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ABSTRACT

In this work, the influences of various environmenta scenarios on the bottom
interface and volume reverberation in shdlow water were numericdly andyzed. Based
on dmilar modding reverberation geometry defined in previous works, the numerica
analyses were conducted for broadband pulse signas to generate complex reverberation
dructures in the time-domain. The reverberation modd used is based on the wel-
documented Parabolic Equation (PE) approximation. The environmentd scenarios are
divided into three main categories. They incude different sound speed profiles, different
levels of bottom interface roughness and different bottom volume fluctuations.  While
one category is being andyzed, the other two are held condant.  The various andyses
include broadband two-way reverberation levels comparisons, vertica correaion
anayss and power spectra analyss.
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l. INTRODUCTION

As the Navy expands its operations towards the littoral region, the ability to
accurately characterize reverberation in shdlow water becomes extremey important.
Shdlow water reverberation affects active sonar systems, impacting the performance of
underwater detection and tracking systems, as wdl as acoustic communications.  The
primary mechanisms creating shalow water acoudtic reverberation are the propagation,
the bottom interface and sub-bottom fluctuations, and the rough sea surface.

In the early 1990's, the Office of Naval Research (ONR) sponsored a multi-year
reverberation program known as the Acoudtic Reverberation Specid Research Project
(ARSRP). The main god was to study the primary causes and nature of acoudtic
reverberation in the deep ocean. The area examined was near the Mid-Atlantic Ridge, an
area where the bottom is covered mostly by highly variable topography and hard rock
dructures.  The results from the experiments showed that the predominant mechanism
for high reverberation levels was the interaction of the propagatiion with the bottom
interface topography, with harder rocks generating higher scattering levels than softer
sediment ponds.  To a great extent, the generd structure of the reverberation coincided
wel with the predicted two-way transmisson loss, with high reverberation returns
occurring a areas where the acoudtic energy interacted strongly with the bottom.  This
implied that much of the long wavelength daidics of the acoudic energy could be
predicted by using propagation modeling.

ONR has recently sponsored another reverberation study within a program
codenamed ASIAEX, to record reverberation signas and collect oceanographic data in
the shdlow waters of East China Sea. In contrast to the deep ocean reverberation
experiment, the seebed of this littord region has a much smoother, softer and more
penetrable bottom layer such as sand or mud, covering a harder sub-bottom layer of

coarser sand, gravels or rocks.

For the past few years, thesis work by previous students™!? was focused on
examining the shdlow water bottom reverberation usng the Monterey-Miami Parabolic
Equation (MMPE) propagation mode.!!  The MMPE mode was first developed by

1



Smith and Tappert in 1994. Since then, the MMPE modd has been further improved to
include bottom interface and volume perturbations in order to creste more redigic
environmentd models. The inteface perturbation is smply a spatiad displacement
perturbation while the volume perturbation involves both sound speed and densty
fluctuations within the sediment.

The previous work modeled a 16-edement vertica line aray (VLA) geometry to
support monodtatic and bidtatic (vertical separation) reverberation computation in a
shdlow water environment. The eement located a 48m was chosen as the source with
dl 16 dements acting as receiver. The previous environment was a 100m isospeed water
column with a dngle water/bottom interface. The bottom was modded with an interface
root-mean-square (rms) roughness of 1Im and a 15m/s rms volume sound Speed
perturbation. With the geometry and environmentd parameters defined, severd
reverberation analyses were then conducted to compare perturbed data with and without
dengty fluctuations in the environment for both continuous wave (CW) and broadband
ggnds. The andyses incduded reverberation pressure leve compaisons, vertica
corrdation analyss, pesk corrdation andyss and spectrd andyss. Some of the

ggnificant results were asfollows

The influence of volume densty fluctuations was to reduce later reverberation
levels rdldive to earlier leves but did not affect the Structure sgnificantly.
This was due to the direct corrdation between volume sound speed and
dengty fluctuations used in the model.

It was noted that the CW anadlyss was unable to capture coherent structure of
the volume reverberation pressure level due to the inability of CW to resolve
multi-path influence.  Therefore, the pesk verticd corrdation andyss was
vaid only for broadband pulse computations.

The pesk vertica corrdaion anayss suggested that the volume reverberation
decorrdated across the verticd aray more rapidly than interface
reverberation.  This was presumably due to multi-point/multi-depth  scatter
contributions of the volume producing more verticd dructure than the

interface.



Spectrd andyss of both CW and broadband pulse caculations suggested that
response of the interface reverberation has a dope on the order of —0.125 for
both CW and broadband data However, the volume response showed a
steeper —0.75 dope for CW and —0.25 dope for broadband signals.

Taking into condderaion the findings obtained from previous work, the objective
of this theds is to examine the influence of various environmentd profiles on the
character of the predicted bottom reverberation for broadband signds. The MMPE
modd was used to generate the bottom reverberation data, usng the same 16-dement
VLA reverberaion geometry defined previoudy. The MMPE mode application program
used is named “MMPEREVERBDENS2’ and is written in the FOTRAN programming
language. The environmenta modds used include different sound speed profiles and two
bottom interfaces (water/bottom interface and bottom/sub-bottom interface)  with
different interface roughness and volume perturbation. The sound speed profiles were
based on data taken during the recent East China Sea portion of ASIAEX, while the
bottom and sub-bottom characterization were based on preliminary reports of the geo-
acoustics of the regio®.  Signd procesing and andysis in the time domain were
performed usng MATLAB. Data comparisons were made then with reference to
reverberation results generated using an environmenta profile typica of a shdlow water

region.
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II. NUMERICAL METHODSAND IMPLEMENTATION

A. REVERBERATION THEORY

Reverberation arises from the scattering or re-radiation of the transmitted sSgnds
from unwanted targets such as marine life, bubbles, the sea surface, sea bottom and sub-
bottom fluctuations.  The focus in this thess is to examine the reverberation generated
by the water/bottom interface, bottom/sub-bottom interface and the bottom volume
fluctuations in shdlow water. The sea bottom interface variability ranges from smdl
features producing Bragg scatter to large features such as sea mounts and pinnacles
producing mostly specular reflection of larger wavelengths.

The theoreticd principle of the scatering mechanism is the same for both
monogtatic or bidatic reverberation. The theoretica treatment will only focus on the

monodatic mode dnceits numericd implementation issmpler.

In decibe units rdaive to 1 nPa and reference length scae of 1 m, we define the

mean reverberation pressure level, RPL, as

é/|p2[\u fA o

~ [P\~ eDA u
RPL =10log € @ L,J:SL+DIT+DIR+1OIogé;"2"u- RL,, (2.1)

&\ P« /4 éR 0
where SLis the source level, DI, is the directivity index for the tranamitter, DI is the
directivity index for the receiver, DA is the ensonified aea in the horizontd direction,
R, is the reference distance, and RL,, isthe reverberation loss per unit area for either the

bottom interface or the volume.



1 Bottom Interface Scattering
The reverberation loss for the bottom interface is defined by!™

RL, =2TL, - S (2.2
and
€ K2 ac s u
=10log &—c—+ W,(2k))U, (2.3)
S 32 T ( ko)H

where TL, is the average transmission loss (based on long wavelength components) from
source to the scattering patch at the bottom, S is the full-wave scattering strength due to
the smal-scale interface roughness, Kk, is the wavenumber, ¢, is a reference sound speed,

Dc is the difference in sound speed between the water and the bottom &t the interface, and
W, (2k,) is the two-dimensond (2-D) spectrum of the interface roughness evauated a

the Bragg wavenumber for monostatic reverberation.

