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Introduction 

Until recently chervical oceanographers have paid little autiention 
to the ocean-atmosphere boundary layer .Yet through this interface occur 
the emission of 85 % of the water vapour that ultimately results in pre
cipitation, the vitally iitportant uptake of oxygen and the absorption 
of most of the excess carbon dioxide produced by man-made pollution. 

Apart frar. gas exchange, hcv̂ 'ever, there is an important interac
tion of liquid and solid particulate matter between the ocean and the 
atmosphere. The iirportance of these processes for the transfer of pol
lutants and natural caipounds has only recently been appreciated. It 
has beoome clear now that material transport fron the atmosphere into 
the ocean plays a considerable role in the global ocean pollution. 
Some 25 000 tons of DDT annually reach the oceans through the air. Part 
of the lead present in the North Sea may be derived fron ccmbustion of 
leaded gasoline in the London metropolitan area. Of the ca. 2 000 mil
lion tons annual world petroleum production, 90 million tons reach the 
oceans through the atmosphere due to evaporation during land based opera
tion, while seepage from off-shore oil wells, accidents with tankers 
and deliberate dumping on sea only account for 3 million tcps annually 
The existence of long range atmospheric transport by the wind can be 
illustrated by the abundance of Sahara dust being deposited fron the air 
in regions as far do^mwind as the Caribbean Sea. 

Even less trivial is urrioubtedly the reverse process, the transfer 
of natural ocrpounds and pollutants from the sea into the atmosphere. 
This paper discusses the mechanisn of this transfer process cind its po
tential iirplications. Scientific studies in this field have hitherto 
been scarce, inoonplete and poorly interpreted. Part of this discussion 
about particle transport from the sea to the air will thus inevitably be 
based on speculation rather than on concrete facts. 

Mechanism of the ocean-atmosphere particle transfer. 

On the average about one gas bubble bursts every ten seconds at 
every an^ of the oceans. Seme of these bubbles are produced by degasing 
of the surface ocean water during the spring period of wanning. Each 
year, for instance, about 300 1 of oxygen leave each square meter of the 
sea surface in the Gulf of Maine. Most of this gas however crosses the 
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air-sea interface by diffusion, not as air bubbles. The impact of 
precipitation, both rain and sncw, on the sea surface produces sane 
snail air bi±ibles in the v/ater (2) . The major source of bubbles in 
the sea, however, are the whitecaps or breaking v.'aves that form when
ever the v/ind speed is in excess of 10 - 15 km.h~l (3) . A brea3d_ng 
wave entraps aix and produces myriads of bubbles that rise swiftly 
and then burst at the sea surface. About 10° air bubbles have been 
found per m-̂  of sea water a few seconds after a whitecap had formed (1) . 
It has been calculated (3) that on the average 3.5 % of the ocean is 
covered by whitecaps. Assuming a whitecap lifetime and a bubble resi
dence time in the water of 30 - 60 seconds (1) this process accounts 
for the brealclng at the oce^n surface of sane 0.1 bubbles cm~2 s~l. 

Sane spray drops are sent into the atmosphere after being torn 
off mechaniccdly from vrave crests by the wind. Hcv7ever, a far msre im
portant source of sea vrater particles in the air is precisely the 
brea3d_ng at the sea-air interface of air bubbles produced by whitecaps. 
The mechanism of this process is schanatically illustrated in Fig, 1. 
When the air bubble has risen to the surface the film cap that briefly 
closes off the air bubble explodes and can anit tiny drops into the 
air. Most of these so-called film drops are smaller than 1 ym, and 
their number per bursting bxjbble depends on the bubble size. Bubbles 
of less than 300 ym do not produce any film drops, but a 2 mm bubble 
gives rise to sere 100 film drops, a 6 mn bubble up to about 1000. 
After the film breaking, the spherical bubble air cavity collapses in 
a ranarkable hydrodynamic process while ejecting a jet of v;ater upwards 
at high speed. This jet soon becomes unstable, and breaks up in two 
to five so-Ccdled jet drops which separately continue upwards into the 
air. The size of the jet drops is roughly equal to one^:enth of the 
size of the bubble that produced them. The energy source that accele
rates the UEV'ard jet is the surface free energy. Blanchard (3) calcu
lated that the top jet drop from a 2 nm bubble is ejected at a speed 
of 13 km h"-'- and reaches a maximum height of 18 cm in the air. A 
70 vm bubble, on the other hand, ejects its tiny top ;3et drop at 
300 km h~l. This jet drop rises only 1.7 mm Into the air, Hcwever, 
vathout the frictional drag of the air it vjould reach no less than 
335 m. Fig. 2 represents the ejection heights for subsequent jet drops 
as a function of the bubble diameter. Although the initial ejection 
height in the air is generally not impressive, it should be b o m in 
mind that both jet drops and film drops can be taken up by the v;ind and 
by atmospheric turbulences, shrink quickly by evaporation of the water 
to a third of their original diameter and remain airborne for long 
periods of time. 

