdifferentmodelsresponddifferently
to nutrientdepletionsimulations.In particular, they foundthatthedecreasein
atmospheric� CO� with nutrientdepletionis considerablylargerin simplebox
modelsthanin GCMs.
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To gainsomeinsightinto why thismightbeso,let usconsideragainEqs.14
and16. While in the3 box modelthereis only onetypeof preformednutri-
ent(PO;L„ ), thenetpreformednutrient“seen”by thedeepoceanis in realitya
combinationof unusedPO; from differentregionsof theocean,mostnotably
from theNorthAtlantic andSouthernOcean.Theactualvalueof PO;L„ there-
fore dependsnot only on preformedPO; in the North Atlantic andSouthern
Oceanbut alsoonthefractionalcompositionof deepwater, whichis afunction
of advection

…

andmixing coef�cients ‡ characteristicto eachregion. Thus,
differentwaysof representinglarge scalecirculation,deepwater formation,
andmixing processesin thebox modelsrelative to theGCMscould resultin
differentnetvaluesof PO;L„ andthereforein differentresponsesof thebiolog-
ical pumpto nutrientdepletion.At thesametime, ­

�+®]¯

JCF’° is a combination
of surfacedisequilibriumcontributionsfrom thedeepwaterformationregions.
Recently, ToggweilerconjecturedthattheSouthernOceansurfacewaterequi-
libratesto a differentdegreein box modelsandGCMs becauseof different
mechanismsfor deepwaterventilation[Toggweileretal., Part2,2003]. In box
modelsdeepwateris ventilatedthroughhigh latitudeboxesof 10%to 20%of
the oceanareawhile in GCMs ventilationoccursin very small areaswhere
deepconvection reachesthe surface. GCM surfacewatersare thereforefar
lessequilibratedwith theatmospherethancorrespondingwatermassesin box
modelsandrespondlessto surfacenutrientdepletion.Differencesin surface
disequilibriumcanthereforebecritical in explainingdifferencesin biological
pumpsbetweenboxmodelsandGCMs.

2. ANTHR OPOGENIC CO Ô UPTAKE BY THE
OCEANS

In orderto monitorandeventuallymoderateclimatechangedueto human
interferenceon the naturalsystem,wemustunderstandthe mechanismsdriv-
ing thecarbonsinksin theoceanandland,andaccuratelyprojecttheir future
evolution. Thefollowing two sectionsreview someof themechanismsbehind
the presentoceancarbonsink without climatechange(Section2) andin the
presenceof climatechange(Section3).

Thegrowth rateof atmosphericCO� , asshown in Figure9 [Sarmientoand
Gruber, 2002],wasabouthalf the rateof fossil CO� emissionsin the1990s.
The implication is that the oceanandthe terrestrialbiospherearetaking out
abouthalf of theanthropogenicfossilCO� releasedto theatmosphere.Figure9
alsopointsto theconsiderableinterannualvariability in thetotalrateof uptake,
whichhasbeenlinkedto processessuchasEl Nino.

Partitioningtheanthropogeniccarbonsinkbetweenoceanandlandis anon-
trivial task which hasbeenboostedby the developmentof the atmospheric
oxygenmethodof RalphKeeling[Keelinget al., 1992; Benderet al., 1994;
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Figure 9. Growth rateof carbonreservoirs. Since1958, the yearly accumulationrate of
atmosphericcarbondioxide hasgrown, on average,from 1 to 3.0 Pg C/yr (light blue area).
Over the sameperiod, fossil-fuel emissions(red line) have grown from about2.5 Pg C/yr to
about6.5PgC/yr. Netuptake by theoceanor terrestrialbiosphere(greenregion) mustaccount
for the difference. Note the large interannualvariation in the atmospherice•Õ

z

growth rate.
Highergrowth ratesgenerallyappearto beassociatedwith El Nino episodes(blackarrows), the
exceptionbeingthe periodfollowing the Mt. Pinatuboeruptionin the early 1990s. Figure3
from SarmientoandGruber, [2002].

Keelinget al., 1996;Battleet al., 2000;Manning, 2001]. More recentbreak-
throughsimprove the global CO� budgetby correctingfor the oxygentrend
dueto warmingof theoceanin the1990s[Keelinget al., 2002;Plattneretal.,
2001;Plattneret al., 2002]. The resultingbreakdown of carbonsourcesand
sinksis presentedin Table1.

Uptake of CO� by land impliesan excessof primary productionover res-
pirationandotheroxidationprocessessuchasorganicmatterdecomposition.
Land-usechangesin theform of deforestationleadto anetlossof carbonfrom
plantsandsoil, whereasreforestationon land that waspreviosuly farmedor
loggedcanleadto a netgainof carbon.Theexactbreakdown of landcarbon
sourcesandsinksis subjectto intensedebate.Goodaleet al. [2002] suggest
thatnorthernforestsandwoodlandsprovideda total sink for 0.6-0.7Pgof C
peryearduringtheearly1990s,with mostof theestimatedsink in temperate
forestsaffectedby �re suppression,agriculturalabandonment,andplantation
forestry. Carbonmayaccumulatealsoin agriculturalsoils,nonforestedareas
respondingto �re supression,woodproductsbothin useandin land�lls, sedi-
mentsof reservoirsandrivers.Pacalaetal. [2001]suggestthattheadditionof



270 MARINOV & SARMIENTO

Table1. An updatedcompilationof carbonsourcesandsinks. (a) Fossil fuel emissionsand
atmosphericCO

z

increasearebasedon the 2001IPCC report [Houghtonet al., 2001]; these
areour moststronglyconstrainedestimates.(b) Thelandandoceansinkestimatesareupdated
from the2001IPCCreportto take into accountchangesin theO

z

methoddueto oceanwarming
[KeelingandGarcia, 2002].Theseparticularresultsarecon�rmed by new oceanestimatesby
Gloor et al. [2003] andMcNeil et al. [2003]. (c) The land breakdown is very differentfrom
the2001IPCCreport. Thetropicaldeforestationcomponentwe show is muchsmallerthanin
theIPCCreport,andis basedon a recentanalysisby De Fries et al. [2002]. Themagnitudeof
this termcontinuesto becontroversial. Thetotal landsink is calculatedasa residual;its value
is stronglydebated.

CarbonSourcesandSinks(PgCyr Ö�× ) Ø

1980's 1990's
Emissions(fossil fuel, cement) +5.4Ù 0.3 +6.3Ù 0.4
AtmosphericIncrease -3.3Ù 0.1 -3.2Ù 0.1
NetOceans/Land -2.1Ù 0.3 -3.1Ù 0.4
LandandOceanBreakdown usingOxygenandCarbonDioxide ObservationsÚ

OceanSink -1.8Ù 0.6 -2.2Ù 0.5
NetLandSink -0.3Ù 0.7 -0.9 Ù 0.7

LandBreakdownÛ

Tropicaldeforestation 0.6 0.9
(0.3to 0.8) (0.5to 1.4)

TotalLandSink -0.9 -1.8
(-0.6to -1.1Ù 0.7) (-1.4to -2.3Ù 0.7)

thesetermsto theforestair-to-land�ux doublesthetotal landsink of CO� for
the 1980-1990decadein the US. If thesenon-forestsink termswereequally
importanteverywhereelsein theworld, they couldpotentiallyaccountfor the
restof theCO� landsink.

