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Macrobubble clouds produced by breaking wind waves:
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[1] Clouds of large air bubbles produced by breaking wind waves have been studied in a
laboratory tank. Temporal evolutions of these macrobubble clouds, including their length
scales, aspect ratios, area scales, and velocities, are presented; the bubble concentration
and void ratio within the cloud are also found. The initial downwind velocity of the cloud
is about one half, but can reach about two thirds, the phase velocity of the breaking wave.
The maximum penetrating depth of the cloud is about one half the breaking wave height.
All these geometric and kinematic characteristics of the cloud are also associated with
those of the breaking wave.  INDEX TERMS: 4504 Oceanography: Physical: Air/sea interactions
(0312); 4560 Oceanography: Physical: Surface waves and tides (1255); 4572 Oceanography: Physical: Upper

ocean processes
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1. Introduction

[2] Air bubbles in the near-surface ocean influence many
important oceanographic phenomena such as the attenuation
of underwater sound [Novarini et al., 1998], the generation
of oceanic noise [Updegraff and Anderson, 1991], the air-
sea exchange of heat and mass [Andreas and Monahan,
2000], and the production of marine aerosols [Wu, 2000].
Bubbles in the field were measured by Blanchard and
Woodcock [1957], Kolovayev [1976], Johnson and Cooke
[1979], Thorpe [1982, 1986], and Medwin and Breitz
[1989]. On the basis of their results, parametric descriptions
were developed of bubble characteristics in the near-surface
ocean [Wu, 1994]. Experiments were also conducted in
wind-wave tanks [Koga, 1982; Baldy and Bourguel, 1987,
Baldy, 1988; Hwang et al., 1990], while a theoretical model
of ambient and transient bubbles was presented by Baldy
[1993].

[3] Bubbles are produced through air becoming entrained
by breaking waves. Large bubbles freshly generated below
the breaker are in a plume-like structure [Koga, 1982]; these
macrobubbles soon return to the sea surface and burst.
Small bubbles are suspended and dispersed in a shallow
interface layer immediately below the undulating sea sur-
face [Wu, 1994]. Lamarre and Melville {1992, 1994] mea-
sured the void fraction in the bubble cloud produced by
plunging breakers in a wave tank; their results also included
the temporal variation of horizontal and vertical centroids of
the cloud.
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[4] Experiments were performed on macrobubble clouds
produced by breaking wind waves in the Wind-Wave-
Current Research Facility of the University of Delaware,
Lewes, Delaware. The temporal evolution of clouds, includ-
ing their occurrence, growth, and decay, was observed. The
maximum penetrating depth of the cloud was found to be
one half the wave height. The maximum cloud area is about
HL/3, where H and L are the height and the length of
breaking waves, respectively. The lifetime of the macro-
bubble cloud is ~1.4 times the wave period. Sizes of
bubbles in the cloud on the large diameter side follow a
distribution of d 2 for d < 5 mm and of 4> for larger
bubbles, where d is the bubble diameter.

2. Experiments
2.1. Facility and Experimental Conditions

[s] The experiment was conducted in the Wind-Wave-
Current Research Facility; it is 37 m long, 1 m wide, and
1.3 m high. The facility was filled with fresh water to a depth
of 76 cm. Air and water temperatures within the facility were
both at 18°C. Waves were generated by a forced air system,
which is capable of providing a maximum wind velocity of
18 ms™'. Waves were absorbed by a 1-in-10-slope beach at
the end of the tank. Measurements were conducted at a fetch
of 16 m, which was sufficiently far from the downwind end
of the tank to avoid the influence of the beach. Measure-
ments were performed at the wind velocity of 16 m s~ '. At
this velocity, every dominant wave broke, while at higher
velocities, spray droplets made visual observations through
the transparent sidewalls of the tank impossible.

2.2. Observations of the Macrobubble Cloud

2.2.1. Observation Procedure
[6] A video camera (Panasonic AG-160), a Canon camera
(T90 35 mm), and an image analysis system (EPIX Model
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4MIP) were grouped to provide the data acquisition and
analysis. The video camera operated at 30 frames s '; its
high-speed shutter produced exposures of 1/1000 s during
each frame. The bubble cloud was first traced; subsequently,
its boundary was digitized with the image analysis system in
order to display it on a color video monitor for further
processing. The displacement observed between frames
could be converted to the rate of change over integer
multiples of 1/30 s. The total area within the cloud boundary
was computed by the software provided.

