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Abstract—A detailed physical model of the life history of a typical
bubble plume, from its formation by a breaking wave to its dissipation
into the background bubble population, is set down, and the relation-
ship between the early, acoustically relevant stages in bubble-plume
development and the associated, remotely detectable whitecap is de-
scribed. The manner in which the fraction of the sea surface covered by
Stage A spilling crests and by Stage B hi d ds upon
wind speed and upon wind stress or ‘‘friction velocity’’ is investigated.
Formal expressions are given whereby near-surface bubble concentra-
tions can be estimated from observations of fractional whitecap cover-
age or from measurements of the 10-m elevation wind speed.

1. INTRODUCTION

HAS long been recognized that air bubbles often occur

in sufficient abundance in the near-surface layer of the

ocean to appreciably alter the speed of sound [1] in this layer

and thus give rise to acoustic refraction in the vicinity of the

sea surface. Recently, attention has been paid to the role

played by individual bubbles [2], [3], and by subsurface
bubble assemblages [4], [5] as radiators of sound.

In the following section, the life history of a bubble plume,
from its formation at the instant of wave breaking to its
ultimate disappearance into the diffuse background bubble
population, will be described, with particular attention being
paid to the relationship between the early stages in the
evolution of subsurface bubble plumes and the oceanic white-
caps that are the remotely monitorable [6] surface manifesta-
tions of these young plumes. In another section, the depen-
dence of oceanic whitecap coverage on the 10-m elevation
wind speed and alternatively on the magnitude of the wind
stress upon the sea surface or ‘‘friction velocity’’ will be
presented, and a model which can be used to estimate the
near-surface bubble concentration from a knowledge of the
whitecap coverage will be reviewed and expanded upon in
the concluding section.
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I1. BioGRAPHY OF A BUuBBLE PLUME

The various stages in the evolution of a plume of air
bubbles are illustrated in Fig. 1, which is intended to depict
in one sketch both those visual features of the sea surface that
are apparent to airborne and shipboard observers, and those
subsurface features amenable to detection by either visual or
acoustic means. It should be noted that in order to provide
the viewer simultaneously with a ‘‘downward look’’ at the
surface features and an ‘‘upward look’’ at the subsurface
features, the bubble-impregnated block of mixed layer water
in this figure has been rotated 90° with respect to the plane of
the sea surface in the direction indicated by the curved arrow.
The anchors-cum-plumb bobs are included in Fig. 1 to give a
vertical reference in each of the two ‘‘hinged’’ portions of
this figure. This particular figure represents an idiosyncratic
assimilation of the perceptions shared among the participants
in the 1987 NATO Advanced Research Workshop on Natural
Mechanisms of Surface-Generated Noise in the Ocean held at
Lerici, Italy, and incorporates one or more features borrowed
from the earlier graphic representations of [7], [8] and [9],
[10]. A concerted effort has been made to render the sizes
and spacings of these various features to scale, and to reflect
in this sketch the respective abundances appropriate for the
indicated wind speed of 10 ms™".

The most visible category of feature on the sea surface
when the winds are well above 4 ms~" is the aerated spilling
wave crest or active whitecap (surface feature ‘“A’’ on Fig.
1), which has a visible albedo of about 0.5 [11], [12]. These
Stage A whitecaps also markedly enhance the satellite-sensed
average microwave backscattered cross section of the sea
surface as a consequence of Bragg scattering [13] and are
known to give rise to ‘‘sea spikes’” on the display of naviga-
tional radar sets. These active whitecaps and the concentrated
bubble plumes (« of Fig. 1) of which they are the surface
expressions have very short characteristic lifetimes [14],
persisting for significantly longer than 1 s only when they are
episodically renewed by the repetitive pulse-like action of
their parent spilling waves.

Another pronounced feature of the sea surface is the
mature whitecap or hazy foam patch (‘‘B*’ of Fig. 1), which
is what each Stage A whitecap immediately decays into.
These relatively large sea-surface features have an average
effective visible reflectance, or albedo, of about 0.2 [15] and
greatly enhance the microwave emissivity of the ocean sur-
face [16], [17]. It is this strong influence of whitecap cover-
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Fig. 1. Stages in the evolution of the bubble plume produced when air is entrained by a spilling wave crest. The influence of
Langmuir circulation on these plumes and the background bubble population is also shown in this figure. Note the arrows
marking off 10 m along the axes of this scale drawing. (See text for details.)

age on sea-surface microwave emissivity and hence on appar-
ent oceanic brightness temperature that makes feasible the
suggestion that it should be possible to routinely monitor
regional whitecap coverage with satellite-borne scanning mul-
tichannel microwave radiometers [18]. The area of each
Stage B whitecap decreases with time in an approximately
exponential fashion [19], with an e-folding time of typically
3.5 to 4.3 s [20]. The fraction of the sea surface expected to
be covered by Stage B whitecaps when the 10-m elevation
wind speed is 10 ms~! is about 0.010 (i.e., close to 1% [21D)
when the wind has been blowing long enough to give rise to a
fully developed sea.

