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Abstract

This papemresenta globaloceanmplementatiorof a multi-componentnodelof marine
pelagicbiogeochemistrycoupledon-line with an oceangeneralcirculationmodelforced
with climatologicalsurface elds (PELAgic biogeochemistnfor Global OceanSimula-
tions, PELAGOS). The nal objectie is the inclusion of this modelasa componentn
an Earth Systemmodelfor climate studies.The pelagicmodelis basedon a functional
stoichiometricrepresentatiof marinebiogeochemicatyclesandallows simulatingthe
dynamicsof C, N, P, Si, O andFetakinginto accounthevariationof their elementatatios
in the functionalgroups.The modelalsoincludesa parameterizatiowf variablechloro-
phyll:carbonratio in phytoplanktoncarryingchl asa prognosticvariable.The rst partof
thepaperanalyzeghecontritution of non-localadwective-diffusive termsandlocalvertical
processew thesimulatedchl distributions. Thecomparisorof thethreeexperimentshavs
thatthemeanchl distribution at higherlatitudesis largely determinedy mixing processes,
while vertical adwection dominatesthe distribution in the equatorialupwelling regions.
Horizontaladwective and diffusive processesire necessarynechanismgor the shapeof
chl distribution in the sub-tropicalPaci c. In the secondpart,the resultshave beencom-
paredwith existing datasetsf satellite-desied chlorophyll, surace nutrients,estimates
of phytoplanktoncommunitycompositionandprimary productiondata.The agreemenis
reasonabléothin termsof the spatialdistribution of annualmeansandseasonaVariabil-
ity in differentdynamicaloceanographicegions.Resultsindicatethat someof the model
biasedn chl andsuriacenutrientsdistributionscanberelatedto de cienciesin thesimula-
tion of physicalprocessesuchasadwectionandmixing. Otherdiscrepancieareattributed
to inadequatgarameterizationsf phytoplanktorfunctionalgroups.The modelhasskill
in reproducingthe overall distribution of large and small phytoplanktonbut tendsto un-
derestimataliatomsin the northernhigherlatitudesand overestimatenanophytoplankton
with respectto picoautotrophsn oligotrophicregions. The performanceof the modelis
discussedn the contet of its usein climate studiesand an approachfor improving the
parameterizationf functionalgroupsin deterministionodelsis outlined.
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1 Intr oduction

Themodellingof globalocearbiogeochemistrys affectedby severaluncertainties,
partlylinkedto thepoorly-constrainegarameterizationf biologicalprocesseand
partly to the properdescriptionof physicalvariability. Keepingin mind EarthSys-
tem modelling applicationsfor climate studies,the main aims of marinebiogeo-
chemistrymodelsin this context are: 1) to simulatethe acclimationof different
planktonfunctional groupsto the rangeof environmentalconditionsin the cur-
rent climate ocean,2) to representhe feedbackdbetweenthe pelagicecosystem
and the physicalprocessesnd 3) to predictthe responseof marine ecosystems
to climate changesOn the one hand,a properdescriptionof physicalprocesses
is the mostimportantprerequisitepecauset is well known thatgyres,frontsand
coastalboundariesare the major discontinuitiesalong which phytoplanktontend
to grow anddevelopdueto the co-existenceof favorablelight andnutrientcondi-
tions.Doney etal. (2004) have recentlyreportedthata major fraction of the large
model-modespreadn theOcearnCarbonModelIntercomparisoroject(OCMIP-
2) is dueto the propagatiorof known modelerrorsin therepresentationf physical
®eldsin oceargeneratirculationmodelg OGCM).Ontheotherhand,currentcou-
pledcarboncycle modelslack the capabilityto simulateimportantbiogeochemical
processesnainly because¢hey arebasednvery simpli®edassumptionsf marine
ecosystemsfunctioning. Recentapplicationshave shovn a tendeng to increase
thenumberof processesesolhedin marinebiogeochemistrynodels(Mooreetal.,
2002b;Aumontetal., 2003;Gregg etal., 2003;Mooreetal., 2004;Manizzaetal.,
2005;Le Quéréetal.,2005),but mary issuesarestill unresoled(Anderson2005).
Particularly, thede®nitionof thekey functionalgroupsandthe parameterizatioof
the physiologicalmechanismef planktonbehaior areimportantissueshatneed
to beproperlyconsideredn biogeochemicaiodel,in orderto havereliablepredic-
tionsontheresponsesf marineecosystemandthe globalcarboncycle to climate
changes.

The aim of this paperis to discussthe global oceanimplementatiorof a generic
model of pelagicbiogeochemistrypasedon a stoichiometricapproachto marine
ecosystenmodelling and physiologicaladaptationof organismsto the external
environmentalconditions.The PELAGOS model (PELAgic biogeochemistryor

Global OceanSimulations)is basedon the functional group approachpioneered
by the EuropeanRegional SeasEcosystenmModel (Barettaet al., 1995; Baretta-
Bekker et al., 1997, ERSEM),which hasbeenrevisited andextendedin a formal

backgroundtheory describedn a companionpaper(Vichi et al., 2006, VEA06

hereinafter).
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Section2 presents brief descriptionof the pelagicbiogeochemistrynodel.Sec-
tion 3 givesthe detailsof the experimentsetup,the numericalcouplingwith the
three-dimensionaDGCM ORA 8.2 (Madecet al., 1999), the speci®cationof the
forcing functionsandthe derivation of initial conditions.Section4 is divided in
two parts;we ®rst discussthe simulatedchlorophyll distribution emphasizinghe
contribution of thehorizontalandverticalphysicalprocessewith respecto thelo-
cal biologicalrates taking obsered satellitechlorophyllasreferenceThe second
part focuseson the comparisonof modelresultswith multivariatedatasetsSur
facemapsof nutrientdistributionsandphytoplanktorcommunitycompositionare
presentedor a direct comparisorwith the World OceanAtlas (Conkrightet al.,
2002, WOAO01) and preliminary estimatesoy Alvain et al. (2005). The seasonal
variability of chlorophyll, nutrientsand phytoplanktoncompositionhasbeenan-
alyzedin selectecbiogeochemicaprovincesas de®nedby Longhurst(1998). A
mapandlist of theLonghursts provincesis availableonthe WWW andwe referto
the numberingand acroryms de®nedthere (http://www.mar.dfo- mpo.gc.ca/
science/ocean/BedfordBasin/Papers/L onghurstl9 98/Pro vince s/Eco logic alGeog raphy OfThe
htm). Simulatedtimeserieshave beencomparedwith monthly datafrom satellite
chlorophyllandWOAOQ1, andphytoplanktorcompositionwith estimategrom the
BermudaAtlantic Time-Seriesand cruisemeasurementBom Dandonneatet al.
(2004). In addition, primary productiondatafrom the Joint Global OceanFlux
Studieg JGOFStimeseriesaandprocessstudieshave beenusedasbenchmarkgor
validatingthesimulatedoroductionof organiccarbonin thedifferentprovincesthe
major ux affectingtheoceancarboncycle ontheannualscale Section5, presents
a discussioron physicalandbiological model performance$ocusingon the role
of thedifferentphytoplanktorgroupsandadaptatiormechanism thesimulation
of theglobalcarboncycle.

2 Model description

The PELAGOS modeldiscussedn VEAOQG is a biomass-basesdetof differential
eguationsbasedon the ERSEM approachto biogeochemicamodelling Baretta-
Bekker etal. (1995,1997,andotherpapersn the two specialissues).The model
is presentedn a generalizednathematicaformulationthatallows the description
of lower trophic levels and major inorganic and organic componentf the ma-
rine ecosystenfrom a uni®edfunctionalperspectie. Thebiogeochemicainodelis
basedon the de®nitionof ChemicalFunctionalFamilies(CFF) asthe systemstate
variables CFFsarefurthersubdvidedinto living, non-living andinorganiccompo-
nentsLiving CFFsarethebasisfor thede®nitionof Living FunctionalGroupsthe
biomass-baseftinctionalprototypeof therealorganismsBoth CFFsandLFGsare
theoreticakonstructsvhich allow usto relatemeasurabl@ropertieof marinebio-
geochemistryto the modelstatevariables.They areexpressedn termsof several
basiccomponentgbothelementsasC, N, P, Si, O, Feor moleculesaschl), which



aretheir practicalbiomasaunitsappropriatdor comparisorwith realobsenations.
As shavnin VEAO6, theERSEMmodelcanbeeasilydescribedn thisframework,

andmoreorer sucha uni®edformulationsimpli®esthe extensionof themodelwith
additionalcomponentsThe statevariablesof PELAGOSrepresentinghe pelagic
LFGs arethreeunicellularplanktonicautotrophgpicophytoplanktonnanophyto-
planktonand diatoms),three zooplanktongroups(nano-,micro- and meso-)and
bacterioplanktonAll groupsaredescribedvith dynamically-\aryingintracellular
quotaof the basicconstituentswith the additionof chlorophyllin the caseof phy-

toplankton.The otherstatevariables,ndicatedas chemicalfunctionalfamiliesin

VEAO0G, are nitrate,ammonium,orthophosphatesilicate, dissolhed bioavailable
iron, oxygen, carbondioxide and dissohed and particulate(non-living) organic
matter(POM, DOM), for atotal of 44 CFF statevariables.