It has been shewn (5) that the atmospheric sea salt load above 
the oceans increases considerably with the vrind speed, indicating the 
iirpDrtance of brealcing waves in the production of air bubbles and sea 
spray. Also the atmospheric salt load decreases linearly with the 
altitude (5). 
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Fig. 1 : Diagrammatic representation of bubble breaking mechanism 
(fran Mac Intyre, Ph.D. Thesis, M.I.T., Cambridge, Mass., 
1965, with permission) . 

2 i * 
BUBBLE DIAMETER (mm) 

Fig. 2 : Je t drop ejection height as a function of bubble diameter 
(fron Blanchard, ref. (3) , v.dth permission) . 
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Table I oarpares the contribution of the sea as an aerosol source to 
those of other natural and anthropogenic sources. It appears that 40 % 
of the global atmospheric aerosol originates fran bubble breaking proces
ses in the oceans. Since film drops are formed f ran the top film of the 
ocean, their ccnposition will bear little relation to the bulk sea water 
conposition and will be similar to that of the air-v«ter boundary layer. 

Table I : Sources of atmospheric a€ax>sols (fron Robinson and Robbins, 
Report SRI 8507, Stanford Research Institute, 1971). 

Source 

Direct particle production 

Sea spray 
Soil dust 
Volcanoes 
Forest fires 
Meteorites 
Fly-ash fron coal 
Agriculture 
Steel industry 
Kbod cuibustion 
Canent industry 
Solid waste ccrribustion 
Petroletm conbustion 
Other activities 

Soiorce strength 

Natural 

1000 
2(T> 
4 
3 
0.1 

Subtotals : 1207 
Gas-particle conversion 

Sulphate frcm SO2 
Nitrate frcm NOjj 
Airmonium fron ̂ JH3 
Sulphate from H2S 
Organic aerosols fron 
terpenes, hydrorarbons,... 

, 

432 
269 
204 
200 

Subtotals : 1105 

Totals : 2312 

(in 10^2 g yr ^) . 

Man-made 

36 
10 
9 
8 
7 
4 
2 
16 
92 

147 
30 

27 

204 

296 
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"Hie source of material for the jet drops, on the othex hand, is the 
thin wall of the bubble just before it collapses. High speed photographs 
of solutions containing sirrface active dyes have shô T̂i that the bubble 
wall material collides at the botton of the bubble cavity f rem v;here it 
rises as a jet. As Fig. 3 illustrates, subsequent material slices as 
thin as a fraction of a micromeber are skiitined off frcm the bubble wall 
to give rise to the subsequent jet drops. Bubbles act like a microtcme 
in this respect, and it has been suggested (6) that the average thickness 
of ocean surface ejected into the atmosphere by a bubble as jet drops is 
roughly 0.05 % of the bubble diameter. Clearly, the jet drop caiTposition 
will be similar to that of the water-adr interface that constitutes the 
bubble wall. 

Fig. 3 : Soxirce of drop material in a breaking bubble is the thin 
wall of the bi±)ble just before collapse. 

Chgidcal conposition of sea surface layer and air bubble wall. 

Bulk sea water contains only little organic material, about 1 mg 1 . 
Of this, phytoplankton, zooplankton and fish constitute less than 2 %. 
The non-living organic material makes up for 1 % in the particulate form 
and sane 97 % in the dissolved form. The dissolved organic material is 
mainly derived frcm living organisms by diffusion of organic molecules 
during normal growth and frcm dead organisms by decay. The bulk of these 
dissolved organics is corposed of proteins and protein-derived metabo
lites (7). 
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The slicks conronly observed on the sea surface are conposed of 
organic material, highly concentrated at the water-air interface be
cause of the surface-active properties of some organic ccmpounds. 
Baier et al. (8) believe that the primary oanpounds are glyco-proteins, 
wlilch are essentiadly hydrophllic molecules but concentrate at the in
terphase because of serve hydrophobic side chains. Organic carbon, ni
trogen and phosphorus are definitely enriched in this surface layer (9), 
as are bacteria, dinoflagellates înd other plankton (10). Enrichments 
of IDT of 10^ relative to sub-surface VTaber have been reported (11), 
and enrichmente of heavy metals up to 10^ (12) . The latter fact is pro
bably linked to a chelation of transition metal ions with naturally oc
curring organic complexing agents with surface-active properties, or to 
Gibbs adsorption. Mac Intyre (13) has given a thorough review of the 
possible fractionation mechanisns. 

