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Abstract

This thesis represents a study of the spatial
distribution of sub-surface bubbles generated by breaking wind
waves. Observations of bubbles were obtained using an
upward-pointing acoustic transducer.mounted on a submarine.
Experiments were carried out about 10km off the coast of Monterey,

California at wind speeds of about 3m$-1 to llms_l.

For the first time, estimates of the concentration of
bubbles, N, have been determined from acoustic backscatter levels.
The measurements are also unique in that they represent
two—-dimensional profiles of N, indicating both vertical and
horizontal dependence. At low wind speeds, few identifiable
patches of bubbles were observed. At higher wind speeds, the
concentration of bubbles was observed to increase. In additionm,

the depths to which bubbles penetrate increased with wind speed.

Mean vertical profiles of N indicated an exponential
dependence on depth, which is consistent with a simple
one—dimensional diffusion model. The mean bubble concentration at

the surface, No, was found to increase with wind speed U, . as

10
~, (3.0%0.3)
No U10 . Estimates of the e-folding scale, Z,» increased in
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general with wind speed, but the level of convective turbulence
also influenced the values of z, - The bubble plumes were found to
be more columnar when the air-sea temperature difference was more
negative (i.e. when the level of convective turbulence was

greater).

Ratios of the horizontal extents of bubble plumes, as
measured at different angles to the ;ind direction, were found to
be consistent with the ratio of the horizontal scales over which
waves break on the ocean surface. A data set collected while
travelling in the downwind direction was found to have a spectral
peak corresponding to a separation of 45m between bubble plumes,
consistent with the expected spacing between breaking events on the

surface. These results provide evidence that the bubble plumes are

d related to breaking waves on the ocean surface.

J.T. Weaver

D.M. Farmer

H.W. Dosso P. van den Driessche SURSE,
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Chapter 1

Introduction

When ocean waves break, they inject air bubbles into the
near-surface ocean in significant quantities. The larger bubbles,
being very buoyant, return to the surface relatively quickly.
Smaller bubbles, on the other hand, are much less buoyant and hence
act like passive contaminants in the ocean. The distribution of
small bubbles is therefore intimately related to the 1local fluid
dynamics. Bubbles generated by breaking waves are also known to be
involved in a number of important oceanographic processes, including:
droplet ejection (Blanchard and Woodcock 1957); gas exchange
(Kanwisher 1963; Memery and Merlivat 1984; Thorpe 1984a); electrical
charge exchanges (Blanchard 1963); the formation of organic particles
(Sutcliffe et al 1963); bacteria transport (Blanchard and Syzdik
1972, 1974); chemical fractionation (Duce and Hoffman 1976);

propagation of underwater sound (Medwin 1974).

In October 1984, a number of acoustic experiments were carried
out off the coast of Monterey, California on board the submarine USS
DOLPHIN. In particular, acoustic observations of bubbles located near
the ocean surface were obtained using a 119kHz, upward-pointing
echo-sounder. This thesis describes those observations in terms of

the horizontal and vertical distribution of ©bubbles. Before




discussing the bubbles further, however, we first present a brief
review of relevant air-sea interactions in order to provide some

necessary background for the reader.

1.1 Summary of Oceanic Response to Wind Forcing

Neither the ocean nor the atmosphere are truly isolated
dynamical systems. The interactions between the two fluids control
the exchange of energy, momentum, heat and gas across the interface.
Air-sea interaction has been a field of investigation for many years,
but our understanding of the processes involved 1is still severely
limited. This 1is due in part to the complexity of these processes
and in part to the environmental constraints associated with their
study. Nevertheless, the study of the processes governing air-sea
interactions is of great importance in our understanding of both the

atmosphere and the ocean.

When the wind blows across the surface, it transfers energy and
momentum to the ocean. This transfer takes place through a number of
processes. The most familiar of such processes is the generation of
waves. Such waves are called, appropriately enough, wind waves (see

Kinsman 1965) and are a form of surface gravity wave.




In light winds, the waves generated are quite small (with
wavelengths of the order of a few centimeters). As the strength of
the wind increases, the waves grow higher and longer. Wave growth,
however, 1is subject to a limiting process associated with the
steepness of the waves (i.e. the ratio of wave height to
wavelength). Once the steepness of a wave increases beyond some

critical value, the wave breaks.

If the wind remains steady for a sufficient period of time, the
ocean surface will reach an equilibrium state called a
'fully-developed sea', in which the input of energy provided by the
wind 1is balanced by the 1loss of energy in the waves due to
wave-breaking. Three factors have been associated with the size of
wind waves and the point at which the sea becomes fully-developed:
the wind force, or equivalently the wind speed; the fetch, or
uninterrupted distance over which the wind blows at a fixed velocity;
the duration over which the wind blows at a fixed velocity.
Generally, higher wind speeds and longer fetches generate higher and
longer waves and require longer durations before an equilibrium state

is peached.

Locally—-forced waves are referred to as sea, while waves which
have escaped the influence of the generating wind are called swell.

Waves associated with sea are of higher frequency than those




associated with swell (Kinsman [1965] suggests that a 'rule of thumb'
for distinguishing between sea and swell is to presume a transition
occurs at 0.1Hz, but acknowledges that one must allow for much
overlap). Wave shapes associated with swell are nearly sinusoidal,
while waves associated with sea are typically trochoidal in shape.
Sea also tends to be steeper, more rugged and more confused (random)

than swell.

The dispersion relation for surface gravity waves is given by

c2=% tanh CkH) (1.0

where k=21/A is the wavenumber of the wave, A is its wavelength, c is
its phase speed, g is gravitational acceleration and H is the total
water depth (c.f. Lamb, 1932). For water which is much deeper than

half the wavelength, the phase velocity is approximately

C= (g/k)'/z ) (1.2

Longer waves are seen to travel faster than shorter waves. They
escape the region of wave generation to form swell. Dissipation of
swell takes place slowly through the effects of molecular viscosity

as the waves continue to propagate.

Much research effort has been spent on wave analysis and
prediction. Since the wave field is random, much of the work has

been based on the evaluation of a few fundamental statistical




quantities, such as the significant wave height H1/3. This is defined
as the average height of the 1/3 highest waves, as measured from
crest to trough. Empirically-derived curves have been developed to
predict H1/3 and the associated wave period, T1/3, under

fetch-limited and duration-limited conditions (e.g. U.S. Army Coastal

Engineering Research Center 1984).

With the advent of sophisticated wave-measuring devices,
attention has been focussed on evaluation and modelling of the wave
spectrum, that is the power spectrum of the wave height at a given
location. This represents a more modern approach to the descriétion
of the wave field, relating the sea state to a spectrum of wave
energies and periods rather than to discrete statistical quantities
(Thomson 1981). Waves, however, do not extend out to infinity, but
instead occur in localized groups. The wave groups are limited in
extent because the event which generated them is limited in extent

and duration.

Under calm conditions, the wave spectrum is nearly flat. 1In a
fully-developed sea, a well-defined peak appears in the spectrum,
which tapers off at higher frequencies. The presence of swell can
also introduce a large peak in the spectrum, although at a lower
frequency than the dominant frequency asociated with the

locally-forced waves.



Wave-breaking is a complicated nonlinear effect. The most
common type of breaking wave observed in deep water is the 'spilling
breaker'. This is identified as a steep wave which has a turbulent
plume of frothy water running down its forward face (Cokelet 1977).
The plume is recognized as a 'whitecap' or 'whitehorse'. The wind can
also cause a wave to break directly by blowing off the top of the

wave.

Breaking waves entrain air bubbles and hence are responsible
for an increase in gas flux across the air-sea interface. They also
transfer momentum and energy across the sufface through the
generation of turbulence. Laboratory measurements by Donelan (1978)
have indicated, however, that the turbulence associated with breaking
waves is limited to within a depth below the surface of the order of

the wave height.

For the most part, the initial response of the ocean surface to
wind forcing is through wave generation, growth and breaking. The
fluid particles themselves move in nearly-circular orbits in response
to the wave action. However, the wind also generates a net lateral
motion of the surface layer of fluid, thereby creating a shear flow
in the uppermost part of the ocean. Under suitable conditions,
turbulence will arise from the shear flow due to flow instabilities

(Tennekes and Lumley 1972).




Turbulence can also be produced by convection, the presence of
which is dependent on the net heat flux across the air-sea
interface. The net heat flux is comprised of three main components:
the sensible heat flux, which is identified with the direct heat
conduction across the interface (i.e. due to the presence of an
air-sea temperature difference AT); the evaporative heat flux, due to
cooling by evaporation; the back-radiative heat flux, due to the
absorption and re-emission of solar radiation (Gill 1982). If the net
heat flux 1is upwards, then fluid particles just below the surface
lose heat to the atmosphere and their density increases. These
particles are then heavier than their surroundings and therefore
sink, to be replaced by the warmer water just below. This flow is

identified as convective turbulence.

Field observations of upper ocean turbulence are very limited
(see Dillon and Caldwell 1980; Oakey 1982; Shay and Gregg 1984).
However, it 1is generally assumed that turbulence, generated by
convection and indirectly by the wind, is responsible for the
downward diffusion of energy, momentum and gas (the latter through
bubble transportation), as well as the mixing of the upper ocean and

subsequent deepening of the thermocline.

Another type of flow which occurs in the upper ocean in the
presence of wind is called Langmuir circulation. This flow takes the

form of alternating right-handed and left-handed vortices whose axes



are aligned with the wind. They can frequently be identified by the
presence of long, narrow streaks on the surface, called 'wind rows'.
The streaks result from the collection of floating substances (e.g.
marine organisms, foam from breaking waves, seaweed) in the regions
of flow convergence at the surface. The spacing between wind rows
indicates the separation between pairs of vortices (or Langmuir

cells).

Since the initial study of this phenomenon by Langmuir (1938),
several observations of wind rows and Langmuir circulations have been
obtained in lakes and in the ocean. Much variation in wind row
separation has been found, but in the ocean the spacing generally
falls between about 5m and 50m (for a recent review of theories and

observations of Langmuir circulation, see Leobovich[1983]).

