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ModelModel iingng Atmosphere-OceanAtmosphere-Ocean 
InteractionsInteractions andand PrinlaryPrinlary ProductivityProductivity 
JoeJoe Grzymski,Grzymski, MarkMark A.A. MolineMoline andand JayJay 1.1. CullenCullen 

TheThe strengthstrength ofof ourour foodfood chain,chain, regardlessregardless ofof thethe numbernumber ofof itsits links,links, 
mustmust bebe dependentdependent onon thatthat firstfirst fundamentalfundamental linklink whichwhich joinsjoins itit organi­organi­
callycally toto thethe inorganicinorganic elementselements ofof whichwhich allall livingliving formsforms areare composed,composed, 
elementselements whichwhich areare unavailableunavailable untiluntil wovenwoven intointo livingliving tissuetissue onon thethe 
mysteriousmysterious loomloom ofof thethe chlorophyll-bearingchlorophyll-bearing plant.plant. AndAnd this,this, inin thethe entireentire 
aquaticaquatic world,world, isis parpar excellenceexcellence thethe diatoms.diatoms. 

MannMann 19211921 

InIn thisthis chapterchapter youyou will:will: 
•�• BeBe exposedexposed toto relationsrelations betweenbetween atmosphere-oceanatmosphere-ocean interactionsinteractions andand pri­pri­

matymary productivity;productivity; 
•�• BeBe sensitizedsensitized toto thethe importanceimportance ofof ironiron inin thethe marinemarine geochemistrygeochemistty andand 

primatyitsits centralcentral rolerole inin thethe physiologyphysiology ofof marinemarine primary producers;producers; andand 
••� LearnLearn howhow toto useuse stochiometricstochiometric equationsequations withinwithin aa STELLASTELLA model,model, andand 

howhow toto tracetrace chemicalchemical elements-muchelements-much likelike thethe cohortscohorts ofof aa popula­popula­
tion-throughtion-through differentdifferent stages.stages. 

7.1.7.1. IntroductionIntroduction 

TheThe heatheat budget,budget, andand hencehence thethe climateclimate ofof thethe Earth,Earth, isis sensitivesensitive toto changeschanges 
inin thethe atmosphericatmospheric greenhousegreenhouse gasgas composition.composition. NextNext toto waterwater vapor,vapor, car­car­
bonbon dioxidedioxide CCO)CCO) isis thethe mostmost importantimportant atmosphericatmospheric greenhousegreenhouse gasgas af­af­
fectingfecting thethe Earth'sEarth's radiativeradiative balance.balance. GreenhouseGreenhouse gasesgases raiseraise thethe meanmean tem­tem­
peratureperature ofof thethe EarthEarth byby absorbingabsorbing andand trappingtrapping long-wavelong-wave radiationradiation fromfrom 
thethe planetplanet surfacesurface thatthat wouldwould otherwiseotherwise bebe lostlost toto space.space. 

GlobalGlobal warmingwarming isis aa phrasephrase thatthat hashas becomebecome extremelyextremely popularpopular inin bothboth 
mediamedia andand environmentalenvironmental circlescircles sincesince itit waswas discovereddiscovered that,that, beginningbeginning 
withwith thethe IndustrialIndustrial RevolutionRevolution ofof thethe 1919thth centuty,century, anthropogenicanthropogenic fossilfossil fuelfuel 
useuse hashas increasedincreased atmosphericatmospheric CCO)CCO) fromfrom 280280 toto 360360 ppmppm andand warmedwarmed thethe 
EarthEarth byby approximatelyapproximately 0.4°c.0.4°c. ChangesChanges inin atmosphericatmospheric COCO

22 
concentrationsconcentrations 

affect,affect, andand areare affectedaffected by,by, interactionsinteractions betweenbetween thethe atmosphereatmosphere andand ocean,ocean, 
withwith potentiallypotentially far-reachingfar-reaching implicationsimplications forfor marinemarine andand terrestrialterrestrial life.life. Un­Un­
derstandingderstanding thethe effecteffect ofof increasedincreased COCO

22 
onon climate,climate, biogeochemicalbiogeochemical cycles,cycles, 
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oceanocean andand terrestrialterrestrial plantplant productivityproductivity hashas becomebecome thethe focusfocus ofof muchmuch sci­sci­
entificentific research.research. 

TheThe purposepurpose ofof thisthis chapterchapter isis toto demonstratedemonstrate thethe relationsrelations betweenbetween thethe 
atmosphere-oceanatmosphere-ocean COCO22 systemsystem andand marinemarine primaryprimary productivityproductivity asas itit isis reg­reg­
ulatedulated byby thethe supplysupply ofof twotwo essentialessential nutrients:nutrients: nitrogennitrogen (most(most importantlyimportantly 
inin thethe formform ofof nitrate,nitrate, N0N033-)-) andand ironiron (Fe).(Fe). TheThe modelmodel developeddeveloped inin thisthis 
chapterchapter drawsdraws onon conceptsconcepts fromfrom manymany aspectsaspects ofof oceanography.oceanography. ItIt isis basedbased 
onon fundamentalfundamental conceptsconcepts inin equilibriumequilibrium chemistrychemistry (the(the carbonatecarbonate system),system), 
biologybiology andand ecologyecology (nutrient(nutrient kineticskinetics andand primaryprimary production).production). TheThe modelmodel 
isis heuristicheuristic andand notnot aa quantitativequantitative estimateestimate ofof thethe impactsimpacts ofof anthropogenicanthropogenic 
COCO22 increasesincreases andand FeFe limitationlimitation onon primaryprimary productivity.productivity. Rather,Rather, thethe 
model'smodel's primaryprimary purposepurpose isis toto demonstratedemonstrate thethe couplingcoupling betweenbetween partialpartial 
pressurepressure ofof COCO22 [pC0) inin thethe atmosphere,atmosphere, oceanocean chemistrychemistry andand biology,biology, 
andand toto exploreexplore changeschanges inin atmosphericatmospheric [pCOJ[pCOJ 

[pCO) 

7.2.7.2. GreenhouseGreenhouse GasesGases andand ClimateClimate 

OurOur currentcurrent understandingunderstanding ofof thethe ocean-atmosphereocean-atmosphere systemsystem andand howhow an­an­
thropogenicthropogenic activitiesactivities willwill affectaffect futurefuture climateclimate changeschanges reliesrelies heavilyheavily onon ourour 

perturbationsunderstandingunderstanding ofof pastpast pelturbations ofof globalglobal climateclimate detecteddetected inin thethe geo­geo­
logicallogical record.record. MeasurementsMeasurements ofof COCO22 concentrationsconcentrations inin airair bubblesbubbles trappedtrapped 
inin polarpolar iceice corescores havehave demonstrateddemonstrated thatthat atmosphericatmospheric COCO22 fluctuationsfluctuations ofof 
approximatelyapproximately 8080 ppmppm (Petit(Petit etet al.al. 1999)1999) accompaniedaccompanied temperaturetemperature fluctua­fluctua­
tionstions duringduring thethe mostmost recentrecent QuaternaryQuaternary glacial-interglacialglacial-interglacial transitiontransition 02,00002,000 
yearsyears ago)ago) onon aa timetime scalescale ofof 101033-10-1044 years.years. WhetherWhether presentpresent increasesincreases inin at­at­
mosphericmospheric COCO22 willwill resultresult inin similarlysimilarly drasticdrastic changeschanges inin globalglobal climateclimate re­re­
quiresquires greatergreater knowledgeknowledge toto whatwhat degreedegree thethe ocean,ocean, thethe largestlargest reservoirreservoir ofof 
inorganicinorganic carbon,carbon, willwill actact toto bufferbuffer atmosphericatmospheric increases.increases. 

BecauseBecause thethe vastvast majoritymajority ofof thethe combinedcombined atmosphere-oceanatmosphere-ocean inorganicinorganic 
carboncarbon poolpool residesresides inin thethe subsurfacesubsurface oceanocean (Sarmiento(Sarmiento && OrrOrr 1991),1991), fluc­fluc­
tuationstuations inin atmosphericatmospheric COCO22concentrationsconcentrations andand thethe resultingresulting shiftsshifts inin globalglobal 
climateclimate areare thoughtthought toto bebe forcedforced byby changeschanges inin thethe oceanicoceanic carboncarbon cyclecycle 
(Sundquist(Sundquist && BroeckerBroecker 1985).1985). Today,Today, surfacesurface oceanocean COCO22 concentrationsconcentrations areare 
inin equilibriumequilibrium withwith thethe atmosphere,atmosphere, whilewhile thethe deepdeep oceanocean containscontains moremore 
COCO22 thenthen couldcould resultresult fromfrom air-seaair-sea gasgas exchangeexchange alonealone (Broecker,(Broecker, PengPeng && 
EnghEngh 1980).1980). TheThe surplussurplus ofof COCO22inin thethe deepdeep oceanocean isis maintainedmaintained byby aa mech­mech­
anismanism referredreferred toto asas thethe biologicalbiological pumppump (Sarmiento(Sarmiento && BenderBender 1994).1994). TheThe 
biologicalbiological pumppump sequesterssequesters COCO22 fromfrom thethe atmosphereatmosphere throughthrough thethe reduc­reduc­
tiontion ofof COCO22 byby photophotoautotrophicautotrophic organisms.organisms. InIn surfacesurface waterswaters ofof thethe 
oceans,oceans, thesethese organismsorganisms fixfix inorganicinorganic carboncarbon (along(along withwith otherother nutrients)nutrients) 
intointo organicorganic moleculesmolecules accordingaccording toto thethe equationequation forfor photosynthesis:photosynthesis: 

106C0106C022++ 16N016N033-- ++ HH22P0P0
44

-­

H CI06H2630110N16P 13802. (1)(1)++ 122H122H2200 ++ 17H+17H+ +-t CI06H2630uoNl6P ++ 13802, 
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AA fractionfraction ofof thethe reducedreduced carboncarbon isis removedremoved fromfrom communicationcommunication withwith 
thethe atmosphereatmosphere whenwhen itit sinkssinks outout ofof surfacesurface waterswaters underunder thethe influenceinfluence ofof 
gravity,gravity, andand isis remineralizedremineralized inin thethe deepdeep ocean.ocean. TheThe stoichiometrystoichiometry ofof thethe 
reactionreaction represents,represents, onon average,average, thethe compositioncomposition ofof thethe sinkingsinking biogenicbiogenic 
material.material. RatiosRatios ofof thethe majormajor inorganicinorganic nutrientsnutrients inin thethe oceanocean interiorinterior areare 
setset byby thethe netnet resultresult ofof thethe redoxredox reactionreaction ofof carboncarbon fixationfixation andand reminer­reminer­
alization.alization. 

