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Abstract 
It is believed that the vast majority of the airborne salt nuclei arise from bursting bubbles 

at the air-sea water interface. Four natural mechanisms for the production of these bubbles 
have been studied. These are whitecaps, rain, snow and supersaturation of the surface waters 
of the sea due to spring warming. The bubble spectra from whitecaps and snowflakes have been 
measured and semi-quantitative and qualitative observations have been made on the bubble 
spectrum produced by raindrops. No evidence of bubble production by spring warming has 
been obtained. 

All of the measurements show that a majority of the bubbles are < zoo microns diameter 
and, in the case of bubbles from snowflakes, < 50 microns. In the vicinity of a breaking wave 
the bubble production rate is about 30 cm-* sec-'. 

Due to the effects of surface tension in increasing the bubble internal pressure all bubbles 
< 300 microns will go into solution even at sea water air saturations of IOZ percent. Bubbles 
< 20 microns will go into solution at saturations up to 115 percent! The solution time for small 
bubbles of about 10 microns is about 10 sec and is not markedly affected by the water satura- 
tion percentage. 

It is concluded that the effects of the rate of solution of bubbles in sea water can, under some 
conditions, play a significant role in modifying the initial bubble spectrum. This, in turn, should 
influence the spectrum of airborne nuclei. 

I. Introduction 

It seemed evident from the work of WRIGHT 
(1940) and KOHLER (1941) that large salt par- 
ticles were playing an active role in visibility 
changes in the lower atmosphere and perhaps 
in cloud formation as well. It was not until 
the work of WOODCOCK (1949 and 1952) 
however that the existence of these particles 
throughout the entire subcloud and cloud layers 
in marine air was shown. CROZIER and SEELY 
(1950)s TW0-Y (1955), and BYERs (1955) 
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have demonstrated that significant concentra- 
tions of these aerosols exist in air masses that 
had traveled many hundreds of miles over land. 
A consideration of the potential importance of 
these particles in the mechanism of rainfall pro- 
duction is, therefore, not limited to clouds 
over oceanic areas. LUDLAM (1951) and BOWEN 
(1950) have both shown, on a theoretical 
basis, that hygroscopic particles of the size of 
the salt nuclei found in the atmosphere are 
sufficiently large to grow rapidly into rain- 
drops, by the process of coalescence with 
smaller cloud droplets. Recently WOODCOCK 
(1952) and WooDcocK and BLANCHARD (1955) 
have compared the raindro spectrum and the 

trum in the sub-cloud layer. These results have 
suggested that each salt nucleus becomes a rain- 

rainwater chlorinity with t \ e salt nuclei spec- 
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Fig. I .  This illustratrs the heights of ejection of the 
several drops from the jet of a bubble bursting in sea 
water. STUHLMAN'S (1932) findings are shown for the top 

drop from bubbles bursting in distilled water. 

drop and that any modification of the sea salt 
spectrum will change the raindrop spectrum and 
possibly the manner of rainfall production. In 
the resent paper we shall discuss the natural 

surface and show that these methods should, 
in fact, be capable of modifying the existing 
salt nuclei spectrum. 

The source of the airborne salt particles is, 
of course, the sea. Some of the first attempts 
at measurement of the salt spectrum were 
made near the sea surface by OWENS (1926). 
COSTE and WRIGHT (1935) showed that salt 
nuclei could be produced by spraying sea 
water and ALIVERTI and LOVERA (1939) pro- 
duced small particles by bubbling air through 
sea water. KOHLER (1941) forced air through 
sea water and found salt nuclei produced down 
to a radius of about 0.5 micron. None of these 
investi ators, however, was greatly concerned 

tion; whether it was by mechanical disruption 

met K ods of production of salt particles at the sea 

with t t  e exact mechanism of nuclei produc- 
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Fig. 2. This indicates the mass of salt contained in the 
drops that are ejected from bubbles bursting in sea water. 
This figure combined with Fig. I will give the ejection 
heights and drop size as a function of bubble diameter 
for the top four of the drops that evolve from the jet 

of a bursting bubble. 

of the water by breaking bubbles or some 
other rocess. In 1948 Woodcock suggested 

breaking bubbles by a mechanism first sug- 
gested by STUHLMAN (1932). BOYCE (1951) 
carried out an experiment that suggested that 
relatively few salt particles were produced by 
the mere mechanical "tearing" of the water 
in a breaking wave but that a significantly 
greater number could be produced a few 
seconds later when the bubbles resulting from 
the wave action had burst at the sea surface. 
A high-speed photogra hic study (KIENTZLER 

ejection of droplets from a breaking bubble 
(STUHLMAN 1932). The photographs indicate 
the manner in which small airborne droplets 
evolve from the vertical water jet which forms 
upon collapse of the bubble cavity. As seen 
in Fi . I and Fig. 2 the heights to which these 
dropits are ejected and their size is a function 
of the bubble diameter. The heights were 

that s a f  t particles were ejected into the air from 

ET AL., 1954) confirme B the mechanism of the 

Tellur IX (1957), 2 
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obtained with the use of a cathetometer and 
the bubble size determined from measure- 
ments of the buoyant force from a known 
number of bubblescollected in a small inverted 
glass hemisphere. The size of the ejected dro s 
was determined by catching them on glass sli i es 
and exposing them to an atmosphere of known 
humidity. The resulting drop size could then 
be used to compute the sea salt content and 
thus the original size of the drop. 