Thenetoceanicsink accountsfor aboutone-thirdof thetotal carbonemis-
sions,andincreasesbetweenthe1980s(1.8
 0.6PgC/yr)and1990s(2.2
 0.5
PgC/yr) (Table1).We know that the pre-anthropogenicoceanaccountedfor
98.5%of thetotal atmosphere-oceanCO� inventory. Why thenis theoceanic
uptake of anthropogenicCO� sosmall? Whatarethebasicprocessesgovern-
ing theuptake of excesscarbon?

2.1 THE CARBONATE SYSTEM

Only one in about 20 moles of CO� addedto the oceanstaysas CO� ,
while theremainingonesreactwith carbonateion to form bicarbonatevia the
“buffering” reaction:
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Following a CO� addition of 20 molesto the ocean,
�����

increasesby 20
moleswhile the dissolved CO� concentrationonly increasesby 1 mol, such
that U

�����”Ÿ

U

���

�6ÞŠ-

u

in a pre-industrialsetting.As we addanthropogenic
CO� to theocean,the carbonateion concentrationdecreases,thusincreasing
the proportionof CO� addedthat staysin its dissolved form anddecreasing

U

�����6Ÿ

U

���

� . This resultsin a decreasein theoverall capacityof theocean
to take up additionalcarbon. Carbonatebuffering ensuresthat only 85% of
theanthropogeniccarbondioxidewe areaddingto theatmospheretodaywill
eventuallydissolve into the ocean;this uptake capacitydecreasesaswe put
evenmoreCO� in theatmosphere[Sarmientoet al., 1992].

In the extremescenarioin which all of the CO
�

�

� available today in the
ocean(around4000GtCeq)is depleted,everymoleof CO� enteringtheocean
would stayasdissolved CO� . In this limit at equilibrium about33% of the
addedCO� wouldgo into theoceanand66%wouldremainin theatmosphere.
Onatimescaleof about10,000years,thereactionof anthropogenicCO� in the
deepoceanwith calciumcarbonatesedimentsaccountsfor a 9-15%increase
in the uptake capacityof the ocean[Archer et al. 1998]. On even longer
time scalesCO� is neutralizedby reactionswith CaCO

�
andsilicateson land.

Becauseof their long time scales,thesereactionshave little relevancefor the
immediateanthropogenicuptake of CO� .

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

In thissectionweassumethatthenaturalcarboncycle is in steadystateand
is unaffectedby theanthropogenicCO� addition,whichwetreatasaperturba-
tion on thesystem.For thepurposeof this sectionwe ignorethe landcarbon
sourcesandsinks.Let usconsiderthecarbonbalancefor atmosphericCO� :

U

�§2

B

7

U

B

�

È

2

B

7

<‘ß

2

B

7

 (22)

where
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is theatmosphericCO� concentrationin ppm, È
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input to theatmosphereat time B and ß
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is theoceanicuptake at time B .
Following Maier-Reimerand Hasselmann[1987] we usea Green's Func-

tion approachto gain insight into the rateof oceanicuptake. We considera
simpli�ed problemin which
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In otherwords,weaskwhatis theatmosphericconcentrationandcoresponding
oceanicuptakeattime B following aninstantaneousadditionof È » ppmof CO�

at time B

� u

? In orderto solve thisproblemweneedafunctionalform for the
oceanicuptake ß

2

B

7

. Assumingthat the oceanrespondslinearly to the CO�

additionto theatmosphere,a well motivatedchoiceis:
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where
½

is a characteristictime scalefor theoceanuptake. If " » is the frac-
tion of the initial sourcepulse that staysin the atmosphereat equilibrium,
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È » is theamountof carbonleft in theatmosphereoncethesystem
reachesequilibriumand ß

2

B

7

decreasesexponentiallyto 0 at equilibrium.We
substituteEq.25 into Eq.23 andsolve for
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subjectto theinitial condition
(24):
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If thereis morethanonecharacteristictime scalefor oceanicuptake
½Iî

, one
canwrite thefunction ê

2

B

7

asa superpositionof a numberof exponentialsof
differentamplitude"

î

andrelaxationtime
½�î

[Maier-ReimerandHasselmann,
1987]:
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Note that "
» is associatedwith an in�nite relaxationtime scale.TheGreen's

function ê
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is thefractionof theinitial sourcepulsestill in theatmosphereat
time B ; ê
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thesolutionto Eqs.23 - 24canbeformally writtenas:
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wherethe Green's function ê
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is the linear responseto a pulseat time B

÷ .
NotethatsubstitutingÈ
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reducesEq.30 to Eq.26,asexpected.
Maier-Reimerand Hasselmann[1987] and Sarmientoet al. [1992] per-

turbeda full GCM with astepfunctioninitial changerepresentinganinstanta-
neous25%increase,doublingandquadruplingof thebackground� CO� = 280
ppm: i.e., È

» = 70 ppm,280ppm,840 ppm, respectively. A responseof the
form (26),where
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Table2. Coef�cients for exponential�ts to theatmosphericresponseto a pulseinput. ù

ð

and
ú

ð

aretheamplitudeandexponentialrelaxationtime scalesfrom Eq. 28. The numbersin the
initial input columnare the fraction by which the atmosphericCO

z

was increasedabove its
pre-industrialvalueof 280ppm.TableA1 in Sarmientoetal. [1992].

Initial Input ù•û ù

×

ú

×

ù

z

ú

z

ù

l

ú

l

ù

c

ú

c

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-square�tted to theatmosphericCO� responseto apulseinput in the
GCM, in orderto determine"

î

and
½
î

. The resultsof onesuchperturbation
experimentareshown in Table2. Onceê

2

B

7

isdetermined,onecanin principle
useEq. 30 to determinethe atmosphericconcentrationgiven any sourceof
excessCO� .

In the quadruplingexperimentthe atmosphericconcentrationincreaseby
840 ppm representsan addition of 1780 GtC to the atmosphere,of which
about1424GtCeventuallyendup in theocean.An additionof theorder1400
GtCeqcanchangesigni�cantly theCO�

�

� reservoir, which is presentlyabout
4000GtC. This experimentthereforefalls into a nonlinearregime in which
CO�

�

� changesstronglyandtheasymptoticoceanicuptake dropsaccordingly
to 79.2%,ascontrastedwith 83.6%for the 25% additioncase. Thoughour
representationof Green's functionsis strictly correctonly for an oceanthat
respondslinearly to theatmosphereasin Eq. 25, thequadruplingexperiment
is consideredin order to estimatethe changesin the relaxationtime scales
andamplitudesdueto chemicalnonlinearitiesin thesystem[Sarmientoet al.,
1992].

