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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 transfer velocity w and the difference ( AplOp = p; - pel
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.2., lhe amount of Ly dissolved in 2 unit voleme of water per unit OOy partial pressored is

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

Tha gas transfer wvelacity is cantrollad prtm.anly by wind speed driving the near—surface
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. However, uncertainty still exists concerning the dependence of w on wimn
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., 19A3).

The seasonal variation of the atmospheric COp mixing ratio varies from 2z few ppm in the

southern hemisphere to mot more than 20 ppm in high porthern latitudes {Pearman at. al., 1983;
Convay e¢t.al., 1985}. Furthermore, annually averaged mean mixirg ratios wary less than 4 ppm as a

function of geographic location (Pearman et.al., 1982; Pearman and Hyszon, T98A). n the other
hand, the partial pressure of 0, in the surface ocean varies spatially and temporally by up to
+ 100 ppm and occasionally more, Hence ite influence on the distributian of Apthz is much more
pronounded.

The partial pressure of 0> at a given locatien in the surface ocean s delermiacd by the
complex interaction of zaveral processes:

gas exchange with the atmosphero:
. chemical equilibriom with the different components of dissolved inorganic carbun
- depth ot tha mixed surfice ocean layer;
- upke11ing of and mixing With subsyrface water;
. horizoatal advection of waters with different history; and
. activity of the marine biozphera.



In particular, the effects of the marine hiosphers are stild poorly undsretood.

The gererat pattern of the mean annual distribotion of _f_‘l.pmz consists of an equatorial bhelt
of supersaturated waters with excess Apf0; of wp to 100 ppm, which ic flanked by regions of
undersaturated waters to the eorih and sauth. The distribution of Apf0, in higher latitudes,
however, is 1oss wall kaown owing ko 2 teazonal bias in the available measuremonts,

_ The gresent distribution does not represent a steady stats situation, since the anthropogenic
imput of €07 into the atmasphere has created a parturbation flux into Lthe oceans on the order of

2 GtC yr-!, that 35 included in the pattern of the net Flux as  inferred from the measured
A pto, disleibution.

Rased on a global average value of xw derived from the pre_bowb 130 distribution, a net
0z Flux on the ordar of Z GtC :ﬂ""1 emanates from Lhe sea in the equatorial region bebween
16°5 and 16°M. Correspondingly, a net flux of about 4 GtC yr—1 would have ta onter the ocean
noerth and south of thix region. The relative partitioning of this flux between the hemispheres
may be inferred from the observed meridional atmospheric gradients of 00, concentration and iis
isotopic 130/120 ratio {Kaerling et.al., 1988).

The ewclution of the j.pmz distribution with time as a consequence of  increasing
aimespheric C0» lzvels has not been observod zccurately enough to estimate directly any changes
in the air—sea MMuxes of (0.

In order te ¢larify the role of the plBy in the surface ocean in driving the air—sea flux,

measuremenis of that property at a number of key locations for several vears would be wvery
valuabte.

2.5 Models of Lhe oceanic carbon cycle

The uptake of atmospheric OOz by the oceans can be estimated by means of a model of the
aceanic carbon cycle. In the past, severa)l models have bosn econstructed that divide the ocean
intz 2 few well-mized reservoirs (boxes), which are connected by first-order exchangs fluges. The
exchange rakes gre Lthen calibrated by tuning the predicted disiribetions of various stationary
fe.g., natural g3 and  transient tracers (e.q.. the bomb-produced e and 3H, 35!:,
halgcarbons} te the observations (Keeling, 1973h: Qeschger et.ai., 1978; Siegenthaler, 1982
Broacker apd Peng, 1982).

This type of diagnostic ocean mode} has been optimized by increasing the subdivision of the
oceans, inclusion of effects of the marine bBiosphere and its associated cycle of mutriants, and
the wse of inverse methods fo oblain the uaknpwn advective and diffuesive fluxes between Ehe
various boxes [Rolin et.al., 1383%). Since atl of thess models are calibrated wilh essentially the
same transient-Lracer data, it s not surprising that their predicted uptake rapacity of execass
0o is rather similar (Peng and Broecker, 19BS), amanting to abant 2 G40 ye—! around 1980.

