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ThegJobalcarboncycJeand theroleoftheocean

Yoshimi SUzUKI

Abstract：Only about halfof allthe CO2that has been produced by the burningof

fossilfuels nowremainsin the atmosphere．TheCO2“missing”from the atmosphere

is the subject of animportant debate．Itwas thought that the great majority of the
missingCO2hasinvadedtheocean，forthissystemnaturallyactsas agiantchemical
regulator ofthe atmosphere．Althoughitis clear that ocean processes have a maJOr
rolein the regulation of the carbon dioxide content of the atmosphere throughair
sea exchange processes，reCent Studies of the oceanic carbon cycle and air－Sea

interactionindicate that oceanic carbonisin a quasiTSteady state via the system of

biologlCal and physical processesin the oceaninterior．Itis difficult to determine

whether the ocean has the capacityto take up theincreasing air－born CO2released

by human activities over the past five or six decades．To understand this enigma，

Weneed abetterunderstandingofthenaturalvariabilityoftheoceaniccarbon cycle．

Key words：Carbon dioxide，OCeanic carbon cycle，biogeochemical cycling，DOC，

greenhouse effect，

lNTRODUCTl0N

Oneoftheprincipalreasonsforthelaunching

Of the World Climate Program was the concern

OVertheeffortsoftheinexorableriseinthepartial

pressureofCO2gaS and othertracegasesin the

atmosphere．Carbon dioxideis one of the most

important“greenhouse”gasesintheatmosphere．

Duringthepastcenturyroughly200Gtofcarbon
as carbon dioxide have been released to the

atmosphere from the combustion of fossilfuels

and theclearlngOfforests and other ecosystems

foragrlCulturalland．ThecorrespondinglnCreaSe

of carbon dioxidein the air has been from280

ppm（in the preindustrial age）to　355　ppm．

Presumably，mOSt Of the anthropogenic carbon

dioxideis not retainedin the atmosphere．

Thegreenhouseeffectisnonewphenomenon．

It was atits most efficientin the early days of

the earth．The planet would have been frozen

without naturalconcentrations of carbon dioxide

and water vaporin the atmosphere，at a time
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When the estimated average temperature was

minus20℃，35℃colder than today．

Life on Earth has experienced countless

Climate changesin the past3，000million years．

For example，Since the demise of the dinosaurs

around　65　million years ago，aVerage Surface

temperatures havebeen as highaslO℃warmer，

and aslowas5℃cooler，thantoday．Whilemany

factors have contributed to climate trends and

fluctuations，Variabilityin the strength of the

naturalgreenhouseeffect seems to have been of

particularimportance．

Thus the overall range

has apparently been set by

limitsin the abundance of

Other greenhouse gases．

Analysis of air bubbles

has shown the extent and

atmospheric carbon dioxide

Earth’s geologically－reCent

of climate extremes

the upper andlower

carbon dioxide and

trappedin polarice

rate of changesin

associated with the

climate oscillations

thatresultediniceagecycles．Figurelshows an

atmospheric CO2　reCOrd over the past160kyr
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Fig．1ChangesinatmosphericCO20Verthepast160，000

