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Abstract

We comparedthe 13 modelsparticipatingin the OceanCarbon Model Intercomparaison
Project(OCMIP) with regardsto their skill in matchingobserveddistributionsof CFC-11.
This analysischaracterizeshe abilities of thesemodelsto ventilatethe oceanon time scales

relevantfor anthropogenicCO, uptake.We found a large rangein the modeled global
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inventory (£30%), mainly due to differencesin ventilation from the high latitudes. In the

Southern Ocean, models differ particularythe longitudinal distribution of the CFC uptake
in the intermediatewater, whereasthe latitudinal distribution is mainly controlled by the
subgrid-scalgarameterization.Models with isopycnaldiffusion and eddy induced velocity
parameterization produce more realistic intermediate watgilation. Deepand bottomwater
ventilationalso variessubstantiallybetweenthe models.Models coupledto a sea-icemodel
systematicallyprovide more realistic AABW formation sourceregion; howeverthesesame
modelsalsolargely overestimateAABW ventilationif no specific parameterizatiorof brine
rejection during sea-ice formation is included. In the North Pacific Oceanpdtlsexhibit a
systematic large underestimation of the CFC uptake in the thermoclinesofatnepicalgyre,
while no systematidifferencetowardthe observationss found in the subpolargyre. In the
North Atlantic Ocean, the CF@ptake is globaly underestimateth subsurfaceln the deep
ocean,all but the adjoint model, failed to producethe two recently ventilated branches
observedn the North Atlantic DeepWater (NADW). Furthermore simulatedtransport in
the Deep Western Boundary Current (DWBC) is too slugigisill but the isopycnalmodel,

where it is too rapid.

Keyword: Models, Ocean ventilation, Transient tracers, CFC

I ntroduction

Oceancarbonmodelsoffer a meansto study andimprove our understandingf the carbon

cyclein the oceanandits feedbackon the climate system.Due to the importanceof CO» to

the greenhouse effect, many research groups have develogmttarbonmodelsin orderto
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better understand the role of oceanico@Ptake on past, present and futateosphericCO»

concentrations. The Ocean Carbon-cydiedel IntercomparisorProject(OCMIP) is part of
this effort. It wasinitiated becausanodelsimprove more rapidly whenresourcesre pooled
and understandings sharedamong modelling groups, and when they are systematically
evaluated against observatio@st], 1999]. Simulations witlthe 4 modelsthat participatedn
the first phase of OCMIP, all suggest that BmuthernOceanis a region of large uptake of
anthropogenic Cg&) with the models giving widelgifferent views of the regionaldistribution
of this uptake Qrr et al, 2001]. Evaluation of the performance of thesedels is basedon
their comparisonwith data-basedestimatesor anthropogenidCO, [Gruber et al., 1996;
Sabineet al., 1999] and bomb C-14 [Broeckeret al., 1995]. However, these data-based
estimates may be subject to large systematicerrorsin someregionssuchasthe Southern-
Ocean.Thus oceancarboncycle modelsrequire further independent evaluationwith other

geochemical tracers, whose oceanic distribution and uptake are better known.

In the second phase of OCMIP, the numiilemodelshasincreasedrom 4 to 13 (Table1).
OCMIP-2 alsoincludesevaluationof the models'circulation fields with somenew tracers,
including chlorofluorocarbons (CFCs). CFC-11 and CFC-12 are gases of purely
anthropogeniorigin, whoseatmosphericoncentrationdave increasedrom zero since the
1930s. CFC-11 and CFC-Enterthe surfaceoceanvia gasexchangeand are carriedwithin
the ocean as passive and conservative tracers of circulation and mixing processes that occur
decadal time scaleBl{llister and Weissl983;Weiss et a).1985;Wallaceand Lazier, 1988;
Warner and Weiss 1992; Doneyand Bullister, 1992; Smethie 1993; Roetheret al., 1993;
Rhein 1994; Warner et al., 1996; Smythe-Wrighaind Boswell, 1998; Andrié et al., 1999].
Thus, CFCsare qualitatively similar to anthropogenicCO,, andthis hasmotivateda number
of investigators to use CFCs to evaluate the ability of oceanlationmodelsto simulatethe
uptake and redistribution of anthropogenic 0®the oceand England 1995; Robitaille and

Weaver 1995;England and Hirst1997;Heinzeet al., 1998; Dutay, 1998,Haine and Gray,
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1999]. The transferof CFC-11and CFC-12in the oceanis well known, and their oceanic

concentrationgre measuredvith high precision.Measurementsire availableglobally, with
greatly extendedcoveragefrom the recentWorld OceanCirculation Experiment(WOCE).
Along the sections, the temporal and spatial resolution of the CFC datanghigh », but in

the ocean as a whole the resolution is « very low », even for WOCE.

In this paperwe have comparedand evaluatedstandardCFC-11 simulationsfrom the 13
OCMIP-2. Our analysisfocusedon the middle and high latitude ocean ventilation, where
most of the anthropogenicCOs, is absorbedn the ocean.This paperhastwo main goals.
First, we wish to characterizehe abilities of the modelsto ventilatethe oceanon the time
scalesrelevant for anthropogenicCO, uptake. This characterizationis necessaryfor

assessinghe accuracyof the predictionsof anthropogenicCO, uptakeby the OCMIP-2
models. The secondgoal of the paperis to presentto the oceanand climate modeling
communities an evaluation of the decadal scale ventilation characterisheswdjor state-of-
the-art ocean general circulation models (OGCMs) used in longetenate modelingtoday.
Our evaluationis largely qualitative in that we cannot pin down the exact causesfor

differencesamongthe modelsand betweenthe modelsand observationsHowever, we are
hopeful that our efforwill setstandardsind motivateindividual modelinggroupsto develop
new parameterizationand conductsensitivity studiesthat will ultimately improve coarse-

resolution OGCMs.

Below, we beginby providing a brief descriptionof model characteristicand the OCMIP
simulations for CFC-11. We show only the CFC-11 results; because the CFC-12eadults
to the sameconclusionsThenwe presentresults,first asintegrativediagnostics in orderto
capturethe broad characteristicsand differencesamong models, to compare their time
evolutionandthe spatial distibution of CFC-11 uptake.Subsequentlyye comparemodels

resultsalong observedsectionsand on specific water masssurfacesn order to evaluatethe
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behaviorof the modelsin the regionsthat modelsindicate are quantitativelyimportant for

anthropogenic C®uptake. Finally, we attempt to isolate fleaturesthat appearto be similar

among some models and try to relate them, where possible, to model forcing or physics.