Other features often encountered when the ocean has been
subjected to a protracted steady wind are windrows [7],
bands of buoyant material aligned with the wind and marking
the surface flow convergence zones associated with the pairs
of counter-rotating horizontal vortices that make up the fre-
quently present Langmuir circulation. In addition to being
marked by bands of Sargassum [22], [23] (*‘SW”’ on Fig. 1),
persistent bubbles and stable foam patches (‘‘SF”’) are often
found in windrows. They occur in these bands because oils,
of natural or anthropogenic origin, and surfactants are con-

" centrated along these lines of horizontal convergence, and
these materials are effective at lowering the surface tension
and greatly enhancing the lifetimes of bubbles once they
reach the sea surface. -

The most visible features to be found immediately beneath
a sea surface on which waves are breaking are the aforemen-
tioned a-plumes, the subsurface extensions of the Stage A
whitecaps. In addition to being quite amenable to detection
by investigators using submerged film- or video-cameras,
these new plumes are considered to be probable sources of
high-frequency sound [2]-[5], with the individual energized
bubbles acting as incoherent monopole sound sources. These
a-plumes will also greatly influence near-surface sound trans-
mission, having void or air volume fractions estimated to be
as great as 8% [24]. Bezzabotnov [25], from photographs
taken with a raft-borne camera in the Baltic and Caspian
Seas, concluded that right at the surface the void fraction of a
Stage A whitecap was approximately 11%, and at a depth of
0.1 m for the associated new plume it ranged up to 3%.
Longuet-Higgins and Turner [26] suggest that the void frac-
tion right at the crest of a spilling wave, where the slope of
the sea surface is 30°, may be as high as 30%, and point out
that a minimum void fraction of 8% is required to maintain a
steady spilling whitecap. (It is worth noting in this context
that water just as it flows over the sill of a dam has been
found to contain 25 to 30% air by volume [27].) These
plumes will quickly decay into the B-plumes shown also in
Fig. 1. The bubble concentration and the shape of the bubble
spectrum are conjectured to still be quite uniform over depth
within these 8-plumes [10], [20], which are perceived to be
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downwardly attenuating columns of aerated water, each of
whose horizontal cross sections decreases exponentially with
depth [28], [9]. The e-folding depth of these columns is taken
to be approximately 0.5 m, consistent with the rate of
decrease with depth of the acoustic scattering cross section of
bubble clouds as measured with a 248-kHz sonar by [29]. A
void fraction of 1 or 2 X 10~* has been inferred for these
B-plumes [24], from a consideration of Johnson and Cooke’s
[30] measurements of bubbles at a 1.8-m depth for winds of
13 ms™!, and the assumption that essentially all of the
bubbles observed by [30] were concentrated within the
cross-sectional areas (duly reduced for depth) of the plumes
beneath the Stage B whitecaps that would be expected to dot
the sea surface under these conditions [21]. It should be noted
that Bezzabotnov’s [25] several photographic samples taken
at a 0.1-m depth of 3 to 4 s-old bubble plumes yielded void
fractions in the 1 X 1073 to 2 X 1073 range. The bubble
aggregate represented by each of these plumes is postulated
to act in some fashion as a coherent monopole source of
low-frequency sound [4], [5]. These plumes, which are just
within the typical contrast resolution limits of the available
underwater camera systems, are also readily detected with
high-frequency sonars. When a @-plume, which has the same
characteristic lifetime or characteristic time scale defining its
exponential decay as does a Stage B whitecap, disappears, no
visually detectable subsurface bubble-feature remains, with
the possible exception of the underside of the stabilized foam
patch which might result if the original plume was generated
in the immediate vicinity of one of the surface-convergence
zones associated with a prevailing Langmuir circulation.