MASON (1954), MOORE and MASON (1954) 
and KNELMAN ET AL. (1954) found that the 
breaking of the bubble film produces small 

of their im- 

that the production of 

The foregoing work suggests that it is the 
breaking bubble at the sea surface that is 
responsible for the production of the atmos- 
pheric salt particles. In the next section the 
variation in bubble production by wave action 
and precipitation will be discussed. 

2. Bubble Production at the Sea Surface 

A. Wave Action 
It is well known that increasing winds cause 

a proportionate increase in the production of 
“whitecys” at the sea surface. These white- 
caps pro uce bubbles in the sea which, when 
they break at the surface, produce airborne 
salt nuclei. Therefore a direct relation should 
exist between wind force and the concentra- 
tion of airborne salt. This in fact has been 
found at deck levels by FOURNIER D’ALBE 
( I ~ s I ) ,  MOORE (1952) and at cloud levels by 
WOODCOCK (1953). Woodcock found that 
the weight concentration of sea salt at cloud 
base levels was increased by a factor of about 
ten when the wind force changed from three 
to seven. 

It mi ht be well to point out that in strong 

breaking is appreciably greater than that 
covered by the obvious breaking wave. For a 
minute or more after the wave breaks the water 
in the immediate vicinity appears cloudy with- 
out the presence of a heavy foam patch on the 
surface. This cloudy appearance is caused by 

winds t a e effective area over which bubbles are 
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the myriads of bubbles that are formed by the 
breaking wave. The ersistence of the cloudy 

thus slow in reaching the surface or that they 
have been carried far beneath the surface. Pre- 
sumably the stronger the wind the more 
bubbles are roduced and the deeper they are 

Observation indicates that little or no coales- 
cence occurs amongst the bubbles when they 
reach the surface. If this surface is clean the 
bubbles will break immediately. In the labora- 
tory, experiments have been carried out by 
bubbling air through fine frits placed a few 
cm beneath the surface of the water. A ra id 
coalescence of bubbles occurs on the sur P ace 
of fresh water but this is not observed in the 
case of sea water. Even though they are 
acked tightly at the surface the individual 

Eubble bursts seem unaffected by the adjacent 
bubbles. It appears safe to assume that bubbles 
produced in the sea b wave action will in 

and not coalesce. 
The device that was used to determine the 

bubble s ectrum produced by breaking waves 
consiste c f  of a small ( 9 ~ 6 x 2  cm) box with 
one of the 9 x 6 cm sides transparent. A grid 
of lines was inscribed on this transparent side 
of the box, the o posite side being removable. 
Just prior to m&g a bubble count the box 
was com letely filled with sea water and the 

was then placed, transparent side up, just 
beneath the sea surface in a region where 
breaking waves had left the sea cloudy with 
bubbles. The removable side (now the bottom) 
was slipped aside for a known time interval 
during which bubbles were free to rise into 
the box and become entrapped against the 
underside of the transparent top. The bottom 
was then securely attached to prevent leakage 
and the box removed from the water. Using 
a scale and a magnifying lens, the bubble 
spectrum, divided into appropriate size ranges, 
could be obtained. 

A brief consideration of the energies involved 
showed that there was no danger of a flattening 
of the bubbles against the underside of the glass. 
For bubbles < 500 microns diameter the 
surface free energy is at least 400 times as great 
as the gravitational energy. Any bubble surface 
distortion, which must arise from the gravita- 

region sigdies that t K e bubbles are small and 

carried by t K e turbulent motions of the sea. 

most cases burst indivi B ually at the sea surface 

removab P e side securely attached. The box 
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Fig. 3. The rate of rise of air bubbles in water. The 
calculated values are for sea water while the experimental 

ones are for fresh water. 

tional energy, will be o posed by the surface 

minimum. It is a parent from the above con- 

could not exceed 1/400 or 1/4 of one percent 
and thus the diameter will not undergo any 
significant change. 

The bubble density or number per unit 
volume of water is easily obtained by dividing 
the number found in each size range by the 
area that was counted, the time of exposure 
and the rate of rise of the bubble in water. The 
size ranges were in IOO microns steps up to 
500 microns. The rate of rise of the bubbles 
in each size range was assumed to be represent- 
ed by the rising speed of the average sized 
bubble, with the exception of the first size 
range, where the representative rise speed was 
that for a 75 micron diameter bubble. 

The rate of rise of bubbles in water may be 
calculated in the following manner. The 
general expression for the frictional retarding 
force is 

free energy which, o P course, tends to a 

siderations that t K e bubble surface distortion 

where 12 is the viscosity of the water; r, the 
bubble radius; v ,  the velocity of rise; cd, the 
drag coefficient; and R ,  the Reynolds number. 
This ex cession can be derived in a straight- 
forwar B manner from Stokes' Law and the 

fundamental relation between actual drag and 
im act drag. Now the buoyant force on the 
bufble is 

J I  = 4/3 7f! r 3 g  (ew-ea) (2) 

where g is the gravitational acceleration and 
ew and pa the density of sea water and air, 
respectively. At the terminal or steady state 
velocity of the bubble (2) must equal (I). By 
equating these expressions and then substituting 
for v in terms of the Reynolds number 

