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AN AIRBORNE FLAME PHOTOMETER AND ITS USE IN THE SCANNING
OF MARINE ATMOSPHERES FOR SEA-SALT PARTICLES
By A. H, Woodcock and A. T. Spencer

Woods Hole Oceanographic Institution?
(Original manuscript received 25 January 1987; revised manuscript received 22 March 1957)

ABSTRACT

An airborne flame photometer {or the identification of large sodium-bearing aerosols from aircraft is
briefly described. This instrument is a modified form of » laboratory device which has been used to count
sodium particles. A rough caiibration of the fiame photonieter, in terms of the total amounts of sea-salt in
marine air, is discussed. Preliminary observations in trade-wind areas are given and an interesting concen-

tration of sodium in cumulus clouds is indicated.

1. Introduction

Evidence of the association of bubbles in the sea
with sea-salt nuclei in the air and of the connection
between these nuclei and salts in solution in rain
waters [see references 1, 3, 16, 18 and 207 has direc-
ted our attention to problems requiring more knowl-
edge of the quantities of these nuclei in the atmos-
phere. In some of these problems an instrument was
required which would make possible a rapid scanning
from aircraft of the distribution of salt of certain
particle-size runges in the lower layers of marine
atmospheres. In these air layers and in the clouds
which are often found in them, the difference in the
horizontal and vertical distribution of the weight of
sea-salt per unit volume of air commonly amounts to
geveral ordery of magnitude [17]). Hence, no great
instrumenia! accuracy was initially needed to obtain a
usc ful exploratory tool.

Methods presently available for obtaining the
weight of salt per unit volume or weight of air? are very
slow and laborious. A further objection to most of
these methods is that the quantities measured often
represent average values along extended air paths due
to the necessarily prolonged time required to obtain
an adequate samyle, Hence these methods are not
useful where rapid and rough mapping of the distribu-
tion of soxdium-bearing particles in the lower layers of
marine atmosphere is required.

Soudian [127] and Vonnegut [15] have developed a
useful instrument which applies the principles of flame-
photometry to the problem of detection of sodium-
bearing aerosols. Their instruments are laboratory
models, capable of giving relatively instantaneous in-

! Contribution number 889 from the Wouds Hole Oceano-
graphic Institution. This paper represents the results of rescarch
carried out by the WHO! under contract with the Office of Naval
Rescarch. Reproduction in whole or in part is permitted for any
purpose of the United States Government.

tFor filtration methods see references (S and 97, and for im-
pmugement methods sce references (6, 10, 11 and 193

dications of these aerosols. However, neither author
calibrated his instrument in terms of the weight of
sodium per unit volume of air nor adapted it for use in
aircraft.

The purpose of this article is to describe briefly a
flame photometer designed {or use in an airplane (see
figs. 1 and 2) to discuss its use in conjunction with
a different method of measuring airborne salt, and to
give some of the first data obtained. This instrument
amplifies and records the average voltage developed
across the photocell load resistor, which is proportional
to the photocell current produced by sodium flashes in
a flame. This voltage has been related to the quantity
of sea-salt particles in the air, by comparison with
direct simultaneous sampling of these salt particles,
s0 that it provides a rapid indication of the weight of
sea-salt present. The justification for this comparison
of sodium-flash intensity, as represented by the photo-
cell current, to the mass of sca-salt particles in the
atmosphere, is to be found in the work of Junge
{7, p. 1307. He showed that the ratio i the sodium to
the chloride in the giant nuclei in marine air is about
the same as this ratio in sea-salts. Hence it was ex-
pected that the sodium-flash intensity would be a
nearly constant function of the quantity of sea-salt in
the air, since the ratio of sodium to total salts in sea-
nalt is a constant.

2. A brief description of the instrument

The i:. trument, shown in section in fig. 1, consists
of an enclosed gas burner, or torch, into which a mix-
ture of air and propane gas is introduced. The mixture
is ignited in flight by a spark which crosses the gap
between the center electrode of the spark plug and the
outer edge of the burner, Fig. 2 shows the mounting of
the flame photometer under the wing of an aircraft.

The flame is viewed by a 1721 photomultiplier tube
through a lens and a multilayer interference filter.
This filter has its transniissi v peak at 5892ZA, and in-
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F1G. 1. Schematic drawing of airborne flame photometer

cludes an additional colored-glass filter for the elimina-
tion of side bands.

The output current of the photomultiplier tube is
a function of the light from the sodium flashes which
occur in the flame as the salt aerosols are heated. This
signal from the phototube, after suitable amplifica-
tion, integration and recording, is related to the air-
borne salt through comparison with salt-aerosol sam-
ples taken and measured by an entirely different tech-
nique. This comparison is discussed later in this paper.

F1G. 2. Photograph of flame-photometer housing mounted
under the wing of a small aircraft

The flow of propane gas to the _ame is controlled by
a pressure-regulating valve and a floating-ball flow
meter. The air enters the burner at A (see fig. 1) at a
speed which is controlled by the selected speed of
flight. The diameter of the air-intake orifice and the
propane-intake pressure required for efficient flame
production by the burner were determined by trial in
flight at speeds of 70 to 105 mph. It was found that
the best flame characteristics for this instrument were
obtained with an air speed of about 90 mph, an air-
intake orifice diameter of 2.36 mm and a propane flow
rate of about 57 gms per hour

3. Calibration

The sea-salt-particle sampling techiique, which was
used to indicate the range of usefulness of the output
current of the photomultiplier tube as a measure of
airborne salt, is one which has been described by
Woodcock [16 and 19 | and further tested by Twomey
[14]) and Crozier [4]. This technique involves the ex-
posure to the air of small glass slides and the subse-
quent measurement with a microscope, under constant
relative humidity conditions, of the salt aerosols im-
pinged upon them. When these aerosols are crystalline
particles they range in size from about one to ten u
radius and they are known to contain over %) per cent
of the total mass of sea-salts usually present in marine
air (Junge, [7] p. 135). The amplifier used with the
flame photometer, as presently designed, is sensitive
to only the larger of these particles
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In comparing techniques in flight the small glass
slides were exposed simultanzously with the operation
of the photometer. Over seventy comparative tests
have been made in the lower atmosphere (Altitude 20C
to 7000 feet) over the sea in the Florida and West
Indian regions. During these tests, many factors such
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as air speed, airplane flight attitude, propane gas flow,
phototube supply voltage, etc, which were found to
effect the photocell output current, were held reason-
ably constant

Fig 3 shows the results of these comparative tests.

