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Bubble-Mediated Aerosol Production as a Consequence of Wave Breaking
in Supersaturated (Hyperoxic) Seawater

MAYGORZATA STRAMSKA, ROMAN MARKS, AND EDWARD C. MONAHAN

Marine Sciences Institute, University of Connecticut, Avery Point, Groton

The influence of changes in the degree of saturation of the surface waters, with respect to the major
atmospheric gases, on the aerosol productivity of an individual whitecap has now been inferred from
results recently obtained using the University of Connecticut’s Whitecap Simulation Tank IV. As the
level of dissolved oxygen increased from 100% saturation to 130%, i.e., to a significant degree of
supersaturation, the production of aerosol droplets by the whitecap generated by a standard laboratory
breaking wave was found to increase by a factor of 2.4 in the case of submicron radius droplets, while
the generation of larger droplets (» > 2.5 um) was observed to increase by at least a factor of 4.0. As
a consequence of these findings, a multiplier, defined in terms of the degree of gas saturation, has been
introduced as a term in the various sea surface aerosol generation models.

INTRODUCTION

It has also long been recognized that wave breaking gives
rise to bubbles in the near surface waters of the ocean
[Jacobs, 1937]. It has also long been conjectured that surface
waters supersaturated with respect to the major constituent
gases of the atmosphere might effervesce [Blanchard and
Woodcock, 1957, 1980].

The possibility that a wave breaking in markedly super-
saturated sea water might result in many more bubbles rising
to the air-sea interface than would be found rising to this
surface if an identical breaking wave had occurred in satu-
rated seawater has not been considered in detail. Thorpe
[1982] does discuss the fate of individual gas bubbles for
seawater saturations ranging from 96% to 110% in his
detailed treatment of the role in air-sea gas exchange of the
bubble plumes that are formed when waves break. Gar-
balewski and Marks [1985], in discussing the relatively high
concentration of marine aerosol particles they measured in
the summer over the sea near Antarctica, suggested that the
substantial oxygen supersaturation of these surface waters
as well as the gustiness of the wind may have contributed to
an enhanced emission of marine aerosols from the sea
surface.

The present study was conducted to determine what
effect, if any, the degree of saturation of seawater with
respect to the major atmospheric gases has on the number
and the size distribution of the droplets produced during the
decay of an individual oceanic whitecap. If this effect is a
pronounced one, then given the prevalence of surface waters
markedly supersaturated with dissolved oxygen and by
inference dissolved nitrogen in certain extensive oceanic
regions such as the southern ocean [Gordon and Molinelli,
1986] at certain times of year, there is reason to conclude
that the various models that explicitly relate the aerosol flux
up from the sea surface [e.g., Monahan et al., 1982, 1986;
Stramska, 1987; Woolf et al., 1988] and the related flux of
bubbles up to that surface [Monahan, 1988a, Monahan and
Woolf, 1989] to oceanic whitecap coverage needs to be
refined by the introduction of a multiplier, defined in terms of
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the degree of gas saturation, into the several mathematical
expressions used to formally describe these models. This
multiplier can in turn be used to estimate more accurately
the various global fluxes. The full implementation of any
such refined models will require more geographically and
seasonally comprehensive data on dissolved gas saturation
levels than are presently available.

EXPERIMENTS

All of the measurements discussed in this paper were
obtained by producing, by means of wave-wave interactions,
whitecaps in the 3.0-m-long whitecap simulation tank (WST)
depicted in Figure 1. Among the salient features of this
laboratory system was the provision to fill, and refill as
required, the Plexiglas tank with 2% m? of seawater of salinity
of approximately 30%. drawn from adjacent Long Island
Sound. The air over the water in this system was enclosed by
a Plexiglas hood, which could readily be placed over or
removed from the tank proper by means of an overhead
gantry. As can be seen in Figure 1, the hood used in the
present experiments was equipped with ports at either end
and with four small fans oriented so as to induce a counter-
clockwise circulation of the air within the hood. As a result
of this circulation and the associated enhanced levels of
turbulence, the air within the hood and above the water in
the tank was well mixed. The standard experimental proto-
col adopted for the present study required that prior to each
breaking wave event air be blown into one port of the hood
via a tandem pair of Vokes high-volume air filters and
allowed to escape out of the other port until the concentra-
tion within the hood of all acrosol particles with radii greater
than 0.25 pum was reduced to less than 1.5 X 10 m 3, at
which point the intake blower was shut off, the outlet port
was capped, and a wave-wave interaction event was trig-
gered.