PELAGOS:is asubstantiatewriting of ERSEMandconsidersomerelevantmod-
i®cationsin thetrophic structuresandbiogeochemicatycleswhich areconnected
to the global oceanapplication.One of the major differenceswith respectto the
original ERSEM s the introductionof variablechl.carbonandiron:carbonratios
in phytoplanktonwith the addition of a parameterizatiof the Fe cycle in the
openoceanron hassigni®cantrole in global oceanbiogeochemistryweri®ed by
meansof direct fertilization experiments(Martin et al., 1994; Boyd et al., 2000)
andexperimentalstudiesof bioavailability (Coaleet al., 1996; Sundaand Hunts-
man,1997;Price,2005).Biogeochemicaimodelshave indirectly corroboratedhis
theorybecauseaitrogen-or phosphorus-basedodelstendto overestimatgrimary
productionin all theHNLC regions(Six andMaier-Reimer,1996;Schmittneretal.,
2005)andthereforeanadditionalregulationby iron limitation is requiredto repro-
ducethe obsered low biomass.The implementatiorof variableinternalratiosis
valuablefor global oceanmodellingto adequatelyrepresenboth the adaptation
processwhich allows differentautotrophso dominatein a region of the global
oceanbecausef given nutrientandlight conditions,andthe acclimationmecha-
nism,which permitsto overcomeshort-ternmvariationsin the prevailing conditions.

The original ERSEM parameterizationandfunctionalchoiceswerederived from
theknowledgeof coastaphytoplanktonandconsideredwo majorgroupsdiatoms
and non-silicifying autotrophsThe latter groupis further divided in sizeclasses,
whichroughlyde®netheirtrophicinteractionsandtheirphysiologicaratesthrough
allometric considerationsThe division betweendiatomsand non-diatomss thus
functional,while the subclasses the non-diatomgroupalsohave a dimensional
criterion. We have not consideredarge non-edibledino agellates(originally in
ERSEM)in theseclimatologicalexperimentshecausehis groupis of limited im-
portancein the openocean.Diazotrophshave beenidenti®edas importantcom-
ponentsof the nitrogencycle in oligotrophicregions(Karl et al., 2002),andtheir
inclusionwill betakeninto accountin the future for comparisorwith the current
setup.

Most of thesegroupshave beenrecentlyrevisited by Le Quéréet al. (2005),who



have clearly identi®ed the different functional behaior of the various plankton
typesat the global scale.Following their ecologicalandfunctional classi®cation,
PELAGOSconsidergpico-heterotrophgico-autotrophgcomprisingoothProchloro-
coccus Synebococcusandeucaryotigpicophytoplankton)andmixed nanophyto-
plankton,n whichweincludeall genericnano agellateghaptophytesyithoutary
distinctionfor calci®ersandtheirrole in thecarbonateycle). As aconsequencef
the sizesubdvision in autotrophsthereis a correspondinglifferentiationin three
classef zooplanktonigpredatorsThe presencef nano-and microzooplankton
allowstheexpressiorof “microbial loop” and/or‘microbial web” trophicdynamics
in oligotrophicregions(LegendreandRassoulzadgan,1995).Mesozooplanktors
representedsonesinglegroup,with theclearlimitationsinherentto treatingmeta-
zoansn abulk biomasdunctionalapproach.

Let C be a statevariableof the modelwhich representshe concentratiorof either
onecomponenbf the chosenLFGs (e.g.C-contentof diatoms,or a CFF, suchas
ammoniacaN or P-contenin dissoled organicmatter Its dynamicsis described
by anadvection-difusion-reactiorequation(cfr. VEAOG for its derivation):
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which shavsthe contritutionsto thetotal time-rateof changeof C of thenon-local
(horizontal)adwectionanddiffusionterms,thelocal (physical)advective anddiffu-
sive termsandthelocal (biological) adwective andreactionterms.The distinction
madehereis the basisfor the identi®cationof which physicalprocesscontributes
to the shapingof obseredglobal chlorophylldistribution thatwill be presentedn
Sec4.l.

Horizontalandverticalcurrentvelocitiesuy  (u;V); w, horizontalandverticaltur-
bulentdiffusivity coef®cientsAy; Ay, temperatur@andphotosyntheticallyvailable
surfaceirradianceare provided by the OGCM OFA 8.2 (Madecet al., 1999)with
theglobal ORCAZ2curvilineargrid implementatiorfMadecandimbard,1996).The
OGCMhasaresolutionof 2 of longitudeandavariablemeshof 0.5-2 of latitudes
from the equatorto the poles.The vertical grid has31 levels with a 10 m stepin
thetop 150m. Theverticalvelocity wc is usedto computethe sinkingtermsof di-
atoms(asafunctionof theintracellularnutrientquota,seeVEAQ06) andparticulate
detritus(constant).The systemis fully-coupledasit also providesthe biological
feedback®n the short-wave radiatve transferprocessn the oceaninterior.



3 Experiment setupand numerics

Themodelhasbeerforcedwith climatologicaldaily surface ux esfromtheERA40
datasetaveragedvertheperiod1971-200qUppala,2001;Simmons2001).Daily

seasurfacetemperatur¢SST)datafrom theReynoldsdataset(Reynolds,1988)are
usedto restorethe modelSSTwith a relaxationtermof 40W m 2K 1 (i.e.,are-
laxationtime scaleof approximately60 d). SSTdataarealsousedto computesea
ice cover diagnostically Wind stressand downward radiation ux aresetto zero
whenthe prescribedSST dataarebelow the freezingpoint, which is computedas
afunctionof the prognosticsalinity.

Momentumis diffusedwith a Laplacianoperatoranda 2-D spatially-\aryingkine-
maticviscosity Thehorizontaldiffusionof tracerss computedalongtheisopycnal
surfacesasdescribedn Madecet al. (1999)with a constandiffusivity coef®cient
of 2000m? s 1. Eddy-inducedransporis addedaccordingo theparameterization
by GentandMcWilliams (1990).Verticaleddydiffusionof momentumandtracers
is parameterizedith al.5turbulenceclosuremodel(Blanke andDelecluse1993).
Thebackgroundninimumverticaleddydiffusivity is setto 1.210 >m?s 1. Inthe
caseof vertical densityinstability, diffusivity is enhancedo 100m? s 1 in order
to parameterize&orvective adjustmentsTemperatureand salinity are restoredto
climatologicalvaluesbelow the mixedlayerandat latitudeshigherthan20° N and
S, with a depth-aryingrelaxationtime of 50 daysat the surfaceandl yearat the
bottom.

The biogeochemicamodelequationsarediscretizedon the samegrid of OPA but
the computationof the adwectiontermsin eq. (1) is modi®ed. Advective terms
arecomputedoy meansof a differentnumericalschememostly derived from the
setof OPA routinesfor the transportof tracers(Foujols et al., 2000) and by tak-
ing into accountthe work donewith OPA 8.1 by Levy etal. (2001)andEstublier
and Levy (2000). The needfor using positve-de®niteand monotonicadwection
schemestronglyaffectsthe computationatostof coupledecosystenmodels.The
adwectionof physicalvariabless insteadsolved with a second-ordecenteredif-
ferencingschemeThis schemehowever, doesnot satisfyary of therequirements
of positivenessand monotonicity thereforeit cannotbe usedfor the transportof
biologicalvariables.

Several numericalschemesave beentestedfor OPA: the MultidimensionalPos-
itive De®nite Advection TransportAlgorithm (Smolarkievicz, 1984, MPDATA) ,
anotherkind of Flux Correctedlranspori{FCT) schemecalled Total VariationDi-
minishing(Zalesak1979,TVD) andtheMonotonicUpstreantenteredschemedor
ConserationLaws (HourdinandArmengaud;1999, MUSCL). Resultswith asim-
plebiologicalmodel(Levy etal.,2001)have shavnthatTVD andMUSCL perform
betterthanthe others MUSCL hasbeenchoserasthe standardadwectionscheme
for this applicationbecausf its slightly bettercomputationaperformancesThe



CPU costsof TVD andMUSCL areaboutthreetimeshigherthanof the centered
schemeBoth TVD andMUSCL leadto similar resultsin the monthly meansput
candiffer substantiallywhencomparingnstantaneou®elds.

Thecouplingbetweerbiologicalandphysicaltermsis donethroughatime-splitting

integration technique.First the biological reactionterm is solved with a simple

Eulerforward integrationwhich givesan estimateof the local solution,which is

eventuallyintegratedwith the standardOPA numericsplusthe MUSCL adwection.

Theuseof areversedntegrationprocedurej.e. physics®rst andthenthereaction
term (which would be more appropriatein caseof stiff biologicalterms),did not

leadto signi®cantdifferencestthese(large)temporalandspatialscales.