years have been closely correlated with the

atmospheric temperature（after BARNOLA et al．

1987）．

obtained from the Vostokice corein Antarctica

（BARNOLA et aL，1987）．Thisis one of the most

excitingdiscoveries ofthepastdecade about the

global carbon cycle．Theice cores revealed that

the carbon dioxide content of the glacial－age

atmospherewas aboutone山third（180ppm）lower

than typical Holocene values（280　ppm）．

Anomaliesin planetary orbit（affecting the

amount and distribution ofenergyreceived from

the sun）provide the pacemaker for glacia1－

interglacial temperature changes，but can not

account for the magnitude of those changes．

Where did that CO2gO tO and come from？

The answer mayliein the ocean，Withits great

Supply of exchangeable carbon．Itis widely

acceptedthatoceanshaveamoderatingeffecton

Climate．The effectis due mainly to the special

Characteristics of water：itslarge heat－Carrylng

CapaCity allows ocean currents to redistribute

heat at the surface ofthe earth．In addition，the

Chemicalnatureofwaterplays animportantrole

in the course of the Earth’s climate．The oceans

areahugereservOirforcarbondioxide，COntainlng

50timesmorethan theatmosphere and20times

more than the terrestrial biosphere．The oceans

are the major natural factor determining the

Carbon dioxide content of the atmosphere，With

a critical effect on theglobal heat balance．

However，littleis known about the oceanic

responses to rapid changesin climate，the way

in which the oceanic carbon balanceis related

to physicaland biologicalprocesses，and therole

OftheoceanintakingupexcessCO2（andfactors

that affectitsuch as air／seaCO2eXChangeland

Organic carbon concentration）．

MAJOR CARBON RESERVOIRS AND

FLUXES

Carbonisthekeyelementoflife．Thecarbon

CyCleis，therefore，Of fundamentalimportance

When tryingto understandthe biosphere andits

basic mechanisms and，COnVerSely，When deter－

miningtheimportanceoftheroleofthebiosphere

in controllingthecarboncycle．Carbonispresent

On the earthin many different chemical

COmpOunds：aS Carbon dioxide，Carbon monoxide

and organic compounds（hydrocarbons，Organic

acids，Chlorofluorocarbons，etC．）in the air，aS

Carbonateions，Carbondioxide，Carbonmonoxide，

and organic compoundsin sea water，aS

Carbonates and organic compoundsin the soil，

and as organic compoundsin the biota．

One example of theglobal carbon cycleis

Shownin Figure　2．The sea water reservOir

COntains about　40，000　xlO15　grams or　40，000

gigatonsofcarbon（largelyasthebicarbonateion

HCO3‾），andits annualexchange rate with the

atmosphereisontheorderof80Gtperyear，The

atmospheric reservOiritself contains only about

700Gtascarbondioxide，andexchanges atarate

Of about70Gt C per year with the terrestrial

biosphere．Thelatter contains about2000Gt C，

Of which some70percent，Say1400Gt C，isin

the soil（humus），With the remaining600Gt C

aboveground as plants（DEBAARetal．1988）．The

annual carbon budgetis shownin Tablel

（SUGIMURA1990）．The annual budget does not

balance，and as yet unknown sinks，Onland or

in the oceans，muSt play a role．Theimbalance

maybediminishedinseveralways：byreductions

in the estimate of the rate of deforestation or

increasesin theregrowth；bylargerestimates of

OCeanic uptake；by slgnificantly shorter term

naturalvariationsintheatmospherethatoverride
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TERRESTRIAL BIOSPHERE
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Fig．2　Theglobalcarbonbudget，afterH．DEBAARetaL（1989）．（1gigaton－1015gramsC）．
Largeopenarrowsrepresentnaturalfluxes，thinarrowsrepresenthumanactivities．

theimbalances；byincreasedestimatesofuptake

by oceanic productivity，throughthe“biological

pump”；Or by increased estimates of the

downward flux of organic carbon．The question

Of which combination of these possibilitiesis

morelikelyis bothimportant and fascinatlng．
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Thepresentaverageconcentration ofcarbon

dioxideintheatmosphereisabout353ppm（parts

permillion）．Theresidencetime（residencetime＝

budget／annual flux）of atmospheric carbon

dioxideis about4years．As shownin Figure2，

thereismorecarbonintheatmospherethanthere
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isin allthe world’s forests　－　a Very Surpr－lSlng

fact．There are，Of course，Other“pooIs”of

terrestrialcarbon．Theamountofcarbonreleased

globallyfrom vegetation and soils as a resultof

deforestation remains uncertain，though much

progress has been madein recent years．The

difficultiesin calculating this releaseis due to

uncertaintiesin two factors：Oneis the rate of

land－uSeChange and anotheris the responseof

the biota to disturbances．

Calculations of the net carbonloss from the

global bioticinventory attempt to takeinto

accounttheuncertaintiesconcerningdisturbance

rates and biotic response．Tablelshows that at

presentthecontributionoffossilfuelcombustion

to atmospheric CO2is about5．5Gt C，Of which

about50％is not retainedin the atmosphere．As

Shownin Tablel，the ocean plays animportant

Tablel MajorglobalcarbonreservOirsandfluxes．

Reservoirs

ALmosphere：CO2： Before1850　ca．280　ppm

払旦

1980　　　　　　　338ppm

Other gases：CH4：　　　　　1・S ppm

CO；　　　　　　　0．1ppm

（Troposphere：80万，StratOSphere：20万0f atmospheric mass）

Oceans：

Land biosphere：

Groundwater：

Sediments；

FosSil fuels：

Inorganic C（ECO2）

DissoIved organic tnatter

Blomass

Llving
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role as ahugereservOirrelated totheregulation