But after the last visual vestige of a spilling wave has
disappeared, a large subsurface plume that is still clearly
detectable by acoustic means will persist. Ten such y-plumes
are included in Fig. 1. On any occasion, many more y-plumes
than B-plumes will be found in the surface layer of the ocean,
since the lifetime of a y-plume, which typically persists for
hundreds of seconds [31], is much longer than the lifetime of
a f-plume. Each of the y-plumes is much larger than the
typical B-plume because turbulent diffusion has by this stage
spread those bubbles that remain from the original bubble
population that formed when the parent wave spilled over a
much greater volume of water. The bubble spectrum charac-
terizing a y-plume is considerably narrower than the spec-
trum associated with the precursor a- and @-plumes, since
enough time has elapsed for most of the larger bubbles to
have risen to the surface, and, depending on the levels of
dissolved oxygen and nitrogen in the surface waters [29], for
some or all of the smaller bubbles to go into solution. Given
this loss of the largest and smallest bubbles and the general
dilution resulting from the turbulent mixing, the concentra-
tion of bubbles in the y-plume is much less than in the
B-plume, and this concentration decreases with depth within
each plume. The void fraction within a y-plume is estimated
[24] to be in the range of 107% to 10~7. While the actual
shape of the y-plumes may vary between columnar and
billowy, as described by [29], these plumes are shown in Fig.
1 as narrowing exponentially with increasing depth, reflect-
ing the observation that the scattering cross sections of
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bubble clouds do show an exponential decrease with depth
[29].

After still more time has passed since the genesis of a
bubble plume in a spilling wave, the remaining bubbles will
be so well mixed, particularly in the horizontal plane, that
they will appear as a modest contribution to the background
bubble field, which can in most instances be described as a
horizontally near-homogeneous bubble population in which
the concentration falls off exponentially with depth. A bubble
spectrum such as that described by [32] for winds of 11 to 13
ms~! and a depth of 8 m and an associated void fraction of
between 108 and 10° [24] has been suggested for this
background population under these same conditions. If a
certain void fraction is chosen arbitrarily as the discriminant
defining the bottom of the background bubble layer, then the
three-dimensional region labeled 7 on Fig. 1 can be taken to
represent this layer.

Now the actual effective lifetime of the individual y-plumes
will be highly dependent on the concentration of dissolved
oxygen and nitrogen in the surface waters, as will the persis-
tence of the background bubble population [29], [33]. It
should be noted that Johnson [34] and others have suggested
that one component of the background population may be
made up of microbubbles that have been stabilized by sur-
face-active materials present in seawater [35], [36]. Even
monolayers of nonpolar material, such as quartz particles,
have been shown to be effective at mechanically stabilizing
microbubbles [37]. :

While the lifetimes of y-plumes do vary, they are typically
long enough for the individual y-plume, in the presence ofa
Langmuir circulation, to be displaced by the flow associated
with this cell-like circulation (“‘LC*’ in Fig. 1) in such a
fashion that the population of y-plumes is concentrated in the
surface convergence zones [38]. In Fig. 1 no less than five of
the ten y-plumes depicted are shown aligned along the two
Langmuir surface convergence zones. The Langmuir circula-
tion, when it is present, will also distort the otherwise
relatively homogeneous horizontal distribution of bubbles in
the background population. Specifically, the down-welling
directly under the surface convergence zones will cause
vertical curtains, or walls, to form, in which the background
bubble population is considerably higher than immediately
outside the curtain on either side [39]. Two such bubble
curtains, labeled ‘‘0,”” are shown in Fig. 1.

Recently, evidence supporting the contention that the life-
times of y-plumes are highly dependent on the concentration
of the major atmospheric gases in solution in the surface
layer of the ocean has come from a somewhat unexpected
quarter. Specifically, these data were the product of the most
recent [40] in a series of laboratory studies [19], [41] of the
role of the bubbles formed when a wave breaks in injecting
sea-spray droplets into the atmosphere when they rise to the
surface and burst [42], [43]. The droplets are trapped within
a hood or cover which encloses the whitecap simulation tank,
and the concentration or actual number of particles that is
generated by a single breaking wave of known size is recorded
as a function of time from the moment the wave broke. Two
such time traces have been reproduced in Fig. 2. The trace
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Fig. 2. Concentration of jet-droplets with radii of 25 um or larger in the
hood of a whitecap simulation tank as a function of the time elapsed since
a breaking wave event. This is a measure of the cumulative production of
jet-droplets by bursting bubbles of 50 um and larger radius, and as such is
an indication of the number of these bubbles that survive to rise to the
sea-water surface, for the two indicated dissolved oxygen saturation