# R  
2ewr (3)  v=-  

and letting p a  < < ew we obtain 

C, has been found to be a function of only 
the Reynolds number (GOLDSTEIN 1938) so, 
given any value of R, C, may be obtained 
and (4) can be solved for r. With this value of 
r and R, (3) may be solved for the rate of rise 
u. In like manner a number of r versus t, 
tabulations can be determined and a graph 
drawn. Figure 3 shows the calculated values 
plus some experimentally observed rise veloci- 
ties (ALLEN, 1900). Allen's values were used for 
the bubble density calculations in this section 
while the calculated values outside o€ Allen's 
observations were used for the discussions in 
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Fig. 4. The bubble concentration (cc-l per I O O ~  band 
width) in sea water produced by breaking waves or 

Tellur IX (1957), 2 
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apply for bubbles below about 110 microns I 
the waves to break about 1 5  meters from shor; 
The bubbles were obtained by wading some 5 
meters out and ex osing the sampling device 
already described P or 2 seconds at a depth of 
about 10 cm. The measurements were made a 
few seconds after the breaking wave had passed. 
It was necessary to wait these few seconds to 
allow the relatively few bubbles of several mm 
diameter to rise to the surface. These large 
bubbles produced undesirable coalescence in 
the collecting box. It is realized that thismethod 
discriminates against the mm sized bubbles but 
they are present in far fewer numbers then the 
bubbles < 500p. The bubble spectrum in these 
experiments was determined out to a diameter 
of 750-1,500 microns but, as the size interval 
was 500 microns in this region, the values could 
not, without approximation, be plotted on 
Fig. 4. Had tlus been done the extension of 
region A and B would have continued with 
about the same slope as it has at present. 
Region B, an order of magnitude less than A, 
represents the spread of six determinations of 
the bubble spectrum found on the lee side of 
a rock over which the waves were breaking. 
The wind was not as strong as it was during 
the former measurements. 

B. Snow 
Among the natural sources of small bubbles 

in surface waters of the sea we have found 
that snowflake clusters are very significant. 
These bubbles, which are released as the snow- 
flakes melt, are readily observed by allowin 
a snowflake to fall into a small beaker whic 
is brimmin full of sea water, and then quickly 

in or d er to trap the bubbles. From fifty to 
several hundred bubbles were observed to rise 
and collect under the cover-slip as single flakes 

t 
placin a c P ean glass cover-slip over the water 
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Fig. 5 .  The size distribution of bubbles, rising from a 
snowflake cluster melted in sea water. 

melt. Figure 5 shows the size distribution of 
some three hundred of these bubbles, which 
were measured with a low-power microscope 
using an eye iece micrometer. 

While m a L g  these size measurements, 
which re uired perhaps 10 minutes, it was 

diameter were slowly becoming smaller and 
that bubbles 50 p or larger were growing. 
Thus the size distribution shown on Fig. 5 is 
only qualitatively correct, serving here only 
to emphasize the capabilities of snow in pro- 
ducing (or causing to be produced) a wide 
range of size among very small bubbles. Since, 
during the observation period, the small 
bubbles were becoming smaller and the large 
bubbles were becoming larger an increase in 
the size range with time occurred. This means 
that the initial bubble size distribution, present 
immediately after the flakes melted, was more 
limited in range than is shown in Fi 
effects of time of immersion in a tenng a 
given initial bubble population depends upon a 
number of factors, such as depth of water, 
partial pressure of air in solution, etc. These 
and other factors are discussed at length in 
Section 3 of this paper. 

observed x t at bubbles smaller than about 30,u 

9' 5: The 

C .  Raindrops 
The production of bubbles and nuclei by the 

impact of raindrops on the sea surface is a 
complex problem. It has been found that 
bubbles, produced directly and indirectly 
through the impact of raindrops, can produce 
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Fig. 6. A diagrammatic sketch of the methods of pro- 
duction of airborne drops by the impact of a fresh- 
water drop on a sea water surface. The dotted arrow 
indicates that floating drops are associated primarily 
with the collapse of the larger, less numerous bubbles. 

nuclei. Before an attempt is made to describe 
these bubble-production methods in detail, 
and to show how they v a y  over the raindrop 
spectrum, it might be we1 to consider them 
in schematic form as shown in Fig. 6 .  It can 
be seen that the nuclei are produced either 
directly from the impact of the dro , or from 

The bub g les are produced by (I) direct impact 
of the raindrop on the sea surface, (2) s lashed 
drops resulting from the im act, and (37  drops 
that momentarily remain fEoating on the sea 
surface. 

Observations on the splashin of water and 
production of bubbles by sim ated raindro s 
were made by visually observing, with suitab e 
lighting, the behavior of freshwater drops on 
impact with a sea water surface. The drops 
were allowed to fall from a sufficient height to 
insure terminal velocit . The splashed dro s 

in a parallel beam of light from a microscope 
lamp, using a suitable black velvet background. 
An estimate of the size of the bubbles and drops 
was made by applying Stokes' Law to the rate 
of rise and fall, respectively. 

The direct production of bubbles by rain- 
dro s is a function of raindrop size. Small drops 

2 or 3 bubbles of about sop diameter that are 
carried only 1-3 mm beneath the surface. The 
production of bubbles increases ra idly with 

produce from 50-100 bubbles that were often 
carried down in a vortex ring to de ths of 
2-4 cm. The vast majority or these gubbles 
appeared to be under 50 microns diameter. 
On occasions it appeared that the vortex ring 
of bubbles formed not at the moment of 
impact of the drop with the water but at the 

bubbles roduced as a result of t K e impact. 