2. Volume Scattering
The volume reverberation loss cannot be expressed amply in terms of the two-

way transmisson loss but indead must be the integrad over depth of the quantity
2
<ﬁ(r,z)|y (r,z)|2> a each range r, where A(r,z) is the approximate refractive index

based on only long wavelength perturbation, and y (r,z) is the fidd function of the two-

way propagation (as defined in Eq 2.11). The reverberation loss for the volume is then
defined byt"!

61 ¥ 0
RL, = - 20log &= O Ar.2 (r.z)’dza- S, (2.4)
érzh+h| g
and
é k2 0
=10l0g g2 2k.) 0, 25
S QW\MS( o)H (2.9)



where §, is the volume scattering strength, W, (2k;) is the 2-D horizontal spectrum of

the volume fluctuations, which is assumed horizontdly isotropic and independent of
depth evaluated at the Bragg wavenumber.

B. MONTEREY-MIAM| PARABOLIC EQUATION (MMPE) MODEL

The parabolic equation (PE) method is a popular numericd gpproach for solving
the acoustic wave equation. The MMPE Modd® is based upon the parabolic
gpproximation of the wave equation and, therefore, a brief description of this gpproach
would be ussful.

We dat by representing the time harmonic acoudtic pressure fiedd defined in a
cylindrica coordinate system and assuming azimutha symmetry,

P(r,zwt)=p(r,z)e™. (2.6)

Cylindrical coordinate is chosen because the shdlow water sea can be portrayed as a thin
waveguide on the surface of the earth. Azimuthd symmetry is assumed because the
ocean environment tends to exhibit wesk azimutha dependence. Subdtituting Eqg. (2.6)
into the wave equation in cylindrica coordinates leads to the Hemholtz equation,

W2

NZp(r,z) + ~p(r,2)=0, 2.7)
,Z
where
2
NI i 2.9)
rqr 9qr 9z

The Hdmholtz equation can be factored by introducing the operator notation

1
2

Q, =(m+e+1)?, (2.9
where
2
e=n?-1, n=% ad m:izﬂ—z, (2.10)
c kS 1z

and ¢y isthe reference sound speed typica of the ocean volume.



Taking into consderation the effect of cylindrica soreading, and proper factorization of
the Helmholtz equation, the acoustic pressure may then be defined as,

p(r.z)= FL\/?Q;J”V (r.2)e"", (2.12)

wherey (r,2) isthe envelope function or PE field function. The parabolic equation for the
field function is then defined by

%:-ik{y +ik,Quy =-ikHgy | (2.12)

where

He =1- Q, (2.13)
is a Hamiltonianlike operator which defines the evolution of the PE fidd function in
range.

The relationship between vauesof y at different ranges can be defined by
y (r+0r)=F(r)y (r), (2.14)

where F (r) is a propagator that marches the solution out in range. The MMPE modd
employs a solit-step Fourier (PE/SSF) method!® to provide a representation of the
propagator F (r). This method is utilized primarily because of the speed and smplicity of
the PE/SSF method. With the Fast Fourier Transform (FFT), the PE/SSF implementation
can be represented by

-k By (r+Dr 2 i kDt - ik 2 op(12
y (r+orz)=e 2 T prT e ke S8 2 (1 ), (2.15)
f e 2
where
Uy, =-[n-1] (2.16)
and
& 201/2
2 e ak 0 U
T,=1-@-c=2:0 . (2.17)
g ékojy



C. IMPLEMENTATION OF THE REVERBERATION PROBLEM IN MMPE
Having described the concepts of reverberation theory and the MMPE modd, we
will now focus on the theoretical trestments for generating perturbation to both interface
roughness and volume sound speed, including the influence of dendty fluctuations of the
volume. The incorporation of these effects into the MMPE modd is dso discussed. The
theoretical bass for modeling the interface roughness is based on the work of Goff and
Jordon,'®  and the development for the volume perturbation theory is based on

Y amamoto’ s work.[”]

1 I nterface Roughness
We assume a two-dimensiond (2-D) interface spectrum of the form™!

Wyk)=—"  and k, =-/KZ+ 7, (2.18)
L+ 12, k)%
where k; is the horizontal spatia wavenumber vector, mis a normdization factor, Leorr IS @
corrdation length scde, b is the spectra exponent and K and L ae the horizontd
wavenumbersin the x- and y-directions, respectively.
If the 2-D gpectrum Wh(k;) is assumed to be independent of direction (isotropic),
then the normdization factor m can be defined in terms of the root-meansquare (rms)

roughness s 2 by requiring

¥
20 P (k )k dk, =s?, (2.19)
0
which leads to
m=18 18 z2 (2.20)
p 2

We amply evauate Wa (k) at k,=2ko for the scattering amplitude since it is caused
by Bragg scater (evaduated dong the line of propagation for monodatic reverberation).
However, for the long-wavelength interface roughness, we need the full spectrum, i.e. the
one-dimensond (1-D) spectrum dong the x-axis. This can be done by taking the 1-D
transform of W»(K,L) dong adice a y=0, defined by

9



¥

W(K) = g, (K,L)dL . (2.22)
-¥
In cylindrica coordinates, we have

¥ k _£+i
Wi(K) =20 —===W,(k )dk =05 "L, (1+15,K?) ? 2, (222)
1 b krz _ K2 2

where

g% : 196%%96?%- =2
£ ece=s 28 (2.23)
ab o
PGc—=
&25
In order to generate a 1-D roughness redization from Eq. (2.21) or Eqg. (2.22), we
transform the 1-D amplitude spectrum that has been scded by a random amplitude and

phase. That means we can define the roughness redization as

g:

h(x) = Oi S(K)E¥dK (2.24)
where
S(K) = [W (K72 A(K) e (2.25)

and A and g are random numbers for al vaues of K. The random phase and amplitude of

each component can be obtained from Eq. (2.26) and EQ. (2.27), respectively

q=2pr (2.26)
A:J- In(r,) (2.27)

where both r; and r, ae independent uniformly digributed random varidbles in the

interva [0,1]. In practice, we Smply use

W(K) = (1+ 2, K?) o (2.28)

corr

h(x)
<h 2 (x)>

and rescde the result by itsrmsvalue, i.e. n
2
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2. Volume Sound Speed Fluctuations
The sediment volume sound speed perturbation may be modelled by a three-
dimensiond (3-D) volume spectrum given byt

2
W,(K,L,M) = bL “B

(LZ(K2+ 12) + MZ)' %'1, (2.29)

where B is the gpectral strength congtant, b is the spectra exponent, and L :% :% is

the horizonta-to-vertical aspect ratio describing the anisotropy of fluctuations in the
sediment, K and L ae the horizontd wavenumbers in the x- and y-directions,
respectively, and M is the vertica wavenumber.

