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Gas bubbles produced by breaking waves play an
important role in acoustic sound transmission. For a
wide range of frequencies, the scattering is resonant in
nature, and resonant bubbles scatter as well as absorb
acoustic energy changing the compressibility of sea-
water. The present study deals with gas bubbles at the
air—sea interface and their role in the attenuation and
scattering of underwater sound propagation. This
study leads to development of a damping model for
gas bubbles as function of their size and acoustic fre-
quency, including their role at resonance frequency
covering aspects on damping mechanism due to ther-
mal, viscous and radiation effects. The damping model
estimates the variation of attenuation rate at reso-
nance frequency for high wind speeds utilizing input
from bubble population model considering geometri-
cal aspects, and parameterizes bubble distribution at
different stages of evolution. The study also estimates
attenuation of sound speed in the presence of bubbles
using climatology fields from the World Ocean Atlas.
Finally, to assess the behaviour of random bubbles on
sound attenuation, the statistical distribution function
signifies that damping characteristics follows a
normal distribution.
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bubbles.

GAS bubbles resulting from breaking ocean waves have
significant impact in enhancing gas transfer at the air—sea
interface, production of marine aerosols, forage biologi-
cal surfactants, optical scattering and actively contribute
to ambient noise in the ocean. However, direct measure-
ment of early bubble population in the ocean is a highly
challenging task. The variety of mechanisms involved in
generation of oceanic bubbles includes action of surface
wave breaking, dynamic interaction of rain on water
waves, and many others. Based on experimental evi-
dences, under moderate wind condition most of bubbles
near ocean surface are due to breaking waves. The early
attempts to measure bubble population involved methods
based on bubble traps, acoustics and photography. The
bubble trap method' provided a means to capture the
bubbles, with a limitation that each measurement had a
delay time for the smallest bubble to rise to the surface.
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Therefore, the cumulative effect due to bubble dissolu-
tion, growth and coalescence using this method was ques-
tionable. The acoustic method” had difficulties in data
interpretation due to large bubble concentrations obser-
ved at low wind-speed conditions, thereby leading to the
photographic method®. In a historical perspective, the
earliest oceanic bubble population measurements in 20—
30 m water depths used sophisticated optical measure-
ment technique’. The study noticed for near-surface
(0.7 m) waters and for wind speed between 11 and
13m s, a steady increase in bubble population for size
between approximately 200 and 60 pm radii’. However,
the photographic observations lack necessary resolution
to observe smaller bubbles, and measured population in
general may underestimate the actual population®. The
acoustic technique’ used four upward-looking sonar
transducers that monitored linear backscatter at four fre-
quencies, viz. 28, 50, 88 and 200 kHz. This data inferred
the ambient bubble population to model the waveguide
propagation characteristics in bubbly oceanic environ-
ment. Another notable historical measurement used a flat
plate resonator to characterize oceanic bubble popula-
tion®. This technique assumes linear bubble behaviour
that affects mode attenuation set-up between two resona-
tor plates, used to infer bubble population at model fre-
quencies. This experiment was conducted near surface
(%25 cm) at 12 m s ' wind speed and 120 m water depth.
The results showed a monotonic increase in bubble popu-
lation between 250 and 30 um, with a high number of
larger bubbles and slightly reduced number of smaller
bubbles’. Another study used the acoustic resonator with
a larger radius span’ compared to the historical measure-
ment®. The results’ showed good agreement for bubble
size larger than 40 um, including smaller bubble*®. One
can find a concise treatment on the interaction of acoustic
field with bubbles in Leighton®.

Another technique used a combination frequency
measurement, sizing bubbles in the laboratory using
sophisticated signal processing techniques’'' and bubble
population'?. It utilized a chirped signal as the pump
source at an imaging frequency of 450 kHz. The combi-
nation frequency technique measured population in the
surf zone at water depths of 1.5 m for pump frequencies
of 28, 50, 60 and 88 kHz using the calibration techni-
que”. In addition, a buoy-deployed combination
frequency acoustic technique'* measured near-surface
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bubble population in the open sea. Six trials were per-
formed over a one-day period comprising ten snapshots
for local bubble population at ten discrete radii'*. A
recent work'® used optical measurements of small, deeply
penetrating bubble populations generated by breaking
waves in the Southern Ocean. This study used optical
measurement for bubble size distribution (ranging from
0.5 to 125 um radius) during high wind speeds (=13 ms™)
under large-scale wave breaking'®. The study formed a
part of the Southern Ocean Gas Exchange Experiment
(SOGEE)". Very small bubbles with radii <60 pm were
measured at 6-9 m water depth using optical measure-
ments of near-forward volume scattering function and
critical scattering angle.