Ofatmosphericcarbondioxide．However，thereis

agreat dealof uncertainty regardingthe rate of

OCeanic uptake or release of carbon dioxide．

lNCREASE OF CO21N THE

ATMOSPHERE

Longtermvariationsin theconcentration of

atmospheric CO2　at Mauna Loa ObservatOry，

HawaiiareshowninFigure3．Thesmoothcurve

represents a fit of the data to an annualcycle；

this annual cycle showsincreaseslinearlyin－

creases and decreases with time．The dotsindi－

Cate mOnthly average concentrations（BACASTOW

＆KEELING1985）、Theatmosphericcarbondioxide

COnCentration glVeS a remarkable portrait ofthe

“natural”or，if you will，the ecological world，

0Verlain by the“industrial”or economic world．

An oscillationis seen，Whichis principally a

reflectionoftheNorthern Hemisphere’sseasonal

pattern of biological activity．Carbon dioxide

decreasesin the spring time as plants begin to

“wake up”and takein carbon dioxide through

photosynthesis，Which exceeds the return of

Carbon dioxide as a result of decomposition of

Organicmatterinthesoil．Thiscontinuesthrough
the summer，but with fall thereis a reduction

す
d
d
）
百
〇
雲
卜
一
百
S
d
O
U
ざ
U
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in photosynthetic activity，and carbonやXide
CyCles upward．This contlnueS further as plants

drop theirleaves，and the plant material begins

to decompose and releases additional carbon

dioxide．Consequently，the atmospheric carbon

dioxidepeaks，Onlytodeclineagainthefollowing

Spring．The carbon from burning fossil fuels，

harveSting forests，and convertlngland to

agricultureis reflectedin thetrend ofincreasing

Carbon dioxide concentrations that lS

Superimposed on the seasonal pattern．The

upward trendin atmospheric CO2is significant，

especiallyifit continues．

SUGIMURA（1990）discussed the relationship

among cumulative emission，CO2in air，and the

airborne fraction of the emossions．He concluded

thatevenifCO2releasedecreases，theCO2inthe

air will continues to increase；the CO2

COnCentrationin the airislinearly related with

the cumulative emission of CO2，aSSuming a

nearlyconstantairbornefractionof60％asshown

in Figure4．

The airborne fraction of carbon dioxideis

determined bytheexchange ofCO2between the

atmosphere and biosphere and by the exchange

Of CO2between atmosphere and ocean．A more

importantfactoristoknowthenetfluxofcarbon

dioxide among the different reservOirs．

1958　60　62　64　66　68　70　72　74　76　78　80　82　84　86　88　90

Year

Fig．3TheconcentrationofatmosphericCO2（ppm）indryairvolumeatMaunaLoaObservatOry

Hawaiiversustime．Thedotsdenotemonthlymeanconcentrations（afterKEELING1993）．
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AIR／SEAINTERACT10N

ThedirectionofCO2tranSferbetween airand

Water may be determined by the difference

between the partial pressure of CO2in the two

reservOirs．Since partial pressure（pCO2）in the

atmosphere varies by no more than five percent

OVer theglobe at anygiven time（excluding the

areas affected bylocalindustrialemissions），and

Since thepCO2inthesurfacewatersoftheopen

seas varies from about one half to twice the

atmosphericvalue，anyVariationinthedifference

isduemainlytochangesinthepCO20fseawater．

Itin turnis governed primarily by water

temperature，pH，thetotalCO2COnCentration，and

prlmary prOductionin sea water．

Watertemperaturechangesgeographically－
1．9degreesin the polarseas to30degreesin the

equatorial oceans　－　and also seasonally by as

much as15　degrees at a　givenlocation．CO2
COnCentration may be reduced by the photosyn－