. Recently, naw types of circulation modeis of the oceanic carbon cycle have hean Introduced.
These models are based on the realistic three—dimensiora)l flowfield and mixing parameters of a
general circulation model (GCM} of the gicbal ocean. This approach is promising in several ways:

O  Fhersa i5 ne need to tune any kransport parameters, since they ars derived directly From
the primitive hydrodynamic eguations and the boundary corditions imposed ak the surface in
Lhe ocedanic GCM.  Therefore, the wkealth af avzilable tracer data may be used to validate
the madal.

0 v

The fairly high horizonkal pesolution of the modsl (on the order of SO0 km} allows model
oredictions of tracer digkrihutbions and fluvac an a raninnal erala
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The muel is progaostic; therefore, it is possible to assess the affects of changes In the
oceant; circulation on tracer distribuiions and the oceanic uptake capacity for €05,
This is important if the influence of climatic changes on the global carbon oyele is bo be
investigated,

The presentiy existing models of this type (Sarmiento, 15837 Maler-Reimer gt.al., 1985;
Bacastow and Maier-Reimer, 19485) are, however, still prelimigary, inm thal Lhey tack certiin
features of the real ocean, most actably a realiztic representalion of the surface layer including
the merine biosphere.

2.6 The effect of the biosphare on [0p

Estimates based on Scslic recorded in tree—rings {Broecker and Peng, 1982) and on the
atmospheric €0y history of the last 200 years determined from air bubbles trapped in Artarctic
ice-corez (Sjegenthaler and Oeschger, 1987, indicate, besides the known input from fossil fuel,
an addiitos” o _ oo of [:I}z attrituted teo the terrestrial biosphere.  This source shows a peak
around 1900 and a decline since then. During the time pericd 1959-1983 the net biospheric source
contribution 35 estimated fg He between 0.0-1.0 GiC year—'. These estimates are based on an
assined oteanic eptake capscity for CHE as giwon by state—of.the-art ocean carbon cycle models;
which, however, have bean validated by independent vata fses sectiom 2.57.

Woodwell et_al., (1983}, based om population amg and wse stetistics, ssiimated that during
1980 between 1.2 GEC and 4.7 BtC year—! was released by the biesphere tue tu deforestation {80%)
apd changes in land wse, primarily in the Ctropics. A subsequent skudy by the same group af
irvestigators resulted in somewhzi Fower Figures, giving as best estimate an annual release of 1.9
GLC for the year 1980 (Houghton ot.al., 1987},  8alin {(1986) reviewed these estimates and
tanclHided that thys source contributed 0.6-2.4 GLC year 1 during the last devade.

ENiot et.al. (1985} analyzed findepth the OOy concentrations measured at the Mawna loa
Observatory. They came to lhe conclusion that the €07 record at Maura loa is not comsistent
with net aanual addittons or subtractioms of Dy other tham from fossil fuels unless <uch
additions have claosely followed the frend af the fossil fuel input. Given the uncertainties, a
et bistic addition between +0.7 and 3.2 GEC year‘1 it allowed by the analysis.

There ix some evidence that increzsed planl production could have Fead fo o net uptake of
COs» in the biesghere.  Such & carhon ¥lux has pot been considered n the analysis by Weodwell
et.al., {19B3] and by Houghkon et.al., (1987). Stimiation of land plants could have been
effected either directly as a consequence of increasing atmospheric 0, levels (Koblmaier
et.al., 1981} or from increased use of fertilizing agents in agricuiture. Peterson ond Rellillo,
{198Y), however, estimated the latter effect to contribute not more Lhan 0.2 GLC year-!, based
on the assumptian of a constant element ratio of carbon to phasphorus and nitrogen in terrestrial
organic materiat. On the other hand, chawges during the last 200 years in physiological
parameters of plants growing n remote areas hawve been cbserved, such as a reduction of pore
depsity per usib leaf area {Woodward, 1987} and increased in Lhe $i2e of tree-rings {)aMarche
et.a4l., T84}, Kohlmaier at.al., {1981, find by means of a biota model that the incredsed
$toraye of carbon in the bicsphere due ko the D, fertilization effect could ampunt of 0.7-2.1
GtL year-1,

If Ethe {0» fertilization effect 1% real the net biespheric release aof carbon to the
atmusqhere presentiy (deforestalion minus fertilization) would Tte wn the range from 0 to 1 GtC
year—', thas almest balancing the globa' carbon badget. Otherwise, an imbalapce of 1 to 2 GtC
year— resylts, which has to be explained either by am oceanic sink being greater than currently
duceptabte, or by ome or several, herstofore not wet dentified sinks.