Numerous theories on the mechanism of generation of the flow
have been put forward and subsequently cast aside over the years.
The most prominent theories today suggest that the flow 1is produced
by complicated interactions between the current field and the wave
field, both of which are functions of the wind conditions (c.f.
Garrett 1976; Craik and Leobovich 1976; Craik 1977). Support for this
concept has been garnered by a number of laboratory studies (c.f.
Faller and Perini 1984), which have produced flows resembling
Langmuir circulation only when both waves and a shear flow are

present. It is still not known, however, how much of a role Langmuir



circulation plays in the dynamics of the upper ocean.

1.2 Review of Previous Bubble Studies

Most of the pioneering work on the distribution of ocean
bubbles has been performed using bubble traps. A bubble trap is
basically a box or tube structure with a transparent observing
plate. The trap is operated by immersing it in water, obtaiﬁing a
water sample and then orienting the trap so the transparent side is
on top. Bubbles within the water sample are free to rise and
accumulate against the underside of the clear face. After sufficient
time has passed for the bubbles to traverse the length of the trap,

the bubbles under the observing plate are measured and counted.

Using their bubble trap, Blanchard and Woodcock (1957) found
that the bubble density increases rapidly with windspeed. Glotov et
al (1962) found similar results using a bubble trap in a wind-wave
tank. Kolovayev (1976) used a bubble trap and camera system (which
photographed the observing plate) to determine oceanic bubble

populations in the deep ocean.

Concern has been expressed in the literature (e.g. Blanchard
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and Woodcock 1957) about measurements of bubbles with small radii (of
the order of qum and less) using bubble traps. Many of these small
bubbles will dissolve into the water sample before they can traverse
the length of the trap and reach the observing plate. Consequently,
methods for direct observations have been developed. Medwin (1970)
made direct photographic observations of bubbles near shore. More
recently, Johnson and Cooke (1979) used a camera system suspended

from a freely-drifting float to make oceanic bubble observatioms.

Medwin (1970, 1977a) has evaluated bubble populations
acoustically by measuring their scattering and abbsorption properties
as a function of frequency. In addition, he and his co-workers have
made estimates of bubble fraction (the relative volume of bubble gas
to liquid) by analyzing phase and amplitude fluctuations of sound
passing through bubbles near the ocean surface (Medwin 1974; Medwin

et al 1975).

Wu (1981) has reviewed and summarized the results of Johnson
and Cooke (1979), Kolovayev (1976) and Medwin (1970). Of particular
interest is the bubble distribution (also referred to as the bubble
spectrum) n(a), where n is the number of bubbles per unit volume with
a given bubble radius a. The spectra obtained from Johnson and
Cooke's data are quite similar to those based on Kolovayev's
results. Both sets of spectra indicate that n(a) varies as n(a)“'a-'m

down to a radius of about 50 }.xm, where m=5 from Johnson and Cooke's
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data and m=3.5 from that of Kolovayev. The spectra appear to peak at
around 40-50)1m and then fall off with decreasing radius. In
addition, the number of bubbles varies approximately exponentially
with depth. Wu (1981) noted that these results suggest there may be

an equilibrium spectral distribution for n(a).

Medwin's (1970, 1977a) acoustic observations show somewhat
different characteristics, including much larger bubble populations
than observed by Johnson and Cooke or Kolovayev at the same depths
and under similar wind conditions. His first study (Medwin 1970),
performed 1in coastal waters and in 1light winds (about 2ms_1)
indicated that the bubble spectrum varies with bubble radius as
approximately n"a—a for large bubbles (a > 80)1m) and as n"a—z for
small bubbles (a < 80 }m). He also determined that the number of
bubbles with radii less than 6()1111 varies with depth below the sea
surface z (in meters) as n~exp(-z/7), while the number of bubbles
with radii equal to or greater than 6(ym follows a power law

— -005
nz .

In the later study, Medwin (1977a) made a more detailed bubble
survey, predominantly in Monterey Bay, under a variety of wind
conditions. Similar results were obtained for the spectral variation
with radius as for the previous study, but the dependence of bubble
populations on depth was less straightforward. In fact, for data

collected at a wind speed of about 4 ms-l, he observed more bubbles
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near the bottom of the bay than near the surface. Dalen and Lovik
(1981) have also found very large estimates of bubble population
using transducers mounted on the hull of a ship. They estimated
bubble populations by studying separately the volume reverberation
from bubbles in the ocean and variations in the attenuation of sound

scattered back from the sea floor.

It has generally been presumed in the 1literature that the
dominant production process for bubbles observed by Johnson and Cooke
(1979) and Kolovayev (1976) was entrainment of air by breaking waves,
while some other process (such as biological bubble production ) was
responsible for the observations of Medwin (1970, 1977a) and Dalen
and Lovik (1981). Consequently, these latter results have been for
the most part disregarded in recent studies of bubbles generated by

wave-breaking.

Laboratory studies of bubble size spectra have recently been
made by Hsu et al (1984) and Broecker and Siems (1984). They have
observed peaks in the bubble distribution at a radius of between 40
and Sme (presumably there is an error in the plot of bubble spectra
in Hsu et al [1984] - the label on the bubble size axis would appear
to be too 1large by a factor of ten). Both studies found the
power-law dependence of the distribution was a function of depth,
with the value of m increasing with depth. Little dependence of the

bubble spectra on wind speed was observed.
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Aleksandrov and Vaindruk (1974) wused an upward-pointing
transducer mounted on the sea floor at 20m depth and lkm offshore.
They studied acoustically the thickness of the bubble layer and found
that it varied on two time scales. The oscillations of shorter
period were associated with orbital motions of the ocean in the
presence of surface waves. They attributed the longer time scale

variations to turbulent motions in the upper ocean.

Thorpe and his co-workers have made several studies of
near-surface bubbles 1in lakes and ocean using acoustic systems.
Observations by Thorpe and Stubbs (1979) suggested the shape of
bubble clouds is dependent on the sign of the air-sea temperature
gradient, which indicates the direction of heat flux across the
interface. When the air was colder than the water (a condition which
can set up convection in the upper ocean), the clouds appeared to be
more columnar in shape; when the water was colder than the air (a
condition of stability), the clouds appeared more 'billow-like'.
Thorpe and Humphries (1980) obtained evidence that the clouds of

bubbles are generated by breaking waves.

Thorpe (1982) studied variations in bubble populations based on
the levels of acoustic backscatter. Reasonable agreement was
obtained between mean observed backscatter levels and theoretical

levels (based on the data of Johnson and Cooke [1979]) under similar
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wind conditions. He also found stronger backscatter levels in the

ocean than in a lake under similar atmospheric conditions.

Thorpe et al (1982) and Thorpe and Hall (1983) have used
bottom—mounted side-scan sonar systems to study near-surface waters
in a lake and in the ocean, respectively. These instruments were
aligned so as to obtain horizontal profiles of acoustic targets near
the surface. The authors were able to observe characteristics of
bubble clouds, near-surface currents, internal waves and breaking
surface waves. In particular, Thorpe and Hall (1983) compared bubble
clouds under different wind conditions. At low wind speeds (up to
about 6 ms_l), wave breaking was rare and brief, and the bubble
clouds were few and distinct. At higher wind speeds, waves broke
more frequently and for longer periods of time. In these latter
cases, a layer of bubbles was observed to form beneath the ocean
surface, punctuated by 'plumes' of bubbles recently entrained by the

breaking waves.

Other acoustic techniques have been employed in the study of
bubbles. Recently, Farmer and Lemon (1984) made estimates of the
population density of bubbles based on the attenuation of
wind-generated sound by bubbles below the sea surface. In addition,
a high-resolution technique for measuring bubble size wusing
non-linear mixing of two frequencies has been developed and tested in

the laboratory (Newhouse and Shankar 1984; Chapelon et al 1985).
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A variety of dynamical models of bubble transport have been
developed which help to explain observed bubble distributions or
suggest different distributions. Garrettson (1973) developed a very
general statistical equation for bubble transport. This work
provided the basis for a simple turbulent diffusion model obtained by
Crowther (1980), who neglected the effects of bubble acceleration and
changes in bubble radii due to hydrostatic pressure and gas
diffusion. Kerman (1982) has developed a turbulent diffusion model

based on the mass of bubbles produced at the surface.

Thorpe (1982, 1984b,c) has created models of bubble transport,
based on Garrettson's work, which include the effects of pressure and
of gas diffusion. Thorpe (1984d) has also modelled bubble dynamics
and distributions in the presence of a flow resembling Langmuir
circulation and has shown this flow produces horizontal variations in

the sub—surface bubble distribution.

Crowther (1985) has proposed a new bubble distribution
function, which is similar to his previous model (Crowther 1980) for
larger bubbles and is supposedly consistent with the results obtained

by Johnson and Cooke (1979) and Thorpe (1982) for smaller bubbles.

Most of the models mentioned here are based on simple
functional forms of turbulence and of flow. Kitaigorodskii (1984)

has indicated that the transfer of gas across the air-sea interface
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is governed primarily by 'patchy' turbulence generated by breaking
wind waves. As noted previously, however, few measurements of
turbulence in the upper ocean have been made to support or disclaim

this theory.

1.3 Summary of Work Done in this Thesis

The purpose of the research discussed in this thesis was to
study the spatial distribution of sub-surface bubbles generated by
breaking waves. We have participated in a number of experiments
which were carried out near Monterey, California during October 1984.
Observations of bubbles were obtained using an wupward-pointing

acoustic transducer mounted on the deck of the submarine USS DOLPHIN.

We present here for the first time estimates of the
concentration of bubbles evaluated from acoustic backscatter levels.
The results are also unique in that both the vertical and horizontal

variability of the concentration of bubbles are provided.

Observations of the spatial distribution of bubbles under
conditions of light winds (3ms_1) and moderate winds (8—11ms—1) are

discussed. Profiles of the mean concentration of bubbles at
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different wind speeds are provided and indicate an exponential
dependence with depth. Estimates of the bubble concentration at the
surface No indicate a dependence on the wind speed Ulo(measured at

3.0%0.3

10m above the surface) of the form NO"'U10 . The e-folding depth

z, (i.e. the 1increase 1in depth required for the mean bubble
concentration to decrease by a factor of e_l) was found to increase
in general with increasing wind speed; but there was indication that
the level of convective turbulence can also influence the e-folding
depth. The bubble plumes were found to be more columnar in shape in

the presence of more negative air-sea temperature difference

(suggesting a greater level of convective turbulence).