Description of the circulation models

The general characteristics of the 13 models participati@CMIP-2 are presentedn Table
2. All 13 models havglobal coveragewith coarsenhon-eddyresolvinghorizontalresolution;
however, three of the models (IGARIT andNERSC)lack an Arctic Ocean All but three
of the models are primitive equation mod@sypn 1969]. The exceptionsare MPIM, which
neglectsnonlineartermsin the advectionequation(Large scaleGeostrophicmodel) [Maier-
Reimer 1993], AWI, which uses an adjoint technique to derive the circulation from
hydrographicand geochemicaldata (temperature salinity, alkalinity, phosphate,dissolved
inorganiccarbon,oxygen,silicate and nitrate)[Schlitzer 1999], and PIUB where momentum
eguations are balancbstweenCoriolis forces,horizontalpressuregradientsand zonal wind
stress[Stockeret al., 1992]. The PIUB modelis alsoa zonally averagedbasin model. One
model uses an isopycnal vertical coordinate (NERSC). The dynamical forcing (heesx,
water flux and wind stress) differentin eachmodel. Threeof the models,AWI, IGCR and
PIUB, use annualy averaged forcing. Three models, LLNL, MRIM are coupledto seaice
models that include both thermodynamics andicedynamics.The PIUB modelis coupled

with a thermodynamic sea ice model and an energy balance model of the atmosphere.

Parameterizatiomf oceanphysicsalso differs amongthe models. Models differ in their
subgrid scale parameterization, which has a large effect on the predicted circulatiaiterghe

subgrid-scalemixing is horizontalin threemodels(IGCR, MPIM and UL), while the other
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models orient such mixing alongopycnalsurfacesMost of the latter usethe eddy-induced

velocity parameterization proposed by Geirdl.[1995] (hereafteGM). Most of the models
have a prescribedprofile of the vertical eddy diffusion coefficient, but some have a more
sophisticatedparameterizationsuch as the Kraus and Turner [1967] mixed layer scheme
(SOC),the non-localK-profile parameterizatiotK PP) of the boundarylayer from Large et
al. [1994] (NCAR), or a turbulent kinetic energy (TKEpsureparameterizatiom the IPSL,
UL and NERSC modelsJaspar et al. 1990;Goosseet al., 1999]. The IPSL modelapplies
a subsurfaceestoringto climatologicaltemperatureand salinity in the oceaninterior below
the mixed layer. This « robust diagnostic » forcing is reduced in the vicinity oafahid the
polar regionand supressedit the equator[Madecet al., 1998]. Bottom topographyin the
models differs considerably, which affects bottom water flow pathways. Other fattohss
the vertical discretization,the advectionschemeand bottom boundarylayer schemesalso
differ, which may affect the thermohaline circulation in this clagsadels.Furtherdetailsof

each model are provided in the references cited in Table 2.

Parameterization of the air-sea CFC flux

For OCMIP-2, passivetracerfluxes at the air-seainterfaceare calculatedn a commonway
for all the models.For the CFC simulations,which span1932-1997 the net downward flux

(Q) is calculated according to the classical formulation of air-sea gas exchange:
P C
= k %ﬁ P.—-C 1
Q cfc Po SE ( )

Where k is the air-sea gas transfelocity, F is the CFC solubility function, Pefc is the CFC

atmospheric partial pressure in dry air at one atmosphergtetsurep is the monthly total
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air pressureat sealevel from Esbenserand Kushnir [1981], Py is 1 atm, and Cs is the

modeled sea surfadeacerconcentrationMore specifically, F is the CFC solubility function
in seawatef Warner and Weiss 1985] using modeledseasurfacetemperaturg SST) and
salinity (SSS).Pcfc is assumedo be uniform in eachhemispheregpolewardof 10° latitude
(Figure 1a), with temporal values from trezonstructe@nnualmeanmole fraction of Pcfc at
41°S and 45°N [Walker et al., 2000]. Between10°S to 10°N, we madea linear transition

between the two hemispheres.

The formulation of air-seagas transfer velocity in units of cm.hr* is from Wanninkhof

[1992]:

)’ @

K =k (1-R)u2+ ) (s

whereR is sea-icefraction, Sc is the Schmidtnumberof the gasand u and <v> are the
monthly mean (m s1) and the variance(m? s2) of instantaneousvind speedat 10 m,
respectively. In our study, the sea-ice fraction is prescribed from the Walsh [197Z8}alhd
et al.[1983] climatologies, wind speed informatiortagkenfrom the first and secondSpecial
Sensor Microwave Imager (SSMiatellitedatapreparedas describedn Boutin and Etcheto
[1997] and Oreet al [2001]. The Schmidt numbers tife CFCsare estimatedrom modeled
SST with the formulation of Zhenget al. [1998]. Finally, ko (=0.31 cm s2/hr m?)) is a

constant that has been calibrated sodoatylobal meanK for CO> matcheshe Broeckeret

al. [1986] radiocarbon-calibrated estimate of 0.061 mol-&ym! patnrl.

Results



CFC inventories and Fluxes

In each model, the global CFC-11 inventory (the global amaiutitis tracerabsorbedy the
oceansyollows the increaseof the CFC-11 partial pressurein the atmosphergFigure 1).
Simulated inventories exhibét standarddeviationof about20% anda rangeof about+30%
around the mearkxtremaclearly standout: the uptakeof UL andNERSCare largestwhile
that of PRINCE idowest. The evolution of the inventoryin eachmodelis linearly relatedto

that in all others @&of at least 0.99) (Figure 1c).

