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Abstract

This paperpresentsa globaloceanimplementationof amulti-componentmodelof marine
pelagicbiogeochemistrycoupledon-line with an oceangeneralcirculationmodel forced
with climatologicalsurface�elds (PELAgic biogeochemistryfor Global OceanSimula-
tions, PELAGOS).The �nal objective is the inclusionof this model as a componentin
an EarthSystemmodel for climatestudies.The pelagicmodel is basedon a functional
stoichiometricrepresentationof marinebiogeochemicalcyclesandallows simulatingthe
dynamicsof C, N, P, Si, O andFetakinginto accountthevariationof theirelementalratios
in the functionalgroups.The modelalso includesa parameterizationof variablechloro-
phyll:carbonratio in phytoplankton,carryingchl asa prognosticvariable.The�rst partof
thepaperanalyzesthecontributionof non-localadvective-diffusive termsandlocalvertical
processesto thesimulatedchldistributions.Thecomparisonof thethreeexperimentsshows
thatthemeanchl distributionathigherlatitudesis largelydeterminedby mixing processes,
while vertical advection dominatesthe distribution in the equatorialupwelling regions.
Horizontaladvective anddiffusive processesarenecessarymechanismsfor the shapeof
chl distribution in thesub-tropicalPaci�c. In thesecondpart, the resultshave beencom-
paredwith existing datasetsof satellite-derived chlorophyll, surfacenutrients,estimates
of phytoplanktoncommunitycompositionandprimaryproductiondata.Theagreementis
reasonableboth in termsof thespatialdistribution of annualmeansandseasonalvariabil-
ity in differentdynamicaloceanographicregions.Resultsindicatethatsomeof themodel
biasesin chl andsurfacenutrientsdistributionscanberelatedto de�cienciesin thesimula-
tion of physicalprocessessuchasadvectionandmixing. Otherdiscrepanciesareattributed
to inadequateparameterizationsof phytoplanktonfunctionalgroups.The modelhasskill
in reproducingthe overall distribution of large andsmall phytoplanktonbut tendsto un-
derestimatediatomsin the northernhigherlatitudesandoverestimatenanophytoplankton
with respectto picoautotrophsin oligotrophicregions.The performanceof the model is
discussedin the context of its usein climatestudiesandan approachfor improving the
parameterizationof functionalgroupsin deterministicmodelsis outlined.
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1 Intr oduction

Themodellingof globaloceanbiogeochemistryis affectedby severaluncertainties,
partlylinkedto thepoorly-constrainedparameterizationof biologicalprocessesand
partly to theproperdescriptionof physicalvariability. Keepingin mind EarthSys-
tem modellingapplicationsfor climatestudies,the main aimsof marinebiogeo-
chemistrymodelsin this context are:1) to simulatethe acclimationof different
planktonfunctional groupsto the rangeof environmentalconditionsin the cur-
rent climateocean,2) to representthe feedbacksbetweenthe pelagicecosystem
and the physicalprocessesand 3) to predict the responseof marineecosystems
to climatechanges.On the onehand,a properdescriptionof physicalprocesses
is themostimportantprerequisite,becauseit is well known thatgyres,frontsand
coastalboundariesarethe major discontinuitiesalongwhich phytoplanktontend
to grow anddevelopdueto theco-existenceof favorablelight andnutrientcondi-
tions.Doney et al. (2004)have recentlyreportedthata major fractionof the large
model-modelspreadin theOceanCarbonModelIntercomparisonProject(OCMIP-
2) is dueto thepropagationof known modelerrorsin therepresentationof physical
®eldsin oceangeneralcirculationmodels(OGCM).Ontheotherhand,currentcou-
pledcarboncyclemodelslack thecapabilityto simulateimportantbiogeochemical
processes,mainlybecausethey arebasedonverysimpli®edassumptionsof marine
ecosystems'functioning.Recentapplicationshave shown a tendency to increase
thenumberof processesresolvedin marinebiogeochemistrymodels(Mooreetal.,
2002b;Aumontetal., 2003;Gregg etal., 2003;Mooreetal., 2004;Manizzaetal.,
2005;Le Quéréetal.,2005),but many issuesarestill unresolved(Anderson,2005).
Particularly, thede®nitionof thekey functionalgroupsandtheparameterizationof
thephysiologicalmechanismsof planktonbehavior areimportantissuesthatneed
tobeproperlyconsideredin biogeochemicalmodel,in ordertohavereliablepredic-
tionson theresponsesof marineecosystemsandtheglobalcarboncycle to climate
changes.

The aim of this paperis to discussthe global oceanimplementationof a generic
modelof pelagicbiogeochemistrybasedon a stoichiometricapproachto marine
ecosystemmodelling and physiologicaladaptationof organismsto the external
environmentalconditions.The PELAGOSmodel (PELAgic biogeochemistryfor
Global OceanSimulations)is basedon the functionalgroupapproachpioneered
by the EuropeanRegional SeasEcosystemModel (Barettaet al., 1995;Baretta-
Bekker et al., 1997,ERSEM),which hasbeenrevisited andextendedin a formal
backgroundtheory describedin a companionpaper(Vichi et al., 2006,VEA06
hereinafter).

� Correspondingauthor. Address:INGV, Sezionedi Bologna,V. Creti12,40128Bologna.
Tel: +390514151456Fax:+390514151499

Email address:vichi@bo.ingv.it (M. Vichi).

2



Section2 presentsa brief descriptionof thepelagicbiogeochemistrymodel.Sec-
tion 3 givesthe detailsof the experimentsetup,the numericalcouplingwith the
three-dimensionalOGCM OPA 8.2 (Madecet al., 1999),the speci®cationof the
forcing functionsandthe derivation of initial conditions.Section4 is divided in
two parts;we ®rst discussthesimulatedchlorophylldistribution emphasizingthe
contributionof thehorizontalandverticalphysicalprocesseswith respectto thelo-
cal biologicalrates,takingobservedsatellitechlorophyllasreference.Thesecond
part focuseson the comparisonof model resultswith multivariatedatasets.Sur-
facemapsof nutrientdistributionsandphytoplanktoncommunitycompositionare
presentedfor a direct comparisonwith the World OceanAtlas (Conkrightet al.,
2002,WOA01) andpreliminaryestimatesby Alvain et al. (2005).The seasonal
variability of chlorophyll, nutrientsandphytoplanktoncompositionhasbeenan-
alyzedin selectedbiogeochemicalprovincesas de®nedby Longhurst(1998).A
mapandlist of theLonghurst'sprovincesis availableontheWWW andwereferto
the numberingandacronyms de®nedthere(http://www.mar.dfo- mpo.gc.ca/
science/ocean/BedfordBasin/Papers/L onghu rst19 98/Pro vince s/Eco logic alGeog raphy OfThe Sea.
htm). Simulatedtimeserieshave beencomparedwith monthly datafrom satellite
chlorophyllandWOA01, andphytoplanktoncompositionwith estimatesfrom the
BermudaAtlantic Time-Seriesandcruisemeasurementsfrom Dandonneauet al.
(2004). In addition, primary productiondatafrom the Joint Global OceanFlux
Studies(JGOFStimeseriesandprocessstudies)havebeenusedasbenchmarksfor
validatingthesimulatedproductionof organiccarbonin thedifferentprovinces,the
major�ux affectingtheoceancarboncycleontheannualscale.Section5, presents
a discussionon physicalandbiological modelperformancesfocusingon the role
of thedifferentphytoplanktongroupsandadaptationmechanismsin thesimulation
of theglobalcarboncycle.

2 Model description

The PELAGOSmodeldiscussedin VEA06 is a biomass-basedsetof differential
equationsbasedon the ERSEM approachto biogeochemicalmodelling Baretta-
Bekker et al. (1995,1997,andotherpapersin the two specialissues).Themodel
is presentedin a generalizedmathematicalformulationthatallows thedescription
of lower trophic levels andmajor inorganicandorganiccomponentsof the ma-
rineecosystemfrom auni®edfunctionalperspective.Thebiogeochemicalmodelis
basedon thede®nitionof ChemicalFunctionalFamilies(CFF)asthesystemstate
variables.CFFsarefurthersubdividedinto living,non-living andinorganiccompo-
nents.Living CFFsarethebasisfor thede®nitionof Living FunctionalGroups,the
biomass-basedfunctionalprototypeof therealorganisms.BothCFFsandLFGsare
theoreticalconstructswhichallow usto relatemeasurablepropertiesof marinebio-
geochemistryto themodelstatevariables.They areexpressedin termsof several
basiccomponents(bothelementsasC, N, P, Si, O, Feor moleculesaschl), which
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aretheirpracticalbiomassunitsappropriatefor comparisonwith realobservations.
As shown in VEA06, theERSEMmodelcanbeeasilydescribedin this framework,
andmoreoversuchauni®edformulationsimpli®estheextensionof themodelwith
additionalcomponents.Thestatevariablesof PELAGOSrepresentingthepelagic
LFGs arethreeunicellularplanktonicautotrophs(picophytoplankton,nanophyto-
planktonanddiatoms),threezooplanktongroups(nano-,micro- andmeso-)and
bacterioplankton.All groupsaredescribedwith dynamically-varyingintracellular
quotaof thebasicconstituents,with theadditionof chlorophyllin thecaseof phy-
toplankton.The otherstatevariables,indicatedaschemicalfunctionalfamiliesin
VEA06, are nitrate, ammonium,orthophosphate,silicate,dissolved bioavailable
iron, oxygen,carbondioxide and dissolved and particulate(non-living) organic
matter(POM,DOM), for a total of 44CFFstatevariables.