thetic utilization ofcarbon，andincreased bythe

release of CO2due to respiration and oxidation

Of organic matter．To alesser extent，itis also

affected by the CO2　gaS eXChange with the

atmosphereandbytheformationanddissolution

of calcareous sheIIs．Therefore，the pCO2in sea

Water depends（）n aCOmplexweb ofinteractions

involving physical，Chemical，and biologiCal

processes occurrlngln the surfacelayer of the

Figure5showsthedistributionoftheair／sea

CO2partialpressuredifference（△pCO2＝pCO2

0f sea water－pCO20f air）in the surface water

OVerthePacificOcean（MIYAKE＆SUGIMURA1974；

INOUE＆SUGIMURA1987，1988）．Thepositivevalues

indicate regiOns where the surface oceanis a

SOurCe Of atmospheric CO2，While the negative

Values showthose parts of the ocean whereitis

a“sink”for atmospheric CO2．Resultsindicate

thattheatmosphereoverthePacificOceanisout

Of equilibrium with the surface ocean CO2，

because the pCO2　Values are not zero．This

SuggeStS that the ocean water exhibits alarge

pCO2　difference from the air because the gas

transferrateofCO2tO and from the atmosphere

is much slower than the rates of change due to

temperaturechangeorduetobiologicalprocesses，

both of which have alarge effect on the pCO2

in sea water．Figure5Shows that the equatorial

PacificwaterissupersaturatedwithCO2andthat

the middle latitude Pacific sea water is

undersaturated with CO2．

The pCO2Variation ofthe equatorialPacific

is affected by theEINino／Southern Oscillation

event（FEELYet al1987；INOUE＆SUGIMURA1988）．

DuringtheEINinoeventof1982，thepCO20fthe

equatorial watersin the central Pacific was

reducedtonearlyequaltothatoftheatmospheric

Value，SuggeSting that the high pCO2equatOrial

Water Of normal years was overridden by and

COVeredwithalayerofthewarmerlowpC02Water

thatrushedeastwardfromthewesternequatorial

Pacific（FEELY et al1987）．The pCO2　0f the

equatorialwater，duringtheENSOeventof1987，

was also reduced，butthe reduction ofthepCO2

COnCentrationis smaller than the1982／1983

events（INOUE　＆　SUGIMURA1988）．The most

Surprisingmatteris thatthepCO2inthesurface

water of the middle and higherlatitudes of the
Pacificwasnearlyconstantformorethan20years

（INOUE＆SUGIMURA1988）．Duringthesameperiod，

CO2in theairincreased at an averagerateofl．5

ppm／y．Similar results were reportedin the

North Atlantic（TAKAHASHIet al．1983）．

The total mass balance of carbon dioxide

between air and oceanis notclearly understood，

but according to recent studies using ocean

Carbon models and observations，1t SeemS that

the physical mixing processes influenclng

absorption oftheexcess carbon dioxidemaynot

play animportant role．

THE OCEAN CARBON CYCLE

The rate of carbon dioxide uptake by the

OCeanSis controlled by sea water temperature，

Surfacechemistry，andbiology，andbythevarious

patternsofmixingandcirculationthatdetermine
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Fig．5　ThesurfacedistributionofthedifferencebetweenpCO20ftheatmosphereandsurface