A recent study describes a numerical model to estimate
total bubble population for any spatial region in the ocean
basin'®. It parameterizes different stages of a micro-
bubble assemblage underlying a wind-driven sea surface,
and estimates the bubble population close to ocean sur-
face. The estimated overall bubble population'® takes into
account different stages of bubble life, its geometrical
aspect and spatial distribution. There are three categories
of bubble clouds such as a, B and y-plumes'’. This cate-
gorization depends on bubble life expectancy during
active bubble generation process in the ocean, driven by
wind action on the sea surface. In a generic form, the
bubble population model uses the population density
spectrum level for each bubble assemblages'®. It is a
function of bubble radius, water depth, wind speed and
shape function. The shape function depends on bubble
plume and e-folding depth of bubble assemblages'®. The
bubble population density model'® used a generalized
spectral shape function applicable for - and y-plumes. A
case study in the work'® dealt with bubble plumes for the
central Arabian Sea that experienced strong winds and
large-scale wave breaking, based on information from
GEOSAT altimeter data'®. The model used near real-time
winds from the National Center for Atmospheric Re-
search (NCAR), USA, as input, thereby computing the
final estimates of bubble plumes and population'®. The
shape function governs the estimate of total bubble popu-
lation, and comparison with measurements for near-
surface bubble density under breaking waves showed a
reasonably good match'’. Unfortunately, limited research
exists on oceanic bubbles in India’s oceanographic sci-
ences programme. Hence, there is a necessity to have
more observational data on bubble population and
e-folding depths to validate and fine-tune models. The
bubble population model developed for the Indian seas'®
has inherent limitation representing the time dependence
of bubble plume transition, and more oceanographic
observational data in future can supplement in fine-tuning
bubble population models.

In the open ocean, bubble clouds induced by wave
breaking show a high degree of variability in both space
and timescales. The void fractions can vary by an order
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of magnitude over a short time span. The bubble clouds
so generated are quite inhomogeneous, and rapidly
evolve through various physical processes such as bubble
dissolution, degassing and advection by turbulent and
coherent flows. No published work describes the long-
range sound propagation through these real bubbles, due
to limited observational data and knowledge gaps in the
physics of bubble transition. The present work utilizes the
results from bubble population model'® to understand
possible mechanism of acoustic scattering due to bubble
plumes, and sound speed attenuation in the presence of
bubble clouds. Further, statistical analysis investigates
the attenuation coefficient of sound speed for random
bubble population, with the objective to ascertain any
specific or inherent trends in their probability distri-
bution. The study also investigates bubble damping
mechanism (effects from radiation, thermal and viscous
damping) for bubble assemblages as a function of bubble
size and acoustic frequency, with special emphasis on
damping at resonance frequency. Thereafter, it investi-
gates the role of bubble population and damping on
attenuation coefficient and sound speed loss in a bubbly
mixture. The study leads to the development of a canoni-
cal model with an intention to understand acoustic
attenuation in the presence of gas bubbles at the air—sea
interface.

The subsequent sections deal with damping associated
with gas bubbles, attenuation effects due to bubbles, and
statistical measure on sound speed attenuation under
random bubbles, and followed by summary and conclu-
sion in the last section.

Damping due to bubbles

Physics of damping due to bubbles

Bubbles excited to volume pulsations have a polytrophic
equation of state for the enclosed gas that results in a
phase difference between the change in pressure per unit
original pressure and change in volume per unit original
volume. Therefore, the work done in compressing the
bubble is more than the work done by the bubble in
expanding. This difference in the work done represents a
net flow of heat energy into the liquid. Pulsating bubbles
expend a portion of their energy in the form of spherical
sound waves. The radiation damping is this loss of en-
ergy. For pulsating bubbles in an incompressible viscous
fluid, the effect of viscosity is addressed through stress
equations and the boundary conditions, rather than the
Navier—Stokes equation of motion. At the bubble surface,
there are viscous forces acting which exert excess pre-
ssure resulting in the dissipation of energy. In practice,
the other causes of damping are usually more important
than radiation damping (&), and in particular, there is ther-
mal damping (&). There are additional but smaller effects
due to the shear viscosity in water (J,). Experimental
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results verify that the damping at resonance is due to
thermal, radiation and possibly viscous damping®.