PELAGOSis asubstantialrewriting of ERSEMandconsiderssomerelevantmod-
i®cationsin thetrophicstructuresandbiogeochemicalcycleswhich areconnected
to the global oceanapplication.Oneof the major differenceswith respectto the
original ERSEMis the introductionof variablechl:carbonandiron:carbonratios
in phytoplankton,with the additionof a parameterizationof the Fe cycle in the
openocean.Iron hassigni®cantrole in globaloceanbiogeochemistry, veri®edby
meansof direct fertilization experiments(Martin et al., 1994;Boyd et al., 2000)
andexperimentalstudiesof bioavailability (Coaleet al., 1996;SundaandHunts-
man,1997;Price,2005).Biogeochemicalmodelshave indirectly corroboratedthis
theorybecausenitrogen-or phosphorus-basedmodelstendto overestimateprimary
productionin all theHNLC regions(Six andMaier-Reimer,1996;Schmittneretal.,
2005)andthereforeanadditionalregulationby iron limitation is requiredto repro-
ducethe observed low biomass.The implementationof variableinternalratiosis
valuablefor global oceanmodelling to adequatelyrepresentboth the adaptation
process,which allows differentautotrophsto dominatein a region of the global
oceanbecauseof givennutrientandlight conditions,andthe acclimationmecha-
nism,whichpermitsto overcomeshort-termvariationsin theprevailing conditions.

Theoriginal ERSEMparameterizationsandfunctionalchoiceswerederivedfrom
theknowledgeof coastalphytoplankton,andconsideredtwo majorgroups,diatoms
andnon-silicifying autotrophs.The latter groupis further divided in sizeclasses,
whichroughlyde®netheirtrophicinteractionsandtheirphysiologicalratesthrough
allometricconsiderations.The division betweendiatomsandnon-diatomsis thus
functional,while thesubclassesin thenon-diatomgroupalsohave a dimensional
criterion. We have not consideredlarge non-edibledino�agellates(originally in
ERSEM)in theseclimatologicalexperimentsbecausethis groupis of limited im-
portancein the openocean.Diazotrophshave beenidenti®edas importantcom-
ponentsof thenitrogencycle in oligotrophicregions(Karl et al., 2002),andtheir
inclusionwill be taken into accountin the future for comparisonwith the current
setup.

Most of thesegroupshave beenrecentlyrevisitedby Le Quéréet al. (2005),who
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have clearly identi®ed the different functional behavior of the variousplankton
typesat the global scale.Following their ecologicalandfunctionalclassi®cation,
PELAGOSconsiderspico-heterotrophs,pico-autotrophs(comprisingbothProchloro-
coccus, Synechococcusandeucaryoticpicophytoplankton),andmixednanophyto-
plankton,in whichweincludeall genericnano�agellates(haptophytes,withoutany
distinctionfor calci®ersandtheir role in thecarbonatecycle).As aconsequenceof
thesizesubdivision in autotrophs,thereis a correspondingdifferentiationin three
classesof zooplanktonicpredators.The presenceof nano-andmicrozooplankton
allowstheexpressionof “microbial loop” and/or“microbialweb” trophicdynamics
in oligotrophicregions(LegendreandRassoulzadegan,1995).Mesozooplanktonis
representedasonesinglegroup,with theclearlimitationsinherentto treatingmeta-
zoansin abulk biomassfunctionalapproach.

Let C bea statevariableof themodelwhich representstheconcentrationof either
onecomponentof thechosenLFGs(e.g.C-contentof diatoms,or a CFF, suchas
ammoniacalN or P-contentin dissolvedorganicmatter. Its dynamicsis described
by anadvection-diffusion-reactionequation(cfr. VEA06 for its derivation):
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(1)

whichshowsthecontributionsto thetotal time-rateof changeof C of thenon-local
(horizontal)advectionanddiffusionterms,thelocal (physical)advectiveanddiffu-
sive termsandthe local (biological)advective andreactionterms.Thedistinction
madehereis thebasisfor the identi®cationof which physicalprocesscontributes
to theshapingof observedglobalchlorophylldistribution thatwill bepresentedin
Sec.4.1.

HorizontalandverticalcurrentvelocitiesuH � (u;v); w, horizontalandverticaltur-
bulentdiffusivity coef®cientsAH ; AV , temperatureandphotosyntheticallyavailable
surfaceirradianceareprovidedby theOGCM OPA 8.2 (Madecet al., 1999)with
theglobalORCA2curvilineargrid implementation(MadecandImbard,1996).The
OGCMhasaresolutionof 2� of longitudeandavariablemeshof 0.5-2� of latitudes
from the equatorto the poles.The vertical grid has31 levelswith a 10 m stepin
thetop150m. TheverticalvelocitywC is usedto computethesinkingtermsof di-
atoms(asa functionof theintracellularnutrientquota,seeVEA06) andparticulate
detritus(constant).The systemis fully-coupledasit alsoprovidesthe biological
feedbackson theshort-waveradiative transferprocessin theoceaninterior.
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3 Experiment setupand numerics

Themodelhasbeenforcedwith climatologicaldailysurface�ux esfromtheERA40
datasetaveragedovertheperiod1971-2000(Uppala,2001;Simmons,2001).Daily
seasurfacetemperature(SST)datafromtheReynoldsdataset(Reynolds,1988)are
usedto restorethemodelSSTwith a relaxationtermof 40 W m� 2K� 1 (i.e., a re-
laxationtime scaleof approximately60 d). SSTdataarealsousedto computesea
ice cover diagnostically. Wind stressanddownward radiation�ux aresetto zero
whentheprescribedSSTdataarebelow thefreezingpoint, which is computedas
a functionof theprognosticsalinity.

Momentumis diffusedwith aLaplacianoperatoranda2-D spatially-varyingkine-
maticviscosity. Thehorizontaldiffusionof tracersis computedalongtheisopycnal
surfacesasdescribedin Madecet al. (1999)with a constantdiffusivity coef®cient
of 2000m2 s� 1. Eddy-inducedtransportis addedaccordingto theparameterization
by GentandMcWilliams (1990).Verticaleddydiffusionof momentumandtracers
is parameterizedwith a1.5turbulenceclosuremodel(BlankeandDelecluse,1993).
Thebackgroundminimumverticaleddydiffusivity is setto 1.210� 5 m2 s� 1. In the
caseof vertical densityinstability, diffusivity is enhancedto 100 m2 s� 1 in order
to parameterizeconvective adjustments.Temperatureandsalinity arerestoredto
climatologicalvaluesbelow themixedlayerandat latitudeshigherthan20o N and
S,with a depth-varyingrelaxationtime of 50 daysat thesurfaceand1 yearat the
bottom.

Thebiogeochemicalmodelequationsarediscretizedon thesamegrid of OPA but
the computationof the advection terms in eq. (1) is modi®ed.Advective terms
arecomputedby meansof a differentnumericalscheme,mostlyderivedfrom the
setof OPA routinesfor the transportof tracers(Foujols et al., 2000)andby tak-
ing into accountthework donewith OPA 8.1 by Levy et al. (2001)andEstublier
and Levy (2000).The needfor using positive-de®niteand monotonicadvection
schemesstronglyaffectsthecomputationalcostof coupledecosystemmodels.The
advectionof physicalvariablesis insteadsolvedwith a second-ordercentereddif-
ferencingscheme.This scheme,however, doesnot satisfyany of therequirements
of positivenessandmonotonicity, thereforeit cannotbe usedfor the transportof
biologicalvariables.

Several numericalschemeshave beentestedfor OPA: the MultidimensionalPos-
itive De®niteAdvectionTransportAlgorithm (Smolarkiewicz, 1984,MPDATA) ,
anotherkind of Flux CorrectedTransport(FCT) schemecalledTotal VariationDi-
minishing(Zalesak,1979,TVD) andtheMonotonicUpstreamcenteredSchemefor
ConservationLaws(HourdinandArmengaud,1999,MUSCL). Resultswith asim-
plebiologicalmodel(Levy etal.,2001)haveshownthatTVD andMUSCL perform
betterthantheothers.MUSCL hasbeenchosenasthestandardadvectionscheme
for this applicationbecauseof its slightly bettercomputationalperformances.The
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CPUcostsof TVD andMUSCL areaboutthreetimeshigherthanof thecentered
scheme.Both TVD andMUSCL leadto similar resultsin themonthlymeans,but
candiffer substantiallywhencomparinginstantaneous®elds.

Thecouplingbetweenbiologicalandphysicaltermsis donethroughatime-splitting
integration technique.First the biological reactionterm is solved with a simple
Euler-forward integrationwhich givesan estimateof the local solution,which is
eventuallyintegratedwith thestandardOPA numericsplustheMUSCL advection.
Theuseof a reversedintegrationprocedure,i.e. physics®rst andthenthereaction
term (which would be moreappropriatein caseof stiff biological terms),did not
leadto signi®cantdifferencesat these(large)temporalandspatialscales.