The foregeing discussicn deals osly with the terrestriz) biesphere. [t is uncertain how the
marine biosphere has responded 4o changing {05 cencentrations in the atmosphere or  what
contribution it has made 1¢ atsospheric COp. Generally, it has been assumed that en an annual
basis, ihe uplake of OOy Ly photosynthesis by marine pfaml Tife has been balanced by relsase of
Y0z from respiration and decay of marine plant and animal cruyanisms.  This may not be true,

Increased input of nulrients From land as a reswlt of ayricultural practices, e.q., sail
fertilization, tould result in greater marine plant production. If the plants are harvested by

marine fauna eor man, or if they die and sink to enter the sedimonts, then Chp is remived from

the surface layer of the sea, and ultimately from the atmosphere. The marine hiosphere would
become an enhanced siak for 0.

In the foregaing connection, recent studies of the mid-Atlantic Bight of the U.5.A., the
south-e@aslern Bering Sea, and the Peruviar coast {Malsh et.al., 1985) estimate that the present
carbon Toading to the conlinental slopes of the world, as a result of export of organic carbon
from continental shelves, ranges from about @.3 to 0.48 Gt ¢ yr~ . in earlier reports, it was
propozed that the incre.... ...... o sTope sediments of the mid-Atlantic coast may have occurred
N responze to entrophication (Walsh et.al.. 1981), and off Paru in response to overfishing the
anchowy, the major herbivore {(Walsh, 1981), creating transient gradients in the vertical profiles
of sediment carbon.  Waish at.al, {1985) used & combination of sedimentation and mixing rates of
carbon, the C:¥ ratio (approx. £} of the upper 50 cm of sediments, and the amount of mitrogen
thoyght to be released Fronm {he toastal rone to make am independent estimate of anthropogenic

carbon loading to world slopes of about 3.3 to 0.5 GEC 3r—1. AMihpugh the authors note that
additional measurements are reqguired Lo tesl their conclusions, they feel that their data set is

consistent with the hypathesis that conlinenfal slepes are now depocentres for skorage of
anthropogenic releases of ;.

Another possibla biogenic route for C0p uptake in the ocean is by disselution of calcium
carbonate mineral phases.  The general situation is Lhat near surface waters are supersaturated
with respect to calcitic solid phases, so that dissolution by excess C0, taken up from the
atmocphere 15 not expected; only Further down the waler colemn (several lm depth) does the system
become undersaturated with respact to caleite.  However, recent work in the W. Facific (Betzer
et.al., 1984} has indicated that aragonite pleropods are subject to dissolution in quite shallow
water (22Mdn), 22d this may be an tmpartant mechanism For uptake of addilional anthropogenic
C0, by the near-surface oceans,

Dther effects of 00; on Lhe macine envirowment include changes n pH and temperature in the
syrface seawater layer. Projected increases im atmespheric 007 have been shown {Liss and Crane,
1983) to redwce pH by 0.3 Fur a doubiing in atmospheric pCDp.  Encreased atmespheric temperature
Ry 1.5°-4.5°K, with a doubling of abmospheric €03 concentration, would also increase  the
tomperature of the surface seawater, What impact these physical and chemical changes in the
seavater would have on the maring bigta can anly be speculated abl present, The effect of pH
change within the rormal range for seawaler, i.e_, 7.% tao 8.5, would probably be insignificant, in
that marine orgarisms should be able ta adapt to such changes. Howewer, a decrease in ph below
the normal lower limit experienced by marine organisms could have adverse effects. Similarly, a
temperature increase abowe the ypper pormal 1imit could cause population changes. Morepwer, if
temperature 15 an important variable triggering phytoplankton blooms, Increased temperature due to
hagher (05 concentrations could temporally advance such blooms and disrupt the marine acosystem,

