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depth below still water level; d) cloud width.  The solid lines are best 
polynomial fit.

Figure 6.28 Another set of bubble cloud parameters’ time evolutions at different water 
temperatures.  Wind speed 13 m s .  The solid lines are the best -1

polynomial fit. 

sideFigure 6.29 PDFs for bubble cloud parameters l, d, w, and "  at different water 
temperatures.  (Wind speed 13 m s .)-1

Figure 6.30 PDFs for bubble cloud penetration depth at different water temperatures 
and wind speeds of 10 m s  (a), 13 m s  (b), and 16 m s  (c) .-1 -1 -1

Figure 6.31 Temperature dependence of the bubble cloud parameters at different 
wind velocities (10, 13, and 16 m s ):  a) cloud length; b) cloud -1

penetration depth; c) cloud void fraction from side view.

Figure 6.32 Wind dependence of the bubble cloud parameters at different water 
temperatures.  Dependence on reference wind U:  a) cloud length; b) 
cloud penetration depth; c) “side” void fraction.  Dependence on wind-

* sidefriction velocity u : d) l; e) d; f) " . 

Figure 6.33 Bubble size distributions:  a) measured; b) comparison with others.

Figure 6.34 Bubble size distributions calculated from the measured void fractions:  a) 
proper coefficients would match the sets; b) void fractions from the 
bubble size distributions; c) bubble size distributions (lines) calculated 
from measured void fraction (the symbols are real data for comparison) .

Figure 6.35 Time evolutions of the cloud parameters in Figure 6.13 scaled with the 
corresponding wave characteristics.  (Wind 13 m s .)-1

Figure 6.36 Same as in Figure 6.15 scaled with the corresponding wave 
characteristics.
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Figure 6.37 Same as in Figure 6.16 scaled with the corresponding wave 
characteristics.

Figure 6.38 Wind dependence of the scaled bubble cloud parameters.

Figure 6.39 Additional cloud parameters scaled with the wave characteristics at

topdifferent wind speeds:  a) area from top view A  = wl/L ; b) area from2

side sside view A  = ld/LH ; c) aspect ratio l/d.

Figure 7.1 Schematic of the experimental setup for bubble clouds.

Figure 7.2 Salinity of the water obtained by adding salt:  a) for the three experiments
on a single bubbles; b) for the bubble cloud experiment.

Figure 7.3 Surface tension dependence on NaCl concentration (the data are from the
Handbook of chemistry and physics, 1986-1987, p. F-31) .

Figure 7.4 Trend of the surface tension vs. salinity for water with different quality:
a) distilled; b) well filtered; c) tap; d) not well filtered.

Figure 7.5 Surface tension dependence on temperature:  a) values calculated with an
empirical equation; b) changes with a small step ()T = 0.5 C) .o

Figure 7.6 Processing steps for bubble cloud shape and depth of penetration:  a) raw
images; b) image with subtracted background; c) bubble cloud silhouette
(result of averaging of 30 clouds); d) edge detection reveals the cloud
boundary.

Figure 7.7 A single bubble in seven consecutive moments ()t = 33 ms) on its helical
path.

Figure 7.8 Bubble diameter remains constant over the entire salinity range.  The data are
for experiment 2.

Figure 7.9 Bubble rise velocity vs. salinity.  (Experiments 1, 2, and 3, video records.)

Figure 7.10 Comparison of the results on bubble rise velocity obtained from observations
and video records (experiment 1) .

Figure 7.11 Rise velocity for different bubble sizes.  (Experiment 3, video records.)

Figure 7.12 Bubbles floating on the water surface before bursting.
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Figure 7.13 Distribution of the bubble surface lifetime values with varying salinity
concentrations.  (Experiment 2, observations.)

Figure 7.14 Distribution of the bubble surface lifetime values with varying salinity 
concentrations.  (Experiment 2, video records.)

Figure 7.15 Comparison of the observed and video recorded results on surface lifetime.  

Figure 7.16 Surface tension (upper panels) and surface lifetime (lower panels) vs. salinity.
(Experiments 1, 2, and 3.)  The solid lines are best polynomial fit.

Figure 7.17 Surface lifetime of bubbles with different diameters vs. salinity. (Experiment 3,
observations.)

Figure 7.18 Bubble clouds in fresh and saline water (from top to bottom S = 2, 13, 25, and

oo38 / ) .o

Figure 7.19 Number of bubbles within the bubble cloud, normalized with the maximum
number of bubbles, vs. salinity. 

Figure 7.20 Bubble cloud shape and penetration depth vs. salinity:  a) bubble cloud contours

oofor all different salinities (2 - 38 / ); b) bubble cloud contour only for fresho

water together with the variance.

Figure 7.21 Bubble cloud void fraction vs. salinity. 
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ABSTRACT

Understanding bubble clouds can be helpful in elucidating the dynamics of the

upper-ocean boundary layer (Thorpe, 1992).  The effects are subtle; for example void

fractions as low as 1% can reduce the sound speed in water by an order of magnitude

(Lamarre and Melville, 1991).  The models of bubble mediated gas transfer depends on

reliable estimates of the initial bubble size distribution (Melville et al., 1995).  While many

studies have been done on the population and general description of microbubbles already

dispersed in the near-surface layer, few investigations have reported on bubble clouds.  A

systematic parameterization of the bubble clouds characteristics under various and well-

controlled conditions is necessary. 

A laboratory study of bubble clouds produced by breaking waves under

various wind velocities in both fresh and salt waters and at different water temperatures is

presented.  Video imaging technique is employed.  Reported parameters of interest are: the

spatial and temporal evolution of cloud shape, penetration depth, void fraction.  The

possibility of obtaining bubble size distributions from measured void fraction is investigated.
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