levels. (See text for details.)
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labeled 119.1% was recorded when a wave was caused to
break in seawater which was 119.1% saturated with respect
to dissolved oxygen. Since the levels of gas saturation in
these studies were obtained by quite-rapidly altering the
temperature of the seawater in the tank at the University of
Connecticut, and since the temperature dependence of nitro-
gen solubility is near to that of oxygen [44], it can be
assumed that the seawater was supersaturated with nitrogen
to a like extent. The trace labeled 90.4% was obtained when
a wave broke in water that was only 90.4% saturated with
dissolved oxygen. Both traces record the concentration of
sea-spray droplets with radii greater than 2.5 pm. It is
assumed that these are primarily jet-droplets [45], the droplets
pinched off the rising Worthington jet formed by the radial
inrush of water into the hollow, nearly hemispherical cavity
formed by the bursting of the upper surface or film of the
protruding bubble [42], [46]. In light of this assumption, and
aware that the relative humidity was in the range of 60 to
80%, it can be concluded [42], [47], [48] that these jet
droplets were produced from bubbles with a radii of 50 pm
or slightly larger.

The time designated ‘0’ on the abscissa of Fig. 2 corre-
sponds to the breaking-wave event. The right-hand ends of
both traces on this figure shown a decline in marine aerosol
concentration as a consequence of droplet sedimentation or
fallout. A comparison of the left-hand rising sections of these
two traces strongly suggests that bubbles of about 50-upm
radius survived to rise to the surface for fully several hun-
dred seconds after the a-plume was formed in the instance
where the seawater was 119.1% saturated with oxygen (and
nitrogen), but that these same bubbles only survived for some
tens of seconds when the water was only 90.4% saturated.

In this section, an attempt has been made to set forth, by
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calling on a broad range of optical and acoustic observations,
a coherent picture of the life history of a subsurface bubble
plume and of its accompanying surface whitecap. It must be
acknowledged that this is but a preliminary synthesis of the
available observations, and certain specifics included in this
development, such as the void fraction or bubble spectrum to
be identified with a certain stage of plume evolution, may-in
fact be incorrect. It is hoped that the simple model of the
evolution of a bubble plume illustrated in Fig. 1 will serve as
a unifying framework for those interested in developing a
more precise understanding of the fate of this plume or, as it
is often described [8], bubble cloud produced when a wave
breaks at sea.

III. DEPENDENCE OF WHITECAP COVERAGE ON WIND
SPEED

In the previous section it was stated that for winds of 10
ms™!, approximately 1% of the sea surface will be covered
by Stage B whitecaps. An indication of the strong depen-
dence of whitecap coverage on 10-m elevation wind speed is
in order. Using the same Wg(U) power-law expression [21],
based as it is on a robust bi-weight fit analysis of the East
China Sea [49] and BOMEX “‘plus’’ [50] whitecap data sets,
it can be inferred that if the winds freshen to 20 ms™!, then
the fraction of the sea covered by Stage B whitecaps will
increase to about 0.105; i.e., to near 10.5%. Such power-law
expressions are convenient and have been used in one form
or another for at least a quarter century to describe Wy(U)
[42], [51], but there are some inherent shortcomings associ-
ated with these mathematical descriptions [21], [52].

Recognizing that Wy should be proportional to u3 (i.e., to
the cube of the friction velocity) as contended by [51] and
[53], and acknowledging the desirability of expressing white-
cap coverage in terms of an appropriate nondimensional
quantity, in this section the Stage B whitecap data, resulting
from the analysis of oblique photographs of the sea surface
[54], will be displayed on cartesian plots of W,/* versus
U(gr)™ '/, where g is the acceleration due to gravity and »
is the kinematic viscosity of sea water. It should be noted that
the kinematic viscosity of sea water varies markedly with
water temperature [6]. Henceforth the nondimensional 10-m
elevation wind speed U(gv)~'/® will be represented by V.
In choosing such a presentation, the problem associated with
trying to deal in log-log space [21], [51] with the many null
whitecap observations that are routinely recorded is avoided.
Included within the W,/> V-space of Fig. 3 are the individ-
ual Stage B whitecap observations from the two data sets
already referred to [49], [50], and the additional W, points
obtained from the analysis of the groups of oblique pho-
tographs taken of the sea surface west of Scotland and north
of Ireland during the JASIN experiment [55]. On this figure
each of these three data sets has been described by a straight
line in W,/?V-space, a line fitted by using the technique of
ordinary least squares. All of these lines intersect the W, />-
equals-zero axis at V' values between 67 and 113. For a sea
water temperature of 21.66°C, the average water tempera-
ture associated with the 175 whitecap observations plotted on
Fig. 3, these V' values correspond to U values between 1.44
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Fig. 3. The cube root of the fraction of the sea surface covered by Stage B