Graph (A) in this figure gives the earlier observa-
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F16. 4. Measured air flow 11to photometer intake orifice, compared to ideal 1isokinetic) flow. Orifice inside diameter 2,36 mim,

tions made over the ocean east of Pompano Reach,
Florida, and graph (B) gives the latest data from the
Virgin Island area. The large apparent increase in the
voltage on graph (B), as compared to graph (A), is
due to increased amplification of the signal in a later
model of the instrument. This later mode! also had an
increased sensitivity to the larger sodium flashes, The
two diverging lines are introduced among the observed
points in erder to thow the maximum error of the iso-
piestic method (1.e., &= 20 per cent ; see reference r19)
p. 181), as applied to the problem of determining the
weight of sca-salt particles on the glass slides. These
sodium data will be discussed later in this paper.

4. Collection efficiency

May [10]and many other workers have emphasized
the importance of "isokinetic” conditions in the intake
orifices of aerosol samplers in order to insure that a
representative number of particles enter. In other
words, with the intake orifice facing directly into the
wind, the air speed within the orifice should equal that
in the main airstream on the outside. Lower or higher
air speeds within the orifice will alter the number of
particles which can enter, and hence will alter the ap-
parent concentration of particlez in the free air,

In the first exploratory studies of atmospheric so-
dium particles, no suction was applied to the tail pipe
(sce B, fig. 1), in order to speed the Bow of air through
the flame chamber. Hence, internal friction caused the
rate of flow of air inside 1 1e intake orifice tube (A) to
be somewhat less than the air speed of the aircraft,
This was demonstrated by placing the instrument in
an air stream of a known velocity and measuring the
quantity of air passing out of the vent pipe. These
quantities were determined by measuring the time re-
quired to trap certain volumes of air in a thin-walled
rubber balloon. Fig. 4 shows the observed inflow
amounts at various air speeds compared to the ideal
isokinetic inflow, Notg that the measured air inflow at
80 mph was about 17 per cent less than ideal, and at
90 moh about 11 per cent less. These data were ob-
tained with the Hame turned off, However, operation
of the flame was found to have no measurable effect
upon the air-inflow rate at these speeds.

It was sufficient for our present purposes to demon-
strate that the amounts of particulate sodium which
do enter the orifice and Aame, produce a Varyiiig s~
dium-flash signal which in the average is quantita-
tively related to the varying averaged amounts of sei-
salt sampled on the ylass slides. [t is thought that the

i N il
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above near-isokinetic-flow values assure a collection
efficiency which is quite high enough for the initial
exploration discussed here, especially since the out-
side diameter of intake pipe is s0 small (2.4 mm) that
it would have a high collection efficiency for the par-
ticles concerned, from consideration of orifice size
alone,

Figa. 5 and 6 show a comparison of the average
sodium-flash signal ii.iensity, as indicated by the am-
plifier-voltage output, to the average quandty of sea-
salt found among particles coliected on the glass
slides. The number of observations averaged in each
case is shown near each point. It ia apparent on these
figures that the differences which occur in the airborne
sea-salt and sodium, with increasing altitude, are very
similar in trend, This result was expected, =ince the
constancy of the relationship of the sea-salt, among
the giant malt nuclei, to the chloride [14 and 197 and
to the sodium [67] has been shown.

In figs. 5 and 6 the voltage values are also given for
pericxds when the flame photometer was operated with-
in relatively small nonprecipitating cumulus clouds.
e to the increased mass of the salt particles in the
clouds (they become large cloud droplets), the collec-

tion efficiency of the photometer intake orifice for
these particles would be more nearly unity than for
the same particles in the clear air. Thus, these pho-
tometer currents obtained within the clouds probably
more nearly represent the total sodium present than
do the values measured in the clear air.

It will be noted that the average photocell currents
in the clouds are similar to hut somewhat greater
than, the average in the subcloud layer of al-. Until
further measurements become available, this similarity
is tentatively interpreted as showing that the clouds
are largely composed of air which has come from the
subcloud layer. The higher values obtained in the
clouds as compared to the values in the subcloud layer,
are thought to result from (1), the tendency for the
clouds to be made up of the subcloud air containing
the highest amounts of salt (compare cloud voltages
on figs. 5 and 6 to the average voltage maxima as
shown by the plus signs); (2), a somewhat higher in-
strumental sampling efficiency in the clouds: and (3),
an increase in the concentration (no. per unit volume
of air) of the larger salt particles during their growth
to large cloud droplets. This third factor is onc utilized
by Bowen [2] to explain the concentrations of rain-
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days between the dates May 25, 1956 and June 10, 1956. Surface winds force 3 to $ E to ESE.

drops in clouds, and its application to salt particles is
being investigated. 1t is very unlikely that correction
for “sampling efficiency’ will significantly alter the
cloud sodium values given here. {1owever, until this
error is eliminated, these values should be regarded as
tentative.

5. Discussion

There is a considerable scatter of the observed
points on fig. 3 beyond the £ 20 per cent maximum
error of the glass slide method. This is thought to be
due in large part to the difficulties of properly integrat-
ing the highly variable signal {rom the phototube, and
to variations in the relative mass of salt (or sodium)
present in the salt-particle size range sampled by the
flame photometer. The variability of the photometer
signal during '‘calibration sampling runs’ indicited
that the slicle samples were averaging a greatly varying
quantity. ‘The second of the above factors will be dis-
cussed in some detail later. The justification for using
the photometer data at this time, despite the above

rather larye scatter in the calibration values, lies in the
close similarity of the changes in the average photom-
cter results, at different altitudes and positions, to
changes in the average amounts of sea-salt present
(see figs. 5 and 0).

At this stage of its development, the airborne flame
photometer is regarded as an exploratory probe in
areas where the differences in salt amount are great,
and as a device for rapidly “roughing-in" the distribu-
tional picture of the sodium-bearing particles in these
areas. There is a great difference in the time required
to obtain the results by the slide method as compared
to the photometer method. For example, the salt data
from the glass slides which are shown on fig. 6, required
forty hours to produce, while the flame photometer
data on this figure are the result of two hours work,

The photometer is especially uszfal in areas of
marked change in aeroscl population, such as those
which occur while ascending from the subcloud to the
cloud and above-cloud layers and while flying through
and near cumulus clouds, Where particle size distribu-
tion and greater accuracy are required, other methods

S iy i
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arrow marks. Date: June 7, 1956, alt, 500 ft.

may '~ used. In these cases the photometer is some-
times 4 valuable supplemental tool, For instance, in
some of our problems it is usel ' to know the maximum
quantities of sait present, ar~ ¥ certain particle size
ranges, along a given flight Loe. Previous methods
required that glass sampling slides be exposed as
rapidly as possible and at numerous intervals along
this line, The “reading’’ of these many slides was
very time consuming and laborious. The continuous
record of the photometer makes it possible, however,
to scan a Hight path 1 then, upon reversal of course,
to use this record as a guide in relocating the areas of
maximuns salt. Salt samples may then be taken in these
areas of interest only, thus saving much time and
work.