The representationof the atmosphericconcentrationin termsof exponen-
tialsallows usto assesstheimportanceof differentphysicalandchemicalpro-
cesseson thestorageof CO� in theocean.Theequationsshow that
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sumof termsof theform È
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. Eachof thesetermsdecreasesexpo-
nentiallyasoceanicprocesseswith time scales

½’î

graduallyabsorbCO� from
theatmosphere.Thebiggerthe

½Ñî

, thelongerit takesfor theparticularprocess
to absorbcarbon.Thetimescalesgivenin Table2 suggestthat

½

9

(350years)is
therelaxationtime scaleassociatedwith deepwaterthermohalinecirculation,

½

� (60years)is representativeof intermediatewaterventilation,
½

� (10years)is
associatedwith theventilatedthermoclineorgyrecirculation,and

½

; (1 year)is
thetime scalefor theequilibrationof mixedlayerCO� with atmosphericCO�

throughgas-exchange.Thus,while onshorttimescalesthepenetrationof CO�

into themixed layer is an importantprocess,as B increasestheabsorptionof
CO� is graduallylimited by largerscalecirculationprocesses.
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Thecoef�cients "

î

representthefractionof È » thatis involvedin processes
with the relaxationtime scale

½ î

; the sumof all the coef�cients is one. Al-
ternatively, we can think of the A

î

coef�cients as the relative capacitiesof
the reservoirs ü which are �lled up at ratesgiven by

½ î

. Consideran initial
input of 0.25ý 280 ppm. " » =16.4%is the fraction of the sourcethat stays
permenentlyin the atmosphere.Thus, the potential uptake of the oceanis
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Notethatit is not straightforwardto accountfor thenonlinearityof thesys-
tem with the Green's function approachdescribedabove. Maier-Reimerand
Hasselmann[1987] andSarmientoet al. [1992] show that the magnitudeof
theA

î

coef�cients andthecorrespondingtime scales
½Óî

dependon thesizeof
thepulse,theinitial atmosphericCO� concentrationandthetimehistoryof the
backgroundatmosphericCO� . In particular, asthe initial input increases,the
capacityof theoceanto hold CO� at equilibriumgoesdown andmoreof the
initial CO� will stayin theatmosphere,i.e., "

» increases.Thisgeneralconclu-
sionholdsfor morerealisticscenariosin which thesourcefunction increases
linearlyor exponentiallyin time.

OnecanapplytheGreen'sfunctionmethodtosimpleboxmodels.In a1BM
of theoceanwecanstill write ê
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, where
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� is the gasexchangetime scaleand
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is the deepwater ventilation time
scale.
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dependson the mixing betweendeepandsurfacewaters
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; large
Y

resultsin fastmixing andsmaller
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. The ratio of "
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85%. Jooset al. [1997] exploredthesensitivity of theoceanicuptake of CO�

to different vertical diffusivity valuesin a box model. For a careful choice
of depth-dependentdiffusivity with highervaluesnearthe surfaceandlower
valuesat depth, their 12 layer BM was able to reasonablypredict both the
uptake of anthropogenicCO� andnatural 9

;

C observations.
Wewill next try to understandtherole of thegasexchangein theuptake of

anthropogenicCO� . Considerthe time rateof changein themixed layerof a
gasthatexchangesonly with theatmosphere,suchassurfaceoxygenO �
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A typicalmagnitudefor
½

canbeestimatedasfollows:
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where ¡�� is a gasexchangecoef�cient (in m/day)and �

� ‹ is themixed layer
depth(in m). As thegasexchangetimescale

½

is veryshortrelative to thecir-
culationtime scale,surfaceO � in wateris well equilibratedwith atmospheric
O� . This is the reasonwhy in GCMs, box modelsandin the real oceanthe
surfaceconcentrationof O� is verycloseto theO� saturationconcentration.

Thesurfaceexchangeof CO� is differentfrom thatof O� becauseCO� is a
weakacidin seawaterthatreactswith waterandcarbonate(Eq.21). Thetime
rateof changeof

�����

in thesurfacemixedlayeris well approximatedby:
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suchthat
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The time scale
½

correspondsto
½

; in Table2. The characteristictime scale
on which gasexchangeoccursis thereforelongerfor CO� thanfor O� by the
factor U

�����”Ÿ

U

���

� . Note thatasmoreCO� is addedto theatmospherethis
ratiodecreases,thusmoderatelydecreasing

½

asshown in Table2.
Thecharacteristictimescaleof 1 yearfor a75m top layerto reachequilib-

rium with theatmosphereis smallerthanthetime-scaleof thepresentanthro-
pogenicperturbation,which is roughlyanexponentialwith ane-foldingtime
of several decades.Surfacewatersthus track the atmosphericperturbation
closely. Sarmientoet al. [1992] showed thata doublingof thegasexchange
coef�cient ¡

� increasestheoverall excessCO� uptake only moderately(
nKnqÿ

in the PrincetonGCM). This experimentcon�rms previous intuition gained
from box models[Siegenthaler, 1983;SiegenthalerandJoos, 1992] thatver-
tical exchangeis thedominantprocessin limiting perturbationCO� �ux into
the ocean.Thus,intermodeldifferencesin the rateat which deepwatersare
exposedto thesurfaceandthensubmergedinto thedeepor in theconvective
parameterizationcancauselargedifferencesbetweentheresultingcarbonup-
take.

Thedifferencebetweenthepresentoceanicuptake of 40%of thetotal
atmosphere-oceanincrease(Table1) andthepotentialuptakeof 85%of theto-
tal excessatmosphere-oceanCO� is explainedby theslownessof theoceanic
circulation,which doesnot mix the new anthropogenicCO� signal into the
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deepsuf�ciently fastto allow for extensive surfaceuptake. Slow mixing be-
tweensurfaceanddeepshouldcontinueto produceoceanuptake for several
centuriesafter an input of anthropogenicCO� into the atmosphere[Siegen-
thaler and Hasselman, 1978; Sarmientoet al., 1992]. This alsomeansthat
CO� will continueto entertheoceanfor decadesor centuriesevenaftera po-
tential stabilizationof atmosphericCO� ; the equilibrium time scaleis of the
orderof hundredsof yearsto a thousandyears.The role of circulationin the
uptake of anthropogenicCO� is furtherdiscussedin thefollowing section.

2.3 THE ROLE OF CIRCULA TION AND MIXING:
MODEL RESULTS AND OBSERVATIONS

Theanthropogenicsignal,which canbede�ned asthe increasein oceanic
carbondioxide relative to the pre-industrialtimes, is small comparedto the
naturalsignalandrequiresveryaccuratemeasurementsin theocean[Sabineet
al., 1997]. Few time-seriesthatallow long-term,precisemeasurementsexist.
Given the presentlimitations to directly estimatinganthropogenicCO� from
observations,oceanmodelshavebeenoneof theprincipaltoolsfor quantifying
air-sea�ux esandoceanicuptake of anthropogeniccarbondioxide.

Figure10 shows typical air-seaCO� �ux resultsfrom a 3D simulationof
anthropogeniccarbonuptake with thesamePrincetonmodeldescribedin Sec-
tion 1.2 and Figures5 and 8. The anthropogeniccontribution is calculated
directly in modelsby subtractingthepre-anthropogenic air-sea�ux (full line)
from the greenhouse-forcedair-sea�ux (dottedline). By comparingFigure
10 with Figure5 we seethattheincreaseof atmospheric�

�t4

� above its pre-
industrial level tendsto increaseoceanicuptake in naturalsink regionssuch
ashigh latitudesanddecreasethereleaseof CO� to theatmospherein natural
CO� outgassingregions.Theanthropogenicuptake by theocean(dash-dotted
line in Figure10) is calculatedasthe differencebetweenthe dottedandfull
lines. Oneshouldbearin mind thatwhenappliedto CO� source(outgassing)
regions,uptake of anthropogeniccarbonrepresentsanactualdecreasein out-
gassing(of theCO� alreadypresentin theocean)relative to thepre-industrial
state. Reducedoutgassingimplies that morecarbonstaysin the ocean;this
excesscarbondioxideis what is referedto astheanthropogenicCO� contri-
bution.