To evduate the reverberation due to the volume perturbation, we need an
expresson for the 2-D horizontal spectrum (assuming gtrongest scattering  near
horizontdl). It is defined as

W,(K, L) = :\)\/\/3(K, L, M)dM . (2.30)

Substituting Eq.(2.29) into Eq.(2.30), we have

WK, D =PEBg 22 1) M2 7 R au 231
(0= = (8 ( )+Mm2y : (2.31)
For b =2, Eg. (2.31) can be reduced to
LB . 2 2 2 .- 3
W, (K, L) = & (K +L)H 2, (2.32)

For the vaues of B~5 10"* and L~5 chosen from Yamamoto's findings!? Eq. (2.32)
reduces to

W,(K, L) =a (K?+1?) 2, (2.33)

where

11



a =£ =5 10°. (2.34)

However, for the forward propagation, we need only the 2D vertical spectrum in
the (r, 2) plane. It can be defined by
¥ (0+2)

QBLA(K2+12)+ M2 % dL.  (235)

-¥

bL ’B

¥
WEK,M) = MK ,L,M)dL =
-¥
For b =2, Eq. (2.35) becomes

3
WEK, M) =a@g5K? + M2y 2, (2.36)
where
at=1.2510"°. (2.37)

To generate 2-D verticd volume sound speed fluctuation redizations, we define a
redization as

cd(x.2) = @5,(K, M)e“e"dKaM , (2.39)
where
S,(K,M) =[WEK, M)]2 A(K, M) i< ™) (2.39)

Notice that since we have trested the sound speed perturbation in the volume in the

vertical, we areredly generating aseries of vertical redizations a each range step.

In gmilar fashion to the interface, the 2-D random phase and the amplitude
variations can be obtained, respectively, by

q(K,M)=2rK,M) (2.40)
and
AK,M) = - In(r,(K,M)) (2.41)

where both r (K,M) and r,(K,M) are now a matrix of uniformly disributed random

numbersin[0,1]. In practice, we use

12



LA}
2

WHEK, M) p (L2K2+M?2) , (2.42)

and rescale by the appropriate rms vaues.

Egs. (2.28) and (2.42) ae the results for the interface roughness and volume
perturbation, respectively. These are the generic spectra models used in generating the
redizations for implementation in the MMPE modd.

3. Densgty Fluctuationsin Sediment
Vaiability in dengty, r, is incorporated into the PE modd by defining the
effective index of refractior®

1 €1 . el ’U
né = e (2.43)
2 0 gr 2&r gH

Conggent with the numericd treetment that assumes the environment is range-
independent over a range dep, and the fact that sediment properties are largely
horizontdly dratified, we may smplify thisto

1 el'ﬂr 3zl fr 6 U

anz n +— ——0 U.
2I<0 Ar ﬂz Zgr ﬂz@é

(2.44)

For the forward problem, the sound speed index of refraction is based only on large scde
features, such that

2
2 ® fﬁ(r,z)=% (2.45)
and
G, =¢, (1+b,+d)=g, +dc,, dg =g, (b,+d,), (2.46)

where ¢, is the mean bottom sound speed a the interface, b, :%bo is the normalized

gradient of bottom sound speed, and d, is the zero-mean random perturbation for the

long wavelength component.

13



According to the andysis of Yamamoto (1996)!"! the rdative fluctudions in
density relate to the rdlative fluctuations in sound speed according to

d_r=—2(rr- rO)%:Zg%, (2.47)

Mo 2r0-r, G G
where

- T,
2r,-r,

C=C, (1+h,) and g = (2.48)

Notice that r,and c, ae the averaged values of the dendty and sound speed in the

sedimentand r , = 2650 k%g isthe dengity of the grain. We may then write

e u
r=r,+dr = roé1+§dcu. (2.49)
e G 0

Taking the first and second partid derivatives of Eqg. (2.49) with respect to depth, z, and
neglecting depth gradientsin either c,or r,, we obtain

Ir 29,1
" ﬂz(dc) (2.50)
and
-2 T (4). (2.50)

7 ¢ 7

The sound speed fluctuation is defined by

dg =cd(x2z) = @S (K, M )" dKdm , (2.52)
where
%(K,M):quK,M)géA(K, M) kM), (2.53)
Substituting Eq. (2.52) into Eq. (2.50) and Eq. (2.51) yields
I =20 Nim)s, (K, M) e dkdMm (2.54)
1z ¢

14



ﬂzr 200 2 iKx Mz
=—=27-M“)S, (K, M)e™ e dKdM .
‘|122 G ) ( )

(2.55)

The sediment effective index of refraction can now be derived by substituting Eq. (2.54)

and Eq. (2.55) into Eq. (2.44), which becomes
W (x2) =1 (2) 5 @ (1 2) + b (x 2

where

@M ’s, (K, M) e e"“dkam

2

b (x 2) :+y2i(wsz(|<, M) e"*e"*dKdM ﬂ :

éC (X’ Z) u

These parameters will be computed in pardld with d g, in the MMPE moddl.

In the sediment, there is then the additional propagator term
iDrU, (x2)

F.(xz)=¢€ 4

where

1 N
U, (x2)=- W@(x,zﬁb(x, 2)H.-

0
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D. TIME-DOMAIN PROCESSING

The theoretical trestment of the reverberation loss for the bottom interface RLp
and the volume RL, discussed previoudy were based on CW andyss. However, our
focus here is on broadband andyss. To predict the effect of pulse propagation in time,
we need to run the MMPE modd over a spectrum of frequencies. This adlows us to treat
coherent interference effects by separating the multipath effects The time-doman
andyss of the interface and the volume reverberation will provide the generd picture of
the two-way travd time dructure of the reverberation loss. We can then determine the
reverberant field at each range step and continue the propagation through the entire water
column of interest.

1 Time-Domain Analysis of the Interface

Water Surface

Receiver Q

Solrrce

Scattering

Rottonr Patch

i 4

My

Figurel. Two-Way Return from a Scattering Patch

The geometry of a two-way return from a scattering patch adapted from Smith
and Cushmar!® is shown in Figure 1. The trave time structure of the one-way forward

propagating field at range step rny, is denoted by p.(rm,zt) wheret = T - Im s the reduced
G

timeand T is the actud trave time The two-way pressure field a the receiver is the

convolution of two, one-way fiddsin the time-domain™®!
p2— way,b(rm’t ): C\)O+Tb (rm’t) p+Rb(rm’t - t)dt ! (261)

where p,,, ad p,, ae the forward propagated pressure fields from the transmitter and

recever to the scattering point evaluated at the bottom interface, respectively. Note that

16



heaet =T —ﬁ is the reduced time of the reverberation and T is the actud travd time.
G

Furthermore, the recelver and transmitter need not be co-located in the water column. By

reciprocity, the propagated field from the recever to the scattering point, p,, IS the
same as the propagated field from the scattering point to the recaiver p g, -
The time-doman convolution of the two fiedd functions is dso the scdar

multiplication of these functions in the frequency doman. Hence, the two-way fidd in
the frequency domain from the interface can be expressed as

p2— Way,b(rm' f) = p+Tb(rm1 f) p+Fb(rm1 f) ) (262)
where
1 "
p+Tb (rm1 f ) = Ty +Tb(rm! f)é i (263)
and
1 iKor
p+R)(rm’ f) :Ty +Rb(rm’ 1:)é - (264)

The two-way travel time structure of the reverberation loss for the bottom interface, RLp ,
due to asingle bottom patch can then be defined as

0. (D) = AP, s (1 Tl (2.65)

where the constant A is included to incorporate dl the other factors needed to define
reverberation loss, RLp. This provides the two-way travel time structure due to scattering
from range r,. The cdculation is then continued for each range sep. The totd fidd at the
receiver is computed by coherently summing up dl the pressure vaues from the different
range ssgments, ry, by matching up the discrete arriva times, t,, according to

po(t) =3 Pl ), (2.66)

where p.p isthe total interface reverberation pressure recelved &t the recaiver a timet,.
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2. Time-Domain Analysis of the Volume
The reverberant field due to each depth/range point is computed by combining the

source-to-patch and patch-to-receiver propagating field, according to

Pz wayy (Tm:Z, F) =0(ry 2) Py (1,2, 1) Pog (M2 T ) (2.67)
where the two-way reverberation dgnd is computed for every grid point of interest
(z>2z, dways) a a particular frequency, f, and n(r,z) istheloca index of refraction a
the grid point. The reason for multiplying by the locdl index of refracttion, n(r,,z), isto
provide the same weighting used in the CW treatment.