TheThe constantconstant stoichiometrystoichiometry ofof marinemarine exportexport production,production, oftenoften calledcalled thethe 
RedfieldRedfield ratio,ratio, isis usedused toto estimateestimate carboncarbon fluxesfluxes fromfrom changeschanges inin surface­surface­
waterwater nutrientnutrient concentrationsconcentrations (Redfield(Redfield etet al.al. 1963).1963). InIn thethe modemmodem ocean,ocean, 
thethe yieldyield ofof thisthis generalizedgeneralized reactionreaction isis thoughtthought toto bebe limitedlimited byby thethe supplysupply 
ofof NN (in(in thethe formform ofof N0N0 -)-) toto thethe euphoticeuphotic zonezone becausebecause upwelledupwelled N-to­N-to­

33
nutrientnutrient ratiosratios areare onon averageaverage belowbelow thethe RedfieldRedfield valuesvalues (Anderson(Anderson && 
SarmientoSarmiento 1994;1994; FalkowskiFalkowski 1997).1997). AlthoughAlthough thethe specificspecific causescauses forfor varia­varia­
tionstions inin atmosphericatmospheric COCO

22 
onon glacial-interglacialglacial-interglacial timetime scalesscales remainremain un­un­

known,known, oneone wayway toto explainexplain thethe glacialglacial increaseincrease ofof thethe oceanicoceanic carboncarbon in­in­
ventoryventory andand resultingresulting reductionreduction ofof atmosphericatmospheric COCO22 

levelslevels isis throughthrough 
increasedincreased biologicalbiological pumpingpumping ofof carboncarbon (increased(increased exportexport production)production) toto 
thethe deepdeep oceanocean (Martin(Martin 1990).
1990). 

7.3.7.3. High-Nutrient,High-Nutrient, Low-ChlorophyllLow-Chlorophyll (HNLC)(HNLC) RegionsRegions 

InIn certaincertain areasareas ofof today'stoday's ocean,ocean, suchsuch asas thethe SouthernSouthern OceanOcean andand thethe 
EquatorialEquatorial Pacific,Pacific, thethe presencepresence ofof excessexcess surfacesurface nutrientsnutrients andand thethe virtualvirtual 
absenceabsence ofof phytoplanktonphytoplankton biomassbiomass implyimply thatthat thethe biologicalbiological pumppump isis notnot 
operatingoperating toto itsits fullfull potentialpotential (Martin(Martin 1990).1990). TheseThese areasareas areare referredreferred toto asas 

cWorophyllhighhigh nutrient-lownutrient-low chlorophyll (HNLC)(HNLC) regions.regions. AA portionportion ofof thethe decreasedecrease inin 
glacialglacial atmosphericatmospheric COCO could

22 
could bebe accountedaccounted forfor ifif thethe biologicalbiological pumppump 

werewere ableable toto drawdraw downdown thesethese excessexcess nutrientsnutrients andand associatedassociated inorganicinorganic 
carboncarbon fromfrom thethe HNLC.HNLC. InIn fact,fact, organicorganic carboncarbon preservedpreserved inin thethe sedimentssediments 
indicatesindicates thatthat exportexport productionproduction fromfrom HNLCHNLC surfacesurface waterswaters hashas covariedcovaried 

dUringwithwith atmosphericatmospheric COCO22 
levelslevels during thethe QuaternaryQuaternary (Berger(Berger etet al.al. 1989).1989). 

OneOne wayway toto increaseincrease thethe efficiencyefficiency ofof thethe biologicalbiological pumppump (export(export produc­produc­
tion)tion) wouldwould bebe toto enhanceenhance locallocal levelslevels ofof primaryprimary production.production. 

TheThe ironiron hypothesishypothesis waswas advancedadvanced inin orderorder toto addressaddress whywhy andand howhow 
productiVityproductivity inin HNLCHNLC regionsregions couldcould havehave increasedincreased soso remarkablyremarkably duringduring 
thethe lastlast glaciation.glaciation. MartinMartin (1990)(1990) proposedproposed thatthat thethe reductionreduction ofof atmos­atmos­
phericpheric COCO

22 
duringduring thethe pastpast glaciationglaciation eventevent waswas causedcaused byby increasedincreased bio­bio­

logicallogical productionproduction duedue toto greatergreater aeolianaeolian supplysupply ofof FeFe toto oceanocean surfacesurface 
water.water. DuringDuring thethe lastlast glaciation,glaciation, FeFe fluxesfluxes toto thethe oceanocean surfacesurface werewere ap­ap­
proximatelyproximately 5050 timestimes higherhigher thanthan present-daypresent-day fluxes,fluxes, andand therethere isis goodgood 
correspondencecorrespondence betweenbetween thethe supplysupply ofof FeFe andand atmosphericatmospheric COCO

22 
inferredinferred 

fromfrom ice-coreice-core recordsrecords (Petit(Petit etet al.al. 1999).1999). TheThe hypothesishypothesis assumesassumes thatthat inin 
in­certaincertain HNLCHNLC areasareas ofof thethe present-daypresent-day ocean,ocean, photosyntheticphotosynthetic fixationfixation ofof in­

!De. 
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organicorganic carboncarbon isis limitedlimited byby lowlow ambientambient FeFe concentrations.concentrations. AnotherAnother as­as­
sumptionsumption isis thatthat increasedincreased aeolianaeolian FeFe supplysupply couldcould relaxrelax thisthis limitationlimitation andand 
allowallow excessexcess surfacesurface nutrientsnutrients toto bebe utilized.utilized. EvidenceEvidence supportingsupporting bothboth ofof 
thesethese assumptionsassumptions comescomes fromfrom recentrecent laboratorylaboratory andand largelarge scalescale fieldfield ex­ex­
perimentsperiments (Coale(Coale etet al.al. 1996b;1996b; MartinMartin etet al.al. 1994;1994; MartinMartin etet al.al. 1989;1989; Morel,Morel, 
RueterRueter && PricePrice 1991b;1991b; SundaSunda && HuntsmanHuntsman 1997).1997). Iron'sIron's importanceimportance inin thethe 
marinemarine geochemistrygeochemistry ofof CC andand NN stemsstems fromfrom itsits centralcentral rolerole inin thethe physiol­physiol­
ogyogy ofof marinemarine primaryprimary producers.producers. 

IronIron isis anan essentialessential elementelement forfor allall livingliving organismsorganisms (Williams(Williams 1981).1981). pho­
toautotrophictoautotrophic physiologyphysiology requiresrequires FeFe forfor thethe productionproduction ofof chlorophyll,chlorophyll, cy­cy­
tochromestochromes andand forfor thethe fixationfixation andand metabolismmetabolism ofof nitrogennitrogen asas aa componentcomponent 
ofof specificspecific metalloenzymes.metalloenzymes. AlthoughAlthough FeFe isis requiredrequired inin tracetrace quantitiesquantities com­com­
paredpared withwith otherother majormajor mineralmineral nutrients,nutrients, itit isis largelylargely insolubleinsoluble inin oxy­oxy­
genatedgenated seawater.seawater. Surface-waterSurface-water concentrationsconcentrations ofof soluble,soluble, biologicallybiologically 
availableavailable FeFe areare exceedinglyexceedingly lowlow «« 11 xx 10-10-99 molmol LL-1)-1) inin thethe openopen oceanocean 
andand depthdepth profilesprofiles resembleresemble thosethose ofof otherother majormajor plantplant nutrientsnutrients (Bruland(Bruland 
1983;1983; MartinMartin && GordonGordon 1988;1988; MartinMartin etet al.al. 1989),1989), TheThe transporttransport ofof FeFe intointo 
thethe euphoticeuphotic zonezone asas advectiveldiffusive 

Pho­

estimatedestimated fromfrom simplesimple advective/diffusive modelsmodels 
alonealone appearsappears toto bebe insufficientinsufficient toto allowallow marinemarine phototrophsphototrophs toto depletedeplete 
ambientambient macronutrientsmacronutrients suchsuch asas nitratenitrate andand phosphatephosphate (Martin(Martin 1990).1990). 
WithoutWithout additionaladditional sourcessources ofof Fe,Fe, suchsuch asas aeolianaeolian deposition,deposition, HNLCHNLC re­re­
gionsgions appearappear toto bebe Fe-limitedFe-limited ecosystemsecosystems withwith lowlow levelslevels ofof phytoplanktonphytoplankton 
biomass,biomass, primaryprimary productivityproductivity andand exportexport production.production. 