Ratios of horizontal extents of the bubble plumes, as measured
at different angles to the wind direction, were found to be
consistent with the ratio of the horizontal scales over which waves
break. 1In addition, a data set collected while travelling in the
downwind direction was found to have a spectral peak corresponding to
a separation of 45m between bubble plumes, consistent with the
expected spacing between breaking events on the surface. These
results provide evidence that the bubble plumes are directly related

to breaking waves on the ocean surface.
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Chapter 2

Summary of Principles of Acoustic Scattering from Bubbles

2.1  Sound Scatter from a Single Bubble

Consider an acoustic wave of frequency fi impinging on a
spherically-shaped bubble of radius a. If the resonant frequency fr
of the bubble is at or near the acoustic frequency ;hen the sound
energy will be very effectively scattered and absorbed by the
bubble. These interactions are referred to as resonant scattering
and resonant absorption (we shall ignore in the following the
complicated effects of multiple scattering from bubbles which become
important for very large concentrations of bubbles - see for example

Ma et al [1983]).

Sound scattering from bubbles will also be observed 1if the
bubble radius 1is much greater than the wavelength of sound, a>>)}
This 1is called geometric scattering and occurs because of the
pressure gradients across the bubble surface and the difference in
the acoustic impedance of the water and that of the bubble gas (G;Wc“7

and ejcg, respectively, where ev and c, are the density and speed of

sound in water and 63 and ¢ _ are the corresponding parameters for the
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bubble gas). Significant geometric scattering does not occur for
bubbles whose radii are much smaller than the acoustic wavelength,
a(()i, because the instantaneous pressure across these bubbles is
nearly uniform (although the presence of the bubbles does result in

frequency dispersion of the sound waves [Clay and Medwin 1977]).

The degree of interaction between the bubble and the acoustic
wave is described in terms of the abéorption cross—section O;=Ia/I,
the scattering cross—section O;=IS/I, and the extinction
cross—section C&= 0;+O;. Here, I is the incident sound intensity at
the bubble and Ia and IS denote the total acoustic power absorbed and

scattered by the bubble.

For an ideal bubble, the radius and resonant frequency are

related through (Medwin 1977b)

f=_ (SLLELP_)'/‘ @)

2T €.

where T: I 4 _Ql : [ — —]_._
Cu & 3¥ b
t) = | J 7]
1+0™ [ 1 + 3Y(5-1)
XE ‘/_J
X=a(2fp,Co/K)™>
Y=sinhX = sinX
Y'= Sinl?X'F sin X
Z = cosh¥cosX
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D= 3(6—0[ XY“2Z%
x*z +30-1)XY.

Thus, a and fr depend upon the ambient water density’éqw, the surface
tension at the air-sea interface “[_, the ambient pressure P, the
density of gases in the bubble 6%, their thermal conductivity k(,
their specific heat at constant pressure Cp and their ratio of

specific heats Zﬁ

The scattering cross—-section for an ideal bubble is given by

(U.S. Department of the Navy, 1969)

= = ‘4Trtiz cz~33)
R

where ki=2ﬂ71Lis the acoustic wavenumber and 8 is the total damping

coefficient of the bubble. Devin (1959) determined the functional
form of S for bubbles at resonance. Eller (1970) obtained the more
general relation
§=kia + D(i.;)1 + 4pu (2.3)
fe GLJ{LC£L
(where//l is the shear viscosity of water) which is valid for bubbles
which are not resonant at the acoustic frequency. The total

extinction cross-section is further related to 0; by (Eller 1970)

gy =0 (T<S_a ‘ G.)

Contaminants on the surface of the bubble can affect its
acoustic properties. Theoretical studies indicate that the presence

of such contaminants will increase the resonant frequency of a bubble
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(Glazman 1983). In addition, the damping constant is increased at
frequencies well below the resonant frequency, while at higher
frequencies the damping constant is decreased (Glazman 1984).
However, studies have not yet reached a state where we can estimate
the extent of these effects in the ocean. We shall assume the

bubbles are 'clean'.

2.2  Sound Scatter from Many Bubbles

Since a distribution of bubbles of different radii will exist
at sea, one must take into account the scattering and absorption over
the entire range of bubble sizes. We now consider a monochromatic
acoustic wave impinging on a volume of ©bubbles. The net
backscattered <cross—-section per unit volume (or scattering

cross—section per unit volume per unit solid angle) is defined as

S, = T'/_ L Of (adnv(a\ da =:'1ﬁ ga-sfa)n(a)da (2,5')

(o]

where V is the volume containing the bubbles, (Tbs=0;/4Tr is the
backscattered cross-section per unit volume for a single bubble,
nv(a) is the number of bubbles within the entire volume with radii
between a and at+da, and n(a) is the number of bubbles per unit volume

with radii between a and atda. Similarly, the net backscattered
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extinction cross—section per unit volume is defined as

©co
Se = | T (&) nla) da . (2.0)
4T )

If the acoustic wave takes the form of a pulse whose volume is
less than that containing the bubbles, then the scattering volume is
determined by the pulse volume. We consider an acoustic point source
with a finite beam angle () (in sterédians). The source is assumed
to be directed towards a large volume of bubbles and to transmit a
pulse of duration T at frequency fi' The length of the pulse in the

water is L=ch. For backscatter, however, the effective length is

L/2.

At a particular range r from the source, determined by the
instantaneous position of the center of the acoustic pulse at a time
t/2 (where t is the two-way travel time), the volume of bubbles that
contributes to scattering and absorption is defined by r, and L. For

backscatter, the scattering volume is

V= 0. (r+£ - (rLV], (2.7)
3 - 4
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2.3 The Sonar Equation

The sonar equation relates transmitted and received sound
levels to properties of acoustic targets and of the medium of sound
propagation. Historically, the parameters in this equation have been
specified in logarithmic form on a dB scale. We shall define some of

these parameters before presenting the sonar equation.

The source level SL of an acoustic system is a measure of the
sound intensity at a reference distance from a transmitter. The
standard unit for sound pressure is the micro—Pascal,)xPa, and the
source level is measured in dB (re eraz) at a distance of 1Im from
the transducer (although many in the acoustics community are slow to
adopt these standards even today). For a calibrated transmitter, the
source level is given by

SL=10log,(V7) + TVR (a.g)

where sz is the mean squared voltage applied across the transducer

electrodes. TVR refers to the transmit voltage response (in dB re

2.2
b
]}ﬂm.v ), which is a measure of the efficiency of the transducer in

converting electrical energy to acoustic energy.

The receive level RL of an acoustic system is a measure of the
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acoustic power observed at a receiver (given in dB re %PPaz) and is

defined by

RL =10log,, (Vg = Vit ) —ocV (2.9)

where VR is the mean squared voltage signal observed across the

terminals of the transducer, VN2 is the mean squared voltage
associated with system noise, and the OCV (open circuit voltage,
given in V%PPa-z) is a calibration parameter 1indicating the

efficiency of the transducer in converting acoustical to electrical

power.

As sound propagates away from a point source, the intensity
decreases due to geometric spreading and absorption of energy by the
water. The latter effect occurs through the dissociation of salt
ions in the water and through viscous effects. The associated
two—way transmission loss TL for backscatter (in dB re lmz)is given

by
TL=Z [20 logw r o< (r- \ﬂ (2,.]0)
where o is the acoustic absorption coefficient for sea water. At

119kHz, it 1s approximately 4.6x10-2 dBm—1 (from Clay and

Medwin,1977).

Transmission through bubbles also leads to sound attenuation.

The (two-way) transmission loss due to the presence of bubbles, TLb
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(in dB) is given by (Medwin 1977a) as

TL,= Zfr‘xb dr G.1)
where

<= 4.34 Se (dBm") (z.12)

is the coefficient of sound attenuation due to scattering and

absorption by the bubbles.

The effective target strength TS (in dB re lmz) of a volume of
scatterers is a measure of how efficiently those targets scatter
sound. It is related to the scattering cross-section per unit volume

through the relation

Ts= 10log, (S.V) . (2.3)

It is also related to the previously defined paraemters through the
sonar equation, which for a monostatic configuration (i.e. the

transmitter and receiver are one and the same) is given as
TS=RL+TL+TL, —SL . @.14)

Thus, the observed target strength is related to the difference in
the transmitted and received signal strengths, with the attenuation
of sound due to geometric spreading, absorption in the water and the

presence of bubbles taken into account.
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Chapter 3

The Acoustic System

Sound scattering from bubbles was but one of a number of
acoustic experiments carried out on the submarine. Consequently, the
acoustic instrumentation was designed to be flexible. A block
diagram of the system 1is provided in figure 1, indicating the
inter-relationships among the principal components. The system

parameters are summarized in table 1.

The acoustic transducers used 1in these experiments were
commercially-available units (model ITC-3003), built and calibrated
by International Transducer Corporation. A typical beam pattern for
these devices is shown in figure 2. The transducers each contain a
single disc-shaped piezo-electric element. Each unit has an optimum
operating frequency of 119kHz and a (3-dB-down) mainlobe beamwidth of

about 10°.

The transducers were mounted on the submarine as indicated in
figure 3. One unit (referred to as wunit H, or the horizontal
transducer)was positioned 3.9m above the deck at the vertex of the
tripod and aimed directly forward; another was set on the deck 3.5m
in front of the first and pointed vertically (unit V, or the vertical

transducer); a third (unit B, or the bow transducer) was mounted on
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Table 1 — Summary of Acoustic System Parameters

Operating frequency

Beam width

Minimum pulse length

Number of data channels recorded

Maximum digitizing frequency
(per channel)

Maximum pulse repetition frequency

Maximum output power

119kHz

25kHz

10Hz

575W

28
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Figure 3 -

Scale (m)

2 3 4 5

O-r
-

Instrument deployment on the U.S.S. DOLPHIN during the
October cruise: (a) 'bug-catcher'; (b) camera system
(port side); (c) turbulence and microstructure probe
package; (d) horizontal [H] transducer; (e) thermistor
chain; (f) vertical [V] transducer; (g) acoustic doppler
profiler; (h) bow [B] transducer.
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the bow of the submarine and aimed forward at an angle of 45° above

the horizontal.