3.1 Initial conditionsfor biogeochemistry

Physicshasbeenspunup for 30 yearswith theforcingsdescribedabove andthen
theecosystemmodelhasbeencoupledusinghomogeneousinitial conditionsfor all
the living functionalgroups,andwith macronutrientdistributionsfrom theannual
meansof theWorld OceanAtlas data(Conkrightet al., 2002,WOA01). Dissolved
iron hasbeeninitialized from the sparsedatacollectedby Gregg et al. (2003)by
prescribingthepro®lesshown in Fig. 1 in threezonalbands,thenorthAtlantic and
Paci®c, the tropical regionsandthe SouthernOcean.After 3 yearsof simulation
mostof theregionshave reacheda repeatingseasonalcycle in the100m average
of all thevariablesandtheresultsareshown herefor the4thsimulationyear.

3.2 Surfaceboundaryconditionsfor biogeochemistry

Thedepositionof mineraldustis animportantboundaryconditionsgenerallytaken
from numericalmodels(TegenandFung,1994;Gaoet al., 2003).The solubility
of iron in aerosolsis oneof the major uncertainfactorsthat hampera consistent
inclusionof thesedeposition�ux es.Solubility in seawaterhasbeenobserved to
spanseveral ordersof magnitudein laboratoryexperiments,with valuesranging
from 1%to 50%.Continentalmarginsarealsoapossiblelargesourceof iron to the
surfaceopenocean(Johnsonet al., 1999).Anotherimportantsourceis theregen-
eratediron �ux at thesediment-waterinterface,which hasrecentlybeenestimated
to beasrelevantastheatmosphericinputs(Elrod et al., 2004).Thesesourcesare
now beingpartially parameterizedin globalmodels(Mooreet al., 2004),although
bothcoastalprocessesandresuspensiondynamicsoccurattime-scalesthatarecur-
rently not resolved in global OGCMsandbenthicremineralization�ux esarenot
takeninto account.

The only external forcing function for our biogeochemicalmodel is the monthly
atmosphericiron dustdepositionthat is taken from climatologicalmodeldataby
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TegenandFung(1994).Thedissolutionfractionof iron dustis setto 1%,thesame
as usedin the simulationsof Aumont et al. (2003)and Gregg et al. (2003).As
pointedout by Mooreet al. (2004,2002a),therearemany uncertaintiesrelatedto
themajorprocessescomprisingtheironcycle(dissolution,bioavailability andscav-
enging),andthey have shown thatvariationsin atmosphericiron dissolutionhave
substantialimpactson thelargescaleoceanproduction.Preliminarysensitivity ex-
perimentswith ourmodelindicatea generalizedincreasein primaryproductionof
15-20%whenthedissolutionfractionis raisedto 5%,con®rmingtheneedfor fur-
ther investigationof thedissolutionmechanismsandto decreasetheuncertainties
in thisexternalforcing function.

No-�ux surfaceboundaryconditionsareprescribedfor all thebiogeochemicalstate
variablesotherthaniron.

4 Results

4.1 Physical-biological processesandchlorophylldistribution

Theglobaldistribution of chl observedfrom spaceshows largescalepatternsthat
cangenerallybeexplainedby distinctphysicalregimes.Thisis thebasisof thecon-
ceptof biogeochemicalprovinces(Longhurst,1998),andmostof theselargescale
signalscanalsobecapturedby muchsimplerNPZD modelsthattake into account
the light andnutrientdependenceof phytoplanktonproductionandthephysicsof
the mixed layer (e.g.Six andMaier-Reimer,1996).More complex modelssuch
asPELAGOSprovideadditionalinformationonthebiogeochemistryandplankton
distribution, but sinceoceancolor sensorsaretheonly instrumentsthatprovide a
proxy for theglobal near-surfacedistribution of primaryproducers,alsocomplex
modelsof necessityhave to bevalidatedagainstthisbulk property.

In this sectionwe investigatethe contribution of physicalandbiological termsin
determiningthesimulatedchl distribution,comparingit with thechl estimatesde-
rivedfrom theoceancolor SeaWiFS sensors(L3 StandardMappedImages)aver-
agedover theperiod1998-2003.In thefollowing analysesshelfareas,wherephys-
ical processesareinsuf®ciently capturedby thecoarseOGCM,havebeenmasked,
as well as points wheresatellitedataare not available.Satellitechlorophyll has
beenderivedfrom modelchl as

chlsat =

RZ�
od

0 chl(z) e� l (chl)zdz
RZ�

od
0 e� l (chl)zdz

(2)

whereZ�
od = eZod is theopticaldepthZod wheredownwelling irradianceis attenu-

atedby a factore� 1, scaledby a constantcorrectionfactore= 1:5 that takesinto
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accounttheeffectof theverticaldiscretizationonthechl distribution(eshouldtend
to 1 astheverticalresolutionincreases).Theattenuationcoef®cient l is computed
asthesumof theattenuationby thephytoplanktonchl plustheopticalbackground
extinction andtheeffect of attenuationby particulateorganicmatter(seeVEA06).
Theopticaldepthis about30 m in thesubtropicaloligotrophicregionsandis lim-
ited to the®rst layer(10m) athigh latitudesandin theequatorialPaci®c.

Threenumericalexperimentshave beenrun to separatethe physicalandbiolog-
ical terms,with the con®gurationsdescribedin Table 1. It is importantto point
out that thesecon®gurationsdo not affect thephysics,but only theway in which
the physicaltermsarecombinedwith the biological reactionterm in eq. (1). The
biologicalverticalsinking is alwaysappliedbecauseit is consideredto bea local
biological term.Con®gurationC3 thusrepresentsa collectionof one-dimensional
water-columnmodels,the typical setupusedto testtheparameterizationsof cou-
pledbiogeochemical-physicalmodels.

Panelain Fig.2showstheannualmeandistributionderivedfromSeaWiFSsatellite
datacharacterizedby typical minimain thesubtropicalgyresandmaximain trop-
ical upwelling regions.The full modelin C1 con®guration(panelb) capturesthe
major featuresbut underestimatesthechl valuesparticularlyin theNorth Atlantic
andnorth-easternPaci®c,andoverestimatesin thestrati®edsubtropicalgyres.The
coarseresolutionof the OGCM is mostly responsiblefor the partial absenceof
many coastalupwellingareas,suchastheMoroccanandPeruvianregions,aswell
asothertypically coastalfeaturesaffectedby land-derivednutrientinputs.

A comparisonwith experimentsC2 and C3 highlights the effects of horizontal
advectionanddiffusion (A-D) terms(C2) andvertical advection(C3) on the chl
concentrationin the gyres.A-D arenecessarymechanismsfor the shapingof chl
distribution in the equatorialPaci®c but they leadto a generaloverestimationof
tropicalsurfacevaluesvery likely dueto thefact thatthecurrentsarenot properly
representedin the OGCM. This is particularlyevident in the large chl bandcov-
ering theNorth Paci®c SubtropicalGyre region (Longhurst,1998,NPSG),which
is associatedwith thetransportof upwelledequatorialnutrientsandbiomass.This
featureis persistentthroughouttheyearandmaskstheoligotrophiccharacteristics
of theNPSGprovince.Theconvergencein thesubtropicalgyre is dueto a likely
overestimationof thenorthwardcomponentof thegyralvelocityin theOGCM(not
shown).

Nevertheless,the C1 simulationis ableto capturethe properwestward extension
of thepaci®cequatorialchl maximum,while it is clearlyoverestimatedin C2 and
obviously absentin C3 dueto thesuppressionof any local upwellingprocess.The
latitudinal spreadingin C1 is slightly overestimatedwhich is probablydueto the
spatialresolutionthatis still toocoarse.

It is interestingto notethattheEkmanpumpingin themiddleof all thesubtropical
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gyresandthedownwellingof coldwatersfrom 5 to 15� Sbothcounteracttheeffect
of nutrientreplenishmentdueto turbulent mixing, leadingto lower chl valuesin
C2 with respectto C3. In the SouthernPaci®c SubtropicalGyre region (SPSG)
the advectionof nutrientsfrom the equatorin the C1 simulationtendsto restore
conditionssimilar to C3. In thesouthernIndianOcean,instead,A-D termsleadto
a clearoverestimationof chl valuesandthe oligotrophicstructureof the gyre is
well de®nedonly in runC2.

In thenorthernIndianOcean,modelrunsin C1andC2con®gurationsshow only a
smallbloomin theArabianSearelatedto themonsoonregime,while themaximum
coversthewholenorthernpartof theIndianbasinin thesatellitedata.In thewhole
northernIndianOceanthemodelproducesa DeepChl Maximum(DCM) in coin-
cidencewith the locationof the nutricline/thermoclineat about100 m. However,
WOA01 datasuggestthat the tilting of the nutricline is muchmorepronounced,
probablydue to an intensi®cationof the upward �ux of nutrientsfrom the deep
reservoirs which is notproperlyresolvedby themodel.