A few widely dispersed bubbles, which are so small as
to be invisible, can have an appreciable acoustic effect.
When a large number of these small bubbles are present,
the liquid will be nearly opaque acoustically. Small impu-
rities in liquids, such as suspended particles, have negli-
gible influence in comparison with increased damping
due to bubbles. Therefore, bubbles are considerably
important in the transmission of underwater sound. In
order to understand the attenuation of sound by gas bub-
bles in liquids, knowledge on the fundamental processes
by which pulsating bubbles dissipate their energy is
required. The subsequent section presents a theoretical
discussion on the fundamental processes by which pulsat-
ing gas bubbles in liquids dissipate their energy. The sur-
vey is limited to the case where amplitude of the volume
pulsations assumes sufficiently small value such that
pulsations described by linear equations are valid. The
total damping is described by losses primarily originating
from three processes®’, viz. (a) thermal damping attri-
buted from thermal conduction between gas in the bubble
and the surrounding liquid, (b) sound radiation damping,
and (c) viscous damping due to viscous forces at the
gas—liquid interface.

Radiation damping due to bubbles

In a compressible fluid, bubble excited into volume pul-
sations expends a portion of its energy by radiating
spherical sound waves. The bubble is considered as a
simple sound source; the bubble radius a is considered
small compared to the wavelength A of the radiated
sound. For large-sized bubbles, the radiation damping
constant at resonance is independent of frequency, and in
terms of acoustic wave number £ is expressed as”'

5radiation = ka~ (l)

Thermal damping due to bubbles

In this case, there is just as much heat flowing outward
from the bubble during compression as the flow inward
during expansion. The work done by driving pressure in
compressing the gas space is just equal to the work done
by expanding gas in moving the surrounding liquid.
Therefore, the thermal process is polytropic for a real
bubble, and a phase difference exists between the
increase in pressure per unit original pressure and the
decrease in volume per unit original volume. This phase
difference can lead to a ‘hysteresis’ effect®. The work
done on gas volume by the driving pressure during com-
pression is more than the work done by the gas space in
moving the surrounding liquid during expansion. This
difference in the work done represents a net flow of heat
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into the liquid characterized by thermal damping. When
driving pressure at the bubble surface compresses the
bubble, there is work done on the gas space. This in-
creases the internal energy, resulting in a transfer of heat
energy through the gas. The added heat transfers by con-
duction from the gas bubble into the surrounding liquid.

The damping constant is given in terms of the dissipa-
tion coefficients (b and d are non-dimensional numbers
representing real and imaginary components of the com-
plex ratio of specific heat), corrected breathing frequency
fr and the given sound frequency f. The thermal damping
constant is expressed in the form*'

2
5then‘nal = (%J(fTRJ : (2)

Viscous damping due to bubbles

In the presence of viscosity, there is transfer of momen-
tum from one region of the liquid to another moving at a
different velocity. Liquid element moving rapidly in a
particular direction tends to transmit its momentum to
other elements of the liquid. When a bubble expands, the
small liquid element distorts; the radial thickness
decreases while the lateral dimension increases. Likewise,
when a bubble contracts, the liquid element distorts; now
the radial thickness increases and the lateral dimension
decreases. Since the liquid is incompressible, the cause of
distortion is not by a change in the volume of the liquid
element, but by viscous stresses. Consequently, more en-
ergy is required to compress the bubble than is regained
in the subsequent expansion. The viscous damping con-
stant in terms of the dynamic coefficient of shear visco-
sity (u), angular frequency (w), radius (a) and ambient
density of fluid surrounding the bubble (pa) is expressed

21
as

4u
5Visc0us = P (3)
Patoa

As discussed earlier, these three components completely
add up to the total damping caused by the bubbles.
Hence, the total damping constant is expressed as

6= 5radiati0n + 5thermal + é‘Viscous' (4)