whitecaps versus ¥V, the nondimensional wind velocity. V equals
U,o(gv)~'/3, where Uy, is the 10-m elevation wind speed, g is the
acceleration due to gravity, and » is the kinematic viscosity of sea water.
101 = Whitecap observations from BOMEX ‘“‘plus” [43]. 102 =
Observations from the East China Sea [42]. 103 = Observations from the
JASIN experiment [48]. Note the auxiliary abscissa, which gives Uy, for
the average sea-water temperature determined for the 175 observations
that make up the three data sets. Each line is a result of fit by linear
regression in W3/3, V space to the indicated data set.

and 2.43 ms~!. (For convenience, a U scale appropriate for
a Ty of 21.66°C has been added to this figure.) It is of
interest to note that these values for the wind speed at which
whitecaps first appear, a speed sometimes referred to as Up,
the Beaufort velocity, are somewhat below the 2.88 ms™!
value for Uy predicted for this Ty, by [6, equation (2)], an
expression arrived at by an entirely different approach. Ac-
cording to the whitecap/bubble-plume model described in
Section II, the onset of whitecapping is coincident with the
initiation of bubble-plume formation. Thus it is relevant to
record that the wind speed at which the penetration depth of
bubble clouds shrinks to zero, as deduced from the Loch
Ness sonagraph records obtained by [56], is 2.5 ms™ !, a
speed quite consistent with the aforementioned values for Up.
Subsequent acoustic observations made by Thorpe at a coastal
site near Oban, Scotland [29], in the Irish Sea [31], and on
the edge of the European continental shelf [31] are consistent
with 2.5 ms™! being the wind speed associated with the
advent of bubbles in the water column.

It has long been recognized that, aside from the 10-m
elevation wind speed, the thermal stability of the lower
atmosphere will greatly influence the fractional whitecap
coverage of the ocean surface [54], [57]. While the influence
of changes in T}, on Wy, thought to result primarily from
the Ty, dependence of the kinematic viscosity [6], has been
accommodated in the manner in which U has been nondi-
mensionalized to yield V, the effect of atmospheric thermal
stability on W) still needs to be taken into account. It is
reasonable to contend that, for a given wind duration and
fetch, the sea state, the frequency of wave breaking, and the
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fractional whitecap coverage should be more closely related
to the wind stress upon the sea surface 7, or to the product of
7 and the surface drift current [53], than to the 10-m eleva-
tion wind speed U..The foregoing suggests that W,/> should
be parameterized in the first instance in terms of the friction
velocity u*, which is defined in terms of the wind stress and
air density p, as follows [58]:

u* = ("/PA)I/2~ (1)

(The actual procedure selected in the present study to calcu-
late u* from U, Ty, and the deck-height air temperature 7,
is that given by [59]. More detailed descriptions of the
relationship between U, u* and the various other properties
of the lower marine atmospheric boundary layer can be found
in [60] and [58].) Having obtained a wu* value for each
measured U, a nondimensional u* value calculated from
u*(gv)~'/? and designated v* was then determined for each
whitecap observation interval. The same three whitecap data
sets as were plotted on Fig. 3 have been replotted in
W3/3v*-space on Fig. 4.

White the various photographic whitecap data sets col-
lected by Western and Japanese investigators have been
‘‘manually’’ analyzed [54] only for Wjy-values, several So-
viet researchers have analyzed photographs of the sea surface
to obtain W, and W, values from the same photographic
images [61], [62]. Recently, video recordings of oblique
views of the ocean surface have been analyzed using a
Hamamatsu Area Analyzer, and the resulting fractional
whitecap coverage values have been shown to be in rough
agreement with the W, values obtained for the same wind
speeds by the Soviet investigators [20]. In Fig. 5(a) are to be
found the 322 measurements of the fraction of the sea surface
covered by spilling wave crests (i.e., by Stage A whitecaps)
obtained from the analysis of the oblique video images
recorded during the MIZEX 83 [63], MIZEX 84 [64], HEX-
PILOT [63], and HEXMAX [65] field programs plotted in
W )3 V-space. Also in Fig. 5(a) are plotted in the 350 Wy
values obtained from the analysis of six sets of whitecap
photographs, the three sets previously described plus the sets
of photographs collected during the STREX [66], MIZEX 83
[67], and MIZEX 84 [64] field experiments.