With similar temporal evolutiompne might also expectsimilar spatialstructure.The CFC-11
cumulative flux distribution at the air-sea interface (Figure 2), which isrtiesintegratediux
of the tracer into the oceamcethe beginingof the simulations(1932), providesa signature
of modeled water mass ventilation and transformgog. upwelling). Uptakeis consistently
high mainly in regionsof cold winter SST and strongvertical mixing such as the Southern
Oceanthe North Atlantic oceanand the NorthwesternPacific ocean.Uptakeis also high in
the EquatorialPacific dueto upwelling of subsurfacevatersthat are impoverichedin CFC.
Uptakeis two ordersof magnitudelower in the subtropics.Despite such similarities in the
large-scale pattern of uptake, the detailed spstiiatturediffers substantiallyamongmodels.
Simulated CFC-11 uptake diffeby up to an orderof magnitude gspeciallyin the Southern
Ocean, wheré¢he greatesiproportionof CFC-11is absorbedn all the models.For instance,
two models (IPSL and SOC) exhibit maximuwptakein the SouthPacific and SouthIndian
Oceanswhereaghreeothermodels(CSIRO,UL and PRINCE) absorbmostin the South
Atlantic and South Indian oceansand the remainingmodels spreaduptakethroughoutall
threesectorsof the SouthernOcean(Figure 2). The MPIM andNERSC standapartin that
maximumuptakeoccursadjacentio the Antarctic coast;in the other models,most uptakeis

located offshore in the Antarctic Circumpolar Current (ACC). All models show similar
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dominanceof the southernhemispheravith regardto CFC-11uptake,from 60% (MPI and

PRINCE) to 70% (UL and NERSC) of the total (Table 3).

North Pacific

In the North Pacific ocean, all the models have their highest CFC-11 uptake ri¢ardbkio
extensionjust north of 30°N (Figure 2), wherethe North Pacific Subtropicalmode water
(NPSTW) is formedSugaet al., 1997], and wherethe winter mixed layer is deepesin this
basin[Qiu and Huang 1995]. Uptakeis alsolargein the North Pacific subpolargyre, just

south-east of the Bering Strait in most of the models.

An opportunityto evaluate the simulatedCFC-11 distribution in this region of the North
Pacific is provided by the WOCE P3%8ctionat 165°E[Sonnerupet al., 1999]. This section
is plotted in Figure8 alongwith the correspondingsectionin eachmodels. This figure, and
others like it thashow observedand modeledCFC sections depictthe modelresultsfor the
samemonth andyearthat the measurement&ere made.Ventilationin both the observation
and modelsis restrictedto the thermoclinein the North Pacific. Below 2000 m, CFC-11
concentrationsare negligible, testifying to the lack of deep water formation. The only
exception ighe UL model,which showsan unrealisticpenetratiorof CFC-11to the bottom

near the Bering strait.

To more quantitatively evaluate the CFC uptakepefne the local inventory of CFC-11and
CFC-11 partiabressurg PCFC-11)astheir vertical integral (mol m?% 10° atm m) andthe
penetrationdepth (m) as the vertical integral divided by the surfaceconcentrationVertical

integralsin the observationsare computedusing a trapezoidaimethod,while thosefrom the
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modelsusethe full modelresolution.PCFC-11inventoriesenableto removethe effects of

temperaturebiasesin the modelsand assesshow much of the differencesare due to the
circulation. The local inventory and penetrationdepth are presentedn Figure 4 for the
WOCE P-13section.In the observationsthe greatestCFC-11 penetrationdepthis around
1100 m and occurs in the subtropical gyre between 20° and 40°N (Figure 4c)iivetieveer
thermocline is ventilated bytermediatevaterformedin the Seaof Okhotsk[Warner et al.,
1996]. The penetrationdepthis shallower(200-300m) in the subpolargyre where large
stratification due to the vertical salinity gradients prevents geaptratiorof CFCs[Warren
1983]. Models exhibit their greatestpenetrationdepthsof CFC-11in the subtropicalgyre
between 20°-40°N, but they do reotceedd00 m andthus are smallerthan observedFigure
4b). SimulatedCFC-11and PCFC-11linventoriesin this latitudinal band are systematically
too low, being at least30% smallerthan the observedinventory. The magnitudeof these
inventories varies by 60% among the models. The simulated penetration depths and
inventories do not alwaysorresponddueto differencesin stratification amongnodels.As a
whole, the modelslo not havea systematidoiasin the subpolargyre, north of 40°N (Figure
4a). About half the models (LLNL, IPSL, MPIM, PIUB, PRINCE) underestimatethat
region'sobservedCFC-11 inventory; the others overestimateit, with some (UL, NERSC,

NCAR, MIT) estimating values that are twice as large as those observed.

North Atlantic

Substantial intermediate and deep waters are formed in the North Atlantic. The okdeBed
11 distributionin the EasternNorth Atlantic along the WOCE NA20W section( in 1993)
[Castleet al., 1993], providesinsight regardingsubsurfacerentilation of the subtropicaland
subpolargyres(Figure5). In that region, formation of a variety of mode watersby winter
convection McCartney and Talleyl982] produces a uniform vertical CElStribution below

the seasonathermoclineg[Doneyand Bullister, 1992] to a depththat appearsalsoto vary in
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time [Doney et al.1998]. Along this section, the mean observed CFC-11 penetdasathin

subsurface increases from 400 m to 1000 m as one moves northwaDfifer{Figure 6¢),
which shows that CFC uptake is large in barth Atlantic subpolargyre in stark contrastto
its North Pacific counterpart Although all modelstend to show this increasebut most of
themunderestimat¢he CFC-11inventoryand CFC-11 penetrationdepthin the subtropical
gyre. Only two models (NERSC,MIT) slightly overestimateinventories and penetration
depthsin the subpolargyre (Figure 6). Four models (PIUB, MPIM, AWI, IGCR), have
particularly low CFC-11 uptake in the subtropical gyre. Thoethesemodels(MPIM, AWI,
IGCR) are forced with annual means (Tab)ethatdoesnot allow to reproducedeepwinter
mixed layersand a realistic subductionthatis known to be strongly seasonallyaliasedwith

the winter conditions Williams et al, 1995].

