Asociacion Argentina AMCL

de Mecanica Computacional

Mecénica Computacional Vol XXIX, pags. 2215-2228 (articulo completo)
Eduardo Dvorkin, Marcela Goldschmit, Mario Storti (Eds.)
Buenos Aires, Argentina, 15-18 Noviembre 2010

NUMERICAL MODELING AND SIMULATION OF ACOUSTIC
PROPAGATION IN SHALLOW WATER

Emerson de Sousa Costg, Eduardo Bauzer Medeirog

%CEFET-MG -Centro Federal de Educacéo TecnoldgicMieas Gerais, Rua Alvares de Azevedo,
400, Campus V, Divindpolis-MG, Brasil, emerson@uifetmg.br

PGRAVI-DEMEC/UFMG: Grupo de Acustica e Vibrac6esivdrsidade Federal de Minas Gerais,
Av. Antbnio Carlos, 6627, Campus Pampulha, Belozémte-MG, Brasil, ebauzerm@ufmg.br

Keywords: Acoustic Waves, Shallow Water Model, Numerical &liation

Abstract. The sound has been extensively used in active passive detection of ships and

submarines, seismic studies, communications andsicotomography. The high sensitivity to the

propagation of acoustic signals with frequenciesvben 1 Hz and 20 kHz is one of the most
important properties of the oceans and unlike yge$ of electromagnetic radiation, can gather a
significant amount of information on large-and drsable marine. The main objective of the

underwater acoustic models is to simulate the matan of acoustic wave, for a wide variety of

cases, thus providing the most important featureshis phenomenon. When it comes to the
environment of "shallow water", which limits someodels, the acoustic propagation becomes
extremely complex due to several mechanisms ta@at#i present and the intense interaction of the
acoustic signal at the top and bottom. This papas @& present a model of acoustic propagation in
shallow water, and the simulation using a Toolboxrf MatLab software of a particular case of

propagation.
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1 INTRODUCTION

The ocean acoustics is the science of sound irs¢heand covers not only the study of
sound propagation, but also its masking by the pimema of acoustic interference (Maia,
2010).

One of the most important properties of the ocdassin their high sensitivity to the
propagation of acoustic signals with frequencietharange of 1Hz to 20kHz that, different
types of electromagnetic radiation, bring togetheignificant amount of information on the
marine environment (Rodriguez, 1995). Another redso the practical interest in acoustic
propagation in the ocean is the distance the smamdspread, reaching several hundred
kilometers.

Some properties of the seabed, such as the prapagspeed and compressional
attenuation, density, among others, contributehto dpread in shallow waters significantly,
making it interesting to perform a quantitativeresttion of their values.

The underwater acoustic models are designed tolaiencritical in a variety of cases, the
acoustic wave propagation, thus enabling the ptiedicof the characteristics of this
phenomenon. A number of limitations are inherenthiese models and may have to do with
the description the medium in question (depth viama means of two or three dimensions,
etc.). As to the description of the dispersion,ahihtan be caused by various reasons (surface
irregularities, presence of substances derived frataral or artificial, and so on).

2 THEORY OF WAVE PROPAGATION

2.1 The Wave Equation

The wave equation can be deduced from the prirgipiehe mechanics of using the state
equations of continuity and motion (Kinsler, et, d1982). For fluid media, the equation of
state relates physical quantities that describéhenodynamic behavior of the fluid

P- PO = ﬁM (1)
0
where P is the instantaneous pressure at a poRtis the equilibrium pressure in the fluid,
[ is the adiabatic modulus (coefficient of thermapamxsion of fluid), o is the density
instantaneously at one point ang}, is the density of the fluid balance.
In terms of sound pressupeand condensatios) the Eq. (1) can be expressed as

p=pBs )
where p =P - PF,is the sound pressure asd % is a condensation point.
0
The restriction is essential for the condensasionust be very smaIIH <<1 (Kinsler, et

al., 1982).
To relate the motion of fluid with its compressionexpansion, we need a function that

relates the velocityl of the fluid particle with its instantaneous deysit.

It is considered an infinitesimal element of flmidlume, fixed in space. The continuity
equation relates the growth rate of mass in thaime element with the mass flow through
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the closed surface surrounding that volume. Sitheeflow must be equal to the rate of
growth, we obtain the continuity equation.