Accordingto models,high uptake of anthropogenicCO� occursasa con-
sequenceof strongexchangewith uncontaminatedinterior waters[Sarmiento
et al., 1992]. Suchexchangeoccursin upwelling and convective overturn-
ing areas,suchastheupwellingEquatorialregion, theNorth Atlantic, andthe
SouthernOcean,asre�ectedin theair-sea�ux patternsin Figure10.

TheSouthernOceanis particularlyimportantin this regard. As uppercir-
cumpolardeepwaterswith low, pre-anthropogenicCO� upwell to thesurface
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Figure 10. Anthropogenicair-sea�ux of CO
z

from a standardPrincetonbiogeochemistry
model. Themodelwas�rst run to equilibriumwith anatmosphereof 280ppmwhile keeping
thetotalamountof ©›ªqe in thesystemconstant;pre-anthropogenicair-sea�ux (full line) is the
sameasin Figure5.CO

z

wasthenreleasedinto theatmospherefolowing theOCMIP protocol;
thedottedline is theresultingair-sea�ux at thepresenttime. Thedifferencebetweenthesetwo
�ux esis theexcess(anthropogenic)�ux (dash-dottedline).

in the SouthernOcean,they interact with an atmospherewhich now con-
tainshigher, anthropogenicCO� . AnthropogenicCO� penetratesthis water,
which is thentransportednorthwardbeforesinkingasSubantarcticModeWa-
ter (SAMW) andAntarctic IntermediateWater(AAIW) somewherebetween


�u
É

and
�

u
É

S [Caldeira and Duffy, 2000]. Excesscarbonis thuscarriedto
thesouthernsubtropics,whereit is storedalongwith CO� thatentersthemain
thermoclinedirectly in lower latitudes. This circulation patternaccountsin
modelsfor thelargecumulative �ux Southof


�u]É

Sandfor thenorthwardshift
in thetotalcolumninventorycomparedto thecumulative �ux of anthropogenic
CO� [Sarmientoetal., 1992].

TheOceanCarbonModel IntercomparisonProject(OCMIP) is a recentef-
fort to systematicallycomparedifferentmodels.Participatingmodelsuseiden-
tical oceanbiogeochemistryandgasexchangeparametrizationsbut different
modelphysics(i.e, differentgrids,resolution,eddymixing parametrizations).
Modelswereforcedby a spline�t to historicalobservationsfrom 1765until
1990underprescribed,constantsurfaceconditions(temperature,salinity, wind
speed,alkalinity).

Figure11 from Orr et al. [2001] shows thezonalmeanandzonalintegral
of anthropogenicair-seaCO� �ux esin 1990in four differentOCMIP models.
Signi�cant differencesin theuptake of anthropogenicCO� aredueto different
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Figure 11. Zonalair-to-sea�ux of anthropogenicCO
z

for theglobaloceanin 1990,givenas
(a) thezonalmean(mol/m

z

) and(b) thezonalintegral (PgC/yr/Ò lat). Themodelscomparedare
Hadley, MPI, IPSL, Princeton/GFDL.Figure1 from Orr et al. [2001]. Note the largeuptake
andinter-modeldifferencesin theSouthernOcean.

physicsof thesemodels.For theMPI, IPSL,Hadley andPrincetonmodels,�ux
estimatessouthof 30

É

S rangefrom 35 to 48%of eachmodel's globaluptake.
Thus,theSouthernOceansouthof 30

É

S,with its deepwintertimemixing and
strongupwelling,hashigherexcesscarbonuptakeandinventorythanexpected
from its areaof 31%of theglobaloceanarea[Orr et al., 2001].TheSouthern
Oceanis alsofoundto accountfor about50%of theinter-modelvariance,con-
sistentwith �ndings from sensitivity studiesthatthis is theregionwith highest
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variability of CO� uptake in responseto changesin physicalparametrizations
[Matear, 2001;Marinov etal., in prep.].Thissuggeststhattraceruptake in the
SouthernOceanis poorlydeterminedby modelsandhighly uncertain.

A critical componentfor global carboncycle studiesis the evaluationof
modeledanthropogeniccarbonuptakeandinventorythroughcomparisonswith
tracerobservationsin theocean.The tracersmostusedfor suchanalysesare
estimatesof anthropogenicCO� itself, estimatesof bomb 9

;

�

, andmeasure-
mentsof chloro�uorocarbons(

��ÀÃ�

s). Becauseof the lack of pre-industrial
CO� observations, estimatingthe oceanicinventory of anthropogenicCO�

from observations hasbeendone indirectly. Starting from the analysesof
Brewer [1978] andChenand Millero [1979], Gruberet al. [1996] proposed
thatthetotalanthropogenicCO� concentrationin theoceanis givenby
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where
�

is thepresentlyobserved
�����

in theocean,
�����

» is thecontribution
due to the soft tissueandcarbonatepumps,

�

Æ��

�

���

õ is the calculated
�Q���

equilibriumconcentrationwith apre-industrial� CO� of 280ppm,and
�›T��

d

Æ�� is
the

�����

concentrationthatresultsfrom theair-seaCO� disequilibriumat the
timethewaterparcelleft thesurfaceocean.Figure12showstheanthropogenic

�Q���

calculatedwith this methodfrom observationsof present
�Q���

.
AnthropogenicCO� inventoriessince1800 from modelsare globally in

roughagreementwith observationalestimates.However, differencesbetween
modelsandobservationscanbelargeon a regionalscale.Models[Orr et al.,
2001; Matear, 2001] seemto over-predictat high latitudesthe inventory of
anthropogenicCO� estimatedfrom observationswith theGruberetal. [1996]
methodor with other methods[i.e., McNeil et al., 2002]. Figure 12 [Gru-
ber and Sarmiento, 2002] shows high penetrationof anthropogenicCO� in
the subtropicsandlow penetrationinto the deepSouthernOcean. Note that
anthropogeniccarbonhaspenetratedsigni�cantly below about2000metersof
thewatercolumnonly in theNorthAtlantic,wheresurfacewaterssinkdirectly
into theabyss.Between

�

u�É

Sand
�

uKÉ

N CO� penetrationis generallyshallower
andexcessCO� storageis lower in modelscomparedto dataestimates.This
differencebetweenmodelsandobservationscouldbeexplainedby inadequate
oceanphysicsin themodels,suchasaproblematicparametrizationof Southern
Oceanphysicalprocesses.Toomuchsurfacewaterventilationin theSouthern
Oceansouthof

�

uKÉ

S,for example,couldleadto overestimatinganthropogenic
storagein the region. A northward transportout of the SouthernOceanthat
is too weak(dueto inadequateisopycnal mixing, too low advection,or inad-
equateformationof SAMW or AAIW) couldexplain thereducedpenetration
andlow storagein thesouthernsubtropicsin themodels.