The NA20W sectionis locatedin the easternlimit of the recirculationof the Labradorsea
waterin the North Atlantic subpolargyre [Talley and McCartney 1982]. Figure 5 reveals
observed CFC-11 concentrations that are elevated below 1000 meters in thesdeeipe to

renewalof NADW (North Atlantic DeepWater).We canassessn more detailthe NADW

ventilation characteristicsyith its different componentsand sourceregions,from the zonal
section at 24°NFigure 7) performedduring the WOCE program[Peltolaet al., 2001]. The
A24N sectionshowsthe well known observedvertical distribution of CFCswithin the deep
western boundary current (DWBC), with two maxima along the continental [Mogmari et
al., 1992; Smethie1993; Rheinet al., 1995; Andrié et al., 1999]. The deepmaximum lies

between 3000 and 4000 m depth, indicating the presence of Lower North Allaap&Vater
(LNADW). The LNADW forms from the Denmark Stra@verflow Water (DSOW) andthe
Iceland-Scotlan®verflow Water (ISOW). Thosesourcewatersmix after flowing over the

Greenland-Iceland-ScotlanRidge. The shallow maximum, between 1500 and 1800 m,

1In Figure 6, the integration is limited to 1100 m depth in order to restrain the analysis to SPMW
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corresponds to the Upper Nowitlantic DeepWater (UNADW). The rate of formationand

propertiesof the UNADW vary on a decadaltime scale [Pickart, 1992]. The classical
componenbf UNADW is the LabradorSeaWater (LSW). The UNADW signal observed
on A24N in1998,is an upperLSW componentwhich is believedto havebeenventilatedin
the early 1980s from south of the classical formation region, outsidesgternLabradorsea
gyre [Pickart 1992]. The DWBC is also linked with sometight recirculation which is
involved in ventilationof the oceaninterior [Hogg and Stommel 1985; Pickart and Hogg,
1989]. Along A24N, significant CFC-11 concentrationsare observedin the deep ocean

interior, as far west as 40°W for the UNADW component and 50°W for the LNADW.

The AWI model is the only onthat succeedsn producingthe two subsurfaceCFC maxima
in the western Atlantic. The other modpl®duceonly one CFC maximumcorrespondingo
modeledNADW. The structureand position of this simulatedmaximum, recently ventilated
NADW, variessubstantially.The simulateddepth of this maximum varies by hundredsof
metersamong the models. Generally, it lies betweenthe depth the two maxima on the
observedsectionat 24°N, exceptfor the LLNL and SOC models,whereit is significantly
shallower,and the isopycnal model (NERSC), where it lies at the bottom of the ocean.
Longitudinally, thesingle maximumis sometimedocateda few tensof degreeof longitude
offshorein somemodels,therebyshowing error in circulation pathwayand increasingthe
volume of the deepinterior oceanthatis ventilatedon a decadakime scale.All modelshave
coarse resolution, thus the modeled DWBC spans at least few grid points, and thavider
the real ocean.In the AWI model oceaninterior ventilation is too weak for the upper
componentput too strongfor the lower componentspreading too much into the ocean

interior.

Having analysedhe vertical structureof CFC-11within the DWBC, we now investigatethe

lateral spreadingof the upper NADW componentproducedby the models. Weiss et al.



13
[1985] have shownthat at the time of the TTO surveyin 1983, CFC-enrichedwater had

already reached the tropical Atlantic via the DWB@Ge measurementgresentedn the 01 5
= 34.63 kg.m? surface £ 1600 m) show a well ventilated core of UNADWith a significant
CFC-11 concentration of 0.05 pmol/kg having reachedvigernequatorialAtlantic (Figure
8). The corresponding model results are shown on the depth ¢befdERSC model,along
theo level) that coincide with the NADWorein eachmodel (Figure 8). Closeto the source
region in the north, models have CFC-11 concentragongar to the observationg0.8 - 1.6
picomol/l). Nearer the equator, the Z coordinate modetkerestimat€FC-11concentrations
in the western boundary outflow, whereas the isopycnal layer model, NERSC, overedtimates
two of the Z-coordinate models (NCAR and MPIM) succeed in producing CHCH tvater
(> 0.03 pmol/l) asa well definedDWBC alongthe coastof SouthAmerica, whereasothers
(CSIRO,MIT, LLNL, UL and PRINCE) unrealisticallyspreadthe CFC-11 signal into the
interior of the deep ocean. In these models, the tracer spnéadse oceaninterior by lateral

diffusion but although because the velocity field deviate from a pure equatorward steering.

Southern Ocean

Figure 2 reveals dramatic differences betwewmelsfor the cumulativeflux in the Southern
Ocean.Two sectionsprovide a more in-depthview of model performancen the Southern
Ocean: the AJAX section, which was taken in 1983-1984 in the South Atlantic oceathalong
Greenwich meridian from Africa to Antarcticé/piss et a).1990] Warner andWeiss 1992]
(Figure 9); and the WOCRB15ssection[WOCE Data Products,2000], which wastakenin
1996in the SouthPacific oceanfrom the Equatorto the region surroundingthe Ross Sea
(Figure 10). The observed CFC-11 distribution altresetwo sectionsrevealsthe signature

of the principal water masses of tBeuthernOcean.The sharpsubsurfacdracerpenetration

down toapproximatlyl000 m depthoccuringbetweens5°S and 40°Sreflectsthe formation
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of Subantarctic mode water (SAMW). At greater depths, low CFC concentration®&dhugh

ACC revealweakly ventilatedCircumpolarDeep Water (CDW). Nearerthe bottom, higher
CFC-11 concentrationsndicate recently ventilated Antarctic Bottom water (AABW). The
sourceof AABW for P15sis the Ross Seaand for AJAX it is the Weddell Seaand the
Amery Ice shelfQrsi et al.,1999]. Thesebottomwater CFC-11concentrationsre typically
100 times less than those in the surfaegers,but concentrationsemainsignificantly higher
thanthe detectionlimit (0.01 picomol/l), and therebyclearly indicate recentventilation. The
CFC-11 vertical inventory along these sections clearly showsIfaVWW ventilationis more
importantthan AABW ventilation in somerespectsto anthropogenicgasesuptakein the
Southern Ocean (Figure 11). The standard non-li@&& concentratiorcolor bar in the full
depthsectionplots (Figure 9 and 10) emphasizethe differencesin the deepwaters,but in

terms of inventory, the SAMW dominates.

