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INTRODUCTION

Shallow Water | nternal Waves and Associated Acoustic
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ABSTRACT

Physical oceanographic and acoustic data were simultaneously collected from the coastal
waters of the Arabian Sea. Acoustic transmissions were carried out from an anchored vessel
using 620 Hz transducer and received by an array of hydrophones moored at ~5 km away from
the anchorage. Thermal structure in this region was characterised by atri-layer structure, ie, a
strong thermocline (> 0.4 °C/m) sandwiched between an upper (< 10 m) and bottom (> 25 m)
homogeneous layer. High-resolution (sampled at 10 s interval) temperature data from moored
sensorsreveal ed intense internal wave activity. The maximum value of Brunt-Vaisalafrequency,
which is the maximum frequency limit of internal waves in the thermocline, suggests that the
upper frequency limit of the internal wave, which can be generated during this period, is 23 cph
(2.6 min). High and low frequency waves caused variations of ~3 °C and ~5 °C respectively in
the temperature field. But the low frequency internal waves were found to contain maximum
energy compared to the high frequency waves. Fluctuations of 8-12 dB were noticed in the
measured acoustic intensity valuesin the presence of low frequency internal waves. Simulation
studies carried out using parabolic equation model using 620 Hz source indicated well-defined
ducted propagation with minimum transmission loss, when the source was kept within the
homogeneous layer. The presence of tri-layer thermal structure, ie, a strong gradient layer
sandwiched between an upper and bottom homogeneous layer, caused surface and bottom channel
propagation in this region.
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model

temporal and spatial stability of acoustic paths.

Studies conducted over the past several years
established internal waves as a dominant factor in
causing fluctuations in the travel time of acoustic
pulses sent over long distance through the ocean™
3 Theinternal waves are considered to be alimiting
factor in the propagation of acoustic energy in the
frequency range 50 Hz to 20 kHz and the effects
are manifested as amplitude and phase variations
in the acoustic signal®. These waves also limit the

Long acoustic waves (< 50Hz) are less likely affected
by the internal waves.

Essert, et al. carried out the first major experimental
study to measure the total field acoustic fluctuations
due to internal waves and also made efforts to
model these fluctuations using model wave number
perturbation approach. Zhow?, et al. conducted another
experiment to study the scattering of acoustic energy
by internal waves. They observed anomalous frequency
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response in acoustic signal associated with shallow
water internal wave and attributed this to the resonance
between the acoustic mode coupling and the high
frequency internal wavelength. Afterwards, Lynchf,
et al. studied the acoustic travel-time fluctuations
due to shallow water internal waves using a low-
frequency transmitting source (224 Hz). Using the
parabolic equation field calculations, Tang and Tappert’
showed the effects of internal waves on acoustic
travel-time arrival. KonyaeV®, et al. found that the
presence of directional non-dispersive internal waves-
caused acoustic fluctuations, which were highly
coherent with time-lagged temperature. In another
experiment, Rubestein® also made an attempt to
study the effect of Cnoidal internal on acoustic
propagation in shallow waters. Rubenstein and Brill*°
conducted a shallow water experiment using 400 Hz
source and found that the transmission loss vary
significantly over a wide range of time scales.
They also observed the propagation of acoustic
features across an array of hydrophone at 0.75-1 m/s,
which is equal to the propagation speed of internal
soliton waves. The time variation associated with
this distortion resultsin fluctuation in acoustic intensity
and phasein forward transmission experiment. The
effect is of sufficient strength to constitute a major
constraint in the design of acoustic transmission
and detection systems. An acoustic experiment,
SWARM, was conducted off the coast of New
Jersey™ to quantify the interaction of acoustic field

in the 10-1000 Hz band with linear and nonlinear
internal waves in a shallow water waveguide. In
spite of all these importance, the shallow water
internal waves/acoustic interaction studies received
less attenmtion due to the complexities in the shallow
waters.

In the coastal waters of India also, internal
waves are found to be very prominent and cause
large variability in the thermo-haline fields. However,
specific acoustic experiments to assess the role of
internal waves in causing acoustic intensity fluctuations
are meagre. Hence, an experiment was conducted
in the coastal waters of Indiato study the shallow
water internal wave characteristics and their influence
on acoustic propagation.

