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Abstract

Observations of breaking waves, associated bubble plumes and bubble-plume size distributions were used to explore the
coupled evolution of wave-breaking, wave properties and bubble-plume characteristics. Experiments were made in a large,
freshwater, wind-wave channel with mechanical wind-steepened waves and a wind speed of 13 m s−1. Bubble plumes exhibited a
wide range of bubble distributions, physical extent and dynamics. A classification scheme was developed based on plume extent
and “optical density” which is the ability of a plume to optically obscure the image of the background until maximum penetration
of the plume. Plumes were classified as either dense (obscure) or diffuse (no-obscure). For each class, the plume bubble population
size distribution, Φ(r,t), where r is the bubble radius and t the time, was determined. Dense plumes have a large radius peak in Φ
and thus are enhanced in large bubbles. Diffuse plumes are well-described by a weakly size decreasing Φ(r,t) for rb1000 μm and a
more strongly size decreasing Φ(r,t) for rN1000 μm.

The bubble-plume formation rate, P, for each class, wave-breaking rate and wave characteristics were measured with respect to
fetch. Wave-breaking rate and intensity are strongly fetch-dependent. In general, the trends in P and wave breaking are similar,
reaching a maximum at the fetch of maximum wave breaking. The ratio of P for dense to diffuse plumes is even more sensitive to
the occurrence of the most intense wave breaking, where dense plume formation is the greatest.

Using P and the bubble size population distributions for each plume class, the global bubble-plume, injection size distribution,
� i(r), was calculated. The volume injection rate for the study area was 640 cm3 s−1 divided approximately equally between bubbles
smaller and larger than r∼1700 μm.
© 2006 Elsevier B.V. All rights reserved.
⁎ Corresponding author. Tel.: +1 805 893 4941; fax: +1 805 893 4731.
E-mail addresses: ira.leifer@bubbleology.com (I. Leifer),

caulliez@irphe.univ-mrs.fr (G. Caulliez), deleeuw@fel.tno.nl
(G. De Leeuw).
1 Tel.: +33 491 82 80 06; fax: +33 491 41 96 20.
2 Tel.: +31 70 374 0462; fax: +31 70 374 0654.

0924-7963/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jmarsys.2006.01.011
1. Introduction

Bubbles generated by breaking waves either play a
dominant or significant role in numerous diverse
geophysical processes including air–sea gas transfer
(Woolf, 1997), turbulence generation (Kitaigorodskii,
1984), aerosol formation (De Leeuw, 1990), sea-surface
microlayer enrichment (Liss et al., 1997) and the
transformation of dissolved organic material to particulate
organic material (Monahan and Dam, 2001; O'Dowd
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et al., 2004). Breaking wind-wave bubbles span a wide
size range, from smaller than 20 μm (Medwin and Breitz,
1989) to order 1.0 cm diameter (Leifer et al., 2006),
covering a wide range of Reynolds numbers (0.05 to
4×103) and consequently a wide range of efficiencies for
various bubble processes (Clift et al., 1978).

The vast majority of bubble measurements are time
and spatially averaged. As a result, these measurements
are of the quasi steady-state background population,
which primarily consists of small bubbles. However, the
source of the background population is the bubble-plume
remnants, which are distinctly different. Bubble plumes
contain many large bubbles, have much higher bubble
concentrations and are transient (Leifer and De Leeuw,
2006). While for some processes the background
population is the most important (e.g., acoustic scatter-
ing), plume bubbles may dominate for others (e.g.,
soluble gas transfer). Therefore, assessing the signifi-
cance of a bubble-mediated process requires measure-
ment of the appropriate size distribution—plume or
background. The background size distribution varies
with many factors including wind speed, water temper-
ature, salinity, fetch (De Leeuw and Cohen, 2002) and
wave-breaking mechanism (e.g., wave breaking due to
wind stress, interaction with the bottom in the surf zone
or wave modulation). Because the bubble plumes are the
source of the background population, it is likely that the
bubble-plume size distribution also varies with factors
that affect wind stress and hence wave development.
This paper presents observations of bubble-plume
bubbles, bubble plumes and wave characteristics for
wind-steepened mechanical breaking waves in a large
freshwater wind-wave tank, for constant wind speed.
Thus, variations in bubble-plume and bubble formation
were due to change in wave development.

