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1. EXECUTIVE SURRARY

The Sixth Session of the GESAMP Working Group on the Interchamge of Follutants betw=en Che
Atnosphere and the Oceans stressed the impact of contaminanls on climate.  This incleded the
effects of such “greenhbuse” gases as COy increasing  temperatore and  asrosols decreasing

teaperature, as well as contaminants and processes at the air-sea interface that affeclt the
interchznge of energy and material which coald affecl climate regionally and even globally.

Carbon dioxide is clearly increasing in the atmosphere at the rale of about 1 pprw (parts per
million by wolume) per year, starting at 315 ppmv in 1958 when good records commenced. Tt s
ectimated that the near—surface global temperature will increase by 1.5° to 4.5%K with a doubling
of the atmaspheric 0.

The globa? cycla of carbon dipxide tndicates that the terrestrial biosphers and the oceans
pach cyrla ahout l'ﬂ2 Gt (1 gigaten = m“‘ g) carbon per year betwean thomselves and Lhe
atmosphere, in a two-way flux if the systom is in a steady siate. This equilibrium has been
perturbed naturally in the last nd_we years at leasy, as shown by the analysis af air
trapped in bubbles of glacial ice cores. Since the slart of the agricultural/industriat
revolution, man has added anuther perturbation by burning fossil fuels and mobilizing €0; from
tha fixed carbon in the land biesphere. For the period around 1380, the release of Oy from
fassil fuel combustion it about 5 GtC yr—! and estimites of the release from bicmass
destruction, e.g., deforestation, ranges from ¢ to 2 GtC yr=1, depending on' the technique of
estimation. The majur sink for man-mbilized C0p Is the orean which is estimated to accept
about 2-3 GEC annually. The atmpsphere retains about 2.5 GiC yr-1; it iz this residual co,
that contributes to the annual incresse in atmospheric CO7 concentration. The discrepancy
between sources 2nd sinks of man-made O3z is in the range of 0.5 to 1.5 GtC yr—1, depending on
the pet biospheric input. Arguments are presented to show that the current input of GOy from
the biosphere is nu more that 1 GtC yr-1, but uncertainty regarding the biomass centribution of
C0p continues.

some of the factors affecting the oceanic uptake of CO; from the atmosphers are prasented.
Ihe gas transfer velority s controlled mainly by the wind specd. The other wariable that
controls the COp erchange flux is the partial pressere difference between the air ane ihe sea.
[t it noted that there is a latitudinal variation in 007 flux, based on the observed {03
partial pressure distribution in the surface ocean. A net €D flux of the order of 2 GO yr—1
emanates from the sea in the equatorial region between 16°5 and 16°K. To balance this
conteibution, there would have to be a net flux of about 4 GLT yr’l From the atwospherse to the
acean north and south of this region.

various models of the oceanic carbon cycle exist to estimate wptake of atmaspheric C0p by
the oceans. Diagnostic models have been developed in which ihe ocean is subdivided ints a few
well mixed reservoirs connected by first-order exchange fluxes. Statiopary tracers {e.g., natural
Me) and transient tracers (e.g., bomb-produced M and 38, ¥kr, halocarbons) have been
used te calibrate the models by circulating the advective and diffusive Fluxes between the various
boxas. Effects of the maripe biosphere and its associated cycle of nutrients have been included.

Recentty, new types of circulation models of the oceanic carbon cycle, based on a realistic
three—dimensional flowfield and mixing parameters of a general circulation model of the giobal
ocean, have been introduced.. These models make it possible te assess the effects of changes in
the oceanic circulation, arising from ¢limalic changes, on tracer distributions and the ocearic
uptake capacity for C0s. They are preliminary, however, and lack certain features of the real
ocean, particylarly a realistic representation af the surface layer, including the marine
biosphere.