The transmission frequency was provided by a 119kHz frequency
generator circuit. The output from this circuit was gated to form
pulses, then passed through a power amplifier. Relays were used to
direct the output from the power amplifier to the appropriate
transducer. In order to minimize s&stem noise, the relays would
connect the appropriate transmit line to the power amplifier output

for the duration of the transmit pulse only. Otherwise, all three

transmit lines were disconnected from the system.

The signals received by the transducers were 1initially
pre—amplified. The pre-amplifiers were placed in I0S-built aluminum

pressure cases, which were attached to the transducers. Pre-amp

power could be supplied from within the submarine or from battery
sources also housed in the pressure cases. Inside the submarine, the
received signals were further amplified and then de-modulated to
provide amplitude and phase information. An amplitude signal was
obtained by passing a received signal through an rms-to-dc converter;
in-phase and quadrature phase signals were obtained by mixing a
received signal with the 119kHz reference signal and with the

reference signal phase-shifted by 900, respectively.

Although nine different signals (giving the amplitude, in-phase
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and quadrature components for each of the three transducers) were
produced, only three channels were recorded at a time. A switching
network connected the desired channels to variable, low-pass analog
filters. The outputs from the three filters were connected to
sample-and-hold circuits, which in turn were used as inputs to
high-speed 16-bit analog-to-digital (A/D) converters. The A/D
outputs were transferred to computer- memory. Because of high data
sampling rates (up to 25kHz per channel), this transfer was performed

using direct memory access (DMA).

'The primary data recording system consisted of a Dylon magnetic
tape controller and a 1600-b.p.i. Kennedy tape drive. Data were
transferred from computer memory to the tape controller using DMA.
The tape controller buffered the data and passed them to the tape

drive. Data records were then written on 9-track computer tapes.

Data were also recorded in real-time on an EPC graphic
recorder, which displays a four-bit digitized representation of the
amplitude of a received signal as a function of time and of time
delay (referenced with respect to the start of a pulse
transmission). On the assumption that the sound speed is uniform
(reasonable in most cases) and that the recorder inputs are selected
for backscatter, this is equivalent to displaying the received signal
as a function of range to the scatterers and time. The result is

therefore an image of the scatterers in space and time.
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Operation of the acoustic system was controlled using a
Compupro micro-computer with a Z80 microprocessor. Due to the nature
of these experiments, it was often necessary to adjust system
parameters in order to meet changing environmental and observational
requirements. To facilitate this, a menu-driven computer program was
written to manage the acoustic system. The user was able to select
the transmitting unit, whether it be ; single transducer or a cyclic
combination of two or of all three transducers. Two different modes
were available for the recording of received signals, referred to as
the intensity and complex modes. In the intensity mode, the
amplitude signals from all three transducers were digitized. In the
complex mode, the amplitude, in-phase and quadrature channels for the
transmitting transducer were digitized (i.e. 180° backscatter data
only). Other software-controlled parameters included: pulse width,
or duration of a pulse; transmission power; repetition rate of the
pulses; sampling (digitizing) frequency; delay time and sample time,
which define the ‘'window' over which data sampling takes place
(referenced with respect to the start time of the transmission of the

pulse).
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Chapter 4

Observations and Analysis

Experiments were conducted on board the submarine USS DOLPHIN.
Operations were carried out in the vicinity of 36° 45'N, 122005'W,
about 10km offshore from Monterey, California (see figure 4). Initial
testing of the acoustic system took place during a preliminary cruise
in April 1984. Following this, the system was modified to the form
described in the previous section. The acoustic data described in
this thesis were collected during thirteen dives occurring between

October 3 and October 19, 1984.

During these dives, simultaneous measurements of turbulence and
temperature (Dr. T. Osborn, Naval Postgraduate School) and of
vertical current structure and ship speed (Dr. T. Stanton, Naval
Postgraduate School) were obtained. In addition, during the final
few dives, a 'bug-catcher' (Dr. L. Haury, SCRIPPS) and a camera
system (Dr. D. Colton, Naval Postgraduate School) were in operation
(see figure 3). A number of other parameters, including ship
direction and sound speed, were monitored and recorded by instrument
packages provided by the submarine. Meteorological data were
obtained from the coast guard station at Point Pinos. We note that

all times in this report refer to Pacific Daylight Time (PDT), which
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Figure 4 — Bathymetry along the coast of Monterey, California (after

R. Loueck, personal communication). The 1location of

field operations is indicated.
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lags Universal Time by eight hours.

An acoustic image 1is provided in figure 5, corresponding to
backscatter levels observed at the vertical transducer. This data
set was collected on October 17 between 0159 and 0201. We identify
here some of the principal acoustic targets in these observations.
In this and in following acoustic images, the degree of shading is
linearly proportional to the amplitu&e of the received signal, but
the gains and offsets have been chosen to make the illustrations more
comprehensible. The data has not been corrected for spherical

spreading or absorption.

Coherent 'bands' of scatter can be seen relatively close to the
submarine (out to a range of about 9m for the vertical transducer).
These bands were due to sidelobe scattering from the submarine. This
occurred because the submarine is a much stronger acoustic target
than the majority of other scatterers close to it. Even though most
of the acoustic energy was transmitted within the mainlobe of a
transducer and did not strike the boat, the Ilow-level sidelobe
scatter from the boat was observed to dominate backscatter at ranges

close to the transducers.

Beyond this region of sidelobe contamination, large numbers of
weak, discrete targets and groups can be seen. These scatterers are

for the most part biological in nature. In order to be 'seen' by our
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An example of an acoustic image of backscatter observed
at the vertical transducer. The broad lines are due to
sidelobe scattering from the submarine. Discrete targets
out to a range of about 12m are presumably plankton and
other small scatterers. The 'plume-like' shapes at the
top of the image are due to bubbles. The data were
collected on October 17, 1984.
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119kHz acoustic system, these targets must be of the order of our
transmission wavelength (about 1.3cm) or larger. Previous acoustic
studies in the ocean (e.g. Holliday and Pieper, 1980) have indicated
these scatterers are primarily euphausiids and copepods. Biological
samples taken during the October cruise confirmed that large numbers
of copepods and euphausiids were often present, particularly at night
(Dr. L. Haury, personal communication). During the day, the biota
remain fairly deep, but at dusk they migrate towards the surface.
Much stronger targets, appearing as either individuals or small
discrete groups, were also occasionally observed in the water

column. These were usually presumed to be small fish.

The biological targets in figure 5 appear to 'fade' with
increasing distance from the transducer. This 1is primarily due to
the geometric spreading loss in acoustic power. The power which
reaches a target at a range r has decreased by a factor of r_2
compared with the power at a unit distance from the transducer.
Similarly, the level of backscatter received from that target at the
same transducer has also decreased by the same factor (assuming the

targets scatter sound in an omnidirectional manner). There is thus

an inherent range dependence of r—A on backscattered power levels.

Large plume-shaped targets appear in figure 5. They are images
of bubble clouds. The bubbles obviously represent a relatively

strong acoustic target, 1in consideration of losses due to the
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geometric spreading. In addition, few biological scatterers can
discerned in the image at the associated range to the cloud. It is
apparent they do not contribute significantly to the backscatter from

the bubbles.

Another acoustic image of bubble clouds is provided in figure
6. Here the region of scatter from bubbles lies wholly within the
data sampling window. The surface. itself 1is a nearly perfect
acoustic reflector, so sound that strikes the surface 1is reflected
back down with little loss in power. However, the surface is not
easily identified in figure 6 because of the presence of a 'mirror
image' of the bubbles above the surface. This was observed to occur
for strong transmission pulses. The acoustic path for the mirror
image corresponds to sound which 1is reflected by the surface,
impinges on the bubbles on the way down, scatters back to the surface
and 1is reflected back down to the receiver. This concept 1is
supported strongly in figure 6 by the presence of a large discrete
target just below the surface (labelled A in the figure) and its twin
(A') above the surface. The target was presumably a closely-packed
school of fish. The undulations in the mirror image are due to the

passage of waves on the surface.

Bubble observations made during the DOLPHIN cruise were
referenced to the location of the vertical transducer. In order to

reference the data to the surface, it was necessary to determine the
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An example of near-surface acoustic backscatter. The
surface is not easily identified because of the presence
of a mirror image of bubble clouds near the surface. A
large target (perhaps a large fish or a closely-packed
school of small fish) and its mirror image above the
surface are labelled A and A', respectively. The data
were collected on October 10, 1984.
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range to the surface from the vertical transducer as a function of
time. Surface reverberation was observed to saturate the digitally
recorded signal for a few hundreds of microseconds during vertical
transmission. An example of this is shown in figure 7. Acoustic
scatter from bubbles near the surface is shown in figure 7a; in
figure 7b, the same data set is plotted, but only saturated data
points are shown. The relatively regular fluctuations in the surface
reverberation layer are due to the passage of waves on the surface;
very slow variations are attributed to the submarine diving or

ascending. The wind speed for this data set was about 11ms—1.

It was assumed that the range to the bottom of the surface
reverberation layer corresponded to the instantaneous height of the
surface directly above the vertical transducer. The range to the
surface was then determined as a function of time for several sets of
data. Using this time series, it was possible to re-plot acoustic
images without the complication of mirror images lying above the
surface. Such an image is plotted in figure 7c. Data 'beyond' the

surface have been inhibited in this figure.

There is clearly a correlation in figure 7c between the
variation of the surface level and that of the bottom of the bubble
clouds. Thus, the surface waves can modulate the bubble distribution
significantly, a result which is consistent with previous acoustic

observations made by Aleksandrov and Vaindruk(1974). This does not
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Removing mirror images from the acoustic data: (a) the
raw received data; (b) data which saturated the receiving
electronics; (c) the raw data re-plotted, with

suppression of data beyond the surface. The data were
collected on October 17, 1984.
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mean, however, that the waves and the bubble clouds have similar
length scales. The bubble clouds are relatively fixed with respect
to the ocean, while the waves are propagating along the surface. We
must look more closely in order to determine the length scales of the

surface waves.

Time series of wave height estimates were determined by
high-pass filtering time series of thé range to the surface, thereby
removing the mean distance to the surface and the effects of vertical
submarine motion; one-dimensional wave height spectra were obtained
by Fourier-transforming time series of wave height. For data sets
collected at relatively constant horizontal ship speed, the
one-dimensional power spectra of wave height tended to show a
dominant frequency band (for example, see figure 8), consistent with

the relatively periodic surface undulations indicated in figure 7b.