2. Methods

The study was part of the LUMINYexperiment, which
investigated the relative importance of waves, turbulence,
and bubble plumes to air–water gas transfer for a variety
of wind and wave conditions. The LUMINY study was in
the Large Air–Sea Interaction Simulation Tunnel of the
Institut de Recherche sur les Phénomènes Hors Equilibre
(IRPHE-IOA), in Marseille-Luminy, France and is des-
cribed in detail in De Leeuw et al. (1996, 2002). In brief,
measurements of air–water gas transfer were made in a
2.5-m high by 2.6-m wide by 40-m long wind-wave
channel filled to 0.9 m with UV-sterilized, filtered, fresh-
water; however, water quality rapidly decreased during
the experiments. For the bubble-plume studies, the wind
speed was 13 m s−1 with mechanically generated waves
of 1.2 Hz and 1.3-m wavelength. Instrumentation to
measure bubble size distributions, wave characteristics
and airflow properties was mounted on a carriage that
could move along the tank (Caulliez, 2002).

Bubbles observations were made with two comple-
mentary optical bubble measurement systems (BMS). A
non-invasive BMS measured plume bubbles and plume
characteristics over the size range 150–5000 μm. In the
plumes, bubble density was very high, and bubbles were
analyzed by hand and tracked between frames to identify
hidden bubbles and size out of focus bubbles when in-
focus. A constrained measurement-volume BMS mea-
sured the background bubble population over the size
range 10 to 500 μm. Both BMSs, analysis methodology
and calibrations are described in detail in Leifer et al.
(2003) and Leifer and De Leeuw (2006).

In brief, the non-invasive BMS used multiple-
underwater video cameras to simultaneously observe
bubble distributions at multiple resolutions for one or
several locations. Multiple lights behind two screens
provided very even back-illumination. Components were
mounted on a frame that maintained themain camera axes
perpendicular to the wind direction. An overview camera
observed the measurement volume with a wide field of
view from a different angle than the main cameras. The
overview camera imaged entire plumes and also ensured
that any bubbles produced by the housings were not
advected into the measurement volume.

Videos were digitized into short clips of in-focus
plumes. Images were thresholded and largely analyzed
by hand on a Macintosh computer with the aid of
routines written for the public domain software NIH
Image (NIH Software, 2001). Due to the high void
fraction–which caused touching and overlapping bub-
bles–and irregular shape of large bubbles, manual
bubble analysis often is required within the bubble
plume (Haines and Johnson, 1995). Where possible,
bubbles were tracked manually between frames. This
allowed identification of partially or completely ob-
scured bubbles. The outline of an obscured bubble
generally could be identified through the forward
bubble, aided by routines that predicted each bubble
location in subsequent frames. Small bubbles, which
were blurred due to motion, were sized at or near their
maximum injection depth when they were nearly
motionless. Bubbles at the edge of the in-focus region
often were blurry and were sized when in-focus or were
not counted.

Using a least-squares linear-regression analysis, the
best fit ellipse was calculated for each bubble outline,
providing the major and minor axes and angle. The
equivalent spherical radius, r, was calculated from the
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two axes. From the time sequences of r, time-resolved
bubble size distributions were calculated from histo-
grams using routines written in Matlab (Mathworks,
MA). Size histograms were calculated for each time
interval and radius bins were logarithmically spaced,
spanning 100-μm to 5000-μm radius. Size distributions
were normalized to units of μm−1.

Bubble plumes were segregated based on plume
horizontal extent, w, penetration depth, zP, and ability to
optically obscure (termed dense) or not obscure (termed
diffuse) the image background (i.e., the image back-
ground was not visible behind the plume) to maximum
penetration—i.e., during the injection phase of the bubble
plume (Table 1). The ability of dense plumes to obscure
the image background was related to the existence of a
significant population of large bubbles in the plume
(Leifer and De Leeuw, 2006). The smallest diffuse
bubble-plumes were segregated into the micro-plume
class, which had fewer than 100 bubbles and were less
than 10 cm wide and 10 cm deep. Many micro-plumes
were significantly smaller. Also, several plume classes
resulted from the interaction of two plumes formed in
close proximity and time; however, these classes are not
the subject of this study.

