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ABSTRACT

The Brock version of the Split-Step ~Ffast TFourier
Transform (SSFFT) and the Jeager version of tae Iapiicit
Finite Difference (IFD) acoustic parabolic eguation models
are compared with a Lloyd mirror interference pattern in the
range domain. The SSFFT displays tae inability to place tte
tracsmission loss nulls at the correct ranges. It is aiso
unable to utilize bottom loss information «correctly. The
IfD produced nulls at the correct raagyes; however, it
inserted an unacceptakle amount of aoise except when snall
(1 m) vertical grid steps were used and the pressure release
bottom was placed at extended depths. In shallow water
cases, the IFD is able to properly represent the fpressure
information. Each model 1is explored in the wavenumter
domain by use of a "Waverumber Technigue" (aT) model with
emphasis on source depth determinatiorn. The source depth
may Le deterained by measuring the distance between the
ejually spaced nulls in the wavenumber representation.
Neither acoustic model was able to provide accurate source
depth information when the null spacings were compared to a
known source-depth deteraination curve. Since the nuli
spacings were not uaniforaly spaced, this was tc Le expected.
Some specific problem areas in the modelis were identifiea by
the use of the WT.
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Conventional netkods usea to represent underwvater sound
transmission nave dericted transmission loss (33) as a func-
tion of ranje 1in either tabular or grapnical forn. Sirce
the ipterest #as in determining gquantities sucn as range of
bottom tounce, convergence zones, and probakbtility of
detection, these methods proved very satisziactory. However
when it becaue necessary tc coapare various underwater
acoustic propagation loss models witn each other or actual
in-situ experiments, they provided the anaiyst with less
than adeguate insight into the <causes for the oLserved
errors in the various amodels outputs. Furthermore, interest
has Leen generated in analyzing tne receivel signal for
information from the sound source which canaot easily be
induced from transamission loss as a function of range.

Cne method, the Favenamber Technijue (WT), descriped by
F. R. DiNapoli of NUSC [Ref. 1] and applied by Richard lauer
of NORDA [Ref. 2], provides more information for wmodel
conparisons and nay have the capability orf determiaing sound
source dezth and rarge froa the receiver in certain cases.
DiNapoii used an apalysis of acoustic propagatior in the
wavenumkber domain as an interaediate step 1in jetting the
transmission loss curve in the rfast Faeld Program (ff2).
Lauer studied the wavenuaber donain information irom the rFP
aad concluded that source localization asignt be possiktle.
B. 3. Staney [Ref. 3] investigated the potential for Jeter-
minicg tkte source depth by using the 3rock Split-Step Fast
Fourier Transform (SSFFT) [Ref. 4] parabolic esjuation model
withL tne "Wavenuaber Techaique" (A7) podel. His preliaminary
investigation involved the use of isospeed and ASTREX souni
speed proiilses with a fuliy aosorbingy bottox, varied
source/receiver combinations, and aultipie freguencies.
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The present investigation uses two acoustic faraioliic
equation npcdels for comparison with theoretical Lloryd nircror
depictions, ind the effects of observed inconsistencies in
predicted transmission loss curves on the calcuiated results
from apglication of the WT model. An analysis of the seasi-
tivity in determining source depth based on model output is
attempted to ascertain possible use in naval opaeratiorns.

To facilitate a straight-forward analysis of the results
and evaluation of the WT technigue for the cases studied,
only a selected number of the various coamputer ruars are
included. Odnly those curves which best illustrate the
eifects revealed Dy this research are presented.
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(: II. WAVENUMBER TECENIQUE (8I)

WO A. BACKGROUND (LLOYD MIRROR)

MO The WT can be elucidated with the help of the classical
Lloyd mirror effect [Ref. 5] which describes the interaction
0y between direct path and surface reflected sound signals ifronm
XS the same continuous wave (CW) source. Figure 2.1 illuys-
L trates the geometry involved in tke Lloyd mirror effect.
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Figure 2.1 Lloyd Mirror Geoametry.
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The ccmplex pressure (P) can te expressed by

o IKE -jkft]