[7] The video camera provided side and top views of the
macrobubble cloud. Horizontal and vertical fields in the side
view covered 0.79 x 0.59 m, with the former being about
three fourths the length of the breaking waves. The camera
lens axis was aligned with the mean water surface and
perpendicular to the sidewalls of the tank. Four 500-W
quartz tungsten lamps were placed at the back side of the
tank. A sheet of white translucent paper was used to diffuse
the light over the illuminated area. Later, the video camera
was placed on top of the tank looking downward over a
surface area of 0.66 x 0.5 m.

[8] The Canon camera also photographed macrobubble
clouds from the side view. An analog timer was placed
within the image field of both the Canon and the video
camera. The video camera, having a much larger field of
view than the Canon camera, was used to obtain the period
and height of waves. The lengths and phase speeds of the
breaking waves were approximately calculated by the linear
wave theory from the wave period measured with the video
camera.

[¢] Bubble sizes were measured from photographs taken
with the Canon camera. Some bubbles were elliptical; their
major and minor axes, d; and d,, were obtained to deter-
mine the area of the ellipse calculated from wdd»/4. The
equivalent diameter of a circle having the same area of the
ellipse was then calculated: d = (dvd>)'".

2.2.2. Measurement Accuracies

[10] There are two basic uncertainties in measuring the
macrobubble cloud with the video camera. These are
associated with either various cloud locations along the
camera axis or with the camera lens distortion. The maxi-
mum uncertainty in cloud spatial dimensions is the ill-
defined camera-cloud location for the side and top views,
estimated to be 26% and 8.2%, respectively. The maximum
uncertainty due to the lens distortion is 6.3%, which is
applicable to both top and side views. The combined
underestimation of the cloud size for the side view could
be 29%. However, for any clouds viewed from the side this
underestimation would be constant since the cloud always
translates in the direction of the wind-wave propagation.
The total underestimation of the cloud size from the top
view is much less, ~14%. This field of view permits a
calculated bubble resolution of 1 mm in diameter. Also, the
manual positioning of the cursor of the image analysis
system during spatial measurements imposes a precision
limit.

[11] The height, length, and phase speed of waves were
used as scaling parameters for macrobubble cloud data. The
maximum error was estimated to be 5% for the wave period.
This would result in an error of 10% for the wavelength and
of 5% for the wave phase velocity. In addition, the resolution
in the wave height was 5 mm for both the video camera and
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the image analysis system; it would lead to a maximum of
5% error for the smallest wave height, measured at ~10 cm.

3. Results and Analyses

[12] The dimensions of a macrobubble cloud are defined in
Figure 1; its top view is shown in Figure 1a, where w and / are
the width and the length of the cloud, respectively. The wind
direction is from left to right. The penetrating depth of the
cloud, 4, is defined in Figure 1b and is the maximum depth
perpendicular to the local water surface. Five side and top
views of waves and clouds were analyzed; images from these
two views are shown as the shaded areas in Figures 2 and 3. In
both figures, ¢ is time (s), started at the inception of wave
breaking.

3.1. Cloud Sequence

[13] The time interval between images of the macro-
bubble cloud shown in Figure 2 is 1/30 s. The top line in
Figure 2 corresponds to the water surface at the sidewall of
the tank; the middle line attached to the shaded area
corresponds to the lower boundary of the water surface.
Owing to the three-dimensional structure of waves, the
water surface was wavy not only along but also across the
tank. The region bounding the top and middle lines indi-
cates that the water surface sloped down away from the
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Figure 2. Time sequence of the macrobubble cloud (side view) with 7= 0.65 s. The time runs from left
to right and from top to bottom. The time interval is 1/30 s.
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Figure 3. Same as 2, but for the top view.

sidewall. This region is the underside view of the wave. The
latter scattered the light, making observations of the bubble
cloud impossible in this region. There were no bubble
clouds before the first image shown.

[14] In presenting our results, the time was normalized
with the period of breaking waves, 7. Images before #/T =
0.5 correspond to cloud growth, where the cloud length and
penetration depth increase. The image at #/7'= 0.5 is defined
as the fully developed cloud, where the total contiguous area

reaches a maximum value. At #/T = 0.56 the cloud starts to
decay by breaking up into two discrete portions; from then
on the length of these two distinct portions becomes fore-
shortened. One portion still exists at the time of 1.47T
without the presence of the next breaking wave; it is not
plotted here. The penetration depth is seen in Figure 2 to
continuously increase from the beginning of wave breaking.