With increasing temperatures due tn rising atmospherie 00, concentration, Inhomgeseities in
sea-surface warming are expected owing to Faster surface warming o areas with 2 shallow mired
layer and a4 slromg thermocline than in areaz of deep winter mixzing or upwelling. Cald sea-surface
temperature anomilics {59TAs), relative to the temperature pattern expected at equilibrium with
the C0p increase, would likely develop. 55TAs influence global weather patkerns, as has been
denonstrated by numerical experimenis with weather Forecast mode1s.  Good agreement has beep fuund
between the mumerical experiments and avazilable obsarvations for both middle-latitede and tropical
$5TAs. Rainfall incressed near to warm ancmalies and decreased in adjacent tropical regions.
Major associated changes im atmospheric circuiation arose.  The response te equatorial S5TAs n
middle latitudes is two lo three times greater than tor mid-latituda SSTAs of similar magni tude,

A second way that the ocean may modify the climatic response te a CO; increase is Ehrough
the offect on ocean circulation and the distribetion of temperaturs and satinity of changes in the
atmospheric forcing al the surface due directly tn the increase in Li,.  Increased high-latituds
precipitalion would cause greater anngal meam run-off, thus decreasing coastal salinities.
Fhanges in the tropical rainfall distribution would effact changes in the density structure of the
tropical oceans.

Il was recognized thab other man-made subetances besidas [D;, e.g., chlerofluorocarbons,
nitrous oxide, methane and azome, could influence the earth's radiative ehergy balance. Many
authors claim that these radiatively active trace gases could caute a warming of the
surface-tropospheric sysiem of the same magnitude as that projected far ncreases in 00,  Zuch
trace gases pose radialive/chemicaisdynamical problems that are distiactly different and more
complex tham those of C0n.  They conTd influence global climate thraugh the greenhouse effact,

but unlike COx, they exhibit no impariant cxchangs processes with the oceans.

Both mpatural amd man-made acrosols may influence climate by direct redection of solar
insolation transfer to the earth's surface and by change in the earth's albedo through aerosol
interaction with cloud provesses.  Natural aerosuls, e.g., wolcanic emission, may play a more
important role in climate changes than anthropogenic asrospls. Bering periods of estended air
stagnation, accumlation of aergsols vould be endugh to change the solar energy nput to coastal
areas and regional seas. But i1 i5 not expected that anthropogenic aerpsels would have mach
irfluence on global ocesn climate through direct inlervention with solar emergy., The interaction
of aerosels and cPouds, on the other hand, may have 2 more significant impact on climate.
Recently, irvestigators have postulated that natural sources of sylfur aver the occans may play an
important role in requlating the cloud-condensation muclei and hence the albade. Gthers conclude
that the effects of aercsols will probably not overshadid the impacl of greenhouse gases as the
most important cause of climate change over the next century.

2. CARBON DIOXIDE

2.1 Inkraduction

There is considerable evidence from climate models that the abserved increase in the
atmsipheric concentration of carhon dioxide {C05) will lead to a significant warming of the
atmosphere -ocean system [m.g., ser the Yillach, October 1985, Conference Report (WMO, 1986)].

In the models, this warming is due o lhe direct radiative effect of €0z enhanced by
positive feedbacks due to waier vapour, snow and jce and cloud extent. The equilibrium global
nedr-surface warming,for a doublting of CUs ts estimated to be 1.5% tg 4.5%, with most recent

results with model -dependent cloud cover npearer to the farger figure.  This warming is Targer dn
middle and high Eham in Tow latitedes. i



The ocean i< expected ta wodify this climate response directly in two ways. Firstly, the
ocean’s large themmal inertiz »ill cause the ocean (and atmosphere} warming to lag behind that
which would be in eguilibriuvm with the CO; iacrease.  Secondly, the atmespheric Forcing of the

ocean through momentem, heat and water transfer will be changed, thus modifying the ccean
circulation and temperature and salinity structure. IThese aspects are diecyssed in Soction 2.7,

The gcean's role in the global carbon rycle is crucial to pradictions of future atmosphare
1::02 levels. [ncreases in other trace gases including methane, chloroflusrocarbons ard i broos
oxide are together expected to Jead to a warming of comparabla magni tude to that caused by LB,
(see Jection 3}, The following discussion of €0p can also be applied to these gases cxceplt that
the ocean plays a lessar part in their geochemical cycles.

2.% Tha global carber cycle

A swmary of the principal carbon reservoirs on the earth and the major fluxes hetwsen them is
given in Figure 1. Examination of the reservoir sizes immediately highlights the smallness of the
atmsphere as a rescrveir for carton relative to the land biosphere, sedimentary depnsits, the
oceans and fossil fuel reserves. This meant that aven smal) transfers of carbon as iy from the
other reservairs to the atmisphere czn have a disproportianately large effact on Ehe latter.

