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Abstract: This paper is intended to model the communication channel which is sea-water for the propagation of the acoustic signals.
The shallow water experiences lots of turbulence due to high-speed winds blowing on the sea, which leads to breaking of the waves and
thus formation of cloud bubbles. These bubbles are responsible for the variations in the sound speed profile causing potential
attenuation in the signal strength, which is again dependent on the depth below the sea-surface. Thus, as the depth increases the bubble
size and the density decrease. This distribution of the bubble plumes model the channel and their effect is dominant in rough sea-
surface. The bubble model by Norton et al., is used to give the parabolic distribution of the bubble size and density depending on the
wind speed and depth below the surface. This model thus can be used to obtain the frequency response of the non-uniform channel, and

so scattering due to bubble plumes is major cause for attenuation.
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1. Introduction

Shallow sea water offers great challenge to acoustic signal
propagation. The sea-water is assumed to be a uniform
medium separating air and water. This is not very true in real
sense when other factors are accounted for like the effect of
the presence of the wind blowing with high speed over the
surface, the various dead and living components and finally
the micro particles. All these make the so called uniform
waveguide into a highly disturbed medium. This
perturbation is the cause of the attenuation experienced by
the acoustic signals mainly in the range of 2-4 KHz for our

purpose.

The main cause for attenuation of the acoustic signal is the
scattering of the signal due to heterogeneous nature of the
channel due to the presence of broken waves which
decompose into cloud of bubbles, the dissolved sand and
other particles. The effect of the bubble plumes are the cause
for scattering of the signal rather than the refraction. Some
of the bubbles being comparable to the wavelength of the
acoustic signal which results in the scattering due to the
Doppler shift of the various frequency components. These
phenomena affect the high frequency signal more than the
low frequency signals.

Series of papers published by G. Norton, J. Novarini, and R.
Keiffer [1],[2] have witnessed the effect of the bubble
plumes on the frequency of the acoustic signal on the 2-4
KHz range, though the effect can be witnessed for many
high components of the signal. They have developed a
model which is based on the measurements taken from
Martha’s Vineyard Coastal Observatory. The model in [2]
discussed by Novarini and Norton concentrate on the
discrete model of the bubble plumes because the plumes
vary on the range and the depth. The sea-surface model by
Elfouhaily [3] et al., can be used to generate the sea surface
spectra. With bubble distribution the sound speed relation is
highly distributed along the surface and below it. The
following steps can be used like, firstly generalization of the

surface with the Fourier transform followed by the surface
nature estimation based on the previous model.

The surface being very dynamic can be modeled by keeping
the bubble perturbed sound speed profile constant. Going for
each depth part we can obtain the full behavior to few
meters below the surface.

A. Bubble plumes model

In shallow sea-water acoustics experiences the compact
assemblages of bubbles which are usually referred to as
clouds or plumes without any distinction. S. A. Thorpe [11],
was among the firsts to describe these compact population of
bubbles, and thus used the term “clouds” and made the
distinction between two types of clouds depending on the
interaction with the windy air: the bubble clouds, which
occurs when the air temperature exceeds water temperature,
and columnar clouds, occurring when the water temperature
exceeds air temperature. Reference [3] gives clear
distinction between the plumes and clouds and describes the
clouds or plumes superimposition on the “near to surface
bubble layer.” He also stated that “the plumes appear in a
roughly v-shaped, which decreases in width with depth.”
This provides a clear understanding for Thorpe’s columnar
clouds and the definition of the word “plume” (which refers
to feather-like structure). Adopting the word plume
represents v-shaped columnar clouds and use cloud as a
generic term to refer to any compact aggregate (patch) of
micro-bubbles. Based on the observations made in [10] we
have three types of bubble plumes namely o, § and y where
two of them are present in the stages of whitecaps: stage A
and B, which are associated with the crests and the foam
patches where a-plumes is the initiation phase of the stage A
whitecap. They have the highest void fraction of O (107'-10°
%) and are very small in size and have a very short lifetime
(<1s). The a-plumes transforms into a B-plume after some
time when the momentum of the cloud gets downwards.
Thus, the stage A whitecap transforms into a foam patch i.e.
stage B. The void fraction of B-plumes is much smaller
typically O (10°~10™*) which are attached to the foam patch.
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That is, the stage B whitecap is the top of the B -plume. The
B-plumes are much bigger than the a-plume and also have
longer lifetimes (about 4 s). This transformation continues
and the B-plumes then evolve into y-plumes and get
separated from original whitecap. This newly generated y-
plume has lower void fraction of (10°-107) with huge
dimensions, and greater lifetimes (10-100 times longer)
compared to the B-plumes. After some time y-plume decays
to form the background. The B-plumes and the y-plumes are
can be recognized as conical structure with cross-sections
that decrease exponentially with increasing depth, as stated
in [3]. A cartoon sketch of the different plumes is shown in
Fig. 1. The a- and B-plumes are respectively accompanied
by type A and B whitecaps.