2. EXPERIMENTAL SETUP AND DATA

An acoustic buoy, attached with an array of
five hydrophones at depths 8 m, 21 m, 36 m, 42 m
and 47 m, was deployed in the shallow waters,
where the bottom depth was 52 m (Fig. 1). The
ship was then anchored at ~ 5 km away from the
moored acoustic buoy. Acoustic signals transmitted
using a 620 Hz projector, lowered to 15 m from the
ship, served as the source. These signals were
continuously transmitted for 2 min at every hour
for 14 h (1200 h on 9 October to 0200 h on 10
October 2002) and received by the hydrophones.
Thereceived signals were stored on atape recorder

Figure 1. Experimental setup to study shallow water internal wave characteristic and their influence on acoustic propagation
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Figure 2. (a) Mean profiles of temperature, salinity, and Brunt-Vaisala frequency, N and (b) depth-time section of the stability

parameter, E.

inside the acoustic buoy. To capture the temporal
variability of internal waves and their impact on
acoustic transmissions, three CTD’s were attached
in the hydrophone array (just above the hydrophones
at 21 m, 36 m and 47 m depths). The sampling
interval of data collection was chosen as 10 s to
capture and delineate high frequency components
of internal waves. Vertical profiles of temperature
and salinity (using Mini CTD system) were collected
from onboard the ship at 10 min interval for 3.5 h.
Moreover, CTD casts were made along a transect
of 20 km at every 5 km interval to get sound speed
profilesrequired to understand the range-dependent
characteristics of acoustic propagation in the vicinity
of experimental site.

3. RESULTS AND DISCUSSION

The mean profiles of temperature, salinity, and
Brunt-Vaisala frequency (N) at the time series
station are presented in Fig. 2(a). The Brunt-Vaisala
frequency isthe upper frequency limit of theinternal
waves and is calculated from the vertical distribution
of temperature and salinity using the relationship,
N? (2) = —(d/p,) (6p/52). Here, g is acceleration
due to gravity, p_ is the average density, 5p/3z is
the vertical density gradient, and z is the depth.
To understand the temporal variability in the stratification
characteristics, the depth-time section of the stability
parameter, E is also presented [Fig. 2(b)].

In this region, the temperature profile is characterised
by athermocline of 15 mthickness (vertical gradient
in excess of 0.44°C/m, ie, 28 °C at 10 mt0 21.4°C
at 25 m) sandwiched between upper (~10 m) and
bottom homogeneous layers (~25 m). Similar feature
is observed in the salinity structure also. Thistype
of structure is known as tri-layer structure® and
has significant influence on acoustic propagation
(Fig. 5). The Brunt-Vaisala frequency indicated
maximum values (23 cph) in the thermocline zone
(~15 m) and minimum values in the surface and
bottom isothermal layers. The stability parameter,
E also indicated higher values between 10 m and
25 m, with maximum value (>15 x 10~°/m) around
15 m coinciding with the mid thermocline [Fig.
2(b)]. The stability parameter, E supports the occurrence
of astrong thermoclinein thisregion, whichisone
of the prerequisite conditions for the formation of
internal waves. Moreover, the maximum value of
N in the thermocline zone suggests that the upper
frequency limit of the internal wave, which can be
generated during this period, is 23 cph (2.6 min).

3.1 Internal Wave Characteristics

To have adetailed understanding of theinternal
wave characteristics, CTD's were attached (at
21 m, 36 m and 47 m depths) with the moored

vertical hydrophone array for nearly 5 h (1 sinterval)
on 8" October 2002 and 14 h (10 sinterval) during
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Figure 3. Time series of temperature variability at (a) 21 m, 36 m, and 47 m for 15 h during 9-10 October 2002 and (b) 21 m

for 5 h on 8 October 2002.