While this intercomparisonpointsto theincompleterepresentationof phys-
ical processesin the GCMs, one has to also take into accountthe random
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Figure 12. Anthropogeniccarbonconcentrationsin theoceanalongthe trackshown in the
inset.Theblackarearepresentstheocean�oor . Theanthropogeniccarbonis separatedfrom the
naturalbackgroundby usingthe e�� methodof Gruberet al. [1996] appliedto high-precision
measurementsof dissolved inorganiccarbon.Uncertaintiesin this separationtechniqueareso
large southof �ÑÐ

Ò

S that they are shown thereas contourlines only. Anthropogeniccarbon
haspenetratedsigni�cantly below about2000metersof the watercolumnonly in the North
Atlantic,wheresurfacewaterssinkdirectly into theabyss;notethelow SouthernOceanuptake.
Figure3 from GruberandSarmiento[2002].

andsystematicerrorsassociatedwith dataestimationmethods.For example,
Coatanoanet al. [2002] show thattwo studiesof thesameIndianOceandata
set[Sabineetal., 1998andGoyetetal., 1999]usingtwo differentmethods(the
Gruberet al. [1996] methodanda regressiontechnique)producedquitedif-
ferentestimatesfor anthropogenicCO� storageanduptake. Thereforeunder-
standinguncertaintiesassociatedwith thesetechniquesis amuchneededstep,
andmodelcalibrationmustbe principally donewith tracerssuchas

��Àt�

s,
wheretheseuncertaintiesdonotexist.

Sincethey entertheoceanvia gasexchangeandaretransportedin theocean
aspassive andconservative tracers,

�6Àt�

shave beenproposedas“ventilation
clocks” for theocean,i.e., asindicatorsof waterageanddeepoceanventila-
tion.

�6Àt�

-11and
��Àt�

-12have beenproposedasanalogsof anthropogenic
CO� becausethey grew exponentiallyfrom 1950to 1995justasanthropogenic
CO� hassincethe IndustrialRevolution.

��Àt�

s have theadvantageover an-
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thropogenicCO� andbomb 9

;

�

thatthey havenonaturalbackgroundandthey
canbemeasuredwith high precision,with extendedcoveragefrom therecent
World OceanCirculationExperiment.

A numberof studieshave used
��Àt�

s to evaluatemodelsof theoceancir-
culation[e.g., England, 1995; Englandand Hirst, 1997,Dutay, 1998,etc.],
decadalscaleventilationcharacteristics[Dutay et al, 2002], and to validate
model parametrizationschemes[Robitaille et al., 1995]. Model sensitivity
studiesin which one variesthe gasexchangeformulationor the circulation
characteristicsshouldhelp us understandbetterthe effect of theseprocesses
on relationsbetweenbomb 9

;

�

,
�6Àt�

s, andanthropogenicCO� inventories.
Observedtracer-tracerrelationscouldguideour choiceof appropriategasex-
changeor mixing parametrizations,and lead to signi�cant model improve-
ment.

3. THE OCEAN CARBON CYCLE AND CLIMA TE
CHANGE

3.1 CLIMA TE RESPONSETO CO Ô INCREASE

Simulationsof theanthropogenicCO� increasein atmosphere-oceanmodels
coupledwith oceanbiogeochemistryhave traditionally beendonein models
with constantoceaniccirculation,seatemperature,andbiology suchasthose
analyzedin Section2. However, all coupledclimatemodelsto datepredictthat
continousemissionsof anthropogenicCO� leadto increasedradiative forcing
resultingin higherseasurfacetemperature(SST)anda strongerhydrological
cycle, accompaniedby signi�cant changesin oceancirculation and mixing
[IPCCreport,2001].

At present,the high latitudeoceanlosesheatandgainsfreshwater from
precipitationandrunoff. In simulationsof greenhousegasforcing, increased
polewardtransportof moisturein theatmosphere[Schiller etal., 1997]results
in increasedprecipitationin high latitudesandespeciallyin theformationre-
gion of theNADW. In somemodels,this causesa fresheningof high latitude
waters[Manabeand Stouffer, 1993] anda strongdeclinein surfacedensity,
particularlyin theformationregionsof NADW andAABW. At thesametime,
increasedSSTfurtherdecreasessurfacedensity, stabilizingtheuppercolumn
throughoutthe ocean(Fig. 13e). This surfacestabilizationreducesvertical
mixing by �attening isopycnals,anddiminishingconvective mixing andther-
mohalineoverturning.Therelative rolesof thetemperatureincreaseandof the
surfacefresheningon surfacestabilizationremainscontroversial[Dixonetal.,
1999; MikolajewiczandVoss, 2000],with somemodelsshowing thatfreshen-
ing in theNorth Atlantic is counteractedby advectionof high salinity waters
from thetropics[IPCCreport,2001].
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All of the above changesarelikely to result in a modi�cation of the ther-
mohalinecirculation,with somemodelsindicatinga reductionin the North
Atlantic maximummeridionaloverturningcirculation(ameasureof theTHC)
of 10%-50%following a CO� increasein theatmosphereup to theyear2100
[ManabeandStouffer, 1993;Stocker andSchmittner, 1997]. Most modelsso
far projectsigni�cant changesin the marinecarboncycle anda reductionin
theoceaniccarbonuptake dueto all of theseprocesses,whichmayin turn ac-
celerateatmosphericCO� growth [SarmientoandLeQuere, 1996;Matearand
Hirst, 1999;Coxet al., 2000].

Of someconcernis a scenarioin which theentirethermohalinecirculation
collapsesafterpassinga critical threshold,whentheglobalatmospherictem-
peraturehasincreasedby

–

P

p

<

p

P


 É

C [ManabeandStouffer, 1993;Schmittner
andStocker, 1999;Dixonetal. 1999].Thereductionor shut-down of theTHC
leadsto a reductionin the meridionaltransportof heatin the Atlantic, anda
regionalcoolingwhich counteractsthe temperatureincrease.Themeridional
distributionsof precipitationandwarming[Schiller etal., 1997],sea-level rise
[Knutti and Stocker, 2000], and biogeochemistryof the ocean[Joos et al.,
1999;SarmientoandLeQuere, 1996]wouldall beprofoundlyaffectedby this
scenario[Stouffer andManabe, 1999].

Physicalprocessessuchasconvection,diffusion andsub-gridscale(eddy)
motions,while fundamentalfor calculatingtheoceanicuptake of naturaland
anthropogenicCO� (Section2), arenot resolved andare insteadparameter-
ized in climatemodels. Climatechangepredictionsdependstronglyon the
responseof thehydrologicalcycle to warming,theparameterizationof mixing
processesandof deepwaterformation,thevertical transportof heat,andthe
rateof temperatureincrease[Stocker andSchmittner, 1997].Differencesin the
representationof theseprocessesandour cruderenditionof sea-iceprocesses
accountfor largeuncertaintiesandinter-modeldifferencesin climatewarming
simulations.