Plume life-phases were divided into formation,
injection, rise, and senescence. Formation lasted 0.1 s or
less and comprises the formation of bubbles from wave
breaking including subsequent fragmentation. During
injection, a downward jet from the wave-breaking advects
bubbles to their injection depth. Once the plume reaches
its maximum penetration depth, bubbles begin to rise,
marking commencement of the rise phase. The senes-
cence phase begins after the main plume mass reaches the
surface and is comprised of the plume remnants. Thus, the
plume lifetime, τ, is defined as comprising the injection
and rise phases, but not the senescence phase. The plume
lifetime, τ, was determined from the total bubble volume,
BV(t), for the period when BV(t)NBVMe

−2, where BVM is
Table 1
Bubble-plume classification criteria

Type Symbol Criteria

Broad B wN30 cm
Narrow N wb30 cm
Shallow S zPb15 cm
Deep D zPN15 cm
Dense De Background obscured by

bubbles for entire injection phase
Diffuse Di Background not obscured by

bubbles for entire injection phase
Micro NSDi, wb10 cm, zPb10 cm, Φb100 (#)

w is the plume width, zP is the maximum penetration depth and Φ is the
total number of bubbles in the plume (population).
the maximum of BV, which occurred at maximum
penetration. The threshold at BVMe

− 2 provided a
reasonable estimate of the transition between the rise
and senescence phases.

The bubble population size distribution, Φ (# μm−1),
was calculated for each plume class. Bubble distributions
for the plumes are presented as populations rather than
concentrations, ’ (# μm−1 cm−3), because Φ is approxi-
mately conserved during the injection phase, while ’
decreases as the plume grows. Furthermore, for numerical
model calculations of bubble-plume mediated processes,
model initialization requires Φ. Φ is related to ’ by
Φ=PV(t)⁎’(t), where PV is the plume volume and t is
time. Typically, Φ (or ’) is represented by a power law of
form,

Uðr; tÞ ¼ r−SðtÞ ð1Þ
where r is the equivalent spherical radius and S is the
power law exponent and varies with t (Leifer and De
Leeuw, 2006).

Class distributions were calculated by setting the
time of maximum penetration to be the same for
different plumes in each class and averaging Φ(r,t) for
all plumes in each class. Plume-class characteristics
were calculated from the class distribution. Injection
size distributions, Φi, were calculated for maximum
penetration. The lifetime-average size distributions, Φa,
was the mean of Φ(r,t) for tbτ.

The wave field was analyzed from time series of wave
height measured by two high-resolution, capacitance
wave-gauges described in Caulliez (2002) and Leifer
et al. (2006). In this work, only fully developed breaking
waves are considered, which were detected from the
wave height signal using a geometric criterion based on a
critical wave slope of 0.56 (Longuet-Higgins and Smith,
1983). The ratio of the time derivative of the wave-height
signal to the mechanical-wave phase-speed determined
by a cross-correlation method enabled us to estimate the
instantaneous interface slope.
3. Results

3.1. Bubble plumes

Micro-plumes were the smallest and most common
bubble-plume class, characterized by bubble-injection to
only a few centimeters. The micro-plume class injection
size distribution (Fig. 1) showed a characteristic in-
jection size distribution, Φi, for the small bubbles of
diffuse plumes; specifically, it decreased very shallowly
(Φi∼ r−0.4) until a critical radius, RC, of 1000 μm. For



Fig. 1. Diffuse bubble classes' injection population size distribution,
Φi, versus radius, r, and least-squares linear-regression analysis fit over
range of fit. Data key on figure. Error bars ±σ (seven plumes
analyzed).

Fig. 3. Injection size distributions, Φi, as a function of radius, r, for
NSDe, NDDe and BDDe classes and least-squares linear-regression
analysis fit over range of fit. Note Φi for NSDe and BDDe are
multiplied by factors of 0.1 and 10, respectively. Data key on figure.
Error bars ±σ.
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rNRC, Φi decreased more sharply (Φi∼ r−2.5). Even
though Sb3, total plume mass is not unbounded since
the largest bubble observed for all plumes in the study
was r∼7000 μm.

A plume class of larger (but also shallow) diffuse
plumes, NSDi (Fig. 1), shows similarities to micro-
plumes. Specifically, it exhibits a shallow small bubble
population that decreases with S=1.0 until RC∼1000 μm.
For rNRC, S increases sharply to S=3.5. For NSDi
plumes, there is obvious size segregation with preferential
Fig. 2. NSDi and NSDe class injection population size distributions,
Φi, as a function of radius, r, and least-squares linear-regression
analysis fit over range of fit. Data key on figure. Error bars ±σ.
injection of larger bubbles to shallower depths than
smaller bubbles. Maximum penetration occurs 0.2 s after
formation (i.e., the injection phase lasts∼0.2 s), while the
rise phase lasts ∼0.4 s.

A very distinctly different class of plumes was
observed that are termed dense. Dense plumes exhibit
a strong, large bubble peak centered at 1700 to 2000 μm.
The most common and most characteristic dense plume
class is the NSDe class (Fig. 2). For all dense plumes,
small bubbles generally are injected significantly faster
than larger bubbles. Thus, most small bubbles tend to be
at the plume periphery, including deeper. The injection
and rise phases both lasted ∼0.25 s. Also, the transition
between the injection and rise phases lasts longer for
NSDe than for NSDi plumes.