Model results differ substantially along these two sections. Sea-surface CFC-11
concentrationsare similar to those observed,but the tracer concentrationsn the ocean's
interior differ substantiallyamongmodels. Somemodelssucceedn reproducingthe sharp
subsurfacepenetrationof the CFCs at the subantarcticfront associatedwith the SAMW
ventilation (AWI, CSIRO, IPSL, LLNL, MITNCAR, SOC,PRINCEandNERSC).In other
models (MPIM, IGCR and UL) CFC-1fenetrations lessrealistic,extendingvertically into
the CircumpolarCurrent,but not diagonally (alongisopycnals)towardsthe subtropics.The
general CFC-11 distribution in tf2AMW subductionregionalongthe AJAX sectionin the
Atlantic ocean (betweeb5°Sand40°S)is capturedby severalof the models,with simulated
penetratiordepthsandinventoriesthat are closeto that observed 800 m), thoughthereis a
tendency in several models (MPIM, LLNL, CSIRO, PIUB, &RINCE) for thesequantities
to be on the low side (Figure 11) . In this region, modeled CFC-11 distribution are biogicked
the MPIM modelwhich hasa weak SPMW ventilationandlow CFC-11 inventory, and the

NERSC model that overestimates thEC-11inventory and penetratiordepth. The observed
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CFC-11 penetrationdepth along P15s sectionreaches1000 m in the SAMW subduction

region (between 60°S and 50°S), andleeperthanthat observedn the Atlantic oceanalong
the AJAX section (Figure 11). Compared to the observations, mist nfodelshavesimilar
or too-large CFC-11 inventoriesand penetrationdepth along P15s. Exceptionsare the
CSIRO, LLNL, and PRINCE modelswhich underestimateéhe CFC-11 inventory between
60°Sand50°S. The CSIRO andLLNL modelshavea realistic magnitudefor the maximum
CFC-11 inventory, but it is located further north between 50°S and 35°S.

Antarctic Bottom Water (AABW) ventilation also differs dramaticalljpongthe models.The
inverse model (AWI), the isopycnic model (NERS#) the four modelsthat are coupledto
sea-icemodels (LLNL, MPIM, UL, PIUB) all show, on both sections,significant CFC
concentrations at the bottom due to AABW ventilation. Howéveir skill varies:the AABW
CFC-11concentrationgre realistic in the LLNL model, but overpredictedoy more than a
factor of ten in the five other models mentioned above. Ocean models that evapietto a
sea-ice model, generally produgeveakerventilationof AABW, and CFC-11concentrations
that are too low in the deep Southern Océ&aweptionsarethe CSIRO modelon AJAX and
the NCAR, IPSL and IGCR models on P15s, which produce significant CFC-11

concentrations in the deep Southern Ocean.

Recentanalysisof the new CFC WOCE datasetin the deepSouthernOcean[Orsi et al.,
1999] provides a large-scalepicture that allow us to assessthe simulation of AABW
formation. Bottom mapson the abyssallayer show newly formed CFC-rich bottom water
sinking from sourceregionslocatedaroundAntarctica:in the westernWeddell Sea,around
the Amery basin (50°-100°E), off Wilkes Land (120°-160°E) and in the Ross Sea (E&jure
We compared the Orsi et al. data analysis with simulated CFC-11 concerdaxa&tiagecver
year 1990 at 2800 m depth (Figure IP)e latter is indicative of simulatedAntarctic Bottom

Water ventilation characteristicslose to Antarctica. Analogousmapsat different times or
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depths in the abyssal ocean provide the sguaétativeinformation. Models exhibit dramatic

differences in AABW ventilation. The inverse model (AWI) and oceextlelscoupledwith a
sea-ice model form AABW at several locations around Anatrctica sitailaibservedpatterns,
althoughof different intensity. Our previous comparisonalong P15s and AJAX sections
revealedthat the CFCs concentrationsn the bottomlayer of thesemodelsare for the most
part too high, except for the LLNL model. Tis®pycnalmodel (NERSC)exhibits high deep
CFC concentration and deep watentilationall aroundAntarctica. AABW ventilationin the
othermodelsis weaker,with sourceregionseitherexclusivelyin the Weddell Sea(CSIRO,
PRINCE), or in both the Weddell and Ross Seas(IGCR, NCAR and SOC). Unlike other
models,the MIT andIPSL modelsdo not show substantiabottomwater ventilation around
Antartica. Instead the MIT model forrdMABW only in Drake Passageandthe IPSL model

ventilate the deep Southern Ocean throughout the ACC.

Discussion

Global uptakeof CFC-11 predictedby the OCMIP-2 modelsvariesby +30% aroundthe
mean. Thus establishiran observedylobal CFC inventory, with reasonableccuracywould
provide an importantconstraintfor global OGCMs. Furthermorea linear relationshipin the
trend of global CFC uptakeexistsamongall models. Surface ocean CFC concentrations
equilibrate rapidly with the@tmospher¢Doneyand Jenkins 1988] and all modelsareforced
to follow the same temporal CFC increase in the atmosphere. Hence globalaipfdkesis
contolled by a global subductionrate whose magnitude differs for each model. The
differences between the models and the observations are not due tanbmsdsl simulated

temperaturébecausanodel evaluationwith both CFC-11 and PCFC-11inventoriesalong
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sectiondeadto the sameconclusionsThus, thesedifferencesmust be ascribedto different

model circulation fields. Differencesin the global CFC-11 budget among models derive
mainly from the Southern Ocean, where CFC uptake is concentnateglSubantarctionode
waters. In that region zonally integrated fluxes are la@edmodelsdiffer significantly. For
instance, oumodel-datacomparisoralong sectionsrevealsthatthe UL and NERSCmodels
absorbthe most CFC-11 globally and are ventilatedtoo strongly in the SouthernOcean.
Conversely the PRINCE model has therestglobal CFC uptakeand correspondinglywveak

ventilation in the Southern Ocean, particularly within the SAMW.