3.2 CO Ô RESPONSETO GLOBAL WARMING

3.2.1 Oceanic feedbacks. The continuousreleaseof anthropogenic
CO� into theatmospherechangesthephysicalandbiogeochemicalproperties
of theoceans.A changein thesepropertiescouldin�uencethefutureuptakeof
anthropogenicCO� by theoceansandtherefore� CO���
	�� . Thepresentsection
discussessomeof thesepropertychanges,which canbeeitherdirectchanges
in theanthropogenicuptake itself (point1 below), or indirectchangesthrough
alterationsof thenaturalsolubility andbiologicalpumpsin theocean(points
2-4). For thepurposeof this paperwe de�ne positive feedbackastheinterac-
tion betwenclimatechangeandthecarboncycle that resultsin anincreasein

� CO���=	�� andadecreasein theoceancarbonuptake.
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1. As anthropogenicCO� accumulatesin the surfaceocean,the carbonate
chemistryof theoceancontinuouslychanges.This processmodi�es thecar-
bonatebufferingandis apositive feedbackactingto decreasetheuptakecapac-
ity for CO� asmoreanthropogeniccarbonis addedto theocean(seeSection
2.1).
2. Thecontinuousemissionof CO� increasesradiative forcingandresultsin a
netheat�ux into theocean.Gasesarelesssolublein warmerwaters.Warming
of thesurfacewatersthereforeincreasessurface� CO� anddrivesCO� out of
theocean.This is a positive feedback;thechemicalcapacityof theoceanto
dissolve anthropogenicCO� decreasesasSSTrises.
3. Coupledatmosphere-oceanmodelspredictincreasesin verticalstrati�cation
anda generalweakeningof the vertical componentof isopycnal mixing and
convective overturning. As a consequence,the amountof watersubmerged
from or upwelledto the surfacechanges.This slowing of vertical exchange
will alterboththenaturalcarboncycle andtheuptake of anthropogenicCO� .
Modelssofar predictanoverall decreasein cumulative oceanicuptake of an-
thropogeniccarbondueto circulationchanges,i.e., a positive feedback(see
Table3 anddiscussionin thischapter).
4. Perhapsthe largestunknown and the hardestto systematizearechanges
in the carbonuptake dueto changesin oceanbiology. The oceanbiological
pumpcanbe affectedby numerousclimate-relatedfactorssuchas: tempera-
ture,cloudinessor light availability, nutrientavailability, oceanphysics,sea-ice
coverage.In a recentstudy, Falkowskiet al. [1998] pointedto threefactors,
listedbelow, thatcouldaffect thestrengthof thebiologicalpumpandtherefore
theoceanicuptake of CO� . For a morecomprehensive review of thesefactors
seealsothe2001IPCCreport.

a. Changesin surfacenutrientutilization in nutrientrich areas.Changes
in the supplyof iron to high nutrient low chlorophyl [HNLC] regions
might affect the utilization of surfacenutrients,therebychangingex-
portproductionandoceaniccarbonstorage.Theamountof iron-bearing
dustin theatmospheredependsonclimate(precipitation,wind strength,
moisture)andon the extent of dustsources,which could vary due to
anthropogenicallyor climateinducedchangesin vegetationcover. In-
creasesin erosion(due to enhancedagriculture,urbanization,conver-
sion of land for agriculturaluse)andthe hydrologicalcycle will likely
affect transportof iron-bearingdustto theocean[TegenandFung, 1995;
Harrison et al., 2001]. This couldchangethebiologicalpumpstrength
andalter atmosphere-oceancarbonpartitioning. A similar mechanism
mighthaveworkedin thepast(seemechanism1a,Section1.1.1;Martin,
[1990]). Notethatsurfacenutrientavailability dependson strati�cation
andverticalmixing, which might changewith climatewarmingaswell
[Sarmientoetal., 1998].
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b. Changesin total oceanicinventoriesof nutrientscould be triggered
by changesin the delivery of critical nutrients(N, P, Fe, Si) from ex-
ternalsources(rivers,atmosphere,sediments)or by changesin nitrogen
�xation anddenitri�cation rates. Theseprocessesmight have occured
on glacial-interglacial time scalesandcould occur in the future as in-
direct effectsof climatechange[Falkowski, 1998]. If Falkowski's hy-
pothesizedlink betweennitrogen�xation andexternaliron supplyexists
[Falkowski, 1997], the �x ed nitrogeninventorydependson the chang-
ing hydrologicalcycle, asit affectstheavailability of iron to theocean.
Changesin strati�cation andmixing with climatewarmingmight also
affect nitrogen�xation ratesandthereforethetotalnitrogeninventory.

c. Changesin the averageelementalcompositionof organicmaterial.
Climate-relatedfactorssuchastemperature,cloudiness(light availabil-
ity), sea-iceextent,strati�cationandmixing mightaffect thestructureof
marineecosystems.A signi�cant shift in ecosystemstructureandpartic-
ularly in thecompositionof phytoplanktonspeciescouldchangetheav-
eragestrengthof thebiologicalpumpandresultin amodi�ed � CO�L�
	��

[IPCCreport,2001].

Notethatmechanisms(a to c) above areanalogousto mechanisms(1 to 3)
proposedin Section1.1.1asexplanationsfor glacial-interglacial CO� changes.
The simple intuition gainedfrom our threebox modelanalysisandEqs.14
and16 canhelp us understandhow the biological pumprespondsto climate
change.

Modeling studiesof future climatehave so far investigatedonly someof
the feedbackmechanismsdescribedabove. Recentstudiesthat looked at the
feedbackbetweenclimatechangeandoceanuptake includeMaier-Reimeret
al. [1996], SarmientoandLe Quere [1996], Sarmientoet al. [1998], Matear
andHirst [1999],Joosetal. [1999],Coxetal. [2000]. All of thesestudiesper-
formedandinter-comparedtwo typesof runs:climatecontrolrunsandglobal
warmingruns.A constantclimatecontrolrun �x esCO� andothergreenhouse
gasesat their pre-industrialvalues.Globalwarmingsimulationsarebasedon
prescribedincreasesof CO� andothergreenhousegasesinto the future (so-
called“emissionscenarios”).

SarmientoandLe Quere [1996] andSarmientoet al. [1998] coupledtheir
ocean-carbonmodelto thePrinceton/GFDLatmosphere-oceanclimatemodel.
Theirdiagnosticmarinebiologicalmodelincludesbiologicalpumpparametriza-
tionsandthe full carbonsystemequations,andis coupledwith �x ed biolog-
ical export �ux es. TheJooset al. [1999] modelis highly idealizedin that it
usesa zonally averagedoceanmodelcoupledto an atmosphericenergy bal-
ancemodel,andasimpli�ed marinebiologicalmodel.Themodelaccountsfor
the potentialfertilization of land by elevatedCO� . Matear and Hirst [1999]
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performedsimulationsin a coupledatmosphere-oceanclimatemodelsimilar
to Sarmientoet al. [1998]. However, this studyusesthe Gent-McWilliams
eddymixing parametrizationin the oceananda prognosticparameterization
of exportproduction.Thesetwo factorshave thepotentialto signi�cantly alter
thefeedbacksbetweenclimatechangeandoceanicCO� uptake. Resultsfrom
thesethreestudiesaresummarizedin Table3 andaredescribedbelow.