The mechanism used to generate the two opposite-
directed solitary waves whose collision resulted in a white-
cap and its associated subsurface bubble plume is illustrated
in Figure 2. This system was adopted because it generated
reproducible breaking wave events, and hence standard
whitecaps. The particular geometry of these twin channels
was selected so as to replicate in all significant respects the
dimensions of the side channels incorporated in the earlier
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Fig. 1. Exploded view of whitecap simulation tank IV, shown
with its podium, hood, and gantry. See text for details.

whitecap simulation tank (WST II) used in an extended
series of aerosol generation experiments, beginning with
those conducted by Monahan et al. [1979] a decade ago.
This choice was made to facilitate the direct intercomparison
of the results obtained previously with WST II with the
findings now being generated using the new tank (WST IV).

Before each breaking wave event, water was pumped from
the bottom of WST IV into the extreme right-hand end of the
right channel or sluice, that portion of this channel being
temporarily sealed off and made watertight by means of the
right water gate. The pumping continued until the water level
behind the right gate had reached an elevation of 0.27m
above the bed of the right sluice. The water level behind the
lowered water gate in the left channel was simultaneously
brought to the same elevation by means of piping that
interconnects the far ends of both channels. Then, the
general level of the seawater in the tank and in the open
sections of both channels was 18 mm above the elevation of
the sluice beds, and 0.61m above the bed of the tank. In
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Fig. 2. Twin elevated channels, with watergates, used in White-
cap Simulation Tank IV to generate two opposite-directed waves
that collide and give rise to bubbles and aerosol droplets. See text
for operating particulars.

order to start the two waves heading simultaneously toward
the center of the tank, it was necessary only to pull the
handle allowing the weight, shown at the extreme right of
Figure 2, to drop. The fall of this weight, via the action of
wires running over pulleys, caused the two water gates to be
raised simultaneously, releasing the pent-up masses of sea-
water. Sketches showing the sequence of events from water
gate withdrawal to bubble plume production are given by
Monahan [1986] and Cipriano et al. [1987]. These figures,
prepared to illustrate whitecap generation in WST II are
equally applicable to WST IV. Not only were the wave
generating mechanisms identical in the two whitecap simu-
lation tanks, but the initial water levels behind and in front of
the water gates were the same for the experiments carried
out in both tanks.

The aerosol concentrations within the hood of WST IV
were measured with a Royco model 225 aerosol particle
counter equipped with a model 519 plug-in module. The
accompanying model 241 optical sensor unit was placed
above the hood, with the air being drawn into this unit via a
small gland in the hood’s top surface by means of an air
sampling tube of 2.0-m length, or in some instances, 0.85-m
length. The open end of this tube was held at one of several
selected elevations and at one of a set of fixed horizontal
locations, by means of an adjustable Plexiglas frame. The
aerosol measurements were recorded continuously over an
interval extending from a minute or more before each
breaking wave event to several minutes after the decay of
the resulting whitecap.

The dissolved oxygen concentration in the seawater was
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recorded for each breaking wave event using a Yellow
Springs Instrument Company model 58 dissolved oxygen
meter, the probe for which was suspended at intermediate
depth in the tank. The relative humidity and temperature of
the air beneath the hood and the temperature of the seawater
were routinely recorded as well. The seawater temperatures
associated with the various breaking wave events discussed
in the following section ranged from 12.9°C to 23.5°C.

Aerosol measurements were made in conjunction with
some 637 breaking wave events carried out as part of the
initial set of transient whitecap experiments conducted using
WST IV. A subset of these aerosol recordings, those ob-
tained during 164 breaking wave events for which it was
clear that large drops (the spume drops generated by the
direct interaction of the two colliding waves) did not con-
taminate the Royco optical probe and for which the near-
neutral or only slightly stable stratification of the air beneath
the hood (as reflected in the air-water temperature differ-
ence), combined with the action of the hood fans, guaranteed
a quite rapid approach to near-homogeneous distribution of
the smaller aerosol droplets within the entrapped volume of
air, were selected for the analysis described in the following
section of this paper.