Someof the differencesin SouthernOceanventilation can be relatedto generalphysical
forcing, while others are obviously more closely related to the physics or model
parameterizationgTable 2). The meridional distribution of the uptake of CFCs in the
SouthernOceanappeardo be closelyrelatedto the parameterizatiorof the lateral subgrid-
scale mixingin the models.Most of the modelswithout isopycnaldiffusion (IGCR, MPIM,
PIUB) exhibit maximumuptakesouthof 60°S (Figure 2). On the other hand, all the depth
coordinatemodelswith lateral diffusion orientedalong isopycnalsurfacesexhibit maxima
locatedcloserto the subantarctidront, north of 60°S. The lateralmixing parameterizatioris
crucial for SAMW subductionand ventilation. Subsurfacesentilationin the SouthernOcean
is very sensitiveto the lateral subgrid scalemixing parameterizatiorf Danabasogluet al.,
1994;Hirst and Caj 1994;England 1995;Duffy et al, 1997;Guilyardi etal., 1999]. Models
with horizontalmixing (IGCR, MPIM, UL, PIUB) show particularly unrealisticsubsurface
ventilation. They fail to produce substantial SAMW ventilation due to their inadequate
isopycnalsubductionat the baseof the mixed layer. The other models,which have a lateral
mixing orientedalong isopycnalsurfaces produce more realistic SAMW ventilation. The
resultingsharpvertical penetratiorof CFC-11that occursnearthe subantarctidront (55°S-

45°S) is correlated with the more realistic low CFC-11 concentraticdhe @DW (Figures9
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and 10). The isopycnalmodel (NERSC)simulatesexcessiveCFC-11 uptakeall aroundthe

Antarctic continent. When deep convection occurs in the NERSC model, isopycnals
simultaneouslyoutcrop in the mixed layer. Therefore,the near-verticalisopycnalsin the

Southern Ocean allow excessive CFC to penetrate into the ocean interior.

Unlike the meridional distribution of CFC uptake, its longitudinal distribution shows no
obvious relationshipto model configuration or parameterizationslt is more likely that
longitudinal variationsn CFC uptakeare controlledby the buoyancyforcing of the models.
The primary sourcesof SAMW are mainly locatedin the Indian and Pacific sectorsof the
Southern Ocean [McCartney, 1982; Speer et al.,, 1997]. Thus, models that have their
maximumof CFC uptakelocatedin the Pacific and Indian sectorsof the SouthernOcean
(IPSL andSOC) aremorerealisticin this regard.However,the location of the CFC-11flux

maxima (convection regions) is not the only important factor for intermediate water
ventilation. Advection also plays a crucial role. Rdrthe modewaterformedin one basinis

later exportedinto anotherbasin [Speeret al., 1997]. Our CFC simulations reveal this
tendency For instancethe CSIRO modeltakesup more CFC-11thandoesthe SOC in the
SouthernAtlantic Ocean.Yet the CFC-11 penetrationdepth and inventory along the AJAX

sectionin the Atlantic Ocean,are both larger for SOC than for CSIRO (Figure 9). The
formation (convection)regionsof SAMW are now quite well establishedand global basin
subductionrates have been calculated. Unfortunately, the location of where SAMW is

subducted is poorly understodéieer et a).1997]. Thus it igifficult to evaluatethe models
further in this regard. CFC observationsare useful for evaluatinga model's ventilation

characteristics, but they can not constrain the origin of the ventilation.

The CFC-11 simulationsalso offer the opportunity to evaluate modeled formation and
ventilationof AABW. Shelf-edgeprocesseplay a majorrole in the formation of deepand

bottom waters in the Southern Ocekogter and Carmack,976]. Sinceghe modelslack the
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spatial resolution to resolve shelf-edgecesseghey alsotendto resortto unrealisticopen-

oceanconvectiveprocessedo simulate deepand bottom ventilation [Goosseet al., 2000].
However,couplingan oceanmodel to a seaice model appearso producea more realistic
pattern ofmodel AABW sourcearoundAntarctica. Of all the forward modelstestedduring
OCMIP-2, onlythosecoupledto a sea-icemodel exhibit the recentventilationby AABW in
all three sectorsof the SouthernOceanaround Antarctica seenin a recentsynthesisof
observationgy Orsi et al. [1999]. Thesemodelsalso tend to overestimatethis production.
Thusincluding a seaice modelor reasonabldreshwaterfluxes are necessargonditionsfor
producing a realistic spatial distribution of the AABW formation region. Also model
parameterizationgor subgrid-scalemixing or salt rejection play an important role in
propagating recenthformed AABW. All modelscoupledto a seaice modeloffer improved
AABW source distribution, yet all but one of them simulate bottom water CFC-11
concentrationghat are too high. The LLNL model, has clearly the most realistic CFC-11
concentrationsn the bottomwaterof the SouthernOcean(Figure 9, 10 and 12). The GM
parameterization in this models helps stratify the dgathernOcean[England 1995; Hirst
and McDougall 1996], but it is the treatmentof brine rejectedduring seaice formation that
distinguisheghis model from others.In orderto simulate concentratedorine plumes, the
LLNL model transports salt, but not other tracers, downward during brine rejdatitiy 4nd
Caldeira 1997]. Thus convectionis reducedas is CFC-11 uptakein this region [Caldeira
and Duffy, 1998]. Still this parameterizationis not the only mean for improving the
representatiorof bottom water ventilation in these coarse resolution models. Additional
sensitivity testscarried out by two OCMIP-2 modeling groups have shown that specific
bottom boundarylayer parameterizationsnay further contribute to an improvent in the

propagation of AABW in the model€ampin and Gooss&999;Doney and Hechf001].
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In the northernhemispherethe regionsof high CFC-11 uptakeare the North Atlantic and

Northwestern Pacific. The large-scale meridional structuteedfubsurfacesentilationof the
subtropicalregion of theseoceans appearsadequatan all of the models. The simulated
penetration of CFC-11 into subsurface layers doese®to be improvedby incorporating
a more sophisticatedmixed-layer parameterizationFor instance, NCAR usesthe KPP
parameterization, but has a weaker vertical penetrttemthe Princetonmodelwhich hasno
mixed-layermodel. This resultis consistentwith large-scalewater mass propertiesbeing
much more dependenbn the surfaceforcing than on the surface boundarylayer mixing
schemdLarge et al., 1997]. SimulatedCFC-11 and PCFC-11linventoriesand penetration
depthsare systematicallytoo low, especiallyalongthe WOCE P13 sectionlocatednear the
STMW formationregionin the Pacific. As all simulatedPCFC-11inventoriesare too low
comparedo the observationsit indicatesa systematicshortcomingin the model circulation
fields. Perhapsmeso-scaleddies,which are not resolvedby any of the OCMIP-2 models,

play an important role in ventilating the subtropical gyre.