§+DU:O (3)
ot

The equation of motion relates the acoustic pregswrith the velocityU instantaneous
particle, for a viscous fluid and not adiabaticthe effects of viscosity of a fluid despised.
That way lies the Euler equation (force equatian)simall-amplitude acoustic phenomena.

ou
= = 4
o ot p (4)
From the above equations, rearranging the ternesdhe linear wave equation:
1 1 d%p
pllU—Up|—-——— =0, 5
° EEIOO :| c? ot? ®)

This equation is the starting point for developihg physical theory of sound propagation
from the implementation of methods with which tloeirsd pressure is calculated if the initial
distribution thereof, in the middle is set andaohditions are imposed contour, determined by
the geometry of the environment (surface and botbbrthe sea and obstacles). The initial
conditions are essential in all problems, referspecific disorders that cause the soud
propagation.

2.2 Harmonics Waves

Wave whose time variation is harmonic function €siocosine or linear combinations) are
produced by many sound sources. Thus, the solafi&q. (5) can be represented as follows:

p=Pe“, (6)

whereo is the angular frequency of the source.
Substituting this expression in (5), we obtain:

0o EELD(Pei“‘)}—iZ(wZPeW) =0. 7)
Po C

Replacingw?/c® for K? , K being the wave number, and simplifying this eumtwe
obtain the Helmholtz equation, or of the acousi@wavequation in frequency domain:

0o [Ei DP} -K?p=0. (8)

Lo

For convenience, in order to keep the same symisad until now, this equation is written
as:

1
0o [Ep—mp}—sz:o. (9)

0
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2.3 Physical and Chemical Properties

The underwater acoustics is influenced by physacal chemical properties of the ocean,
primarily by temperature, salinity and density.

The greatness that is more important, with resgmettie propagation of sound at sea is the
temperature, which influences the density field #meir stratification in the distribution of
nutrients and biological mass.

The salinity expresses the amount of dissolveds sait the water, affecting the
compressibility and hence the propagation speatafid, refractive index, freezing point and
the temperature of maximum density.

The density of sea water is responsible for therdstdtic stability of the oceans. It is
important to study the dynamics of the oceansnedlorizontal variations can produce very
strong currents.

Related to this property is the compressibility,ichhexpresses the changes in volume,
depending on the variations of pressure. Througtieitermine accurately the density and the
propagation speed of sound, which is given by dtlewing equation (Etter, 2002):

c= |— (10)

wherec is the speed of soungd,is the coefficient of compressibility, the specific heat of
water and the densipy

2.4 Speed of sound

The main quantity considered in sound propagasdhe speed of sound, depending on the
compressibility and density of the medium. Therefat varies at each point of the ocean,
every instant of time, because the dynamics ofriaine environment. It is obtained by
empirical models that describe a function of theapeeters of temperature, salinity and
pressure (depth). The stratification of these patars leads to stratification of speed, which
entails the existence of typical profiles. One bé tformulations applied in science is
developed by (Mackenzie, 1981):

C =144896+ 4591 — 5304*1072T2 + 2374*107*T3 + 1304S-35) +

11
1630*1072D + 1675*107' D2 - 1025*10 °T(S-35) - 7139*10 *TD? ah

wherec is the speed of sourfah/s), T temperature°C), salinityS(psu andD the depthrf).

According to expression (11), we observe that theed of sound increases with the
increase of any of the three parameters, and textyser the determining factor. Because the
operation of sonar equipment to give, usually ihalw water", the effect of pressure
variation is very small. As for salinity, due toridions in the open ocean are small, the
influence of this parameter is also small, exceptfeas near river mouths, where the salinity
becomes a factor.

The distribution of velocity profiles varies frontean to ocean and for different seasons.
Basically, a sound speed profile (Figure 1-b) ite@rely dependent on temperature profile
(Figure 1-a), which can be divided into three adbit tiers, each with distinct characteristics.

Just below the surface lies the mixed layer, apprately isothermal region, where the
speed is influenced by variations in surface hgadimd sea by the wind and the base is called
the depth of the mixed layer. As this layer is cletgrized by a temperature profile
approximately constant, the velocity increases wdépth due to increased pressure. The
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second layer is called the main thermocline. I tieigion the temperature decreases rapidly
with depth, causing a strong negative gradientalginbelow the thermocline and extending
to the bottom, lies the deep layer, characterizethb constancy of temperature and increase
the speed of sound due to the increase of predsutieis layer, the velocity profile is nearly
linear with a positive slope.