Fourier trandform gives the time-domain response
P wage (aw Z) = BOPs. o (M 2 )€ elf (2.68)

The two-way travel time structure of the reverberation loss for the volume, RL,, can then
be derived from

¥

p-v(rm!t) = c\) p2-way,v(rm’z' t) dZ ! (269)

2>z,

which is the coherent sum over dl depths below the interface a range ep m. Note that
the constant B is included to account for dl the other terms needed to define
reverberation loss, RL,. The single set of time series can then be matched and summed to
gve

P, (t)=a p,(6.t). 2.70)

m=1

where p.y is the two-way time domain pressure defining the volume reverberation loss at

the receiver at time, t,,, due to the entire volume of interest.
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[II. MODELING GEOMETRY & ENVIRONMENT

A. MULTI-STATIC REVERBERATION GEOMETRY

Since the varying spatid propertties of the broadband sgna ae of interedt, a
veticd line aray (VLA) with 16 dements was chosen. The VLA will support both
monodtatic and bigatic (in the vertica) reverberation computationsmeasurements. The
array was located verticaly in the 100m deep water column and each dement of the VLA
was assumed to be a point sourcelreceiver. Figure 2 shows the VLA and its geometry
reldive to a scattering patch a a horizontal range, r. From Figure 2, we see that the 16-
dement VLA gpans the water column from 20m to 80m with 4m separation in depth
between adjacent dements. A sngle dement located a 48m depth was chosen as the
source with dl 16 dements receiving the reverberation.  To perform broadband andyss,
a center frequency of 250Hz was chosen with a 250Hz bandwidth.

4 L £20rr

Water Surface

A

16-Element VLA
(60m long)

4r

A

Mean W ater/Bottom Interface = 100m

M ean Bottom/Sub-Bottom Interface = 105m

Note : Drawing Not To Scale

Figure2.  Geometry of VLA and Scattering Paich
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B. THE ENVIRONMENTAL MODELS

The maximum propagation range is 5km. The mean bottom depth is 100m while
the mean sub-bottom or deep-bottom depth is 105m.  Hence, there are two bottom
interfaces, the water/bottom and botton/sub-bottom (or bottom/deep-bottom) interfaces.
This is physcdly representative of a smoother, softer and more penetrable bottom layer

such as sand or mud, covering a harder sub-bottom layer of coarser sand, gravel or rocks.

Seven sets of environmenta parameters are used to run the MMPE model. The
main differences between each st are the variations in sound speed profiles (SSP) of the
water column, water/bottom and bottom/sub-bottom interface roughness and bottonv/sub-
bottom volume sound speed perturbation. One of the seven profiles is a reference modd
that follows the typica profiles of what is expected in the shdlow water region. The six
other models are divided into three categories based on the differences mentioned.
Comparison of results within each category will be done with respect to the reference
mode!.

1. Variationsin Sound Speed Profiles

Six representative sound speed  profiles were obtained from the ASAEX
experiments and are plotted in the figure below. Of the sx, the two extreme left and right
sound speed profiles (SSP1 and SSP2) and the average sound speed profile (SSPAvQ)
were chosen for the modding runs. The SSPAvg is used in the reference mode.

Sourd Speed Prafles

aob . B RTETRR e

Depth [m)

ook "I.' i sk s o8 ]

[ : { BEP4
i x : : [={= 2
anf Lottt o & Do : e

: BEPMg |
- i i i i 1 i
R 1520 1532 1524 1526 1528 1530 1532
Saund Speed [mis)

Figure3.  Typica Sound Speed Profiles of East China Sea
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2. Variationsin I nterface Roughness

Three sets of interface root-mean-square (rms) roughness are used. They are
(0.5m, 1Im), (Im, 2m) and (2m, 4m) for each water/bottom and bottom/sub-bottom
interface pair.  Plots of the rough interface redizations for the bottom and sub-bottom
bathymetry for different rms values are shown in Figure 4.

" Interface rmes Roughness
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—— watenbotom interface rms roughness @ 0.5m
ot bothamssub-botbarm intersce rms roaghness @ 1m
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!
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TS0 i 3 4 F] B
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—— vwwabertoHom inteface rmes roughness: 2m
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Figure4. Potsof Different Interface Roughness
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From Figure 4, increased roughness is observed as the rms vaues are increased.
The longer wavelength perturbation adso become more prominent with increased rms
roughness. It is dso observed that the largest rms roughness vaues (2m, 4m pair)
produce some sub-bottom protrusons through the water/bottom interface. It should be
noted that the verticd depth scde is in meters and the horizontd range scde is in
kilometers, which makes the plots look extremey rough. The (Im, 2m) pair is usad in

the reference modd.

3. Variationsin Volume Perturbations

In order to depict a softer bottom layer covering a harder sub-bottom layer, the
sound speed used in the bottom layer is 1700m/s while that of the sub-bottom layer is
1760m/s. This is typicd of a sand/mud layer covering a gravel/rock sub-layer. The rms
volume sound speed perturbations chosen are 5mys, 15m/s and 45m/s. The 15m/s rms
sound speed perturbation is the reference parameter.

The effects of the volumetric rms perturbation to the sound speed are illugtrated in
the figures on the next page. Apparent from the plots is the increasing contragt in the
sound speed profile for an increasing volume sound speed perturbation.  The rms sound
gpeed perturbation of 15mV/s is used in the reference modd. It is not likely that the
volume sound speed profile would vary consderably due to inhomogeneities and mixture
of different sediment types as in the case with rms sound speed perturbation of 45m/s.
However, the rms sound speed perturbation of 45mV/s is ill used for comparison
purposes.
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Figure5.  Plotsof Sound Speed Datawith Variations in VVolume Perturbations
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The differencesin each environmenta profile are summarized in the Table 1.