P 

and the smallest bubb K es were easily visib P e 

I f  

of t 1 e order of 0.4 mm diameter will produce 

drop size as a 2.2 mm drop was o ! served to 

collapse of the water column that rises from the 
bottop of the impact cavity. This is quite 
plausible, for the remarkable photographic 
work of WORTHINGTON and COLE (I 897) shows 
t h s  water column, and they remark about the 
vortex ring that it forms u on colla se. They 
make no mention of bub L K  les in t e vortex 
ring but they probably passed undetected as 
only the closest scrutiny will discover them. 
With increasing drop size an increase in num- 
ber of bubbles was observed, although the 
bubble size was predominantly the same. 
Drops of 3 mm produced 100-200 bubbles 
while 4.7 mm drops produced an estimated 
200-400 bubbles (see Fig. 7). The larger drops 
also produce several bubbles of about a mm 
diameter. With increasing drop size the vortex 
motion of the bubbles plus the depth of pene- 
tration decreased. The bubbles from drops of 
4.7 mm were carried down less than 2 cm but 
eddy motions distributed bubble clusters some 
3 cm horizontally. These bubbles would go 
ra idly into solution or grow de ending u on 

or oversaturated, respectively. This, of course, 
will modify the bubble s ectrum which in turn 

when the bubbles burst. This solub' ity effect 
of the bubbles is considered in some detail later 
in the paper. 

The indirect production of bubbles by rain- 
drops occurs when the drops produced by the 
splash of the raindrop fall back into the sea. 
As this method of bubble production depends 

w I! ether the sea water was cons1 . c r  erably un i er- 

will affect the salt nuc P ei that are roduced 
l f  

Fig. 7. Curve A represents the number of bubbles pro- 
duced by the impact of a fresh-water drop on a sea water 
surface. Curve B represents the direct production of 
nuclei by the same drop at the moment of impact. 

Tellur IX (1957). 2 
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Fig. 8. The number of plashed drops > the indicated 
size, that are produced by the impact of a fresh-water 
drop on a sea water surface. As these data were obtained 
with the aid of filter papers, splashed drops < about 100 
microns diameter and those remaining airborne (Curve 

B, Fig. 7) were not included. 

D R C P  D l b M .  l m m l  

entirely on the size and number of splashed 
drops it was necessary to determine the “splash- 
ed dro spectrum” over the range of raindrop 

drops on 60 x 90 cm squares of Whatman No. I 
filter paper. The “raindrops” and the sea water 
contained a sufficient amount of methylene 
blue dye to enable the splashed drops, at least 
down to about I O O , ~  diameter, to be recorded 
as a blue spot on the filter paper. Tensiometer 
measurements showed that the blue dye did not 
significantly change the surface tension, con- 
sequently the character of the splash would not 
be expected to change. The relation of drop 
size to spot size on the filter paper was deter- 
mined by letting drops of known size fall on the 
papers. A semi-disc of 10 cm diameter was 
cut from the center of the 90 cm edge of the 
filter paper and the paper then placed about 
5 mm above the sea water surface and so 

size. T R s was done by catching the splashed 
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50 cm from the point of im act of the drop 

drops in each of three size categories from 
2-5 mm was counted. Figure 8 presents the 
data in the form of a family of curves showing 
the total number of splashed drops larger than 
the indicated size. It can be seen that nearly 
half of the splashed drops are < 0.2 mm. A 
raindrop of 5 mm might be expected to pro- 
duce nearly 900 drops of a size that is detected 
on the filter paper, of which only about 400 
exceed 0.2 mm and only 12 exceed 1.2 mm. 
The splash from raindrops < 2 mm is probably 
mainly composed of drops < 0.4 mm. Drops 
< I mm produce, on the average, less than one 
splash drop. These last splash observations were 
made visually. 

It now remains to determine ust what this 

It might be expected that the bubble-producing 
ability of the splash drops would be a function 
of their velocity and the angle at which they 
enter the water. A larger number of combina- 
tions may be met with in the splash of a single 
large drop but fortunately a simplification 
enables us to make a reasonable estimate of the 
bubble production. The splash drops are ob- 
served to rise up to 40 cm from the water 
surface, a height sufficient to insure that drops 
up to 0.5 mm will nearly attain terminal 
velocity by the time they return to the water 
surface. Figure 8 indicates that a l l  the splash 
drops from raindrops < 2 mm and about 80 
percent from a 5 mm raindrop are < 0.5 mm. 
We might reasonably expect then that the 
splash drops could be considered as raindrops 
and, as discussed earlier in this section, each 
produce 2-3 bubbles of about 50 p diameter. 
On this basis the splash from a 2 mm raindrop 
might be expected to produce some 80 bubbles 
compared to over 2,000 for a 5 mm raindrop. 