Table 3. The responseof oceanicCO
z

uptake to climate-inducedfeedbacksin threestudies
discussedin thetext. Climatebaselinerefersto simulationswith anthropogenicCO

z

emissions
but preindustrialoceantemperatureandcirculation. Percentchangesrefer to uptake changes
for theclimatesimulation-basedon the IPCCIS92ascenario-relative to theclimatebaseline.
Warmingandcirculationeffectsarechangesdueto warmingandvariationin transportprocesses
in the absenceof the biological pump. “Total effect” is the uptake changewhenall climate
feedbacksarepresent;“total uptake” is thecumulativeoceanuptake for amodelwhichincludes
all feedbacks.Note thatdecreasesin oceancarbonuptake (i.e., negative numbersin the table)
correspondto positive feedbacksrelative to « CO

z

Ø�� �

. Sarmientoet al. �x biological export
�ux es while the other two studiesusevariableexport �ux es. Joos et al. usea simpli�ed,
2D oceanmodelcoupledto anatmosphericenergy balancemodel;theothertwo studiesuse3D
coupledatmosphere-oceanGCMs.Warmingandcirculationtendto decreasetheoceanicuptake
of CO

z

, with circulationhaving a largereffect lateron in thecentury, while biology increases
theuptake of CO

z

.

Responseof OceanicUptake to climate-inducedoceanfeedbacks
Sarmientoetal. ['98] MatearandHirst ['99] Jooset al. ['99]

Time Span 1990-2065 1850-2100 1765-2100
ClimateBaseline(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 Uptake (PgC) 262 346 480

In thecontext of modellingstudies,theSolubility feedbackisde�nedasthe
interactionbetweenclimatechangeandtheoceancarbonuptake in a solubil-
ity only climatechangescenario.In theabsenceof biology, a varyingclimate
affectsoceanicCO� uptake through(a) temperatureor heat�ux changes(SST
feedback)and (b) changesin strati�cation andconvection (circulationfeed-
back).Notethatthesearepreciselymechanisms2 and3 from thebeginningof
thissection.ThetemperatureandcirculationeffectsonCO� uptakecanbesep-
aratedfrom eachotherby assumingthatthey arelinearly independent,i.e. by
neglectingnonlinearitiesof thecarbonatechemistry. Theclimatesimulations
arethereforerun in two separateabioticmodelsin whicheitherthecirculation
or theseasurfacetemperaturearekeptconstant.
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Underglobalwarmingconditions,increasingSSTscauseareductionin sol-
ubility, whichdrivesCO� outof theoceananddecreasesthenetcapacityof the
oceanfor takingup CO� . Modelsalsopredictanincreasein upperwatercol-
umnstrati�cation anda decreasein high latitudeconvective overturningwith
climatewarming(Fig 13 e andd, respectively). Overall decreasesin convec-
tion andTHC resultin lesscommunicationbetweendeepandsurfacewaters.
This resultsin aweaker solubility pumpin high latitudes,i.e., lesslossof heat
to theatmosphereandlessCO� �ux into thehigh latitudeocean.

Climatewarmingsimulationsperformedwith abiotic modelscon�rm that
theSSTfeedbackandthecirculationfeedbackarebothpositive feedbackson

� CO���=	�� which contribute to a decreasein the net uptake of excessCO� by
the ocean(Table3). In the Sarmientoet al. [1998] abiotic simulations,the
SSTfeedbackaccountsfor 82%of thedecreasein cumulative uptake in CO�

earlyin thesimulation(years1765-1990),while transportprocessestake over
lateron in thesimulations.From1990to 2065,theslow-down of oceancircu-
lation processesaccountsfor about66%of thedecreasesin cumulative ocean
uptake, with temperatureincreaseaccountingfor theremaining34%. Thein-
clusionof theGent-McWilliams eddy-advectionschemeis hypothesizedto re-
ducetheimportanceof convectionin theSouthernOceanandseemsto account
for thesmallereffect of thecirculationfeedbackof 10.2%in theMatearand
Hirst study(Table3). Thesmallcirculationfeedbackof Jooset al. is dif�cult
to evaluate,sincethis studyusesa highly simpli�ed, two dimensionalocean
model.

Biological feedbackis the interactionbetweenclimatechangeandtheup-
take of CO� dueto biologicalmechanisms,asdescribedby mechanisms4 a-c
in thischapter.

Thebiologicalmodelsusedin theglobalclimatechangestudiespresented
above arehighly simpli�ed; mostof themonly allow for simplechangesin
surfacenutrientavailability with climatechange(mechanism4a). Theresult-
ing biologicalfeedbacksarenecessarilytentative parameterizationsof thereal
processesoccuringin nature.In thecontext of ourmodelsthebiologicalfeed-
backis dictatedonly by changesin verticalstrati�cation andthethermohaline
circulation. Thesemodify the amountof

�����

and nutrientsbrought from
depthby the overturningcirculation,alteringthe strengthof the naturalbio-
logical pumpandtheCO� partitioningbetweenoceanandatmosphere.Note
that currentthinking holdsthat at currentCO� levels, increasingCO� in the
oceanby anthropogenicadditiondoesnot directly affect biologicalprocesses
in theocean;modelingstudiessofar have beenbasedon thispremise.

Sarmientoet al. [1998] usea constant-biotamodelwhich �x estheexport
andproductionat their initial values.Theexceptionareareaswherephosphate
becomesdepletedat thesurface;here,productionis setto zero.In this simple
model,increasedstrati�cationandslowercirculation(Fig. 13eandd) lowerthe
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upwardsupplyof deepcarbonandnutrientsto theeuphoticzone.TheSouthern
Oceanis aregionwheredeepmixing ensurescommunicationbetweensurface
anddeepwatersby outcroppingisopycnals. A �attening of isopycnalsanda
decreasein verticalmixing with climatewarmingreducesthecommunication
betweendeepwaters(rich in

�����

andPO; ) andsurfacewaters(poorin
�Q���

andPO; ) and,in a modelwherebiologicaluptake is �x edat its pre-industrial
value,resultsin a decreasein surface-waterPO; (Fig 13f) andaccumulation
of excess

�����

in the deep. The biological pump becomesmore effective
especiallyin theSouthernOcean,asre�ectedby thelarge�ux of CO� into the
region. Thenetchangedueto thebiologicalpumpis a24%increasein oceanic
uptake of CO� (Table3). Figure13b provides an interestingcounterpartto
Figure8 and modelstudieswhich show that the SouthernOceanbiological
pumpreactsmorestrongly to nutrientdepletionexperimentsthan any other
regionof theocean(seeSection1.2).

Theabove mechanismis equivalentto mechanism1b in Section1.1.1.The
neteffect of increasedstrati�cation anddecreasedSouthernOceanconvective
mixing in a 3 box modelis a decreasein ‡ . Whenbiologicalexport �ux es ^t„

are�x ed,adecreasein ‡ resultsin adecreasein preformednutrientsPO;L„ , in
agreementwith Eq.15. Theresultingdepletionof nutrientsactsto increasethe
biologicalpumpstrengthandtheoceanicuptake of CO� asshown by Eq. 14
andFigures4 and8.

Notethatthestrengthof thebiologicalfeedbackdependsonboththephysi-
cal andthebiologicalmodelsbeingused,i.e. on thespeci�cationof ‡ and ^Ã„

in our model. Jooset al. [1999] comparetheir standardprognosticbiological
model,whereexport �ux esareallowed to changein responseto climate, to
a constantexport productionmodel. Table3 presentsresultsfrom their prog-
nostic biological model runs. In this model increasedstrati�cation and the
resultingsurfacenutrientdepletiondecreasesexport production. This effect
works againstthe decreasein surfacenutrientsupplyandtendsto make the
biologicalpumplessef�cient. While theoverall effect in theJooset al. prog-
nosticmodelis still an increasein theoceanicuptake of CO� , this increaseis
smallercomparedto aconstantexportproductionmodelsuchasthatemployed
by Sarmientoetal. [1998].