Temperature Speed of Sound
-

Deep Mixed Mixed Layer Sonic Layer

Layer —T— Depth

Thermocline

S

|

Sonic layer

Deep
Deep

Deep Layer

Ve

(a) (b)

Figure 1 (a e b) — Relationship between the pefifetemperature and speed of sound for deep water.

2.5 The Surface and the Deep Blue Sea

The surface of the sea, in addition to being réflecit is also spread from one interface
sound, because as the surface roughness (spenitieins of wave height) is increasing with
the wind, the reverberation and reflection lossles,attenuation bubbles and the turbulence
and the generation of high-frequency noise duee® onditions begin to influence the
acoustic propagation (Etter, 2002).

If the ripples on the surface are very small, thisrface is flat and behave as a free surface
(pressure release), responding as an ideal orgbeefdector (Xavier, 2005).

Similarly to the surface, the interaction of soumdith the background affects the
propagation and reverberation due to losses iratdin, the attenuation due to the porosity of
the sediment and the generation of low frequendcyendue to seismic activity.

These effects, however, are more complicated tcabmilated due to varying composition
and laminated to the bottom, which ranges from hac#t to soft mud. They are also included
abrupt changes in density and speed of sound (2@6ép).

The bottom topography can also be very variableragded, which in certain cases, blocks
the sound propagation, causing the appearanceaofoshareas. In general, the higher the
frequency, greater sensitivity to the roughneghefsignal.

The modeling of the interaction of sound with tleekground depends on the availability
of techniques to estimate the geoacoustic profitech can be characterized by the effective
depth of penetration of sound and its speed, deasi the coefficients of compressional and
shear attenuation for each of these layers. Thesphysical parameters can be obtained
precisely by means of inversion techniques basedhenpropagation losses obtained by
acoustic propagation models (Etter, 2002).

In practice, due to high costs of experimentalktestd lack of environmental data acquired
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in a controlled manner, proceeds to the calibrabbmumerical models, which consists of
estimated values of the parameters of the fundobyparing the signal intensity measured at
direct path and the result obtained computatiorthligugh the numerical model.

3 SHALLOW WATER

The ocean environment limited by the surface ameéetahe seabed is known by the term
"shallow". An important feature of this configuiati is to allow the trapping of sound energy
between these two interfaces and also enablesadpagation of sound over long distances.

The existing criteria for defining the regions dshallow" is based not only on the
properties of sound propagation in the medium, rbainly in the frequency of the sound
source and the interactions of sound with the bakgl, resulting in a ratio linking the
wavelength with the dimensions of the waveguide.

Second (Katsnelson, 2002) under the acoustic pdimtew, a region can be classified as
being shallow if the ratio below is met:

2 H?
re>> T (12)
wherer is the distance between the source and recéividre depth of the channel ahthe
wavelength. If the relation (12) is not met, thgioa is said to be "deep water".
This relationship comes from comparing the numbermmdes present in an ideal

waveguide, which is given bym =%, provided by the Theory of Normal Modes and the

maximum number of rays to the same chanlma'I:%, given by the Theory of Rays. If the

relation (12) is confirmed, the number of rays edsthe number of modes and the energy
associated with each mode exceeds the energy lofoezen. This condition occurs in regions
of shallow waters of the ocean to sound signalk Wwéquencies lower than 500Hz.

Moreover, according to the hypsometric criteriont€E 2002), related to the depths, we
define "shallow" as the waters of the continenitei’s Due to the depth of the platform along
the slope, to be approximately 200m, the regionssbéllow" are defined as having depths
less than 200m.

Moreover, ocean areas beyond the continental shalbbe considered "shallow" when the
propagation of a signal with very low frequenciggiven by numerous interactions with the
surface of the signal and background.

In practical terms, for a given frequency, are adgred "shallow" regions in which the
boundaries and reflective paver great influence tioe propagation and the energy is
distributed in the form of a cylindrical divergenagetting trapped between the surface and
bottom. It is valid the relation: r > 1D

3.1 Sound Propagation in Shallow Water

The main characteristic of sound propagation irallskv" is the profile setting the speed of
sound, which usually has a negative gradient orceqpmately constant along the depth. This
means that the spread over long distances due aéxrdsisively to the interactions of sound
with the bottom and surface.

Because each reflection at the bottom there isrge lattenuation, spread over long
distances is associated with large losses of acaersergy (Etter, 2002).