The third method of bubble roduction by 

drops”. These drops are similar to those that 
can be seen skimming across the surface of the 
water any time the water is violently agitated. 
As indicated in Fig. 6 the floatin 

the bubbles. Presumably the few that are pro- 
duced by splashed drops are from drops that 
were not splashed to any great height while 
those produced by bubbles are r sumab ly  the 
lower, larger drops in the jet t at is produced 

with the water. The splash P rom four to six 

splash means in terms of bubb i e production. 

raindrops falling into the sea is P rom “floating 

be produced by both the splashe f drops drops and can 
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when the bubble breaks. Observations on 
floating drops of about 2 mm diameter show 
that when they finally merge with the main 
body of water a thin column of bubbles is 
forced down several mm into the water. When 
these bubbles, perhaps 40 or more, fan out 
they are seen to be very small, perhaps < z5,u 
diameter. Little can be said of the numbers or 
sizes of these floating drops that are produced 
by raindro s. It may be that rain 

be produced by breaking waves. 
The airborne salt nuclei produced by direct 

impact of the raindrops with the water are 
nothing more than splashed drops that are, 
for the most part, small enough to remain 
airborne. Drops of 4.7 mm were observed 
to produce an estimated several hundred 
particles of < about 50 microns diameter. At 
impact these articles seem to appear simul- 

the water and some 10 cm from the point of 
impact. No doubt this is caused by the fact 
that the production mechanism of the particles 

ives them sufficient speed to escape detection f y the eye until frictional retardmg forces 
decrease their speed to the terminal value. 
Ths production mechanism appeared to be 
associated with the ra id formation and col- 

and COLE (1897) observed in their splash 
studies. In any event the ejection of the par- 
ticles several cm above the surface increases 
the probability that they will remain airborne. 
Some of these particles were so small (< 10 
microns) that a collection of them appeared 
and behaved like a small puff of smoke. There 
was no doubt that these would remain air- 
borne, especially if the humidity were low over 
the water surface. The production of these 
minute splash drops was very much a function 
of drop size. A 2.4 mm drop producedperhaps 
50-80 small particles while a 0.4 mm drop 
produced none that was visible to the naked 
eye (see Fig. 7). 

D. Air Solubility Change in the Sea 
The dissolved air content of the surface 

layers of the sea is usually at or near saturation 
and will vary from one season to the next. 
This seasonal change is presumably explained 
by the fact that the solubility of air in sea 
water is a function of temperature and also 

Rroduces relatively P ew compared to those t at may 

taneously wit l? in a region up to 4 cm above 

lapse of the large bub t le that WORTHINGTON 

that the production or utilization of oxygen 
by marine organisms will vary with the seasons. 
As the solubility of air is an inverse function of 
temperature it follows that, at saturation values, 
a maximum would be found near the end of 
the winter months when the water is at its 
lowest temperature and a minimum at the end 
of summer when the water is warmest. Con- 
sequently air should be given off by the sea 
during the spring and summer and absorbed 
during the winter. REDFIELD (1948), after an 
analysis of the seasonal variations of the oxygen 
distribution in the Gulf of Maine, conc!uded 
that about 3 x 105 cc of oxygen leaves the sea 
through a m2 of sea surface during March- 
October and a similar amount re-enters during 
the winter and spring. It is logical to inquire 
as to how much of this oxygen might leave 
the sea in the form of bubbles. If we go to 
extremes and assume that it a l l  comes out in 
the form of bubbles of 50 microns diameter 
we can compute the rather staggering number 
of 2,500 bubbles sec-l cm-2 breaking at the 
sea surface. This certainly does not occur, as 
gaseous diffusion across the sea surface probably 
accounts for the greater part of the oxygen 
exchange in the normal course of events. How- 
ever an intriguing question is whether bubble 
formation occurs in the sea after a short 
period of intense heating by an overlying 
warm air mass. If supersaturation by heating 
can keep ahead of the loss by gaseous diffusion 
to the air, and if sufficient nuclei for centers of 
bubble formation exist, there is a possibility 
that bubbles may form. Inasmuch as little or 
nothing is known of the interplay between 
these factors little more can be said. 

Precipitation falling into the sea may, under 
certain conditions, bring about a supersatura- 
tion of the rain water-sea water mixture, even 
though both were only saturated initially. As 
the inverse relation between air solubility and 
temperature is not linear but in the form of a 
curve concave upward, it follows that the 
mixing of two initially saturated bodies of 
water at different temperatures will 
a supersaturated mixture. For examp e, con- 
sider raindrops which have essentially the wet 
bulb temperature (KINZER and GUNN, 1951) 
and undoubtedly are saturated at that tem- 
perature. If raindrops, of a chlorinity essentially 
zero and saturated with air at 10' C, fall into 
saturated sea water (C1 = 19 %,,) at 24' C and 

Produce 
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mix such that the mixture is go percent sea 
water, the resulting su ersaturation will be 

probably not sufficient to cause bubble nuclea- 
tion, but the rate of solution of the small 
bubbles produced by wave action and pre- 
cipitation would be decreased. The important 
subject of the rates of solution of an air bubble 
as a function of saturation percentage will be 
discussed in the next section. 

about 102 percent'. Suc K supersaturations are 

3. The Stability of Air Bubbles in Sea Water 

The foregoing experiments have shown that 
whitecaps and all forms of precipitation 

articles are effective bubble producers. If these 
gubbles are produced in subsaturated water 
there is the ossibility that a significant decrease 
in bubble Jiameter will be caused by the air 
within the bubble going into solution. On the 
other hand, if the water is sufficiently super- 
saturated many of the bubbles would be ex- 

ected to grow. It will be clear shortly that 
for any supersaturation of sea water there 
exists a bubble size above which all bubbles 
will grow while those smaller than this size 
w d  go into solution. This modification of 
bubble size is clearly then a function of its 
initial size, the sea water saturation and the 
duration of existence of the bubble. Bubbles 
carried far beneath the surface will be subjected 
to gas diffusion across the bubble-water inter- 
face for considerably longer periods of time 
and are thus subject to greater change than 
those near the surface. Consequently it is very 
important that we obtain some knowledge of 
the effects of various solution times and rates 
on the bubble spectrum. 