The injection size distribution, Φi(r), shows signifi-
cant differences between the NSDi and NSDe plume
classes (Fig. 2). NSDi plumes are weakly r-dependent
for rbRC and steeply decrease for rNRC. In contrast,
NSDe plumes are bi-modal with a first peak at 250 μm
beyond which Φi decreases strongly with r and a second
broad peak at 1700 μm that decreases even more sharply
for larger r. Note how RC for NSDi plumes is at the start
of the “plateau” that extends to 1700 μm in the NSDe Φi.
Also, because of the second large bubble peak, NSDe
plumes have a significantly greater bubble volume, BVM,



Fig. 4. (A) The formation rate, P, of dense and diffuse plumes with
respect to fetch. Data key on figure. (B) Ratios of P for dense (PDe) to
P for diffuse (PDi) plumes, ratio of P for microplumes (Pmicro) to P for
narrow, shallow diffuse plume—NSDi (PNSDi) and the ratio of deep to
shallow plumes for deep and diffuse plumes for a single experiment.
Observations were unavailable at 20-m fetch for this experiment. See
text for further details. Data key on figure.

Table 2
Bubble-plume class parameters for injection

Class τ
(s)

zP
(cm)

〈BV〉
(cm3)

BVM

(cm3)
PVM

(cm3)
ε
(%)

S1


RC

(μm)
S2

Micro 0.4 3.2 0.15 0.4 18 2.3 −0.4 1000 −2.5
NSDi 0.7 6 0.44 0.8 120 0.66 1.0 800 3.5
NSDe 0.9 9 1.9 3.8 460 0.81 2.6 1700 3.0
NDDe 1.2 23 2.8 4.8 2400 0.20 2.9 1600 3.0
BDDe 1.5 33 5.2 33 10,000 0.33 3.0 1500 2.8

τ is the plume lifetime, zP is the maximum penetration depth, 〈BV〉 is the
average bubble volume during τ,BVM andPVM are the bubble and plume
volumes at maximum penetration, respectively, ε is the void fraction, S is
power law and RC is the critical bubble radius where S changes. S1, RC,
and S2 from this study, other values from Leifer et al. (2006).
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than NSDi plumes despite similar plume volume at the
maximum penetration depth, PVM (Table 2).

Both micro- and NSDi plumes show similar features,
specifically, weakly size-dependent for rb1000 μm, and
a more strongly decreasing, larger bubble regime.
However, S for the larger NSDi plumes is greater both
for bubbles larger and smaller than 1000 μm, the critical
radius, RC, than for micro-plumes. There are many
similarities among the dense plume classes—NSDe,
NDDe and BDDe (Fig. 3). There is a small bubble Φi

that decreases approximately cubically from the lower
size resolution limit. Note that NSDe plumes had so few
small bubbles that statistics were poor. Also, in all classes,
there is a small and poorly resolved peak at r∼600–
700 μm, with the clearest evidence of this peak for NDDe
plumes. Finally, there is a broad second peak at 1700 μm,
with S approximately cubic. In the case of the NSDe and
BDDe plumes, this peak spans 1000brb1700 μm.

Plume-class characteristics are summarized in Table 2.
Void fraction, ε, is the ratio of BVM to the plume volume,
PVM, at maximum penetration. Void fraction decreases as
the plume expands during the injection phase and during
the rise phase as bubbles are lost. At maximum penetra-
tion, the bubble population is still that of the plume
formation or injection with the physical extent determined
by the fluidmotions (turbulent and bulk) induced bywave
breaking, which inject the bubbles—i.e., the maximum
potential energy occurs at maximum penetration. Thus,
the void fraction at this moment is a proxy for the ratio of
energy from wave breaking that is converted into the
creation of surface area (bubble formation) to that which
causes fluid motions including the injection jet. Interest-
ingly, the smallest plumes had the highest void fraction
and the largest plumes the lowest. Not surprisingly,
diffuse and dense plumes of similar extent (e.g., NSDi and
NSDe) showed much greater void fractions for dense
plumes due to the large bubble contribution to dense
plumes.
The formation rate of each plume class, P, was
determined from analysis of overview camera video
with respect to fetch. Determination of P in combination
withΦ allowed estimation of the local (fetch-dependent)
and global (fetch-integrated) injection population size
distributions. These distributions and P were compared
with wave characteristics. Interaction classes that resulted
from the interaction of two plumes formed in close
proximity were counted twice.