3.1 Initial conditionsfor biogeothemistry

Physicshasbeenspunup for 30 yearswith theforcingsdescribedabove andthen
theecosystenmodelhasbeencoupledusinghomogeneousitial conditionsfor all
theliving functionalgroups,andwith macronutrientdistributionsfrom theannual
meansof theWorld OceanAtlas data(Conkrightetal., 2002,WOAQ1). Dissolwed
iron hasbeeninitialized from the sparsedatacollectedby Gregg et al. (2003) by
prescribinghe pro®lesshavnin Fig. 1 in threezonalbandsthenorth Atlantic and
Paci®c, the tropical regions and the SouthernOcean After 3 yearsof simulation
mostof the regionshave reacheda repeatingseasonatycle in the 100 m average
of all thevariablesandtheresultsareshovn herefor the 4th simulationyear

3.2 Surfaceboundaryconditionsfor biogeodemistry

Thedepositionof mineraldustis animportantboundaryconditionsgenerallytaken
from numericalmodels(Tegenand Fung,1994; Gaoet al., 2003). The solubility
of iron in aerosolgs oneof the major uncertainfactorsthat hampera consistent
inclusionof thesedeposition ux es. Solubility in seawaterhasbeenobsered to
spanseveral ordersof magnitudein laboratoryexperimentswith valuesranging
from 1%to 50%.Continentamamginsarealsoapossibldarge sourceof iron to the
surfaceopenocean(Johnsoretal., 1999).Anotherimportantsourceis the regen-
eratedron ux atthesediment-vaterinterface,which hasrecentlybeenestimated
to be asrelevantasthe atmospheriénputs (Elrod et al., 2004). Thesesourcesare
now beingpartially parameterizeth globalmodels(Mooreetal., 2004),although
bothcoastabrocesseandresuspensiodynamicsoccurattime-scaleshatarecur-
rently not resolhedin global OGCMsandbenthicremineralizationux esarenot
takeninto account.

The only externalforcing function for our biogeochemicaimodelis the monthly
atmospherigron dustdepositionthatis taken from climatologicalmodeldataby



TegenandFung(1994).Thedissolutionfractionof iron dustis setto 1%, thesame
as usedin the simulationsof Aumont et al. (2003) and Gregg et al. (2003). As
pointedout by Moore et al. (2004,2002a) therearemary uncertaintiegelatedto
themajorprocessesomprisingtheiron cycle (dissolution pioavailability andscav-
enging),andthey have shavn thatvariationsin atmospherigron dissolutionhave
substantiaimpactson thelarge scaleocearnproduction. Preliminarysensitvity ex-
perimentswith our modelindicatea generalizedncreasen primary productionof
15-20%whenthedissolutionfractionis raisedto 5%, con®rmingthe needfor fur-
therinvestigationof the dissolutionmechanismsndto decreas¢he uncertainties
in this externalforcing function.

No- ux surfaceboundaryconditionsareprescribedor all thebiogeochemicadtate
variablesotherthaniron.

4 Results
4.1 Physical-biolgical processeand chlorophylldistribution

The globaldistribution of chl obsered from spaceshows large scalepatternghat
cangenerallybeexplainedby distinctphysicalregimes.Thisis thebasisof thecon-
ceptof biogeochemicabrovinces(Longhurst, 1998),andmostof thesearge scale
signalscanalsobe capturedby muchsimplerNPZD modelsthattake into account
the light andnutrientdependencef phytoplanktornproductionandthe physicsof
the mixed layer (e.g. Six and Maier-Reimer,1996). More complex modelssuch
asPELAGOSprovide additionalinformationon the biogeochemistrandplankton
distribution, but sinceoceancolor sensorsarethe only instrumentghatprovide a
proxy for the global nearsurfacedistribution of primary producersalsocomple
modelsof necessityhave to be validatedagainsthis bulk property

In this sectionwe investigatethe contribution of physicalandbiological termsin

determiningthe simulatedchl distribution, comparingt with the chl estimatesle-
rivedfrom the oceancolor SeaWFS sensorgL3 StandardVlappedimages)aver-

agedovertheperiod1998-2003In thefollowing analyseshelfareaswherephys-
ical processeareinsuf®ciently capturedoy the coarseOGCM, have beenmasled,
aswell aspoints where satellitedataare not available. Satellite chlorophyll has
beendervedfrom modelchl as

R
Zodchl(z) e ! (czgz
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(2)

whereZ , = €Zyq is the opticaldepthZ,q wheredownwellingirradianceis attenu-
atedby afactore !, scaledby a constantorrectionfactore= 1:5 thattakesinto



accountheeffectof theverticaldiscretizatioron thechl distribution (e shouldtend
to 1 astheverticalresolutionincreases)The attenuatiorcoef®cient!| is computed
asthesumof theattenuatiorby the phytoplanktorchl plusthe opticalbackground
extinction andthe effect of attenuatiorby particulateorganicmatter(seeVEAQG).
The optical depthis about30 m in the subtropicalbligotrophicregionsandis lim-
ited to the®rstlayer (10 m) at high latitudesandin the equatorialPaci®c.

Threenumericalexperimentshave beenrun to separatehe physicaland biolog-
ical terms,with the con®gurationsdescribedn Table 1. It is importantto point
out thatthesecon®gurationslo not affect the physics,but only the way in which
the physicaltermsare combinedwith the biological reactiontermin eq.(1). The
biological vertical sinking is alwaysappliedbecauset is consideredo be alocal
biologicalterm. Con®gurationC3 thusrepresents collectionof one-dimensional
watercolumnmodels,the typical setupusedto testthe parameterizationsf cou-
pledbiogeochemical-physicahodels.

Panelain Fig. 2 shavstheannuaimeandistributionderivedfrom SeaWFS satellite
datacharacterizedby typical minimain the subtropicalgyresandmaximain trop-
ical upwelling regions.The full modelin C1 con®guration(panelb) captureshe
major featuresbut underestimatethe chl valuesparticularlyin the North Atlantic
andnorth-easteriPaci®c, andoverestimates the strati®edsubtropicagyres.The
coarseresolutionof the OGCM is mostly responsiblgor the partial absenceof
mary coastalupwellingareassuchasthe MoroccanandPeruviarregions,aswell
asothertypically coastafeaturesaffectedby land-dervednutrientinputs.

A comparisonwith experimentsC2 and C3 highlights the effects of horizontal
adwectionanddiffusion (A-D) terms(C2) andvertical adwection(C3) on the chl
concentrationin the gyres.A-D arenecessarynechanismsgor the shapingof chl
distribution in the equatorialPaci®c but they leadto a generaloverestimatiorof
tropical surfacevaluesvery likely dueto the factthatthe currentsarenot properly
representedh the OGCM. This is particularly evidentin the large chl bandcov-
ering the North Paci®c SubtropicalGyre region (Longhurst,1998, NPSG),which
is associateavith the transporiof upwelledequatorialnutrientsandbiomassThis
featureis persistenthroughouthe yearandmasksthe oligotrophiccharacteristics
of the NPSGprovince. The corvergencein the subtropicalgyreis dueto alikely
overestimatiorof thenorthwardcomponenof thegyral velocityin theOGCM (not
shown).

Neverthelessthe C1 simulationis ableto capturethe properwestward extension
of the paci®cequatorialchl maximum,while it is clearly overestimatedn C2 and
obviously absenin C3 dueto the suppressiowf arny local upwellingprocessThe
latitudinal spreadingn C1 is slightly overestimatedvhich is probablydueto the
spatialresolutionthatis still too coarse.

It is interestingto notethatthe Ekmanpumpingin the middle of all the subtropical



gyresandthedownwelling of cold watersfrom 5to 15 Sbothcounteractheeffect
of nutrientreplenishmentiueto turbulent mixing, leadingto lower chl valuesin
C2 with respectto C3. In the SouthernPaci®c SubtropicalGyre region (SPSG)
the adwectionof nutrientsfrom the equatorin the C1 simulationtendsto restore
conditionssimilarto C3. In the southernndianOceanjnstead A-D termsleadto
a clearoverestimatiorof chl valuesandthe oligotrophic structureof the gyre is
well de®nedonly in run C2.

In thenorthernindianOceanmodelrunsin C1 andC2 con®gurationshav only a
smallbloomin theArabianSearelatedio themonsoorregime,while themaximum
coversthewholenorthernpartof the Indianbasinin thesatellitedata.ln thewhole
northernindian Oceanthe modelproducesa DeepChl Maximum (DCM) in coin-
cidencewith the location of the nutricline/thermoclineat about100 m. However,
WOAO1 datasuggesthat thetilting of the nutricline is muchmore pronounced,
probablydueto anintensi®cationof the upward ux of nutrientsfrom the deep
reservirs whichis not properlyresohedby themodel.

The amplitudeand distribution of C1 chl (Fig, 2b) agreewell with the satellite
obsenationsin the SouthernOcean especiallybecausef the introductionof Fe

limitation in the phytoplanktorequationsThepersistencef patcheof chl associ-
atedwith the movementof the SouthSubtropicalCornvergencezonein the austral
IndianOcearandin thesouthermtlantic andtheretro ection of theEastAustralia
Current(Longhurst,1998)arecorrectlyreproducedbut thereis an overestimation
of chlin theregionsconnectinghesepatchesThis large bandof 0.2-0.3mgm 2

is mostly dueto vertical mixing processessindicatedby the resultsof run C3.