Environmental Sound Interface Roughness (rms) Bottom VVolume Category
Profiles Speed Water/ Bottom/ Sound Speed
Profiles Bottom Sub-Bottom Perturbation
(rms)
1 SSPAvg im 2m 15m/s Reference
M odel
2 SSP1 im 2m 15m/s Variations in Sound
Speed
3 SSP2 1m 2m 15m/s Variations in Sound
Speed
4 SSPAvg 0.5m Im 15m/s Variationsin Interface
Roughness
5 SSPAvg 2m 4m 15m/s Variationsin Interface
Roughness
6 SSPAvg im 2m 5m/s Variationsin Volume
Perturbations
7 SSPAvg im 2m 45m/s Variationsin Volume
Perturbations

Table 1. Environmentd Profiles

4, Other Parameters
The other parameters used in execution of the MMPE mode, with their respective

resdent input filenames are specified below:

Filename/Par ameter Value Remarks

Main Control File: pefiles.inp

Number of depth points 256 Radix-2 integer required for FFT

Minimum depth 0Om

Maximum depth 400 m

Number of range steps 833

Minimum range 0Om

Maximum range 5.0km

Range step size 6m

Maximum computed depth 400 m

Reference sound speed 1500 m/s
Source File: pesrc.inp

Source depths Varying Array elements at 20, 24, 28, 32, 36,

40, 44, 48, 52, 56, 60, 64, 68, 72,
76 and 80 m depths.

Center frequency 250 Hz

Frequency bandwidth 250 Hz

No. of Freguencies 512 Radix-2 integer required for FFT
Sound Speed File: pessp.inp

Water column sound speed 3 sets SSP1, SSP2 and SSPAvg

Range independent

No. of SSPs points 58

Bathymetry: pebath.inp
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Filename/Par ameter Value Remarks
Mean bottom depth 100 m Range independent
No. of depth points 1
Bottom properties: pebotprop.inp
Bottom sound speed 1700 m/s
Sound speed gradient 1/s
Relative density 1.6 No density variation
Compressional attenuation 0.15 dB/km/Hz
Shear speed 0 Negligible
Shear attenuation 0 Negligible
Sub-Bottom Bathymetry: pedbath.inp
Depth 105m
Sub-Bottom Properties: pedbotprop.inp
Sub-bottom sound speed 1760 m/s
Sound speed gradient 1
Relative density 2 No density variation
Compressional attenuation 0.2 dB/km/Hz
Shear speed 150
Shear attenuation 05
RMS Perturbations (input during running of model)
Water/bottom interface roughness 3 sets 0.5m, 1m, 2m
Bottom/sub-bottom interface roughness 3 sets 1m, 2m, 4m
Volume sound speed fluctuation 3 sets 5m/s, 16m/s 45m/s

Table 2.
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V. POST-PROCESSING AND RESULTS

A. POST-PROCESSING 1-TRANSMISSION LOSS

Before examining the two-way reverberation results, it is useful to examine the
one-way transmisson loss plots for the various environmentd profiles to provide a
preliminary examination of what may be expected. The trangmisson loss plots were

based on propagation of CW signa with frequency of 250Hz from a source a 48m depth.

1. Transmission Loss Dueto Variationsin Sound Speed Profiles

The transmisson loss plots for the three different sound speed profiles were very
gmilar in dructure.  Hence, there should be little variation in the reverberation loss. It is
noted that energy is being refracted upwards in the sub-bottom layer. This is due to the
sound speed gradient of 1m/s'm included in the sub-bottom layer.

Figure6.  Transmisson Loss Dueto Variaionsin Sound Speed Profiles

2. Transmission Loss Dueto Variationsin I nterface Roughness

The trangmisson loss gdructures for the three different sets of interface roughness
look smilar, as seen in Figure 7. However, careful observation shows that the higher
interface rms roughness vaues have lower transmisson loss. This may be because the
higher roughness vaues have caused the sediment layer between the water/bottom and
the bottom/sub-bottom interfaces to be thinner and dlow the acoudtic energy to interact
more reedily with the denser and faster volume below the bottonmv/sub-bottom interface.
Thus, more forward propagation of the energy occurs. In the case of the largest
roughness vaues, the sub-bottom protrusons through the water/bottom interface may
have cause even grester forward propagation of the energy. Therefore, lower
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reverberation loss (or higher reverberation leved) for higher interface rms roughness

values may be expected.

Figure7.  Transmisson Loss Dueto Variaionsin Interface Roughness

3. Transmission Loss Dueto Variationsin Volume Perturbations

It is observed that the transmisson loss is grealy affected by the variations in
volume perturbations. The high sound speed fluctuation value of 45nVs increases the
transmisson loss dgnificantly. The transmisson loss from the 15m/s volume sound
goeed fluctuation is dso congderably higher than that of the 5Smys fluctuaion. In an
attempt to determine the cause, the sound speed data plot from Fgure 5 is examined. It is
found that at short ranges there is a paich of dower bottom sound speed between 0 and
0.3km.  This patch of dower bottom sound speed has dlowed more of the sgnd to
penetrate the bottom.
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Figure8.  Transmisson Loss Dueto Variationsin Volume Perturbations

il

In order to further examine the high tranamisson loss created by the high volume
sound speed fluctuation, the modd is run with a new random seed to create a different
bottom sound speed profile (Figure 9) with a sound speed fluctuation of 45m/s. It is

found that a short ranges (O to 0.3km), the bottom sound speed profile is dightly higher
than the previous. The transmisson loss plot dso shows lower transmisson loss out to
28



that range. Note that there is another dow patch further out (about 0.6km to 1km) that
causes high transmisson loss a a further range.  This confirms that a high volume sound
goeed fluctution may creste a dow bottom that sSgnificantly reduces reflection, thus
increesing transmisson loss. We should then expect to see high reverberation loss a
high volume sound speed fluctuation. It should be noted that the rest of the results and
andyss in the following sections are based on the origind sound speed profile data
created by the origina seed.

_I

h*h.“

Figure9.  Sound Speed Prorflle Data and Transmission L0$ for New Random Seed

B. POST-PROCESSING 2 - REVERBERATION LOSS

1. Time Domain Reverberation Analysis

To evauate the bottom reverberation loss, andyses of the pulse propagation in the
time-doman for both the reverberation dructure of the inteface and volume were
necessary. The time-domain andyses were previoudy explained in Chapter I, Section D.
The equations required to formulate the MATLAB implementation for the interface and

the volume reverberation loss are summarized b ow:

For the interface reverberation loss, RL,,

p2- Way,b(rm’ f) = p+Tb(rm7 f) p+R)(rm’ f) ’ (41)
p P (D) = P, wags (e )€ 20, 4.2
D p—b(tn):é_- p—b(rm 1tn)’ (43)
=} RL,(t,) =-20loggp., (t,)g- (4.4)
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For the volume reverberetion loss, RL,,

p2— Wayv(rm’Z ’f) = n(rm’ Z) p+T (rm’ z, f) p+R(rm L 1f ) ’ (45)
b Pa- wayy (ow Z21) = OPs gy (M2 of Ye '?df (4.6)
¥
D p-v(rm’t) = C\) pz-way,v(rm!Z t) dZ, (47)
2>z,
Y
p p—v(tn)za p—v(rm1tn)’ (48)
m=1
) RL (t)=- 20Iog§p_v(tn)||§|. (4.9
2. Reference M odel Reverberation Loss

With a source depth of 48m, the general color maps of the water/bottom and

bottom/sub-bottom interfaces and volume reverberation losses (for 2-way transmisson)

were obtained from the reference modd (Figure 10).

interface and volume fluctuations were present.

