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ABSTRACT

Only oceanmodelscan predict how efficient the oceanis in sequesteringcO, by direct injection. Datais not availableto directly evaluate
modelresultsin this regard,dueto the centurytime scalesrequiredfor the deepoceanwatersto mix and be broughtbackto the surface.Ten
ocean general circulation models (OGCM) have been comparedwithin the framework of an international project to obtain site-specific
efficienciesand correspondinguncertainties Here we show that acrossthe rangeof modelsthereis a correlation betweenglobal injection
efficiency and global metricsfor CFC-11,natural C, and bomb “C. Thesecorrelationgprovide supportfor using theseglobal tracermetrics
to help narrowthe uncertaintyrangefor the 3000-minjection efficiency. After rejectingthe modelsthat do not meettheseglobal tracer criteria,
the rangein efficienciesbecomedour timesnarrower,droppingfrom 71+22%to 70+£6%in year2500.

INTRODUCTION

Typically severalcenturieswould be neededor CO, that wasinjectedinto the deepocean[1] to be transportedaterally and broughtback to
the surfacewhereit could be exchangedwith the atmospherd2]. Thus global oceanmodels provide the only frameworkto quantify the
efficiency of the oceanin retaininginjectedCO,. Previouscomparisorof 10 three-dimensionabceanmodels[3-5] hasshownthat the simulated
injection efficiency dependsiearlyasmuchon the modelasit doeson the injection site and depthof injection. Here our goal is to narrow the
uncertaintyrangefrom the simulatedefficienciesof thesemodels,all of which followed the standarddeep-injectionscenariodevelopedduring
the OceanCarbon-CycleModel IntercomparisorProject(OCMIP). We aim to do this by selectingmodelsbasedon their skill in simulating
radiocarborand CFC-11,two key tracersof oceancirculation that have beenmeasuredwith high precisionthroughoutthe world's oceansand
that were simulatedas part of OCMIP to evaluatemodeledcirculation[6,7]

METHODS

The eight modeling groupsmadesimulationsof deep-ocearCO2 sequestratioraccordingto the standardGOSAC-OCMIP protocols that
were developedexplicitly for this effort. In theseprotocols,we madetwo simplificationsto conservecomputing resources. First, model
simulationsneglectedhe influenceof marinebiota. Testsimulationsindicatethat that this simplification changesresultsby lessthan 5% [8,3].
Second,model simulationscarriedonly one type of tracer,total dissolvedinorganic carbon(DIC). Thus we neglectedpotential changesin
alkalinity inducedby the interactionof injectedCO2with CaCO3sedimentsSuchinteractioncanbe neglectecat leastfor severalcenturiesafter
the startof injection[9].

For eachinjection simulation,we usedten separatd®IC tracers:sevenwere usedto track, individually, the sevenDIC plumesextendingfrom
the seveninjection sites; the three others were usedto accountfor a control run, invasion of anthropogenicCO2, and a permanent
sequestratiorscenario.Orr and Aumont[3] found that nonlinearitiesdueto this multi-tracerapproachwerenegligible,relativeto a single-tracer
approach. For instanceatmosphericconcentrationgpredictedby the multi-tracer vs. single-tracerapproachesre nearly indistinguishable
(maximumdifference0.15ppmv). Injectionwascarried out simultaneouslyat the seveninjection sites: Bay of Biscay (45.5°N,4°W), New York
(40°N, 68°W),Rio de Janeiro(24.4°S43°W), SanFrancisca39°N, 126°W), Tokyo (36°N, 144°E),Jakarta(10°S,109°E),and Bombay (19°N, 69°E).
Modelersmadeseparaté&’-site simulationsfor eachof threeinjection depths:800m, 1500m, and 3000m. Herewe concentrateon the deepest
injection.