The simulatedmixedlayerin the Sub-Antarcticprovince (SANT) duringthe aus-
tral spring(Fig. 3a)is up to 70 m shallaver thanthe climatologycollectedby de

Boyer Montégutet al. (2004).Theshallover mixedlayerfavorsthe phytoplankton
acclimationto low-light conditionsandan early startof the bloom (seealso Sec.
4.5). Thespatialstructureof the strati®edwatersis alsoquite homogeneousyhile
it hasbeensuggestedhatthe pathof the Antarctic CircumpolarCurrent(ACC) is

seededvith spotswherestrongdiapycnal mixing occurs(Garabatecet al., 2004).

Suchhot spotsarevisible in the simulatedchl ®eld of run C2, wherethe removal
of non-localtermsmalkesthe contritution of the vertical eddy-inducedupwelling

moreevident. Anotherinterestingfeaturerelatedto local physicalprocessess the

presencef high chl valuesalongthe Antarctic coastlinewhich areclearly visible

in the C2 run, andto alesserextentalsoin C3. Theinclusionof A-D termsleads
to a dissipationof the coastalmaximaandto a generalizedliffusion of chl in the

whole ACC.

In the north Atlantic, the modelunderestimatethe meanannualobsenedvaluein

all simulations particularlyin the easterrpartin correspondenceith the branch-
ing of the Gulf Stream Only run C2 hasslightly higherchl valuesespeciallyin the
NorwegianandGreenlandSeas)put in generakhe discrepang cannotbe ascribed
to onesinglephysicalterm.Modelresultsareprobablyhamperedby thepoorsimu-

10



lation of the Gulf Streanpathatthis coarseesolution put alsoby atoo stronglight
limitation duringthelateautumn-winteperiodthatleadsto low biomassandbiases
theannualmean.Indeed the intensityanddistribution of the springbloom (AMJ,
Fig. 4) is ratherwell capturedn thewholenorthAtlantic. Themajordiscrepang is
the absencef high chl in the northern ank of the Azorescurrentdepartingfrom
the branchingof the Gulf Stream.

Low biomassarevisible in the northernLabradorbasinandin the DenmarkStrait,
but alsoin the SoutherrHemispherdelov 50 S.We believe thatthe low biomass
valuesin theseregionsaredueto light limitation andnotto modelresolutionasis
the casein othercoastalareas.The samenorthernregionsreachhighervaluesof
chlif we take the early summemean(cfr. Fig. 7, left panels) whenthe patternof
thebloomis moresimilar to the obsenations.

4.2 Nutrientdistributions

The analysegresentedn this sectionandin the following oneswill focusonly
on modelresultsfrom the C1 con®gurationthe experimentthat containsthe full
physics.This sectionwill shav a comparisonwith global nutrient distributions,
which arethe mostsigni®cantbulk propertiesof oceanbiogeochemistryor which
statisticalglobalanalysesreavailable(Conkrightetal., 2002).

Model-derved annualmeansof surfacenutrientconcentrationsre directly com-
paredwith theWOAOQ1 datain Fig. 5. Thevaluesandextensionof thenorthAtlantic
maximaare matchedfor all nutrientsdespitethe biasin the chl distribution (Fig.
2). The major discrepang at theselatitudesis in the north-easPaci®c sub-Arctic
region, whereall simulatednutrientconcentrationgretoo low with respecto the
obsenations,andwherealsochl is underestimate@Fig. 2). This discrepang can
be explainedby areducedeplenishmenof nutrientsduringthewell-mixedwinter
period.Indeed,the mixed layer depthsimulatedby the modelin this region (Fig.
3b) is muchshallonver duringwinter thanthe de Boyer Montégutet al. (2004)cli-
matology This impliesthatnutrientreplenishmenis muchreducedn the simula-
tion. In addition,Felimitation mayfurthercontributeto low chl values Theeastern
sub-arctidPaci®cregionis awell-known HNLC area(Martin andFitzwater 1988)
whereiron availability is thoughtto play a substantialole. Indeed,the simulated
surfacedistribution of meandissohediron (Fig. 6) givesvaluesthataretypical of
HNLC regions(Martin etal., 1991;Coaleetal., 1996).An experimentwhereiron
dustsolubility wasincreasedrom 1% to 5% shaved anenhancemenaf chl con-
centrationwhich matchedthe obserationswithout any increasan the simulated
surfaceiron concentrationThis supportgheideathatin the north-easPaci®c ad-
ditionaliron sourcesarenecessario reproducebsenedvaluesandcoastakources
arelikely to bearelevantportionof this total supply
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The simulationof nutrientfeaturesin the subtropicalandintertropicalregions of
the world oceanis problematicas also shavn by the resultsof other modelling
efforts (Mooreetal.,2004;Schmittneretal., 2005). Theannualmeannitratedistri-
bution predictedoy PELAGOSneverthelesss adequateespeciallyin reproducing
the magnitudeof the easternequatorialupwelling plume in the Paci®c. On the
otherhand,the latitudinal extensionin the westernpartis overestimatedor both
phosphateand silicate, mostlikely as a resultof an imperfectsimulationof the
subtropicalgyre circulationin the OGCM (cfr. Sec.4.1). Nutrients,which can-
not be consumedn the equatoriaregion becausef iron limitation, areeventually
available for phytoplanktongrowth inside the gyre whereiron is presentdue to
atmospheriadepositionanddiffusion(cfr. Fig. 6).

Thetropical Atlantic is affectedby a strongsimulateddepletionof phosphateand
silicatewhichis only partly obseredin thedata.Thesimulatedminimumof phos-
phatein thenortherntropical Atlantic (NATR) is afeaturealsofoundin theresults
of Mooreetal. (2004)andexplainedasthe consequencef excessve nitrogen®x-

ationratesearlyin the simulation.However, the sameconditionsareobtainedhere
in the absencef nitrogen®xation, suggestinghat phosphatelepletionis proba-
bly dueto thelack of land-dervednutrientin o ws from the AmazonandOrinoco
riversthathave beenshowvn to extendfar into the North Atlantic gyre (Conkright
etal.,2000).Thesameconsiderationsanalsobe appliedto silicate,anothemutri-

entwhichis stronglydeterminedy riverloads.

Too low concentration®f surfacenutrientsare simulatedin the northernindian
Ocean(Arabian Seaand Bay of Bengal),a well-known upwelling region associ-
atedwith themonsoorregime (Banse 1987).As discusse@bove, thisdiscrepang
is probablydueto thelimited capabilityof coarseGCMsto provide the properup-
welling dynamicsin shelfregionsandthis de®cieng affectsthe chlorophyllcon-
centrationsaswell (seeSec.4.1).1t is alsoimportantto bearin mind thatadditional
phosphateand other nutrientsare releasedoy the Indo, Gangeand Brahmaputra
riversasaresultof increasedo w duringthemonsoorrainseasorfConkrightetal.,
2000)andthereforethe simulationwould very likely bene®tfrom theinclusionof
land-dervednutrientinputs.

Thereis still notenoughinformationto validatethe surfacedistribution of Fe (Fig.
6b), which in the modelis mostly determinedy the depositionpatternsof atmo-
spheridron dust(TegenandFung,1994,seeFig. 6a). Thelowestconcentrations
themodelarefoundin the SPSGregion andin thewesterrtropical Paci®c because
theseareasare not affectedby arny land-derved dust ux. In the Paci®c Equato-
rial Divergence(PEQD)iron is provided by upwelling of iron-rich deepemwaters
(cfr. Fig. 1). The subsuréceincreasdn iron concentratiornin the PEQD hasbeen
suggestedo be enhancedy eastvard adwectionfrom iron sourcesn the west-
ern Paci®c sheleswith the EquatorialUnder Current(Mackey et al., 2002). The
simulatediron surface concentrationn the upwelling region is generallybelon
0.1umol m 3 onaverage asobsenedduringthe JGOFScampaigngCoaleetal.,
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1996;Gordonetal., 1997).

Similar concentrationsn spiteof thetotalabsencef surfacedepositionarefound
in the SouthernOceanasa resultof upwelling processeaswell. We reporthere
thattheuseof a Droop-like quotamodelin the phytoplanktornron parameterization
leadsto higherambientconcentrationsvith respecto a Michaelis-Menterformu-
lation. Surfacebiomassis thereforehigherin the simulationresultsshavn here,
while theuseof a Michaelis-Menterparameterizatiowould requireanincreasenf
thedissolutionrateof iron dustto obtaincomparableoncentrations.