7.4.7.4. Atmosphere-OceanAtmosphere-Ocean InteractionInteraction ModelModel 

TheThe modelmodel isis aa one-dimensional,one-dimensional, time-dependenttime-dependent boxbox modelmodel thatthat trackstracks thethe 
movementmovement ofof carbon,carbon, nitrogennitrogen (N0(N0 -),-), andand FeFe throughthrough aa conceptualizedconceptualized

33
ofN0 -,-, nutrientsnutrients areare permittedpermittedopen-oceanopen-ocean ecosystem.ecosystem. WithWith thethe exceptionexception of N0

33
toto cyclecycle throughthrough fourfour majormajor reservoirs:reservoirs: thethe atmosphere,atmosphere, thethe surfacesurface ocean,ocean, 
thethe deepdeep oceanocean andand thethe sediment.sediment. WeWe assumeassume thatthat atmosphericatmospheric inorganicinorganic 
nitrogennitrogen depositiondeposition isis insignificantinsignificant comparedcompared withwith thethe fluxflux ofof upwelledupwelled ni­ni­
trogentrogen toto thethe surfacesurface oceanocean reservoir.reservoir. VerticalVertical particulateparticulate fluxesfluxes fromfrom thethe 
surfacesurface toto deepdeep oceanocean inin thethe modelmodel resultresult fromfrom thethe sinkingsinking ofof phytoplank­phytoplank­
tonton cellscells (primarily(primarily diatomsdiatoms andand calcite-formingcalcite-forming organisms).organisms). 

BeforeBefore wewe discussdiscuss thethe structurestructure andand functionfunction ofof thethe model,model, itit isis importantimportant 
toto explainexplain thethe biologicalbiological andand chemicalchemical processesprocesses thatthat formform thethe heartheart ofof thethe 
modelmodel equations.equations. KeepingKeeping tracktrack ofof thethe variousvarious currenciescurrencies inin thethe model-C,model-C, 
NN andand Fe-isFe-is mademade simplesimple usingusing STELLASTELLA andand aa Pc.Pc. However,However, importantimportant 
conceptsconcepts inin carbonatecarbonate chemistrychemistry andand nutrientnutrient kineticskinetics underlieunderlie thethe tasktask ofof 
accountingaccounting forfor fluxesfluxes ofof C,C, N,N, andand Fe,Fe, andand thethe chemicalchemical changeschanges theythey un­un­
dergo.dergo. ClearlyClearly understandingunderstanding thethe followingfollowing principlesprinciples willwill makemake applyingapplying 
andand interpretinginterpreting thethe modelmodel easier.easier. 
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7.4.7.7.4.1. InorganicInorganic CarbonCarbon FluxesFluxes 

WhenWhen thethe processesprocesses ofof photosynthesisphotosynthesis andand respirationrespiration areare balancedbalanced inin thethe 
COzbiospherebiosphere thethe concentrationconcentration ofof atmosphericatmospheric CO2 isis regulatedregulated byby equilibra­equilibra­

[pCOz]'tiontion withwith thethe oceanocean surfacesurface waterwater [pCO). EquilibriumEquilibrium betweenbetween atmosphereatmosphere 
[CO)andand surfacesurface waterwater [C02] isis achievedachieved throughthrough thethe exchangeexchange ofof carboncarbon diox­diox­

ideide acrossacross thethe air-seaair-sea interfaceinterface andand isis governedgoverned byby thethe differencedifference inin partialpartial 
pressurepressure betweenbetween thethe atmosphereatmosphere andand oceanocean surfacesurface waterswaters andand thethe pistonpiston 

COzvelocityvelocity (r)-a(r)-a measuremeasure ofof thethe diffusivitydiffusivity ofof CO2andand surfacesurface waterwater mixing:mixing: 

(Air-sea(Air-sea exchangeexchange == rr (pC0(pC022(atm)(atm) (aJ. (2)
(2)-pC0-pC022 (aq). 

COz(atm) relativelyrelatively easyeasy to
toAlthoughAlthough changeschanges inin thethe concentrationconcentration ofof C02Catm) areare 
COz(aq)model,model, thethe concentrationconcentration ofof C02Caq) isis aa functionfunction ofof thethe carbonatecarbonate chemistry
chemistry 

COzofof seawater.seawater. TheThe solubilitysolubility ofof CO2 inin seawaterseawater exceedsexceeds thatthat forfor otherother inert
inert 
gasesgases becausebecause itit cancan existexist asas threethree distinctdistinct species,species, accordingaccording toto thethe follow­
follow­
inging thermodynamicthermodynamic relations:
relations: 

COCO22(atm)(atm) ~~ COCO22(aq)(aq) (3)(3) 

COCO22(aq)(aq) ++ HH 22 00 ~~ HH 22C0C0 (4)(4)
33 

COCO (aq)(aq) ++ HH 22 00 ~~ H+H+ ++ HC0HC0 ­­ (5)(5)
22 33 
HC0HCO,-- ~~ CO/-CO/- ++ H+.H+. (6)(6)

3 

TheThe sumsum ofof thesethese dissolveddissolved inorganicinorganic carboncarbon speciesspecies isis designateddesignated CC 
tt 
andand isis 

defineddefined asas 

C: =CO2(aq)+ H2C0 + HC0 ­ + CO/-. (7)(7)
3 3 

InIn orderorder toto solvesolve forfor anyany ofof thethe inorganicinorganic carboncarbon species,species, twotwo ofof thethe fol­
fol­
lowinglowing fourfour parametersparameters mustmust bebe known:known: pH,pH, CCt' PC0 (aq)(aq) andand TATA (total(total alka­
alka­, pC0t 22

linity).linity). TATA isis defineddefined asas thethe sumsum ofof allall thethe basesbases thatthat cancan acceptaccept aa protonproton at
at 
thethe HH2ZC0C0

33 
endpoint:
endpoint: 

1.:4 +2(CO/-)+ 2(CO/-) ++B(OH)4-B(OH)4- ++ OH-H+OH-H+ ++ otherother bases.bases. (8)
(8)TA ==HC0HC0 -­
33 

COzWhenWhen characterizingcharacterizing thethe systemsystem inin termsterms ofof CO2 alone,alone, alkalinityalkalinity cancan bebe 
simplifiedSimplified toto thethe totaltotal carbonatecarbonate alkalinityalkalinity (CA):(CA): 

CA = HC0 
3 

- + 2(CO/-). (9)(9) 

CO
2
(aq) cancan bebe known,known, wewe mustmust calculatecalculate thetheBeforeBefore thethe concentrationconcentration ofof C02Caq)

pHpH (pH(pH == -log-log [H+j)[H+jJ ofof thethe system.system. InIn orderorder toto limitlimit thethe complexitycomplexity ofof thethe
calculations,calculations, wewe assumeassume thatthat inin thethe pHpH rangerange 7.8-8.57.8-8.5 thethe relationrelation isis aa linearlinear
functionfunction ofof CG,:

t
:
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pH=pH= -1805.4·-1805.4· CC ++ 12.1.12.1. (0)
tt 

(10) 

CtandHavingHaving solvedsolved forfor pHpH givengiven G;and CA,CA, wewe cancan nownow calculatecalculate thethe concen­concen­
. (a;)trationtration ofof COCO22 (aq)(aq) usingusing thethe ionizationionization fractionationfractionation parameterparameter (aJ andand thethe 
relationrelation 

(11)(11) 

wherewhere 

(2)(12) 
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SolvingSolving equationequation (2)(2) atat eacheach timetime stepstep enablesenables usus toto determinedetermine thethe fluxflux ofof 
COCO22 

fromfrom thethe atmosphereatmosphere intointo thethe oceanocean (and(and inin thethe reversereverse directiondirection ifif thethe 
signsign isis negative).negative). TheThe concentrationconcentration ofof COCO

22 
inin aa givengiven volumevolume ofof atmos­atmos­

pherephere (ppm/v)(ppm/v) cancan easilyeasily bebe calculatedcalculated fromfrom thethe totaltotal molarmolar amountamount ofof COCO
22

,, 

TheThe correspondingcorresponding calculationscalculations areare carriedcarried outout inin thethe COCO
22 

modulemodule shownshown inin 
FigureFigure 7.1.7.1. InIn thatthat module,module, thethe particulateparticulate CC associatedassociated withwith sinkingsinking NN isis 
calculatedcalculated usingusing thethe averageaverage C/NC/N ratioratio ofof marinemarine planktonplankton ofof 6.66.6 molmol mol-mol-11 

(Redfield(Redfield etet al.al. 1963).1963). DiffusionDiffusion ofof COCO22 
intointo andand outout ofof thethe surfacesurface oceanocean 

fromfrom andand toto thethe atmosphereatmosphere isis setset byby thethe concentrationconcentration gradientgradient ofof COCO
22 

be­be­
tweentween thethe atmosphereatmosphere andand thethe ocean.ocean. CalculationsCalculations ofof surfacesurface pp COCO

22 
andand pHpH 

areare shownshown inin FigureFigure 7.2.7.2. NoteNote thatthat inin thethe realreal worldworld aa isis alsoalso aa functionfunction ofofoo 
temperaturetemperature andand thethe ionicionic strengthstrength ofof seawater.seawater. 