Fig. 7 shows 2n exampie of an interesting hori-
zoutal difference in sodium or salt content in the air
at constant altitude near an island, This difference,
which is not unusual at other levels, is probably due
in large part to the convergence of surface air towards
the island (caused by island heating) and the conse-
quent subsidence of the relatively salt-free air from
higher levels at the off-shore location about five miles
south of the island. It may also be due in part to in-
creased wind force near the island causing a greater
Jocal production of salt particles by the sea surface
(sce references (1] and (177 about role of wind in
nuclei production).

Though we have used thisinstrument at low airspeeds

on a small aircraft, our experience has indicated that
it couid be readily adapted for use at the higher speeds
of larger airplanes.

In using the flame photometer within clouds, it is
reasonable to question the possible effects of cloud
water on the flame and on the sodium-flash intensity.
It might be supposed that the heat required to vapor-
ize the water on the cloud droplets passing through the
flame might, in some cases, so lower the flame temper-
ature that «n inadequate amount of heat would remain
to heat all of the sodium in each salt particle to incan-
descence, However, this scems unlikely since the pro-
pane burning rate of 67 grams per hour releases from
300 to 1000 times as much heat as that required to
vaporize the water found in the average cloud (i.e.,
from 0.1 to 1 gm m~%). This excess of heat is derived
assuming isokinetic flow in the orifice. With this flow,
the air passes air through the flame at a rate of about
0,157 liters per second at the airplane speed of 35.8
meters per second (80 mph). The heat of combustion
of the propance gas is about 1380 cal per gram.

On several occasions the airplane was directed
through “cloud ghosts,' or areas in which clouds had
recently evaporated ieaving an invisible residue of
vapor,aerosols and turbulence, These arcas also showed
the characteristic large increase in sodium-signal in-
tensity which we had found in the visible clouds. Thus
it appeared that the increased signal associated with
the clouds (see figs. 5 and 6) was not due to some un-
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known effect arising from the high state of dilution of
the salt particles as cloud droplets.

The effects of changing pressure (altitude) on the
gas delivery rate of the commercial “constant-flow
valve"” used was also measured. The maximum in-
crease ir. this flow rate due to decreasing pressure with
altitude was only seven per cent at 10,000 feet. This
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increase produces no noticeable effect upon the e
or its sodium-flash signal.

As pr ciously suggested, it is thought that one
source of the errors in relating photocell current to
individual sea-salt samples taken with the glass slides,
(see fig. 3) lies in the changing relative distribution of
mass of salt among particles of different sizea, The
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photometer amplifier, as presently constituwcd, is sen-
sitive to an alternating sodium-flash signal from the
larger particles and not to signals from relatively
steady sodium light, From a study of the photocell
output records from the St. Thomas data, it is known
that the major portion of the sodium signal comes
irom flashes which occur at frequencies of about one
per second or less, (There was too little amplifcation
to detect the more numerous weaker flasher.) If we
assume that the air entered the intake orifice at a
speed of 35.8 m sec™, the rate at which air passed
through the flame is simply the product of the cross-
sectional area of the orifice (.04375 em?) and the air
speed (3.58 X 10! cm sec™t). From this product, which
is 0.157 liters per second, and from the spatial distribu-
tion of the salt particles, we can determine the particle
weight range which produces the flashes of one or less
per second, This is done, using the galt-particle distri-
butions derived by the glass-slide technique.

Fig. 8 shows graphically the cumulative number dis-
tribution of particles of various weights sampled by
the glass slides over the acean in the Virgin Island
area. On this figure one can readily see that the Jower
limit of the weight range of particles present in
numbers sufficient to cause one flash or less per second
in 0.157 liters of air (i.r., about 7 X 10% particles or less
mY), is not a constant vafue, In fact, the “lower limit
weight'' varies during the several days represented,
from about 1 X 107 grams to 2.7 X 101 gram.?
Fig. 9, which shows cumulative mass distribution of
the salt particles, may be used to determine the rela-
tive proportion of the total airborne salt present in
nuclei larger than the limiting weight.

As a result of the variable distribution of mass in
the weight range sampled by the flame photometer, the
instrument probably “sees’' a variable proportion of
the total salt present. For example, table 1, column 7,
shows this varying proportion, expressed as the ratio of
the total airborne salt to the salt present in the particles
larger than the above-mentioned “lower limit" paar-
ticle weight. These ratios are derived from the data
on figs, 8 and 9 in the following manner. On fig. 8 note
that the June 2 salt-particle distribution curve, for
the 500-foot evel, crosses the limiting number of
7 % 10 particles per cubic meter at a nucleus weight
of 270 X 10-% gram. On fig, 9 the cumulative per
cent mass distribution curve {or the same day and
altitude shows that 34 per cent of the mass of salt was
present in particles larger than 270 X 107 gram,
Table 1, column 7, shows this and other figures for the
relative mass of salt present in particles larger than
the “lower limit" weight, Correction of the data for
this source of error proved inconclusive. This is

P The fact that the air entered the orifice at a sied somewhat
lews than that of the aircraft will alter these values romewhat,
but will not alter the hasic argument concerning this sourcs of
error,
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Tabre 1. Showin? diflerences in the ratio of the computed
weight of salt which produces the sodium-fash si nal, to the
total weight of salt in all of the particles sampled by the glass
slides, Tﬁe symbols refer to the duta of the six days when the
moat complete salt-particle samples were taken with the slides

(see figs. 8 and 9).
‘ o Total sea salt -
in particien
equal to
Alrborne  Partkele*  or larger
Bymbol  Date Altitude »en salt weight thas f!:’) M2/ M1
19356 1t My (W) - :; N B )
sEgmamTy (0w y sEmam
@ 5725 1000 7.6 .22 0.16
v 5/27 1500 85 199 2.55 0.30
@ 5/29 1500 6.1 100 1.58 0.26
0 3/40 1000 9.4 120 1.88 0.20
© 6/1 500 154 160 3.24 0.21
® 6/1 1500 140 155 2.24 0.16
+ 6/2 500 15.1 270 5.13 0.24
X §/1 1500 11.1 150 2.55 023

* Weight of the smallest particle among the salt nuclei numer-
ous enough to produce one wodium flash a second (1.e., a cumu-
lative number of 7 X 10* particles m~t—see text),

thought to be due to the small amount of data show-
ing a significantly large difference, and to the obscuring
efects of other variables such as the error of the glass-
slide method.