It should be noted that wave height spectra evaluated with a
finite beam transducer will not be accurate at high frequencies. The
finite beam acts as a low-pass filter in measurements of the range to
the surface. This process 1is indicated in figure 9a. We first
consider a low—-frequency wave whose wavelength A is much greater than
the length of the acoustic 'footprint' h (i.e. the diameter of the
circular area at the surface encompassed by the beam). In this case,
the shortest distance to the surface is along the vertical axis and a

time series of range to the surface represents accurately the surface
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the beam at that range.



46

waveform. In contrast, for a high-frequency wave whose wavelength is
much smaller than the acoustic footprint, the shortest distance to
the surface will be the length of a line from the transducer to the
wave trough nearest the vertical axis. This distance will not change
much during propagation of the surface wave and the time series of
the range to the surface will be nearly constant. The finite beam
width also tends to broaden the apparent width of bubble clouds by an
amount equal to the width of the acoustic beam at the depth of

interest, as depicted in figure 9b.

The footprint of the sonar was typically 5m wide. Thus, waves
whose frequencies were much less than about 0.56Hz are accurately
represented in the wave height spectra. Swell frequencies are

typically 0.1Hz and less, so swell was easily resolved.

Recall from equation (1.2) the dispersion relation for

deep-water waves is given by
i
<= fa= (gay" (4.1
2T

where ¢ 1is the phase speed of the wave, g 1s gravitational
acceleration, 7\ is the wavelength and f 1is the frequency of
oscillation. This is for a reference frame fixed with respect to the
ocean. The submarine, however, represents a reference frame moving
at a speed v with respect to the ocean at some angle O relative to

the direction of propagation of the waves. The frequency of
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oscillation of the surface as observed in this latter frame of

reference is
-F'_—_-F(l—_\(COSG), (4.2)
C

Eliminating c, we find the wavelength of surface waves is given by

the quadratic relation
N +A| 2veso - g ] + vZcos’0=0_ (43)
£’ amf® £

Equation (4.3) was used to estimate the length scale of the
surface waves. Wave height power spectra, evaluated in the reference
frame of the submarine using time series of the range to the surface,
provided a means for determining the dominant frequency of surface
variations. The direction of wave propagation was presumed to be in
the direction of the wind. Ship velocity was taken to be in the
forward direction of the ship (cross—-stream speeds were typically
much less than 107 of forward speeds [T. Stanton, personal
communication] and were hence assumed to be negligible). The
resulting wavelengths were between 150m and 250m, and had
corresponding phase speeds of 15-19ms_1. Such waves are in the regime
of ocean swell. The total water depth was typically much greater
than 500m. The corresponding error in using the deep water relation
(equation (4.1)) for evaluating the wavelength of such waves is

therefore much less than 0.17%.
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This result brings into question the initial assumption that
the waves were moving in the direction of the wind, sincev swell
consists of free travelling waves which are generated at some
distance from local atmospheric conditions. However, a number of
observations still support the hypothesis. The transition from sea
to swell 1is not a discrete one (Kinsman 1965). The observed
wavelengths of the surface waves are at the low end of length scales
associated with swell and are thus comparable to the
locally-generated wind waves. Thus the swell may not have been
generated very far from the local environment. Secondly, during the
cruise the winds were blowing predominantly out of the north-west
across an essentially unlimited fetch. It would therefore not be
unreasonable to suggest the atmospheric forcing which generated the
swell was oriented in the same direction as the 1local forcing.
Finally, during one particular dive we used the periscope to allow us
to run with the waves. The ship direction was found to line up with
the wind direction during this period. Therefore, the assumption of
identical direction of propagation for the wind and the observed

surface waves is deemed a reasonable one.

In light of these results, it was possible to estimate the
effects of the surface wave motion on the bubbles as a function of
depth. The total water depth was usually quite large (typically

greater than 500m) relative to the wavelength of the dominant surface
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waves, which allowed us to make use of the deep-water relation for
particle motion due to a sinusoidal surface wave (Pond and Pickard

1983), namely

w=wA cos (kx-wt) exp (-kz) G.4)

where w is the vertical velocity of a fluid particle, x is the
direction of propagation of the wave, z 1is the depth below mean
surface level, t is time, and A? & and k=2\WYA are the amplitude,
angular frequency and wavenumber of the wave respectively. This
predicts an exponential decrease in the vertical displacement of

particles with depth for a single-frequency wave.

We may determine the correction due to the displacement of the
free surface from equilibrium by swell. The instantaneous range from
the submarine to a depth z below the free surface, taking this

correction into account, is then given by
rGe) = (-2 + A exp (-kz) “.5)

where rs(t) is the instantaneous range from the ship to the mean
surface level (i.e. the low-frequency signal in the surface time
series). Using this relation, bubble population estimates were

referenced to depths below the surface.

Recall from equation (2.5) the acoustic backscattering

cross—-section per unit volume due to insonification (i.e. irradiation
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with sound) of bubbles at some fixed frequency fi is given by

S, =1 g'ooa‘s (a,2)nlaz) dz “.¢)
or

where s is the scattering cross—section per unit volume for a bubble

o

of radius a at a depth z and n(a) is the corresponding density of
bubbles with radii between a and a+da. Following Wu's (1981)
analysis of bubble spectra obtained b; Johnson and Cooke(1979), it is
assumed that an equilibrium distribution exists in which the relative
number of bubbles of a particular size is constant. Under this

assumption equation (4.6) can be written as
O
Ss= N 0;(0,2) pla)da @7
4T  Jo

where N is the net density of bubbles and p(a)da is the normalized
equilibrium (i.e. probability) distribution in m_3. Similarly, the

extinction cross-section per unit volume can be written as

Se=N@ ("o, (a,2) p@ da . @.8)
41

(o]

For a given depth, the integrals in equations (4.7) and (4.8) are

constant.

The probability distribution was modelled by the function



o) o«<l=+/m\ (4.9)
- * -
P(@: =4,Ix(D (Q-QZ) -l-.?.S(,wo2 l?/m‘i'a"—'S'x/*m

2.9x0° a”* SBum<a

where a is in Jm and p(a) 1is in m_3 per 1}1m band. A plot of this
function 1is shown in figure 10 and 1is compared with the
(appropriately normalized) results obtained by Johnson and Cooke. The
dependence of p(a) on bubble radius for relatively large bubbles is

consistent with a model proposed by Kerman(1982).

Recall from equation (2.12) the (two-way) attenuation of sound

due to the presence of bubbles is given by

wherea(b is in dBm_l. From equations (4.7), (4.8) and (4.10) one can

evaluate the attenuation of sound at a given depth from Ss

oo

=434 S f‘; %p@ds g
L Os pla) da

The integrals in equation (4.11) were evaluated numerically at

a variety of depths. The results are plotted in figure 11l. Both are
seen to increase with depth. On the other hand, the ratio of the two
integrals is not quite so sensitive to the depth, particularly within
the first few meters of the surface. At 25cm depth, the ratio is
approximately 4.8; at 5m, the ratio is about 4.5. Since the vast

majority of bubbles are known to lie close to the surface, it was
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Johnson and Cooke (1979) data
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Figure 10 - A plot of the model used for the bubble size probability
Observations by Johnson and Cooke (1979), appropriately
normalized, are provided for comparison. The radius of
bubbles which are resonant at 119kHz are indicated at 4
different depths.



-t
o

23

Cross7- Section Integ_gal (m™)
10 10 10

-
|

Depth (m)
© ® N O O b WN
|

R R 23
1Ill|

15—

I I I

] oo
Figure 11 - Values of _Ic:osp da and ,[oep da, evaluated numerically,

are provided as a function of depth. The ratio of the
two integrals 1is nearly constant within the first b5m
below the surface.



54

assumed the ratio was constant. A representative value of 4.7
(corresponding to 2m depth) was used in calculations of a%. Errors
resulting from this assumption are limited to about 57 within the
first 5m below the surface. The two-way transmission loss due to
bubbles for acoustic propagation to a range r was calculated using

the equation

-
TL, = 47x38.68| S5(r) dr, (4.12)

o
Since Ss is also a function of TLb (equations (2.13) and (2.14)), the

net attenuation was path-integrated as a function of range for each

transmission.

Values of S8 were determined using equations (2.13), (2.14) and
(4.12) for each transmission. These values were averaged vertically
over 25cm intervals (bins) to a depth of 15m below the surface and
horizontally over 1-2m. Estimates of the bubble density for each
depth bin were obtained using equation (4.7). Contours of the (common
logarithm of the) bubble density were then plotted. In these
contours, the effects of swell and of the vertical motion of the

submarine have been removed.

Observations of the distribution of bubbles near the ocean
surface under different conditions are provided in figures 12 through
19. Each figure contains graphic images of digitally-recorded

acoustic returns and, where possible, contour plots of the associated
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Figure 13 - Observations of the distribution of bubbles: an acoustgc
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bubble densities (determined as indicated above). Note that the
graphic images may not match the contours precisely, since the former
are plotted against time and the latter aginst range. Winds were
predominantly from the north-west for these observations, with a

fetch effectively unlimited by land masses.

The data in figures 12 and 13 were collected at a wind speed of
about 3ms-1 and show relatively few iéentifiable bubble clouds (ship
speed information was not available for the latter set of data, so no
corresponding spatial contours of bubbles are plotted). A scattering
layer is present at about a meter below the surface in these two

figures, but does not appear in other observations.

Figures 14 through 17 show bubbles produced at higher wind
speeds under steady conditioms. Bubble concentration is seen to
increase as the wind increases. In addition, the depths to which
bubbles penetrate also increases with wind speed. No bubble plumes
were observed to penetrate to the depth of the main thermocline,
which was nominally 20m below the surface. Figure 20 shows the mean
and maximum depths to which bubbles penetrate before being lost in

the background noise of the acoustic system and the ocean.

The shape of the bubble plumes in figure 15 are seen to be
relatively columnar, while the majority of plumes in figure 14 are

broader and more 'billow-like'. This 1s consistent with the



64

12
a) AT, Air=Sea Temperature
e Difference (°C)
£ o} -1.0
(— (0] =25
¢§ 8" A unknown
)
© @
O 4- S 5
> o Vv
<<
A
LA
T 1
4 8 12

U1o' Wind Speed (ms'1)

12+ 5
b) _ @ © ;

=

£ 84 )

a

3 A

£

g

£ 4- i

©

p=
|| 1 |
4 8 12

U,, Wind Speed (ms™)

Figure 20 - Depths to which bubbles penetrate as a function of wind
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observations of Thorpe and Stubbs (1979), who found that bubble
clouds tend to be more columnar in the presence of a more negative

air-sea temperature difference AT.