OCean（i．e．，thedisequilibrium）inthePacificOcean（ppm）（afterMIYAKE＆SUGIMURA1974）．

the amount of carbon transported from surface

WaterS tO the deep ocean as organic matter

（dissolved and particulate forms）and carbonate．

Carbondistributionintheoceanisinfluenced by

the following phenomena：1）the consumption of

Carbon dioxidein primary productionin biolog－

ically active surfacewaters；2）the enrichment of

deep waterin carbon dioxide as a result of the

decomposition and dissolution of carbonate and

Organic matter（dissoIved and particulate forms）

producedin the surface water；3）the sinking of

Waterin polar regions，particularlyin the North

Atlantic，takingCO2Withit，followedbyageneral

bottom water flow toward the equator；4）the

upwelling of some of this waterin equatorial

reglOnS With correspondingoutgassingofcarbon

dioxidetotheatmosphereandageneralpoleward

flowofsurfacewaters；5）generalturbulentmixing

processes accompanylng the meridional circula－

29

tion，Whereby the carbon－rich water atinterT

mediate depthsis continuously exchanged with

surface water oflower carbon content．

The first two features taken together are

related to the biogeochemical processesin the

OCean，the so called“biological pump”and

“biodynamic converter”（SUzUKI1993b）．The

“pump”in biologicalpumpinvolves theincorpo－

ration ofCO2，in tissueoras carbonatein shells，

intolivlngOrganisms that had been dissoIvedin

Surface waters；thisis followed by the transpor－

tation of dead marine organic particles，mOStly

fromtheeuphoticzone．Thebiodynamicconvert－

er relates to the flux and rate constant of proT

duction and decomposition of DOC within the

upper oceanlayer．As discussedin the above

SeCtion，itislikelythatthe“physicalpump，”the

lnJeCtion of carbon dioxide from the airinto the

Sea，is not effective．The“biologlCal pump”has
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beengiven much attention as a possiblemissing

path of atmospheric carbon dioxide．

IngeneralthephotosyntheticC－fixation（for

primary production）by algaeis responsible for

the massive conversion of dissolvedinorganic

Carboninto plant organic matter．Thisleads to

lower values of DICin the surface ocean water．

Ifthis creates a negative disequilibrium between

SeaWaterand air，furtherphysicochemicaldiss0－

1ution of atmospheric CO2into the sea be－

COmeS pOSSible；if the disequilibriumis positive，

butlessened，eSCape Of CO2tO the atmosphere

Slowsdown．Toevaluatehowthebiologicalpump

CO2PaJtialPressurenezLrBermllda
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is related to theinjection of atmospheric carbon

dioxideinto the oceanis to understand the

OCeanic carbon cycle quantitatively．

Dissolvedinorganic carbon（DIC）is divided

between CO2and the muchlarger poolof bicar－

bonate and carbonate：the balanceis deter－

mined by the reversible reaction

CO3　＋　CO22「＋H20ご2HCO3　　（1）

Simulation of this chemical system requires

knowledgeoftheapparentdissociationconstants

（Kl，K2）of carbonic acid and boronic acid（KB）

in sea water，the gas solubility，and equations

linking the variables pH，pCO2，tOtal CO21and

83　　　　84　　　　85　　　　86

83　　　　84　　　　85　　　　86 87　　　　88　　　　89　　　　90　　　　91

Ye■r

Fjg．6Upper：TimeseriesofpCO2inthesurfacewaternear上iermuda．Lower：pCO2Whichwould

OCCurif the variation were produced solely by the temperature（Circles and solidline

SegmentS）orbyvariationsinDIC（plusmarks anddashedlines）（afterKEELING1993）．
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alkalinity．The changesin pCO2　and DIC

COnCentration are controlled by physical（advec－

tion，mixing，andair－SeaeXChange），biogeochem－

ical（production and regeneration），andinorganic

Chemical（mineralization and dissolution ofcalci－

um carbonate）processes．Ofthese parametersit

is mostimportant to evaluate the biologlCal

COntributionintheoceaniccarboncycle．Thetime

Series data ofDIC and organic carbon（dissoIved

and particulateforms）areveryusefulforunder－

Standing the biogeochemicalcyclein the ocean．

KEELING（1993）has reported time variations

OfDIC and pCO2nearBermudasincemid－1983．

Their data show a pronounced seasonal oscilla－

tionin DIC of approximately30pmolkg‾1，but

no regular oscillationin alkalinity（Fig．6）．This

OSCillationimpliesaseasonallyvarylnguptakeof

inorganic carbon by soft tissue that explains

approximately halfof the seasonalcyclein DIC．

The remaining variatonis mainly from the

COmbination of airLSea eXChange and vertical

transport．HighDICconcentrationsoccurinearly
SprlngWhensurfacewater，atitsyearlyminimum

temperature，0VerturnS With deeper water．Low

DICconcentrationsoccurinlatesummer，Shortly

after the temperature has reachedits seasonal

maximum．This timelagin minimum DIC sug一

gests that primary production oforganiccarbon

continues to reduce DIC after the water has

Started to cooL On the basis of the physical

OCeanOgraphic data，the coefficient of vertical

diffusion，the mixedlayer depth，the difference

OfpCO2betweenairandsea，andthegasexchange

rate，theycalculated theBermudaseasonalcycle

in DIC fluxes（Fig．7）．As shownin Figure7，the

exchange of carbon between DIC and organic

Carbon（dissoIved and particulate forms）is the

dominant flux．When this fluxis negative，net
primary production exceeds respiration．This