Finally, the inclusionof theGent-McWilliams parametrizationof theeddy
effects[Gentet al., 1995]by MatearandHirst [1999] resultsin a smallerin-
creasein strati�cation with climatechange.This thenresultsin lessnutrient
depletionandthereforea smallerincreasein theoceanicuptake of CO� com-
paredto Sarmientoet al. [1998]. For eachof the above modelstudies,the
negative biological feedbackspartially cancelout thepositive solubility feed-
backson the oceanicuptake. The net effect of includingclimatechangeis a
decreasein theoceanicuptake of CO� .
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Figure 13. Figure2 from Sarmientoet al. [1998] showing thePrincetonGCM responseto
anthropogenicclimatewarming. Zonal integralsfor the decade2056-65of: a. the changein
air-seaCO

z

�ux es(positive for oceanuptake) dueto warmingandchangesin oceantransport
estimatedby thedifferencebetweenthesolubility Globalwarming(GW) andsolubility baseline
(Pg/degree/yr);b. thechangein air-seaCO

z

�ux esdueto thebiologicalpumpcalculatedasthe
differencebetweentheconstant-biotaGW andtheconstantbiotabaselineair-seaCO

z

�ux es,
afterremoving thechangesdueto warmingandtransport(Pg/degree/yr);c. GW minusbaseline
heat�ux esin W/m; d. GW minusbaselineof theconvectionindex; e. Solid line: changein total
surfacedensity(GW minuscontrol) in kg/ml ; dashedanddottedlines show densitychanges
dueto temperatureandsalinity, respectively. f. Constantbiota GW minusct. biota baseline
surfacePO

c

in mmol/m
z

. Dottedline is thenegative of baselinePO
c

.

More recently, Boppet al. [2001] investigatedtheresponseof marinepro-
ductivity toclimatechangeusingtwo differentoceanbiogeochemicalschemes.
The �rst links marineexport productionto phosphateutilization at the sur-
face,temperature,and light intensitybut, just like the schemesabove, does
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not includeexplicit biology. Thesecondis anNPZD (nutrient-phytoplankton-
zooplankton-detritus) typemodelin which phytoplanktongrowth dependson
thelocalconditionsof light, temperature,andverticaleddydiffusion.

Interestingly, increasedstrati�cationassociatedwith climatewarmingleads
to both reducednutrientsupply, asin previous studies,andto increasedlight
supplyin thenow thinnermixedlayer. Reducednutrientsupplymainlyin win-
tertimecausesa decreasein thebiologicalproduction.Increasedlight supply
in thenow morestronglystrati�ed high latitudesgiveslongergrowing seasons
in theseareasandan overall poleward shift in oceanicbiologicalproduction.
Boppet al. �nd that theeffect of increasedlight supplyprevails in high lati-
tudes,while theeffect of reducedupwellingof nutrientsis mostimportantin
low latitudes.As aresultexportproductionincreasesby 30%in high latitudes
anddecreasesby 20%in low latitudesfor adoublingof atmosphericCO� . The
overall effect is a modestdecreasein export productionof 6%, similar to the
decreasein export productionfoundby Jooset al. [1999]. Onewould expect
thatthehigh latitudeincreasein biologicalproductionwill dominate,resulting
in anetincreasein oceanicCO� uptake.

The responseof biology to climatechangeandits feedbackon thesystem
is highly dependenton themodelbeingused(Table3). TheBoppet al. study
makesthepoint thatproductionandsurfacenutrientconcentrationdependona
varietyof mechanismssuchaslight availability andtrophicinteractions,which
needto be includedin future climate feedbackstudies. A naturalnext step
in modeldevelopmentwould thenbe to replacethenutrientbasedbiological
modelswith morecomplex, ecosystemdynamics(NPZD) type modelsasin
thestudiesof Coxet al. [2000] andFriedlingsteinet al. [2001].

4. SUMMARY

This chapterfocuseson understandingthemechanismsresponsiblefor the
oceanicuptake of carbon. The oceanicuptake of naturalCO� is determined
by thecarbonpump,which is thesumof thebiologicalandsolubility carbon
pumps(Section1). The

�Q���

gradientbetweenthesurfaceandthedeepocean
provesto bea goodmetric for thestrengthof thecarbonpumps.Simplebox
modelscanhelpusunderstandthebasicmechanismsunderlyingthevariation
of atmospheric� CO� betweenglacialsand interglacialsandthe relationship
betweenthebiologicalpumpstrengthandpreformednutrients,oceaniccircu-
lation,andgasexchange(Section1.1).

Oneof the most importantproblemsof carboncycle researchis to deter-
minewhereall theanthropogeniccarbonaddedto theoceansis going. While
Section1 analyzesthesteadystateoceanicuptake, Section2 studiesthetran-
sientproblem,i.e., thebehavior of theoceanicuptake andthecorresponding
atmosphericresponseto anthropogenicCO� perturbations.Theuptake of ex-
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cesscarboncanbe characterizedasa sumof decayingexponentialfunctions
with time scales

½=î

characteristicfor differentoceanicprocessesandwith co-
ef�cients relatedto therelativecapacitiesof thereservoirs ü �lled upwith CO�

at rates
½ î

. Mixing betweensurfaceanddeepwatersdeterminesthe rateat
which thesereservoirs arebeing�lled up. Differencesin convective mixing or
isocpycnalmixing arethuspartly responsiblefor differencesin carbonuptake
betweendifferentmodels.

Model studiessuggestthat the SouthernOceanplaysa critical role in the
uptake of anthropogenicCO� from theatmosphere(Figures11 and12) andin
the feedbackprocessesbetweentheoceaniccarboncycle andclimatechange
(Figure13). Changesin oceanicSST, circulation,mixing, gasexchangefol-
lowing climatewarmingwill result in changesof the naturalbiological and
solubility pumpsin theocean,whichwill in�uence in their turn thefurtherup-
take of carbonby theocean.In particular, GCM studiessuggestthatclimate
warmingresultsin increasedstrati�cation, a decreasein the vertical compo-
nentof isopycnalmixing andadecreasein convective overturningprimarily in
theSouthernOcean.

The resultingdecreasein preformednutrientssuggestsa strengtheningof
thebiologicalpumpandthereforeanincreasein thebiologicaluptake of CO� .
At thesametime,decreasinghighlatitudeconvectionresultsin reduceduptake
by the solubility pump in the high latitudeocean. Finally, increasingSSTs
causean additionalreductionin the solubility pump,driving CO� out of the
ocean. The solubility effects win over the biological effects. According to
the most recentmodelsavailable, in the net, climatewarmingdecreasesthe
capacityof theoceanfor furthercarbonuptake andthusrepresentsa positive
feedbackon theatmosphericcarbondioxide. This result,aswell asthe large
uncertaintyassociatedwith it, shouldraisea red �ag andstimulatescientists
to improve both modelsandtheoryin orderto betterunderstandnaturaland
anthropogenicCO� uptake by theocean.
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