Damping at resonance

The bubble behaves as a simple damped oscillating sys-
tem with one degree of freedom. Therefore, the differential
equation of motion for the bubble system has the same
form as the second-order linear differential equation for a
mass fastened to a spring. As the bubble periodically
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expands and contracts, the surrounding liquid is the inert
mass set into vibration, while the stiffness is due to the
gas in the bubble. In this case, the bubble breathing fre-
quency (fy) is expressed in the form

1 [3yP,
f=s— 7" (%)
2ra\ pa

where a is the mean radius of the bubble, P, the static
pressure corresponding to bubble mean radius, y the
ratio of the specific heats of the gas enclosed in the bub-
ble and p, is the ambient fluid density. Considering that
Px=Pym (1 +0.42) for bubble at the ocean surface, bub-
ble breathing frequency in terms of water depth (z) is*'

6
1 =320 o )
a(pum)

Frequency correction due to thermal damping

It is evident from the above discussion that thermal
damping is the most prominent component for total
damping due to bubbles; there is a need to correct the
bubble breathing frequency in order to get the bubble
resonance frequency. To correct f;, due to thermal effects,
the resonance frequency of the bubble f; is defined in
terms of average interior pressure (Pj,) that depends on
surface tension: Py, = BPa (where [ is the ratio of bubble
interior pressure to ambient pressure), and the effective
ratio of specific heats that depends on thermal conductiv-
ity, yb (where y is the ratio of specific heats of the gas).
Here, yin terms of real (b) and imaginary (d) components
of the complex ratio of specific heats can be related by
the complex expression y (b + id). The relation between
bubble breathing frequency and resonance frequency is
expressed as®!

fr = JuIBB. (7)

In the present study, solutions are obtained by computing
equations (8)—(11) below in sequence”'

1/2
20p,C
X = C{MJ , (8)

Ky

d
;—3(7/—1)

5 X (sinh X +sin X') — 2(cosh X — cos X) )
X2 (cosh X — cos X) +3(y — 1) X(sinh X —sin X) |’

2 . .
o1 d _ 1y (sinh X —sin X)
b _{1+(bj Ml+3(y 1)X(coshX—cosX)} (19)
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p=l oy, 2 {1—Lj (11)

Pa pad 3yb

The values of » and S obtained from eqs (10) and (11)
can be used along with eqs (6) and (7) to get the
corrected resonance frequency. Most of these constants
are traditionally expressed®' in CGS units. The bubble
gas density p, = pga[l +27/(paa)](1 +0.1z), where z is
the depth (m); pa the ambient pressure=1.013 x 10° x
(1+0.1z) (dynes/cm?); Pea the density of free gas at sea
level (1.29 x 107 g/cm’); C,. the specific heat at constant
pressure of bubble gas (= 0.24 cal/g °C); K, the thermal
conductivity for gas bubbles (= 5.6 x 107 cal/cm s °C); ¥
the ratio of specific heats for gas bubbles (1.4 for air) and
7 is the surface tension at the air—water interface
(= 75 dyne/cm). The variation of b, f and fr/f, at reso-
nance as a function of bubble radius at four sample fre-
quencies of 5, 30, 60 and 100 kHz is shown in Figure 1.
Further computations are made for the radiation, thermal
and viscous damping constants at resonance for two sam-
ple frequencies 30 kHz and 100 kHz, after the necessary
frequency correction. Figure 2 shows the damping con-
stants as a function of resonant frequencies and bubble
radius. It is evident from Figure 2 that the contribution of
thermal damping towards total damping is the most
prominent compared to radiation and viscous counter-
parts. The contribution of thermal damping is substantial
for these sample frequencies, and slightly less than an
order compared to the radiation and viscous damping. A
similar observation of thermal damping is evident for
varying bubble sizes.