The amplitudeand distribution of C1 chl (Fig, 2b) agreewell with the satellite
observationsin the SouthernOcean,especiallybecauseof the introductionof Fe
limitation in thephytoplanktonequations.Thepersistenceof patchesof chl associ-
atedwith themovementof theSouthSubtropicalConvergencezonein theaustral
IndianOceanandin thesouthernAtlantic andtheretro�ectionof theEastAustralia
Current(Longhurst,1998)arecorrectlyreproduced,but thereis anoverestimation
of chl in theregionsconnectingthesepatches.This largebandof 0.2-0.3mg m� 3

is mostly due to vertical mixing processesas indicatedby the resultsof run C3.
Thesimulatedmixedlayer in theSub-Antarcticprovince(SANT) during theaus-
tral spring(Fig. 3a) is up to 70 m shallower thanthe climatologycollectedby de
BoyerMontégutetal. (2004).Theshallowermixedlayerfavorsthephytoplankton
acclimationto low-light conditionsandan early startof the bloom (seealsoSec.
4.5).Thespatialstructureof thestrati®edwatersis alsoquitehomogeneous,while
it hasbeensuggestedthat thepathof theAntarcticCircumpolarCurrent(ACC) is
seededwith spotswherestrongdiapycnal mixing occurs(Garabatoet al., 2004).
Suchhot spotsarevisible in thesimulatedchl ®eld of run C2, wheretheremoval
of non-localtermsmakesthecontribution of theverticaleddy-inducedupwelling
moreevident.Anotherinterestingfeaturerelatedto local physicalprocessesis the
presenceof high chl valuesalongtheAntarcticcoastlinewhich areclearlyvisible
in theC2 run, andto a lesserextentalsoin C3. The inclusionof A-D termsleads
to a dissipationof thecoastalmaximaandto a generalizeddiffusionof chl in the
wholeACC.

In thenorthAtlantic, themodelunderestimatesthemeanannualobservedvaluein
all simulations,particularlyin theeasternpart in correspondencewith thebranch-
ing of theGulf Stream.Only runC2hasslightly higherchl valuesespeciallyin the
NorwegianandGreenlandSeas,but in generalthediscrepancy cannotbeascribed
to onesinglephysicalterm.Modelresultsareprobablyhamperedby thepoorsimu-
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lationof theGulf Streampathatthiscoarseresolution,but alsoby atoostronglight
limitation duringthelateautumn-winterperiodthatleadsto low biomassandbiases
theannualmean.Indeed,theintensityanddistribution of thespringbloom(AMJ,
Fig.4) is ratherwell capturedin thewholenorthAtlantic.Themajordiscrepancy is
theabsenceof high chl in thenorthern�ank of theAzorescurrentdepartingfrom
thebranchingof theGulf Stream.

Low biomassarevisible in thenorthernLabradorbasinandin theDenmarkStrait,
but alsoin theSouthernHemispherebelow 50� S.We believe thatthelow biomass
valuesin theseregionsaredueto light limitation andnot to modelresolutionasis
the casein othercoastalareas.The samenorthernregionsreachhighervaluesof
chl if we take theearlysummermean(cfr. Fig. 7, left panels),whenthepatternof
thebloomis moresimilar to theobservations.

4.2 Nutrientdistributions

The analysespresentedin this sectionand in the following oneswill focusonly
on modelresultsfrom the C1 con®guration,the experimentthat containsthe full
physics.This sectionwill show a comparisonwith global nutrient distributions,
which arethemostsigni®cantbulk propertiesof oceanbiogeochemistryfor which
statisticalglobalanalysesareavailable(Conkrightetal., 2002).

Model-derivedannualmeansof surfacenutrientconcentrationsaredirectly com-
paredwith theWOA01datain Fig.5.Thevaluesandextensionof thenorthAtlantic
maximaarematchedfor all nutrientsdespitethe biasin the chl distribution (Fig.
2). Themajordiscrepancy at theselatitudesis in thenorth-eastPaci®c sub-Arctic
region,whereall simulatednutrientconcentrationsaretoo low with respectto the
observations,andwherealsochl is underestimated(Fig. 2). This discrepancy can
beexplainedby a reducedreplenishmentof nutrientsduringthewell-mixedwinter
period.Indeed,themixed layerdepthsimulatedby themodelin this region (Fig.
3b) is muchshallower duringwinter thanthedeBoyer Montégutet al. (2004)cli-
matology. This impliesthatnutrientreplenishmentis muchreducedin thesimula-
tion. In addition,Felimitation mayfurthercontributeto low chl values.Theeastern
sub-arcticPaci®cregion is awell-known HNLC area(Martin andFitzwater, 1988)
whereiron availability is thoughtto play a substantialrole. Indeed,thesimulated
surfacedistributionof meandissolvediron (Fig. 6) givesvaluesthataretypical of
HNLC regions(Martin et al., 1991;Coaleet al., 1996).An experimentwhereiron
dustsolubility wasincreasedfrom 1% to 5% showedanenhancementof chl con-
centrationwhich matchedthe observationswithout any increasein the simulated
surfaceiron concentration.This supportstheideathat in thenorth-eastPaci®cad-
ditionalironsourcesarenecessaryto reproduceobservedvaluesandcoastalsources
arelikely to bea relevantportionof this total supply.
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The simulationof nutrientfeaturesin the subtropicalandintertropicalregionsof
the world oceanis problematicas also shown by the resultsof other modelling
efforts(Mooreetal.,2004;Schmittneretal.,2005).Theannualmeannitratedistri-
butionpredictedby PELAGOSneverthelessis adequate,especiallyin reproducing
the magnitudeof the easternequatorialupwelling plume in the Paci®c. On the
otherhand,the latitudinal extensionin the westernpart is overestimatedfor both
phosphateand silicate,most likely as a result of an imperfectsimulationof the
subtropicalgyre circulation in the OGCM (cfr. Sec.4.1). Nutrients,which can-
not beconsumedin theequatorialregion becauseof iron limitation, areeventually
available for phytoplanktongrowth inside the gyre whereiron is presentdue to
atmosphericdepositionanddiffusion(cfr. Fig. 6).

ThetropicalAtlantic is affectedby a strongsimulateddepletionof phosphateand
silicatewhich is only partlyobservedin thedata.Thesimulatedminimumof phos-
phatein thenortherntropicalAtlantic (NATR) is a featurealsofoundin theresults
of Mooreetal. (2004)andexplainedastheconsequenceof excessivenitrogen®x-
ationratesearlyin thesimulation.However, thesameconditionsareobtainedhere
in the absenceof nitrogen®xation, suggestingthat phosphatedepletionis proba-
bly dueto thelack of land-derivednutrientin�o ws from theAmazonandOrinoco
riversthathave beenshown to extendfar into theNorth Atlantic gyre (Conkright
etal.,2000).Thesameconsiderationscanalsobeappliedto silicate,anothernutri-
entwhich is stronglydeterminedby river loads.

Too low concentrationsof surfacenutrientsaresimulatedin the northernIndian
Ocean(ArabianSeaandBay of Bengal),a well-known upwelling region associ-
atedwith themonsoonregime(Banse,1987).As discussedabove,thisdiscrepancy
is probablydueto thelimited capabilityof coarseGCMsto provide theproperup-
welling dynamicsin shelf regionsandthis de®ciency affectsthechlorophyll con-
centrationsaswell (seeSec.4.1).It is alsoimportantto bearin mindthatadditional
phosphateandothernutrientsare releasedby the Indo, GangeandBrahmaputra
riversasaresultof increased�o w duringthemonsoonrainseason(Conkrightetal.,
2000)andthereforethesimulationwould very likely bene®tfrom theinclusionof
land-derivednutrientinputs.

Thereis still notenoughinformationto validatethesurfacedistributionof Fe(Fig.
6b), which in themodelis mostlydeterminedby thedepositionpatternsof atmo-
sphericiron dust(TegenandFung,1994,seeFig.6a).Thelowestconcentrationsin
themodelarefoundin theSPSGregionandin thewesterntropicalPaci®cbecause
theseareasarenot affectedby any land-derived dust �ux. In the Paci®c Equato-
rial Divergence(PEQD)iron is providedby upwelling of iron-rich deeperwaters
(cfr. Fig. 1). Thesubsurfaceincreasein iron concentrationin thePEQDhasbeen
suggestedto be enhancedby eastward advection from iron sourcesin the west-
ern Paci®c shelveswith the EquatorialUnderCurrent(Mackey et al., 2002).The
simulatediron surfaceconcentrationin the upwelling region is generallybelow
0.1µmol m� 3 on average,asobservedduringtheJGOFScampaigns(Coaleet al.,
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1996;Gordonetal., 1997).

Similarconcentrations,in spiteof thetotalabsenceof surfacedeposition,arefound
in the SouthernOceanasa resultof upwelling processesaswell. We reporthere
thattheuseof aDroop-likequotamodelin thephytoplanktoniron parameterization
leadsto higherambientconcentrationswith respectto a Michaelis-Mentenformu-
lation. Surfacebiomassis thereforehigher in the simulationresultsshown here,
while theuseof aMichaelis-Mentenparameterizationwouldrequireanincreaseof
thedissolutionrateof iron dustto obtaincomparableconcentrations.