7.4.2.7.4.2. NutrientNutrient RegulationRegulation 
ofof PhytoplanktonPhytoplankton CarbonCarbon FixationFixation 
TheThe growthgrowth andand sinkingsinking ofof marinemarine phytoplanktonphytoplankton representsrepresents anan importantimportant 
conduitconduit throughthrough whichwhich atmosphericatmospheric COCO

22 
cancan enter,enter, andand bebe sequesteredsequestered in,in, 

thethe deepdeep ocean.ocean. TheThe growthgrowth ofof marinemarine phytoplanktonphytoplankton requiresrequires thethe pres­pres­
enceence ofof manymany nutrients.nutrients. RecentRecent laboratorylaboratory andand fieldfield studiesstudies havehave shownshown NN 
andand FeFe toto bebe particularlyparticularly importantimportant (Coale(Coale etet al.al. 1996b;1996b; PricePrice etet al.al. 1994).1994). 
NitrogenNitrogen inin thethe formform ofof ammoniumammonium isis anan essentialessential componentcomponent ofof aminoamino 
acids,acids, thethe buildingbuilding blocksblocks ofof proteins.proteins. NitrogenNitrogen limitationlimitation thereforetherefore resultsresults 
inin aa hosthost ofof problemsproblems atat biochemicalbiochemical andand biophysicalbiophysical levels,levels, causingcausing re­re­
ducedduced COCO

22 
fixationfixation andand ultimatelyultimately reducedreduced growth.growth. InIn thethe oxygenatedoxygenated mod­mod­

ernern ocean,ocean, thethe thermodynamicallythermodynamically stablestable formform ofof NN isis nitratenitrate (N0(N0
33
-).-). BeforeBefore 

nitratenitrate cancan bebe incorporatedincorporated intointo aminoamino acids,acids, forfor example,example, itit mustmust bebe re­re­
ducedduced toto NHNH

33
-.-. ThisThis incorporationincorporation isis accomplishedaccomplished withwith thethe twotwo iron­iron­

containingcontaining enzymes,enzymes, nitritenitrite andand nitratenitrate reductase.reductase. 
IronIron isis anan essentialessential partpart ofof thethe photosyntheticphotosynthetic apparatus.apparatus. IronIron limitationlimitation 

leadsleads toto aa decreasedecrease inin thethe efficiencyefficiency ofof lightlight energyenergy conversationconversation toto reduc­reduc­
inging agentsagents (Greene(Greene etet al.al. 1991;1991; GreeneGreene etet al.al. 1992).1992). InIn areasareas ofof thethe oceanocean 
withwith highhigh N0N0

33
-- concentrationsconcentrations butbut lowlow chlorophyllchlorophyll andand lowlow productivity,productivity, 

anan additionaddition ofof ironiron stimulatesstimulates uptakeuptake ofof N0N0 -- byby marinemarine phytoplankton,phytoplankton,
33 
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whichwhich isis accompaniedaccompanied byby aa draw-downdraw-down ofof atmosphericatmospheric pC0pC0
22 

(Cooper(Cooper etet al.al. 
1996).1996). 

UptakeUptake ofof nitratenitrate afterafter additionaddition ofof ironiron cancan bebe approximatedapproximated (Coale(Coale etet al.al. 
1996)1996) byby aa simplesimple Michaelis-MentenMichaelis-Menten functionfunction ofof uptakeuptake velocityvelocity (V(V )) asas aa

NOJNOJ 

functionfunction ofof substratesubstrate concentrationconcentration (Fe),(Fe), thethe maximummaximum uptakeuptake velocityvelocity 
(V )(":nax) andand thethe concentrationconcentration ofof FeFe supportingsupporting halfhalf saturatedsaturated uptakeuptake (K)(K)ma

wherewhere VVNOJNOJ 
== V;nax:"" 1/21/2 ":nax: .. 

(13) 

EquationEquation (13)(13) isis usedused inin FigureFigure 7.3,7.3, toto calculatecalculate N0N0 -" uptake,uptake, oror thethe conver­conver­
33 

sionsion ofof dissolveddissolved inorganicinorganic NN toto particulateparticulate NN thatthat isis thenthen removedremoved toto deepdeep 
water.water. KKss V;naxNisis setset toto SpMSpM andand ":naxN toto .11.11 molmol perper year.year. 

BottomBottom N03N03 
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TheThe structurestructure ofof thethe FeFe modulemodule ofof thisthis modelmodel followsfollows thatthat ofof thethe NandNand CC 
modulesmodules andand isis shownshown inin FigureFigure 7.4.7.4. AnalogousAnalogous toto FigureFigure 7.3,7.3, thisthis modulemodule 
usesuses thethe Michaelis-MentenMichaelis-Menten functionfunction toto calculatecalculate particulateparticulate FeFe fluxesfluxes toto thethe 
deepdeep ocean,ocean, usingusing anan averageaverage FeFe :: NN ratio.ratio. TheThe valuevalue forfor thethe FeFe :: NN ratioratio ap­ap­
pliedplied inin thethe modelmodel O.65e-4O.65e-4 molmol mol-I)mol-I) hashas beenbeen determineddetermined forfor speciesspecies ofof 
marinemarine phytoplanktonphytoplankton maintainedmaintained inin laboratorylaboratory cultureculture (Morel(Morel && HudsonHudson 
1984).1984). 

InIn thethe model,model, thethe majormajor particulateparticulate fluxflux ofof carboncarbon fromfrom thethe surfacesurface waterwater 
toto thethe deepdeep oceanocean andand sedimentssediments occursoccurs inin thethe formform ofof CaC0CaC0 burial.burial. WeWe

33 
incorporateincorporate inin thethe modelmodel aa constantconstant backgroundbackground fluxflux (Le.(Le. independentindependent ofof 
FeFe availability)availability) ofof C,C, NN andand FeFe fromfrom calcite-formingcalcite-forming organismsorganisms (Broecker(Broecker && 
PengPeng 1982).1982). CalculatingCalculating downwarddownward particulateparticulate fluxflux ofof C,C, N,N, andand FeFe inin thisthis 
mannermanner assumesassumes that:that: 

(a)	(a) oceanocean nutrientnutrient inventoriesinventories remainremain constant;constant; 
(b)	(b) thethe downwarddownward fluxflux ofof particulateparticulate materialmaterial resultsresults largelylargely fromfrom thethe 

growthgrowth andand sinkingsinking ofof diatomsdiatoms (Goldman(Goldman 1993);1993); 
(c)	(c) thethe relativerelative elementalelemental ratiosratios ofof CC :: NN :: FeFe inin sinkingsinking biogenicbiogenic materialmaterial 

areare constantconstant overover thethe timetime scalesscales consideredconsidered inin thethe model;model; 
(d)	(d) thethe downwarddownward fluxflux ofof biogenicbiogenic materialmaterial oror exportexport productionproduction inin thisthis 

modelmodel isis setset byby thethe inputinput ofof FeFe intointo thethe surfacesurface ocean;ocean; 
(e)	(e) whenwhen FeFe concentrationsconcentrations areare sufficientsufficient forfor maximummaximum N0N0 -- uptakeuptake thethe

33 
downwarddownward fluxflux ofof particulateparticulate CC and,and, therefore,therefore, atmosphericatmospheric COCO

22 
con­con­

centrationscentrations areare controlledcontrolled by,by, andand equalequal to,to, thethe upwellingupwelling fluxflux ofof N0N0 ­­
33 

fromfrom deepdeep waterwater toto thethe surfacesurface ocean.ocean. ThisThis isis alsoalso thethe definitiondefinition ofof newnew 
productionproduction (Dugdale(Dugdale && GoeringGoering 1967;1967; EppleyEppley && PetersonPeterson 1979).1979). 

Additionally,Additionally, thethe modelmodel assumesassumes that:that: 

(f)	(f) downwellingdownwelling andand upwellingupwelling fluxesfluxes ofof thethe dissolveddissolved chemicalchemical speciesspecies 
areare calculatedcalculated basedbased onon thethe concentrationconcentration ofof thethe speciesspecies (mol)(mol) andand thethe 
meanmean oceanocean downwellingdownwelling andand upwellingupwelling ratesrates ofof 0.390.39 mm (day)-I(day)-I 
(Broecker(Broecker && PengPeng 1982);1982); 

(g)	(g) particulateparticulate mattermatter burialburial equalsequals 1%1% ofof thethe fluxflux ofof thethe particulateparticulate mattermatter 
toto thethe deepdeep ocean;ocean; 

(h)	(h) particulateparticulate mattermatter remineralizationremineralization occursoccurs onon thethe timetime scalescale ofof oceanocean 
mixingmixing -3000-3000 yearsyears (Broecker(Broecker && PengPeng 1982).1982). ThisThis impliesimplies thatthat onon 
thesethese timetime scalesscales therethere isis nono organicorganic mattermatter preselvationpreselvation (Le.(Le. steady­steady­
state).state). 