The formation rates for all diffuse,PDi, and dense,PDe,
plumes are strongly fetch-dependent (Fig. 4A). PDe



Fig. 6. Contour of the local, bubble injection population size distribution,
ψi, with respect to radius and fetch.

Fig. 5. (A) Percent of breaking waves YB/YT, where YB is the number
of breaking waves and YT is total number of waves. (B) Fetch variation
of the average trough-to-crest height, Hb, and average jump height, Jh,
of the breaking waves versus fetch. These quantities were estimated for
the wave signal samples recorded contemporaneously with the bubble-
plume observations. Data key on figure.
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increases to a maximum at 22.5 m, where, as discussed
below, both visual observations and the evaluation of the
percentage of breakingwaves (Fig. 5A) indicate thatwave
breaking is at a maximum. Thereafter, PDe decreases with
fetch. PDi peaks earlier, at 20-m fetch, and then decreases
until 27.5-m fetch, before dramatically increasing again.
After its peak, PDe decreases more slowly than PDi. As a
result, the ratio PDe /PDi peaks at 25-m fetch and then
decreases afterwards. Among diffuse plumes, the peak in
the ratio of micro- to NSDi plumes is at 22.5-m fetch,
earlier than the peak in the ratio of PDe to PDi. The
ratio between the deep dense plume formation, PDDe (i.e.,
PNDDe and PBDDe), and shallow dense plume formation,
PSDe (PNSDe+2⁎PBSDe), also shows a peak at 25-m fetch.

3.2. Wave characteristics

To describe wave-breaking conditions at the differ-
ent fetches, the breaking rate was evaluated from the
wave-height time series as the ratio between the number
of fully developed breaking waves YB as detected by
the geometrical criterion adopted above and the total
number of waves observed YT. The ratio YB/YT is
plotted in Fig. 5A for the same data as the bubble-
plume observations shown in Fig. 4A. At these short
fetches, the mechanical wave field is not in equilibrium
with the wind and is the subject of crosswise large-scale
wave modulation; thus, the wave-breaking rate is
strongly fetch-dependent, with a clear maximum of
∼35% at 23-m fetch. Immediately downstream, the
breaking rate decreases sharply, indicating that the
intense wave-field energy loss from wave breaking is
not entirely compensated by direct input of wind
energy. However, at 30-m fetch, the percentage of
breaking waves increases again, thus suggesting the
beginning of a new wave-breaking modulation cycle.

To be able to quantify to a certain extent the intensity
of wave breaking in the study area, both the average
trough-to-crest height, Hb, and the average jump height,
Jh, of the breaking waves were estimated. Jh is the
average height of the steep “turbulent” regions at the
forward face of breaking-wave crests and is a good
indicator of the wave energy dissipated by breaking
(Caulliez, 2002). Hb varied weakly with fetch (Fig. 5B),
first increasing until 20-m fetch, then remaining
approximately constant between 20 m and 25 m, and
then decreasing to a minimum at 28-m fetch before
increasing again at 30-m fetch. Jh exhibits the same
evolution with fetch as Hb, except that the maximum
between 20-m and 25-m fetch is less pronounced and Jh
continues decreasing at 30-m fetch. The evolution of
these quantities clearly demonstrates that, even if the
breaking rate exhibits a sharp peak at 23-m fetch, the
breaking intensity is particularly high throughout the
whole region located on both sides of this fetch. In
contrast, both the breaking rate (Fig. 5A) and the
breaking intensity as indicated by Hb (Fig 5B) are at a
minimum at 28-m fetch.

The local injection population size distribution, ψi,
at each fetch is shown in Fig. 6. ψi was calculated from



67I. Leifer et al. / Journal of Marine Systems 66 (2007) 61–70
the injection bubble-plume population size distributions,
Φi(r), and the plume-class generation rate, P, using:

wiðrÞ ¼ R½PðX ÞUiðX ; rÞ� ð2Þ

where X represents the different classes. The trend in ψi

with fetch for larger bubbles (rN1000μm) closely follows
the trend in dense plumes, while for smaller bubbles
(200brb500 μm), the trend in ψi follows the trend in
diffuse P. Specifically, dense plume P peaks at 22.5-m
fetch and decreases thereafter, as does the population of
large bubbles. The diffuse plume P peaks at 20-m fetch
and again significantly at 30-m fetch. These trends are
evident in the peak at 30-m fetch and in the broadness of
the peak in ψi at 20–22 m for rb500 μm, which was
skewed towards shorter fetches. Interestingly, for larger r,
there is a plateau (1700brb3500 μm) and a second peak
(r∼4500 μm) in ψi, both of which peak at 22.5 m, but
extends from 20 to 27.5 m fetch, i.e., it is skewed towards
greater fetch. The peak in ψi is at 22.5-m fetch due to the
peak in PDe at 22.5-m fetch (Fig. 4A) and the shape of Φi

for dense bubble plumes (Fig. 3). The skew relates to the
ratio of PDe/PDi (Fig. 4B) which peaks at 25-m fetch.