Most of the material carried into the air by film drops originates 
from this surface layer. The jet drops, however, will mainly include 
the material adsorbed on the surface of the bubble. It is vrell known 
that dissolved and particulate surface active organic molecules dif
fuse towards, and adhere onto the surface of the bubble as it rises 
through the water. This process is called scavenging, and it is applied 
e.g. in froth flotation. The only references so far to scavenging with 
respect to sea-to-air transfer of material report an increased enrich
ment of tracers (14) ard of bacteria (15) in the jet drops, as a func
tion of the rise distance of the bubbles through the v;ater due to an 
increased material adsorption along the bubble rise path. The jet drop 
ejection heights decrease as can be expected when the surface free ener
gy is reduced by increased surface active oonpound adsorption on the 
rising bubbles (2). Therefore it is certain that adsorption of mater
ial during the bubble rise time plays an irrtportant role in ocean-atmos
phere interaction of particulate matter. The oanpounds enriched at the 
bubble wall should be similar to those concentrated at the sea surface. 

Irrplications for the atmospheric aerosol. 

A first indication for enrichment procedures taking place during 
the formation of maritime aerosols can be found in the observation that 
near a beach with surf glasses get greasy rather than salty. Analysis of 
sea spray has shown organic material contents amounting to 20 to 50 % 
of the salt content (16). This represents an organic material enrich
ment of 7000 to 17 000 tiroes, with respect to bulk sea water. 

The enrichments during the maritime aerosol production process are 
also clearly reflected in the cccnposition of rain water, which is nor
mally "exotic" with respect to organic content, halogen ratios (2) ëind 
major ions (6) . 

Organic material enrichnent in maritime aerosols seans able to pro
vide sufficient food to high-altitude srxsw to sujjport invertebrate life 
in the "aeoli«n " zone above the vegetation line , and delivers econo
mically significant amounts of plant nutrients to coastal areas (6). 
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Tiny organisms like the neuston, that lives in the uppermost layer 
of the ocean, are expected to be concentrated in sea spray. VfcxDdcock 
(17) found, indeed, that in periods of "red tide blocms" in the Gulf of 
Mexico the efficient transfer into the air of the toxine fran the dino-
flagelate Gymnodinium Breve vras responsible for throat irritations of 
the people along the shore. 

A large fraction of the organic material now afloat on the Baltic, 
Mediteranean and North Sea, consists of petroleum products. A possible 
consequence - often overlooked hitherto - is that these petroleum deri
vatives might drastically change the physico-chemical properties of the 
ocean surface layer, hence influence the normal bubble breaking mecha-
nisn, and also that they could be incorporated to a certain extent in 
the aerosols produced frctn the sea, and influence the hygroscopicity of 
the sea salt particles. Since sea-salt aerosols form most irrportant con
densation nuclei, petroleum could influence the formation of rain by the 
ocnibined effect of siialler particle size and of different latent heat 
and surface ch.aracteristics of the cloud drops. It seans that already, 
due to local petroleum pollution, the maritime aerosols at sane locations 
South of Genoa, Italy, contain so much petroleum that thousands of pine 
trees along the shore have died, covered v/ith a suffocating petroleum 
layer brought along drop by drop through the atmosphere (18) . Here we 
find an irtpressive exairple of hew bursting bubbles can create an air pol
lution problem out of what initially was one of \rater pollution. 