AssumptionsAssumptions (a)-(h)(a)-(h) linklink thethe C,C, NN andand FeFe portionsportions ofof thethe model.model. DespiteDespite aa 
-andfixedfixed relationrelation betweenbetween thethe incorporationincorporation ofof C,C, NN ,and FeFe intointo particulateparticulate 

mattermatter thethe relativerelative drawdowndrawdown ofof carboncarbon fromfrom thethe atmosphereatmosphere andand surfacesurface 
oceanocean intointo thethe deepdeep oceanocean isis aa functionfunction ofof thethe concentrationsconcentrations ofof thethe twotwo 
majormajor plantplant nutrientsnutrients NN andand Fe.Fe. ChangingChanging eithereither thethe ratioratio ofof CC :: NN :: FeFe inin 
particulateparticulate mattermatter oror thethe absoluteabsolute uptakeuptake ofof NN (mol(mol yr-yr-II)) doesdoes notnot alteralter thethe 
model'smodel's function-itfunction-it willwill onlyonly changechange thethe relativerelative drawdowndrawdown oror accumula­accumula­
tiontion ofof COCO

22 
inin thethe atmosphereatmosphere andand surfacesurface ocean.ocean. FluxesFluxes ofof dissolveddissolved C,C, NN 
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andand FeFe inin andand outout ofof thethe surfacesurface andand bottombottom waterswaters areare aa functionfunction ofof thethe 
concentrationconcentration gradientgradient ofof thethe nutrientnutrient andand thethe velocityvelocity ofof thethe fluxflux (mea­(mea­
suredsured inin mm day-I).day-I). BecauseBecause ofof deep-oceandeep-ocean remineralizationremineralization ofof particulateparticulate 
matter,matter, thethe concentrationconcentration ofof C,C, NN andand FeFe isis higherhigher inin thethe deepdeep oceanocean thanthan atat 
thethe surface.surface. ThisThis resultsresults inin aa positivepositive fluxflux ofof nutrientsnutrients intointo thethe surfacesurface water.water. 
ChangesChanges inin oceanocean circulationcirculation patternspatterns occurringoccurring overover geologicgeologic timetime scalesscales 
moremore thanthan likelylikely alteralter thethe magnitudemagnitude ofof thisthis fluxflux (Boyle(Boyle 1988).1988). 

7.5.7.5. ModelModel ResultsResults andand DiscussionDiscussion 

ToTo runrun thethe model,model, wewe initializeinitialize itit withwith datadata forfor nutrientnutrient concentrationsconcentrations andand 
atmosphericatmospheric COCO

22 
thatthat reflectreflect modernmodern levels.levels. WeWe assumeassume anan initialinitial COCO

22 
con­con­

centrationcentration ofof thethe atmosphereatmosphere ofof 10.910.9 IlM11M m-m-33,, andand [pCO)[pCO) ofof thethe atmosphereatmosphere 
ofof 345345 Ilatm.Ilatm. WeWe setset CtCt forfor surfacesurface andand bottombottom waterwater toto 2.192.19 mMmM (( === 
219mol/100219mol/100 m-m-33)) (==andand 2.312.31 mMmM (= 78547854 mol/3400mol/3400 m-m-33),), respectively.respectively. InitialInitial 
[Fe][Fe] inin surfacesurface andand bottombottom waterswaters areare setset atat 0.260.26 pMpM (( === 2.62.6 10-10-88 mol/lOOmol/lOO 
m-m-33)) andand 1.21.2 pMpM (( === 4.084.08 10-10-88 mol/3400mol/3400 m-m-33),), respectively.respectively. InitialInitial N0N0 ­­

11M == 
33 

concentrationsconcentrations inin surfacesurface andand bottombottom waterswaters areare 12.012.0 J..lM (( = 1.21.2 mol/lOOmol/lOO 
11M ==m-m-33)) andand 3030 IlM =(102(102 mol/3400mol/3400 m-m-33).). 

TheThe resultsresults ofof thethe firstfirst scenarioscenario areare derivedderived forfor anan aeolianaeolian FeFe fluxflux ofof 
2.0488352.048835 10-10-77 mol/100m-mol/100m-33 perper yearyear andand areare shownshown asas GraphGraph 11 inin FiguresFigures 
7.57.5 andand 7.6.7.6. InIn thesethese figurefigure areare alsoalso plottedplotted thethe resultsresults ofof modelmodel runsruns thatthat as­as­
sume,sume, respectively,respectively, aa two-foldtwo-fold (Graph(Graph 2),2), four-foldfour-fold (Graph(Graph 3),3), eight-foldeight-fold 
(Graph(Graph 4)4) andand sixteen-foldsixteen-fold (Graph(Graph 5)5) increaseincrease inin thethe aeolianaeolian fluxflux ofof Fe.Fe. 

GraphGraph 11 inin FiguresFigures 7.57.5 andand 7.67.6 assumesassumes thatthat inin HNLCHNLC regionsregions primaryprimary 
productivity,productivity, andand thethe amountamount ofof COCO22 

thatthat cancan bebe removedremoved fromfrom thethe atmos­atmos­
phere,phere, areare setset byby thethe combinedcombined FeFe fluxesfluxes fromfrom upwellingupwelling andand aeolianaeolian de­de­
position.position. AnAn increaseincrease inin thethe totaltotal fluxflux ofof FeFe intointo thethe surfacesurface waterswaters (Graphs(Graphs 
2-52-5 inin FiguresFigures 7.57.5 andand 7.6)7.6) willwill changechange thethe complexcomplex chemistrychemistry ofof ironiron inin 
seawater.seawater. PhytoplanktonPhytoplankton areare thoughtthought toto onlyonly accessaccess thethe freefree ionion ofof FeFe forfor 
growthgrowth (Hudson(Hudson && MorelMorel 1993;1993; Morel,Morel, RueterRueter && PricePrice 1991;1991; SundaSunda 1994).1994). 
TheThe free-ionfree-ion concentrationconcentration ofof FeFe inin solutionsolution isis aa functionfunction ofof thethe solubility,solubility, 
degreedegree ofof complexationcomplexation byby organicorganic ligands,ligands, absorption/scavengingabsorption/scavenging andand 
photo-reduction/oxidationphoto-reduction/oxidation reactionsreactions inin thethe surfacesurface andand deepdeep oceanocean (John­(John­
son,son, GordonGordon && CoaleCoale 1997).1997). Therefore,Therefore, aa realisticrealistic modelmodel ofof iron/nitrateiron/nitrate in­in­
teractionsteractions shouldshould includeinclude aa componentcomponent thatthat calculatescalculates thethe variousvarious poolspools ofof 
iron,iron, bothboth bioavailablebioavailable andand refractory.refractory. OnOn longerlonger timetime scalesscales consideredconsidered inin 
thisthis model,model, wewe assumeassume thatthat thethe free-ionfree-ion activityactivity ofof FeFe isis aa linear,linear, increasingincreasing 
functionfunction ofof totaltotal FeFe inin thethe system,system, soso thatthat anyany increaseincrease ofof ambientambient FeFe willwill 
leadlead toto anan increaseincrease inin production.production. IncreasingIncreasing thethe complexitycomplexity ofof thethe modelmodel 
withwith respectrespect toto FeFe speciationspeciation doesdoes notnot changechange itsits qualitativequalitative behavior.behavior. 

BecauseBecause HNLCHNLC regionsregions areare farfar removedremoved fromfrom terrestrialterrestrial sourcessources ofof FeFe andand 
continental-shelfcontinental-shelf sediments,sediments, riverineriverine FeFe fluxesfluxes andand advectiveadvective FeFe inputsinputs toto sur­sur­
faceface waterswaters areare extremelyextremely low.low. Therefore,Therefore, thethe primaryprimary inputsinputs ofof FeFe requiredrequired 
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toto promotepromote photosynthesisphotosynthesis inin thesethese ecosystemsecosystems mustmust comecome fromfrom eithereither up­up­
welledwelled water,water, oror thethe aeolianaeolian fluxflux (Coale(Coale etet a1.a1. 1996a;1996a; MartinMartin 1990).1990). AsAs men­men­
tionedtioned above,above, FeFe isis extremelyextremely insolubleinsoluble inin oxygenatedoxygenated seawaterseawater resultingresulting inin 
veryvery lowlow amountsamounts ofof bioavailablebioavailable FeFe (available(available forfor uptakeuptake byby phytoplankton).phytoplankton). 
InIn fact,fact, bioavailablebioavailable FeFe inin HNLCHNLC regionsregions isis belowbelow thethe bestbest estimatesestimates ofof K,K, 
(where(where FeFe uptakeuptake isis halfhalf saturated)saturated) forfor marinemarine diatoms.diatoms. ThisThis suggestssuggests thatthat FeFe 
uptakeuptake maymay bebe diffusiondiffusion limitedlimited forfor allall butbut thethe smallestsmallest phytoplanktonphytoplankton (Hud­(Hud­
sonson && MorelMorel 1993).1993). 