Bath Ethe Tand bivsphere and the oceans each eycle approximataly 107 6t™c yr‘1 betuweon
themselves and the atmosphere; this is a balanced two-way flux if the system is statienary
Perturbation of the steady-state sitwation can come about whem the tun—way fliges are out of
balance, which iz what must hawe happensd in the past to expiain the atmospheric Lo, variations

over al least the last 104305 years, shown by analysis of air krapped in ice cores (Meftel
ek.al., 1982).

Since the industrial/agricultural revelution, man haz applied another perLurbation by burning
fossil fuel and by ret conversion of iand biosphere (Fiked carban) to C0p. ihe sizes of thege
anthropogenic mobilizations are currently 5 GtC yr—! from fossil fuel burning and anywhere From
0 to 2 616 yr—! frum deforestation and changes in land use (see Seclion 2.6). The C0p enkters
the atmosphere and about 2.5 GG yr-1 appaars tod remain there and leads bto the well dacumented
increase obserwed in atmospheric €Oy partial pressuie.

The major sink for man-mobilized CO; s the ocean which, according to current actimates,
could get 2-3 GtC yr-1 of GOy during the Tast 25 years.

2.3 dcean carbonate chemistry

In pure wakter CO; gaz, although reasnnably soluble, can be accommoditod to only a very
limited extent. Seawzber, on the ather hand, due to dissolved carbonates, contains about 150
bines more carbon in the form of dissolved ionic species, primarily HEDY, than does an equai
volume of air at normal COg partial pressure in aquilibriom with it,

This fact makes the gcean the most important resarvoir taking up L0z released by man to the

atmosphere (Liss and Crane, 1983). A< we shall see, however, the accommdating capacity of the
oLean is much smaifer than it might Jook at first sight. This is o for tuo reasons: (1) the

Lime needed to spread the L0y taken up ower tha whoie ocean depth is ronsiderable (see balow);

and (2) the uptake capacity of seawater j: about a factor of 10 {the so-—called buffer o Revelle
factor) smaller Lhan anticipated from the <tatic equilibrism partition factar of 150 guoted

befare. As < consequence of both {17 and (2}, it turns out that the oceans take up the equivalent
of half of the C0p releaszed by fossil fuel combustion.

*
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2.4 Transfer of €Oy between the air and the sea

The net flux (j) of Ly across the air-sea boundary can be exprassed as the product of
essentially two factors, the gas fransfer velocity w and the difference ( AplOp = p; - pg)
between the partial pressures of £0; n the atmesphere p; and the surface layer p. of the
ocean:

J = woaApeop

Hance both gquantities may be astesced separataly. The third factor, the gas salubility o
(i.e., lhe amount of COs dissolved im 2 unit volume of water per unit L0, partial pressore) is

a quantity comparatively easy to estimate amd therefore of minor interest hers.

The gas transfer velacity is controlled primarily by wind cpeed driving thae near-zurface
turbulence in the water and thus eahancing gas ‘transfer. in the absence of surface waves, the gas
transfer velacity w is a linear function of wind speed ar rather of the friction velority and
nicely vollows the hydrodynamical prediction by Deacon (19711).  laboratory experiments {Jahne
et.al., 1986) show, however, that with the onset of wind-induced surface waves tha transFer
velocity starts {o excemt Deacon's prediction by up to a factor of 1.  This excess factor can
reasanably well be correlated with the mean sguare siope of the surface waves. Thiz indicates
thal a highly irregelar wind-induced wave Ficld enhances surface penews) by tha garspration of
addiliona? turbulence. Since surface Films damp or evan supprecs waves, they also reduce gas
transfer to the predictions of the smooth surfice madel. Whether, amd i so to whit extent, over
the apen ocean surface Films do reduce gas exchange, at a4 given wind spaed, is essentially
unknown. The deftnile degrer of gas transfer onhancement by air bubbles at very high wind spead
is atso 54111 an open question.

Nevertheless, il seens {Broecker et.al., 1986) that laboratory experimente, field experiments

by Lhe radon deficiency method, and the geochemical ¢ techniques #ield caonsistent glchal
average values for w. Hoeever, uncertainty still exists concerning the dependence of w oR Wik

speed, which s knowledge required to estimate the lakitudinal dependence of W needed For ocean
€0, uptake modetling and for local estimates of air-sea C0; fluxes.

The  other wgquantity which determines the C0p exchange flux i the partial pressors

difference ApC0p hetween air and sea. Considerable efferts have been undertaken to decunent
this guantity on a global scale {Keeling, 1968 Takahashi ek.al., I19A3)_
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