The calculations outlined here are an exten- 
sion of those given by WYMAN ET AL (1952) 
and the reader should refer to these authors 
for a full understanding of the initial formula- 
tion. As a first approximation consider that 
due to the relative motion between the water 
and the bubble that the only gradient of dis- 
solved gas that exists is across a thin shell with 
its inner surface at the air-water interface. 
Further assume that the air within the bubble 
consists of a single gas with a single diffusion 
constant and not primarily a mixture of 

This calculation was based on tables of air saturation 
as a function of temperature and chlorinity as given by 
MIYAKE (1951). 
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oxygen and nitrogen. The general gas law 
states: 

when n is the number of moles of gas in the 
bubble; R, the gas constant; T, the absolute 
temperature; r, the radius of the bubble; and 
p ,  the pressure within the bubble. The pressure 
p is the hydrostatic plus the atmospheric pres- 
sure. The diffusion of air across the bubble 
surface can be expressed by Fick's law: 

dn/dt = - 6 4 n r2 ( p  -po)  (6) 
where p o  is the partial pressure of the air in 
the bulk water and 6 is a constant defined by: 
6 = A a / d  where A is the diffusion constant 
of the air in the water; a, the solubility of the 
air in the water, and d, the thickness of the 
thin shell that is assumed to carry the diffusion 
gradient. It will be seen that this expression is 
necessary to convert ( p - p o )  in (6) into a 
concentration gradient as called for in Fick's 
law. If we differentiate ( 5 )  with respect to time 
and combine it with (6) we have: 

(P-Po) dr/dt = - 6  RT - 
P (7) 

This is the equation that was derived by 
WYMAN ET AL. (1952) and found to be in very 
good agreement with experiment. Experi- 
mentally they found that dr/dt at any given 
pressure was essentially constant, that it a p  
proached a limiting value at high pressures and 
it was essentially independent of temperature 
over the range 1-27'' C. This is just what (7) 
predicts. As the water was always saturated 
with respect to air at one atmosphere, pressure 
p o  is constant and dr/dt can be seen to approach 
a limiting value, 6 RT, at great depths. As the 
rate of solution is pro ortional to the absolute 
temperature dr/dt ,Ip change relatively little 
with the temperature range used in the experi- 
ments. With the experimental data one may 
compute the value of the term 6 RT to be 
10-4 cm sec-' and find that it is approximately 
constant at all depths. Equation (7) with this 
substitution combines both theor and experi- 
ment to describe the rate of so r ution of gas 
bubbles. 

It should be noted in (7) that the total pres- 
sure p within the bubble is assumed to be 
only the hydrostatic plus atmospheric pressure 
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and no account is taken of the additional 
pressure 2 y/r due to surface tension effects 
(the surface tension of sea water y is about 74 
dynes cm-l). This effect was negligible in the 
work of Wyman et al. where the bubbles were 
several mm in diameter but in the present 
case, where we must be concerned with bubbles 
< IOO microns, surface tension effects become 
of prime importance. If then we add the 
surface tension pressure term 2 y/r to the other 
pressure term p in ( 5 )  and (6) and solve 
simultaneously we obtain the general expres- 
sion : 

t 

0 1' 

which reduces to (7). as it should, if y is set 
equal to zero. The solution of this integral is: 

Figure 9 was constructed from (9) and shows 
the solution times for bubbles in water of 
various degrees of saturation at a depth of 
10 cm. The dashed lines show the solution 
times in water saturated at atmospheric pres- 
sures at depths of I and IOO cm. Note that 
within these depths there is little significant 
difference in solution times in saturated water 

for bubbles < about 40 microns diameter. The 
significance in Fi ure 9 would seem to be 

indicated at each value of supersaturation, 
below which all bubbles will, due to surface 
tension pressure effects, go into solution. Even 
at a supersaturation of 11s % all bubbles < 21 
microns will be forced into solution. The value 
of this e uilibrium diameter may be very im- 

given bubble spectrum are < this value, the 
bubbles themselves may be responsible for 
further increasing the supersaturation. As the 
supersaturation curves in Fig. 9 were con- 
structed for a depth of 10 cm, it is of interest 
to determine how the equilibrium bubble 
diameters vary with depth as a function of 
supersaturation. 