Model performanceconcerningthe ventilation of the subpolar subsurfacegyre differs
betweenbasins.In the North Atlantic, the simulated CFC-11 uptake has a reasonable
meridional structure, but is too losomparedo the observationsn all modelsbut two. Lack
of spatialresolutionmay partially explain that systematicbias. On the other hand, in the
NorthwesternPacific, some models do succeedin reproducingthe observedlarge-scale
meridional structure of the CFC-11 uptake, vathallerinventoriesand penetratiordepthsin
the subpolargyre. Other models(MIT, SOC, NERSC, NCAR and UL) overestimatethe
uptakeof CFC-11in the North Pacific subpolargyre. In the North Pacific, the shallow
penetration depth simulatedin someof the modelsmay also be partially due to the poor

representation of the marginal seas (Sea of Okhotsk) and exchange through straits.
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Our results reveal shortcomings in the ability of many models to simulate the ventilatien of

deep water in the Northern hemisphere. In most models, deep water formatiemNorthern
hemispheras localizedin the Irminger Seaandin the Greenland-Iceland-NorwegiaiGIN)
seas (Figure 2). Conversely in the MIT, NERSC, andnitidels,maximumuptakeoccursin
the north Atlantic subpolargyre, in the LabradorSea(Figure 2). This coincidesbetter with
formation of UNADW in the real oceaMgCartney andralley, 1982]. The vertical structure
of the recentlyventilatedNADW (Figure7) is not clearly relatedto the formation regionin
the models.Only the adjoint model (AWI) produceghe two separaterentilatedbranchesof
NADW (UNADW andLNADW), asobservedModeleddeepwaterformationin the GIN
seas does not produce a distinct, recently ventilated core in the a&E@Dseverflow from
the Nordic seasis poorly simulatedin coarseresolutionmodels,particularly if they do not
include any specific parameterizatioof densewateroverflow over the sills [Beckmannand

Doscher 1998;England and Hollowayl1998;Redler and Dengdl999].

The simulatedlateral spreadingof CFC-11in the DWBC also revealsshortcomingsin the
modeledthermohalinecirculation on the decadaltime scale.Someof the modelshave well
defined DWBC (e.g., AWI, IPSL, MPIM, NCAR and NERSC) wheretigrs(e.g.,CSIRO,
LLNL and MIT) produceexcessiverentilationinto the oceaninterior. All models,exceptfor
the NERSC isopycnal model, produce CFC-11 concentrations in the DitA¢B&re too low.
Thus transport of tracer is too weak in the cold branch of the thermobadinkation of these
coarse resolution Z-coordinate models. The unrealistic vertical stradthv@DW ventilation
may also explain why the modeledDWBC is too slow. With a higher-resolutionmodel,
Boning et al. [1996] show that denseoverflow from the Greenlandand NorwegianSeasis
inadequate, then this also reduces the ttpbrtof NADW from the subpolargyre. Further
reductionof southwardtransportof CFC-11in coarseresolutionmodelsis due to artificial
upwelling in the DWBC caused by the crude representation of the latenatiarylayer used

in these modelHuck et al, 1999]. This model artifact resulits diluting the CFC signaldue
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to mixing with CFC-poordeeperwater, and therebycreatesan unrealistic shortcutin the

modeledthermohalinecirculation. Such artificial upwelling is commonly found in coarse-
resolution modelsising a horizontallateral diffusion, which producedarge diapycnalfluxes
when isopycnals are tilted, the so-call&ronis” effect” [Toggweileret al., 1989]. Artificial
upwelling persistswhenusingisopynaldiffusion andthe GM parameterisatiorglthoughits
intensity is generallyreducedalong with the global meridional overturning [Lazar et al.,
1999]. It is then balancedoly downwardeddy inducedadvectionwhich alsotendsto mix the
tracer signal in the DWBC. The impacts of these shortcomings of the thermataiiration
of coarse-resolution models will also have an impact osithalatedredistributionof carbon

by the ocean.

Conclusion

StandardCFC-11simulationsweremadein 13 coarse-resolutiomodelsso that uptakeand
transport of this tracer could be used as an evaluatiomoiooiodel performanceparticularly
over decadalkime scales.The rangeof the simulatedglobal CFC-11uptakeis large (= 30%
aboutthe meanresult), mainly dueto differencesin the SouthernOcean.An observedCFC
inventory would provide a useful benchmark for evaluating the decadal ventilation
characteristicsof global OGCMs. Observationsand derived analysis products of CFC
measurementsom WOCE and some previousprogramshave beenuseful for testingthe
models. Our analysis of the Southern Ocean revealst¢keanmodelscoupledwith a sea-ice
component model systematically provided more realistic patterns of AfsBWAtion source
region, than those without this component.

Nonethelessthe propagatiorof AABW into the interior of the oceanalso dependson the

parameterizatiof oceanphysics.Modelswith a seaice componentproducedexcessdeep
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water formation in the SouthernOceanor indeed near the Bering strait (e.g. UL). An

exception was the LLNL model witits specific parameterizatiomor vertical redistributionof
brine rejection during sea ice formation. Models with lateral diffusion oriented along
isopycnalsthat also include the GM eddy-inducedvelocity parameterizatiorproducemore
realistic intermediatewater ventilation in the Southern Ocean. However, models differ
longitudinally in regionswhereSAMW s formed, probablybecausehe lack of dataallows
modelerstoo much liberty in specifying Southern Ocean heat and fresh water fluxes.
Thereforeimproving heatand fresh water flux climatologiesin the SouthernOceanwould
help improve oceanmodels,as would new constraintsfor interannualand decadalclimate
variability in this region. In the northernhemisphereall modelsunderpredictthe CFC-11
uptakein the subtropicsandin the subtropicalgyre of the Atlantic Ocean.As for NADW,
only the adjoint AWI modelsucceedsn producingthe two recently ventilatedbranchesof
NADW. Othermodelsproduceonly one branchwith relatedtransportin DWBC being too
sluggish, except in thERSCisopycnalmodelwhereit is too rapid. Our standardOCMIP
protocols and archive of CFC-11 aB&C-12modeloutputshouldbe usefulfor continued
evaluationof oceanmodel performanceMore information about OCMIP can be found at

http://www.ipsl.jussieu.frfOCMIP.
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Figure captions

Figure 1: Temporal evolution of (a) the CFC-11 atmosphericmole fraction in both
hemispheresand (b) simulated global CFC-11 inventory.(c) Global CFC-11
modelinventory as a function of the averageglobal CFC-11 inventory of all the
models.

figure 2: Models' cumulative CFC11 flux in 1989, units: mél/m

Figure 3: CFC-11 concentration along the P13 section (1992), unitsdmol/m

Figure 4. CFC-11 and PCFC-11 vertical inventories and penetration depths along the P13
section.