RESULTS

The increase in the concentration within the hood of
bubble-produced droplets immediately subsequent to a
breaking wave event was found to depend strongly on the
degree of oxygen saturation of the seawater. This can be
seen clearly in the strip chart recorder tracings reproduced in
Figure 3. In Figures 3a and 3b the upper, high-amplitude
traces were obtained from breaking wave event 398, which
was produced in seawater that was 119.1% saturated with
respect to oxygen, while the lower, smaller-amplitude traces
resulted from breaking wave event 373A, which was gener-
ated when the seawater was only 90.4% saturated with
respect to oxygen. All sampling was done with the intake
end of the 2.0-m tube at an elevation of 0.45 m over the
central portion of the tank.

The trace reflecting the concentration of all droplets with
radii greater than 0.25 pm that resulted from a breaking wave
in seawater 90.4% saturated with oxygen (lower trace,
Figure 3b) shows that the number of these droplets increased
rapidly from the instant the wave broke, and reached a
maximum value within a few seconds. The character of this
trace, which is typical of the strip-chart recordings obtained
when the air that was sampled by the Royco optical sensor
was drawn from above the central well formed by the gap
between the two wave channels, is consistent with the
interpretation that most of these droplets having radii greater
than 0.25 um are film droplets and hence are generated
primarily from the rupture of the film caps of the largest
bubbles, which are the first to rise to the surface and burst
[Woolf et al., 1987]. The slow subsequent decrease with time
in the amplitude of this trace reflects the slow loss of these
small droplets by sedimentation and other processes. The
small but measurable pre-breaking-wave concentration re-
corded at the beginning of this trace, amounting to less than
5 x 10° m 3, i.e., to less than one particle per milliliter is a
measure of the residual, primarily nonmarine, aerosol load-
ing carried by the air as it entered the hood after passing
through the tandem Vokes air filters.
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Fig. 3. Replicas of four strip-chart traces of output from the

Royco model 225 aerosol particle counter. Each trace shows in-
crease in aerosol concentration within the hood of WST IV subse-
quent to wave breaking at time 0. The left-hand vertical scale
indicates the Royco counts per minute, while the right-hand vertical
scale shows the concentration of particles per cubic meter. (a)
Concentration of droplets with radii greater than 2.5 um, as re-
corded during breaking wave events 373A (oxygen saturation level
of 90.4%) and 398 (119.1% oxygen saturation). (b) Concentration of
droplets with radii greater than 0.25 um, as recorded during same
two breaking wave events.

In marked contrast, the trace detailing the concentration
of the larger acrosol particles (radii > 2.5 um) as a function
of time from the instant of wave breaking in 90.4% saturated
sea water (lower trace, Figure 3a), increases only slowly in
amplitude, not reaching a maximum until approximately a
minute after the wave broke. This behavior is in accord with
the contention that these larger particles are almost exclu-
sively jet droplets [Woolf et al., 1987] and as such owe their
origins to the Worthington jets produced upon the collapse
of the cavities left behind when the smaller, slowly rising
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bubbles reach the air-water interface and burst [Kientzler et
al., 1954]. Most of the progenitor bubbles responsible for
these droplets were less than 100 um in radius. The subse-
quent decline with time in the amplitude of this trace, which
is more rapid than the fall-off of the previously discussed
trace, is a consequence of the higher gravitational fall
velocities associated with these larger droplets. It is to be
noted that the presplash background concentration of aero-
sol particles with radii greater than 2.5 um is essentially
zero, reflecting the successful removal of all larger-than-
micron radius particles from the incoming air by the Vokes
filters.

The two traces described earlier are qualitatively similar
to the sets of comparable traces obtained when numerous
breaking wave events were produced in seawater that was
near saturation or undersaturated with respect to oxygen.

The trace depicting the evolution of the concentration
within the hood of jet droplets in that instance where the
breaking wave occurred in water 119.1% saturated with
respect to oxygen (upper trace, Figure 3a) implies that these
droplets were produced over an interval extending for sev-
eral hundred seconds after the wave broke, documenting a
much more prolonged jet droplet generation interval than
was observed when the water was only 90.4% saturated
(lower trace, Figure 3a) and mirroring the fact that many
small bubbles were still arriving at the water surface several
minutes after the breaking wave event. The maximum jet
droplet concentration obtained in this supersaturated case is
several times as great as the maximum concentration re-
corded for the undersaturated case. It should be noted that
the jet droplet trace corresponding to supersaturation re-
flects a small but finite background, or presplash, concentra-
tion (approximately 5 x 10* m~> in the case of breaking
wave event 398), from which it can be inferred that there was
a discernible flux of small bubbles striking the water surface
prior to this particular breaking wave event.