I
i

Figure 1: Bubble plume at different stage of development
(a-plume, B-plume, and y-plume).

As stated in [10], the shape of the different stages in the
development process of plumes, the B-plumes, y-plumes are
almost identical to each other which is also discussed in
[12]; though they differ in the void fraction, bubble shape,
spectral amplitude. Following the parameters discussed in
the references [5],[7],[11], the bubble population of each
type can be represented by general function as:

n (a,z,u) = Ny G(a) Z(z) U(u) (D)

where a being the radius of the bubble, z being the depth
below the surface, and u being the wind speed at 10 meters
above the water. Let’s get to obtain the similar equation for
the B-plumes, y-plumes, and the bubble layer present in the
background. As stated in reference [11], the rate of
generation of plumes and the whitecap is equal, which is
proportional to the fraction of the sea surface
instantaneously covered by whitecaps (similar to Monahan’s
stage B) and happens to be the function of speed of the
winds. Monahan in [13]could also infer that the fraction of
the sea surface instantaneously covered by whitecaps is
directly proportional to the cube of the wind speed and
friction velocity. As all the bubbles are assumed to be
generated by wind, the function U(u) will remain same for
all the stages of plume development. As stated in [4], the
estimated form is

U (u) = (w/13)* )

The function of the Spectral shape can taken to be

0 a < amin
]
G (a) = (i) amin = a < al 3)
1.0 al=<=a=<a2

(&)
a
Where a,,;,, =10um, a;= 15um, a,= 20um, and a;= 54.4 +
(1.984) z, with a; in micrometers and z in meters.

aZz<a<a3

B. The B-plumes
The B-plumes are present at 0.25 meters below the sea-
surface which is the result of the breaking waves and has the
highest concentration at that level as also stated in
[13],[14].Fig.2 shows the population of the bubbles at 0.2
meters below the surface at different wind-speed, as clearly
given in the graph, the bubble are generated with high wind
speeds. The spectral slope of the bubbles in the radii range
of 30 to 50 meters is -4 and for bubbles larger than 60
meters it is -2.6. According to the Wu hypothesis the change
in the spectrum is from 2 to 4 as the cloud moves away from
the sensors.
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Figure 2: Bubble spectra for the y-plumes and a B-plume at z

= 0.25 meters, wind speed 13 m/s.

Taking the aspects discussed in the reference [13], and the
idea that the spectral slope lies in the range of -2 to -4 when
the depth increases, the findings state that this swing is from
-2.5 to -4 instead which occurs rapidly with depth change
concluding on these findings, the adopted value of -2.6 for
the spectral slope of the B-plumes for bubble larger than
60um and smaller than a,,,. The spectral shape can be seen
as

0 a < amin
a 3 .
Gp(a) = (H) amin < a < al (4)
1.0 al<a<a2
4
(ﬁ) aZ < a«< a3
a
a

a=a3

Making the assumption that the larger bubbles are found at
the and as the depth increases, these bubbles shrink and get
extinct gradually. Wu in [11] showcased a plot of the
maximum possible radius of the bubbles as a function of
increasing depth, which is given by
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amax(z) = Qmax (Z:O) eXp (_2/41) (5)

Bubble with radii exceeding an,x do not form the final
spectrum. Note that in some cases a,,x may become smaller
than a3. For B-plumes, the bubble spectral density is given by

ng(a,z,u) = Ny 5 Gp(a) Zp(z) Up(u) (6)

The function Zg(z) is the variable causing the change in the
vertical length of the plumes axis. So concluding from [13]
the distribution of the bubble with the depth is given by,

z < ZPpmax

(1
%) _{0 z > Zpmax

(7

Where, zgy, is the maximum depth. The a-plumes get
transformed into B-plumes due to the waves thus the
maximum depth is proportional to the motion of the waves.
From Johnson’s reference [12], it can be inferred that the -
plumes are present till one half of the significant wave
height (H;3). Since Hyj; is multiple with four times the rms
roughness, the maximum penetration of the B-plumes is
thus,

Z g = (1.23x107%) 0 ®)

The constant of Ngg (6) is taken such that it results to values
within the range specified by Monahan for the bubble
density about the concentration, void fraction of the [-
plumes. Setting Nog equal to 2x10" (m>pum™) leads to a
spectral density of (a=100pum)= 1.1x107 (m>pm™) and void
fraction of (0.08%), at the surface at the wind-speed of 15
meters/second.