2.7 Oceanic modification of ¢limatic effects of increasing {0,

1he ocean would be expected to warm as a result of increasing atmospheric COp cantent.
Because of the dependence of the oCean’s lhermgl ineclia on bhe depilh of mixing, faster surface
warming would be expBcted in areas with a shallow mixed layer amd strong thermocline than in areas
where deep mizing occurs in winter or upwelling of water From a few hundred metres is prevalent.
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A first estimate of these coid 55TAs is ohbtainable from resulls published by Beyan at.al.
(19682) gn the response to 2 sudden quadrupling of EOy. Howewer, it shouid be remombered that
the thermal lag obtained in such an experiment Wil be largsr Ehan that with a gradual op
ncrease.  Firsily, one may nate in Sryan eb.al.'s resulis a facter wamming near the poean sueface
than al depth. After 10 years the surface warning is 1.5° to 3°K, compared with lests than 0.5°F,
at mrst depth belpw G600 m.  The thermocline would thus be more stable with probable impacts an
vartical mixing. The zonal mean surface changes show that the approsch of SST to equilibeimm 4as
faster at g0°45° latitude owver the first 15 years. However, by 75 years, from the Co,
increase, the response was much more oniform with the surface warmiog nesr % of the cguilibriem
figure at most lztitudes. With an equilibrivm warming of abaut 37K in the fropics apd 5% to 67K
at 45°-p0° Jatitude, similar to mpre recepkt resplts For A dokbling of CUs, the implizd
zonally-averaged cold anomalies, are about 1* and 2% in tropics and middle  atdtudes,
raspectivaly. Regional anomalias could be substantially larger.

Juch 35TA= would be near the madimom currently obterved on Targe horizental scales. Thus the
reaoey yroobservalional and sode!ing st{udies on the atmospheric effects of such anomaliss may be
relevant to 0, climate impact studies. The effects of 5STAs in models have been reviewed by
Rowniree (1986, and personai commnicaiion at the meetingd.  Generally, both for adddle laiitude
ami bropical 55TARs, good dgreement has been found between numerical asgperiments and  betsoen
exgeriments and available observationa! studies. Tropical 35TAs had wajor effects on tropical
climate; rainfall was increased nesr warm anomalies and decreased in adjacent tropical regions.
There were major associated changes in circulation. For ekample, with warm anomalies ower the
equatorial Pacific, upper troposphere anticyclonic cells develop mear 15°M and % in the longitude
of the 537TA, with increased easterly flow on the equatorial side (zbove decreased surface
easterlies) and an enhanced subtropical jet to poleward.  Further poleward, a mid-latitade trough
15 introduced throughout the troposphere.  Both in models and the real atmosphere, 2 downskream
wavetrain can usually be identified, with an anticycionic response near 60°-70° latitude and a
cyclonic response further downwind. 1hese features appear to depend oa the Jocation of the 314
relative to climatological flow (sae also Simmons, T9EZ).

The response to mid-latitude 5%57As was fFound to be genarally consistent with earlier
theuretical work, with a surface Tow near the warm 55TA and 4 middTe tropospheric ridge 2t some
20% longitude downstream. In middle latitudes, the response ta egquatorial 55TAs 15 twa Lo three
times greater than that for mid-latitude S5TAs of similar magnitude. Thus, for the cald anomalies
retative to the equilibriwm state for increased (05, the mid-latitude responsex to tropical aad
gitra-troptcal features could be of similar magnitude. However, pon-uniformity of the heating of
the tropical aceans could dominate the response both in the tropics and at middle latitudes. Such
Ron-uniformity could te cawsed by the disteibetion of mixed-layer depth or upwelling or by

anomaloys atmospheric circulation in the tropics, in the same way that the onzet and maintenance

of equatorial Pacific amomalies can he aitributed to partirciar wind patternsz.

The =zecond way in which the atean may modify the climate recponse to a Cp increase 1s
through the effect, on ocean cireulatiosn and bhe distribution of temperature and salinity, of
changes in the atmospheric forcing at the surface due directly fo the increaze in COp. There i:
likkle agreement as yet cuncerning such changes. One feature noted in the Willach 1985 Conferenca
statement (WM, 198B) i< that increased high-latitude precipitation may Jead to greatsr annual
mean run-ofl, so decreasing coactal salinities.  Increased precipitatinn over high-talitude sceans
may have a similar effact away from coasts_ A reduction in 2ea ice would also modify the salinity
distribution in the mixed layer, and it is possible Lhat the mpacl of these changes an the
density slructurs would have cignificant effecte on temperature, the ocean circulation and marine
1ife, additional to those resulting directly from i(Fr general warming. The denzity structure of
the tropical oceans would also be affected by changes in the tropical rainfall distribution and a
probable genardi “increase in ocean eyvaporation.  More medelling studies are nesded to guantify
these and other possidble impacts, including thoce associated with the lag in goean temperature
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3. OTHER RADIATIVELY ACTIVE TRACE GASES