FigureFigure 7.57.5 showsshows thatthat higherhigher aeolianaeolian FeFe fluxesfluxes reducereduce thethe steady-statesteady-state 
levelslevels ofof atmosphericatmospheric [pCO)[pCO) ,, withwith aa four-foldfour-fold increaseincrease resultingresulting inin samesame 

[pCG)long-runlong-run [pca) thatthat isis nearlynearly thethe samesame asas thethe initialinitial conditions.conditions. FigureFigure 7.67.6 
showsshows thethe temporarytemporary downwarddownward adjustmentsadjustments inin SurfaceSurface CCtt 

andand ultimateultimate riserise 
toto thethe steady-statesteady-state levellevel thatthat accompanyaccompany initiallyinitially highhigh levelslevels inin SurfaceSurface Fe.Fe. 
TheThe exceptionexception isis thethe casecase inin whichwhich therethere isis aa sixteen-foldsixteen-fold increaseincrease inin Fe,Fe, 

C;.andand aa continuouscontinuous reductionreduction ofof SurfaceSurface C( 
AA simplificationsimplification ofof thethe modelmodel isis thatthat thethe sizesize structurestructure ofof thethe phytoplank­phytoplank­

tonton communitycommunity isis notnot considered,considered, whichwhich cancan havehave importantimportant implicationsimplications 
forfor thethe biogeochemicalbiogeochemical cyclingcycling ofof carboncarbon andand thethe productivityproductivity ofof thethe 
ecosystem.ecosystem. AA definingdefining featurefeature ofof HNLCHNLC regionsregions isis thethe absenceabsence ofof largelarge phy­phy­
toplanktontoplankton (>5(>5 11m)~m) andand thethe predominancepredominance ofof smallsmall primaryprimary producersproducers 
(Chavez(Chavez 1989;1989; PricePrice etet a1.a1. 1994).1994). However,However, uponupon reliefrelief ofof ironiron limitationlimitation 
(and(and thethe diffusiondiffusion barrier),barrier), largerlarger diatomsdiatoms cancan rapidlyrapidly dominatedominate thethe biomassbiomass 
ofof primaryprimary producersproducers (Price(Price etet a1.a1. 1994;1994; PricePrice etet a1.a1. 1991).1991). ThisThis shiftshift inin thethe 
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sizesize ofof primaryprimary producersproducers affectsaffects bothboth thethe kineticskinetics ofof nutrientnutrient uptake­uptake­
largelylargely throughthrough changeschanges inin thethe surface-area-to-volumesurface-area-to-volume ratioratio (Morel(Morel etet al.al. 
1991a)-and1991a)-and thethe amountamount ofof exportexport productionproduction fromfrom thethe ecosystemecosystem (re­(re­
movalmoval ofof COCO22 fromfrom surfacesurface toto deepdeep water).water). 

AA constantconstant relationrelation isis assumedassumed betweenbetween surfacesurface waterwater [Fe][Fe] andand uptakeuptake raterate 
ofof N0N0 -- inin thethe modelmodel thatthat isis characteristiccharacteristic ofof large,large, rapidlyrapidly growinggrowing phyto­phyto­

33 
plankton.plankton. InIn HNLCHNLC regions,regions, wherewhere FeFe concentrationsconcentrations areare limiting,limiting, smallsmall cellscells 
predominatepredominate whichwhich havehave lowerlower 1\,K ' VV '' andand absoluteabsolute growthgrowth ratesrates thanthan s maxNo3maxNo3 

largerlarger diatoms.diatoms. UnderUnder Fe-limitingFe-limiting conditions,conditions, thethe phytoplanktonphytoplankton communitycommunity 
isis unableunable toto removeremove allall upwelledupwelled N0N0 -- andand aa surplussurplus isis observedobserved toto existexist inin

33 
surfacesurface waters.waters. EachEach unutilizedunutilized molemole ofof N0N0 -- representsrepresents 6.66.6 molesmoles ofof poten­poten­

33 
tialtial atmosphericatmospheric COCO

22 
drawdowndrawdown ifif thethe biologicalbiological pumppump werewere operatingoperating effi­effi­

ciently.ciently. WhenWhen FeFe isis addedadded toto thethe systemsystem largelarge phytoplanktonphytoplankton proliferateproliferate andand 
depletedeplete N0N0 -

33
- withwith aa concomitantconcomitant drawdowndrawdown ofof atmosphericatmospheric COCO

22
,, BecauseBecause 

thethe modelmodel underestimatesunderestimates thethe utilizationutilization ofof nutrientsnutrients (C(C andand N)N) underunder Fe­Fe­
limitinglimiting conditions,conditions, thethe differencedifference inin atmosphericatmospheric COCO

22 
concentrationsconcentrations be­be­

tweentween FeFe depletedeplete andand repletereplete scenariosscenarios isis aa conservativeconservative estimate.estimate. 
OverOver thethe geologicgeologic timetime scalesscales ofof thethe model,model, thethe simplificationsimplification toto aa ho­ho­

mogenousmogenous populationpopulation ofof phytoplanktonphytoplankton stillstill enablesenables usus toto representrepresent thisthis 
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system.system. TheThe modelmodel showsshows thatthat underunder thethe initialinitial conditionsconditions thethe supplysupply ofof 
N0N0 -j-j FeFe toto thethe surfacesurface oceanocean isis significantlysignificantly higherhigher comparedcompared withwith thethe

33
RedfieldRedfield ratiosratios ofof particulateparticulate matter,matter, indicatingindicating ironiron limitationlimitation (Figure(Figure 7.5).7.5). 
TheThe amountamount ofof FeFe inputinput toto thethe surfacesurface cancan onlyonly supportsupport aa downwarddownward fluxflux ofof 
particulateparticulate carboncarbon thatthat equalsequals 5%5% ofof thethe potentialpotential givengiven N0N0 -

33
- inputs.inputs. UnderUnder 

thesethese conditionsconditions thethe oceanocean isis aa sourcesource ofof COCO22 
toto thethe atmosphere.atmosphere. ThisThis 

phenomenonphenomenon isis typicaltypical 'of'of warmwarm waterwater upwellingupwelling systemssystems wherewhere high-Ct,high-Ct, 
nutrient-richnutrient-rich bottombottom waterwater reachesreaches thethe surface,surface, isis warmed,warmed, decreasingdecreasing thethe 
solubilitysolubility ofof COCO22 

inin water,water, andand diffusesdiffuses intointo thethe atmosphereatmosphere (Cooper(Cooper etet al.al. 
1996).1996). 

7.6.7.6. ConclusionsConclusions 

ThisThis modelmodel representsrepresents physicalphysical processesprocesses veryvery simply:simply: heatheat exchangeexchange isis notnot 
represented,represented, mixingmixing ratesrates areare constant,constant, andand inin thethe one-dimensionalone-dimensional modelmodel 
nono laterallateral advectionadvection occurs.occurs. TheThe temperaturetemperature ofof surfacesurface waterswaters hashas aa pro­pro­
foundfound effecteffect onon thethe solubilitysolubility ofof COCO

22 
andand thethe resultingresulting equilibriumequilibrium concen­concen­

trationtration ofof dissolveddissolved COCO22 
(Millero(Millero 1995).1995). BecauseBecause coldcold waterwater holdsholds muchmuch 

moremore COCO22
,, thethe high-latitudehigh-latitude HNLCHNLC regionsregions (Subarctic(Subarctic PacificPacific andand SouthernSouthern 

Ocean)Ocean) areare moremore likelylikely toto actact asas sinkssinks forfor atmosphericatmospheric COCO22 
despitedespite ineffi­ineffi­

cientcient surface-nutrientsurface-nutrient utilization.utilization. InIn addition,addition, thethe SouthernSouthern OceanOcean isis anan im­im­
portantportant areaarea ofof deepwaterdeepwater formationformation wherewhere coldcold surfacesurface waterswaters andand inor­inor­
ganicganic andand organicorganic carboncarbon effectivelyeffectively andand rapidlyrapidly communicatecommunicate withwith thethe 
oceanocean interior.interior. RegionallyRegionally specificspecific modelsmodels thatthat incorporateincorporate temperature­temperature­
dependentdependent equilibriumequilibrium constantsconstants forfor thethe carbonatecarbonate systemsystem maymay allowallow forfor 
moremore accurateaccurate calculationcalculation ofof COCO22 

fluxes.fluxes. WeWe expectexpect thatthat thethe equilibriumequilibrium 
(20°C)constantsconstants usedused forfor thisthis modelmodel (20D C) leadlead toto aa conservativeconservative estimateestimate ofof air­air­

seasea COCO
22 

exchange.exchange. IncludingIncluding coldcold surfacesurface waterswaters withwith increasedincreased productionproduction 
inin responseresponse toto FeFe additionsadditions shouldshould leadlead toto aa muchmuch greatergreater effecteffect onon thethe at­at­
mosphericmospheric pC0pC022

•. 

OtherOther simplificationssimplifications inin thisthis modelmodel thatthat wouldwould otherwiseotherwise contributecontribute toto 
thethe remineralizationremineralization ofof nutrientsnutrients andand exportexport fluxflux inin marinemarine ecosystemsecosystems areare 
thethe exclusionexclusion ofof higherhigher trophic-leveltrophic-level grazersgrazers andand thethe microbialmicrobial loop.loop. 
TheseThese trophictrophic levelslevels effecteffect thethe recyclingrecycling ofof nutrientsnutrients inin surfacesurface waters,waters, andand 
thereforetherefore thethe amountamount ofof exportexport production.production. However,However, wewe assumeassume thatthat 
thethe overalloverall productionproduction inin oligotrophicoligotrophic waterswaters (and(and hence,hence, thethe maximalmaximal 

CO
2

) 
33 

and,and, moremoredrawdowndrawdown ofof CO) isis regulatedregulated byby thethe upwellingupwelling fluxflux ofof N0N0 -­

importantlyimportantly inin thethe HNLC,HNLC, thethe combinedcombined upwellingupwelling andand aeolianaeolian inputsinputs ofof 
Fe.Fe. Therefore,Therefore, thethe effectseffects ofof thesethese annualannual andand inter-annualinter-annual processesprocesses areare 
minimalminimal comparedcompared withwith thethe aa PrioriPriori knowledgeknowledge ofof ironiron limitationlimitation inin thisthis 
system.system. 