Figure 5: CFC-11 concentration along the Na20w section (1993), unitsdmol/m

Figure 6: CFC-11 and PCFC-11 vertical inventoaad penetratiordepthsalong the Na20w
section. Integration is limited to 1100 m depth in this calculation in ordestmin
the analysis to SPMW

Figure 7: CFC-11 concentration along the A24N section (data, 1998; models, 1997), units
mol/m3.

Figure 8: data: CFC-11concentratioron the 01 5 = 34.63isopycnalsurfacein 1983, units:

picomol/l, from Weiss et al., [1985], models: CFC-11 concentration at the @apth
o level for NERSC) of the core of UNADW of the models in 1983, units:
picomol/l.

Figure 9: CFC-11 concentration along the AJAX section (1983), units fol/m

Figure10: CFC-11 concentration along the P15s section (1996), units3mol/m

Figurell: CFC-11 and PCFC-11 vertical inventories and penetration depths along the AJAX
and P15S sections

Figure 12: Data : CFC-11 concentration in AABW > 28.27 kg.n® - Atlantique (1987)-
Pacifique and Indian (1993)- units: picomol/l — adapted from Orsi et al.,[1999],
models : CFC-11 concentration at 2800 meter depth.

Units : 10" mol/m3
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Modeling groups

AWI (Alfred Wegener Institute for Polar and Marine Research), Bremerhaven, Germany
CSIRO (Commonwealth Science and Industrial Research Organization), Hobart, Australia
IGCR/CCSR (Institute for Global Change Research), Tokyo, Japan

IPSL (Institut Pierre Simon Laplace), Paris, France

LLNL (Lawrence Livermore National Laboratory), Livermore, Ca, USA

MIT (Massachussets Institute of Technology), Cambridge, MA, USA

MPIM (Max Planck Institut fuer Meteorologie), Hamburg, Germany

NCAR (National Center for Atmospheric Research), Boulder, Co, USA

NERSC (Nansen Enviromental and Remote Sensing Center), Norway

PIUB (Physics Institute, Univeristy of Bern) Switzerland

PRINCEton (Princeton University AOS,OTL / GFDL), Princeton, NJ, USA

SOC (Southampton Oceanography Centre) /SUDO / Hadley center (UK Met. Office), Englal
UL (University of Liege) / UCL (Université Catholique de Louvain), Belgium

Data groups

PMEL (Pacific Marine Environmental Laboratory), NOAA, Seattle, Washington, USA
PSU (Pennsylvania State University), Pennsylvania, USA
PRINCEton (Princeton University AOS,OTL / GFDL), Princeton, NJ, USA

Table 1: List of OCMIP-2 groups.



AWl CSIRO IGCR IPSL LLNL MIT

Horizontal | 5°X4° 5.6° |4°x4° 2°x1.5°

from

MPIM NERSC NCAR PIUB  PRIN SOC

31

UL

4°x2° | 2.8°x2.8] 5°x5° 2°x 3.6°x | zonally| 3.75° 2.5° 3°x3°
resolution to X to ° 2°cos(la] 1.8°to| basin X X
(Lonx Lat) | 2.5°X2°] 3.2° 0.5° Eqg. t) 0.8° |averagq 4.5° 3.75°
Seasonality no yes no yes yes yes yes yes yes no yes yes yes
T,S |Levitus Bulk Bulk coupled| restoring] restoring] bulk
Surface Adjusted| seasonall T,S flux bulk- flux restoring| formula | Formula] to EBM AMIP + formula
boundary restoring|Annual + formula + of SST flux
conditions restoring| restoring restoring atmosph| Levitus
+N. Atl ere SSS +
Cooling flux
Lateral ISOP ISOP ISOP ISOP ISOP ISOP ISOP
Subgrid- ISOP + HOR. + + + HOR ISOP + HOR + + HOR
scale GM GM GM GM GM GM GM
mixing
Kraus
Mixed- - - - TKE - TKE KPP - & TKE
L ayer turner
Sea-lce - - - - yes - yes - S Brine - yes
Model restorin | rejectio
g n
off line/ off on off off on on off on on on on on on
online
Reference | [Schiitzer| [Matear, | [Yamana | [Madec [ [Duffy et

[Marshall| [Maier- | [Bleck et] [Doney | [Stocker| [Gnanad{ [Gordon| [Goosse
, 1999] 1999] | ka and| ‘etal, |al., etal., |Reimere] al., and etal, | esikand etal, and
Tajika, 1998] | 1997] 1997] al., 1992] Hecht, 1992] al., 2000] | Fichefet,
1996] 1993] 2001] submitte 1999]

Table 2: model characteristics

EBM: Energy Balance Model

AMIP: Atmospheric Model Intercomparaison Project
Levitus: Climatological atlas of the world ocean, NOAA, 1982

HOR, ISOP, GM: Horizontal, Isopycnal, Gent & Mc Williams parameterization
TKE: Turbulent Kinetic Energy closure

KPP: non-local boundary layer parameterization, Large et al. [1994]
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AWI CS RO |IGCR |PSL LLNL MIT MPIM NCAR NERSC PIUB PRINCE SOC UL
global
CFC-11 5.4 4.3 4.9 45 4.2 4.9 4.2 4.4 6.1 4.3 3.7 4.6 6.6
uptake
NH
CFC-11 1.7 15 1.6 1.4 14 1.7 1.6 1.7 1.9 14 1.6 1.6 2.0
uptake
SH
CFC-11 3.6 2.8 3.3 3.1 2.8 3.2 2.5 2.8 4.2 2.9 2.1 2.9 4.6
uptake
NH/Global | 32.3 | 34.2 | 326 | 31.4 | 33.0 | 348 | 39.0 | 374 | 31.2 | 32.6 | 43.1 | 35.7 | 30.1

(%)

table 3: global and hemispheric CFC-11 uptake in 1989, uni&rti6l. ratio of Northern
Hemisphere CFC-11 uptake/ Global CFC-11 uptake, units: percent