Besides the influence of (34 on climate as detailed in the last section, other trace gases
may also act as "greenhouse™ gases.  Im the lagt Fifty years, the number of anthropogenic gases
released to the atmosphere has rizen substartially. A decade ago, researchers first suggested
that other man-masde subsiances, e.g. chlorofluarocarbons, nitrous oxide, methane, trupospheric
ozone and others, could influence the radiative energy balance Jjust as well as carbon dioxide
(Ramanathan, 1315; Wang et.al_, 1976}, Recently, this suqgastion has been definitively reviewed
by Ramanathan et.al. (198%)_

Takla 1 lists trzce gases thal are curcently considered fo be the most important for the
future <tale of Lhe giaohal almospheric envirooment and gives auerage rates of this increass. The
best  known example i5  the wel!l-docomented increase of CO, as measurad over nearly Lhres

decades. More recantly, the contentratios increases of several other trace gaser wore also
docymentot ko Feeamost being methane, nitrous oxide and carbon monoxide. These trace gases have

Table 1

Conceplration increases and effects of brace gasaes

Rite of . Litekime
Gas increase Effects FOUrCEs {years}
Ave. %L per o yr
{range]
Carbon diaxide rwa Added greenhousse . Hatural; 10-1%
(G20 7Y eftort combust ian
Hethane 1.3 Addead greenhonse Hatural; -1
[1-2} eftect; OH cwele; food production

nzone {tropospheric
and stratospheric)

HiLrous oxide 0.3 Ardde! greenhouse Hatural; - K
effect; wzone comhustian;
depletion {strato- ArriCl] Bape
sphere)
Carbon 5 Indirect effects, Hatural; 0.2
Mmoo 1de oit depletinn combusian;
{troposphere § automohies
F-11 and F-i2 Y Added greenhouse Anthropogenic SE-TeH}

eftect; ouom
depletion [sirato-

sphere}
Diliars
F-113 149 Broms deplekios ﬁmthrnpﬂgenic Long
F-22 1 {ztratosphere) 1%
methyi -::hlu-mf'ﬁ'm 5 Aciled groenhausse L]
Carbontetra— '3 effect L

rhlarida
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probabTy existed in the Farth's atmosphere for asons, but ave now being increased by anthropogenic
activities. In additiom, there are soveral fluorocarbon cospounds in the atimspherc which are
entirely man-made. The most important of them are trichlorofluoromethane {CC14F or F-11) and
dichlornd i fluoromethane {CClzF> or F-12). Other man-made chlorocarbons  and  flugrecarbons

ceyld alea contribute to the possible depletion of the ozone layer in the skratosphere and (o
climate changes. These trace gases ineluda methylchlopoform {CHLCLES), F-113, F-22, F 114 and

CCly {Rasmussen and Khalil, §686).

The present sources of these trace gasaz appear to be az foliows.  Fop methane, wetlands and
marshes are ihought to be the largest natural sources, whila the ocsans, tundra, lakes, Ingects
and olher sources together coentribute ahoub as much as the wetlands. Rice paddy Fields and
domestic cattle appear to be the largest souwrces affected and controllad by human ackivities,
while biomazs burming and direct emissions also contribate significent amounts. The tokal yaarly
emissions are estimated to be 5607 {1 Tg - 1 teragram = 1012g), about half of which comes
from anthropogenic activities. For nitrous oxide the major natural sources are the sails and
vreans, wharna< coefuistion processes and agricudlture constituts the anthropogenic sources. The
total emiscions are 30 Tg_;,rear-“', of which aboul 25X are anthropogenic. The sources of OB are
many and varied. It was estimated that, in total, aboet 2,400 Tg of £N are emitted inta the
almosphere every year, of which perhaps half s due to varicus human activities. Mo natural
sorrces of the flgorocarbons hawe been Found; the presemt anthropogenic emicsionc of F-T1 and
F-12 arge ahout 0.4 Tg year" for each.