Fine multipath Structures due to the
Caeful observation shows that the

ariva times of the first sgnd returns occur earlier a the receiver a 80m, while the latest

arive a the receiver a 20m. This was due to the shorter distance between the deeper

recever and the bottom, thus recelving returns earlier than the shdlower recaivers.  The

color map of the bottorm/sub-bottom interface reverberation loss shows a few maxima and

minima.
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Figure 10. Color Maps of Reference Model Reverberation Loss
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With the receiver chosen a 40m depth, the water/bottom interface reverberation
and volume reverberation plots are shown in Figure 11. The plots have rather smilar
gructure.  The bottom/sub-bottom interface reverberation has a few conspicuous maxima
and minima not observed in the other curves. This is due to the sound speed gradient
incdluded in the sub-bottom layer, which causes the energy to be refracted upwards and
interact with the bottonvsub-bottom interface.
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Figure1l. Reference Modd Reverberation Loss

3. Reverberation Loss Dueto Variationsin Sound Speed Profiles
The reverberation loss color maps for the different sound speed profiles show

very dmilar sructures.  This is probably due to the rdaively smdl variations between
the sound speed profiles.
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Figure12. Color Maps of Reverberation Loss Dueto SSP1
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Color Maps of Reverberation Loss Due to SSPAvg
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Figure 14.

Color Maps of Reverberation Loss Due to SSP2

With the receiver a 40m depth, the reverberaion loss structures for the 3 sound

gpeed profiles are seento be quite amilar.  Thisis consistent with the color maps.
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Figure 15.
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4, Reverberation Loss Dueto Variationsin I nterface Roughness

The reverberation color maps look smilar for the different values of interface rms
roughness. But when observed carefully, the color maps from the bottom/sub-bottom
interface reverberation display a more obvious difference, with the higher roughness
vaues producing higher reverberation levels.  As explained earlier, this may be because
the higher roughness vaues cause the sediment layer between the water/bottom and the
bottom/sub-bottom interfaces to be thinner and alow the acoustic energy to interact more
readily with the denser and faster volume below the bottonm/sub-bottom interface.

Figure 16. Color Maps of Reverberation Loss due to Water/Bottom and Bottorm/Sub-Bottom

Interface rms Roughness of 0.5m and 1m Respectively
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Figure17. Color Maps of Reverberation Loss due to Water/Bottom and Bottorm/Sub-Bottom

Interface rms Roughness of 1m and 2m Respectively
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Figure 18. Color Maps of Reverberation Loss due to Water/Bottom and Bottorm/Sub-Bottom

Interface rms Roughness of 2m and 4m Respectively
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The effect of the variaions in interface rms roughness is not very prominent in the
water/bottom interface and volume reverberation loss, though both showed that the
higher rms vaues produce dightly higher reverberation levd. However, this effect can
be seen mogt clearly from the bottom/sub-bottom interface where the higher interface rms
roughness produces reverberation levels which are about 10dB higher.  This is probably
caused by the bottom/sub-bottom interface being nearer the water volume a higher

roughness vaues. This alows more energy to interact with the denser and faster sub-
bottom volume, hence, creating more reverberation.
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Figure19. Reverberation Loss Dueto Variationsin Interface Roughness

5. Reverberation Loss Dueto Variationsin Volume Pertur bations

It is very obvious from the color maps that an increase in volume rms sound speed
perturbation reduces the reverberation level for the water/bottom, bottom/sub-bottom
interfaces and the volume.  The reduced reverberation level aisng from the increase in
volume sound speed fluctuations is most probably caused by the patch of dower bottom

sound speed a short ranges, which alows more energy to penetrate the bottom. This is
conggtent with the trangmission loss results.
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Figure20. Color Maps of Reverberation Loss Due to Volume Perturbation with rms Sound
Speed Fuctuation of 5m/s
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Figure 21.

Speed FHuctuation of 15nvs

Color Maps of Reverberation Loss Due to Volume Perturbation with rms Sound
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Color Maps of Reverberation Loss Due to Volume Perturbation with rms Sound
Speed Fluctuation of 45m/'s

Figure 22.

The reverberation plots with receiver & 40m depth show that the reverberation
level is dgnificantly reduced as the volume rms sound speed perturbation is increased,
which is conggent with the color maps.  As explained earlier, this is probably the result
of more energy penetrating the patch of dower bottom sound speed at short ranges.
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Figure23. Reverberation Loss Dueto Variationsin Volume Perturbations
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C. POST-PROCESSING 3- VERTICAL CORRELATIONS
As we ae deding with broadband sgnds, the verticad corrdations for interface

and volume reverberation were computed in the time-domain.

1. Vertical Correation Dueto Variationsin Sound Speed Profiles

The color maps of the verticad corrdation for the different sound speed profiles
show very samilar Sructure. It is observed that the reverberation from the bottonysub-
bottom interface decorrdates fastest, followed by reverberation from the water/bottom
interface and then the volume.  From the color maps, it can dso be seen that the deeper
recevers are receiving sgnds ealier than the shadlower receivers, thus resulting in the

positive time lag with reference to the source a 48m.
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Figure24. Vertica Correation Dueto SSP1
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A gure25. Verticd Correlatlon Dueto SSPAvg
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Figure26. Verticad Corrdation Dueto SSP2
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2. Vertical Correlation Dueto Variationsin I nterface Roughness

From the color maps, it is noted that the reverberation from the bottom/sub-
bottom interface decorrelates the fastest across time, followed by the water/bottom
interface, then the volume, as was observed for the variations in sound speed profiles.
The various dructures look rather smilar when comparing the vaious rms roughness
vaues with the exception of the bottonvsub-bottom interface, which shows a prominent
difference. The bottom/sub-bottom interface reverberation displays that an incresse in
the verticd corrdaion with an increase in the rms roughness.  This may be because
more energy is interacting with the bottom/sub-bottom interface as the rms roughness is

increased, as previoudy described.

Figure 27. Vertica Correlation due to Water/Bottom and Bottorm/Sub- Bottom Interface rms
Roughness of 0.5mand 1Im R@pectlvely

Figure28. Verticd Corrdation due to Water/Bottom and Bottom/Sub-Bottom Interface rms
Roughneﬁ of 1m and 2m Rapectlvely

Figure 29. Vertlcd Corrdation dueto Water/Bottom and Bottom/Sub- Bottom Interface rms
Roughness of 2m and 4m Respectively
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3. Vertical Correation Dueto Variationsin Volume Perturbations

From the color maps, it is observed that the reverberation decorrelates fastest over
time when the volume sound speed perturbation is increesed.  This is true for dl
reverberation types, the water/bottom and bottom/sub-bottom interfaces and the volume.
It is seen that the reverberation from the bottom/sub-bottom interface decorrelates the
fastest, followed by the water/bottom interface and then the volume, as before.

h ’l wfmll

Figure 30. Vertica Corrdation Due to Volume Perturbation with rms Sound Speed
Fuctuation of 5nvs
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Figure31. Verticd Corrdation Due to Volume Perturbation with rms Sound Speed

Fluctuation of 15m/s
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Figure32. Vertica Corrdation Due to Volume Perturbation with rms Sound Speed
Fluctuation of 45mv/s
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D. POST-PROCESSING 4 - PEAK VERTICAL CORRELATION
In this section, the pesk corrdation values were extracted from the verticd

corrdation of the previous section in order to see how the signals decorrelate across

depth.