BecauseBecause thisthis modelmodel isis inin steady-state,steady-state, thethe sourcessources andand sinksink termsterms areare con­con­
stant;stant; onon geologicgeologic timetime scales,scales, thisthis isis notnot true.true. TheThe modelmodel couldcould bebe easilyeasily 
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modifiedmodified toto incorporateincorporate changeschanges inin thethe N0N0 -- inventoryinventory drivendriven byby FeFe avail­avail­
33 

abilityability byby addingadding aa sinksink andand sourcesource termterm sensitivesensitive toto surfacesurface FeFe concentra­concentra­
tions.tions. IncreasingIncreasing thethe FeFe fluxflux toto surfacesurface waterwater hashas thethe potentialpotential toto effecteffect thethe 
relativerelative ratesrates ofof nitrogennitrogen fixationfixation andand denitrification.denitrification. TheseThese interactionsinteractions 
havehave beenbeen hypothesizedhypothesized toto regulateregulate thethe oceanicoceanic inventoryinventory ofof oxidizedoxidized ni­ni­
trogentrogen onon geologicgeologic timetime scalesscales (Falkowski(Falkowski 1997).1997). InIn essence,essence, anan increaseincrease inin 
FeFe andand thethe concomitantconcomitant increaseincrease inin nitrogennitrogen fixationfixation wouldwould havehave thethe even­even­
tualtual effecteffect ofof increasingincreasing thethe upwellingupwelling concentrationconcentration ofof N0N0 -- inin thethe world'sworld's

33 
oceans.oceans. ThisThis createscreates anotheranother potentialpotential positivepositive feedbackfeedback betweenbetween ironiron sup­sup­
plyply andand primaryprimary production.production. If,If, onon thethe otherother hand,hand, thethe relativerelative ratioratio ofof ni­ni­
trogentrogen fixation/denitrificationfixation/denitrification decreases,decreases, N0N0 -- isis consumedconsumed andand thethe maxi­maxi­

33 
mummum potentialpotential forfor primaryprimary productionproduction decreases.decreases. 

TheThe parameterizationsparameterizations ofof thethe modelmodel simplifysimplify thethe complexitycomplexity ofof somesome 
smaller-scalesmaller-scale chemicalchemical andand ecologicalecological processes,processes, andand limitlimit thethe model'smodel's ap­ap­
plicabilityplicability overover largelarge temporaltemporal andand spatialspatial scales.scales. AsAs aa consequence,consequence, thethe 
modelmodel onlyonly approximatesapproximates thethe dynamicsdynamics ofof thethe atmosphere-oceanatmosphere-ocean carboncarbon 
cyclecycle andand thethe biogeochemicalbiogeochemical behaviorbehavior ofof NN andand FeFe inin anan oligotrophicoligotrophic ma­ma­
rinerine ecosystemecosystem onon geologicgeologic timetime scalesscales (10,000-100,000).(10,000-100,000). TheThe modelmodel maymay 
serveserve asas aa tooltool forfor understandingunderstanding thethe oceanocean carboncarbon cyclecycle andand itsits effecteffect onon 
regulatingregulating atmosphericatmospheric peopC0

22
.. TheThe modelmodel demonstratesdemonstrates inin simplesimple formform thethe 

regulationregulation ofof carboncarbon sequestrationsequestration toto thethe deepdeep oceanocean byby N0N0 -- andand Fe,Fe, andand
33 

pC0
22 

changeschanges inin responseresponse toto changeschanges inin thethe FeFe flux.flux.showsshows alternativealternative peo

7.7.7.7. QuestionsQuestions andand TasksTasks 

1.	1. WithoutWithout changingchanging thethe model,model, predictpredict whatwhat wouldwould happenhappen toto ourour planetplanet 
underunder thethe followingfollowing conditions:conditions: 
a)a) 100x100x decreasedecrease inin thethe solubilitysolubility ofof COCO

22 
inin water;water; 

b)b) NoNo deep-oceandeep-ocean mixingmixing withwith thethe surfacesurface layer;layer; 
c)c) NoNo effecteffect ofof FeFe onon raterate ofof incorporationincorporation ofof NN intointo organicorganic matter;matter; 
d)d) 100x100x increaseincrease inin VV N0N0 -.-. maxmax 33

Now,Now, introduceintroduce thesethese changeschanges intointo thethe modelmodel andand seesee whetherwhether youryour pre­pre­
dictionsdictions agreeagree withwith thethe results.results. 

2.	2. HowHow isis thethe chemistrychemistry ofof COCO
22 

inin seawaterseawater differentdifferent fromfrom thatthat ofof 0/0/ WhyWhy 
isis thatthat importantimportant forfor thethe ocean'socean's abilityability toto sequestersequester inorganicinorganic carboncarbon 
fromfrom thethe atmosphere?atmosphere? 

3.	3. WhatWhat wouldwould happenhappen toto thethe COCO22 
inin thethe oceanocean andand atmosphereatmosphere ifif therethere 

waswas a:a: 
a)a) 11 pHpH unitunit decreasedecrease inin thethe seawater?seawater? 
b)b) 11 pHpH unitunit increaseincrease inin thethe seawater?seawater? 

4.	4. IfIf aa newnew organismorganism invadedinvaded thethe oceanocean andand hadhad aa CC :: NN ratioratio ofof 1000,1000, howhow 
wouldwould thisthis affectaffect thethe globalglobal carboncarbon cycle?cycle? 
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ATMOSPHERE-OCEANATMOSPHERE-OCEAN INTERACTIONINTERACTION MODELMODEL 

CalculationCalculation ofof pC02pC02 inin SurfaceSurface WatersWaters 
AlphaOAlphaO == 1/(1+(1.28825E-06/(10A-1/(1+(1.28825E-06/(10~-pH))+(9.77237E­p H))+(9.77237E­
16/((10A-16/((10A-ppH)A2)))H)A2))) 
Alpha1Alpha1 == ((pH/10A~6.3)+1+(10A-10.3/pH))A-1((pH/10~~6.3)+1+(10A-10.3/pH))A-1

Alpha2Alpha2 == (((pH)A2/10(((pH)A2/10 AA-16.6)+(pH/10-16.6)+(pH/10 AA-10.3)+1)A-1-10.3)+1)A-1 
Ct_molarCt_molar == Surface_Ct/1e5Surface_Ct/1e5 
pC02_SurfacepC02_Surface == (Surface_Ct/1e5*AlphaO/3.16e-2)*le6(Surface_Ct/1e5*AlphaO/3.16e-2)*le6 
pHpH == -1805.4*Ct_molar+12.1-1805.4*Ct_molar+12.1 

C02C02 ModuleModule 
Atmospheric_C02(t)Atmospheric_C02(t) == Atmospheric_C02Atmospheric_C02 (t-dt)(t-dt) ++ (­(­
Air_Sea_Exchange)Air_Sea_Exchange) ** dtdt 
INITINIT Atmospheric_C02Atmospheric_C02 == 10.910.9 

OUTFLOWS:OUTFLOWS: 
Air_Sea_ExchangeAir_Sea_Exchange 
Piston_Velocity*((Atmospheric_C02/1e6)-Piston_Velocity*((Atmospheric_C02/1e6)­

((Surface_Ct/1e5)*A1phaO))((Surface_Ct/1e5)*A1phaO)) 
Bottom_Ct(t)Bottom_Ct(t) == Bottom_Ct(t-dt)Bottom_Ct(t-dt) ++ (Downwel1ed_Carbon(Downwel1ed_Carbon ++ 
PartCPartC 

++ Sediment_RemineralizationSediment Remineralization ++ CaC03­CaC03­
Upwel1ed_Carbon­Upwe1led_Carbon­

Sediment_Rate_of_Carbon)Sediment_Rate_of_Carbon) ** dtdt 
INITINIT Bottom_CtBottom_Ct == 78547854 

INFLOWS:INFLOWS:
Downwel1ed_Carbon (Surface_Ct/100)*Upwe1ling_Rate(Surface_Ct/100)*Upwelling_RateDownwelled_Carbon ==
PartCPartC == (Part_N03*C:N03_Ratio)(Part_N03*C:N03_Ratio)
Sediment_RemineralizationSediment_Remineralization ==
DelaY(Sediment_Rate_of_Carbon,2,0)Delay(Sediment_Rate_of_Carbon,2,0)
CaC03CaC03 == 1515
OUTFLOWS:OUTFLOWS:
Upwelled_CarbonUpwelled_Carbon == (Bottom_Ct/3400)*Upwelling_Rate(Bottom_Ct/3400)*Upwelling_Rate
Sediment_Rate_of_CarbonSediment_Rate_of_Carbon == PartC*.OlPartC*.Ol
Sediment(t)Sediment(t) == SedimentSediment (t-dt)(t-dt) ++
(Sediment_Rate_of_Carbon-(Sediment_Rate_of_Carbon­

Sediment_Remineralization)Sediment_Remineralization) ** dtdt 
INITINIT SedimentSediment == 0.440.44 

INFLOWS:INFLOWS:
Sediment_Rate_of_CarbonSediment_Rate_of_Carbon PartC*.OlPartC*.Ol



Ictivity	 

n + 

e	 

OUTFLOWS:
OUTFLOWS:
Sediment_Remineralization
Sediment_Remineralization
Delay(Sediment_Rate_of_Carbon,2,0)
Surface_Ct(t)Surface_Ct(t) == Surface_Ct(t-dt)Surface_Ct(t-dt) ++ (Air_Sea_Exchange(Air_Sea_Exchange +
+