The increasing levels of the trace gases are likely fo he raused by increasing emiggians. For
methane and C0, some of Lhe increase may also stem From the fact bhat their cycles are related to
Lhat of OF radicals. As £0 increases the concentrations of OM radicals may diminish.  This weuld
in lurn remove Tess methane (and other trace gases) than under matural, undisturbed conditions of
the atmosphere. VYherefare, a possible depletion of (H may be the main effect of increazing CO amd
conld Lhen disturb many chemical cycles and indirectly contribute to global warming and ¢limatis
changes. fHased on measuremenlt of old air in polar i¢e oores, Ehere is some avidence thai
radicalt may alroady have been reduced by perhaps 20% over the past century. Moreover, the same
studies have shown that the atmespheric levels of methane severai hundred years ago were Tess than
half of the present lewval,

The probilem conterning the greenhouwse effects of buman activities has broadened its scope from
the CO-climate problem to the trace gas-climate problom. Kon-CO, greenhouse gase< in the
atmosphere are now adding to the greephause effect hy an amownt comparabla (o Lhe effect of 00
(=see Figure 2). This is a fundamental change from the situation during the period of 1850-1950
(W0, 19683).

If the growth rates of trace gas concentration {or their emission rates) that were dbserved
during the decade of the 1970°s continue unabated for the next soveral decades, non-CO, trace
gases cam hava as much impact as €0p on fubure trends of surface and atmospheric temperatures.
In addition to the direct radiative affect, many of the trace gases have indirett offects om
climate. Far example, addition of gasas such as CHy, CO and WO can alter tropospheric Og,
which is a radiatively artive gas. MWithin the troposphere, the indirect climate effecls can be a3
large as the direct effects. On the sther hand, within the stratosphers, temperature chamgas are
largely determinad by indirect effects of CFC's.  Stratsspheric Ho0 will increase owing to- the
oxidation of the ipcreasing conceniralions of CHy, and can be influenced by the trace gases
through their effect on tropical tropopause temperatures. Furthermore, increases in tropospheric
H,0, ihrough the temperature - Ho0 feedback, can perturb {ropospheric chemistry and alter the
concantration of CHy and Oy

Contamination of phe atmosphers inFluences the marine envirooment in fwo ways: (1} directly
through Lhe input of pollutapls intc the sea, changing the physical, chemical and biological
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the energy balance of the oceans. A o source or sink, the ocean plays an imporiant role in the
gtobal rycles of radiatively active gases, 7.c. L0, M0, Dy and halocarbons, which Lan

affect biogeschemical processes im the marine ecosystems through Tong-Llerm c1imatic chansges and
Wite versa.

For bthis reporl, which deals with process medifications over the oceans, the nfluence of
these gases 5 only indirect in that they will infleence global climata.

4. AIMOSPHERTC AFROSOL PARTICLES

lhrough man's activities, conciderable amounts of particelate matter and aerasel-forming gases
are released o the atmosphere. Though much of this material is deposiled close to its source,
some gollutants can be transported thousands of %kilametres and affect the chemistry of the
atmasphere far from their origin.  Scientists have been concerned that besides changing the
natural chemical cycTes of the atmosphere, thesa pollutants would alsc have an influence om Lhe
glokal climate (Wilson snd Matthews, 1971). Aithaugh these concerns were First expressed over a
decads ago, there are still many unkrowns in understanding paliutant transport and jnteractions in
the atmosphere.  The form in which the materials are released, the chemical reactions that take
place hath inside and outside of clouds and the fimal depesition of the given pollutant subsiances
are still poorly known. ’

Whatever the uncertainties, some svaluation can be made of the role of man—mede abmnspheric
pollutants on the climate. However, hafore thit can be done, a distinction muct be made between
natural and anthropogenic materials put in the air.  The vecent sruption of the valcane E1 £hichon
has caused scientists to review more clasely the importance of such a natural phenomensn on
climate (Deluisi et.al., 1983). Other mare seasomal aerosol transpart, such as that of Gobi and
saflara desert dust, may also be dmportant in climate variations (Parriagton et.al., 1983;
Heintzenberg, 1985). In both axamples above, the natural aerocol would reduce the solar radiation
reaching the earth's surface. It is thes important at the outset te reatize that nateral acroscls
miy play a more significant role thap anthropogenic aerosols on ciimatic change (Ocepak and
Gerber, 1983)_

fernspls both natural and man-made may influence the climate of the occans in two ways:
(1] The direct reduction of insolation transFer to the earth's surface; and
{Z) Aereisol interaction with cloud processes that in turn change bhe sarth's albedo.