1. Peak Vert

From the figure below, it is seen that volume reverberation decorrdates the fastest
over depth. The bottom/sub-bottom interface reverberation shows better correlation
intidly but is consgent with the water/bottom
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Figure33. Pesk Vetica Corrdation of Reference Modd
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2. Peak Vertical Correlation Dueto Variationsin Sound Speed Profiles
The pesk verticd corrdation structures for various sound speed profiles are very
gmilar. Thus, the influence of the water coulum sound speed variability on reverberation

coherence gppears to be minimd.

Figure 34. Peak Verticd Correation Dueto Variationsin Sound Speed Profiles

3. Peak Vertical Correlation dueto Variationsin Interface Roughness

The pesk verticd corrdation curves for the water/bottom interface due to the
different inteface rms roughness have only dight differences in ther dructures
However, for the bottom/sub-bottom interface, the reverberation decorrelates more
rgpidly for increased interface roughness. It seems tha the increese in interface
roughness has caused the vertical coherence of the bottom/sub-bottom interface to be lost
in the volume. As for the volume reverberation, the decorrelation rate was somewhat
affected by changes in the inteface roughness, but not to the same degree and not
congstently.

Figure35. Pesk Veticd Corrdation Dueto Variationsin Interface Roughness
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4, Peak Vertical Correlation Dueto Variationsin Volume Perturbations

For the case of the water/bottom and bottom/sub-bottom interface reverberation,
the smdler the volume sound speed perturbation, the faster the decorrdation rate.
However, the increase in vertica corrdation for large volume perturbations is not due to
a true increase in dructural coherence but rather a significant decrease in reverberation
levels. In other words, if no sgnd is recaved, then it will corrdate very wel with itsdlf
but has no physcd dgnificance. For the volume reverberation, the rate of decorrelaion
was not affected as much or as consgtently.

Figure 36. Pesk Vertica Corrdation Dueto Variationsin Volume Perturbations
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E. POST-PROCESSING 5—-POWER SPECTRAL DENSITY

In order to extract the spectra components of the reverberation data for the
broadband signds, the power spectral density (PSD) and power ratio spectral density
(PRD) were computed. The PRSD andyss will be discussed in the next section. The
magnitude-squared of the ranged-reduced reverberation was andyzed usng the Discrete
Fourier Transform (DFT), such that the PSD is defined byt

PsD=DFT{|p [ |rf}, (4.10)

where p- isthe reverberation field of the interface or volume. It should be noted that the
time-domain pressure field isfirst converted to range dependent data by the use of the
reference sound speed ¢ , such that range = time X .

1. PSD of Reference Model

The PSD plot shows a gradua drop in normdized power in the lower
wavenumber of up to about 0.1m* (about 60m length scdle) for the interface and volume
reverberations.  After that, a dgnificant drop-off in normdized power was observed.
The spectra dope over the length scales of 60m to 600m is about -0.55, while the dope
over the length scales of 10m to 60m is about —1.7.
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Figure37. Power Spectrad Density of Reference Model
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2. PSD Dueto Variationsin Sound Speed Profiles

The PSD dructures for the various sound speed profiles are very smilar to one
another for the interface and volume reverberations. Only minor deviation is observed
for the volume reverberation. Thus, the effects of water column sound speed variations

on the Sgna atistics gppear to be minimal.
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Figure 38. Power Spectrad Density Due to Variations in Sound Speed Profiles

3. PSD Dueto Variationsin I nterface Roughness

The water/bottom interface reverberation PSD plot shows little deviation due to
different levels of interface roughness. The bottom/sub-bottom interface reverberation
PSD plot shows that the higher interface rms roughness produces dightly higher
normalized power a wavenumber up to about 0.2mt (about 30m length scale), after
which the lower interface rms roughness contributes to higher normaized power a the
drop-off. For volume reverberation, the higher inteface rms roughness conggently
produces lower normalized power throughout.  This may be due to the energy interacting
more with the rougher interface causng more forward propagation, and less energy is
interacting with the volume,

Figure 39. Power Spectrd Dendty Due to Variationsin Interface Roughness
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4, PSD dueto Variationsin Volume Perturbations

The water/bottom interface reverberation produces normaized power which
decreases with an increase in volume sound speed perturbation, though the 5m/s and
15m/s rms sound speed perturbation show minor deviation. The dructures of the
bottom/sub-bottom  interface  reverberation PSD  plot ae smilar to that of the
water/bottom interface.  The PSD dructures produced by the volume reverberation are
different. The rms sound speed perturbation of 15mV/s produces higher normalized power
for most wavenumber scales except from 0.02mt to 0.2m*(length scales of about 30m to
300m). The normdized power from the 45m/s rms sound speed perturbation is

consstently lower throughout as may be expected from the transmisson loss andysis.

Figure40. Power Spectrd Dendty dueto Variationsin Volume Sound Speed Perturbations



F. POST-PROCESSING 6 — POWER RATIO SPECTRAL DENSITY

In order to further examine spectrad content, the power ratio spectra dengty
(PRSD) was implemented. The PRSD is defined in terms of te ratio of the reverberation
filed of aparticular model to that of the unperturbed model, specifically!™

PRSD = DFT i —| Poorures |2 '

i 7y (4.11)
T |punperturbed| b

where Pperturbed 1S the reverberation fidd of the interface or volume of the modd of
interest and Punperturbed 1S the reverberation field of the reference modd without interface

roughness and volume fluctuations.

1. PRSD of Reference Model

The PRSD of the reference modd shows varying results from the water/bottom
interface, bottom/sub-bottom interface and volume.  The bottom/sub-bottom  interface
shows the drongest normaized power, followed by the volume and then the
water/bottom interface.  The normdized power of the bottom/sub-bottom fluctuates
sgnificantly, followed by the water/bottom inteface and then the volume. Over the
length scales of 10m to 60m, the response of the bottom/sub-bottom interface has a
steeper dope of about —0.3 compared to a dope of about —0.2 for bottom/sub-bottom
interface and volume.

Reference Model PRS0, Saurce: 48m , Recelver 40m

— Wit Bt Ferdacs
HottornSub- Bottam nterface
Volime

Mormaized Power (dB)

Wavanurrber, jrrity

Figure4l. Power Ratio Spectra Dendty of Reference Model
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2. PRSD dueto Variationsin Sound Speed Profiles
The PRSD dructures of the interfaces and volume show little difference due to

the variations in the sound speed profiles of the water column.  As before, this suggests
that the effect of the different sound speed profilesisminimal.
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Figure42. Power Ratio Spectra Densgity Dueto Variations in Sound Speed Profiles

3. PRSD Dueto Variationsin Interface Roughness

The PRSD due to different levels of interface roughness show varying results. At
the water/bottom interface, the PRSDs have about the same normdized power, athough
the fluctuation is greater with the higher interface roughness. At the bottom/sub-bottom
interface, the higher interface roughness vaue produces higher normalized power, which
is congdent with the transmisson loss result. The volume PRSD shows lesser
fluctuation with the highest normdized power produced by the interface roughness pairs
(1m, 2m) followed by (2m, 4m) then lastly (0.5m, 1m).
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Figure43. Power Ratio Spectra Dengty dueto Variaionsin Interface Roughness
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4, PRSD Dueto Variationsin Volume Perturbations