Upwelled_Carbon-Downwelled_Carbon-PartC-CaC03)Upwelled_Carbon-Downwelled_Carbon-PartC-CaC03) ** 
dtdt 
INITINIT Surface_CtSurface_Ct = 219219 

DelaY(Sediment_Rate_of_Carbon,2,0)
 

INFLOWS:INFLOWS: 
Air_Sea_ExchangeAir_Sea_Exchange 
Piston_Velocity*((Atmospheric_C02/1e6)­Piston_Velocity*((Atmospheric_C02/1e6)­

((Surface_Ct/le5)*AlphaO))((Surface_Ct/le5)*AlphaO)) 
Upwelled_CarbonUpwelled_Carbon == (Bottom_Ct/3400)*Upwelling_Rate(Bottom_Ct/3400)*Upwelling_Rate 
OUTFLOWS:OUTFLOWS: 
Downwelled_CarbonDownwelled_Carbon == (Surface_Ct/l00)*Upwelling_Rate(Surface_Ct/l00)*Upwelling_Rate 
PartCPartC == (Part_N03*C:N03_Ratio)(Part_N03*C:N03_Ratio) 
CaC03CaC03 == 1515 
Atmospheric_PC02Atmospheric_PC02 == (Atmospheric_C02/1e6/3.16e-2)*le6(Atmospheric_C02/1e6/3.16e-2)*le6 
piston_Velocity == 3e33e3Piston_Velocity
Upwelling_RateUpwelling_Rate == 130130

FeFe Module
Module
Bottom_Fe(t)Bottom_Fe(t) == Bottom_Fe(t-dt)Bottom_Fe(t-dt) ++ (Downwelled_Fe(Downwelled_Fe +
+
Part_FePart_Fe +
+

Fe_RemineralizationFe_Remineralization ++ Fe_CaC03-Upwelled_Fe­Fe_CaC03-Upwelled_Fe­
Sediment_Rate_of_Iron-Advection)Sediment_Rate_of_Iron-Advection) ** dtdt 
INITINIT Bottom_FeBottom_Fe == 4.08e-84.08e-8 

INFLOWS:INFLOWS: 
Downwelled_FeDownwelled_Fe == (Surface_Fe/l00)*Upwelling_Rate(Surface_Fe/l00)*Upwelling_Rate 
Part_FePart_Fe == Part_N03*Fe:N03_RatioPart_N03*Fe:N03_Ratio 
Fe_RemineralizationFe_Remineralization == delay(Sediment_Rate_of_Iron,2,0)delay(Sediment_Rate_of_Iron,2,0) 
Fe_CaC03Fe_CaC03 == N_CaC03*Fe:N03_RatioN_CaC03*Fe:N03_Ratio 
OUTFLOWS:OUTFLOWS: 
Upwelled_FeUpwelled_Fe == (Bottom_Fe/3400)*Upwelling_Rate(Bottom_Fe/3400)*Upwelling_Rate 
Sediment_Rate_of_IronSediment_Rate_of_Iron == (Part_N03*Fe:N03_Ratio)*.01(Part_N03*Fe:N03_Ratio)*.01 
AdvectionAdvection == Aeolian_Fe_FluxAeolian_Fe_Flux 
Sedimentary_Fe(t)Sedimentary_Felt) == Sedimentary_FeSedimentary_Fe(t-dt)(t-dt) ++ 
(Sediment_Rate_of_Iron-Fe_Remineralization)(Sediment_Rate_of_Iron-Fe_Remineralization) ** dt
dt 

INITINIT Sedimentary_FeSedimentary_Fe == °°
 
INFLOWS:
INFLOWS:
Sediment_Rate_of_IronSediment_Rate_of_Iron (Part_N03*Fe:N03_Ratio)(Part_N03*Fe:N03_Ratio) *.01
*.01

.1 
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DOwnwE 
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C:N03 
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Ks_FE 
N03_Cc 
Vmax_~ 

OUTFLOWS:OUTFLOWS:
Fe_RemineralizationFe_Remineralization == delaY(Sediment_Rate_of_Iron,2,0)
delay(Sediment_Rate_of_Iron,2,0)
Surface_Fe(t)Surface_Fe(t) == Surface_FeSurface_Fe (t-dt)(t-dt) ++ (Upwelled_Fe(Upwelled_Fe +
+
Aeolian_Fe_Flux-Downwelled_Fe-Part_Fe-Fe_CaC03)Aeolian_Fe_Flux-Downwelled_Fe-Part_Fe-Fe_CaC03) ** dtdt
INITINIT Surface_FeSurface_Fe == 2.6e-82.6e-8

INFLOWS:INFLOWS:
Upwelled_FeUpwelled_Fe == (Bottom_Fe/3400)*Upwelling_Rate(Bottom_Fe/3400)*Upwelling_Rate
Aeolian_Fe_FluxAeolian_Fe_Flux == 16*2.048835e-716*2.048835e-7
OUTFLOWS:OUTFLOWS:
Downwelled_FeDownwelled_Fe == (Surface_Fe/100)*Upwelling_Rate(Surface_Fe/100)*Upwelling_Rate
Part_FePart_Fe == Part_N03*Fe:N03_RatioPart_N03*Fe:N03_Ratio
Fe_CaC03Fe_CaC03 == N_CaC03*Fe:N03_RatioN_CaC03*Fe:N03_Ratio
Conc_of_Surface_FeConc_of_Surface_Fe == Surface_Fe/100000Surface_Fe/100000
Fe:N03_RatioFe:N03_Ratio == 1.65e-4
1.65e-4
Fe_ConBFe_ConB == Bottom_Fe/3400000
Bottom_Fe/3400000
NitrateNitrate Module
Module
Bottom_N03(t)Bottom_N03(t) == Bottom_N03(t-dt)Bottom_N03(t-dt) ++ (Part_N03(Part_N03 +
+

Downwelled_N03Downwelled_N03 ++ N03_RemineralizationN03_Remineralization ++ N_CaC03­
N_CaC03­
Sediment_Rate_of_N03-Upwelled_N03)Sediment_Rate_of_N03-Upwelled_N03) ** dt
dt 

INITINIT Bottom_N03Bottom_N03 == 102
102 

INFLOWS:
INFLOWS: 
Part_N03
Part_N03 
(Vmax_N*Conc_of_Surface_Fe/(Ks_FE+Conc_of_Surface_Fe))
(Vmax_N*Conc_of_Surface_Fe/(Ks_FE+Conc_of_Surface_Fe)) 
Downwelled_N03Downwelled_N03 == (Surface_N03/100)*Upwelling_Rate
(Surface_N03/100)*Upwelling_Rate 
N03_RemineralizationN03_Remineralization == delay(Sediment_Rate_of_N03,2,0)
delay(Sediment_Rate_of_N03,2,0) 
N_CaC03N_CaC03 == CaC03/C:N03_Ratio
CaC03/C:N03_Ratio 
OUTFLOWS:
OUTFLOWS: 
Sediment_Rate_of_N03Sediment_Rate_of_N03 == PartPart N03*.01
N03*.01 
Upwelled_N03Upwelled_N03 == (Bottom_N03/3400)*Upwelling_Rate
(Bottom_N03/3400)*Upwelling_Rate 
Sedimentary_N03(t)Sedimentary_N03(t) == Sedimentary_N03(t-dt)Sedimentary_N03(t-dt) +
+ 

(Sediment_Rate_of_N03-N03_Remineralization)(Sediment_Rate_of_N03-N03_Remineralization) ** dt
dt 

SedimentarY_N03 == 0.07
0.07INITINIT Sedimentary_N03 

INFLOWS:
INFLOWS: 
Sediment_Rate_of_N03
Sediment_Rate of N03
OUTFLOWS:
OUTFLOWS:
N03 Remineralization delaY(Sediment_Rate_of_N03,2,0)
N03_Remineralization delay(Sediment_Rate_of_N03,2,0) 
Surface_N03(t)Surface_N03(t) == Surface_N03(t-dt)Surface_N03(t-dt) ++ (Upwelled_N03­
(Upwelled_N03­
Part_N03­Part_N03­

Downwelled_N03-N_CaC03)Downwelled_N03-N_CaC03) ** dtdt
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INITINIT Surface_N03Surface_N03 1.20001.2000 

INFLOWS:INFLOWS:
Upwelled_N03Upwelled_N03 = (Bottorn_N03/3400)*Upwelling_Rate(Bottorn_N03/3400)*Upwelling_Rate
OUTFLOWS:OUTFLOWS:
Part_N03Part_N03 ==
(Vrnax_N*Conc_of_Surface_Fe/(Ks_FE+Conc_of_Surface_Fe))(Vrnax_N*Conc_of_Surface_Fe/(Ks_FE+Conc_of_Surface_Fe))
Downwelled_N03Downwelled_N03 == (Surface_N03/100)*Upwelling_Rate(Surface_N03/100l*Upwelling_Rate 
N_CaC03N_CaC03 == CaC03/C:N03_RatioCaC03/C:N03_Ratio
C:N03_RatioC:N03_Ratio == 6.66.6
Conc_of_Surf_N03Conc_of_Surf_N03 == Surface_N03/100000Surface_N03/100000
Ks_FEKs_FE == 5e-125e-12
N03_ConBN03_ConB == Bottorn_N03/3400000Bottorn_N03/3400000
Vrnax_NVrnax_N == .55.55