1
P=A[-E-

(e)

when r; and rg are related by

Q’W’Rz¢(d-h)z E=\/Rz¢(d¢h)“ (egn 2.2)

r
(egn 2.1)

with the assumption r;~ rg the pressure amplitude (p) can be

approxiamated by

Rm'-'%g—d' ,m=123,... (egn 2.3)

The interaction between the direct path and surface
reflected waves produces constructive and destructive inter-
ference which is manifested as peaks and nulls for the in
phase and out of phase conditions respectively. Figure 2.2
was produced by using eguation 2.3. The null locations can
be oktained by the relationship.

p= %Sin(k;d> (egn 2.4)

When equation 2.3 is expressed in the horizontal wavenuater
domain (k,.), the details of the resultant functional depen-
dency on horizontal wavenumber yield useful iaformation.
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B. PHYSICAL PROCESS

The WT is a process by which the <complex pressure wave
(vith range dependent amplitude and phase) is transforaed
into the spectral density as a function of the horizontal
wavenumber. The use of the WT in the operational envircn-
ment would rejuire a gquadrature demodulation of the source
signal to attain the complex pressure. The guadrature
demodulation process can best be defined by the illustration
in figure 2.3 [Ref. 6].

2cos (ut)
LP Acos[(w-w.)t+x]
QO_— .
filter
Acos (wtex)

d( CP Asin[(w‘wo)b x]
> tilter i

-2sin (wt)

Figure 2.3 Quadrature Deamodulation of a Signal.

When acoustic models are used to simuiate the environment,
the requirement to gperform a gquadrature demodulation is
elimipated since the conmplex pressure is directly

R S T A L SN e s . e . .
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.......................

accessible. In actuality, acoustic parabolic eguation
models provide the complex envelope fuanction (U) which must
be multiplied by the Hankel function in order to oktain the
conplex rressure. The acoustic wave 1is written in the fora

P=UH;(k r)e-iwt (egn 2.5)

where the reference wavenumker is defined by

(M)
Ko= Co (egn 2.6)
and
U=U(r, z) (egn 2.7)

is the solution to the appropriate parabolic equation. Ihe
complex pressure is corrected for voluae attenuation and
Fourier transformed to attain the spectral density. A plot
displaying the results graphically with the horizontal wave-
nunmber on the x-axis and the normalized spectral density on
the y-axis is construéted and the spacings between the nulls
measured. Figure 2.4 [from Ref. 2] is an example of the 4T
for a source and receiver in the saae type of water mass.

Since the Lloyd sirror field in tae wavenumber domain is
given by [Ref. 2]

o

F(K) = Sin(B@Z;z ej(ﬁzr) (egqn 2.8)

A |
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an alternative formulation [Ref. 2], which produces evenly
spaced nulls, is obtained by converting the horizontal wave-
nunber to beta

B\VkE-K2 (egn 2.9

By using beta instead of the horizontal wavenuaber, the
distance, delta beta, Letween any two nulls can be used to
ascertain the source depth by

AB='§.- (egqn 2.10)

as illustrated in figure 2. 5.

The application for implying the method of images, 1in
isospeed cases, to describe the erfects of a perfectly fiat
pressure release boundary can be justified by inspection.
Therefore the parabolic equation can be used to produce the
Lloyd's mirror effect and surface decoupling is not an
issue, cf. Chapter 4 of Brekhovskikh [Ref. 7].

When the WT is implemented, care must be exercised to
ensure that the complex pressure contains an adeguate number
of points to describe the shortest periodicity in the pres-
sure field. This will preclude the possibility of aliasing
in the wavenumber domain. Thke real and imaginary elements
of the pressure signal nust be modified so that the signal
kegins and ends with zero values. This modification is
necessary because the pressure signal must represent a
repetitive oscillation for the traasform. The complex pres-
sure array is zero-filled beyond the data in order to
generate an array which has the length of a power of 2 for
the Fast Fourier Transfora (FFI). The norizontal wavenumber
increment is generated within the computer code by

18
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III. ACOUSTIC MODEL ANALYSIS