[15] Figure 3 shows the top view sequence before #/7 =
0.72. The cloud appears irregularly shaped. The length to
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Figure 4. Penectrating depth of the cloud versus time (side
view).

width ratio of the cloud is approximately the same
throughout its lifetime. The maximum area of the cloud
occurs at #/7 = 0.25 and then decreases. The cloud from the
top view spreads faster at the water surface, whereas the
cloud from the side view later spreads to its maximum area
0.25T after reaching its maximum area from the top view.
This happens because it is necessary for bubbles at the water
surface to have enough time to penetrate more deeply.

3.2. Cloud Length Scales

[16] In the following, data are presented of mean values
for five sets of side and top views; the maximum standard
deviation of data from the mean value is <28%.

[17] Figure 4 shows dimensionless penetration depth,
h/H, at the side view. Bubbles are continuously dispersed to
a deeper depth due to the turbulent diffusion. The penetration
depth gradually increases before #/T =~ 0.6. Subsequently, the
cloud breaks up, and soon, one of the discrete clouds goes to
the water surface; the other is stretched and forced to move
downward up to #/7 ~ 1.4. It is seen in Figure 4 that the
maximum penetration depth of the cloud is about one half
the wave height below the water surface.

[18] The solid line in Figure 5 represents the dimension-
less side view of //L data. Up to #/T ~ 0.2 the cloud length
increases rapidly, reaching its maximum value of 0.16 at #/T'
~ 0.4. Subsequently, the cloud length decreases. The dashed
line in Figure 5 represents the same kind of dimensionless
data of //L versus #/T for the top view, with the cloud length
being ~0.1L for the duration of measurements. The relative
constancy of the cloud length viewed from the top indicates
a continuous return of bubbles to the water surface. Varia-
tions in #/T of the dimensionless width, w/L, at the top view,
not shown here, follow a similar pattern.

3.3. Cloud Aspect Ratios

[19] Figure 6 is a plot of the aspect ratio 4/l. Following
the occurrence of breaking, the value of /// decreases down
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Figure 5. Cloud length versus time. The solid curve and
solid symbols are for the side view, and the dashed curve
and open symbols are for the top view.

to #/T ~ 0.2. In this initial period the value of / is almost
unchanged, whereas the length of the cloud, /, does
develop longer. In the time period of #T ~ 0.2—0.6 the
ratio 4/l continuously increases because / increases and
/ remains nearly unchanged. After #/7 ~ 0.6, / is reduced,
so A/l is still enhanced. The aspect ratio //w, as viewed from
the top, is approximately unity over the lifetime of the
cloud (not shown). In addition, breaking often occurs at
more than one localized point near the wave crest. These
waves are generally three-dimensional.

3.4. Cloud Area Scales

[20] The solid line in Figure 7 shows a plot of the
dimensionless cloud area A/HL from the side view. The
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Figure 6. Aspect ration of the cloud versus time (side
View).
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Figure 7. Cloud area versus time. The solid curve and
solid symbols are for dimensionless cloud area A/HL at the
side view, and the dashed curve and open symbols are for
dimensionless cloud area A/Iw at the top view.

wave height determines the maximum vertical entrainment
of bubbles, while the length of freshly produced cloud
varies with the length of the breaking waves. Therefore
the cloud area can be scaled with the product of the above
two parameters, A and L.

[21] The maximum cloud area, A/HL ~ 0.33, is shown to
occur at #/T = 0.5, which corresponds to the time at the
wave trough. Initially, the rate of area growth increases up
to #/T ~ 0.35 and is proportional to 0.8cH, where c is the
phase velocity of the parent breaking wave; it then levels off
to about zero up to #/T ~ 0.5. Thereafter the growth rate
becomes negative; its magnitude, however, is not as great as
it was during the first one third of the wave period. This is
reasonable in that the cloud decays due to the return of
bubbles to the water surface, which is governed by the
buoyant force.