The final trace replicated in Figure 3, that showing the
concentration of small aerosol droplets (those with radii
>(0.25 pm) as it evolves with the passage of time subsequent
to a wave breaking in supersaturated sea water (upper trace,
Figure 3b), indicates that after the initial spurt of film
droplets there was a protracted period during which signifi-
cant numbers of additional film droplets and small jet drop-
lets were produced as a consequence of the delayed arrival
at the water surface of many small bubbles. The maximum
concentration attained by these small droplets within the
hood in the supersaturation case (upper trace, Figure 3b)
was about twice the maximum small-particle concentration
encountered in the undersaturated case (lower trace, Figure
3b), but the ratio of these maximum small droplet concen-
trations is considerably less than the ratio of the maximum
jet droplet concentrations as inferred from the two traces
reproduced in Figure 3a. The presplash small-droplet con-
centration in the case of supersaturated seawater was greater
than the background small-particle concentration measured
in the case where the seawater was undersaturated with
respect to oxygen, again reflecting the aerosol contribution
arising from the presplash flux of surfacing bubbles.

The two traces recorded when the seawater was 119.1%
saturated, and included in Figure 3, are typical of the many
aerosol traces which were obtained when breaking waves
were generated in supersaturated seawater.

It is of particular interest to know the total number of sea
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spray droplets produced for the various levels of seawater
oxygen saturation as a consequence of a standard breaking
wave event. This quantity can be determined for the two
droplet size categories described earlier from the analysis of
individual time series of droplet concentrations recorded for
the numerous breaking wave events, such as those shown in
Figure 3. In the case of a trace such as the lower one in
Figure 3b, the initial high narrow peak is ignored, as it
occurred at a time when the aerosol droplets were not yet
well mixed beneath the hood of WST IV, and the average
concentration recorded for the following few tens of sec-
onds, minus the presplash background concentration, is
taken as a measure of the uniform increase in the concen-
tration throughout the entrapped air that resulted from the
particular breaking wave event. This change in concentra-
tion, multiplied by the volume of air contained beneath the
hood of WST IV, which is 3.01 m? for the water level used
throughout these experiments, yields the estimate of the
number of droplets generated as a consequence of that
breaking wave event. Estimating the droplet production
associated with traces such as the other three included in
Figure 3 is a considerably more difficult task. In the case of
traces such as these it is necessary first to estimate, from the
postproduction portion of each trace, the fractional decrease
in concentration per unit time that occurs owing to sedimen-
tation and other processes. Then from a consideration of the
prepeak portion of each trace, the cumulative loss of drop-
lets, and hence the total decrease in concentration due to
sedimentation, up to the time of the peak needs to be
assessed, and the peak concentration duly augmented to
account for these losses. Once this adjusted peak concentra-
tion has been determined, the estimate of the droplet pro-
duction associated with the particular breaking wave event
proceeds as in the previous example; i.e., the adjusted peak
concentration minus the presplash background is multiplied
by the volume of air beneath the hood to arrive at the desired
number.

In Figure 4 the total number of droplets with radii greater
than 0.25 um generated by each of the 164 selected standard
breaking waves is plotted against the percentage oxygen
saturation of the seawater in which the breaking wave
occurred. Results obtained both from measurements made
when the air samples were drawn into the Royco counter
through 0.85-m and 2.0-m intake tubes are shown. The
strong increase in the number of droplets produced associ-
ated with increasing levels of dissolved oxygen is apparent.
These combined data can be described by

N(r>0.25um) = 5.54 x 10% exp (+0.0291s) 4}

where s is the percentage oxygen saturation of the seawater.
The correlation coefficient for this fit to these data is 0.96.
The number of jet droplets with radii greater than 2.5 pum
produced by each of these same 164 breaking wave events is
plotted as a function of percentage oxygen saturation in
Figure 5. The marked positive dependence of jet droplet
production on oxygen saturation levels is reflected in the
following equation, which describes these data with an
associated correlation coefficient of 0.83.