A. PARAEBOLIC EQUATICN

The elliptical wave ejuation can be approximated by a
paratolic equation (PE) when it is assumed tnat the envelope
function varies slowly with range. A detailed mathematical
description of the PE from an acoustic point of view 1is
presented by DeSanto [BRef. B8 and 9] and a simpler but less
general description can be found in Coppens [Ref. 10]. The
parabolic equation has the forn

2
—3;3— v 2k @) + (kU = O tean 3.1)

where it is assumed that the pressure has the form of equa-

tion 3.2,

p =U(r,z)S(r) (egqn 3.2)

S(r) represents the primary radial dependence of the field
in terms of an outward propagatinj cylindrical wave of the
fora [Ref. 4]

(

4
S(r)=H,(kor) (egn 3.3)

If it is assumed that the range of interest is many wave-
lengths from the source; then the asymptotic form of the
Hankel function (eguation 3.4) can be used [Ref. 11].
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HQ)“-’/wk{r ej(kor'-ﬂ/4) , Kor >> 1 (egn 3.4)

Two PE models, the Brock version oOf the Split-Stefp Fast
Fourier Transform (SSFFT) and tae Jeager version of the
Implicit Finite Difference (IFD) vere investigated for
compatibility with the WT in deteraination of source derpth.

B. SSFPFT
1. Irapsmission loss Comparisom with Lloyd Mirror

To analyze sound waves in the wavenumber domain, vwe
needed a @model to [frovide the pressure as a functicn of
range. Initially the SSFFT model [Ref. 4] was selected .
This model generates successive values for U as a function
of range with the help of the algoritha

U(F+AP, 2)=e jarko(n2-1)/2

(egn 3.5)

FFT! jark2
elarki2ke FET(U(R, 2)

This model was a natural choice since it was the model used
in the preliminary study dealing with the deteraination of
the source depth by the WT [Ref. 3]. dovever, it soon
became appareat that this model's inherent weaknesses would
require the consideration of another model if ocean bottonm
interactions wvere to be studied. These weaknesses, and
their impact upon the WT, will be discussed shortly.

The SSFFT is a range dependent acoustic wave podel
vhich, for this analysis, will Le operated in a range inde-
pendent manner. Ir other words, only one sound speed
profile will be used, the water mass will be assumed homoge-
neous, and the bottom flat. To facilitate the study of the
SSFFT model, the source cocde of the aodel was modified to
generate the variables required for follow-on programs to
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transforn tne pressure 1information and taen disglay o
results graphically. A copy of tae source code listingj; zo:
a

T
€
@]
.

13
(8
-
7]
{9

each program is provided in aprendices i, 3,
programs were then linked by Job Control Languaje (5CL) 30
that the WT graphnics were an autoaatically exccuted.

A test run of the SSFFI was aade for 13) a2z, 3590 a
source and receiver depths, 0.019 ka ranje step, fally
absorking bLottom, 2000 m water deptn, anid an 1isospeeld
profile at 1500 nm/sec. Tnese values Were Chosen so that a
comparison could be npade with the tnzoreticai 1ioj;d airroc
transmission loss (figure 2.2). Tae output was disrlayed as
a transaission loss curve {(figure 3.1). From eguatioa 2.4,
the lccation 2f null nuamaber 1 (R1) snhould bte 33.33 k2 ani
null number 2 (k2) should be at 16.67 ka. The SSF¥FT placed
R1 at approximately 38.3 xm and k2 at 17.1 ka. Since ths
model Kept the frequency, source depta, and receiver d:z:sta
constant, then this egquates to a ra2fereace sound speel of
1305 and 1462 n/sec respectively. It is apparent that as
the ranje decreases the error is reducel which indicates tae
Fossibility of a problem in the range sStep sectiorn ol the
model which leads tc the introduction of a systematic and
increasing deviation of the calculated sound field froa that
predicted Lty the «classical Lloyd's airror iaterference
pattern. Ta2 "washing out® of the interference patterr for
ranges less tuan about 2 km is a result of tne particular
approximatiorn of a point source used to icitiate the
program, which is tc¢ ke expected. Ratpner rejular iluctua-
tions develop beyond about 30 ka; IToa tne geoaetry of tae
case, it is plausikble that tanis arises froa interierexce
with bottom ra2flected signals.