4.3 Spatialdistributionof phytoplanktongroups

Thedifferentiationof “Phytoplankton”into functionalgroupsof primaryproduc-
ers is neededto track the fateof biogenicorganicmatterin climatemodels,be-
causepotentialcarbonsequestrationis a function of the size and quality of the
organicproducts.Availability of phytoplanktonassemblagedatais unfortunately
limited for globalscalevalidation.In following sectionswewill validatethemodel
in thosebiogeochemicalprovinceswheredirect phytoplanktoncompositiondata
canbederivedfrom High-PerformanceLiquid Chromatography(HPLC) pigment
measurementsaccordingto the classi®cationof Jeffrey (1997) and Dandonneau
etal. (2004).In thissectionwepresentthesimulatedmonthlydistributionsof phy-
toplanktongroupsandcorrespondingtotal chl (Fig. 7), which may be compared
with the estimatesderived by empirical regressionanalysesof coincidentin situ
measurementsandoceancolor dataasproposedby Alvain et al. (2005,their Fig.
6).

Model resultsandsatellitedatahave to be comparedwith somecaveats,as they
havebeenderivedwith differentcriteriawhichdependonthespeci®cmethodology.
Valuesof totalchl lowerthan0.05havebeenmaskedandrelativechl concentrations
higherthan0.33for eachgrouphavebeenmarkedwith acoloredpixel.Thechoice
of thethresholdis crucial in determiningthedominanceof onegroupwith respect
to others,andtherearecases,especiallyin oligotrophicregions,wherepico- and
nanophytoplanktonareequallyabundant.It is thusnot possibleto assignanabso-
lute dominance�ag andthesecaseswill be furtherdiscussedin thenext sections.
Anothernoteof cautionis relatedto the differenttime scalesconsidered.Alvain
et al. (2005)dataarederived from year2001,while themodelresultsrepresenta
climatologicalsituationwithoutany interannualvariability.

Themodelpredictsthatdiatomsarealwaysdominantin thenorthPaci®candin the
ACC,althoughwinter totalchl is ratherlow andthereforethisstandingstockis the
backgroundwinter concentrationandnot anindicationof a continuousproduction
phase.The simulateddiatombloomin theSouthernOcean,detectedby a combi-
nationof high chl anddiatomdominance,is larger in Octoberin the ACC, while

13



the databy Alvain et al. (2005)give indicationsof a later bloom in January. The
simulateddiatombehavior is consistentwith theresultsshown in Sec.4.5,hinting
atatemporalmismatchin thestrati®cationregime.TheNorthAtlantic is character-
izedby adoublebloomof diatomsin themodel(aspringbloomin theGulf Stream
drift region andanautumnbloomat higherlatitudes)with a shift towardssmaller
speciesduringsummer.

Themodelhasa poorrepresentationof chl in themajorcoastalupwellingregions
(e.g.MoroccoandArabianSea,cfr. Sec.4.1),but clearlyshowsthatthelocalsimu-
latedproductionis mostlyduetodiatoms,andtheseasonalcycleis particularlywell
reproducedin the ArabianSeaduring the monsoonperiods.Alvain et al. (2005)
datanever show diatomsdominatingin thenorthernIndianOcean,but this region
hasthehighestfractionof unidenti®edpixelsin theiranalysis.

Picophytoplanktonmostly dominatesin the equatorialbandandit is asabundant
asnanophytoplanktonin thesubtropicalgyres(cfr. alsosectionbelow andFig. 9).
The largestdiscrepancy in the simulationof picoautotrophsis the Januarybloom
in theSouthernOcean,which is not foundin thesatelliteestimates,althoughsev-
eral unidenti®edpixels are present.A similar discrepancy is also found in June
in thenorthernNorth Atlantic. Picophytoplanktondominatethephytoplanktonas-
semblageduringAugustin thesub-arcticregionsof thePaci®candAtlantic oceans,
a featurealsovisible in thedatapresentedby Alvain et al. (2005).Themodelthus
predictsaclearshifting towardssmallergroupsafterthedepletionof surfacenutri-
entsin theseregions.

In themodelnanophytoplanktonis themostwidespreadgroupin thetemperatere-
gionsof thesouthernhemisphere.In thenorthernhemispherethey areinsteadchar-
acterizedby anearlysummerbloomin thenorthernNorth Atlantic andanautumn
onein thenorth-easternPaci®c.Thesubtropicalgyresin thesouthernhemisphere
arealsodominatedby this groupfor mostof theyear, which agreeswell with the
mapsof Alvain et al. (2005),particularly in matchingthe absenceof haptophyte
bloomsin theSouthernOceanpolarfront.

4.4 Seasonalcycles:Atlantic Ocean

Theseasonalanalysisis presentedin thissectionfor 3 of theAtlantic provincesde-
®nedby Longhurst(1998):theNorthAtlantic Drift Region(NADR), theNorthAt-
lantic Sub-TropicalGyral province(westernlimb, NASW) andtheSouthAtlantic
Gyralprovince(SATL). Seasonalcycleswill becomparedwith bulk properties(chl
from SeaWiFSandCZCS)andalsowith phytoplanktongroupcompositionderived
from HPLC-analyzedpigments.Datafrom theGEP&COcruises(1999-2001)elab-
oratedby Dandonneauet al. (2004)have beenusedin theNADR province,while
the long-termpigmentobservationsat the JGOFSBermudaAtlantic Time Series
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studysite (MichaelsandKnap,1996,BATS) have beenusedasrepresentative of
theNASW province.

The left panelsin Fig. 8 presentthe time evolution of the phytoplanktoncharac-
teristics(chl andassemblagecomposition),andtheright panelsof thesame®gure
show thecorrespondingsimulatedseasonalcyclesof phosphate,nitrate,silicatein
thesameprovince.TheNADR region (upperpanels)typically shows deepwinter
mixing with a springbloomstartingin lateApril andMay anda fastdepletionof
nutrientsduringsummertime(Longhurst,1998).Simulatedchl concentrationis ex-
tremelylow in thestartingphaseof thebloom,andthereforethesimulateddiatom
dominanceis not representative. GEP&COdata(Dandonneauet al., 2004),show
that the spring period is equally representedby diatomsand nanophytoplankton
while themodelhasa clearpredominanceof diatoms.Thepost-bloomconditions
arein muchbetteragreementwith theGEP&COdata,with a shift towards�agel-
lates,but the summerchl concentrationis too low probablybecausediatomsare
lessrepresented.The simulatednutrientevolution is within the observed ranges,
apartfrom phosphatewhich is broughtto lower levels during the bloom in May.
This is consistentwith a shoalingof the mixed layer signi®cantlyfasterthanthe
observedone(seeFig. 3c)whichreducesthediffusionof nutrientsfrom thedeeper
layers.Thelowersilicatevaluesobservedin thedatawith respectto thesimulation
indicatethatin realitydiatomspersistduringthewholeyearasshown in GEP&CO
data.

TheNorth Atlantic SubtropicalWesterngyreprovince(NASW, middlepanels)is
characterizedby winter mixing of variabledurationwhich bringsnutrientsin the
euphoticzoneand a short chlorophyll peakfrom Februaryto April (Longhurst,
1998).Thesefeaturesarewell capturedby the model in the correspondingbulk
chl evolution. Thewinter nutrientreplenishmentis slightly visible in theWOA01
(Fig. 8b) while it is overestimatedin themodel(particularlyin nitrate),leadingto
a higherbloompeakwhich is neverthelesswithin theobservedranges.Themodel
correctlyreproducesthedominanceof nano�agellatesover theothergroupsasob-
served at BATS, but overestimatesthe contribution of diatoms(not the seasonal
variability, which is insteadwell representedwith a slight increasein April and
anotheronein Autumn).

It has beenshown in Sec.4.2 that the North Atlantic Tropical Gyral province
(NATR) is affectedby a strongdepletionof nutrientsthroughouttheyear. On the
otherhand,theSouthAtlantic Gyral Province(SATL) is very well simulatedboth
in termsof themagnitudeandseasonalvariability of nutrientsandchl (Fig. 8, bot-
tompanels(d)). This is probablydueto thesouthernboundaryde®nedby theACC
convergenceandthepersistentin�uenceof thetradewindsthatimposeasomewhat
“simpler” seasonalvariationonthisgyral region thanits NorthAtlantic equivalent.
SeaWiFS chl datashow a bimodaltime-evolution, which is presentneitherin the
CZCSdatanor in the model.The modelpredictsa small increasein surfacechl
in australwinter, which is causedby the subductionof nutrientrich watersfrom
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theACC that inducesa bloomin thesouthernpartof thegyre.As pointedout by
Longhurst(1998),this is oneof the leaststudiedoceanographicregionsandmore
large-scalesurveysareneededto betterunderstandits maincharacteristics.

4.5 Seasonalcycles:Paci�c andSouthernOceans

In the Paci®c we have chosenthe southerntropicalandsubtropicalgyre (SPSG),
the Paci®c EquatorialDivergence(PEQD)and,asrepresentative of the Southern
Ocean,theSub-ANTarcticpolarfront province(SANT, Fig. 9).

In theSouthernPaci®cSubtropicalGyre(Longhurst,1998,SPSG)thereis anaus-
tral winter increasein chl which is well capturedin the simulationandis linked
to a weak deepeningof the mixed layer. It is interestingto note that the largest
spatialvariability in SeaWiFS datais foundduringtheaustralsummerperiodand
is mostly dueto the in�uence of thePeru-Chilecurrentcoastalregion which was
includedin ourspatialaverage.Accordingto GeP&COobservations(Dandonneau
et al., 2004),theSPSGis dominatedby picophytoplanktonwhich is alwaysmore
than50% of the assemblage(mostly Prochlorococcus), while the modelpredicts
a persistenceof nano�agellates.The winter mixing doesnot lead to an increase
in nutrientconcentrations(left panelin Fig. 9a) indicatingthatnutrientsareread-
ily usedby phytoplanktonbecauseof thepermanentoligotrophicconditions.The
largestdiscrepancy is found in silicate,which is alwaysoverestimateddueto an
expansionof thenutrient-repletepolarfront acrossthesouthernborderof thegyre
(cfr. Fig. 5).