[22] The dashed line in Figure 7 shows the evolution of
dimensionless area A/lw, obtained from measurements of
the top view. The value of 4//w reaches its maximum before
t/T ~ 0.3. The reason is that bubbles in the cloud at the
beginning of breaking are packed together to make / and
w shorter. After #/T ~ 0.3, bubbles spread to make both / and
w greater; the value of A/lw, therefore, has a tendency to
decrease with time. It essentially shows that the total area of
cloud is about one half the product of the length and width
of the cloud.

3.5. Cloud Velocity

[23] Figure 8 shows the dimensionless horizontal edge
position of the cloud normalized by the wavelength, X/L, at
the side view. The slope of the inclined lines represents the
ratio of the downwind velocity of the cloud to the phase
velocity of the breaking wave:

Vy = e,

where V is the downwind velocity. The time variation of o
is shown as the solid symbols in Figure 9. The initial
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Figure 8. Horizontal edge position versus time (side
view).

downwind velocity is seen in Figure 9 to be ~0.66¢ at t/T =
0.1. The average downwind velocity of the cloud is ~0.45¢
up to #/T =~ 0.1 and approaches zero up to #7T ~ 0.7. The
cloud velocity then increases again to reach ~0.3¢ at t/T =~
1.4. The velocity of 0.45¢ corresponds approximately to the
maximum value of the wave orbital velocity for an ideal
sinusoidal wave. This is consistent with the observation that
whitecaps move downwind at a velocity which is typically
one half the phase velocity of the breaking waves [Snyder et
al., 1983; Hwang et al., 1990]. The cloud velocity is near
zero at the wave trough (0.4 <#/T'< 0.7), where the whitecap
velocity is equal, but opposite, to that of the horizontal water
particle velocity. The increase in the cloud velocity during
the later stage for #/7 > 0.9 is due to the arrival of another

2 r T -
4 1= -
5 L
d: . ™
'g .
3 . 0oa . o
b 0o o0ge® g°°; veslol®oBo®
§ 0 e s2 e , oa -
s | o
g |
L&)
g 70
_g L
ol i -
| 1 1 L LR 1 1 L L
0.0 05 Lo L5

Dimensionless Time, vT

Figure 9. Velocity coefficient of the cloud versus time at
the side view. The solid symbols are for the horizontal
velocity, and the open symbols are for the vertical velocity.
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wave, which imparts momentum to the cloud. The variation
of X/L versus /T at the top view, not shown here, is
essentially consistent with that shown in Figure 8.

[24] The penetration velocity of the cloud, V), can be
denoted as

V, = csH/T.

The time variation coefficient o, is plotted as the open
symbols in Figure 9. The cloud continuously develops
along the vertical direction before #7 ~ 0.5. At that time the
penetration speed in the vertical direction is ~0.3H/T. Some
bubbles go back to the water surface quickly and disappear
in the cloud after #7 ~ 0.5. A few bubbles keep on going
deeper, and the lifetime of these bubbles can reach 1.47.

3.6. Macrobubbles Within the Cloud

[25] The number and sizes of macrobubbles within five
fully developed clouds were measured from the side view.
Criterion defining the lower boundary was the resolution
limit on the bubble size of ~1 mm, which was determined
by measuring bubbles directly. Bubbles sufficiently distant
from the bulk were not considered to be a part of the cloud.
Some of the largest void areas are due to bubbles in contact
with each other. Most bubbles observed were spherical, and
some large bubbles were elliptic.

[26] The distribution of bubble sizes within fully devel-
oped macrobubble clouds is shown in Figure 10. The
bubble concentration varies with the diameter over the
whole range of measurements as

N(d) ~d3? 1mm <d < 10mm
where N is the bubble concentration per mm of diameter and
the bubble concentration per cm® of water. It can be seen
from Figure 10 that the data are divided into two groups.
Bubbles smaller than 5 mm in diameter follow the size
spectrum of

N(d)~d™2, lmm<d<35m

while those larger than 5 mm in diameter follow

N(d) ~d>7. 5mm<d < 10m

3.7. Void Ratio

[27] The void ratio was obtained by summing the total
volume of all bubbles in the cloud divided by the volume of
the cloud. The latter was defined as wA; 4 ~ 0.33HL is the
side view area of the fully developed cloud, and w ~ 0.1L is
the top view cloud width below the water surface. If the
presence of large voids, which were in contact with the
water surface, was neglected, the void ratio would be
~0.4% for two fully developed macrobubble clouds.