4.3 Spatialdistribution of phytoplanktorgroups

The differentiationof “Phytoplankton”into functionalgroupsof primary produc-
ersis neededo track the fate of biogenicorganic matterin climate models,be-
causepotential carbonsequestratioms a function of the size and quality of the
organic products.Availability of phytoplanktonassemblageatais unfortunately
limited for globalscalevalidation.In following sectionave will validatethemodel
in thosebiogeochemicaprovinceswheredirect phytoplanktoncompositiondata
canbe derived from High-Performancé.iquid ChromatographyHPLC) pigment
measurementaccordingto the classi®cationof Jefrey (1997) and Dandonneau
etal. (2004).In this sectionwe presenthe simulatedmonthlydistributionsof phy-
toplanktongroupsand correspondingotal chl (Fig. 7), which may be compared
with the estimatesderived by empirical regressionanalysesof coincidentin situ
measurementandoceancolor dataasproposedy Alvain et al. (2005,their Fig.
6).

Model resultsand satellitedatahave to be comparedwith somecaveats,asthey
have beenderivedwith differentcriteriawhichdependnthespeci®cmethodology
Valuesof totalchllowerthan0.05have beemrmasledandrelative chl concentrations
higherthan0.33for eachgrouphave beenmarkedwith a coloredpixel. Thechoice
of thethresholds crucialin determiningthe dominanceof onegroupwith respect
to others,andthereare casesgspeciallyin oligotrophicregions,wherepico- and
nanophytoplanktoareequallyalbundant.lt is thusnot possibleto assignan abso-
lute dominanceag andthesecaseswill befurtherdiscussedn the next sections.
Anothernote of cautionis relatedto the differenttime scalesconsideredAlvain
et al. (2005)dataarederivedfrom year2001,while the modelresultsrepresena
climatologicalsituationwithout ary interannuabariability.

Themodelpredictsthatdiatomsarealwaysdominantn thenorthPaci®candin the
ACC, althoughwintertotal chlis ratherlow andthereforethis standingstockis the
backgroundvinter concentratiorandnot anindicationof a continuousproduction
phase.The simulateddiatombloomin the SouthernOcean detectedoy a combi-
nationof high chl anddiatomdominancejs largerin Octoberin the ACC, while
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the databy Alvain et al. (2005) give indicationsof a later bloomin JanuaryThe

simulateddiatombehaior is consistentvith theresultsshavn in Sec.4.5, hinting

atatemporalmismatchin thestrati®catiorregime. TheNorth Atlantic is character
izedby adoublebloomof diatomsin themodel(aspringbloomin the Gulf Stream
drift region andan autumnbloom at higherlatitudes)with a shift towardssmaller
speciegluringsummer

The modelhasa poorrepresentationf chl in the major coastalupwellingregions
(e.g.MoroccoandArabianSeacfr. Sec.4.1),but clearlyshavsthatthelocal simu-
latedproductionis mostlydueto diatoms andtheseasonatycleis particularlywell
reproducedn the Arabian Seaduring the monsoonperiods.Alvain et al. (2005)
datanever shav diatomsdominatingin the northernindian Ocean put this region
hasthe highestfractionof unidenti®edpixelsin their analysis.

Picophytoplanktormostly dominatesn the equatorialbandandit is asalundant
asnanophytoplanktom the subtropicalgyres(cfr. alsosectionbelov andFig. 9).
The largestdiscrepang in the simulationof picoautotrophss the Januarybloom
in the SouthernOceanwhich is notfoundin the satelliteestimatesalthoughser-
eral unidenti®edpixels are present A similar discrepang is alsofound in June
in the northernNorth Atlantic. Picophytoplanktomlominatethe phytoplanktoras-
semblage&luringAugustin thesub-arctiaegionsof thePaci®candAtlantic oceans,
afeaturealsovisible in the datapresentedby Alvain etal. (2005). The modelthus
predictsa clearshifting towardssmallergroupsafterthe depletionof surfacenutri-
entsin theseregions.

In themodelnanophytoplanktors the mostwidespreadjroupin thetemperatee-
gionsof thesoutherrhemisphereln thenorthernhemispherghey areinsteadchar
acterizedby anearlysummemloomin the northernNorth Atlantic andanautumn
onein the north-easteriPaci®c. The subtropicalgyresin the southerrhemisphere
arealsodominatedby this groupfor mostof the year which agreeswell with the
mapsof Alvain et al. (2005), particularlyin matchingthe absenceof haptophyte
bloomsin the SouthernrOcearpolarfront.

4.4 Seasonatycles:Atlantic Ocean

Theseasonahnalysids presentedh this sectionfor 3 of the Atlantic provincesde-
®nedby Longhurst(1998):the North Atlantic Drift Region (NADR), the North At-
lantic Sub-Tropical Gyral province (westernimb, NASW) andthe SouthAtlantic
Gyralprovince(SATL). Seasonatycleswill becomparedvith bulk propertieqchl
from SeaWFS andCZCS)andalsowith phytoplanktorgroupcompositiorderved
from HPLC-analyzegigmentsDatafrom the GEP&COcruiseg1999-2001klab-
oratedby Dandonneawt al. (2004) have beenusedin the NADR province,while
the long-termpigmentobsenationsat the JGOFSBermudaAtlantic Time Series
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studysite (MichaelsandKnap, 1996,BATS) have beenusedasrepresentate of
the NASW province.

The left panelsin Fig. 8 presentthe time evolution of the phytoplanktoncharac-
teristics(chl andassemblageomposition) andthe right panelsof the same®gure
shaw the correspondingimulatedseasonatyclesof phosphatenitrate,silicatein
the sameprovince. The NADR region (upperpanelsitypically shavs deepwinter
mixing with a springbloom startingin late April andMay anda fastdepletionof
nutrientsduringsummertimgLonghurst,1998).Simulatedchl concentrations ex-
tremelylow in the startingphaseof the bloom,andthereforethe simulateddiatom
dominances not representatie. GEP&COdata(Dandonneawt al., 2004),showv
that the spring periodis equally representedby diatomsand nanophytoplankton
while the modelhasa clearpredominancef diatoms.The post-bloomconditions
arein muchbetteragreementvith the GEP&COdata,with a shift towards agel-
lates,but the summerchl concentratioris too low probablybecausealiatomsare
lessrepresentedl’he simulatednutrientevolution is within the obsered ranges,
apartfrom phosphatevhich is broughtto lower levels during the bloomin May.
This is consistenwith a shoalingof the mixed layer signi®cantlyfasterthanthe
obseredone(seeFig. 3c) whichreduceghediffusionof nutrientsfrom thedeeper
layers.Thelower silicatevaluesobseredin the datawith respecto thesimulation
indicatethatin reality diatomspersistduringthewholeyearasshovnin GEP&CO
data.

The North Atlantic SubtropicalWesterngyre province (NASW, middle panels)is
characterizedby winter mixing of variabledurationwhich brings nutrientsin the
euphoticzoneand a shortchlorophyll peakfrom Februaryto April (Longhurst,
1998). Thesefeaturesare well capturedby the modelin the correspondingoulk
chl evolution. The winter nutrientreplenishmenis slightly visible in the WOAQO1
(Fig. 8b) while it is overestimatedin the model(particularlyin nitrate),leadingto
a higherbloom peakwhich is neverthelessvithin the obseredrangesThe model
correctlyreproduceshe dominanceof nano agellateoverthe othergroupsasob-
sened at BATS, but overestimateshe contribution of diatoms(not the seasonal
variability, which is insteadwell representeavith a slight increasein April and
anotheronein Autumn).

It hasbeenshown in Sec.4.2 that the North Atlantic Tropical Gyral province
(NATR) is affectedby a strongdepletionof nutrientsthroughoutthe year On the
otherhand,the SouthAtlantic Gyral Province (SATL) is very well simulatedboth
in termsof the magnitudeandseasonabariability of nutrientsandchl (Fig. 8, bot-
tom paneldqd)). Thisis probablydueto the southerrboundaryde®nedby the ACC
convergenceandthepersistenin uence of thetradewindsthatimposeasomeavhat
“simpler” seasonalariationonthis gyral region thanits North Atlantic equivalent.
SeaWFS chl datashaov a bimodaltime-evolution, which is presentneitherin the
CZCSdatanor in the model. The model predictsa small increasen surfacechl
in australwinter, which is causedy the subductionof nutrientrich watersfrom
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the ACC thatinducesa bloomin the southernpart of the gyre. As pointedout by
Longhurst(1998),this is oneof the leaststudiedoceanographicegionsandmore
large-scalesureys areneededo betterunderstandts maincharacteristics.

4.5 Seasonatycles:Paci ¢ andSoutherrOceans

In the Paci®c we have chosenthe southerntropical and subtropicalgyre (SPSG),
the Paci®c EquatorialDivergence(PEQD) and,asrepresentatie of the Southern
Oceanthe Sub-ANTarcticpolarfront province (SANT, Fig. 9).