9-10 October 2002. The sensor in the thermocline
(ie at 21 m) showed the large fluctuations in the
temperature field, both in the high frequency and
low frequency domains[Figs. 3(a), 3(b)], indicating
internal wave activity at this depth. For example,
the temperature < 22 °C noticed in the thermocline
zone around 1800 h [Fig. 3(a)] increased to ~27 °C
by 2100 h, suggesting a variation of ~5 °C over a
period of 3 h. Even the data collected for a short
duration, ie, nearly 5 h on 8" October [Fig. 3(b)]
aso indicated rhythmic oscillation in the temperature
field. The temperature showed variation of more
than 3 °C within 30 min., ie, between 0830 and
0900 h[Fig. 3(b)]. Theselarge amplitude fluctuations
in the temperature field might have been due to the
presence of highly stratified layer (Fig. 2). However,
at 36 m and 47 m depth levels [Fig. 3(a)], such
large amplitude temperature fluctuations were not
seen, as the sensors were well within the bottom
homogeneous layer.
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To understand the major harmonics, the two
data sets were subjected to FFT analysis and the
results are presented in Fig. 4. The major harmonics
noticed in the data sets collected during 9-10 October
were in the bands of ~6 h (S1), ~3 h (S2) and ~3
to 6 min (S3). Asthe second data set was collected
only for ashort duration but with a higher sampling
interval (1 s), the low-frequency components could
not be resolved. Here also, the major harmonics
observed in the high-frequency band (S3) coincided
with the former case. It is to be noted that the low-
frequency waves were found to contain maximum
energy compared to the high-frequency waves.
Even then, high-frequency internal waves were
found to cause fluctuations of the order of 2-3°C
in the temperature field.

3.2 Theoretical Studies

Propagation models are the most common type
of underwater acoustic modelsin use to understand
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Figure 4. Spectral analysis of temperature data in the thermocline collected for (a) 15 h during 9-10 October 2002 and
(b) 5 h on 8 October 2002. S1, S2, and S3 indicate peaks at ~6 h, ~3 h and near Brunt-vaisala frequency, ie, ~3 min,

respectively.
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the sonar performance problems'. Various acoustic
propagation models are available in the literature
based on the theoretical approach employed. In
one approach, range-dependent case has been
considered, in which the properties of the ocean
medium vary as a function of range and azimuth
from the receiver, in addition to depth dependence.
This type of model includes sound speed profiles
and bathymetry at discrete spatial intervals.

The basic wave equation is

_10%
- C? at?

V% (1)
where, V isthe L aplacian operator, ¢ isthe potential
function, Cisthe speed of sound, and t isthetime.
After incorporating harmonic solution to obtain the
time-dependent Helmholtz equation, the Eqn (1)
reduces to

V3% +k?p=0 (2

Here k = o/c = 2 =n/L is the wave number,
o is source frequency, and A is the wavelength.

The parabolic approximation approach replaces
the elliptic wave equation with a parabolic equation
(PE). The PE is derived by assuming that energy
propagates at speed—either the shear speed or
compressional speed, as appropriate.

Then the basic equation of acoustic propagation
can be written as

V2p+ky,"n?p=0 (3)
Here n is the refractive index.

The Egn (3) can be rewritten in cylindrical
coordinates as

0% 106 2%
ar2+r p» +822+k0 n“g=0 (4)

where the azimuthal coupling has been neglected
but the index of refraction retains a dependence

on azimuth. Further, assume a solution of the form
¢ = y(r,2).S(r) and obtain an equation in and
another equation in S. The equation in S has the
solution given by Hankel function of first kind. The
equationin, after applying thefor-field and paraxial
approximation, can be written as

Oy +2ikoaa—‘“+ ko2(n? )y =0 (5)
r

0z

which is the parabolic wave equation. In this equation,
n depends on depth (z), range (r) and azimuth (0).
This equation can be numerically solved by implicit
finite difference (IFD) method.

In the PE approximation, the Helmholtz equation
isconverted to a parabolic equation with only first
derivativesin the range variable. This allows efficient
numerical solution by non-iterative marching techniques.
The size of the range steps in the marching allows
for inclusion of range-dependent interfaces comprising
the ocean bottom and sub-bottom structure as well
as range-varying oceanic features such as internal
waves, fronts, eddies, thermohaline structure, etc.
These two major capabilities, viz., efficient numerical
solutions on small computers and the ability to
model complex ocean environmental features have
made the ocean acoustic PE modelsthe most popular
choice of both research and operational modelers**.

The analysisindicated that the vertical thermal
structure in this region is characterised by the
presence of a tri-layer structure. To understand
the range-dependent transmission loss (TL) in the
presence of this type of tri-layer structures, the
acoustic propagation model*® based on parabolic
equation method was used. The model was run for
a low-frequency source (620 Hz) in the down-
slope scenario by keeping the source at the surface
homogeneous layer (8 m), thermocline (20 m) and
bottom homogeneous layer (35 m).