With the standardOCMIP-2 formulation for gas exchangeboundary conditions, models were first integratedto obtain preindustrial
conditions,with atmospherigppCO2 held constantat 278 ppmv. Then, all modelsused the samepredefinedatmosphericCO2 record. Models
followed observedatmospheric€CO2 during the historical period, 1765--2000.Then, during 2000--2500atmosphericCO2 followed IPCC future
scenarioS650,which eventuallystabilizesatmospheri€€O2 at 650 ppmv. Injection occurredonly for 100 years,during 2000--2100with 0.1 PgC
yri being injected just offshore at each of seven injection sites. The full OCMIP-2/GOSAC simulation protocols are available at
http://www.ipsl.jussieu.fr.

TABLE 1: GLOBAL INJECTION EFFICIENCYE, (%) AND RELATED STATISTICS FOR THE 3000-M
INJECTION SIMULATION



Model Year 2099  Year 2200  Year 2300  Year 2400  Year 2499
AWI 97.2 84.7 71.2 58.9 48.6
CSIRO 97.6 91.9 83.9 74.5 65.1
IPSL(HOR) 99.0 97.7 93.8 88.6 83.1
IPSL(GM) 96.7 88.4 78.2 68.2 59.3
LLNL 99.6 96.5 90.2 83.1 76.2
MPIM 99.7 96.9 90.6 825 74.2
PIUB 99.9 97.9 92.3 845 76.2
PRINCE 100.0 99.7 98.4 95.9 92.7
PRINC2 99.9 984 93.9 87.2 80.0
SOC 97.3 85.2 72.6 62.1 534
Max— Min 33 15.0 27.2 37.0 441
Standard Deviation (o) 13 5.7 9.5 12.2 13.9
Median 99.3 96.7 90.4 828 75.2
Mean 98.7 93.7 86.5 78.6 70.9
Weighted Mean (CFC-11) 98.3 92.0 83.9 755 67.7
Wt. Mean (Deep Pacific Natural 14C) 99.0 94.5 87.6 80.0 72.6
Full Range 97to 100 85t0 100 71to 98 59to 96 49to 93
Mean Deep “C -Limited Range — 92to 98 84to 94 74t0 89 65to 83
CFC-11 Limited Range — 85t0 98 73to 91 62to 84 53to 76
CFC-11 & C -Limited Range — 92to 98 84to 91 74t0 84 65to0 76




RESULTSAND DISCUSSION

This modelskill assessmerdarriedout within OCMIP-2is particularlyrelevantto the GOSACinjection activity. We found that amongthe 10
models,the global budgetsfor CFC-11andC-14arecorrelatedwith the global efficiency for the 3000-minjection simulation[5]. Here we exploit
the effort in modelskill assessmerb help placerealisticlimits on rangeof behaviorfrom the differentmodels.

To illustrate the approachjet us startwith the full rangeof simulatedglobal injection efficienciesfor the 3000-minjection. The injection
efficiency E, is simply the amountof injectedCO2 that remainsin the oceandivided by the total amountinjectedsincethe startof the simulation
In year2500,i.e.,400 yearsafter the endof a 100-yearinjection period, the rangeof injection efficienciesis from 49to 93% (Tablel1). Acrossthe
models,the 3000-minjection efficiencyis correlatedwith the global meanfor deepnaturalradiocarbonR2=0.57) (Figure 1). Generallythen, the
more negativeis a model’s natural 14C, the older is the water, and the more efficient the model is in storing injected CO2. This correlation
providesfurtherimpetusto usethe skill assessmeritom the natural radiocarbonto provide narrower,more realistic limits for the global ocean
3000-minjection efficiency. We know thatthe observedjlobal meanfor deep-oceamaturalradiocarbon(below1500m) is -172 permil basedon
the GLODAP synthesig10] of the WOCE andJGOFSdata.A conservativeestimateof the associatedincertaintyis £25 permil. Five of the ten
models(CSIRO,IPSL(HOR),LLNL, MPIM, PRINC2)fall within this range.Using only their efficiencieswe computea "++C-limited range"of 65to
83%for the 3000-minjection efficiency at the end of the simulation. The samemethodis usedto computethe efficiency rangeat othertimes
throughoutthe 3000-minjection simulation. We did not apply the sametechniqueto shallowerinjections (800 and 1500m), where there was
little or no correlationbetweeninjection efficiency and global mean,deep-oceanatural +4C.