The horizontal cross-sectional area of the plumes changes
with the depth and inferring from the reference [10], the -
and y- plumes have the same characteristics.

A (z)=Age™? )

Where A, being plumes area (m?) at the plumes surface and
d being any constants.

In case of the B-plumes, the area of the type B foam patch
determined the size of the plumes at the sea-surface. The
estimated area of the type B foam (in m*) would be:

Agp = 17.0 + 0.0307(u-5) (10)

The area’a square-root is is the length of the plumes.
L g(z) = Lo e (11)
Where Ljg = L (z = 0) = (A" At the maximum
penetration depth for the B-plumes (zgmax), Lets take that L g

(Z = Z pmax )/ Lop = 0.05. Thus, the constant dg in (11) being

ZBmax

ds = 12
8= cag (12)
The distribution in the range of the Plumes is required to
completely give the description of the B-plume. Assuming
the [10] inputs where the B-plumes are attached to the type B

whitecaps (foam patches), the spacing Sgin meters) between
B-plumes is set equal to the spacing between foam patches,
which is given by

Sg=(237)u"?’ (13)

C. The Sound Speed profile and variations in the Bubble
Spectral density

The compressing ability of the mixture is dependent on the
change in compressibility of (AK), the substitution in the
Wood’s equation results into the equation.

K=(1-V)Ky+AK (14)

Where K is the compressing ability of the water when bo
bubble is present, V is the volumes occupied by bubble. For
AK, considering that water containing N bubbles per unit
volume, with each radius a, and assuming ka <I. This
expression can be rewritten as

a

prf (L-1+i8)

AK(f, z )= (15)

Where o is the damping constant and f, is the resonant
frequency.

J-am ax ania)

amin (%jz—lﬂ'.s

AK (f,z)= da (16)

1
pmft
The response frequency is based on the thermal conditions
and tensile pressure on the surface. With the assumption that
there are adiabatic oscillations, and ignoring the viscous

effect, the resonant frequency of the bubble having radius a
(in pm) can be given by

_|| Z <106 =
f,= [1+m}(3.25 10).: (17)

& comprises of : 5r is due to radiation; 5V 1.e. shear

viscosity, and &, i.e. thermal conductivity:
6= 0,+d,+8, (18)
The radiation component is given by:

b6.=2nfa/Cy(18.1)

Where f = frequency in Hz, and C, is speed of sound in
water, assumed 1.5 km/s.

The & due to diffusion of heat is:
&, =3 Img (B)/p o’ a’ (18.2)

p is the density of water taken as 999.9720 kg/m’

¥ Py
J{[l+z‘j¢1a cot[(1+i)gal—-11

(19)

Bfl_lzi(rz—ﬂ
zpial
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Where Py is the hydrostatic pressure at the bubble given by

Po=P,+p gz (Pa),
P, =101325 (Pa) (20.1)

(20)

g =98 m/s’, y =14, D = 1.84 x10° (m%s) and, ¢ =
J@/2D

The complex effective sound speed is given by

Corr” = [(1-V) p+ V pga] [ (1-V) Ky + AK] @n

Since AK is a complex number,(Cy) provides the phase
velocity and Img part gives the attenuation due to bubble.

Cp=Re { Cerr } 22)

20 Img {1/Ceff}

% (dB/m) =" 10y

(23)

For low void fractions ( V>> pg,/ p), (19) can be simplified
to

Cor”=Co” +p AK 24
Replacing AK from (15) to (22)
5 5 1 amax a nia) d
Cat=C+——= | || da @5
eff 0 ]'[_fz amin (E\] 1+i8 ( )
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Figure 3: The Bubble size variation with the depth at
different wind speed.
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Figure 4: Extinction cross-section area of bubbles versus
bubble radii

2. Conclusion

The bubble population,spectral shape,density are dependent
on the range,depth,wind-speed. The scattering occuring in
the acoustic frequency is due to the presence of the bubbles
resulted from the wind-speed. Thus shallow water has
potential attenuation causing factors and communication is a
complex process here. The deep sea-communication is
exhibited with OFC which is reliable but costly.

3. Future Scope

The channel characterization can be done more precisely
considering the values for the parameter as dynamic and a
more dynamic nature of the channel can be seen. The
advances technology with ability of procuring the changing
nature of sea-surface can estimate more accurately.
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