Attenuation due to bubbles

When there exist bubbles of varying sizes, the extinction
cross-section per unit volume, S., for sound traversing a
random mixture of non-interacting bubbles in range
ka < 1 is calculated using the following expression®'

]3 ra* (516, ){n(a)da} (12)
0

[(fo /£ =1F +8>°

where 6 and &; are the respective non-dimensional damp-
ing constant of bubble and scattering effects, and n(a)da
is the number of bubbles with radius a in increment da
per unit volume. Under the assumption that the energy
absorbed by the bubbles per unit volume in the cavity is
the same as in a travelling wave, the attenuation per unit
distance (@), due to bubble population n(a) follows the
expression

o =4.34S.. (13)

However, if the bubbles are assumed to be of the same
size, then there is no requirement of integration over a
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Figure 1.

range of bubble radii and the attenuation coefficient can
then be expressed in terms of total extinction cross-
section (o) as”!

o =4.340,N. (14)

Sound speed dispersion relation

Extensive research work has been attempted to achieve a
relationship that can predict sound speed attenuation in
the presence of bubbles. The most notable work™ states
that sound speed in a compressible continuum is given
by the bulk modulus (B) represented by the relation:
B=-V(dp/dV), where V is the ambient volume, dp the
change in pressure and dV is the change in volume.
Therefore, the sound speed is c¢=(B/p)’>, where p
denotes the water density. In a bubbly mixture, the com-
plex dispersion relation is®

G 2,7 aN(a)
— = 1+ 47rcoj 5

—————da, 15
Oa)o—a)2+i5a)2 (1)

m
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where C, is the speed of sound in pure liquid, C, the
complex sound speed in the fluid with bubbles, a the
bubble radius, o the measurement frequency, @, the
natural frequency of a bubble, 6 the bubble damping and
N(a) is the bubble density function within 1 um radius
range da centred at a. The bubble distribution approxi-
mates by a continuous field in which the medium acoustic
properties are homogeneous in space. The influence of
bubbles on both real and imaginary components of the
sound speed can be obtained”'. The real part represents
the actual speed of sound in the bubbly medium, and the
imaginary part represents the attenuation of sound waves
by the bubbles

“e a4 [(w,/®)* —1]N(a)da
e = Co {1 - ey | L X ZTIN@da |\
o 0 {l(@y/0) =11 +57}
“ 2ra  (wy/©)*SN(a)da
cimag = Crea] j 2 2 2 2, [ (17)
a. (@9 /¢cy)” @y /@) =1]" +67}
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Results from bubble attenuation model

The segregation of oceanic bubble plumes depends on
their maximum e-folding depth as well their lateral
extent. Dense bubble plumes (with radius greater than
1 mm) exhibit significant population of larger bubbles
and vice versa for the diffuse plumes™. The variability of
sound speed propagation in a bubbly medium can be
quite distinct. Based on measurements, the variability can
be in the order of about 800 m s~ at low frequencies for
young bubble clouds in a short-time interval, to about
400 m s ' for mature clouds located at e-folding depth
~0.5 m below the sea surface'’. As mentioned above, the
bubble population model used in the study by Saxena and
Prasad Kumar'® parameterizes the overall bubble popula-
tion for different stages of bubble life, as well as their
geometrical aspect and spatial distribution. The penetra-
tion depth (d) expressed as a function of wind speed
measured at a height of 10 m above sea surface and used
in the present study is expressed in the form**

d=0.4(Uy - 2.5), (18)
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where Uj, is wind magnitude at a height of 10 m above
the sea surface expressed (m s '). Experiments conducted
in the open sea at Oban® reported that long swells have
an important effect on the formation of sporadic bubble
cloud patches in open water. Based on this work®, the
largest bubble (having size r) carried down by the action
of wind on the sea surface is expressed as

r=26.7U17°. (19)
Equation (19) is a thumb-rule formula to get an approxi-
mate size for bubbles as a function of wind speed. In a
mathematical sense, the population density spectrum
level for each bubble assemblage is expressed in a
generic functional form®® as

P(a, z, w) = NoG(a, z)Z(z, w)U(w), (20)
where a is the bubble radius, z the water depth; U the
wind-dependent factor to estimate the bubble population
density, a function of wind speed (w) at a reference
height of 10 m above sea surface; N, a constant that
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Figure 3. Spatial variability of total bubble population. (Top panel) S-plume and (Bottom panel) y-plume for bubble sizes of 20,

40 and 60 um at sea surface.

refers to the value of P at a reference radius, depth and
wind speed condition; G(a, z) is the shape function
related to bubble plume and Z(z, w) is a depth-dependent
function that basically signify the e-folding depth charac-
teristics. As the e-folding depth for various bubble
plumes is standardized with reference to the sea surface
(z=0), the general form of population density spectrum
level given in eq. (20) can be expressed as
P(a, z, w) = NyG(a)Z(z) U(w). (21)
A generalized spectral shape function G(a) verified for
the central Arabian Sea'® and used for the present study
accounts all bubble assemblages such as -, y-plumes and
background bubble layer expressed in the form'®

0, fora <a,,
(ala)’,
1, fora, <a>a,

fora,;, <a<aq

G(a) = (22)
(ay/a)t, fora, <a<as.
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Figure 3 shows the spatial variability of model-computed
bubble populations'® for f- and y-plumes for sizes 20, 40
and 60 um at sea surface in the central Arabian Sea.