Surprisingly,we found an evena strongercorrelationbetweenthe 3000-minjection efficiency and the global inventory of CFC-11(Rz = 0.81).
Thus with an analogousapproachto that takenfor natural radiocarbon,we computedthe "CFC-limited range" for the 3000-m injection
efficiency at the endof the simulation(53 to 76%) aswell asat othertimes. As for naturalradiocarbonye avoidedapplyingthe sametechnique
to shallowerinjections,wheretherewasllittle or no correlationbetweenCFC-11inventory and injection efficiency. The CFC-11limited range
overlapsthe “C-limited range,but is slightly lower andwider.

Simultaneouslyaccountingfor constraintsfrom both CFC-11 and natural radiocarbonfurther narrows the rangefor the 3000-m injection
efficiency in year2500. That is, the double-tracerconstraintnarrowsthe uncertainty for the given 3000-minjection scenarioin year 2500, by
abouta factor of four, from 71+22%to 70+6%. The uncertaintyin the efficiency during previousyearsis likewise narrower,with a maximum
rangeof about+5% (Tablel).

In conclusionwe proposea basicgroundrule for future studiesof oceaninjection efficiency: to be crediblethey must also demonstratehe
associatednodels skill in simulatingthe global inventory of CFC-11and the global meanfor radiocarbonin the deepocean. A model that
performswell in regardsto both those constraintswill be more likely to simulate reasonableglobal injection efficiencies. Nonetheless,
efficienciesfor a given injection site in coarseresolutionmodelscould be biased.For instance the majority of injection siteswill be locatedon
easternor westernboundarieswhich have known problemsin coarseresolution models. Furthermore,coarse-resolutioryrids are unableto
resolveimportantsubgrid-scalgrocessege.g., eddies,boundarycurrents,convection).Properly accountingfor these processesnay affect
large-scaleransportand could alter model predictionsof CO, sequestratiomfficiency. Although, global-scaleoceangeneralcirculation models
are now becomingavailablewhich do resolvetheseprocessegheir high resolutionmeansthat they can only be integratedfor relatively short
periods,afew decadest most. The challengewill beto developinnovativemethodsto makemany long simulationsof direct injection in these
high-resolutionoceangeneralcirculation models.Continueddevelopmentsn supercomputinge.g., the Earth Simulatorin Japanmay makeit
possibleto makesucha long high-resolutionjnjection simulationwithin afew years.New innovativeapproacheslso needto be developedto
acceleratesuchsimulations.
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Figure 1: Comparisoracrossthe rangeof modelsof the simulatedglobal injection efficienciesin year2499for injection at 3000m with simulated
CFC-11,natural »C, andbomb “C. Ther2 valuesare given in parenthesesThe top panelshowsthe correlationfor the 3000-m
injection efficiency Ei vs. the global oceaninventoryof CFC-11]6]. The middle panelshowscorrelationof Ei with the global mean
14C below1000m (weightedby volume). The bottom panelshowsthe correlationof Ei with thebomb 14C penetrationdepthin 1975.
Dashedlinesindicatedata-basestimategor the CFC-11inventory (5.4 x 13 mol) [10], the meandeep-ocean +C (170 permil) [10],
and for the meanbomb C penetrationdepth (390 m) [11]. The dotted line (bottom panel only) is an alternative estimateof the
bomb “Cinventory[12] thatis 25%lower. The mostrecentanalysisalso suggestsanintermediatevalue[13]. but the uncertainties
remainlargeandmakingthe data-base@stimatesof bomb :4C less useful than CFC-11 and natural 4C for constraininginjection
efficiency.
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