The straight line obtained by ordinary least-squares fitting
to describe W2/3(V) intersects the abscissa of Fig. 5ata V
value of 104, while the comparable line describing W3/3(V)
intersects the horizontal axis at ¥V = 75.8. For the average
seawater temperature determined for these 672 W, and Wp
observations (i.e., for 11.10°C), these intersections corre-
spond to Beaufort velocities of 2.43 and 1.77 ms™!, respec-
tively. The same W, and W observations have been replot-
ted in W,/3, v* space in Fig. 5(b).

While Fig. 5(a) and (b) looks quite similar, it should be
noted that the correlation coefficient determined for the
W)3(V) line is somewhat higher (0.767) than that for the
W 1(v*) line (0.739), and likewise the correlation coeffi-
cient associated with the W,2/3(V') line is higher (0.766) than
the equivalent measure for the W,/>(v*) line (0.689). At first
consideration, this might be taken as an indication that V is a
more suitable parameterization for W, and W, than v*,
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Fig. 4. The cube root of the fraction of the sea surface covered by Stage B
whitecaps versus v*, the nondimensional friction velocity. v* equals
u*(gv)~'/3, where u* is the friction velocity. See the caption of Fig. 3
for the designation of data sets 101, 102, and 103.

contrary to the suggestion that appeared earlier in this sec-
tion. But, in reality, the lower correlation coefficients associ-
ated with the straight lines in W,/3v* space are probably a
consequence of the fact that all of the W, data sets, and most
of the Wj data sets, were collected in regions of the world
ocean where the high wind-speed episodes where often of
insufficient duration to generate fully developed seas. As has
been shown by [6] in an earlier analysis, in In Wp,In U
space, of the first five of the W, data sets discussed in this
paper, the bias introduced by the high wind but less-than-fully
developed sea observations results in a reduced apparent
wind dependence of Wj. Specifically, they found that for
these five data sets, W, was proportional to U2%. Now such
a combined data set is not as amenable to description by a
straight line in W,/3, U, or WJ/3, V space as a data set in
which Wj is proportional to U>. It should here be noted that
the drag coefficient introduced in the present study into
Smith’s [59] expression for calculating w* from U, Ty, and
T, manifests a slight positive linear dependence on U,
consistent with the findings of various boundary-layer investi-
gations [68]-[70]. Thus the u* or v* dependence of Wy can
be expected to be even less than that reflected in the 2.55
power-law mentioned above, and the attempt to describe the
Wy, u*, or Wy, v* data by a straight line in WJ/3, u* or
Wa/3, v* space is even less successful than the attempt in
W3/, U or W,/ V space. This same rationale applies
when considering the goodness-of-fit of straight lines to the
W13,V and W13, v* points.

The clustering of W, v* and WJ/3, v* points along
straight lines may be more pronounced when whitecap obser-
vations become available, for which the associated wind
stress or v* values were obtained by the direct Reynolds
eddy correlation or dissipation methods [71], as opposed to
being inferred from bulk formulae involving U, Ty, and T,.

345

Umst, T, = 11.10°C

0 4 8 12 16 20 24 28
T T T T T T T T T T T T T T 1
0.6 T T T T T T
//
- A (201-204) Y2
/B

+ B (101-106) _

w13

u* ms 1, T, = 11.10°C
0 02 04 06 08 10 12 14
T

f L A T T T

0.6 T T T T

. A (201-204) /

+ B (101-106) Y

®)

Fig. 5. (a) The cube root of the fraction of the sea surface covered by
whitecaps versus ¥, the nondimensional wind velocity. (b) The cube root
of the fraction of the sea surface covered by whitecaps versus v*, the
nondimensional friction velocity. Line A: Fit in W}/3, V-, or W}/3, v*-,
space to Stage A whitecap data sets from MIZEX 83 [55], MIZEX 84
[56], HEXPILOT [55], and HEXMAX [57] field programs. Line B: Fit in
Wg/?, V-, or WA~ u*-, space to stage B whitecap data sets from
BOMEX ‘‘plus” [43], East China Sea [42], JASIN [48], STREX [58],
MIZEX 83 [59], and MIZEX 84 [56] field programs. The two auxiliary
abscissa give corresponding Uy, and u* values for the average sea-water
temperature determined for the 672 W, and Wy observations that make
up these ten (201-204, 101-106) data sets.