From the ahove analvsis it is seen that an instru-
ment sensitive to only a portion of the range of salt
particles entering the orifice should record a signal
variability from changing relative mass distribution
among these particles. It is clear that a variable signal
does not, therefore, necessarily indicate differences in
the total mass of ealt in the particle size range sampled
by the glasy slides. Also, there is little doubt that much
larger difterences in the ratios M2/M1 (sce table 1)
often occur. Consequently, the present circuit which
amplifies the photoelectric cell signal is now being
altered to broaden its sensitivity to a greater range of
sodium-flash signal frequency. This is expected to re-
move much of the above source of error.

Alterations are being made in the form of the tail
pipe in orde- to produce a pressure reduction there
which will cause the flow rate on the inside of the in-
take orifice to be equal to that in the free-air stream,
The efficiency of the optical system is also being im-
proved. A more detailed description of the airborne
flame photometer and of the above improvements is
in preparation by the second author,

In the meantime, the present instrument is a useful
exploratory tool in those areas of the lower atmosphere
where large differences in sodium content are the major
features to be studied. We hope to apply the instru-
ment in various field studies. For instance, we would
like to know the differences in the salt-aerosol load
of the marine air masses moving into “'disturbed areas'’
in the North Atlantic trade-wind system. It is already
known that differences in the salt load of the subcloud
air of the order of ten to a thousand times are directly
related to the speed at which this air has been moving
[17]. It has also been shown that these acrosols are
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probubly cotnec ted insome way with the rain-forming
process [16, 18, and 20], Large differences in their dis-
tribution in air which is moving into a “disturbed
area’’ may be direetly connected with the rate and
position of release of heat (precipitation) in these areas.

The instrunsent may also be useful in testing the
idea of tradewind cloud growth by the “entrainment”
of environmental air, I subsequent messurements
continue to show a high relative sodium content o the
douds, it will beeome necessary to reconsider this idea
of cumulus growth, This reasoning follows from the
fact that the clear air between the clowds containg
relatively small quantities of salt (see figs, 5 and 6and
reference (177), Henee the extensive mixing of this
environmental elear air with clomd air, as pictured in
the entrainment hy pothesis, should produce o dimin-
ishing sodium wnount at increasing altitudes in the
clouds, This decrease is not revealed by the photom-
eter data thus far. At the present time it seems most
likely that the high sodium values in clouds are due
1o ant increase in the number of the salt pavticles during
their growth to large droplets. As previously men-
tinned, this is one of the questions now being studied
with the airborne flame photometer and the gluss
shide methods.

Acknowledgments.~—The avthors are indebted to Dr.
W, S, Richardson for his valuable suggestions about
various aspects of instrument design and to Mr. D, D,
Ketchum and Mr. R, G Walden for their very con-
aiderable thought and work in designing and building
the wunplifying circuits.
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Abstract

It is belicved that the vast majority of the airborne salt nuclei arise from bursting bubbles
at the air——sca water interface. Four natural mechanisms for the production of these bubbles
have been studied. These are whitecaps, rain, snow and supenaturation of the surface waters
of the sea due to spring warming. The bubble spsctra from whitecaps and snowflakes have been
measured and semi-quantitative and qualitative observations Lave been made on the bubble
spectrum produced by raindrops. No evidence of bubble production by spring warming bas
been obtained.

All of the measurements show that a majority of the bubbles are < 200 microns diameter
and, in the case of bubbles from snowflakes, <C 50 microns. In the vicinity of a breaking wave
the bubble production rate is about 30 cm=7 seci.

Duc to the effects of surface tension in increasing the bubble intcrnal pressure all bubbles
< 300 microns will go into zolution even at sca water air saturations of 102 percent. Bubbles
< 20 microns will go into solution at saturations up to 115 percent! The solution time for small
bubbles of about 10 juicrons 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

G e ot

influence the spectrum of airborne nuclei.

i. Introduction

It scemed evident from the work of WricHT
(1940) and KOHLER (1941) that large salt par-
ticles were playing an active role in visibility
changes in the lowcr atmosphere and pevhaps
in cloud formation as well. It was not until
the work of Woopcocx (1949 and 1952}
however that the existence of these particles
throughout the entire subcloud and cloud layers
in marine air was shown. Crozier and SesLy
(1950), Twomey (195s), and Byers (1955)

i Contribution Number 87¢ frem the Woods Hole
Oceanographic Instituton. This paper represents the
results of research carried out by the Woods Hole
Oceanographic Institution under contract with the Office
of Maval Research. Reproduction in whole or in part is
permitted for any purpost of the United States Govern-
ment.
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have demonstrated that significant concentra-
tions of these acrosols exist in air masses that
had traveled many kundreds 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, LubLam (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
sufficientlv large to grow rapidly into rain-
drops, by the process of coalescence with
sm;ﬁlcr cloud droplets. Recently Woobcock
(1952) and Woopcocs and BLANCHARD (1955)
have compared the raindrop spectrum and the
rainwater chlorinity with the salt nuclei spec-
tzum in the sub-cloud layer. These results have
suggested that each salt nucleus becomes a rain-
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Fig. 1. This illustrates the heights of cjection of the

several drops from the jet of a bubble burting in sea

water. STUHLMAN's (1932) findings are show .r the top
drop from bubbles bursting in distilled water.

drop and that any modification of the sca salt
spectrum will change the raindrop spectrum and
possibly the manner of rainfall production. In
the present paper we shall discuss the natural
methods of ‘production of salt particles at the sea
surface and show that these methods sheuld,
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 zttempts
at mcasurcment of the salt spectrum were
made near the sca surface by Owens (1926).
Coste and WrizHt (1935) showed that sale
nuclei could be produced by spraying sea
water and ALIVERTI and Lovera (1939) pro-
duced small particles by bubbling air through
sca water. KOHLER (1941) forcuig air through
sea water and found salt niuclei produced down
to a radius of about 0.5 micron. None of these
investigators, however, was great!y concerned
with the exact mechanism of nuclei produc-
tion; whether it was by mechanical disruption
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Fig. 2. This indicates the mass of salt contained in the

drops that are ejected from bubbles bursting in wra water,

This figure combined with Fig. 1 will give the ejection

heights and drop size as a function of bubble diameisr

for the top four of the drops that cvolve from the j:t
of a bursting bubble.

of the water by breaking bubbles or some
other process. In 1948 Woodcock suggested
that salft) particles were ¢jected into the air from
breaking bubblcs by a mechanism first sug-
gested Ey STUHLMAN (1932). Bovce (19s1)
carried out an experiment that suggested that
relatively few salt particles were produced by
the merc mechanical “tearing” of the water
in a breaking wave but that 2 significantly
greater number could be produced a rfew
seconds later when the bubbles resulting from
the wave action had burst at the sea surface.
A high-speed photographic study (Kientzies
ET AL., 1954) confirmed the mechanism of the
cjection of dropicts 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 Fig. 1 and Fig. 2 the heights to which these
dropﬁ:ts arc cjected and their size is a function
of the bubbfc diameter. The heighes were

Tellus 1X (1957), 2



BUBBLE FORMATION IN THE SEA

obtained with the usc of a cathctometer and
the bubble size determined from measure-
ments of the buoyant force from a known
number of bubbles collected in a small inverted
glass hemisphere. The size of the cjected drops
was determined by catching them on glassslides
and cxposing them to an atmosphere of known
humidity. The resulting drop size could then
be vsed to compute the sea salt content and
thus the original size of the drop.