The varidions in volume perturbations produce sgnificantly different PRSD. At
the water/bottom interface, the normdized power is highet with the sound speed
perturbation of 45m/s. The 5m/s and 15m/s sound speed perturbations produce about the
same magnitude of normdized power, except that there is a dgnificant fluctuation with
the 5m/s sound speed perturbation.  This is not conggtent with the transmisson loss
result and the cause is not known a this time. At the bottonysub-bottom interface, the
5m/s sound speed perturbation has the highest normadized power, followed by the 15m/s
and then the 45m/s sound speed perturbations. In this case, the result is consstent with
the trangmisson loss andyds, where the loss is grestest a higher volume perturbation.
In the volume, higher sound speed perturbation produces higher normalized power, and
the 5m/s sound speed perturbation shows greater fluctuation than the other two. Again,

thisis not condstent with the tranamisson loss result.

e —
| ke et . i | |

Figure44. Power Ratio Spectrd Dengty Dueto Variationsin VVolume Perturbations
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V. SUMMARY

The man focus of this thess was to invedigae the influence of different
environmentd profiles on the reverberation structures due to the water/bottom interface,
bottom/sub-bottom  interface and  bottonV/sub-bottom  volume.  Simulations  were
conducted usng the same reverberation geometry and environmentd parameters as
defined in previous work. A verticd line array (VLA) with 16 eements was chosen to
provide the reverberation measurements and computations. The source was located at a
depth of 48m with dl 16 dements recaving the reverberation.  Seven different
environmental models were used in the computation and were summarized in Table 1.
The man differences among the saven models were the water column sound speed
profile, interface roughness and volume perturbation. Of the seven profiles, one was
chosen as the reference modd with which the others were compared. Severd andyses
such as reverberation pressure levels, vertica correlation, pesk correlation and spectra
characteristics were performed using broadband signals.

The transmisson loss andyss provided a good preiminary prediction of what
would be expected in the reverberation levd anadyss. It was found the three different
sound speed profiles did not show much difference in the transmisson loss. As for the
vaiations in the interface roughness, the rougher interface produced less trangmisson
loss, i.e the sgnd was able to propagate further. This may be because the higher
roughness vaues have caused the sediment layer between the water/bottom and the
bottom/sub-bottom interfaces to be thinner and dlow the acoustic energy to nteract more
readily with the denser and faster volume below the botton/sub-bottom interface.  Thus,
more forward propagation of the energy occurs.  However, the higher volume
perturbation increased the transmisson loss ggnificantly. This was probably due to the
higher chances of producing a reaivey dower bottom, thus dlowing the dgnd to
penetrate more readily and not be reflected back into the water column.

The vaidions in sound speed profiles of the waer column showed little
difference in the reverberation levels, corrdation and spectral analyses. The varidions in
interface roughness showed that a rougher interface produced higher reverberation levels
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and higher normaized power in the power spectrd andyds. This was consgent with he
transmisson loss andyss. In generd, vertica corrdation anadyss rddive to a source
depth a 48m showed that the volume decorrdates much faster followed by the
bottom/sub-bottom interface, then the water/bottom interface. It was aso noted that the
higher interface roughness caused the pesk verticd coherence of the bottom/sub-bottom
interface to be logt in the volume. The variations in volume perturbations showed that the
higher sound speed perturbation produced lower reverberation levels and lower
normdized power in the power spectrd andyss which was consgtent with the
tranamisson loss rexult.  There was no ggnificant difference in the corrdaion andyss
for the different volume perturbations, except when a large rms vaue was used.  In the
PRSD andyss, higher normaized power was generated by higher volume perturbation.

There was no clear connection of this result with the transmission loss result at thistime.
With the conclusion of this thes's, recommendations for future work are:

To peform short-range datidicd andyds to narow down the relationship
between sgnd dructure and environmenta dructure. This is an atempt to
interpret influence of multipath effects on long-range structures.

To peform vertical corrdation anadyss usng a range of pulse lengths This
may help to digtinguish interface from volume reverberation structures.

To incorporate environmenta messurements from actud ASIAEX data and

conduct prediction andyss.

To conduct data processng of ASIAEX daa and perform data/mode

comparisons.

To incorporate rough sea surface scatter into the propagation mode and

investigate influence on various reverberation leve predictions.

50



[1]

[2]

[3]

[4]

(3]

6]

[7]

(8]

[9]

L1ST OF REFERENCES

Li, LS “Paabolic Equaion Modding of Bottom Inteface and Volume
Reverberation in Shallow Water,” Master's Thess, Nava Postgraduate School,
Monterey, CA, September 2000.

Kao, H. “Numericd Andyds of Bottom Reverberation and Influence of Densty
Fluctuations,” Mager’'s Thess, Naval Postgraduste School, Monterey, CA,
December 2001.

Smith, K.B. “Convergence, dability, and variagbility of shalow water acoudtic
predictions udng a lit-step Fourier parabolic equation modd,” J. Comp.
Acoust., Volume 9, Number 1, September 1999.

Dahl, P. H. “ASIAEX, Eagt China Sea, Cruise Report of the Activities of the RV
Melville 29 May to 9 June 2001, Applied Physics Laboratory, Universty of
Washington, Sesitle, WA, July 2001.

Hadin, R. H. and Tappert, F. D. “Applicaions of the split-step Fourier method to
the numerical solution of nonliner and vaiadle coefficent wave equations”
SIAM Rev. 15, 1973.

Goff, JA. and Jordan, T.H. “Stochastic modedling of sesfloor morphology:
Inverson of Sea Beam data for second-order datistics” J. Geophys. Res. 93,
1988.

Yamamoto, T. “Vdocity variabilities and other physica propertties of marine
sediments measured by crosswell acoustic tomography,” J. Acoust. Soc. Am.,
Volume 98 (4), 1995.

Smith, K.B. “Incorporation of Dendgty Fuctuaions in Sediment,” Lecture Notes,
2001.

Smith, K.B. and Cushman, EB. “A comparison of quas-continuous wave and
broadband travel time techniques in the prediction of long-range reverberation,” J.
Acoust. Soc. Am., Volume 102, 1997.

51



[10]

[11]

[12]

[13]

[14]

Smith, K.B. and Teppet, F.D. “UPME: The Universty of Miami Parabalic
Equation Modd Verson 1.1, MPL Technicd Memorandum 432, San Diego,
CA, 1994.

Tappert, F. D. “The parabolic approximation method,” in Lecture Notes in
Physics, Vol. 70, Wave Propagation and Underwater Acoustics, edited by J. B.
Keller and J. S. Papadakis (Springer-Verlag, New Y ork, 1977).

Thomson, D.J. and Chapman, N.R. “A wide-angle split-step dgorithm for the
parabolic equation,” J. Acoust. Soc. Am., Volume 74, 1983.

Jensen, F.B., Kuperman, W.A., Porter, M.B., Schmidt, H. Computational Ocean
Acoudtics ( Springer-Verlag New Y ork, Inc., 2000).

Urick, R.J. Principles of Underwater Sound, Third Edition (McGraw-Hill, Inc.,
1993).

52



INITIAL DISTRIBUTION LIST

Defense Technicd Information Center
Ft. Belvair, Virginia

Dudley Knox Library
Nava Postgraduate School
Monterey, Cdifornia

Prof. Kevin B. Smith (Code PH/SK)

Department of Physics
Naval Postgraduate School
Monterey, Cdifornia

Dr. Jeff Smmen (Code 3210A)
Office of Naval Research
Arlington, Virginia

Dr. Ellen Livingston (Code 3210A)

Office of Naval Research
Arlington, Virginia

53