In the SoutherrPaci®c SubtropicalGyre (Longhurst,1998,SPSG)thereis anaus-
tral winter increasean chl which is well capturedin the simulationandis linked
to a weak deepeningof the mixed layer. It is interestingto note that the largest
spatialvariability in SeaWFS datais found duringthe australsummerperiodand
is mostly dueto the in uence of the Peru-Chilecurrentcoastalregion which was
includedin our spatialaverage Accordingto GeP&COobsenations(Dandonneau
etal., 2004),the SPSGis dominatedby picophytoplanktorwhich is alwaysmore
than50% of the assemblagémostly Prochlorococcu$, while the modelpredicts
a persistencef nano agellates.The winter mixing doesnot leadto anincrease
in nutrientconcentrationgleft panelin Fig. 9a) indicatingthat nutrientsareread-
ily usedby phytoplanktorbecausef the permanenbligotrophicconditions.The
largestdiscrepanyg is found in silicate, which is always overestimatediueto an
expansionof the nutrient-repletgolarfront acrosghe southerrborderof the gyre
(cfr. Fig.5).

The Paci®c EquatorialDivergence(PEQD) hasbeenextensvely studiedin past
yearsasatypical exampleof HNLC area(Martin etal., 1994;Coaleetal., 1996).
Thisprovinceis characterizefly extremelylow seasonalityn chlorophyllbiomass,
afeatureremarkablywell capturedy themodel(Fig. 9b). Thephytoplanktorcom-
munity mostly compriseshe nanoand pico size fraction asalso obseredin the
GEP&COdata(Dandonneasetal., 2004),althoughthe modelstill predictsaslight
dominanceof nano agellatesAll nutrientsaregenerallyoverestimateaspecially
in the®rst partof theyear andin the caseof silicatethebiasis larger Thereason
of this discrepang is still unknavn but it might berelatedto changesn thesilica
requirementof diatomsunderiron-de®cientconditionsas suggestedy Takeda
(1998),afeaturenotin themodel.

The averageannualdistribution of chl in the SouthernOceanis well capturedby
themodel(Fig. 2), andalsothe seasonaVariability is broadly consistenwith the
obsenedrangesn the sub-Antarcticregion (SANT, Fig. 9¢). The australsummer
bloom, however, is signi®cantly overestimatednd mostly 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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cophytoplanktordominanceis in contrastwith the prevalenceof diatomsin the
frontal zonesof the SoutherrOcean(Laubscheetal., 1993;Semeneletal., 1998),
althoughregionswith high picophytoplanktormbundancénave beenreportedn the
Atlantic sector(Fronemaretal., 2001)andAlvain etal. (2005)estimatesio shov
thedominanceof Prochlorococcusn someareas.The phytoplanktorcomposition
in Februaryis muchmorein agreementvith the obsered shift towardsnanophy-
toplanktondominancen late australsummer(Laubscheetal., 1993).

The excessof silicateis particularlyevidentin this province,wheremodeledcon-
centrationis aboutthreetimeshigherthanthe WOAO1 mean,despitethe correct
simulationof the othermacronutrientgFig. 9¢). Datafrom the JGOF Stimeseries
atthe Kerguelenplateau(Jeandekt al., 1998, KERFIX) indicatean australspring
phytoplanktorbloomof aboutl mgchlm 2 andasigni®cantdravdown of surface
silicatein the borealsummetthatis alsovisible in the WOAO1 andSeaWFS data.
This featurewassimulatedn a one-dimensionahnodelat KERFIX only by apply-
ing substantiallyincreasedi:N uptale ratiosof 3-5mol Si (mol N) 1 (Pondaen
etal., 2000).The valueusedin our model(0.8 mol Si (mol N) 1) is moresuitable
for sustainingdiatomgrowth in mid-latitudeNorth Atlantic regionssuchasNADR,
wherethe winter concentratiorof silicateis 3 mmol m 2 (Fig. 8a) andtherefore
the utilization of silicate by diatomsin our modelis muchreducedn this region
with respecto the othernutrients.

4.6 Primary production

FigurelOpresentanovervien of themodeledyrossprimaryproduction(PP)com-
paredwith thedatacollectedat the variousJGOF Sstudysites(seeDucklow, 2003,
for anoverview). Thiscomparisons madeto shav thatthemodelbroadlycaptures
productionratescharacteristicof differentbiogeochemicaprovinces,which is a
prerequisitfor modellingthe geographicadiversity of the biological pumpin a
climatestudycontet. Sinceseveral siteshave limited numberof obsenationswe
have choserto comparethe surfacevaluesbecausehesearealmostalwaysavail-
ablein the datasets.Model and datahave beencomparedior the samelocation
and period of the year but clearly processstudiessuchasthe EquatorialPaci®c
(EQFAC) cruisesin 1992arelessrepresentatie of a climatologicalsituationthan
thecontinuoudimeseriexollectedattheHawaii OceanTimeseriegHOT) or atthe
Bermudastation(BATS).

EQFAC datarevealedextremelyhigh PPratesthatthe modelis not ableto repro-
ducein a climatologicalsimulation(Fig. 10). The EQFAC measurementarealso
muchhigherthanthevaluesreportedn Longhurst(1998),andour simulatedvalues
arecloserto the ®eld obsenationsthanto Longhursts estimate BATS and HOT
meanPPsare comparablan the modelasthey arein the data,which is striking
whenconsideringthe differentphysicalregimes(Ducklow, 2003). The model PP
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mightbebiasedo highervaluesby the problemsof transporin thegyresdiscussed
in Sec.4.1,thereforeanimprovementin the physicsrepresentatiofs expectedto
improve alsotheagreemenivith the JGOFSobsenrations.

The highestPPmeanvaluesarefoundin the ArabianSeaandin the Antarctic Po-
lar FrontZone(APFZ) duringtheaustralsummerThesemaximaarewell captured
in modelresults,indicatingthatthe carbon®xation processs suf®ciently well pa-
rameterizedo reproducehe phytoplanktorfeaturesatthesecontrastingsites.The
factthat grossPPis comparablewith datain the northernindian Oceanbut not
the biomasg(Fig. 2) hasto be ascribedto the low surfacenutrientconcentrations
simulatedby the model.Sincecarbonandnutrientdynamicsaredecoupledn the
model (cfr. VEAO06), grossproductioncontinuesdespitethe lack of nutrients,but
formationof biomasgnetproduction)is low.

The APFZ site attainsthe highestvalueamongthe JGOFSsitesin the model. The
polarfront cansupporthigh PPduringsummetbecaus®ptimalconditionsof strat-
i®cationandiron availability favor phytoplanktorgrowth. The autumnvalueis in-
steadunderestimatedjinting at the problemsrelatedto chl turnover discussedn
Sec.4.1. The RossSeameanPPis alsounderestimatedalthoughwithin the ob-
senedrangeof variability whichis ratherhigh.

The seasonatycle of PPis shavn in Fig. 11 for the BATS andHOT timeseries,
wherel0 yearsof dataallow usto reconstruca meaningfulseasonatlimatology

Thetwo sitesarerepresentatie of the northernsubtropicabyresbut BATS is more

affectedby theseasonalariability associatewvith the Gulf StreamwhereaddOT is

atypical oligotrophicsitewith little variability. The differencebetweertheregions
is well simulatedby the model,despitethe discrepang in the springmaximumat

BATS. The modelin fact mirrors the obsened averagevalue of chl in the whole

NASW region (cfr. 8) with amaximumof biomassgproductionin April. BATS data
areearlierby abouttwo months,indicatingthe dominanceof local physicalpro-

cessesvhicharenot capturedoy the coarseOGCM.

5 Discussion

The resultspresentedn this study demonstratehe implementationof a coupled
multi-componenimodelof generalcirculationandpelagicbiogeochemistry asa
preliminaryandnecessargteptowardsEarth SystemmodellingapplicationsThe
modelappliedhereatthe globalscaleinheritedthe biogeochemicahpproacHrom
ERSEM,which wasextensvely validatedat the regional scale but mostlyin tem-
perateregions.If it isassumedhatprimitivefunctionalitiesof planktonbehaior do
exist in the oceanthena globalimplementatiorof a generalizediogeochemistry
modelis a suitablemethodto validatethe parameterizationddowever, although
having auni®edmodellingapproactthatcanbe appliedto regionalandlarge scale
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processes aclearadvantagethereis alack of studieghatinvestigatehebehaior
of suchparameterizationat differentspatialandtemporalscalesandhow to in-
cludesubgrid-scaldiologicaldynamicsnto coarseresolutionmodels(e.g.Fennel
andNeumann1996).A ®rstprerequisitdor thiskind of studiess auni®edmathe-
maticalformalismto describeghebiogeochemicahteractionsastheonesuggested
in VEAOG, in orderto achieve a generalconsensusn the form of biomass-based
biogeochemistrynodelandeventuallyproceedo moreextendeduni®cationof the
differenttypesof marineecosystenmodels(FennelandOsborn,2005).