The global injection, total bubble population size
distribution, � i(r) (# μm−1 s−1), was calculated by
integrating ψi (Fig. 6) over the measured fetches.
Roughly 47% of the injected bubble volume is contained
in bubbles with rN1700 μm. The total injected bubble
volume is 640 cm3 of air per second into the area
surveyed. The contribution from bubbles smaller than
the non-invasive BMS resolution limit–r∼200 μm–was
negligible. Dense plumes contributed ∼56% of the
injected volume. The fetch-integrated global� decreased
as � i∼r−1.2 for rb1700 μm and � i∼r−3.9 for larger r
(Leifer and De Leeuw, 2006).

4. Discussion

Two very distinct plume class types are observed,
dense and diffuse, with very differentΦ, in contrast to the
great similarity in Φ between the different diffuse plume
classes or between the different dense plume classes.
Specifically, diffuse plumes have a broad, shallow Φ that
decreases sharply for rN1000μm. In contrast, dense
plumes are multimodal with the small bubble Φ that
decreases more steeply than for diffuse plumes and a
second peak at r∼1700 μm.

As a result, the large bubble population is signifi-
cantly enhanced for dense plumes compared to diffuse
plumes. It is these large bubbles that are responsible for
obscuring the image background in the overview camera
images. Dense plumes also exhibit greater BV and PVM
than diffuse plumes indicating greater requisite forma-
tion energy. For example, although NSDi and NSDe
plumes have similar dimensions, NSDe plumes persist
longer, presumably due to greater turbulence.

Total plume formation, PTot, for all plumes trends
with the diffuse plume P, PDi (Fig. 4A). Both show a
peak at 20 m, a monotonic decrease to a minimum at
27.5 m and a dramatic increase at 30-m fetch. Dense
plume formation, PDe (Fig. 4A), breaking rate, YB/YT
(Fig. 5A), and jump height, Jh, all peaked at 22.5-m
fetch. The similarity in these trends indicates that wave
development and bubble-plume formation are related.
Note that the comparison between wave measurements
and bubble-plume measurements involves a certain
degree of uncertainty. While wave measurements are at
a single point, bubble-plume observations are an average
over the field of view; thus, comparison between the two
is only to within ∼50 cm. There also is a bias or offset
due to the depth of the plume. Plumes required from 0.2
to 0.5 s for injectionwith deeper plumes requiring longer.
During this time, the waves travel ∼0.3 m to ∼0.7 m;
however, the combined uncertainty and bias in fetch are
less than the distance between bubble-plume measure-
ment fetches.

As noted, the wave field is not homogeneous with
fetch due to large-scale wave modulation, although the
wind stress is approximately constant over the modula-
tion cycle. Thus, the evolution of the bubble-plume
formation rate for dense and diffuse plumes can be
studied with respect to wave development independently
of variations in wind stress. As mentioned previously,
one wave-modulation cycle occurs approximately be-
tween 14-m and 30-m fetches, with maximum wave
development at 22.5-m fetch and minimum at 14-m and
28-m fetch. More precisely, at the beginning of the cycle,
both the breaking rate and the breaking intensity as
characterized by the breaking-wave height (or wave
steepness because the mechanical-wave wavelength
does not change with fetch) and jump height increase
slowly. Then, a sharp maximum in wave-breaking rate is
observed at 22.5-m fetch even though the most intense
breaking occurs between 22.5-m and 25-m fetch. The
minimum in wave breaking at 28-m fetch results from
both a low breaking rate and smaller wave-breaking
height.

The formation rate for the different bubble-plume
classes varies strongly with fetch and in direct relation to
the wave evolution and breaking. At the beginning of the
wave modulation cycle, the formation of diffuse plumes,
PDi, increases sharply with a maximum at 20 m.
Moreover, among these diffuse plumes, formation of
the more energetic bubble plumes (NSDi) peaks at
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greater fetch than less energetic ones (micro). The
maximum in dense plume formation, PDe, clearly is
related to the maximum in the wave-breaking rate at
22.5-m fetch. Thus, the formation of the more energetic,
dense bubble plumes appears to be linked to the wave-
crest breakdown observed during intense wave breaking.
Among these dense plumes, the most energetic ones, i.e.,
the deepest ones are observed in larger number at 25 m
when the wave-breaking height is the greatest.