N(r>2.5um) = 1.025 % 10* exp (+0.0470s) )

The growth of jet droplet generation with increasing levels of
oxygen saturation is more rapid than the growth with in-



STRAMSKA ET AL.: BUBBLE-MEDIATED AEROSOL PRODUCTION OF WAVE BREAKING

_ 31 .2 m tube ]
™~ +0.85 m tube
— 2.5 | ]
X
z 2 ]
4p]
S 1.5 ¢ ]
[
i ®)
u— 1 F |
(@]
[
3 0.5 1
=
-
[

O-||||||||IIII||IIIIIIIIIIII-

85 95 105 115 125 135

dissolved oxygen 1n %

Fig. 4. Total number of droplets with radii greater than 0.25 um
produced as a consequence of a standard breaking wave event,
versus the oxygen saturation level, in percent, of the seawater in
WST IV. Open circles indicate values obtained with 2-m-long Royco
intake tube. Crosses indicate values obtained with 0.85-m-long tube.
The solid curve corresponds to equation (1) in text.

creasing percentage saturation of the production of all drop-
lets with radii greater than 0.25 um. The variation in the ratio
of N(r > 2.5 pm) to N(r > 0.25 um) in response to changes
in the percentage saturation, with respect to oxygen, of the
sea water is given by

N(r>2.5um)N~Y(r>0.25um) = 0.01851 exp (+0.0179s)
3)

The profound effect of the seawater gas saturation level on
the number of droplets generated during the decay of a
standard whitecap having been determined, it was deemed
appropriate to ascertain what, if any, influence gas satura-
tion levels might have on the characteristic decay rates, as
reflected in the associated e-folding times 7 of individual
whitecaps. Both 7 and the number of droplets generated
during the decay of a unit area of whitecap enter explicitly
into the models that describe the rate of aerosol generation at
the sea surface in terms of the instantaneous fraction of that
surface covered by whitecaps [e.g., Monahan et al., 1982,
1986].

The characteristic decay time associated with the expo-
nential decay of the individual whitecaps [Monahan and
Zietlow, 1969], as deduced from the analysis with a Hama-
matsu area analyzer, model C1143-00, of a series of 18 video
tape sequences taken with a Sony Trinicon video camera,
model DXC1800P, mounted looking perpendicularly down at
the center of WST IV from a vantage point 1.75 m above the
still water surface, is given by

7=0.268T,, — 0.912 “4)
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Fig. 5. Total number of droplets with radii greater than 2.5 um
produced as a consequence of a standard breaking wave event,
versus the oxygen saturation level, in percent, of the seawater in
tank. Open circles indicate measurements with 2-m-long intake
tube. Crosses indicate measurements with 0.85-m-long tube. The
solid curve corresponds to equation (2) in text.

where 7is the characteristic decay time in seconds and 7, is
the sea water temperature of degrees Celsius. The associated
correlation coefficient is 0.92. The values of 7 inferred from
this equation, which range from 2.30 s for seawater at 12°C
to 4.45 s for a water temperature of 20°C, span the charac-
teristic decay time of 3.85 s obtained from the analysis of a
sequence of still photographs taken of whitecaps in WST 1
[Monahan and Zietlow, 1969], the decay time of 3.53 s
deduced from the analysis of cinefilm recordings of decaying
whitecaps in WST II [Monahan et al., 1982], and the decay
time of 4.27 s recently obtained by Nolan [1988] from the
analysis with the Hamamatsu area analyzer of nine full-scale
oceanic whitecaps recorded in the North Sea during the 1986
HEXOS (Humidity Exchange Over the Sea) Main Experi-
ment. The positive dependence of 7upon T,, embodied in (4)
is in accord with the reasoning set forth by Monahan and
O’Muircheartaigh [1986]. The rough similarity of these
various values reflects the fact that all of these investigators
were describing the same phenomenon, the decay of the
coherent whitecap which is the surface manifestation of the
mature bubble plume representing stage B in the evolution of
the bubble cloud formed by a breaking wave [Monahan
1988a, b; Monahan and Woolf, 1989]. The observation that
7 was, if anything, smaller when the oxygen saturation level
was near 120% than it was when the saturation level was
below 100% (the negative correlation coefficient for 7 upon s
was —0.88) supports the contention that the many small
bubbles responsible for the massive late production of drop-
lets in those cases where the water was markedly supersat-
urated with respect to dissolved oxygen do not contribute
significantly to the optically resolvable surface whitecap.
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Rather, these many small bubbles are the primary constitu-
ents of the stage C diffuse bubble cloud [Monahan, 1988b].
Thus it is this diffuse cloud of bubbles, clearly detected in the
acoustic studies of near-surface bubble plumes [Thorpe,
1982, 1986a, b; Thorpe and Hall, 1983], whose lifetime
should vary markedly with alterations in the level of oxygen
saturation in the sea water.