For man-made asrosols, the first effect s probably only mportant for very Timited regional
dreas, such as  the northern coast of Horth America, parts of the Mediterranean and other
industrial areas that border on the oceans. In general, these anthropagenic aerasols would nob be
expected to have much influence on the global grean climate through the direct intervention with
sclar enerygy. Only during periods of extended air skagnation would the accumelation of aerosols
be ennugh to change the solar emergy input to regional scas and cpastal areas.

The <ecand effect, i.e., the interaction of aerosels and clouds, may have more important
wpact of climata.  Pollution increases the oumber of dark light-abserbing particles in the
atmocphere  and, on  tha other hand, mey alse increase the atmospheric comcentration of
cloud-nucleating particles. Elsmental carbon is believed to dominate the absorption, whereas
sulfates ars the major nuclei which influence dropiet nomber. Though cmission may vary for these
tuo substances, under present industrial canditions, both should increase globally. This means
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{1984} suggest that the latter effect (brightening) is Lhe dominant one for the gqlobal climate.
They stale that a 2% increase in the earth alpede caused by the increased clowd-drop concentrakion
would be equal {in the opposite sense) to the doubling of COs. This hypolhesis by Twomey et.al.
{1984} reguires extensive measurements in order to quantify how such a mechanism would affect the
worid climate. Tt probably does not overshadow the effects of the greenhouse gases as the most
impor-tant cause of climate change over the next century (WMO, 1986).

More recently, {harlson et.al., T98T have postulaked that dimethylsulphide, which is produced
aver the oaceans and oxidizes Lo form sulphate aerosel, will inFluence the albeds of the clouds.
The formation of clowd-condensation nuclei through this process cowid be an important methed of
biolpgical regulation af the climate.

5. PROGESS MODIFICATION BY POLLUTANTS I[N THE MARINE EMVIROWMEMT

The effect of conlamipanis in modification af processes in the atmosphere, at the air-sea
interface and in the sea, in the context of weather and climate modification is considered in thais
section. It is clear that certzin processes are affacted by contaminantz (GERAMP, 1980 and 1985),
but the sigrificance of these alterations in terms of <limate modification cannpt be assessed at
present. It s likely that some of the effects are confined to local areas, e.g., regions with
oit films, and the global impact is incomsequential. The effects on processes are sumarized in
Table 2.

fertain of these process modifications might influence weather and climate either regionally
or on a giobal scale. Specific exampies of poliutant effects on important processes in the marine
epvirgnment related to climate are as follows:

1. Increased nubrient inputs and ccean heating due o CO0p-induced climabtic changes may
alter type, Aumber and distribrtion of organisms in the marine biosphere.

?. In the marine atmospbere anthropogenic carbonaceous material, i.e., soot and dust, in
sufficiently tlarge quantities could alter the direct salar input to the seas, and
consequently alter the thermal characteristics of the sea and the troposphere. The
introduction of cloud-condensation nuclei, mainly sulfur compounds, into the wmarime
atmosphere modifies the physics of clowds by increasing the number of drops per unit
voTume. Through this process the clouds become more reflective and henze change the
earth's albedn.

3. At the air—sea interface, pollutant organic films from petroleum and/or detergents are
known ta modify a nomber of interfacial properties arnd exchange processes. However, the
Working Group has determined that, at the present time, petrolewm films probably do not
modify the interfacial exchange of matter or energy an a global scale, but that in certain
coastal areas and seas, especially those affected by oil production and transpartation,
mil films could influence interfacial exchange processes on a smaller scale.  Altered
air-sea interfacial processes may influence the ocean-atmosphere exchange of Cd; and
Freons, and of natural substances at sources of atmospheric acidity, but’ further research
is requirad to establish whether this influence really exists, amd if so, to what extent.

4. Turbidity ncreases at sea from man-mobilized solids, e.g. from farmimg and construction
in riveripe inputs, will influence light penetration and possidly alter ccean thermal
structure and biological uptake of CO, in the photic zome. Such effects would be of
greatest concern in marine areas in the vicinity of river discharges and near disposal
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TABLE 2, MODIFICATION OF PROMCESSES BY 2ONTAMINANTS

PROCESS

TRAOFQSPHERE

ATR-5EA
INTERFACE

“EA

FHYEICAL

ji Soo1 end fdust could

alter the solar nput
and chenge the thermal
characteristiss of the
Iroposprhere . Cloud-
comfdensation nuclsi it
the merine atmasphere
modify 1the physizs of
clouds which may
result In the modifica- .
tiort ef elaud farmation
patterns and the
earth's albeda.