The Paci®c EquatorialDivergence(PEQD) hasbeenextensively studiedin past
yearsasa typical exampleof HNLC area(Martin et al., 1994;Coaleet al., 1996).
Thisprovinceischaracterizedbyextremelylow seasonalityin chlorophyllbiomass,
afeatureremarkablywell capturedby themodel(Fig.9b).Thephytoplanktoncom-
munity mostly comprisesthe nanoandpico sizefraction asalsoobserved in the
GEP&COdata(Dandonneauetal.,2004),althoughthemodelstill predictsaslight
dominanceof nano�agellates.All nutrientsaregenerallyoverestimatedespecially
in the®rst partof theyear, andin thecaseof silicatethebiasis larger. Thereason
of this discrepancy is still unknown but it might berelatedto changesin thesilica
requirementsof diatomsunderiron-de®cientconditionsassuggestedby Takeda
(1998),a featurenot in themodel.

The averageannualdistribution of chl in the SouthernOceanis well capturedby
themodel(Fig. 2), andalsotheseasonalvariability is broadlyconsistentwith the
observedrangesin thesub-Antarcticregion (SANT, Fig. 9c).Theaustralsummer
bloom,however, is signi®cantlyoverestimatedandmostly consistsof picophyto-
plankton(cfr. 4.3). This canbe explainedby a suddenonsetof growth-favorable
strati®edconditionssimulatedby the OGCM in this province (Fig. 3a). The pi-
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cophytoplanktondominanceis in contrastwith the prevalenceof diatomsin the
frontalzonesof theSouthernOcean(Laubscheretal.,1993;Semenehetal.,1998),
althoughregionswith highpicophytoplanktonabundancehavebeenreportedin the
Atlantic sector(Fronemanet al., 2001)andAlvain et al. (2005)estimatesdo show
thedominanceof Prochlorococcusin someareas.Thephytoplanktoncomposition
in Februaryis muchmorein agreementwith theobservedshift towardsnanophy-
toplanktondominancein lateaustralsummer(Laubscheretal., 1993).

Theexcessof silicateis particularlyevident in this province,wheremodeledcon-
centrationis aboutthreetimeshigherthanthe WOA01 mean,despitethe correct
simulationof theothermacronutrients(Fig. 9c). Datafrom theJGOFStimeseries
at theKerguelenplateau(Jeandelet al., 1998,KERFIX) indicateanaustralspring
phytoplanktonbloomof about1 mgchl m� 3 andasigni®cantdrawdown of surface
silicatein theborealsummerthatis alsovisible in theWOA01 andSeaWiFS data.
This featurewassimulatedin aone-dimensionalmodelatKERFIX only by apply-
ing substantiallyincreasedSi:N uptake ratiosof 3-5 mol Si (mol N)� 1 (Pondaven
et al., 2000).Thevalueusedin our model(0.8mol Si (mol N)� 1) is moresuitable
for sustainingdiatomgrowth in mid-latitudeNorthAtlantic regionssuchasNADR,
wherethe winter concentrationof silicateis 3 mmol m� 3 (Fig. 8a) andtherefore
the utilization of silicateby diatomsin our modelis muchreducedin this region
with respectto theothernutrients.

4.6 Primaryproduction

Figure10presentsanoverview of themodeledgrossprimaryproduction(PP)com-
paredwith thedatacollectedat thevariousJGOFSstudysites(seeDucklow, 2003,
for anoverview). Thiscomparisonis madeto show thatthemodelbroadlycaptures
productionratescharacteristicof differentbiogeochemicalprovinces,which is a
prerequisitefor modellingthe geographicaldiversity of the biological pumpin a
climatestudycontext. Sinceseveralsiteshave limited numberof observationswe
have chosento comparethesurfacevaluesbecausethesearealmostalwaysavail-
able in the datasets.Model anddatahave beencomparedfor the samelocation
andperiodof the year, but clearly processstudiessuchasthe EquatorialPaci®c
(EQPAC) cruisesin 1992arelessrepresentative of a climatologicalsituationthan
thecontinuoustimeseriescollectedat theHawaii OceanTimeseries(HOT) or atthe
Bermudastation(BATS).

EQPAC datarevealedextremelyhigh PPratesthat themodelis not ableto repro-
ducein a climatologicalsimulation(Fig. 10). TheEQPAC measurementsarealso
muchhigherthanthevaluesreportedin Longhurst(1998),andoursimulatedvalues
arecloserto the ®eld observationsthanto Longhurst's estimate.BATS andHOT
meanPPsarecomparablein the modelas they are in the data,which is striking
whenconsideringthe differentphysicalregimes(Ducklow, 2003).The modelPP
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mightbebiasedto highervaluesby theproblemsof transportin thegyresdiscussed
in Sec.4.1, thereforean improvementin thephysicsrepresentationis expectedto
improvealsotheagreementwith theJGOFSobservations.

ThehighestPPmeanvaluesarefoundin theArabianSeaandin theAntarcticPo-
lar FrontZone(APFZ)duringtheaustralsummer. Thesemaximaarewell captured
in modelresults,indicatingthatthecarbon®xationprocessis suf®ciently well pa-
rameterizedto reproducethephytoplanktonfeaturesat thesecontrastingsites.The
fact that grossPP is comparablewith datain the northernIndian Oceanbut not
the biomass(Fig. 2) hasto be ascribedto the low surfacenutrientconcentrations
simulatedby themodel.Sincecarbonandnutrientdynamicsaredecoupledin the
model(cfr. VEA06), grossproductioncontinuesdespitethe lack of nutrients,but
formationof biomass(netproduction)is low.

TheAPFZ siteattainsthehighestvalueamongtheJGOFSsitesin themodel.The
polarfront cansupporthighPPduringsummerbecauseoptimalconditionsof strat-
i®cationandiron availability favor phytoplanktongrowth. Theautumnvalueis in-
steadunderestimated,hinting at theproblemsrelatedto chl turnover discussedin
Sec.4.1. The RossSeameanPPis alsounderestimated,althoughwithin the ob-
servedrangeof variability which is ratherhigh.

The seasonalcycle of PPis shown in Fig. 11 for the BATS andHOT timeseries,
where10 yearsof dataallow usto reconstructa meaningfulseasonalclimatology.
Thetwo sitesarerepresentativeof thenorthernsubtropicalgyresbut BATSis more
affectedby theseasonalvariabilityassociatedwith theGulf StreamwhereasHOT is
a typicaloligotrophicsitewith little variability. Thedifferencebetweentheregions
is well simulatedby themodel,despitethediscrepancy in thespringmaximumat
BATS. The model in fact mirrors the observed averagevalueof chl in the whole
NASW region(cfr. 8) with amaximumof biomassproductionin April. BATSdata
areearlierby abouttwo months,indicatingthe dominanceof local physicalpro-
cesseswhicharenotcapturedby thecoarseOGCM.

5 Discussion

The resultspresentedin this studydemonstratethe implementationof a coupled
multi-componentmodelof generalcirculationandpelagicbiogeochemistry, asa
preliminaryandnecessarysteptowardsEarthSystemmodellingapplications.The
modelappliedhereat theglobalscaleinheritedthebiogeochemicalapproachfrom
ERSEM,which wasextensively validatedat theregionalscale,but mostly in tem-
perateregions.If it is assumedthatprimitivefunctionalitiesof planktonbehavior do
exist in theocean,thena global implementationof a generalizedbiogeochemistry
model is a suitablemethodto validatethe parameterizations.However, although
having auni®edmodellingapproachthatcanbeappliedto regionalandlargescale
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processesis aclearadvantage,thereis alackof studiesthatinvestigatethebehavior
of suchparameterizationsat differentspatialandtemporalscales,andhow to in-
cludesubgrid-scalebiologicaldynamicsinto coarseresolutionmodels(e.g.Fennel
andNeumann,1996).A ®rstprerequisitefor thiskind of studiesis auni®edmathe-
maticalformalismtodescribethebiogeochemicalinteractions,astheonesuggested
in VEA06, in orderto achieve a generalconsensuson the form of biomass-based
biogeochemistrymodelandeventuallyproceedto moreextendeduni®cationof the
differenttypesof marineecosystemmodels(FennelandOsborn,2005).