CONCLUSIONS

The supersaturation of the seawater with respect to dis-
solved oxygen required for many of the measurements
recorded in the preceding section was achieved by allowing
the various batches of seawater, which were initially quite
cold (having been drawn from Long Island Sound during the
late autumn or winter), to warm up in WST IV in its
relatively temperate laboratory. The highest degrees of
supersaturation were attained during the early, quite rapid,
stages of warming. Thus if the N(r > 0.25 um) and N(r > 2.5
upm) values shown in Figures 4 and 5 were replotted versus
seawater temperature, a strong negative correlation between
the number of particles produced per breaking wave and
seawater temperature would manifest itself. The immediate
question to be answered then is whether the observed
variations in droplet production are due primarily to the
influence of the degree of saturation of the dissolved gases or
are due in large part, or in whole, to some effect related to
seawater temperature or to some temperature-dependent
property such as kinematic viscosity. Fortunately, the vari-
ations in droplet production caused by changes in seawater
temperature were investigated previously in a series of
experiments that were carried out in WST II. The results of
this earlier work were that the jet droplet production was
typically seen to increase steadily with increasing seawater
temperature, while the number of film droplets generated by
a breaking wave usually showed little or no seawater tem-
perature dependence over the range of temperatures
(12.9°-23.5°C) encountered in the recent set of experiments
[Bowyer, 1986; Woolf et al., 1987]. In certain of the seawater
samples used in some of the WST II experiments, the
production of the small (i.e., film) droplets arising from a
standard breaking wave was found to increase when the
water temperature fell below some value, typically less than
15°C. But this change in film droplet production, when it
occurred, was usually quite abrupt, has tentatively been
attributed to a temperature induced change in the physical
character of an organic surface film, and was not accompa-
nied by any comparable variation in jet droplet production.
It can thus be concluded that the variations in jet droplet and
film droplet production illustrated in the preceding section of
this paper are attributable to the recorded changes in the
degree of gas saturation.

Since the solubilities of the major atmospheric gases
decrease with increasing water temperature, in the recent
experiments it was possible to attain the desired levels of
supersaturation by simply allowing the seawater in WST IV
to warm readily. Noting that the solubility in seawater of
oxygen is some 49% greater at 5°C than at 25°C and that the
solubility of nitrogen at 5°C is likewise some 43% greater
than at 25°C [Kester, 1975], and observing that neither in the
surface waters of Long Island Sound in late autumn and
winter, nor in WST IV, were there levels of photosynthesis
or of other biological processes that would greatly influence
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the dissolved oxygen concentration, it is reasonable to
contend that the recorded oxygen supersaturation levels can
be taken as an indication of the degree of nitrogen supersat-
uration as well. In order to assess the significance for global
air-sea aerosol and moisture flux models of the findings
described in the previous section as to the strong depen-
dence of bubble-mediated aerosol production on the level of
gas saturation, the range in the level of saturation of the
surface waters of the world ocean with respect to dissolved
oxygen and nitrogen must be considered.

In the absence of extensive records of dissolved nitrogen
saturation levels, it is necessary to rely on the atlases and
other compendiums that describe the dissolved oxygen
content of the surface waters of the various oceans, recog-
nizing that in certain regions and in certain seasons, photo-
synthesis and other biological processes will significantly
influence the level of dissolved oxygen and thus make it in
such instances a poor indicator of the nitrogen level. Bro-
ecker and Peng [1982] conclude that ocean surface waters
are on average supersaturated with respect to oxygen by
about 3%, and they present some data that document in-
stances of 4%, and higher, supersaturations even in equato-
rial waters. While Thorpe [1984a] has suggested that 10-m-
elevation winds of 16 m s ~! would be required to sustain, via
bubble gas injection, oxygen and nitrogen supersaturations
of 6.9%, data from the Antarctic Circumpolar region [Gor-
don and Molinelli, 1986] indicate that supersaturations of
oxygen as great as 15% are not infrequently encountered. In
regions off the California coast, where biological processes
often are paramount in establishing the dynamics of gas
exchange, dissolved oxygen levels have been recorded that
range from 70% to 185% of the in situ equilibrium saturation
values [Simpson, 1984].