Thetendeng of state-of-the-arbiogeochemistrynodelsembeddednto OGCMis
to increasehe numberof LFGs (or PlanktonFunctionalTypes,PFT, if referringto
pelagicgroupsonly) in orderto capturethe complity anddiversefeaturesof the
planktonervironment(Mooreetal., 2002b;Gregg etal., 2003;Mooreetal., 2004;
Le Quéreéet al., 2005). This approachis proneto criticism, becausdhe ecology
of planktongroupsis poorly understoocandthe directincorporationof complex
modelsinto global OGCMwithoutthoroughtestingattheregionalscalemightlead
to unpredictabldbehaior (Anderson,2005). The discrepanciesvith obsenations
seenin theresultsof the existing coupledphysical-biologicamodelsof the global
oceanarein factpartly dueto inadequatg@arameterizatioof biologicalprocesses
but alsoto aninsuf®cientdescriptiorof the physicalfeaturesn thecoarseOGCMs
thatareusedfor this type of applicationsThe uncertaintien both processeare
oneof thereasongor the skepticismabouttheinclusionof morecomplex biogeo-
chemicalmodelsinto climatestudies(Sarmientaetal., 2004).

In the ®rst part of this work we have investigatedpart of theseuncertaintiedy
studyingthe relative contribution of dfferentphysicalandbiological termsto the
surfacedistribution of phytoplanktonOur analysisfocusedon bulk chl becausef
thesatellitedataavailability, but canalsoberepeatedor eachsinglephytoplankton
groupto identify the speci®cresponseo differentphysicalregimes.The method
we appliedwasto sequentiallyneglectthenon-localhorizontaltransportermsand
the verticallocal termsin the biogeochemicakquationsandto studythe numetr
ical solutionof the resultingsimpli®ed equationsOn the one handthis approach
allowed usto identify regionsof the world oceanwhereobsenred chl distribution
canbe largely explainedby local mixing and upwelling processesOn the other
handit allowedusto tracesomeof themodelbiasedsn chl andsurfacenutrientsto
de®cienciesn thesimulationof the OGCMtransporprocessethatdonotshav up
in the distribution of othersurfacephysicalpropertieqe.g.temperatur@andsalin-
ity), sincetheseareeitherconstrainedy air-sea ux esor restoredo obsenations.
The unrealisticsimulationof the seasonatycle of mixed layer depthsin several
regions(cfr. Fig. 3) is alsoclearlyafactorthatcontributesto thesebiasesandneeds
to beimprovedin global OGCM.

This paperclearly shawvs thatthe simulatedannualaverageof chl distributionis to

alarge extentdeterminedy verticalhydrodynamicaprocessewhich arelocal by
de®nition. Mixing controlssimulatedchl at high latitudesand vertical adwection
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is the major mechanisnresponsibldor the equatorialintensi®cation.Horizontal
transporis necessarto obtaintheobseredshapeof thesoutherrPaci®cequatorial
divergencebut tendsto overestimatehe chl in the gyresbecausef the excessve
transportof nutrientsfrom the nutrient-repleteegionsof the equatorandthe sub-
Antarctic polar front. This canalsobe dueto biological factorssuchasareduced
nutrientutilization in the HNLC regionswhich might be causeddy highernutrient
requirementsinderiron-limited conditions(e.g. Takeda,1998).

Model resultsshav that coastalupwelling processeswherea substantiapart of
the global primary productionoccurs,areonly weakly capturedat this coarsespa-
tial resolution.The ArabianSeachl maximaarelargely underestimateth termsof
biomassandtheotherwestAfrica upwellingregionsareweaklyrepresentednsuf-
®cientwintermixing andlack of land-dervediron inputsareinsteadik ely to bethe
causeof the underestimatiomf nutrientsandchl in the easterrsub-ArcticPaci®c.
As pointedout by Doney et al. (2004), somede®cienciesof the physicalmodel
arere ectedin theresultsof the biogeochemistryandespeciallycoastaboundary
processeéwith theadditionof land-dervednutrientinputsfrom the shehes)need
to be re®nedin orderto provide the appropriatgphysicalandchemicalconditions
suitablefor planktondevelopment.

The above considerationsipplyto bulk propertiesof the phytoplanktonwhich are
mostly controlledby the interactiondbetweeriarge scalephysicalfeaturesandthe
controlsimposedby light andnutrientavailability. Thesefeaturescanalsobe cap-
tured by simpler NPZD-like modelsbut modelslike PELAGOS can provide ad-
ditional informationon the behaior of the variousfunctionalgroups.This appli-
cationin factrevealedsomediscrepancies the analyzedoulk propertieghatare
notdirectly dueto the physicalparameterizatiobut canbe ascribedo inadequate
parameterizationsf a speci®cfunctional group, inferred by a direct comparison
of modelresultswith dataon phytoplanktoncomposition.It is thereforeimpor-
tantthat suchdataare collectedon a routine basis(e.g. Dandonneawet al., 2004,
andthe JGOFSime-seriesandthatglobalcompilationsof pigmentdataaremade
availablefor directcomparisonsvith models.

The modelpredictswinter chl concentrationgower thanobsenedin the northern
high latitudes despitethe propersimulationof nutrientavailability (cfr. Figs.7 and
5). Thisresultsin anoverallunderestimationf theannualaverageof biomasgar
ticularly in theNorth Atlantic (Fig. 2). Theanalyse®f thedifferentphytoplankton
groupsdonein Sec.4.3 andfollowing sectionsgive indicationsthat diatomsare
misrepresenteth theseregions.An improvementof resultscanbe obtainedeither
by increasinghemaximumlight utilization coef®cientin diatomsor by modifying
the form of the chl equationto enhancehe decouplingbetweenthe synthesisof
chlorophyll and turnover. The overestimatiornof the mixed layer depthin boreal
winterin the sameregion (cfr. Fig. 3c) is alsoa possibleexplanationof the diatom
underestimationyhich can be due to excessve mixing undersurface low-light
conditions.The summernderestimatiom the NADR is probablydueto the sim-
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pli®ed parameterizationf sinking rates.Diatom sinking velocity increasesinder
nutrientlimitation (nitrogenin this case,cfr. VEA06), andthe diatom maximum

is locatedat around60 m in this region, well below the optical depthusedin the

modelto computethe chl value.Furtherinvestigationsalsoperformedwith theaid

of one-dimensionainodels,arethusneededo betterunderstanaéandquantify the

acclimationprocessesf diatomsurvival at extremelylow nutrientor light condi-

tions.

The oligotrophicsubtropicalgyresare insteaddominatedby smallerphytoplank-
ton asfoundin databy Dandonneaet al. (2004)andproxiesof distribution maps
by Alvain et al. (2005), but the model generallytendsto shaov a prevalenceof
nano agellatesover picophytoplanktonin theoriginal ERSEMformulation,af®n-
ity constantsfor nutrientswere set equalfor all phytoplanktongroupsbecause
land-dervedinputsdominatedheavailability of nutrients andalsobenthic-pelagic
exchangegontritutedadditionalnutrients.Therefore extremelylow nutrientcon-
centrationdn coastalregionsoccuronly during the summerstrati®edperiodand
not throughoutthe yearasin the subtropicaloligotrophic gyres.It is likely that
af®nity constantsneedto be adjustedfor global oceanapplications,making pi-
cophytoplanktormore adaptedo survival at very low ambientconcentration®f
inorganicnutrientswith a consequenincreaseof their biomassarticularlyin the
SPSGregion.

Othersubstantiabiscrepancies the phytoplanktondistribution predictedby the
modelarethe persistencef diatomsin the antarcticpolarfront andthelarge sum-
merbloom of picophytoplanktoroff the Antarcticcoast.This latteris theresultof
the combinationof severalindependentactors:the absencef atemperatureon-
trol (mostlyfor ProchlorococcusPartensk etal., 1999),the low Ferequirements
(Timmermangtal., 2005),the persistenspring-summestrati®cation(cfr. Fig. 3a)
andthelack of nanoplanktonigrazerghatcouldnot survive thewinter conditions
and cannotthereforegrazedown the bloom. Grazingpressuras very low during
early summermostly becausghytoplanktorconcentrationgarelow. Zooplankton
control during the bloom developmentand during overwinteringclearly playsan
importantrole in controlling phytoplanktorbiomasshut the globalimpactof these
processebave notbeenthoroughlyanalyzedn themodelyet. Diatomsindeedcan
survivethewholeyearin thefront althoughatlow concentrationgFig. 7). Thesub-
ductionof coldernutrient-richAntarctic waterscreatesa favourableervironment
for the maintenancef the standingstock, particularlybecauseron is providedas
well (Fig. 6b) throughdeepmixing processedt is likely thattheseconditionsare
moreintermittentin reality (Garabataetal., 2004)leadingto a co-limitationof iron
andlight availabity

The ratesof primary productionpredictedby the modelare obtainedfrom a cli-

matologicalsimulationand since primary productionis a fastandlocal process,
sucha coarseresolutionmodelcanonly aim at capturingthe obserned magnitude.
Dataare collectedonly at selectedsitesand during time-limited processstudies
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(Ducklow, 2003),or alternatvely, proxy informationmay be derivedfrom satellite
chl data(Behrenfeldand Falkowski, 1997). We preferredto usethe independent
JGOFSdatato validatethe modelandtheintrinsic limitations of a directcompar
isonhave beenpartially avoidedby consideringhe sameperiodof the yearwhen
datahave beencollected.The analysisof the two long time-seriesat BATS and
HOT shaws that the simulatedseasonavariability is directly linkedto the repre-
sentatiorof physicalprocessesndthereforesomebiascanbeobsered.Neverthe-
less thecomparisorshavnin Sec 4.6indicateghattheoverallgrossproductionof
organiccarbonis reasonablgimulatedn differentareasof theworld oceanwhich
increase®ur con®dencen the biological processeaffectingthe uptale of aquatic
CO, atthetemporalandspatialscalef climatedynamicsA directvalidationwith
obsenedCO, ux esis alsoneededn thefutureto directly assestheeffectsonthe
atmosphericoncentration.