Blanchard and Syzdek (19) (20) have found that the bacteria Sarratia 
Kiarcescer^ is concentrated 10^ times in jet drops relative to the bulk 
water fran vtóch these originate. It has recently been postulated (21) 
that the geographic distribution of skin sensitivity to Mycobacterium 
Intracellulare antigens may be explained by a marine origin follc^red b̂ ' 
transport to the land of droplets containing the myoobacterium. One can 
wonder whether trananission of pathogenic bacteria through the air from 
biologically polluted seas cannot be a hazard to the people dŵ mv̂ 'ind. 
Perhaps one should take into account •the prevalent wind direction and 
frequency of brea3cing vraves in selecting the sites for sewage pipeline 
outlets and for large scale waste durrping into the sea. Finally treat
ment of sev.-age and waste water often involves bubbling of air through 
the liquid, and again, perhaps we ought to vrorry about the possibility 
of enrichment into the aerosols that are generated in this aeration pro
cess. 

Eïurichment of DDT and trace elanents in aerosols f ran breaking bubbles 
seans quite probable, in view of their important enrichment in the ocean 
surface layer (11) (12). Hitherto nobody has done the crucial laboratory 
exjperijnent to prove this, however. It is well known that in aerosols 
sanpled both over the continent and the ocean, even as far from indus
trial areas as Antarctica (22), certain metals are found in much higher 
relative concentrations than expected fran sea salt or average soil dis
persal, e.g. Se, Sb, Pb, Cu, Zn. Several interpretations have been sug
gested for this phencmenon, as selective evaporation fran rocks or pre
ferential ananatlons fran plant material. Up to r^y/j hoivever the frac
tionation and enrichment of chelated ions during the bubble breald.ng pro
cess cannot yet be ruled out ccnpletely as an alternative interpretation. 
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In earlier laboratory experiments on ion fractionation, Mac Intyre 
and Winchester (23) have observed enrichments of phosphate ions by a 
factor of thouscind for certain particle size ranges, if one takes Na 
as a reference and assumes that Na"*" does not suffer any fractionation 
due to its abundance cind ionic character. 

Later on v« have studied the fractionation of some radioactive nu
clides (14) (24), Radioactive tracers (65zn, '̂ ŝe, •̂ '̂ Cs, 152EU and 
^̂ Na) were added to a beaker with 'natural sea vrater. Then an air stream 
v;as bubbled through the solution and the resulting aerosol was drawn 
through a cascade inpactor, a simple aerodynamic device that collects 
aerosol particles in different stages according to their size. Typical
ly 30 ml of sea water was used, collected a few hours before on a Gulf 
of Mexico beach, and air bubbles of O.l to 3 mm diameter rising 1 or 
10 an through the solution. The impaction surfaces with the aerosol 
deposits were measured by gammaspectrcmetry. As a measure for the en-
ridiment of e.g. °^Zn, one can define a fractionation factor F : 

_ _ (Activity "^ZnActivity ^'^Ha) in aerosol 

(Activity Zn/Activity 22Na) in sea water 

\te found that the observed enrichments varied systaiiatically with the 
particles size, were proportional to the rise distance of the bubbles 
through 'the solution, and depended on the air bubble size, on the equi
libration time of the tracers in the sea water and on the natural sub
stances in the seawater which are influenced by the tide and previous 
abundant rainfall. For 65zn, fractionation factors up to 50 were found, 
and one can expect more important effects in natural circumstances in
volving rise distances of several mptars in breaking waves. In consi
derations on the safety and the environmental inplications of off-shore 
nuclear power plants, no attention was paid hitherto to the possibility 
of efficient transfer of radioactive waste products frcm the ocean to 
the atmosphere. Yet in this way in case of an accidental spill or rou
tine dunping the radioactivity might reach the jseople along the coast 
much faster than expected f ran sea currents and diffusion phenanena. 
It ranains an open question whether for average nuclear reactor waste, 
the transfer into the atmosphere would have more than a merely acadanic 
inportance. Yet the possible inplications involved seam to warrant a 
thorough study. , 

Conclusion 

The fav cited exairples of ocean-atmssphere interactions deitonstrate 
the inportance of the ocean surface layer for the life and well being 
on earth, mainly because the ocean is decisive for most of the global 
atmospheric aerosol load. In this way water and air pollution are no 
separate problems but show a distinct link in some cases. Perhaps in 
no other region of the environment do subtle physico-chanical and hy-
drodynamic properties influence global geophysical and geochanical phe
nanena so profoundly as in the transfer processes between air and water. 
In the absence of exact scientific data, part of the cited possible con-
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sequences of air-sea interactions are speculative, and perhaps not glo
bally inportant. Yet it would seem unwise at present therefore not to 
consider than. 
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