Thetendency of state-of-the-artbiogeochemistrymodelsembeddedinto OGCMis
to increasethenumberof LFGs(or PlanktonFunctionalTypes,PFT, if referringto
pelagicgroupsonly) in orderto capturethecomplexity anddiversefeaturesof the
planktonenvironment(Mooreetal., 2002b;Greggetal., 2003;Mooreetal., 2004;
Le Quéréet al., 2005).This approachis proneto criticism, becausethe ecology
of planktongroupsis poorly understoodandthe direct incorporationof complex
modelsinto globalOGCMwithoutthoroughtestingattheregionalscalemight lead
to unpredictablebehavior (Anderson,2005).The discrepancieswith observations
seenin theresultsof theexisting coupledphysical-biologicalmodelsof theglobal
oceanarein factpartly dueto inadequateparameterizationof biologicalprocesses
but alsoto aninsuf®cientdescriptionof thephysicalfeaturesin thecoarseOGCMs
thatareusedfor this typeof applications.Theuncertaintieson bothprocessesare
oneof thereasonsfor theskepticismabouttheinclusionof morecomplex biogeo-
chemicalmodelsinto climatestudies(Sarmientoetal., 2004).

In the ®rst part of this work we have investigatedpart of theseuncertaintiesby
studyingthe relative contribution of dfferentphysicalandbiological termsto the
surfacedistributionof phytoplankton.Ouranalysisfocusedon bulk chl becauseof
thesatellitedataavailability, but canalsoberepeatedfor eachsinglephytoplankton
groupto identify the speci®cresponseto differentphysicalregimes.The method
weappliedwasto sequentiallyneglectthenon-localhorizontaltransporttermsand
the vertical local termsin thebiogeochemicalequations,andto studythe numer-
ical solutionof the resultingsimpli®edequations.On the onehandthis approach
allowedus to identify regionsof theworld oceanwhereobservedchl distribution
canbe largely explainedby local mixing andupwelling processes.On the other
handit allowedusto tracesomeof themodelbiasesin chl andsurfacenutrientsto
de®cienciesin thesimulationof theOGCMtransportprocessesthatdonotshow up
in thedistribution of othersurfacephysicalproperties(e.g.temperatureandsalin-
ity), sincetheseareeitherconstrainedby air-sea�ux esor restoredto observations.
The unrealisticsimulationof the seasonalcycle of mixed layer depthsin several
regions(cfr. Fig.3) is alsoclearlyafactorthatcontributesto thesebiasesandneeds
to beimprovedin globalOGCM.

This paperclearlyshows thatthesimulatedannualaverageof chl distribution is to
a largeextentdeterminedby verticalhydrodynamicalprocesseswhicharelocalby
de®nition.Mixing controlssimulatedchl at high latitudesandvertical advection
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is the major mechanismresponsiblefor the equatorialintensi®cation.Horizontal
transportis necessarytoobtaintheobservedshapeof thesouthernPaci®cequatorial
divergencebut tendsto overestimatethechl in thegyresbecauseof theexcessive
transportof nutrientsfrom thenutrient-repleteregionsof theequatorandthesub-
Antarcticpolar front. This canalsobedueto biological factorssuchasa reduced
nutrientutilization in theHNLC regionswhich might becausedby highernutrient
requirementsunderiron-limitedconditions(e.g.Takeda,1998).

Model resultsshow that coastalupwelling processes,wherea substantialpart of
theglobalprimaryproductionoccurs,areonly weaklycapturedat this coarsespa-
tial resolution.TheArabianSeachl maximaarelargelyunderestimatedin termsof
biomassandtheotherwestAfrica upwellingregionsareweaklyrepresented.Insuf-
®cientwintermixingandlackof land-derivediron inputsareinsteadlikely to bethe
causeof theunderestimationof nutrientsandchl in theeasternsub-ArcticPaci®c.
As pointedout by Doney et al. (2004),somede®cienciesof the physicalmodel
arere�ected in theresultsof thebiogeochemistryandespeciallycoastalboundary
processes(with theadditionof land-derivednutrientinputsfrom theshelves)need
to bere®nedin orderto provide theappropriatephysicalandchemicalconditions
suitablefor planktondevelopment.

Theabove considerationsapplyto bulk propertiesof thephytoplanktonwhich are
mostlycontrolledby theinteractionsbetweenlargescalephysicalfeaturesandthe
controlsimposedby light andnutrientavailability. Thesefeaturescanalsobecap-
turedby simplerNPZD-like modelsbut modelslike PELAGOScanprovide ad-
ditional informationon the behavior of the variousfunctionalgroups.This appli-
cationin fact revealedsomediscrepanciesin theanalyzedbulk propertiesthatare
not directly dueto thephysicalparameterizationbut canbeascribedto inadequate
parameterizationsof a speci®cfunctionalgroup,inferredby a direct comparison
of model resultswith dataon phytoplanktoncomposition.It is thereforeimpor-
tant that suchdataarecollectedon a routinebasis(e.g.Dandonneauet al., 2004,
andtheJGOFStime-series)andthatglobalcompilationsof pigmentdataaremade
availablefor directcomparisonswith models.

Themodelpredictswinter chl concentrationslower thanobserved in thenorthern
high latitudes,despitethepropersimulationof nutrientavailability (cfr. Figs.7 and
5). This resultsin anoverallunderestimationof theannualaverageof biomasspar-
ticularly in theNorthAtlantic (Fig. 2). Theanalysesof thedifferentphytoplankton
groupsdonein Sec.4.3 andfollowing sectionsgive indicationsthat diatomsare
misrepresentedin theseregions.An improvementof resultscanbeobtainedeither
by increasingthemaximumlight utilizationcoef®cientin diatomsor by modifying
the form of the chl equationto enhancethe decouplingbetweenthe synthesisof
chlorophyll and turnover. The overestimationof the mixed layer depthin boreal
winter in thesameregion (cfr. Fig. 3c) is alsoa possibleexplanationof thediatom
underestimation,which can be due to excessive mixing undersurface low-light
conditions.Thesummerunderestimationin theNADR is probablydueto thesim-
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pli®ed parameterizationof sinking rates.Diatomsinkingvelocity increasesunder
nutrient limitation (nitrogenin this case,cfr. VEA06), andthe diatommaximum
is locatedat around60 m in this region, well below the optical depthusedin the
modelto computethechl value.Furtherinvestigations,alsoperformedwith theaid
of one-dimensionalmodels,arethusneededto betterunderstandandquantify the
acclimationprocessesof diatomsurvival at extremelylow nutrientor light condi-
tions.

The oligotrophicsubtropicalgyresareinsteaddominatedby smallerphytoplank-
ton asfoundin databy Dandonneauet al. (2004)andproxiesof distributionmaps
by Alvain et al. (2005),but the model generallytendsto show a prevalenceof
nano�agellatesoverpicophytoplankton.In theoriginalERSEMformulation,af®n-
ity constantsfor nutrientswere set equal for all phytoplanktongroupsbecause
land-derivedinputsdominatedtheavailability of nutrients,andalsobenthic-pelagic
exchangescontributedadditionalnutrients.Therefore,extremelylow nutrientcon-
centrationsin coastalregionsoccuronly during the summerstrati®edperiodand
not throughoutthe year as in the subtropicaloligotrophicgyres.It is likely that
af®nity constantsneedto be adjustedfor global oceanapplications,making pi-
cophytoplanktonmoreadaptedto survival at very low ambientconcentrationsof
inorganicnutrientswith a consequentincreaseof their biomassparticularlyin the
SPSGregion.

Othersubstantialdiscrepanciesin thephytoplanktondistribution predictedby the
modelarethepersistenceof diatomsin theantarcticpolarfront andthelargesum-
merbloomof picophytoplanktonoff theAntarcticcoast.This latter is theresultof
thecombinationof several independentfactors:theabsenceof a temperaturecon-
trol (mostly for Prochlorococcus, Partensky et al., 1999),the low Ferequirements
(Timmermansetal.,2005),thepersistentspring-summerstrati®cation(cfr. Fig.3a)
andthelackof nanoplanktonicgrazersthatcouldnotsurvive thewinterconditions
andcannotthereforegrazedown the bloom.Grazingpressureis very low during
earlysummer, mostlybecausephytoplanktonconcentrationsarelow. Zooplankton
control during the bloom developmentandduring overwinteringclearly playsan
importantrole in controllingphytoplanktonbiomass,but theglobalimpactof these
processeshavenotbeenthoroughlyanalyzedin themodelyet.Diatomsindeedcan
survivethewholeyearin thefront althoughat low concentrations(Fig.7).Thesub-
ductionof coldernutrient-richAntarctic waterscreatesa favourableenvironment
for themaintenanceof thestandingstock,particularlybecauseiron is providedas
well (Fig. 6b) throughdeepmixing processes.It is likely that theseconditionsare
moreintermittentin reality(Garabatoetal.,2004)leadingto aco-limitationof iron
andlight availabity

The ratesof primary productionpredictedby the modelareobtainedfrom a cli-
matologicalsimulationandsinceprimary productionis a fastand local process,
sucha coarseresolutionmodelcanonly aim at capturingtheobservedmagnitude.
Dataare collectedonly at selectedsitesand during time-limited processstudies
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(Ducklow, 2003),or alternatively, proxy informationmaybederivedfrom satellite
chl data(BehrenfeldandFalkowski, 1997).We preferredto usethe independent
JGOFSdatato validatethemodelandthe intrinsic limitationsof a directcompar-
isonhave beenpartially avoidedby consideringthesameperiodof theyearwhen
datahave beencollected.The analysisof the two long time-seriesat BATS and
HOT shows that the simulatedseasonalvariability is directly linked to the repre-
sentationof physicalprocesses,andthereforesomebiascanbeobserved.Neverthe-
less,thecomparisonshown in Sec.4.6indicatesthattheoverallgrossproductionof
organiccarbonis reasonablysimulatedin differentareasof theworld ocean,which
increasesourcon®dencein thebiologicalprocessesaffectingtheuptakeof aquatic
CO2 atthetemporalandspatialscalesof climatedynamics.A directvalidationwith
observedCO2 �ux esis alsoneededin thefutureto directlyassesstheeffectsonthe
atmosphericconcentration.