During the period of time over which the data in figures 18 and

19 were taken, the wind was observed to rise and fall quickly and
dramatically. In addition, rain was observed during collection of
the data in figure 19. Bubble hensities in figure 19 are
significantly less than in figure 18. The distribution of bubbles in

figure 19 is also very nearly uniform in the horizontal.

Power spectra of the (logarithm of the) bubble concentration
were calculated at fixed depths in order to determine whether or not
the bubble plumes show some regular spacing. The depths were chosen
a few meters below the surface so as to avoid the fairly uniform
near-surface layer of bubbles observed at higher wind speeds. 1In
order to allow us to relate the spectral results to length scales,
data selection was limited to measurements obtained at relatively
fixed ship speeds. Power spectra are provided in figure 21 for four
different cases. The forward ship speed was used to convert time

scales to length scales.

The spectrum in figure 2la corresponds to the data in figure 19
at a depth of 2m. The submarine was travelling at about 45° to the

wind direction. The associated wind speed, as previously mentioned,
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Figure 21 - Power spectra of the horizontal distribution of logy (N)
corresponding to the data depicted in: (a) figure 19 (a
peak of interest occurs at about 0.019m‘1); (b) figure 14
(peaks occur at about 0.017m~' and 0.049m™1); (c) figure
13 (peak 1is located at about 0.025m~'); (d) figure 17
(with a small peak at about 0.022m~'). Power 1is in
arbitrary units.
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is uncertain. The dynamic range of results in the spectrum is not
extensive, but there 1is a distinct peak at about 0.019m_1,
corresponding to a length scale of about 53m (we shall ignore the

peak at Om_l).

Figure 21b corresponds to the observations at 3m depth shown in
figure 14. These observations were made at 45° to the wind direction

and at a wind speed of 11m3_1. The dominant peak occurs at 0.017m_1

(or a length scale of about 59m) and a second peak at about 0.049111—1
(quite probably a third harmonic of the dominant peak). The data
used to obtain the spectrum in figure 2lc were collected at the same
depth and correspond to the plots in figure 15. The wind speed in
this latter case was about 8ms_1 and the boat was travelling at about

o

45" to the wind direction. A clear peak 1is observed at about

0.025m-1, or 40m.

The spectrum plotted in figure 21d was determined from the data
in figure 17, which was collected while travelling with the wind.
The wind speed was about 10ms-1. Although the spectrum falls off
rapidly as the inverse length scale d“1 increases, there is a peak at

about 0.02% - (or 45m).
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Chapter 5
Discussion

Waves seldom break at low wind speeds, so bubble injection is
rare and random. The data in figures 12 and 13, collected at a wind
speed of 2—3ms—1, show few identifiable bubble clouds, as one would
expect. Just below the surface, however, is a distinct scattering
layer which follows the surface variations very closely. The layer
is probably a temporary thermocline (i.e. a strong temperature
gradient) set up by the diurnal heating of the surface. Little wind
forcing 1is present, so little turbulence is generated to mix the
upper waters. Consequently, the daily cycle of heat exchange between
the ocean and atmosphere is restricted to a region very close to the
surface and a small thermocline may be created. The acoustic
backscatter from the layer may be due to the thermocline itself or to

biological targets resting on it.

In calculations of bubble concentrations, no attempt has been
made to remove the effect of the near-surface scattering layer. It
can, however, be easily identified in the contour plot in figure 12b.
We shall use some caution in interpreting mean bubble populations in

the presence of this acoustic target.

Several of the graphic images in figures 12 through 19 show
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quite random, diffuse levels of backscatter at the base of some of
the cloud-like structures (these diffuse features do not appear in
the contour plots because of averaging within bins), while in other
clouds much more dramatic transitions are observed at the outer edges
of the clouds. This 1is particularly obvious in figure 1l4a. The
random features occur in part because the bubbles are randomly
positioned with respect to one another: the signal received by the
transducer from any single transmission pulse is the sum of many
signals scattered from individual bubbles, each with a random phase
lag associated with the associated acoustic path. However, some of
the variability may also be indicative of small-scale structures of
bubbles. One might expect the more random, diffuse sections to be
due to 'older' bubbles, which have been in the presence of turbulence
longer and are therefore more randomly distributed than the more

recently-injected bubbles.

Some bubble plumes appear somewhat 'slanted' in the water
column, as in figure l4a. This occurs because of the current shear in
the upper ocean, which strains the bubble clouds. The slope of these
clouds can also give an indication of the relative age of the
clouds. Older clouds will appear more stretched than more recent
ones because they will have been subjected to the shear for a longer
period of time. The slope of the clouds is obviously related to the

amount of current shear in the upper ocean, the degree of turbulence
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(which determines how deep the bubbles will go and how fast they
reach that depth) and the length of time since the bubbles were

entrained.

The wind speed associated with the bubble observations in
figures 16 and 17 is quite similar to that associated with the data
in figure 15. The depths to which the bubble clouds penetrate are
similar, too, but the horizontal exténts of the clouds are somewhat
different. Thorpe and Hall (1983) have suggested that the initial
dimensions of bubble clouds are determined by the duration of
wave-breaking and the wave speed (which define the length of the
cloud in the wind direction) and the length of the wave crest over
which breaking occurs (which defines the cloud width). They found in
general a ratio of cloud length to width of about 1.4, but noted that
this wvalue may 1increase somewhat 1in the presence of 1large

near—-surface current shear.

Observations of breaking waves were not available during the
October DOLPHIN cruise, but we might surmise that surface conditions
corresponding to the data in figures 15-17 were similar. The latter
two data sets were collected while the submarine was running
anti-parallel and parallel to the wind and the waves respectively,
while the former data set was collected at about 45° to the wind
direction. Following the reasoning of Thorpe and Hall (1983), this

might suggest a somewhat smaller ratio of cloud length to width than
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l.4. Where individual plumes can be distinguished in figure 15, the
horizontal extents all appear to be of the order of 5-10m; in figures
16 and 17, they appear to be of the order of 5-15m (we have taken
into account in these estimates a broadening of the cloud images by
about 5m due to the finite beam width). The ratio of horizontal
extents of the bubble clouds (as measured parallel to and 45° to the
wind direction, respectively) is therefore between about 1.0 and 1.5.

This is reasonably consistent with Thorpe and Hall's observations.

The wind event that occurred during collection of the data in
figures 18 and 19 appears to have been short-lived. The 1lack of
resolution in the atmospheric observations makes it difficult to
interpret the exact conditions wunder which these data were
collected. Linear interpolation between the atmospheric data samples
suggests a wind speed of about 7ms_1 for figure 18, although one
would not want to take this value too seriously without more accurate
wind observations. The bubble plumes penetrate only to a depth of a

few meters at most.

Bubble populations in figure 19 are significantly less than in
figure 18. The atmospheric data suggests a wind speed of about 9ms_l,
but this does not seem consistent with the bubble observations.
Since the weather observations were made some 10km away from the site
of the bubble observations, there was doubtless some time lag in the

wind speed measurements. The high winds that were observed were
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short-lived and appeared to rise and fall quickly.

The presence of rain can serve to quell wave motion (Manton
1973). Thorpe and Hall (1983) found that wave-breaking was
substantially reduced in rainy conditions. This may have also
contributed to the drastic difference in the sub-surface
concentration of bubbles observed in figure 19 as compared with that
in figure 18. Rain can also entrain Bubbles. Thorpe and Hall noted
that the input of bubbles by rain over the sea surface is much more
uniform than the input by breaking waves. This 1s certainly
consistent with the observations in figure 19b, where the bubbles are

seen to be distributed relatively uniformly in the horizontal.

Figure 22 provides mean estimates of N as a function of depth
under three different sets of wind conditions. At the lowest wind
speed (about 3ms_1), waves break very infrequently and bubbles are
entrained only to depths of a meter or so. At higher wind speeds,
waves break more often and many more bubbles are entrained to greater
depths. The population estimates below a depth of about 2m at the
lowest wind speed are an 1indication of the background volume
reverberation level, primarily due to the presence of biological
scatterers near the surface, rather than actual bubbles. The
background level varied significantly from dive to dive because of

the diurnal vertical migration of plankton and their predators.



73

N, Bubble Concentration (m™>)

10° 10 102 103 10° 10° 10°
0 T

Depth (m)

1

12

13

1

14

I

18t=

Figure 22 - Mean bubble concentration profiles at three different
wind speeds. Observations by Johnson and Cooke at wind

speeds of 11-13ms, indicated by the black circles, are
provided for comparison.
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The effect of the near-surface scattering layer on bubble
density estimates is seen at a depth of about 1.25m in the profile
for the 1lowest wind velocity. This layer may lead to
misinterpretation of the bubble distribution, but there does appear
to be a net increase in the scattering levels irrespective of the
presence of the layer. It is therefore appropriate to presume that
much of the mean acoustic backscatter, observed for this data set was

due to bubbles.

Results obtained by Johnson and Cooke are also plotted in
figure 22. The wind conditions were similar to those present for the
profile corresponding to 11ms—1. Their results are of the same order
of magnitude as our estimates, but ours are slightly lower. This is
perhaps due to an inadequate model of the probability distribution,
differences in atmospheric and oceanic conditions between the two
sets of experiments or to measurement techniques. On the other hand,
Thorpe (1984c) has suggested that in the presence of Langmuir
circulation, the instrument used by Johnson and Cooke to make bubble
measurements would be swept preferentially into regions of
convergence, where anomalously large estimates of mean bubble density
would be made. It is expected that over—estimates of N would be most
significant near the surface. The results in figure 21 are
consistent with this interpretation. In any case, it is significant

that measurements of the mean bubble density obtained using the
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acoustic system are comparable to the measurements of Johnson and

Cooke.