Mason (1954), MOORE and MasoN (1954)
and KNEtMAN ET AL (1954) found that the
breaking of the bubble film produces small
drops. It appears that the production of
droplets by this mechanism is limited to the
larger bubglcs and any evaluation of their im-
portance in modifying the salt particle spectrum
over the sea must await an experimental stud
on the actual bubble spectrum. This point will
be discussed later in the paper.

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

3. Bubble Production at the Sea Surfaca

A. Wave Action

It is well known that increasing winds cause
a proportionate increase in the production of
“whitecaps’” at the sea surface. These white-
caps progﬁlcc 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 »'Arag
(1951), MOORE (1952) and at cloud levels by
Woopcock (1953) Woodcock found that
the weight concentration of sca salt at cloud
basc levels was increased by a factor of about
ten when the wind force changed from threc
to scven.

It might be well to point out that in strong
winds the effective arca over which bubbles arc
breaking is appreciably greater than that
covered by the obvious {)rcaking 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 15 cansed by
Tellus 1X (19373, 2

47
the myriads of bubbles that are formed by the

breaking wave. The persistence of the cloudy
region signifies that the bubbles are small and
thus slow in rcaching the surface or that they
have been carried far beneath the surface. Pre-
sumably the stronger the wind the 1ore
bubbles are produced and the deeper they are
carricd by the turbulent motions of the sca.
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, cxperiments have been carried out by
bubbling air through fine frits placed a few
cm bencath the surface of the water. A rapid
coalescence of bubbles occurs on the surgcc
of fresh water but this is not observed in the
casc of sca water. Even though they are

acked tightly at the surface the individual
Eubblc bursts seem unaffected by the adjacent
bubbles. It appears safe to assume that bubbles
produced in the sca by wave action will in
most cases burst indivicfuz“y at the sea surface
and not coalesce.

The device that was used to determine the
bubble spectrum produced by breaking waves
consistcdp of a small (9x6x2 ecm) box with
onc of the 9 x6 ¢m sides transparent. A grid
of lines was inscribed on this transparent  de
of the box, the opposite side being removable.
Just prior to mzl}c)ing a bubble count the box
was completely filled with sea water and the
removable side securely attached. The box
was then placed, transparent side up, just
beneath the sea surface in a region where
breaking waves had left the sca 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 cntrapped 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 bricf consideration of the energics involved
showed that there was no danger of a flattening
of the bubbles against the underside of the glass.
For bubbles < 00 microns diameter the
surface frec energy is at least 400 times as great
as the gravitational energy. Any bubble surface
distortion, which must arise from the gravita-
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Fig. 3. The rate of rise of air bubbles in water, The
calculated values are for sca water while the experimental
ones are for fresh water,

tional energy, will be opposed by the surface
free encrgy which, of course, tends to a
minimum. It is apparent from the above con-
siderations that the bubble surface distortion
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 casily obtained by dividing
the number found in each size range by the
area that was counted, the time ofg exposure
and the rate of rise of the bubble in water. The
size ranges were in 100 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 thé grst size
range, where the representative rise speed was
that for a 75 micron diamcter bubble.

The rate of rise of bubbles in water may be
calculated in the following manner. The
gcncra! expression for the frictional retarding

orce is
f=6nnmw (9;4R) (1)

where n is the viscosity of the water; r, the
bubble radius; v, the velocity of rise; C,, the
drag coefficient; and R, the Reynolds number.
This expression can be derived in a straight-
forward manner from Stokes’ Law and the

D. C. BLANCHARD AND A. H. WOODCOCK

fundamental relation hetween actual drag and
impact drag. Now the buoyant force on the

bubble is
Jo = 4370 g (0,—0a) (2)

where g is the gravitational acceleration and
0w and g, the gcnsity of sea water and air,
respectively. At the terminal or steady state
velocity ot the bubble (2) must equal ZI) By
cquating these expressions and then substituting
for v in terms of the Reynolds number

nR

Vi (3)
and letting o, < < g, we obtain
’ nt  CyR*
73 - 9 - d (4)
0.9 24

Cy4 has been found to be a function of only
the Reynolds number (GoLpstein 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
v. In like manner 2 number of r versus v
tabulations can be determined and a graph
drawn. Figurc 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 of Allen’s
observations were used for the discussions in
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BUBBLE FORMATION IN THE SEA

the latter part of the paper. Stokes” Jaw will
j{PPly for bubbles below about 110 microns
lameter.

Figure 4 summarizes the experiments made
on the bubble spectrum from grcaking waves.
All the experiments were carried out during
the summer months on a beach necr our
laboratory where the water temperature was
about 21° C. The hatched region A shows the
limits of bubble density for six scparate experi-
ments conducted during a 2-hour interval at
a time when fresh onshore winds weie causing
the waves to break about 1§ meters from shore.
The bubbles were obtained by wading some s
meters out and exposing the sampling device
already described for 2 seconds at a gcpth of
about 10 cm. The measurements were made a
few scconds 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 this method
discriminates against the mm sized bubbles but
they are present in far fewer numbers then the
bubbles < 500 . The bubble spectrum in these
experiments was determined out to a diameter
of 750—1,500 microns but, as the size interval
was 00 microns in this region, the values could
not, without approximation, be plotted on
Fig. 4. Had this been done the extension of
region A and B would have coutinued 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 a: it was during
the former measurements.

B. Snow

Among the natural sources of small bubbles
in surface waters of the sca we have found
that snowflake clusters are very sipnificant.
These bubbles, which are released as the snow-
flakes melt, are readily observed by allowin
a snowflake to fall into a small beaker whicﬁ
1s brimming full of sca water, and then quickly
p]acinf a cﬁ'an glass cover-slip over the water
in order to trap the bubbles. From fifty to
several hundred bubbles were observed to rise
and collect under the cover-slip as single flakes
Tellus 1X (1937), 2
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Fig. 5. The sze distribution of bubbles, rising from a
snowflake cluster melted in sea water,

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

While maiing these size measurements,
which required perhaps 10 minutes, it was
observed that bubbles smaller than about 30
diameter were slowly becoming smaller and
that bubbles 5o 4 or larger were growing.
Thus the size distribution shown on Fig. s 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 Fig. 5. The
cffects of time of immersion in altering a
given initial bubble population depends upon a
number of factors, such as depth of water,
partial pressure of air in solution, ctc. These
and other factors are discussed at length in
Section 3 of this paper.