Crganle films from
petrotenm hydro—
carbons andfor
detergents modify
interfacisl propertics
and exchenge process-
es. Altered gir-zea
tnterfacial processes
mey influenee the
CCEAn-ALMOSphere
exchange of gaces
(CO,; and ®cig rain
pPresursors) that are
sources af azidity in
coustal areas and s2as,
especially those affect-
ed by oil production
and trensporiation.

Agrizulturs]l, forestry
and constroction =it
ruroff mfluvences

light penceretion and
possibly altere therntul
structure in the
euphotio totie. Ertuar—
ine ureas and sites of
municipal and ndystrl-
a1 waste disposal would
be of greatest concern,

CREMICAL

Czone is the gource of
ithe highly reactive
radicgls that contro?
the chemistry of the
troposphere. Changes
in orone can glier the
concentrations of
these radicals, WVari-
ous atmospher(e
polletants, e.g.,
nltrogen oxides and
hydrocarbons, con-
tribute to ozane '
through photo-
oX.lation procogsas,

BIOLODGICAL

Enrichment of vrgunic
films with petroleam
hydrocarbons,
orginechlorines end
metals accurs. This
prevents ready
transzfer ta the weisr
columt and enhencas
transfer te the atmos-
phers by bubhble
bursting. Exposure
of substances in the
surface film to the
atmoasphere apd oolar
radiation promotas
oxidation and photo-
c¢hemicel proceszes.

Increased Input of sub-
stances from man-made
sguraes oan change the
rihor elemint compasi-
tion of seawmter. Metal
concentretions can be
mereased. Input of
CD, can change the pH
of seawster with certain
Conseqiences o chemi-
cal equilibria of lonic
cotposition.

Transier of becteria,
v¥iruses and fungus
spores from the.zea 1o
the atmosphers end
potentisl transport ta
land by windz. This
iz & possible route for
pathogens from sewage-
polluted coastal areas
to land animeix and
humans.

Pathelogical micro-
organisms could ke
concentrated in the
syurface [dm. Nauston-
k2 organisms cAN he
affected by pollutants
can=antreted in the
surface fillm, Erposion
of the czone layer by
freans could load o
more UV light imping-
ing on the ses surface
and could affect the
neuston adversely.

Disselved constlivents
from municipat and
industria! wastas, as
wall as from rumolff,
eoid be toxio to marne
arpguanisos or be bio-
acctimulated by them,
posing a threat 1o
consumers including
man. Turbidity from
suspended malter can
reduse Iight penetra-
tion and primary
productivity . St and
cther suspended mater-
ials can have adverse
effects on eensitive
maTing organisns and
hahitats, e.g., coral

reafs und manisrovas.
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Annex LI
HOTE ON GESAMF

GESAMP, the Joint Group of Experts an the Scientific Aspects of Marine Pollution, was estahlished
in 1969 and iz today co-sponsored by the United MNations, lnited Nations Environment Programme
{UNEP), Food and Agriculture Organization of the United Kations {FAD}, United Mations Educaticeal,
ScientiFic and Cultural Organization [UNESCO), wWorld Health Organizaticn (WHO), Morld
Meteorological Organization (M3}, Intermational Maritime Organization [IM0} and International
Atomic Energy Agency | IAEA}.

According to its peresent terms of reference, the functions of GESAMP are:
- ib provide advice relating to the scientiFic aspects of marine pollution i_‘r; and

- i prepare perigdic reviews of the state of the marine environment as regards marine pollution
and to identify problem aress requiring special attention.

Since its beginning GESAMP invalved a ‘targe number of exgerts as members of GESAMP or GESAMP
Working Groups and produced, at the request of the sponsoring erganizations, numerous reports on a
varicty of scientific problems related to marine p-u]]utinng"'. '

1/ GESAMP defined marine pollution as “intreduction by man, directly or indirectly, of substances
or energy into the marine enviromment (imcluding estuaries) resulting in such deleterious
effects as harmm to living resources, hazards 1o human health, hindrance to marine activities
including Fishing, impairment of quality for use of sea—water, and reduction of amenities.”

2/ ¥. Pravdic: GESAMP, The First Dozen Tears. UNEF, 1981,
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