It is interesting that our acoustic measurements of mean bubble
density and those implied by Thorpe (1982) are quite consistent with
the direct measurements of Johnson and Cooke (1979), while the
acoustic studies of Medwin (1970,1977a) and Dalen and Lovik (1981)
suggest much higher bubble concentrations under similar conditions.
The reason for this dichotomy is not clear. However, we note that
Thorpe's observations as well as our own were made wusing
upward-pointing acoustic systems located well below the ocean surface
and the bubbles. Those observations made by Medwin and by Dalen and
Lovik were made using downward-looking systems positioned near the
surface, amidst the highest concentrations of bubbles. The two
latter studies would be more easily subject to interactions between
the instruments and the dynamic near-surface environment and to

multiple scattering effects than the former ones.

The profiles in figure 22 indicate an exponential decrease in
the mean bubble concentration with depth. This 1is consistent with
the observations of Johnson and Cooke (1979) and with measurements of
S8 (which was assumed proportional to the total number of bubbles) by
Thorpe(1982). Estimates of the e-folding depth z, (i.e. the change in
depth required for the bubble density to change by a factor of e-l)

and the bubble concentration at the surface No were determined by a
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least squares fit of the mean profiles to a function of the form
Noexp(—z/ze). The fits were performed down to the depth at which the

mean profiles reached the background noise level.

Figure 23 indicates estimates of No at different wind speeds.
The distribution of points is poor, the data being clustered in two
regimes. However, since the bubbles are generated at the surface by
breaking wind waves, it is reasoﬂ;ble to presume that N0 is
predominantly a function of wind speed. A least squares fit to the

data indicates that No increases with wind speed roughly as No

3.0%0.3
where U is the wind speed measured 10m above the

U10 ? 10

surface. This is consistent with a theory relating No to the rate of
work done on the surface by the wind (Crowther 1980), which predicts
a cubic dependence. Crowther (1980, 1985) has provided acoustic
backscatter strengths which support this premise. Crowther (1985)
has also analyzed some of Thorpe's (1982) observations and found the

scattering cross-section, extrapolated to the surface, goes roughly

2.9

10 down to a wind speed of 3ms—1. Farmer and Lemon (1984)

as S U

8
evaluated bubble populations as a function of wind speed using a
model of attenuation of wind-generated noise by bubbles, and found
the slope to be just less than 3 for moderate winds. This is in
contrast to results obtained by Wu (1981) who, in an analysis of data
collected by Johnson and Cooke (1979) and Kolovayev (1976), suggested
4.5

LT
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Values of z, were seen to vary between 0.7m and 1.5m. The
values are plotted against wind speed in figure 24a. There is a
general increase with wind speed, but there 1is also much
variability. This is at least partly due to differences in the level
of convective turbulence associated with the air-sea temperature
gradient, which contributes to the net turbulence and hence
influences the depths to which bubbles penetrate. Thus one would not

expect the e-folding depth to be a function of wind speed only.

Figure 24b shows a plot of the average number of bubbles below

the surface per unit area of the ocean surface, NT. These estimates

were made by integrating the function Noexp(—z/ze) down to the mean
depth at which the backscatter reached noise level. The values used
for No and z, were those obtained from the least squares fit
previously described. Since z, was mnever very large (Tlm) and did
not vary by more than a factor of about 2, the values of NT were

dominated by the values of No'

The mean volume of bubbles below the surface per unit area of

the ocean surface, V,,, is also shown in figure 24b. Under the assumed

T’

size distribution of bubbles (equation (4.9)), V. 1is proportional to

T
NT’ where the constant of proportionality is given by

€ =7 4 a® pla) do . (s0)
[, $m°

This integral was evaluated analytically to be about'9.7x10—13m3.




79

a)
} AT, Air-Sea Temperature
’é 254 Difference (°C)
= 5 ey
a 2'0+' v -35
) A unknown
Q n
15 A v
(@)}
£ 8
Le) v
IE 1.0 e A ®
o A
()]
N
05 { 1 ‘ |
1 2 ) 5 10 - 20
U,p, Wind Speed (ms™)
b)
v -
2Fr 0] .
5 2 g v =7
1x10 r— —41x10
5} 1°
& -
] £
E 2 P~ - 2 V"_
z'_104 — -1 x10.8>
5 15
-9
A
1x10° L : -
1 20

2 .5 10 _4
U,p, Wind Speed (ms™)

Figure 24 - (a) Variation of the e-folding depth as a function of
wind speed. (b) Estimates of the mean number and mean
volume of bubbles below the surface per unit area of the
surface as a function of wind speed.
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The reason for the exponential dependence of N on depth is
still not completely understood. However, a number of models of
bubble dynamics have been developed which shed light on the problem.
Crowther (1980) developed a simple vertical diffusion model of bubble
transport (neglecting the effects of hydrostatic compression and gas
diffusion on the bubbles) which is given by the equation

on — K&_—WL@_& = S §(2) (522)
nat: E);Ez‘ C);E

where t is time, S is the source function for the bubbles at the
surface, S is the Dirac delta function, K is a diffusion coefficient
(assumed constant) and Wb is the terminal velocity of a bubble of

radius a. This equation has a steady-state solution of the form

n(aye< S() exP(—sz /K) . (52
WL(a)
Crowther suggested that the source function should be proportional to
the rate of work done on the surface. He used a dimensional argument

to propose a source function of the form
> 2
Slh)y< UK /Ta G
where U is the wind speed and ?: is the kinematic surface tension.

Thorpe (1982,1984b,c) has modelled bubble dynamics in more

detail using a steady-state equation of the form
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K oL_a +(dK + W, jﬂ‘*¢(aih>dﬂ_ o

where K=K(z), h dis the gas saturation, and ¢{ is a complicated
function which takes into account bubble contraction or expansion due
to gas diffusion across the bubble surface and to hydrostatic
pressure. Thorpe has used various expressions for 95 and has
modelled analytically and numerically. the steady-state distribution

of bubbles for K constant and for K proportional to depth.

Crowther (1985) has recently used Thorpe's (1984b) model,

neglecting ¢£ with a diffusion coefficient of the form

K= K, exp(-§2) (s.e)

and has obtained an analytical solution for the distribution of

bubbles of the form

nlo,2)= n,a) expl(q exp(-p2)) = 1 ew
exp({) —

where no(a) is the concentration of bubbles at the surface with radii

between a and atda, 618 a constant and
9= Wg/@ Ko . G.3)
For small bubbles, this gives

ne exp(-gz) LN

and for large bubbles
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Neo< exp (*WL.,'Z/K) - (s-.10)

Thus, the wvariation in bubble concentration n with depth is
independent of bubble size for small bubbles. Most observations of
bubble spectra indicate the majority of bubbles lie within a narrow
band of radii (of the order of 20—8qu), so one might expect the
total concentration of bubbles N to follow a similar type of

exponential dependence.

The aforementioned models are based on statistically steady
conditions, but the input of bubbles by breaking waves is far from
being uniform and continuous. The contours of bubble concentration
in figures 15-19 show nearly uniform vertical spacing for the most
part, although the spacing is seen to change with horizontal range.
This suggests that an exponential decrease in bubble concentration
with depth is present throughout most of the bubble distribution.
The differences in the e-folding depth may reflect variations in the

local turbulence levels.

Figure 25 shows two bubble population profiles, averaged over
roughly 10-minute periods and many bubble clouds for a wind speed of
10ms_1. The two data sets were collected about 2 hours apart. The
e-folding scale is observed to be quite different, as indicated by
the different profile slopes. Mean bubble density estimates at 4m

depth are seen to vary by a factor of nearly 4. Bubble densities
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Figure 25 - Two mean bubble concentration profiles determined from
data collected at the same wind speed on October 17,
1984. The concentrations are similar near the surface,
but’ decrease with depth at different rates. These
differences may be due to differences in the average
level of turbulence between the two data sets.
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extrapolated to the surface, however, are quite similar for the
profiles shown. Thus the bubble concentration at the surface was
fairly constant. Following Crowther (1980), this implies the wind
forcing was also constant, which agrees with the meteorological
measurement. This suggests that the mean turbulence level near the
surface, which determines the depths to which bubbles are
transported, can vary significantly in space-time under conditions of
(presumably) constant wind forcing. Such a result provides an
alternative explanation for the differences between bubble
populations observed by Johnson and Cooke (1979) and our
measurements. Variations-in average turbulence levels will influence

the mean bubble density at a given depth.

Are the bubble plumes directly related to individual breaking
events on the ocean surface? Much of the recent 1literature on
bubbles has suggested or implied this (as we have done), and indeed
the hypothesis does not seem to be an unreasonable one. Favourable
evidence has been building (e.g. Thorpe and Humphries 1980; Thorpe

and Hall 1983), but the hypothesis has not been proved.

The spacing between bubble plumes may give further insight to
this question. Unfortunately, no surface observations were made
during the field experiments, so we are unable to compare directly
our bubble observations to the spacing between breaking waves.

Furthermore, few studies of the scales of breaking events appear in
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the literature. Most of these have been limited to the percentage of
whitecap coverage of the surface (e.g. Monahan and Muircheartaigh
1980). Donelan et al (1972) have observed the appearance of whitecaps
within a given wave group to occur with a period of about twice the
period of the dominant (presumably locally-forced) waves. They have
attributed this to the difference between the phase velocity and the
group velocity (which is very nearly half the phase velocity for deép
water waves). Thorpe and Humphries (1980) have found similar results
in a lake. As previously mentioned, Thorpe and Hall (1983) have
indicated that the ratio of bubble cloud 1length to width (both
measured in the horizontal plane) is similar to that of the foam
patches on the surface associated with breaking waves. They have

also found that bubble clouds typically last for about 1 minute.

Ochi and Tsai (1983) have studied the predictability of
wave-breaking using a criterion based on the observed wave height and
period. A recent set of papers (Snyder and Kennedy 1983; Kennedy and
Snyder 1983; Snyder et al 1983) discuss a wave-breaking criterion
based on the vertical acceleration of the ocean surface and present
geometrical and statistical results from a model and a field study.
Longuet-Higgins and Smith (1983) and Weissman et al (1984) have also

recently reported field observations of breaking events.

Let us presume the bubble plumes are generated by whitecapping

on the surface. Let us further assume the peak frequency fp
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associated with the locally-forced wave spectrum is that frequency
corresponding to the waves that break. We would expect a random
occurrence of the conditions required for wave-breaking at any given
location. However, once breaking does occur, one would expect to see
periodic breaking in the downwind direction with a period of about
2Tp and corresponding spatial separation 27¥, where Tp=fp-1 and )$ is
the associated wavelength (from equation (4.1)). In other words, one
would expect no regular spacing between bubble plumes, except in the

downwind direction. In this latter case, plumes generated by the

same wave group will be correlated.