In the present study, the attenuation due to bubbles is
estimated from eqs (13) and (16) using inputs from the
bubble population model N(a) and 6 from the bubble
damping model. Figure 4 shows the variation of sound-
speed attenuation rate o (expressed in dB/m) in the pres-
ence of bubbles at two different wind speeds of 12 and
15ms" for the frequency range from 5 to 100 kHz.
Higher attenuation rates occur when wind speed increases
from 12 to 15ms'. Frequencies in excess of 45 kHz
experience a drastic increased attenuation, reaching
threshold maxima around 90 kHz, and declining there-
after. In a physical sense, the attenuation increases gradu-
ally with increasing frequency and the rise is rapid
approaching the resonant frequency. Attenuation is high
for higher frequencies compared to lower frequencies.
Beyond resonance, the attenuation decreases gradually.
Therefore, the dependence of resonant frequency is in-
versely proportional to the bubble radius. For a range of
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fractional air volume, the attenuation increases at a rate
approximately proportional to the square root of the
bubble air volume. It is essentially due to heat conduction
from pulsating bubbles below the resonant frequency, and
sound scattering above the resonant frequency, wherein
the viscous damping effects are not significant®’.

Having established the role of wind speed on variabil-
ity of bubble attenuation rate, and to ascertain the total
effect of bubbles on attenuation characteristics, the pre-
sent study also investigates the sound speed variability
for the central Arabian Sea basin. Figure 5 shows a flow-
chart of the damping model and the associated modules.
The precomputed scenarios for total bubble population in
the central Arabian Sea were available'®, and this justifies
the selection of the region. Two case studies are per-
formed to determine sound speed attenuation, viz. on
bubble-free water and in the presence of bubbles. The
essential inputs to estimate sound speed (temperature,
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Figure 4. Variation of attenuation rate with resonance frequency for

wind speed (ws) of 12 and 15 ms™".
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Figure 5. Flowchart of the damping model.
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salinity and water depth) comprise data from the Levitus
World Ocean Atlas (WOA). The WOA is a product from
Ocean Climate Laboratory of National Oceanographic
Data Center, USA. It contains climatology fields of tem-
perature and salinity fields at different vertical levels for
the global oceans. The datasets from WOA are an objec-
tive analysed product available on global scale at a grid
resolution of 1° x 1°. This study uses the representative
month of July, as during the southwest monsoon season,
winds are quite strong in the central Arabian Sea with
pronounced wave-breaking activity. The sound speed
relation uses the equation® as follows

C(T, S, z)=ay + a;T+ asT? + a,T° + as(S — 35)

+agz + a;? + agT(S—35) + a T2, (23)
where 7, S and z are the fields of temperature (°C), salin-
ity (ppt), and depth (m) respectively. The constants
ai, a,..., as in eq. (23) are given by**

a, = 1448.96; a; = 4.591; a3 =—5.304 x 10°%;
a;=2.374x 10 as = 1.340; ag = 1.630 x 10°7;
a;=1.675x107; ag=-1.025 x 102,
ag=—7.139x 107",

The sound speed estimate for bubble-free water using
eq. (23) provides the quantity C, (speed of sound in pure
liquid without bubbles) shown in eq. (16). Using this
estimated value of C,, calculations for the variable ciea
containing the damping term provide the sound speed
characteristics in the presence of bubbles. A comparison
of the sound speed characteristics at two different loca-
tions in the central Arabian Sea (12°N; 67°E and 12°N;
53°E), a region that experienced high wind speeds, is
shown in Figure 6. It is clear that bubble effects dominate
the sound speed characteristics until depth levels of
approximately 6—7 m below the water surface. The esti-
mated loss in sound speed is about 3045 m s~ due to the
presence of bubbles at the sea surface.