SuggeStS that of the processes controlling the

OCeaniccarboncycle，thestudyofthecarboncycle

in relation to the biogeochemical processes，in

particular，the conversion ofinorganiccarbon to

Organic carbon by photosynthesis and organic

Carbon toinorganic carbon by decomposition，

appears mostimportant．However，the flux and

turnover time of carbon between both reservoirs

are still not well known．The study of organic

Carbonis a key for understanding the biogeo－

Chemicalcycle of carbonin the ocean．

Themajorpartoforganiccarbonintheocean

isdissolvedorganiccarbon（DOC），aCCOuntingfor

more than90％of the total．Until recent studies

by Suzuki and co－WOrkers，it was believed that

DOC played an unimportant rolein the oceanic
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Fig．7SeasonalvariationsintheratesofchangeofDIC，

in（gCm2day」）integratedoverthesurfacemixed

layer（afterKEELING1993）．

Carboncycle．ThiswasbecausemostDOCinsea

Water WaS thought to consist of“refractory”

COmpOunds with an“01d”apparent age of more

than3000years（WILLIAMS＆DRUFFEL1987）．

Recent new measurements of DOCin sea

WateruSingahightemperaturecatalytlCOXidation

（HTCO）method unveiled new aspects of DOC．

These studies suggested that DOC plays an

importantroleinbiogeochemicalcyclesofcarbon，

as evidenced byits relationships to oxygen con－

Sumption and remineralizationtoDIC，COmpared

With particulateorganiccarbon（sinkingparticu－

lates）（SUGIMURA＆SUzUKI1988；SUzUKI＆TANOUE

1991，SUzUKIeta日992，1993，KIRCHMANetaL1991）．

ThetypicalverticalprofileofDOCinthewestern

North Pacificisillustratedin figure8with that

Obtained by the traditional method．New

measurements of DOC indicate that this

COmpOundis three to four more times abundant

in surface than deep water，decreasing rapidly

With depth；itis twice as highin deep water as
previouslythought，andis highlycorrelatedwith

OXygen COnSumption and the DIC profile（Fig．9）．

According to the traditional　view，Organic

matter particles sink or by other means are re－

movedfromtheeuphoticzone；theywereconsid－

ered to be a sourceofDIC through remineraliza－

tion，aSSOCiated with oxygen consumption after

Sinkingintodeepwater．However，SeVeraldecades

Of sediment trap experiments andlarge volume

Sea Water filtrations did not provide any

Satisfactory explanations forthemechanisms by

Which the oxygenis consumed andinorganic

nutrients are remineralizedin the deep water

COlumn．Most of organic matter producedis

recycled within the upper200m of the surface．

Thisimbalance can be explained by the
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Fig．8　TheverticaldistributionofDOCinthewesternNorthPacificocean；OpenCircles：Wet

Chemical oxidation，Closed circles：hightemperature catalytic oxidation（HTCO）（after
SUzUKI＆TANOUE1991）．
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Fig．9VertialdistributionofDOC，AOU，dissoIvedinorganiccarboninthewesternNorthPacific

（AOU：apparentOXygenutilization）（afterSUGIMURA＆SUzUKI1988）．

decompositionofDOCindeepwater．DOCisthus inorganic carbon cycle，but the oceanic carbon

a keylngredient to understanding the ocean cycle may be controlled by the exchange and

carbon cycle．　　　　　　　　　　　　　　　　　　　transport of DIC and DOC（Fig．10），thus DOC

Most of the previous models of the oceanic would be relatedin an essentialwayto the air－

Carbon cycle are mainly concerned with the seaexchangeofcarbon dioxide．Figurell shows
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Fig．10Simplifiedschemeofoceaniccarboncycle（compartmentsandfluxes）intheupperocean