Of course, we cannot ignore the 'lifetime' of the bubbles in
this simple picture. Bubble plumes are not permanent fixtures in the
ocean. Following Thorpe and Hall (1983), we shall assume the bubble

plumes last for about 1 minute.

If Langmuir circulation plays an important role in the
formation of bubble plumes then we might expect to see somewhat
regular spacing of plumes when travelling at angles to the wind
direction. If the rate of bubble generation by breaking waves is
high, then the Langmuir cells may be identified with long, horizontal
collections of bubbles. If the input of bubbles by breaking waves is
relatively infrequent (as observed at low wind speeds, when wave
breaking seldom occurs), then the bubble plumes will be discrete

entities, although they may still be shaped by the Langmuir flow.
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In using these simple ideas to explain our observations, we
need to be able to determine the peak frequency of the wave
spectrum. A number of models of wave spectra exist (e.g. Hasselmann
et al 1976), but these are restricted to fetch-limited conditions.
As previously mentioned, the fetch was essentially unlimited for our
data. However, Toba (1973) has indicated that the dominant frequency
of a wind-wave spectrum can be deterﬁined from the significant wave

period T1/3 by the equation
-
fp = QosTys) . (510

We therefore resort to deep water forecasting curves (U.S. Army
Coastal Research Center 1984), which allow estimation of Tl/3 from

wind speed and duration.

For the data in figure 21d, the wind had been blowing at about
10ms—1 for between 3 and 6 hours, giving a significant wave period of
between 3.8s and 4.6s. The frequency of the dominant wave was then
(from equation (5.11)) between 0.22Hz and 0.26Hz and the expected
spacing erbetween whitecap events (from equation (4.1))was between
45m and 66m. The spacing between bubble plumes, as implied from the
spectral peak in figure 21d, was about 45m, which is within the
(albeit wide) range of expected spacing between breaking events on
the surface. This provides further evidence that bubble plumes are

generated by breaking waves.
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The phase speed of the breaking surface waves was between about
5.9rns_1 and 7.2ms_1 and the submarine was moving downwind at a speed
of about 1.3ms-1 for this data set. If we assume the bubble plumes
last for about a minute, then we would see at most 2-3 bubble plumes
generated by the same wave group. In the meantime, other groups of
breaking waves may have passed overhead and entrained bubbles. Thus,
at this relatively low ship speed, we would not expect to see a truly
periodic signal in the horizontal distribution of bubbles, but at
best might hope to observe a small spectral peak associated with the
spacing between bubble plumes. The peak in figure 21d is consistent

with this interpretation.

Data collected at an angle to the wind direction also showed
some regular spacing. If we presume the observed bubble cloud
distribution is a manifestation of Langmuir circulation (i.e. long,
horizontal rows of bubbles aligned in the wind direction), then the
inferred spacing between wind rows is the projection of the observed
spacing of bubble plumes along a horizontal vector perpendicular to
the wind direction. The implied wind row spacings from figures 25a,
b and ¢ are about 37m, 42m and 28m, respectively. These results are
not inconsistent with observations of wind row spacings in the
ocean. For example, at a wind speed of 5-8ms_1, Katz et al (1965)
found row spacings between 10m and 30m; at a wind speed of about

10ma_1, Assaf et al (1971) observed a separation between the dominant
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wind rows of about 44m. No one has yet been able to parameterize the

spacing between wind rows in the ocean.

These observations would seem to suggest that Langmuir
circulation plays an important role in the distribution of bubbles
below the surface. On the other hand, there is no extensive
elongation of the bubble plumes in the downwind direction in figure
17. There is no indication of the exigtence of long, horizontal rows
of bubbles aligned with the wind. Perhaps the flux of bubbles across
the air-sea interface 1is insufficient to 'visualize' properly
Langmuir cells, but this does not explain the presence of the
spectral peaks in figures 2la, b and c. It 1is unlikely that the
submarine would have been travelling down the middle of two wind rows
while running with the wind, but this does provide an alternative

explanation.

It appears that the dynamics affecting the localized
distribution of bubbles may not be so simple as to be modelled
accurately by simple one-dimensional or even two-dimensional models.
The level of turbulence and the rate of generation and entrainment of
bubbles play important roles in the distribution of bubbles; so may
Langmuir circulation. Further research 1is required before we can
assess the relative importance of these quantities. We need to be
able to relate the spatial distribution of bubbles to simultaneous

observations of Langmuir circulation (especially the spacing between



wind rows) and wave-breaking events

turbulence in the near-surface ocean.

as well

as

measurements

90

of
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Chapter 6

Conclusions

The purpose of the work reported in this thesis was to study
the spatial distribution of bubbles generated by breaking waves.
Observations of bubbles were obtained using an upward-pointing
acoustic transducer mounted on the deck of the submarine USS DOLPHIN.
Studies were carried out about 10km off the coast of Monterey,
California during October 1984, under conditions of low—to-moderate

1

wind speeds (3—11ms_ Ya

Previous acoustic studies of bubble concentration have been
limited to presentation of scattering cross-section strengths (e.g.
Thorpe 1982) or concentrations of bubbles of one size (e.g. Medwin
1977a). In addition, spatial distributions of bubbles have been
resolved only in the vertical or horizontal. We present for the
first time acoustic measurements of the total concentration of
bubbles, N, inferred from a simple model of the bubble size
spectrum. The results are also unique in that they represent
two-dimensional profiles of the bubble concentration under different
conditions, indicating both the horizontal and vertical dependence of

N.

The wind 1is responsible for the generation of current shear and
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waves. It is indirectly responsible for the input of bubbles and the
level of mechanical turbulence and therefore influences strongly the
distribution of bubbles. This was apparent in the observations
presented in this thesis. At low wind speeds, few identifiable
patches of bubbles were observed. At higher wind speeds, the bubble
concentration increases. In addition, the depths to which bubbles
penetrate also 1increase with wind. speed. As the wind speed
increases, wave-breaking occurs more frequently and with greater
force, entraining more bubbles and generating more turbulence.
Consequently, bubbles are able to penetrate to greater depths in

greater quantities.

Estimates of N were averaged horizontally to provide vertical
profiles of the mean bubble concentration. The results are
consistent with the results obtained by Johnson and Cooke (1979)
under similar wind conditions. The profiles indicate an exponential
dependence of the average value of N on depth, as observed by Johnson
and Cooke (1979) and inferred by Thorpe (1982). The results are
consistent with a simple one-dimensional model of bubble dynamics and

distributions developed by Crowther (1980).

The bubble concentration at the surface No and the e-folding
depth z, were determined from a least squares fit of each of the
average profiles of N to a function of the form Noexp(—z/ze). The

mean number and volume of bubbles below the surface per unit area of
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the surface, NT and VT respectively, were estimated by integrating
the function Noexp(-z/ze) down to the mean depth at which the

acoustic backscatter reached the noise level.

Although the distribution of data points was poor, a least

3.0%0.3

squares fit of the estimates of No indicated that NO”U10 5

where U10 is the wind speed measured 10m above the surface. This is
consistent with Crowther's (1980) diffusion model, relating N° to the
rate of work done on the surface by the wind, and with observations

presented by Crowther (1980, 1985) and Farmer and Lemon (1984).

A number of results presented in this thesis indicate that the
wind speed 1is not the only parameter influencing the spatial
distribution of bubbles. Estimates of z, NT and VT were found in
general to increase with wind speed, but significant variability was
also detected. This may well be due to differences in the level of
convective turbulence, which contributes to the net turbulence in the
upper ocean. The importance of convective turbulence, as inferred
from the air-sea temperature difference, to the distribution of
bubbles was also apparent from the shapes of the bubble plumes. The
plumes were seen to be more columnar when AT was more negative, or

when the level of convective turbulence was greater.

Evidence was obtained which indicates the bubble plumes are

directly related to breaking events on the ocean surface. The
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horizontal extents of bubble plumes, as measured in directions
parallel and at 45° to the wind direction under similar wind
conditions and values of T, were determined. The ratio of the
extents in the two different directions was found to be consistent
with the ratio of the horizontal scales over which waves break, as
suggested by Thorpe and Hall(1983). In addition, data collected while
travelling in the downwind direction showed a spectral peak
corresponding to a separation of bubble plumes of about 45m. This
compared favourably with the expected spacing between breaking

events.

An indication of fairly regular spacing between bubble plumes
was also present in data sets collected at an angle to the wind
direction. If the distribution of bubbles is dominated by Langmuir
circulation, we might expect long, horizontal rows of bubbles aligned
with the wind to be present. Under this assumption, the associated
spacing between 'bubble rows' was determined for these data sets.
The results were comparable to direct observations of wind row
spacing by other researchers under similar wind conditions. On the
other hand, there was no evidence of extensive elongation of bubble
plumes in the downwind direction. We conclude that Langmuir
circulation may play an important role in the distribution of

bubbles, but we cannot identify its relative importance.

In summarizing the results in this thesis, a number of
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recommendations for future bubble studies come to mind. Direct
measurement of the wind speed and direction, the wave spectrdm, the
net heat flux, the turbulence and the wind row spacing (when present)
would allow assessment of the relative importance of these parameters

to the distribution of bubbles.

It would be very interesting to observe a bubble plume form
under a breaking wave. This might be done with a narrow-beam
transducer mounted below a freely-floating surface buoy, or with a
steered array of transducers mounted on the sea floor in relatively
shallow water. This latter arrangement would also make it possible

to obtain a three-dimensional image of the distribution of bubbles.

Finally, doppler analysis of acoustic returns from an
upward-pointing transducer would give information on the vertical
velocities of bubbles (provided the acoustic system has a
sufficiently small bandwidth and high frequency in order to resolve
the relatively low speeds), which would help us to understand the

forces responsible.

The interactions between the ocean and the atmosphere are
complicated and difficult to investigate. Bubbles play very
important roles in many of these interactions, including gas exchange
and the propagation of underwater sound. Acoustic studies of bubbles

can provide much information on the fluid dynamics and gas levels in




the upper

involved.

ocean,
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underlying physical processes
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