4. Comparison With Other Studies
4.1. Entrainment Depth

[28] The ratio of cloud entrainment depth to wave height
is very similar to the ratio of cloud penetration depth to
wave height; this ratio is found to be ~0.5. It compares well
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with the entrainment depth reported by Koga [1982], who
found bubbles from one half to one wave height away from
the water surface. Lamarre and Melville [1991] also found
that bubbles penetrated down to a depth of about one wave
height with plunging breakers; the latter may have a larger
entrainment depth than that for spilling breakers in the
present study.

4.2. Bubble Size Distribution

[20] The size distribution of bubbles in our experiments
follows d 2 for the diameter range of 1 mm < d < 5 mm.
This is comparable with d > reported by Medwin and
Breitz [1989] near the ocean surface; the largest diameter of
bubbles in their experiment is <100 pm. Baldy [1993] found
theoretically that the concentration for transient bubbles
follows d~2 in the close vicinity of breaking waves, includ-
ing all bubbles <3 mm in diameter. The results and the
bubble diameter range in our experiments are similar to
those reported by Baldy [1993].

4.3. Cloud Aspect Ratio

[30] The ratio between the length (along the tank) and
width (across the tank) of the cloud observed on the water
surface was ~1:1. This contrasts with field observations of
whitecaps reported by Bortkovskii [1987], who found that
the ratio was ~2:1. This difference between the laboratory
and field results is not unreasonable, as waves in the field
have very long crests.

4.4. Cloud Velocity

[31] Analysis of measurements from the side and top
views showed the average horizontal cloud velocity to be
approximately half the wave phase velocity up to #/7 =~ 0.4.
This is similar to the results of Snyder et al. [1983].
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[32] When the wave breaks, the horizontal water particle
velocity exceeds the wave phase velocity. The process of
breaking involves the formation of a spilling region ahead
of the wave crest, which advances in pace with the wave
crest. This is the velocity at the water surface; the current
velocity, however, decreases away from being nearly the
phase velocity at the beginning of wave breaking to a
certain fraction of the phase velocity as bubbles penetrate
more deeply. It is seen from Figure 9 that the horizontal
velocity of the cloud is ~0.66¢ at /T = 0.1. Lamarre and
Melville [1994] found that the initial horizontal velocity of
the plume is ~0.7¢. Our experimental result is similar.

[33] The vertical motion of the cloud measured is near
0.3H/Tor ~4 cm s~ '; this represents the velocity of bubbles
being entrained into a deeper depth. Lamarre and Melville
[1994] showed the magnitude of velocity to be 0.2H/T for
the bubble plume in the wave tank, which approximates our
measurements.

4.5. Void Ratio

[34] At#/T=0.4 the void fraction of 0.4% was obtained in
our experiment, while for the same dimensionless time,
Lamarre and Melville [1991] reported a void fraction of up
to 6%. Such a large difference is probably due to the fact that
the breaking waves in their study were plunging breakers, but
in the present study they were spilling breakers. Plunging
breakers are known to enclose, and subsequently entrain, a
much larger volume of air. In addition, their measurement
volume was ~90 cm’ in comparison with 1600 and 2700 cm®
in the present study. If a larger volume is taken, the void ratio
in the outer edge of the volume is very small; it does not
contribute much to the total volume of air. The largest bubble
observed by Lamarre and Melville was 12 mm in diameter as
compared with ~10 mm in the present study.

5. Summary and Conclusion

[35] The macrobubble cloud produced by breaking waves
grows with time to reach the maximum area near the wave
trough at the side view after the wave breaks, but the
maximum area at the top view occurs at 0.257. After the
time of 0.57 at the side view the cloud decays and divides
into two discrete parts; most bubbles return to the surface
soon, but a few bubbles still go deeper. The cloud at the top
view is more irregular than the cloud at the side view; the
lifetime at the top view is 0.77. The maximum penetration
depth of the cloud under the water surface approaches half
the wave height. The maximum cloud lengths at the top
view and the side view are 0.1L and 0.16L, respectively.
The cloud width at the top view is 0.1L. The average
horizontal cloud speed can reach ~0.45 times the phase
speed before the wave trough occurs. The void ratio in the
macrobubble cloud is ~0.4%. The bubble concentration in
the cloud varies with diameter as d > for bubbles with
diameters from 1 to 10 mm.
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