The amplitude of the W,/? line in Fig. 5 is slightly more
than twice the amplitude of the W)/ line for the same value
of V or v*, indicating that for a particular wind speed or sea
state, the fraction of the sea surface covered at any instant by
mature Stage B whitecaps is about nine or ten times the
fraction covered by Stage A spilling crests. This result is
consistent with the relative sizes of the tops of the 8- and
a-plumes depicted in Fig. 1 and with the relative effective
lifetimes of the individual Stage B and Stage A whitecaps.
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IV. DiscussiON

The rate of formation of the new whitecap surface area can
be inferred from estimates of W, or Wy [50], quantities
which can in turn be estimated from satellite measurements
of the sea-surface microwave backscatter cross section and
the sea-surface apparent microwave brightness temperature,
respectively. The rate of bubble injection can therefore be
deduced from measurements of W, or Wy [9], and if the
effective terminal rise velocity of air bubbles in seawater is
known, then the concentration and size spectrum of the
bubble population just beneath the sea surface can likewise be
estimated from W, or Wy [10].

Working backwards from the models relating sea-surface
aerosol flux to Wy [28], [41], the expression given in (2) was
obtained for C/dR, the number of bubbles per cubic meter
of seawater per micrometer increment in bubble radius [9],
[10]. It should be noted that in restating this equation,
account has been taken of the fact that the radius of an
aerosol droplet at 80% relative humidity (RH), the RH for
which the aerosol flux equations apply, is 0.5 the radius of
that same droplet at the instant it was produced at the end of
the Worthington Jet formed when the parent bubble col-
lapsed, and that according to [42], the radius of this droplet
at the moment of its formation r is related to the parent
bubble radius R by the expression, r = 8.77 x 107R +
0.98. Strictly speaking, this relationship between r and R
applies solely to the top droplet formed from such a jet. But
since it appears that the second droplet from a jet is only
some 8-12% larger than would be deduced from this equa-
tion [72], and the next several droplets some 20% smaller
[73], it seems quite in order to use this r(R) expression in
the present calculations. In (2), v(R) represents the termi-
nal rise velocity of a bubble of radius R:

aC/aR = [vr(R)J]™'(1 - 0.845¢7°0°F)
% 1.56 x 10* X (4.38 x 1072R + 0.49)
x[1+0.057(4.38 x 107°R + 0.49)"]

—y2
x 10197 W, (2)

where Y = [0.380 — LOG ,(4.38 x 1072R + 0.49)]/
0.650, and J stands for the number of jet-droplets found to
be produced per bursting bubble. The extent to which the
resident bubble spectrum predicted by (2), when Wy is
assumed to be 0.0241, i.e., when U is taken to be 13 ms™ 1
agrees with the near-surface bubble spectra observed at sea
under comparable wind conditions by [32] and [30] and with
the fresh-water bubble spectrum measured by [74] in a
wind-wave flume for an equivalent sea state is described in
detail elsewhere [10].

The terminal rise velocity of a bubble of a certain radius
will vary markedly depending upon whether the bubble is
hydrodynamically clean or dirty [29]. From a consideration
of the laboratory findings of [75], it seems appropriate to
assume that most of the bubbles in a plume in natural
seawater will behave as if they are dirty; i.e., that they will
rise through the water column at speeds appropriate for solid
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spheres of the same radii. Equation (3) was obtained by
approximating the terminal rise velocity curve for dirty bub-
bles shown in [29, fig. 16] with a simple polynomial expres-
sion in R, valid to within 4% for R equal to or greater than
25 pm:

vp(ms™') =9.0 x 10'R™> - 1.5 x 107'R™!
—3.5x107% +2.35 x 107*R - 1.97 x 1077R%.

(3)
J will be assumed to have a value in the range of 1 to 5, the
latter being the number of jet droplets per bubble assumed by
[76]. The substitution of (3) for v, (R) in (2) leads to,

dC/dR = J7'(5.76 x 107>R"* = 9.60 x 10" °R™'
~224x 1077 + 1.51 x 107°R
~1.26 x 10-"'R?) "'(4.38 x 1072R + 0.49) "’

x[1+0.057(4.38 x 107°R + 0.49)"]

x 101197 ()
where Y = [0.380 — LOG ,(4.38 X 1072R + 0.49))/
0.650.