A bubble is at equilibrium with its sur- 
roundings when its total internal pressure, 
which is composed of the atmospheric, the 
hydrostatic and the surface tension pressures, 
is equal to the partial pressure of the gas in 
solution. As we are considering the case where 
the water is saturated at all depths with respect 
to atmospheric pressure, the partial pressure 
of the gas is x A, where x is the fractional 
value of the supersaturation and A is the 
atmospheric pressure. This is equated to the 
three components of the total internal pres- 
sure as given above to obtain 

the equilibrium % ubble diameters that are 

portant 4 or if the majority of bubbles in a 

Tellur IX (1957). 2 



B U B B L E  F O R M A T I O N  IN T H E  S E A  IS s 
where d is the hydrostatic pressure. Solving for 

we find 
2 Y  r =  

(x-I) A - d  

from which it is seen that for any supersatura- 
tion x there is a depth d beyond which all 
bubbles will go into solution. This depth is 
found by letting the denominator in (I  I) equal 
zero and solving for d. For supersaturations 
< 102 percent this depth is < 10 cm. At 
supersaturations > 102 percent (I I) shows that 
for depths < 10 cm the critical radius, above 
which or below which bubbles grow or go 
into solution, is essentially constant for a given 
supersaturation and thus similar to the values 
indicated in Fig. 9. The time required for the 
bubbles to go into solution will decrease with 
depth in the range of 0-100 cm but probably 
not significantly so, judging from the curves 
for depth of I and 100 cm in Fig. 9. 

4. Discussion 

It will be of interest to examine the experi- 
mental data on the effectiveness of bubble 
production by breaking waves and precipita- 
tion in terms of the salt nuclei spectrum found 
in the atmosphere. The breakin wave is prob- 

of airborne nuclei. With the data from Fig. 3 
and Fig. 4 we can derive Table I which in- 
dicates the rate at which bubbles of various 
sizes rise to the surface cm-2 sec-'. Assuming 
that only one of the 4 or 5 drops ejected from 
the breaking bubble remains airborne, column 
D of Table I can also represent the production 
rate of airborne nuclei from the sea surface 
shortly after a whitecap has formed. It would 
be unwise to attempt to compute the total 

roduction of nuclei from a breaking wave 
for we do not know to what depths the 
bubbles are carried and thus cannot say how 
long the concentration given in column B will 
be in existence. If the bubbles are all dmibuted 
uniformly to the same depth then the smallest 
ones will continue to break at the surface for 
the lon est time. The production rate column 

value of 40 cm-2 sec-1 (for nuclei of mass 
ound by MOORE and MASON 

(1954) ' I0-l3 in B' aboratory tests. It would be well to 

ably the most common metho f of production 

D) of a % out 34 cm-2 sec-I is comparab \ e to the 
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regard the similarity of these two values as 
probably fortuitous, and to accept it only as 
an agreement in order of magnitude. It is not 
clear as to whether bubbles were breaking over 
the entire area used in Moore and Mason's 
laboratory tests or only over a fraction of it. 
Also, it is not known how the present results 
will be affected by changes in wind force on 
the open sea. It is expected that increasin 
force will increase the numbers of bub les in 
such a way that the slope of the curve in Fig. 4 
will be essentially the same. 

twkd 

Table I. An attempt to estimate the number of 
bubbles (cm-p sec-l) from a breaking wave. Co- 
lumns B and C are obtained from Figs. 4 and 3, 
respectively. Column D is simply the product of 
B and C. Column E is obtained from D by as- 
suming only 10 percent of the ocean active as a 
source bubbles. 

A B C D E 
Bubbles prc- 

Bubble diam. cc per Rise ve- Bubbles an-' 
of center of band locity cm-' sec-' ~uming  
size band 01) cm sec-' sec-' 10 % of active 

B_uFbles 

Probably the most significant aspect of 
Table I is that the great majority of the 
bubbles are < zooy. From Fig. 2 we see that 
these bubbles, upon bursting, could produce 
nuclei of the size found at the small end of the 
airborne sea-salt spectrum ( < about I O - ~ O  g) 
by drops from the jets. MOORE and MASON 
(1954), with doubts as to the existence of 
bubbles < about 500 y from whitecaps, have 
suggested that airborne salt nuclei < I O - " ~  
originate from the shattering of the film of 
the large bubbles. Inasmuch as the small 
bubbles do indeed exist it is likely that the 
mechanism by which the nuclei are produced 
is via the jet mechanism and not the bubble 
film. Observation (BLANCHARD 1954) shows 
that small bubbles ( < joy) produce no droplets 
exceeding I y radius, other than those coming 
from the 'et mechanism. MASON (1954) reports 

droplets from the shattered fi m, with the 
largest having salt contents of about z x 10-14 g. 
This weight is far less than the minimum of 
about 10-'0g that appears to provide the 

P that bub d les of 0.5 to 3 mm ive IOO-ZOO 
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nuclei for raindrop formation (WOODCOCK 
and BLANCHARD 1955). 

The entire question as to the spectrum of 
bubbles that produce these large airborne 
nuclei and the exact method by which it is 
done may appear to be a trivial one. And it 
could well be so, if we were to assume that 
the roperties of two drops of equal size, one 

by the rupture of the bubble film, were the 
same. But this may not necessarily be so. It 
has been found (BLANCHARD 1955) that the 
droplets arising from the jet mechanism carry 
an appreciable electric charge that may con- 
tribute significantly to electrification processes 
in the atmosphere. Other considerations indi- 
cate that the droplets that are created by the 
jets may not be representative of the bulk sea 
water but of the surface film which may be 
contaminated. If droplets arising from the 
rupture of bubble films do not have the afore- 
mentioned properties they may play a dif- 
ferent role in the precipitation process than 
those arising from the jet mechanism. 