The emission frequency of the source is also amitapt parameter. As in most regions of
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the ocean bottom is made of acoustic energy abwprimaterial, this will become more
transparent to the energy in waves of low frequesyavhich reduces the energy trapped in the
waveguide. Thus, the lower the frequency, greataepation of sound in the background and
therefore, the greater the dependence of propagaitio relation to the geoacoustics
parameters. At high frequencies (> 1kHz), sengytito the roughness of the interfaces and
the marine life is greater, resulting in a greafmead, a lower penetration of the bottom and a
larger volume attenuation (Xavier, 2005).

So, spread over long distances occurs in the rahgeermediate frequencies (100 Hz to
about 1 kHz) and is strongly dependent on the depth the mechanisms of attenuation.
Figure 2 shows the attenuation of sound absorpticseawater as a function of frequency.
According to (Etter, 2002), the dependence witlquency can be categorized into four major
regions, in increasing order of frequency: absorptin the background, the boric acid
relaxation, relaxation of magnesium sulfate andosgy.
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Figure 2 — Absorption Coefficients for sea watettdE 2002).

4 ACOUSTICS MODELS

The development of modeling techniques in undemvateustics began in the 40s as a
way to achieve the improvement of sonar systemstlaeid evaluations, during the Second
World War, in support of naval operations.

According to (Etter, 2002), an acoustic model iecaphysical or analytical when it
represents the theoretical conceptualization opthesical phenomena that occur in the ocean.
The mathematical models include both empirical ngdéose based on experimental
observations, the numerical models, those builmfrthe mathematical representation of
physical ruler. It also defines a third type, cadltee reduced models (analog models), defined
as controlled trials acoustic test tank with the akappropriate scale factors.

The acoustic models can be classified into threadicategories: Environmental Models,
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Acoustic Models Core, Sonar Performance Modelss Haper focuses on case study of a
Basic Acoustic Model: The Method of Normal Modes.

4.1 The Method of Normal Modes

The study of the Normal Modes Method begins by ypplthe concept of vibrations in an
idealized ocean model, where the medium is homagendounded above by a surface free
(pressure release) and below by a perfectly flsk,divhere the reflections are specular, the
propagation speed of sound is constant and soundsnae considered flat. Figure 3.2 shows
an excerpt of this model and the propagation of omnle pulse of sound. In it, the red wave
front, high pressure, it focuses on the free setfeeflects and reverses the phase, returning as
a front of low pressure (green line) on the envinent. The reflectance at the surface is then
-1. At the bottom hard, because this resist conspyas the wavefront incident reflects
without reversing the phase, if the wave front coag high pressure, as it reflects a high
pressure front. The reflectance of this interfacé.i The direction of propagation defined by
the sound beam is normal to the wavefront and pipar@nt horizontal velocity is given loy
sind, ¢ being the speed of sound propagation and theencelangl®, measured between the
normal to the interfaces and the radius sound

csing

Free Surface

Hard bottom

Figure 3 — Reflection of plane waves in an idealegaide

The pressure field is confined between the fredasar and rigid bottom and its
establishment is the depth of the channel conditalitow for adequate reflection of the rays
with incident angles items related to the frequeoicthe excitation source. Figure 4 presents
four waveguides with different depths, which satishe conditions for confinement in
discrete ways. All other parameters such as speedund, the frequency of the source, the
density of water and the surface characteristicskatkground are constant and equal for all
channels. Highlights are shown variations of thelgode of sinusoidal pressure with depth.
The nodal points, pressure points are locatedenz#éro crossing of the pressure curve with
the axis of depthzf and antinodes correspond to those points whesspre is high or low.

Figure 4 — Trapping modes for waveguides of vaealdpth, excited by a harmonic source. The grapbs the
highlighted horizontal pressures due to depth (Xa2005).
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Each normal mode of vibration is formed only fagigen frequency at a particular angle of
incidence. For the analysis of Figure 5 can be #le@nthe angle of incidenca, is given by
6 = arccogA/4h) for the first mode and

1

_ Al =2 m=
Hm—arcco%Zh(m Zﬂ,m 123... (13)

for other modes.

la—— 2/(2sind) e

depth 1" mode

Propagation
direction

Figure 5 — Geometry to obtain the relationship leetwthe incidence an@ethe. Wavelength and depth h for
the mode number (Xavier, 2005).