Assuming further that (5), the expression recently arrived
at by [40], [77] to describe the effect on jet droplet produc-
tion of the saturation level of the oceanic mixed layer,

S(s) =9.10 x 10~ 3g+0-0470s

)
where s is the percentage oxygen (and nitrogen) saturation of
the sea water with respect to the major atmospheric gases,
can likewise be taken as a relative measure of the fraction of
air bubbles which survives to reach the sea surface for a
given saturation level, then (6), which was obtained by
multiplying (4) by (5), should be an improved expression for
the estimation of the concentration of air bubbles, per incre-
ment bubble radius, just beneath the sea surface:

dC/dR = J1(6.33 x 107'R™* — 1.06 X 1073R!
~2.46 x 1075 + 1.66 x 107°R
~1.38 x 107°R?) "

X e+0.0470$(1 _ 0_845e70.015R)

-3

x (4.38 x 1072R + 0.49)
x[1+0.057(4.38 x 107°R + 0.49)" "]

—y2
x 1017 Wy (6)

where Y = [0.380 — LOG,(4.38 x 107*R + 0.49)}/
0.650.

As was observed previously and as can be seen from Fig.
5, the ratio of W,5/3 to W,/ for a given value of V is
slightly greater than 2:1. Taking 2.13 as a typical value for
this ratio, (6) can be recast in terms of W, by making the
simple substitution of 9.7 W, for Wj. Likewise, if no direct
estimate of either Wy or W, is available but if values for U
and Ty have been recorded so that V can be determined,
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Fig. 6. Incremental near-surface bubble concentration, dC/dR, versus
bubble radius R. Crosses, model described by equation (6), for J = 5,
§=100%, Uy =13 ms™!, and T = 19.9°C. Asterisks, same model
evaluated for J =1, 5 = 105%, Uy =13 ms™', and T, = 19.9°C.
Filled squares, data from run ‘‘Kimbla No. 3”* of Walsh and Mulhearn
[78] for which U\, was 13 ms~!, T}, was 19.9°C, and the camera depth
was 1.2 m. Open squares, observations of Johnson and Cooke [24] taken
at depth of 0.7 m, when Uy, was 11-13 ms~! and T, was 3°C.

then Wj can be calculated from (7), the expression describ-
ing the W,/? regression line

Wp*=521x 1004V - 75.9), V=759 (7

in the upper panel of Fig. 5 and substituted into (6).

As a test of this revised model of the near-surface bubble
population, (6) and (7) have been employed to calculate the
expected near-surface bubble spectra for a wind speed of 13
ms™!, a surface water temperature of 19.9°C, gas saturation
levels of 100 and 105%, and J ranging in value from 1 to 5.
These two bubble spectra have been plotted on Fig. 6, along
with the spectrum determined by [78] from photographs
taken at a depth of 1.2 m when the measured wind speed and
water temperature corresponded to the values used in calcu-
lating these particular model spectra. (These observations
were designated in [78] as HMAS Kimbla Run No. 3)) Also
plotted on this same figure is the resident bubble spectrum
obtained by [30] from photographs taken 0.7-m beneath the
sea surface when the winds were 11-13 ms™! and the water
temperature was a relatively cold 3°C. While there are some
discrepancies between the model and observations for the
smaller bubble sizes, discrepancies that may in part be at-
tributed to the limited optical resolution of the camera sys-
tems, the degree of agreement between model and field
observations in the large bubble range is such as to encourage
the further development of the predictive model described by
6).

It is appropriate to note that if (8), the equation describing
the W3/* line in Fig. 5(b), is combined

Wy =1.19 x 1075(v* — 3.57)°,  v*=3.57 (8)

T -
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with (6), then it becomes explicit that 3C/3R is proportional
to (v* — 3.57)%, i.e., that for all but the smallest values of
the nondimensional friction velocity v*, dC/AR is essen-
tially proportional to v*>. This is consistent with the predic-
tion of the model of [79] that the near-surface number density
of bubbles should vary with the cube of the friction velocity,
and in accordance with the conclusions reached by [80} from
an analysis of acoustic measurements made in Queen Char-
lotte Sound, British Columbia, as it was likewise deduced
that the population densities of bubbles of 132 and 229-um

radius, for wind speeds in the 10 to 16 ms ™! range, varied as
u*3,
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