Statistical analysis

The bubble population model at any point of time pro-
vides the maximum number of bubbles/m’ for a given
radius and wind speed. Real sea state contains varying
number of bubbles having different size and population;
therefore, a statistical analysis of its distribution will be
useful in acoustic applications. In addition, the recordings
for actual bubble population are scanty, and their pro-
bability of occurrence of any given size is unknown.
Therefore, the knowledge of its statistical distribution can
aid population models to have realistic estimate of
attenuation. In this study, an attempt was made to gene-
rate random bubble size population with calculated cieq
and « values, and thereby understand whether inherent
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trends such as Gaussian, Weibull, exponential, lognormal
or any other well-known patterns exist. The fitting of a
theoretical distribution is a three-step process involved in
identifying candidate distribution, estimating the para-
meters and performing the goodness-of-fit test®. This
study performs analysis of 60 samples for ¢, and «a val-
ues using 12 and 15 m s wind speed, with correspond-
ing frequencies of 60 and 30 kHz. If this random ¢, and
o estimate had a symmetrical or near-symmetrical distri-
bution, such as normal or a Weibull with shape parameter
between 3 and 4, then the sample mean and median
values will be approximately equal. When mean is con-
siderably larger than median, the data are skewed to the
right and the exponential, lognormal or Weibull will pro-
vide a better fit. For exponential distribution, the sample
mean and standard deviation must be approximately
equal. The results signify that the mean and median val-
ues were approximately equal, denoting that normal
distribution is a good fit. The probability density and fit
distributions are shown in Figure 7 a and b respectively.
The goodness-of-fit determines the selection of a suitable
theoretical distribution. The sample statistics compared
with the critical value suggest that in case the test statis-
tics is less than the critical value, the hypothesis is
accepted. The results signify that the sample data more or
less follow the normal distribution and the test for good-
ness of fit is the Kolmogorov—Smirnov test. It compares
the maximum deviation between empirical cumulative
distribution and hypothesized cumulative distribution®.
This study performs the test for a significance level of
0.05 and the hypothesis was accepted. It deciphers the
fact that even though bubble generation process is com-
pletely random in nature, the distribution of sound speed
characteristics and attenuation is not fully random; rather
it follows a normal distribution. The findings of this
result is a hypothesis based on statistical test; however,
the real probability distribution requires a comprehensive
field programme on bubble population measurement in
the open sea.

Summary and conclusion

The potential generation of near-surface oceanic gas bub-
bles is primarily due to breaking waves when a threshold
limit of wind speed is expected. The bubble clouds gen-
erated are nonlinear in both space and timescales. The
cloudy aspect of the bubble layer introduces, de facto,
range dependence in both acoustic propagation and
attenuation characteristics. At present there are scanty
observations on bubble population, and inherent com-
plexity is involved in modelling plume evolution. As a
first approximation, acousticians treat the bubbly envi-
ronment as homogenous in range, and occasionally in
vertical scales. Therefore, a novel technique to under-
stand bubble population and modelling its spatial and
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temporal variability is needed to improve the capability
in underwater sound propagation. Recently, a model that
determines the spatial distribution of bubble population
was developed for the central Arabian Sea for high wind
conditions and wave breaking activity. It considered the
southwest monsoon period prone to significant wave
heights in the order of 5-7 m. The threshold wind speeds
during this period were amicable to generate quasi-
periodic wave-breaking regimes and bubble generation.
The population model parameterizes bubble distribution
at different stages of its evolution considering the geo-
metrical aspects. In this study we have developed a
damping model that considers the cumulative effects
from radiation, shear viscosity and thermal conductivity
using inputs from the population model. It has inherent
freedom in estimating perturbation of sound speed and
excess attenuation in the presence of bubbles having
varying population and sizes. Subsequent to the deve-
lopment of population and damping model, the study
investigates the random nature of bubble concentration.
The objective was to develop a suitable statistical distri-
bution function for sound speed propagation and damping
characteristics. In this context, numerous numerical
experiments were performed for different e-folding
depths, foam patch size and spacing between plumes to
estimate the statistical distribution function. The results
signify that both damping and sound speed characteristics
more or less follow a normal distribution. Finally, the
study advocates that there is a need to conduct numerous
field campaigns on bubble measurements to fine-tune the
numerical model, having the potential to develop a single
canonical bubble spectrum model for underwater acoustics.
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