When the source was within the surface
homogeneous layer [Fig. 5(a)], propagation in the
surface layer, ie, ducted propagation with minimum
transmission loss (TL < 100 dB) was well pronounced
compared to other two cases [Figs 5(b) and 5(c)].
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Figure 5. TL mosaic (in dB) of the model by keeping source (620 Hz) in: (a) surface homogeneous layer, 8 m, (b) thermocline,

20 m, and (c) bottom homogeneous layer, 35 m.

In this case, the 100 dB TL mosaics extended to
more than 20 km. But, when the source location
was shifted to the mid thermocline [Fig. 5(b)], TL
in the surface layer increased. But, a well-defined
bottom channel became evident. In this situation,
the 100 dB TL mosaic extended only up to 6 km
in the surface channel, but it was noticed up to 8
km in the bottom channel. In the third case, ie,
when the source was kept in the bottom homogeneous
layer, TL decreased in the surface and bottom
channels [Fig. 5(c)] compared to the second case
[Fig. 5(b)]. In this case, the surface and bottom
channel propagation became well-marked.

This study highlightsthe fact that well-defined
ducted propagation with minimum TL occurs when
the source was within the homogeneous layer. Moreover,
the two-channel propagation was possible because

490

of the presence of astrong gradient layer sandwiched
between surface and bottom homogeneous layers.

3.3 Acoustic Intensity Fluctuations

The analysis of temperature in the thermocline
revealed the dominance of both low (~6 h) and
high frequency (~3 min) internal waves in this
region. To study the influence of these internal
waves, acoustic signals transmitted using a 620 Hz
transducer lowered to 15 m depth (thermocline)
and received by a hydrophone array moored at a
distance of 5 km away were utilised. The received
acoustic signals were very weak at 8 m and 21 m,
and hence, not included for discussion. The TL
moscaics [Fig. 5(b)] also indicated increase in the
transmission loss in the surface homogeneous layer,
ie, reduction in the acoustic energy, when the source
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Figure 6. Hourly time series of acoustic intensity fluctuation (blue line) and temperature in the thermocline (red line)

was kept in the thermocline. For the other levels
(36 m, 42 m, 47 m), the signals were stronger, and
therefore, theintensity values at these levels could
beretrieved. The measured acoustic intensity values
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Figure 7. Composite plots of acoustic intensity for the entire

14 transmissions each of 2 min durations at every
hour.

ACOUSTIC INTENSITY (dB)

were averaged for each transmission (ie, for 2 min
durations) and presented along with the hourly
averaged temperature in the thermocline (Fig. 6).

Thetemperaturerecord indicated internal waves
with 6 h periodicity with peaks at 1600 h and
2200 h, which was also revealed by the FFT analysis
(Fig. 4). The digoint nature of the acoustic transmission
(hourly transmission each for 2 min. duration) prevented
from making strong correlation between the acoustic
intensity variability and internal wave fields. Even
then, it is to be noted that this low frequency
internal wave (6 h periodicity) caused a variation
of ~81t012 dB in the acoustic intensity values, with
maximum intensity values at the trough and minimum
at the crest of the wave. This may be due to the
increase/decrease in the sonic layer thickness associated
with the arrival of trough/crest of theinternal wave.

To understand the high frequency variability
of the acoustic signals, the hourly intensity values
recorded for 2 min durations were averaged for
every 20 sec and presented as composite plot for
the entire 14 transmissions (Fig. 7). The notable
observations from this figure is the large spread
(>10 dB) in the acoustic intensity values at all
levels over a period of 14 h. The maximum spread
(>15 dB) was noticed just below the thermocline,
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ie, at 36 m. As the signals were transmitted at
hourly time intervals, the large variability in the
acoustic signals may be caused by the passage of
low frequency internal waves, as revealed by the
FFT analysis (Fig. 4).

Thisanalysis clearly brought out the importance
of internal wave activity both in the low frequency
and high frequency domains. The low frequency
internal waves caused a fluctuation of 8-12 dB in
the acoustic intensity values. Moreover, the tri-
layer structure was found to favour surface and
bottom channel propagation. In the presence of
this type of thermal structure, minimum TL and
maximum range was found to occur when the source
was kept in the surface homogeneous layer.
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