It is important to note that due to the orientatidrnwave fronts in relation to the borders of
the channel, the speed of propagation of the mtenice pattern of pressure for each mode,
known as group velocity (apparent) will be giventhg expression:

u, =csind,_, (14)

known as dispersion relation, wheres the speed of sound propagation or phase vglocit

If 6 tend to 90°, the wave fronts will have a virtualgrtical alignment and be propagated
to the next phase velocity, This only happens when the frequency of excitaisovery high.
On the other hand, if the excitation frequency ddsamatically, so that the depth of the
channel is approximatel4, 6., tend to 0° and the wave fronts will have an aligniralmost
horizontally forming standing waves that are rea#elccontinuously in the background and
surface. The group velocity in this case is voithisTfrequency is known as the cutoff
frequency for the nth mode, because for a frequéetyw it, the mode ceases to exist. For
frequencies above the cutoff frequency, the projpagaoccurs for a specific angle of
incidence ¢m) and their respective group velocityg).

How many ways are spreading, each with its groupcitg, the pressure field will consist
of the superposition of the sound pressure duath enode. It is worth mentioning that the
source depth also plays an important role in eistaibg the magnitude of the pressure field
and even in existence in certain ways, becauseisource is positioned at a nodal point, the
way they have this point will not exist. To obtan excitation maximum for a particular
mode, the source must be placed in one of the aies The dispersive character of the
spread can be determined experimentally by anabfsibe sound produced by an explosive
source, which contains a very broad spectral b&0dHz to 2 kHz). In the vicinity of the
detonation, the sound heard is quite serious. gions distant from the sound you hear is a
sine pulse duration of about 1s, initially acutéhvwa frequency of 2 kHz and serious at the
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end, often a few hundred Hz This is because at fiegfluencies, the group velocities of the
modes are grouped near the phase velocity, whaldatlv frequencies sustain fewemodes
and group velocities for decrease. Thus, the high frequency componentsawille before
the low frequency components.

4.2 Mathematical model for a True Channel

In the theoretical model of Pekeris, representgajres often found in nature, composed
of sedimentary layers laminated, roughly paraltee interfaces are considered flat and
parallel and act as a reflection horizons.

4.3 Characteristic Equation in Stratified Media

Initially, it presents the characteristic equatifam a generic stratified media for later
presentation of the characteristic equation appbetie theoretical model of Pekeris.

Represents a stratified media is so generic, fophgsical model consisting of a
homogeneous fluid layer, bounded above by a hot@dgnstratified medium with a
coefficient of reflection, and bounded below by a half, also horizontallgtgted, with the

coefficient reflectiond ; , as shown in Figure 6.

Top - Rs
z=0— .

Bottom- R:

Figure 6 — Stratified generic media

Knowing that the solution of wave equation consisdtghe product of two factors, one
dependent only on the depth and horizontal distdroza the other, the first factor can be
described as resulting from the interference of plame waves, one propagating upward and
the other down according to the equation below:

Yz) = Ae"V? + Be /Z (15)
where A and B are constants to be determined bgdsry conditions and initial.

Umpiring is the positive direction afaxis down, the first term of the right corresponals
a wave propagating upward and the second term a p@pagating down.

As the reflection coefficient at the surface is defined as the ratio between the incident and

reflected waves on the surfa@s=(0), it is expressed by:

_ Ber? B

ST A T A
z=0

H (16)
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Similarly, at the bottomz(= h), 0 is given by:

iyz ]
0 =Sl =ge an
Be z=0
Relating Eq. (16) and (17) gives:
_ 1 o _ ,
Df‘gse L 00" =1_1-00,e"=0 (18)

In the case of an ideal channel, we have that -1 and O; =1. Substituting these values
in Eq. (18) arrives in the expression:

1+e?" =0 (19)
Transforming the exponential in its trigonometiocrh, Eq. (19) becomes:
cos2yh) +isin(-2yh) =-1. (20)
By the equality of complex numbers, we have that:
cos-2yh)=-1andisin(-2yh)=0. (21)
From Eg. (21) gives:
7 =w,for m=123,.... (22)

4.4 Pekeris’ Model

Once defined the characteristic equation for gérstratified media, the same applies to
the physical model of Pekeris, composed of a homeges liquid overlying an
unconsolidated sediment layer (absorber) and fsddtiwith flat and parallel interfaces.
Knowledge of the solution to this model, illusttm Figure 7, is the basis for modeling
more complex environments.

Free Surface p=0 .
z=0 -
Source
(0, z5) _
Water ( p:, €1) @ Receiver
(r. 2)
z=h

dp/dz=0
Absorber Bottom ( p2, ¢2)

Figure 7 — Physical Model of Pekeris

In this model, the final equation for the presstiedd is then given by the following
equation (Xavier, 2005):
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p= pexp(i gjr Y 00Sn(20) Sn(2) €XH(=3, 1 =ik, ) . (23)

wherem is the total number of modek,is the horizontal wave numbes;, are the eigen
functions, qn is the rate of excitation modes add is the term attenuation estimated by
calibration with experimental data.