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 vary over the raindrop
spectrum, it might be wc{l, to consider them
in schematic form as shown in Fig. 6. It can
be scen that the nuclei are produced cither
directly from the impact of the drop, or from
bubbles produced as a result of the impact.
The bubbles are produced by sr) direct impact
of the raindrop on the sea surface, (2) splashed
drops resulting from the impact, and (35) drops
that momentarily remain oating on the sea
surface.

Observations on the splashing of water and
production of bubbles by simu?atcd raindrops
were made by visually observing, with suitable
lighting, the behavior of “reshwater drops on
impact with a sca water « face. The drops
were allowed to fall from a sufficient height to
insure terminal velocity. The splashed drops
and the smallest bubbles were casily visib?c
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 k),al], respectively.

The direct production of bubbles by rain-
drops is a function of raindrop size. Smafl drops
of the order of 0.4 mm diameter will produce
2 or 3 bubbles of about 504 diameter that are
carried only 1—3 mm beneath the surface. The
production of bubbles increases ra idly with
drop size as a 2.2 mm drop was oﬁscrved to
produce from 50—100 bubbles that were often
carried down in a vortex ring to depths of
2—4 cm. The vast majority or these bubbles
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

D. C. BLANCHARD AND A, H. WOODCOCK

collapse of the water column that rises fiom the
bottom of the impact cavity. Thiy is quite
plausible, for the remarkable phc.cographic
work of WortHinGTON and Cots (1 897§;hows
this wacer column, and they remark about the
vortex ring that it forms upon coll:ﬁu. They
make no mention of bubbles in the 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 bubkles was observed, although the
bubble size was predominantly the same.
Drops of 3 mm produced 100200 bubbles
while 4.7 mm drops produced an estimated
200—400 bubbles (see Fig. 7). The larger drops
also produce several bubbles of abcut 2 mm
diameter. With increasing drop size the vortex
motion of the bubbles plus the depth of pone-
tration decreased. The bubbles from drops of
4.7 mm were carried down less than < cm but
eddy motions distributed bubble clusters some
3 cm horizontally. These bubbles would go
rapidly into solution or grow de nding upon
whether the sea water was consitﬁiabl unr -
or oversaturated, respectively. This, of course,
will modify the bubble spectrum which in turn
will affect the salt mucf?i that arc produced
when the bubbles burst. This solubi ity effect
of the bubbles is considered in some detail later
in the paper.

The indircct production of bubbles by rain-
drops occurs when the drops produced by the
splash of the raindrop fall back into the sca.
As this method of buﬁblc production depends
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Fig. 7. Curve A represents the number of bubbles pro-
duced by the impact of 5 fresh-water drop on a sea water
surface. Curve B represents the direct production of
nuclei by the same drop at the moment of impaci.
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Fig. 8. The number of plashed drops > the indicated

tize, that are produced by the impact of a fresh-water

drop on a sca 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,

entircly on the size and number of splashed
drops it was necessary to determine the “splash-
cd drop spectrum” over the range of raindrop
size. This was done by catching the splashed
drops on 60 x 90 cm squares of Wharman No. 1
filter paper. The “raindrops” and the sea water
containcd a sufficient amount of methylene
blue dye to enable the splashed drops, at least
down to about 1004 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 9o cm cdge of the
filker paper and the paper then placed zbout
5 mm above the sea water surface and so
positioned that the water drops would splash
at the edge of the paper at the center of the
scmicircuir opening. Only half of the splash
was recorded so the final count of drops on the
filter paper was multiplied by two. Tgc splash
from the largest drops extended out to aiout
Tellus 1X (1957), 2
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so cm from the point of impact of the drop
with the water. The splas gom four to six
drops in each of three size categories from
2—s mm was counted. Figurc 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 arc < 0.2 mm. A
raindrop of 5 mm might be expected to pro-
duce nearly 9oo 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
< 1 mm produce, on the average, less than one
splash drop. These fast splash observations were
made visually,

It now remains to determine just what ths
splash means in terms of bubbf,c production.
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 fortunatcly 2 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 o.s mm will nearly attain terminal
velocity by the time they return to the water
surface. Figure 8 indicates that all the splash
drops from raindrops < 2 mm and about 80
perzent from 3 § mm raindrop arc < 0.5 mm.
We mighe reasonably expect then that the
splash drops could be considered as raindrops
and, as discussed carlier in this section, cach
produce 2—3 bubbles of about 50 1t 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 § mm raindrop.

The third method of bubble production by
raindrops falling into the sea is From “foating
dreps”. 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 draps can
be produced by both the splashe drops and
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 resumably the
lower, larger drops in the jet that is produced
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when the bubble breaks, Obscrvations on
floating drops of about 2 mm dizmeter 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 arc scen to be very small, perhaps < 254
diameter. Little can be said of the numbers or
sizes of these floating drops that are produced
by raindrops. It may be that rain produces
relatively gw compared to those tiat may
be produced by breaking waves.

The airborne salt nucler produced by direct
impact of the raindrops with the water arc
nothing more than splashed drops that are,
for the most part, small enough to remain
airborne. Drops of 4.7 mm were observed
to producc an ecstimated several hundred
particles of < about 50 microns diameter. At
impact these particles seem to appear simul-
tancously within a region up to 4 cm above
the water and some 10 cm ﬁom the point of
impact. No doubt this is caused by the fact
that the production mechanism of the particles
sives them sufficient speed to escape detection
Ey the eye until frictional retarding forces
decrease their speed ta the tcrmin:ﬁ value.
This production mechanism appeared to be
associated with the rapid formation and col-
lapse of the large bubglc that WorTHINGTON
and Cote (1807) observed in their splash
studics. In any event the cjection of the par-
ticles several em 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 produccd perhaps
so—8o 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 Sca