6 Final remarks

Theoverarchingquestionthathasbeenposedthroughoutthis work is how to rec-
oncilethecomplex behavior of planktoncommunities,which canonly bedirectly
measuredin small regions of the oceanwheremesoscalephysicalfeaturesplay
animportantrole,andtherepresentationof thesecommunitiesin climate-oriented
OGCM, wherethosesmall scalescannotbe resolved for obvious computational
reasons.Our answerfollows two complementaryapproaches:on theonehandwe
want to clearly de®nethe formulationsemployed to identify the basicmodelas-
sumptions(seeVichi et al., 2006),and on the otherhandwe want to checkthe
genericityof themodelby applyingit bothin coastal/regionalmodels(wherevali-
dationdataaremoreabundant)andin theglobalocean.

ERSEMand its descendantshave beenthoroughlyanalyzedin regional coupled
models,but this is not a guaranteeof successin theglobalocean.Giventhelimits
of the coarseOGCM, the resultsshown in this paperare indicative of a reason-
ablebehavior of thebiogeochemistrymodel,both from the point of view of bulk
propertiesandfrom the global distribution of the selectedphytoplanktongroups.
Nevertheless,thereareno outstandingindications,by just looking at the surface
®eldsof chl andnutrients,that a detailedphysiologicalmodel is largely superior
with respectto othermoresimpli®edNPZD-likeecosystemmodels.Thisis notsur-
prisingbecausethesepropertiesof theecosystemaremostlyconstrainedby large
scalefeatures,which aremostly a function of the OGCM resolutioncommonto
bothNPZDandmorecomplex models.

So,why would it bepreferableto usea complex modellike PELAGOSfor Earth
Systemmodelsandclimatechangeanalyses?Themostobviousjusti®cationis that
the different functionalgroupshave differentbiogeochemicalroles in the global
carboncycle andthecarbonpathwaysneedto becarefullyresolved,which NPZD
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models,not carryingC explicitely asstatevariable,cannotdo. In addition,PELA-
GOSdoesnot implicitely assumea spatialseparationbetweenthe productive eu-
photiccommunitiesandthepurelyheterotrophicconsumers.Both termsarecom-
putedsimoultaneoslyat eachdepth,which is anadvantagewhenassessingthebi-
ological fateof organiccarbonin themesopelagicanddeeperlayersfor directes-
timatesof oceaniccarbonsequestrationpathways(Del Giorgio andDuarte,2002).
Indeed,themodelhasshown skill in reproducingthespatialdistribution andtem-
poral successionof the major LFGs, but still the descriptionof their ecological
behavior is crudeandthe resultsof long-termclimatestudieshave to be consid-
eredaspreliminary. This typeof predictionis indeeduncertain,but it is important
that it is at leastbasedon theapplicationof well-understoodbiologicalprocesses.
Purelyempiricalmodelscanbe tunedto a particularobservedconditionbut can-
not berelieduponto give a realisticresponseof thebiologicalsystemto physical
conditionsdifferentfrom thetuningdataset.In thiscontext, agenericdeterministic
biogeochemistrymodelis moreuncertainin termsof formulationsandparameter
valuesbut it is muchmorelikely toprovideinsightsintosystembehavior, especially
whenthemodelfails to reproduceobservedfeaturesin someof thebiogeochemical
provinces,while doingwell in others.

Webelievethatthestrengthof ourapproachis nottheseparationinto differentfunc-
tional groups,but thedirectparameterizationof theLFGsphysiologicalresponse
to environmentalconditionsandtheir changes.The modelat this stagehas®rst-
orderimplementationsof thesemechanisms,which, giventheresultspresentedin
this paper, arealreadysuf®cient for preliminaryapplicationswith coupledclimate
models.At thesametime,moresophisticatedacclimation/adaptationmechanisms,
suchastheparameterizationof differentialsize-distributionsandexplicit allomet-
ric controlof physiologicalrates,needto be investigatedat theregionalscaleand
thenveri®edin globaloceanimplementations.Thesemechanismsrepresentin fact
a way to expresssomeof the plasticity of biological processesin deterministic
models.
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Table1
List of experimentswith differentcon�gurationsof thephysicaltermssolvedin eq.(1).
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Figure 1. Initial pro�les of dissolved iron prescribedin threezonal bands(north hemi-
sphere,tropicalregions,SouthernOcean).
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Figure2. Annualchl maps.a) SeaWiFS average(SMI, 1998-2003);b) run C1 with all the
advection-diffusion-reaction terms;c) runC2with horizontaladvectionanddiffusionterms
neglected;d) runC3,with only verticaldiffusive andreactionterms(seeTable1).

31



 J F M A M J J A S O N D  

0

50

100

150

200

(a) SANT  Subantarctic Province

m

 

 

 J F M A M J J A S O N D  

0

20

40

60

80

100

(b) PSAE  Pacific Subarctic Gyres Province (East)

m

 

 

 J F M A M J J A S O N D  

0

50

100

150

200

250

300

350

400

(c) NADR  N. Atlantic Drift Province (WWDR)

m

 

 

model
data

Figure3. Monthly meansof mixedlayerdepthsfrom modelresultsandfrom theclimatol-
ogy of de Boyer Mont�gut et al. (2004)in a) Sub-Antarcticprovince (SANT), b) Paci�c
Sub-ArcticEasternProvince(PSAE)andc) NorthAtlantic Drift province(NADR).
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Figure4. Meanchlorophyllconcentrationfrom (a) SeaWiFS and(b) modelduringboreal
spring(AMJ) in theAtlantic Ocean.
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Figure5. Annualmeansof simulatedsurfacenutrientconcentrationsfrom run C1 for ni-
trate,phosphateandsilicate,andWOA01 climatology.
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Figure6.Annualmeansof (a)iron dustdepositionforcing¯ux fromTegenandFung(1994)
and(b) surfacedissolvedFeconcentrationfrom C1simulation.
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Figure7. Monthly meansof phytoplanktongroupsdistribution (left panels,red= diatoms,
blue= nanophytoplankton, green= picophytoplankton)andsimulatedsatellitechl for Jan-
uary, April, June,August and Octoberfrom run C1. The �gure can be comparedwith
satellite-basedestimatesby Alvainet al. (2005).
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(c) SATL (10) South Atlantic Gyral Province (SATG)
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Figure8. Seasonalevolution of surfacechlorophyllandphytoplanktoncomposition(left)
andnutrientconcentrations(right; phosphate,nitrateandsilicatefor eachpanel),averaged
over theselectedAtlantic biogeochemicalprovinces(a) NADR, (b) NASW and(c) SATL.
Simulationresultsarecomparedwith datafrom CZCS,SeaWiFS andWOA01 averaged
over the samespatialdomains.The gray-shadedareais the spatialstandarddeviation of
SeaWiFS andWOA01 data.Barsrepresenttherelative percentageof phytoplanktonfunc-
tionalgroupsduringeachmonth(black=diatoms;gray=nano;white=pico).
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(b) PEQD (62) Pacific Equatorial Divergence Province
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(c) SANT (81) Subantarctic Province
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Figure9. Seasonalevolution of surfacechlorophyllandphytoplanktoncomposition(left)
andnutrientconcentrations(right; phosphate,nitrateandsilicatefor eachpanel),averaged
over the selectedPaci�c biogeochemicalprovinces (a) SPSG,(b) PEQD and Southern
OceanSANT (c). Simulationresultsarecomparedwith datafrom CZCS,SeaWiFS and
WOA01 averagedover thesamespatialdomains.Thegray-shadedareais thespatialstan-
darddeviation of SeaWiFS andWOA01 data.Histogramsrepresentthe relative percent-
ageof phytoplanktonfunctional groupsduring eachmonth (black=diatoms;gray=nano;
white=pico). 38
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Figure 10. Comparisonof modeledand observed meansurface primary productionat
JGOFSstudysites.EQPAC = EasternEquatorialPaci�c (12� S-12� N, 140� W, Feb1992-
Dec1992);HOT = HawaiianOceanTimes-series(22� 45'N, 158� W, Oct1988- Dec1998);
BATS = BermudaAtlantic Time-series(31� 40'N, 64� 10'W, Oct 1988- Dec1999);ARA-
BIAN = ArabianSea(10-23� N, 57-69� E, Jan1995- Dec1995);APFZ = AntarcticPolar
Front Zone(60-70� S, 165-175� W, APFZ-S=Dec1997,APFZ-A=Mar-Apr 1998);ROSS
= RossSea(70-76� S, 168-175� W, Spring-Summer1996-98).Barsrepresentthestandard
deviationof thesample.
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Figure11.Seasonalcyclesof observed(continuousline) andsimulated(dashedline) gross
primaryproductionrates(monthlymeansaveragedin themixedlayer)at (a) theBermuda
Atlantic TimeSeriesand (b) the Hawaii OceanTimeseries.Grey shadingis the standard
deviationof the10 yearsdatasample.
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