（afterH．DEBAARetal．1989）．

thenetfluxofCO2intheworldocean；thePacific

Oceanis generally a source and the Atlantic

Ocean asink，SuggeStingthatthereis abalance

betweensourceandsinkinsea－Seainteractions．

However，the CO2flux has a seasonality based

onthechangeofwatertemperatureandplankton

blooming．A4％Changein pC02is caused by a

changeofldegreeCinwatertemperature・This

means that，for example，ln thecaseof surface

33

sea water with300ppm of pCO2，a Change of

pco20f60ppm willoccurifthereis achange

of5degrees C water temperature（for example

in the middle of the Pacific Ocean），and turn a

sinkinto a source for an atmospheric pCO20f

350ppm．Inaddition，ifthechangeofCO2CauSed

by the plankton blooming could be estimated

quantitatively，pOSSibly a sink of Hexcess”CO2

into the sea could be found．
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Atwo－boxmodeloftheoceaniccarboncycle

is shownin Figure12．The annual primary

production（DIC toDOC）is50GtyrLl，Ofwhich

80％of the DOCis regenerated within the upper

lOO m depth．The downward flux of DOC with

verticalmixingofthewatermassis11．6Gtyr「1，

the upward fluxis　6．8　Gt yrl，and the net

downwardfluxofDOCis5Gtyr‾1．Thisisgreater

than previouslythought．RecentlySUzUKI（1993b），

BACASTOW＆MAIER－LREIMER（1991）andKUMARet

al．（1991）reported carbon cycle models of the

OCean，andcametotheconclusionthatDOCplays

animportant rolein theoceaniccarbon cycle．In

particular，the DOC cyclein the oceanis more

dynamic，with a short turnover time of50yr to

250　yr，than previously believed．The oceanic

Carbon cycleis possibly controlled by a“quasi”

Steadystateofproductionanddecompositionand

by water circulation．

Is there any possibility that“excess”Carbon

dioxideisinjected from the atmosphereinto the

OCean？Recentstudiesoftheoceaniccarboncycle

and air－Seainteractionsindicate thatitis

difficoultto determinewhethertheocean has the

CapaClty tO take up theincreaslng atmOSpheric

Carbon dioxide stemming from human activities

OVer the past five decades．

ATL÷lND OUT I PAC
IN　　　2

CONCLUSrON

What has changedin the gradient between

theatmosphereandtheocean？Theconcentration

of carbon dioxidein the atmosphere has been

increasing；Certainly the concentrationis greater

than，forexample，200yearsago．Theoceanicflux

Ofcarbondioxideintheoceaninteriorisprobably

balancedbythebiologiCalandphysicalprocesses

OCCurring there．Although the increase of

atmosphericcarbondioxideisproportionaltothe

increase of pCO2in the surface sea water，With

anaverageofl．5ppmyrLl，themaximumamount

Ofinjection of CO2into the ocean from the

atmosphereis about O．5Gt yrl，Whichis only

lO％　of the annual emission of CO2into the

atmosphere（4．Oto5．OGtyr．1）．Dothe“biologiCal

pump”or“biodynamic converter”giVe us a

Satisfactory explanation of the ocean carbon

CyCle’srelationtotheair－SeainteractionofCO2？

Itislikelythat a key to solvingthis questionis

in making clear the mechanisms behind the

“quasi”Steady state of the upper oceanin the

Carbon cycle，uSingan explanation based on the

biodynamic converter．In other words，the net

downward flux ofDOC from the upperocean to

deep watermust be evaluated．Avalue of about

5Gtyr‾10fnetdownwardfluxofDOC，Calculated

byatwoboxmodel（SUzUKI1993），ismuchgreater

than previousIv thought．We think that a quan－
titative explanation of the missing carbon sink

0UT　2

IN l

Fig．11CO2fluxesintheworldocean（afterSUGIMURA1990）．
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Contemporary Oceanic Carbon BaLance（GT）
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Fig．12　Contemporaryoceaniccarbonbalance（GtC）．

enigmais related to the biodynamic converter

（exchange ofDIC toDOC and DOC to DIC）and

its operation over various ocean time scales．
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