The dissolved air content of the surface
layers of the sca is usually at or ncar saturation
and will vary from one season to the next.
This scasonal change is presurnably explained
by the fact that :&f: solubility of air in sca
water is a function of temperature and abo

that the production or utilization of oxygen
by marine organisms wiil vary with the seasons.
As the solubii{it 7 of air is an inverse function of
temperature it follows that, at saturation valucs,
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 s=a
during the spring and summer and absorbed
during the winter. REDHELD (1948), after an
analysis of the seasonal variations of the oxygen
distribution in the Gulf of Maine, concluded
that about 3 x 10® cc of oxygen lezves the sea
through a m?® of sea surfacc during March—
October and a similar amount re-enters during
the winter and spring, It is logical ro inquire
as to how much of this oxygen inight leave
the sea in the form of bubgﬁ:s. If we go to
extremes and assume that it 2!l comes out in
the form of bubbles of s0 microns diameter
we can compute the rainer staggering number
of 2,500 bubbles sec-! cm-? reaking at the
sca surface. This certainly does not occur, as
gascous 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 1n the sea after a short
period of intense heating by an overlying
warm air mass. If supersaturation by heating
can kzep 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 sca may, under
certain conditions, bring about a supersatura-
tion of the rain water—sea water mixture, cven
though both were only saturated initially. As
the inverse relanon berween 2ir solubility and
temperature is not lincar 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 produce
a supersaturated mixture. For cxamprc, con-
sider raindrops which have essenually the wet
bulb temperature (Kinzer and Gunn, 1951)
and undoubtedly arc saturated at that tem-
perature. If raindrops, of a chlorinity essentially
zero and saturated with air at 10° C, fall into
saturated sea water (Cl = 19%) at 24° C and
Tellus 1X (1957). 2
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mix such that the mixture is 9o percent sea
water, the resulting supersaturation will be
about 102 pereent?, Sucﬁcsupcrumrations are
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
suijcct of the rates of solution of an air bubble
as a function of saturation percentage will be
discussed in the next sccdon,

3. The Stability of Aiz Bubbles in Sea Water

The foregoing experiments have shown that

whitecaps and all’ forms of precipitation
articles are effective bubble producers. If these

Eubblcs are produced in subsaturated weater
there is the possibility that a significant decrease
in bubble cfi:mctcr will be caused by the air
within the bubble going into solution. On the
other hand, if the water is sufficient] super-
saturated many of the bubbles would be ex-

cted to grow. It will be clear shortly that
ﬁ:r any supersaturation of sea water there
exists 2 bubble size above which all bubbles
will grow while those smaller than this size
will go into solution. This miodification of
bubble size is clearly then a function of its
initial size, the sca water saturation and the
duration of existence of the bubble. Bubbles
carricd 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
duc to the relative motion between the water
and the bubble that the only gradient of dis-
solved gas that cxists 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
Mivake {1ys1).

Tellus 1X (1937, 2

oxygen and nitrogen. The general gas law
states:

1 4

ne o 3 T rp (s)
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 = — 08471 (p—py) (6)

where pg is the partial pressure of the air in
the bulﬁ water and & is a constant defined by:
8 = A a/d where 4 is the diffusion constant
of the air in the water; «, the solubility of the
air in the water, and 4, the thickness of the
thin Lhe!l that is assumed to carry the diffusion
gradient. It will be seen that this expression is
necessary to convert (p— p,) in (6) into a
concentration gradient as called for m Fick’s
law. If we differentiate (s) with respect to time
and combine it with (6) we have:

drjdt = — A RT Q’Z—; o (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 cssentially constant, that it ap-
proached a limiting valuc at high pressures and
1t was cssentially 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
Po is constant and dr/dt can be seen to approach
a limiting value, 8 RT, at great depths. As the
rate of solution is proportional to the absolute
temperature dr/dt wilr change relatively little
with the temperature range used in the experi-
ments.  With the experimental data one may
compute the valuc of the term 6 RT to be
10-* em sec! and find that it is approximately
constant at all depths. Equation J;) with this
substitution combines both theory and experi-
ment to describe the rate of sofution ongas
bubbles.

It should be noted in (7) that the total pres-
sure p within the bubble is assumed to be
only the hydrostatic pius atmospheric pressure

e i L e e e v ol 8
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Fig. 9. The time of solution for 2 bubble in sea water at a depth

of 10 ¢m. The family of curves represents various percentage

saturations of air in sea water with respect to atmosphetic pres-

sure. The dashed lines show the solution times for bubbles at

a depth of 1 and 100 ¢m 1n water saturated with air with respect
to atmospheric 7 ressure,

and no account is taken of the additional
pressure 2 y/r duc to surface tension effects
(the surface tension of sca water y is about 74
dynes em-1) This effect was negligible in the
work of Wyman et al. where the bubbles were
scveral mm in diameter but in the present
case, where we must be concerned with bubbles
< 100 microns, surface tension effects become
of prime importance. If then we add the
surface tension pressure term 2 p/r to the other
pressure term p in (5) and (6) and solve
simultancously we obtain the gencral expres-
sion:

4
fdt ==
0

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

(p—po)!
16 RT

} In {(p— polr + zy}}

_3prtaydr
{p=—=po) + 2y

4

[

J

rl

I

1ORT (8)

t= [3pr+y

{4(;?_-— Po) —6p)
P—Po

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 1 and 100 cm. Note that
within these depths there is little significant
in solution times in saturated water

(9)

'l
1

r

JEpge g
aQincicndc

for bubbles < about 40 microns diameter. The
significance in Figure 9 would scem to be
the equilibrium %ubbic diameters that are
indicated at cach value of supersaturation,
below which all bubbles will, d{:cc to surface
tension pressure cffects, go into solution. Even
at a supersaturation of 115 % all bubbles < 21
microns will be forced into solution. The value
of this equilibrium diamcter may be very im-
portant for if the majority of bubbles in a
iven bubble spectrum are < this value, the
gubblcs themsclves 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 inicrest
to determine how the cquilibrium bubble
diameters vary with depth as a function of
supersaturation.

A bubble is at cquilibrium 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 tlfc gas in
solution. As we are considering the case where
the water is saturated at ali 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 cquated to the
three components of the total internal pres-
surc as given above to obtain

xA-=A+d+-2—}y

(10)
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where d is the hydrostatic pressure. Solving for
r we find

{4

———-*;Z_d (11)

g

from which it is seen that for any sup~rsatura-
tion x there is a depth d beyond which all
bubbles will go into solution. This depth is
found by letting the denominator in (11) cqual
zero and solving for d. For supersaturations
< 102 percent this depth is < 10 cm. At
supersaturations > 102 percent (11) 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
bubblet 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 1 and 100 cm in Fig. 9.