5 NUMERICAL SIMULATION AND RESULTS

The propagation model based on the theory of nomule functions used in this work
was the KRAKEN program, which is part of the ToolbdcTUP v2.2 & - Acoustic Toolbox
User-interface & Post-processor to Matlab R2006&lathworks, from Centre for Marine
Science & Technology, University of Technology @urin Australia, developed by Michael
B. Porter (Maggi, 2006). In this Toolbox, the cortgiional techniques are divided into
various methods of acoustic propagation. Among ehesethods can be highlighted:
BOUNCE & BELLHOP, KRAKEN, RAM, RAMGEO.

The program calculates the Transmission Loss (Tug tb discrete modes, those that
propagate only by undergoing total reflection.

The ocean is modeled as taking a fluid layer, witound velocity profile on an arbitrary
infinite half-plane uniform. In this simulation, weave Waveguides with Flat Bottom and
Parallel and two propagation modes.

This model consists of a layer of water 23 feetpd®@ath constant velocity, superimposed
on an infinite half-plane sedimentary also con®defluid, with speed of propagation of
sound and density constant. The emitting sourpenstual and continuous unitary amplitude.

The model has the following characteristics:

- Layer netc;=1508 m/sp;= 1033g/mi and width = 23 m;
- Sedimentary layec,=1689 m/sp,=2066g/n;

- Source: 147.8 Hz, located 10 m from the surface;

- Receiver: positioned 20 m at the surface;

The following figure shows the transmission los@danction of horizontal distance from
the model described above. This first simulatios warformed using the program KRAKEN.

KRAKEM- Default run parameters: =147 .8Hz, £5=10m, Z=20m

)

b
=

th
]

o
[

Transmission Loss (dB

=]
=

| 1 | | | | | | 1
0 1000 2000 3000 4000 5000 6000 VOO0 8000 S000 10000
Range (m)

Figure 8 — TL curves for distance, obtained byKRAKEN model.

Other tests were performed using the other progiarttee package ACTUP. They use the
method of parabolic equations (PE), from the dgumlent of the Padé approximation, whose
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accuracy increases with the number of terms instreges. The next figures show the results
obtained with the BELLHOP method, simulated in thisrk, and the results obtained by
(Xavier, 2005) using the RAM method.

BELLHOP- Default run parameters: =147 .8Hz, Z5=10m, Z=20m

[
[

=
=

[mn]
[

Transmission Loss (dB)
]
=

'“:":l | | | | | | | | |
a 1000 2000 3000 4000 5000 6000 7000 s000  S000 10000

Ranga (m)

Figure 9 — TL curves for distance, obtained byBEt HOP model.
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Figure 10 — TL curves for distance, obtained byRi#é/ model for (Xavier, 2005).

The results obtained with the KRAKEN and BELLHOPthwoels are very close and follow
a pattern of transmission loss in accordance with horizontal distance. The KRAKEN
method uses the method of normal modes, while tBeLBIOP method uses the boundary
element method to obtain the transmission losspiiedifferent methods, the results follow a
similar pattern. The RAM method, used in (XaviddP3), is based on the approximation of
parabolic equations (PE) and uses the approacthdyerms of the Padé series. For this
method the scale of the figure was increased ttuateathe behavior of transmission loss up

to a distance of 4 km. It is observed that theifigd of this study are close to those results
obtained in the literature.

6 CONCLUSIONS

This paper presented a review on the modeling ofistec propagation in shallow water,
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using the Normal Mode Method, applied to the mdekteris. Besides this method, we used
the method based on Boundary Elements and thetsegsate compared with those obtained
by the literature.

It appears that the results of transmission losseases with the horizontal distance of
propagation. There was analyzed the transmissgswath depth in this work.

The simulation results are very close to the resalitained by (Xavier, 2005) and and with
that, we have that the methods are valid and cappked to other cases.

From these results, we can expand the applicafittreanethods to other problems such as
underwater acoustic propagation, sloping bottomeetayers, among others.

All methods used in this study are suitable fossar. As future work, we propose the
modification of parameters in these methods so thay can be used for simulation of
acoustic propagation in rivers. This is the submfctny doctoral program, which is being
developed at the (Universidade Federal de Minaai§er
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