The production of bubbles by falling snow 
was found to be about 25 cm-2 sec-I which, 
again assuming one airborne droplet per 
bursting bubble, gives a salt nuclei production 
rate of the same value. This is to be compared 
to the somewhat similar computed value of 
about 14 found for the nuclei production from 
bubbles produced by rain. The nuclei pro- 
duction by rain was estimated by carrying out 
the following steps, with each of the raindrop 
size distributions given by BLANCHARD (1953) 
and BEST (1950) for rain intensities of 20.8 and 
25 mm hr-l, respectively. Each distribution 
was divided into a number of intervals 
(I 250 p) and the number of drops striking 
the sea cm-2 sec-l was computed. Then by 
using Fig. 7 and Fig. 8 one could com Ute 
the production rate of airborne nuclei lorn 
(a); bubbles produced hrectly by the drop, 
(b) ; im act of the drop and (c) ; bubbles pro- 

splashed by the raindrops. It was found that the 
bubbles produced at impact were responsible 
for more than 80 percent of the total airborne 
nuclei and, even more sur rising, Blanchard’s 

produced about as many bubbles as did Best’s 
(drops as large as 5 mm). It appears that the 
greater number of drops m-3 in the narrow 

pro B uced by the jet mechanism and the other 

duced f y the drops < 0.4 mm that were 

rain distribution above (al P drops I 2.2 mm) 

range distribution made u for the fact that 

in 8 R  cate t at a significant increase in the salt 
nuclei count might be found in atmospheric 
regions overlying the ocean through which 
rain or snow had fallen. The build u of air- 

function of the wind shear between sea level 
and the precipitation source and the duration 
of the precipitation. 

The question as to the production of 
bubbles by the warming of the sea in the sum- 
mer months or by the mixing of two saturated 
water masses at different temperatures will, as 
mentioned earlier, have to await more observa- 
tions on the supersaturations of surface waters 
of the sea. The existence of supersaturations 
will depend, in some degree, on the absence of 
bubble nuclei. In the absence of these nuclei, 
which are thought to be gas particles surround- 
ed by minute foreign materials in the water, 
the water may be highly supersaturated without 
the formation of bubbles (DEAN, 1944). The 
idea was recently advanced (FOX and HERZFELD, 
(1954) than minute bubbles in water, which 
are prevented from going into solution by the 
stabilizing action of an organic skin, will act 
as cavitation nuclei. They envisaged that this 
organic skin, robably produced by the dis- 
integration 04 living organisms, acted as a 
mechanical barrier to the hffusion of gases. 
Upon cavitation the organic skin could be torn 
and bubble growth would follow. It seems 
probable that such bubble nuclei could exist 
in the oceans but their importance in bubble 
production in natural supersaturated waters 
is unknown. 

From the calculations presented in Section 
3 it appears that supersaturations in the surface 
layers of the sea can be produced by the small 
bubbles that are forced into solution by the 
increase in internal bubble pressure due to 
surface tension. Figure 9 indicates that super- 
saturation of at least 102 percent could occur 
if the bubbles are < 3 0 0  p diameter. As the 
results of Section 2 show that a majority of 
the bubbles produced by natural processes are 
< 300 p, it is to be expected that a slight 
supersaturation of the surface waters would be 
produced. In particular, as the majority of the 
bubbles produced by snowflakes are < 50 p 
diameter, it is expected that supersaturations 
of about 105 percent could be obtained. The 

lar er dro s produce more f ubbles. These data 

borne nuclei in such regions w o u d  P be a 
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bubbling process will certainly produce super- 
saturations, as RAKESTRAW and EMMEL (1938) 
have measured nitro en supersaturations of 102 

shaken with air and let stand until the bubbles 
were no longer visible. 

If we assume that the usual saturation per- 
centage at the sea surface is from IOO to 102, 
then in either case all bubbles < 300 p will 
tend to go into solution and at rates, at least 
for the bubbles < about I O O ~ ,  that are nearly 
the same. The solution rates for the larger 
bubbles, though significantly different for IOO 
and 102 percent saturation, need not be con- 
sidered, for the rate of rise of these bubbles will 
bring them to the surface long before any ap- 
preciable decrease in diameter has taken place. 
The small bubbles, with rates of rise of only a 
few tenths of a cm sec-1, will require several 
hundred or only a few seconds to reach the 
surface depending on whether they rise from 
depths of about a meter or a few cm, re- 
spectively. In the former case the bubble may 

o entirely into solution while in the latter 
Ettle change in size may be experienced. It 
appears then that the depth to which a small 
bubble is carried may be an important factor 
in controlling the frnal bubble size. This depth, 

percent in water t a at had been vigorously 

in turn, will be a function of the stability of the 
surface layers of the sea and the intensity of the 
mixing process. For example, we would expect 
very little downward mixing of bubbles pro- 
duced by snow falling into a fairly calm sea. 
On the other hand, a great deal of downward 
mixing of bubbles from snow is to be expected 
in strong winds or when the surface waters are 
convectively unstable. 

It is clear that many factors must be con- 
sidered in order to make broad generalizations 
on the rate of nuclei production from naturally- 
produced breaking bubbles. Not only must 
we consider the various bubble producing 
mechanisms discussed in this pa er, but we 

of the surface layers of the sea as it varies geo- 
graphically and with the seasons. 
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