6 Final remarks

The overarchingguestionthathasbeenposedthroughouthis work is how to rec-
oncilethe complex behaior of planktoncommunitieswhich canonly be directly
measuredn small regions of the oceanwhere mesoscalghysicalfeaturesplay
animportantrole, andtherepresentatioof thesecommunitiesn climate-oriented
OGCM, wherethosesmall scalescannotbe resoled for obvious computational
reasonsOur answerfollows two complementaryapproacheson the onehandwe
want to clearly de®nethe formulationsemployed to identify the basicmodel as-
sumptions(seeVichi et al., 2006),and on the other handwe want to checkthe
genericityof themodelby applyingit bothin coastal/rgionalmodels(wherevali-
dationdataaremorealundant)andin theglobalocean.

ERSEMandits descendantbave beenthoroughlyanalyzedin regional coupled
models,but this is not a guarante®f successn the globalocean Giventhe limits
of the coarseOGCM, the resultsshowvn in this paperare indicative of a reason-
ablebehaior of the biogeochemistrynodel,both from the point of view of bulk
propertiesand from the global distribution of the selectedphytoplanktongroups.
Neverthelessthereare no outstandingndications,by just looking at the surface
®elds of chl and nutrients,that a detailedphysiologicalmodelis largely superior
with respecto othermoresimpli®edNPZD-like ecosystenmodels.Thisis notsur
prising becausehesepropertiesof the ecosystenare mostly constrainedy large
scalefeatureswhich are mostly a function of the OGCM resolutioncommonto
bothNPZD andmorecomplex models.

So,why would it be preferableto usea complex modellike PELAGOSfor Earth
SystenmodelsandclimatechangeanalysesThemostobviousjusti®cationis that
the differentfunctional groupshave differentbiogeochemicatolesin the global
carboncycle andthe carbonpathwaysneedto be carefullyresolhved, which NPZD
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models,not carryingC explicitely asstatevariable,cannotdo. In addition,PELA-
GOSdoesnot implicitely assumea spatialseparatiorbetweenthe productve eu-
photiccommunitiesandthe purely heterotrophiconsumersBoth termsarecom-
putedsimoultaneoshat eachdepth,which is an advantagevhenassessinghe bi-
ologicalfateof organiccarbonin the mesopelagi@anddeepeiayersfor directes-
timatesof oceaniccarbonsequestratiopathways(Del Giorgio andDuarte,2002).
Indeed,the modelhasshavn skill in reproducinghe spatialdistribution andtem-
poral successiorof the major LFGs, but still the descriptionof their ecological
behaior is crudeandthe resultsof long-termclimate studieshave to be consid-
eredaspreliminary This type of predictionis indeeduncertainbut it is important
thatit is at leastbasedon the applicationof well-understoodiological processes.
Purelyempiricalmodelscanbe tunedto a particularobsered conditionbut can-
not be relied uponto give arealisticresponsef the biological systemto physical
conditionsdifferentfrom thetuningdatasetin this contect, a genericdeterministic
biogeochemistrynodelis moreuncertainin termsof formulationsandparameter
valuesbutit is muchmorelik ely to provideinsightsinto systenmbehaior, especially
whenthemodelfailsto reproduceobsenredfeaturesn someof thebiogeochemical
provinces,while doingwell in others.

We believethatthestrengthof ourapproachs nottheseparatiomto differentfunc-
tional groups,but the direct parameterizationf the LFGs physiologicalresponse
to ervironmentalconditionsand their changesThe model at this stagehas®rst-
orderimplementation®f thesemechanismsyhich, giventhe resultspresentedn
this paper arealreadysuf®cientfor preliminaryapplicationswith coupledclimate
models At thesametime, moresophisticate@cclimation/adaptatiomechanisms,
suchasthe parameterizatioof differentialsize-distrilutionsandexplicit allomet-
ric control of physiologicalrates,needto be investigatecht the regional scaleand
thenveri®edin globaloceanmplementationsThesemechanismsepresenin fact
a way to expresssomeof the plasticity of biological processesn deterministic
models.
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Name Description Physics Biology

C1l  nondocalandlo- Uy NyC+ Ny (A4 NHC) 1111—(23*' %AV% Wc1111_(z:+ 1%_? "
calterms

C2  localtermsonly %J’ ﬂleV% WC%+ 1}1—? bio

C3  vertical turbu- %AV% WC‘EI_(Z:+ 1}1_? "

lenceonly

Tablel

List of experimentswith differentcon gurationsof the physicaltermssolvedin eq.(1).
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(a) SANT Subantarctic Province
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Figure3. Monthly meansof mixedlayerdepthsfrom modelresultsandfrom the climatol-
ogy of de Boyer Mont gut etal. (2004)in a) Sub-Antarcticprovince (SANT), b) Paci c
Sub-ArcticEasterrProvince (PSAE)andc) North Atlantic Drift province (NADR).
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Figure4. Meanchlorophyllconcentratiorfrom (a) SeaWFS and(b) modelduring boreal
spring(AMJ) in the Atlantic Ocean.
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Figure5. Annual meansof simulatedsurfacenutrientconcentrationgrom run C1 for ni-
trate,phosphateandsilicate,andWOAOL1 climatology
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Figure6. Annualmeanf (a)iron dustdepositiorforcing ux from TegenandFung(1994)
and(b) surfacedissohed Feconcentratiorfrom C1 simulation.
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Figure7. Monthly meansof phytoplanktorgroupsdistritution (left panelsyred= diatoms,
blue = nanophytoplanktqrgreen= picophytoplanktonandsimulatedsatellitechl for Jan-
uary April, June,Augustand Octoberfrom run C1. The gure canbe comparedwith
satellite-basedstimatedy Alvainetal. (2005).
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(b) NASW (6) N. Atlantic Subtropical Gyral Province (West) (STGW)
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(c) SATL (10) South Atlantic Gyral Province (SATG)
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Figure8. Seasonatvolution of surfacechlorophylland phytoplanktoncomposition(left)
andnutrientconcentrationgright; phosphatenitrateandsilicatefor eachpanel),averaged
over the selectedAtlantic biogeochemicaprovinces(a) NADR, (b) NASW and(c) SATL.
Simulationresultsare comparedwith datafrom CZCS, SeaWrS and WOAO1 averaged
over the samespatialdomains.The gray-shadedreais the spatialstandarddeviation of
SeaWFS andWOAOL1 data.Barsrepresentherelative percentag®f phytoplanktorfunc-
tional groupsduring eachmonth(black:di%tg;msgray:nanowhite:pico).
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(a) SPSG (59) S. Pacific Subtropical Gyre Province
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(b) PEQD (62) Pacific Equatorial Divergence Province
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(c) SANT (81) Subantarctic Province
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Figure 9. Seasonagvolution of surfacechlorophylland phytoplanktoncomposition(left)

andnutrientconcentrationgright; phosphatenitrateandsilicatefor eachpanel),averaged
over the selectedPaci ¢ biogeochemicaprovinces (a) SPSG,(b) PEQD and Southern
OceanSANT (c). Simulationresultsare comparedwith datafrom CZCS, SeaWFS and
WOAO01 averagedover the samespatialdomains.The gray-shadedreais the spatialstan-
dard deviation of SeaWFS and WOAO1 data.Histogramsrepresenthe relative percent-
ageof phytoplanktonfunctional groupsdu\.}(gg eachmonth (black=diatomsgray=nano;
white=pico).
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Figure 10. Comparisonof modeledand obsered meansurface primary productionat

JGOFSstudysites.EQPAC = EasternEquatorialPaci ¢ (12 S-12 N, 140 W, Feb1992-

Dec1992);HOT = HawaiianOcearTimes-serie$22 45'N, 158 W, Oct1988- Dec1998);
BATS = BermudaAtlantic Time-serieq31 40'N, 64 10'W, Oct 1988- Dec 1999); ARA-

BIAN = ArabianSea(10-23 N, 57-69 E, Jan1995- Dec 1995); APFZ = Antarctic Polar
Front Zone (60-70 S, 165-175W, APFZ-S=Dec1997,APFZ-A=MarApr 1998); ROSS
= RossSea(70-76 S, 168-175W, Spring-Summefl996-98).Barsrepresenthe standard
deviation of thesample.
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(a) BATS

Figurell. Seasonatyclesof obsered (continuoudine) andsimulated/dashedine) gross
primary productionrates(monthly meansaveragedn the mixedlayer) at (a) the Bermuda
Atlantic TimeSeriesand (b) the Hawaii OceanTimeseriesGrey shadingis the standard
deviation of the 10 yearsdatasample.
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