Between 25- and 27.5-m fetch, the wave field evolves
due to wave dissipation from wave breaking super-
imposed on the effects of wave modulation and energy
input from the wind. The increase in PTot at 30-m fetch is
almost entirely due to diffuse plumes, about evenly split
between NSDi and micro-plumes. This increase corre-
sponds to a near disappearance of dense plume formation
and an increase in both Hb and YB/YT. Thus, the
generation of diffuse bubble plumes was related to the
increase in wave breaking at 30 m. The trend for the
dense plume P, PDe, is different with an increase to a
peak at 22.5 m and then a monotonic decrease over the
remaining fetches, including 30 m. This shows some
similarities to the wave-breaking rate, YB/YT, which
reaches a peak at 22.5-m fetch and then decreases until
28-m fetch.

Besides, not only is there a shift from dense to diffuse
plumes beyond 25-m fetch, but there also are shifts within
the class groups. There is a shift towards shallower, lower
energy plumes in both diffuse and dense plumes, after
peaks at 22.5 m and 25 m, respectively. For diffuse
plumes, this manifests as a shift from NSDi to micro-
plumes. Moreover, these shifts continue to 30-m fetch
even though there is an increase in the breaking rate
between 28- and 30-m fetch. These shifts likely are
controlled most strongly by the large-scale modulation of
the wave field.

To summarize these trends, with increasing bubble-
plume energy, the peak in P occurs at greater fetch. Thus,
PDi peaks at 20-m fetch,PDe at 22.5-m fetch and the largest
dense plumes (BDDe and NDDe) at 25-m fetch. The same
held true within these two categories of classes. NSDi
plumes relative to micro-plumes peak at 22.5-m fetch, not
20.0 m, and NSDe plumes peaks at 22.5 m, not 25 m.
Similarly, the recovery at 30 m in PTot is solely due to
micro-plumes, all other plume classes continue decreasing.

The differences between dense and diffuse plumes
suggest two different formation mechanisms. If we
hypothesize that there are two different wave-breaking
modes that correspond to these different bubble-plume
formation mechanisms, then the diffuse plume formation
mechanism develops until 22.5-m fetch, while the dense-
plume formationmechanism develops until 25-m fetch. In
addition, as wave breaking becomes more intense, the
production rate of the most energetic plumes increase and
the intensity (or size) of both diffuse and dense plumes—
i.e., the wave-breaking energy, increases in both modes.
This likely relates to the production of larger plumes
within these groups of classes. Also, bothwaves andwave
breaking evolve due to wave-field modulation. This
explains the sharp decrease in P at 27.5-m fetch and the
shift in plume generation within each plume group
towards less energetic plumes and between plume groups
towards diffuse plumes. Although the mechanisms for the
formation of these plumes are unknown, there clearly is a
relationship between the wave-breaking parameters that
describe full wave-breaking and dense plume formation.

The shifts in P with fetch are at the origin of the
changes in the global bubble population. Although PDi

reaches a peak at 20-m fetch, because NSDi plumes
contain far more bubbles, the small bubble population
peaks at 22.5-m fetch. There still is significant production
of the smallest bubbles at 25-m fetch; however, the small
bubble distribution steepens due to the importance of
small bubble production from dense plumes. At 30-m
fetch, where micro-plumes are overwhelmingly domi-
nant, the small bubble distribution is only weakly
dependent on bubble size. Meanwhile, the larger bubble
population (unsurprisingly) tracks PDe. The production of
1700-μm radius bubbles (i.e., the radius of the larger,
dense plume peak) was approximately constant between
22.5- and 25-m fetch. This is because, although the larger
NDDe and BDDe plumes were much less common, they
contributed far more bubbles than NSDe plumes.
Interestingly, the very largest bubbles, rN5000 μm,
were produced most strongly at 22.5-m fetch, not 25-m
fetch. One possible explanation may be that the most
intense plumes tended to fragment these largest bubbles.