4. Discussion

It will be of interest to examine the experi-
mental data on the effecdveness of bubble
production by breaking waves and precipita-
tion in terms of the salt nuclei spectrum found
ii1 the atmosphere. The breaking wave is prob-
ably the most common method of production
of airbome nuclei. With the data Q)r)om Kig: 3
and Fig. 4 we can derive Table 1 which in-
dicates the rate at which bubbles of various
sizes rise to the surface cm-? sec-!. Assuming
that only one of the 4 or 5 drops cjected from
the breaking bubble remains airborne, column
D cf Table 1 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 nuclet from a breaking wave

or we do not know to what depths the
bubbles are cartied and thus cannot say how
long the concentration given in column B will
be in existence. If the bubbles are all distributed
uniformly to the same depth then the smallest
ones will continue to break at the surface for
the longest time. The production rate Scolumn
D) of zgout 34 cm~* sec=1 is comparable to the
value of 40 em=* sec-! (for nuclei of mass
>10-" g) found by Moore and Mason
(1954) in %aboramry tests. It would be well to

Tellus IX (1957), 2
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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 fractior of ir.
Also, it is not known Kow the present results
will be affected by changes in wind force on
the open sea. It is cxpcctcg that increasing wind
force will increase the numbers of bubbles in
such a way that the slope of the curve in Fig. 4
will be essentially the same.

Table I, An asttempt tc estimate the numbes of
bubbles (cm-! sec-!) from a bresking wave, Co-
lumms B and C are obtained from Figs. 4 and 3,
respectively, Column D is simply the product of
B snd C. Column E is obtained from D by as-
suming only 10 percent of the ocean sctive sz a
source bubbles.

A B C D E
Bubbles pro-
Bubble diam.  S2PY1%  Rise ve- Bubbles duced cm
of center of Toou band Jocity  em ' et . amuming
size band (u) width cmsec ' pec’! 10% of sea
active
73 100 0.3 lo 3
150 3.6 ©,9 3,24 0.32
is50 0,35 1,9 0,47 0,047
150 0,03 2,98 0,1% 0,015

Probably the most significant aspect of
Table 1 is that the great majority of the
bubbles are < 200u. From Fig. 2 we sce that
these bubbles, upon bursting, could produce
nuclei of the size found at the small end of the
airborne sea-salt spectrum (< about 10-10 g)
by drops from the jets. Moore and Mason
(19542, with doubts as to the existence of
bubbles < about 500 y from whitecaps, have
suggested that airborne salt nuclei < 10-?g
onginate from the shattering of the film of
the large bubbles. lnasmuc%x as the small
bubbles do indecd 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 (< s04) produce no droplets
exceeding 1 4 radius, other than those coming
from the jet mechanism. MasoN (1954) reports
that bubglcs of c.5 to 3 mm give 100—200
droplets from the shattered film, with the
largest having salt contents of about 2 x 10-1¢ g.
This weight is far less than the minimum of
about 10-3°g that appesrs tc provide the
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nuclei for randrop formation (Wooucocxk
and BLANCHARD 1955).

The entire question as to the spectrum of
bubbles that produce these large airborne
nuclet and the exact method by which 1t s
done mav appear to be a trivial one. And it
could well be so, 1f we were 1o assume that
the properties of two drops of cqual size, one

rmfurcd by the jet mechanism and the other
{:y the rupture of the bubble film, were the
samc. But this may not necessarily be so. It
has been found (Brancuarp 19ss) that the
droplets ansing from the jet mechanisim carry
an appreciable electric charge tho: 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
contamimnated. If droplets arising from the
rupture of bubble films do not have the afore-
mentioned properties they may play a dif-
ferent role 1n the precipitation process than
those arising from the jet mechanism.

The procﬁxction of bubbles by falling snow
was found to be about 25 cm=-? sec-? which,
again assuming onc 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 cach of the raindro
size distributions given by BLANCHARD (x953g
and BEsT (195v) for rain intensitics of 20.8 and
25 mm hr-!, sespectively. Each distribution
was divided ntc a number of intervals
(= 250 ) and the number of drops striking
the sea cm-2 sec~! was computed. Then by
using Fig. 7 and Fig. 8 onc could compute
the preduction rate of airborne nuclei é)om
(a); bubbles produced directly by the drop,
(b); impacc of the drop and (c); bubbles pro-
duced by the drops < 0.4 mm that were
splashed éy the raindrops. It was found that the
bubbles produced at impact were responsible
for more than 8o percent of the total airborne
nucler and, even more surprising, Blanchard’s
rain distribution above (alf drops < 2.2 mm)
produced about as many bubbles as did Best's
(drops as large as s mm). It appears that the
greater number of drops m=2 in the narrow

range distribution made up for the fact that
larger drops produce more gubk!e; These deea
1n£mzc that a significant increase in the wlt
nuclei count might be found in atmospheric
regions overlying the occan through which
rain or snow %u fallen. The buil? up of air-
borne nuclei in such regions would be a
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 sca. The existence of supersaturations
will depend, in some degree, on the absence of
bubble nuclei. In the :gscncc of these nuclei,
which are thought to be gas particles surround-
ed by minute %orcign materials in the water,
the water may be highly supersaturated without
the formation of bubglcs. (DEAN, 1944). The
idea was recently advanced (Fox and HerzreLp,
(1954) than minutc bubbles in water, which
are prevented from going into solution by the
stabilizing action of an organic skin, wifl act
as cavitation nuclei. They envisaged that this
organic skin, probably produced by the dis-
intciration ot living organisms, acted as a
mechanical barrier to the diffusion of gases.
Upon cavitation the organic skin could be torn
and bubble growth would follow. It scems
probable that such bubble nuclei could exist
in the occans 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 sca can be produced by the small
bubbles that are forced into solution by the
increasc 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 < 300 ¢ diameter. As the
results of Section 2 show that a majority of
the bubbles produced by natural processes are
< 300 u, it is to be expected that a slight
supersaturation of the surface waters would be

roduced. In particular, as the majority of the
Eubblcs produced by snowflakes are < o p
diameter, it is expected that supersaturations
of about ros percent could be obtained. The

Tellus 1X (1957), 2
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bubbling process will certainly produce super-
saturations, as RAkesTRAW and EMMEL (1938)
have measured nitrogen supersaturations of 1oz
percent in water that had been vigorously
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 100 to 102,
then in cither case ali bubbles - 300 p will
tend to go into solution and ar rates, at least
for the bubbles < about 100 g, that are nearly
the samc. The solution rates for the larger
bubbles, though significantly different for 100
and 102 percent saturation, nced 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 em sec-!, will require several
hundred or only a few scconds to reach the
surface depending on whether they rise from
depths of about 2 meter or a few cm, re-
spectively. In the former casc the bubble may
Fo entircly into solution while in the latter
ittle change in size may be experienced. It
appears then that the depth to which a small
bugcblc is carricd may be an imporrant factor
in controlling the final bubble size. This depth,

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 weui! expect
very little downward mixing of bubbles pro-
duced by snow falling into a fairly calm sea.
On the other hand, a great dedl of downward
mixing of bubbles from snow is to be expected
in strong winds or when the surface waters are
convecuvely 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
mecnanisms discussed in this paper, but we
also must take into account the stability change
of the surface layers of the sea as it vares geo-
graphically and with the seasons.
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