The results obtained from the experiments described in
this paper are applicable to the global ocean, as the salinity
of the Long Island Sound water used in this work, while
lower by several parts per thousand than the typical open
ocean salinity, is well above the value at which the bubble
spectrum arising from a breaking wave shifts from the
spectrum characteristic of fresh water to that characteristic
of seawater [Scott, 1975a, b].

The many more jet droplets that result from a standard
breaking wave occurring in water that is markedly supersat-
urated with respect to dissolved oxygen (and nitrogen) than
result when a similar wave breaks in water that is only
saturated with these gases, are a consequence of many more
small bubbles (with radii typically less than 100 pm) surviv-
ing to reach the surface in the case of supersaturation than in
the case of mere saturation. The fate of small bubbles in
unsaturated or even slightly supersaturated waters, i.e., the
rapidity with which they go into solution, has been modeled
in detail by Thorpe [1982, 19845b].

The question as to whether a wave breaking on the surface
of an oceanic mixed layer supersaturated as regards the
major atmospheric gases produces at the outset, by sponta-
neous nucleation and/or by other means, many more bubbles
than the same breaking wave would produce if it occurred on
the surface of a body of water just saturated with respect to
these gases, is a matter yet to be resolved.

The initial practical application of the findings reported in
this paper is in the refinement of the several previously
published models describing, in terms of fractional oceanic
whitecap coverage, the rate of bubble-mediated generation
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of marine aerosol particles. One such model [Monahan et
al., 1986]

aFo/or = 3.58 x 105Wr~3(1 + 0.057r1-%5) x 10!-19%exp(-8)  (5)
B = (0.380 — logyo )/0.650

represents the number of bubble-generated aerosol droplets
produced per second, per unit area of sea surface, per
increment of droplet radius, where these radii have been
adjusted to the equilibrium radii these seawater droplets
would attain in air at 80% relative humidity. In (5), W is the
instantaneous fraction, not the percentage, of the ocean
surface covered by coherent (stage B) whitecaps. In order to
estimate W from measurements of the 10-m-elevation wind
speed U, a statistically derived relationship, such as that
obtained by Monahan and O’ Muircheartaigh [1986] can be
used:

WU, AT) = 1.95 x 107°U*% exp (0.861AT)  (6)

Here, U is expressed in meters per second and 7, the water
temperature minus the deck height air temperature, is given
in degrees Celsius.

By taking the expression given in (2) as a measure of the
effect of the saturation level, with respect to the major
atmospheric gases, of the oceanic mixed layer on the pro-
duction of jet droplets by breaking waves, a term S(s),

S(s) = 9.10 x 1073 exp (+0.0470s) o

S(s) = 1.00 s = 100%

can be put forward as the first-order multiplicative correc-
tion to be applied to (5) to take into account the influence of
the degree of gas saturation of the seawater on the produc-
tion of jet droplets. In (7), s, the oxygen saturation level, is
expressed in percent. The equation

aFo/or = 3.26 X 103Wr=3(1 + 0.057¢1%)

x 101-19¢xp(~B?) exp (+0.0470s)  (8)

obtained by combining (5) and (7), is thus the refined form of
the earlier model of Monahan et al. [1986] for the generation
of jet droplets at the sea surface.

At the conclusion of this paper it is appropriate to return to
the conjecture about the effervescence of supersaturated sea
water referred to in the introduction. The background aero-
sol concentrations measured within the hood of WST IV
prior to a breaking wave event were typically higher when
the seawater in the tank was markedly supersaturated than
when it was near saturation, as can be seen from the traces
in Figures 3a and 3b. Since these background counts were
measured while filtered air was being continuously pumped
through the hood and out its open second port, the higher
background levels measured in the case of supersaturated
waters must result from a continuous production of aerosol
droplets within the tank in this case, as opposed to in the
case of near-saturated waters. This clearly detectable pro-
duction is in all probability the consequence of the surfacing
of bubbles generated by the pumping necessary to elevate
the water level behind the two water gates in preparation for
the next breaking wave event. This being the case, it can be
conjectured that even if still water that is markedly super-
saturated does not spontaneously effervesce, sea water may

18,287

nonetheless give off bubbles when subjected to the agitation,
and pressure fluctuations, caused in nature by the wind and
waves.
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