4.1. Application to the ocean

Results of this study were for fresh water. Thus,
consideration of these results with respect to the ocean
requires understanding of the significant effect of salinity
on bubble formation. In whitecap simulation tank (WST)
experiments, Haines and Johnson (1995) showed a
similar S for large bubbles in fresh- and saltwater
(S=2.7, S=2.6, respectively, for r greater than a critic
radius, RC); however, RC was at much larger r for fresh
(RC∼2800 μm) than salt (RC∼630 μm) water. As a
result, small (300b rb600 μm) bubble concentrations
were much larger in saltwater than fresh water, while
large (rN2000 μm) bubble concentrations were slightly
greater in fresh water. Using laser bubble measurements
in a WST, Asher et al. (1997) observed a similar slope in
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’ for salt and fresh water (S unreported), with higher
concentrations for small salt–water bubbles. “Small”
was defied as bubbles with rb200 and rb400 μm for
fresh- and saltwater, respectively. The freshwater’ had a
peak or a plateau at 500 μm, and as a result the freshwater
concentration of bubbles larger than r∼200 μm was
greater than for saltwater. Part of the discrepancy
between these two data sets may have resulted from
wall effects in Haines and Johnson (1995) WST. For
mechanically generated, breaking-wave bubble plumes,
Loewen et al. (1996) found little difference for larger
bubbles (1000b rb4000 μm) between fresh- and
saltwater for focused waves. For wind-generated break-
ing waves, Cartmill and Su (1993) showed that, for
50b rb1000 μm, far more small bubbles (an order of
magnitude) were produced in saltwater than freshwater.
In summary, wave-breaking and WST results are in
general agreement that the fresh- and saltwater size
distribution for larger bubbles is similar. There is also
agreement that far more small bubbles are produced in
saltwater. Because large bubbles contain most of the
plume mass, total gas injection appears to be largely
independent of salinity (Wu, 2000). Thus, we argue that
our findings with respect to bubbles larger than about
700-μm radius should be roughly applicable to ocean
waves given similar wave-breaking conditions.

In this study it was found that for diffuse-plumes, the
injection Φ was very weakly dependent on r, with S
varying between 0.4 (micro) and 1.3 (NSDi) for small
bubbles (rb1000 μm). This shallow S during injection
agrees with other observations that Φ is significantly
shallower closer to the formation region or time, than the
background population, which is temporally and spatially
averaged—e.g., Baldy and Bourguel (1987). The plume
investigated by Haines and Johnson (1995) exhibited
aspects of diffuse plumes (i.e., many small bubbles and a
critical radius) and aspects of dense bubble plumes (a
peripheral region with small bubbles and a large radius
peak in the size distribution). However, Haines and
Johnson (1995) studied plumes in a WST—i.e., tipping
bucket formationmechanism, thus, classification as dense
or diffuse may be inappropriate. Deane and Stokes (2002)
reported S=1.8 for an individual ocean bubble plume
observed at an undetermined time after formation. The
small bubble population was much higher than those
observed for dense bubble plumes in Luminy and may
have been due to salinity or other factors.

5. Conclusion

This study aimed to describe the characteristics of the
plume bubbles generated by wind-stress wave breaking
and relate the types of plumes formed and the formation
rates to waves and wave breaking. The study showed the
existence of two distinct classes of bubble plumes
respectively termed dense and diffuse, which are
characterized by the presence or absence of large bubbles.
This finding is based on the analysis of the bubble size
distributions of bubble plumes. Bubble plumes were
segregated based on their maximum penetration depth,
their lateral extent and their ability to obscure optically the
image background. This obscuration was due to the
presence of large bubbles (dense plumes). The bubble size
distributions of dense plumes exhibit a significant
population of very large bubbles (radius greater than
1 mm). In contrast, diffuse plumes were largely lacking in
these very large bubbles. Given that many bubble
processes are strongly radius-dependent, this implies
that the impact of the two plume classes on bubble-
mediated processes should be highly distinct. Further-
more, the occurrence of both groups of bubble-plume
classes is highly dependent on wave-breaking develop-
ment with dense plumes forming preferentially under
conditions of intense full wave breaking and diffuse
plumes forming preferentially at the earlier stages of
wave-breaking events. These observations suggest these
two bubble-plume classes are related to two different
plume formation processes associated with the wave-
breaking process.

Given that the formation of the different plume classes
was related closely to wave breaking and wave develop-
ment, we hypothesize that the two different groups of
bubble-plume classes–dense and diffuse–may occur at
sea, too. Oceanic measurements of the background
population show strong variation with wind stress and
fetch among other factors. Thus, these results suggest that
some of the variability in the bubble field data may result
from variations in the different modes of bubble-plume
formation, which are related to wave-breaking develop-
ment and the sea state. Clearly, to understand the under-
lying processes that produce the background bubble
population, further research into bubble plumes in the
field and laboratory are required.
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