ey
B
pox
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Arotner test was made using the sade iInputs d4s 300ve < Isesl
that the source and receiver were movei to a deptn oz 13Ji) =
(figure 3.2). Since the half beamwilth is 23 degrees ani
the bottom 1s fully absorking, the snortest ranje at vhichn a
surface reflection ccuild occur 1is approximately 8.2 Ka;
beyond this range, surface reflections should be spaced ia
accordaace with equation 2.4. The nulls beyord @€.2 ka do
occur at the correct ranges,; however, there are slow zodula-
tions of the overall transmission 1loss signal. These sliow
modulations are another indication taat the bottom is rnot
fully altsorking as had been spacified as iaput to tae

prograan.
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The WI cutput 1roa tne S3FFT model is 1iu Zz:iisn
units, waick is a probiem when coaparing differezt 1od
However, for this investigatiop the proonlew was mininal. Aas
expressed by eguation 2.6, the reference wavenuzpver for 109
nz with a reference sound speed of 49521.26 ft/sec (1309
n/sec) is 0.1277 1/f£t. After <correction of the reference
wavenumber for a rarnge increment of 52.3 <t arnd the 2045
points used to regpresent the wavenuakter spactrun, tae
maxiaum beta value should te C.1248 1/£ft which agrees
reasonably well witn the maximua beta values in {igures 3.3,
3.4, and 3.5. Contrary to theory th2 nuils ar2 wot equally
spaced and the expected 3elta beta value of .00152 1/%¢t ;
(eyuation 2.1)) is pct represented by any of tae null spac- |
irgs. Stamey [Bef. 3), observad ctae saze non-uniforn
spacing of keta nulls. The reasona Way the source denth is
not represent2d by arny of the nulli spacingys mayvy be traced to
tne improper aull placement in the raage Jjoaair. Tae lack
Oof egquai spacing between tae nuils =nust be attributed to
something eise, possibly the pressure wave wis 1lmgrogerly
represented as a continuous sijnal or nuaerical errors etist
within the source ccde. ¥Fhatever the reason for this
difference, it must Le resolved belfore tie S3FFT car oe usei
with tne WI to determine the source 3epth.
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C. 1IFD

ioyd rirroer

Jte

£ansnission LosSs Comparisan with

it S iy Ny iy G — e ———

e

1.

The IFD model [Ref. 12] whica w#as iastalica aal
tested in September 1983 at XNPS [Ref. 13] was the next oodel
chosen as a sound source f£or the hi. 7Toils decision was nad:
tecause the IFD was capable of properliy handling the ocean
tottom interactions and was the only otaer acoustic¢ 2Z model
in residence at NPS. A copy of th2 source coie listing is
frovided in appendix TI.

The IFD also presented [problcas which will =Ce
discussed further. The same initial test ran used witn the
SSFFT was used with the IFD. Since the IFD regquires rore
bottom information, additional testing was perforazed 1in
order to obtain a fully absorbing pottom. Fijure 3.6 iilus-
trates the environaent as seen Dy the IFD zodei.

The dsnsities in the water mass, sedineat, apd arti-
ficial atteruation layer were set to a constant of 1.0 and
the attenuation in the sediment was adjusted until the eiia-
ination of rottom interference was observed. Fijure 3.7 1is
an example of the IFD transaissioa los3 output for a SJ0 o
sources/receiver depta, a water depta ol 20u0 a, aa uwprer
surface of the artificial attenuation layer at 3000 3, and a
lover pressure release surface at 4000 z. The bottox atten-
uation used to produce fijure 3.7 was J.J016 a3/wavelengthe.

.
L3
28

05
v

oA
.

o‘:,

0

A

)
Vel

L AR s

32

Bt L RGP I 1|

WY i \
> o -*..’...\:1:-'_.‘. s
L) LA W T Tt et v - s
e S T AR ST




TR A A R AP T TR A B R pa e M e mte e e may 2o S SR

r—source

water

sediment

“~upper surface of
artificial attenuation layer

F—’

. range -

L— pressure release surfaces

Pigure 3.6 IFD Environment.
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The location 2f the nulls in figure 3.7 coiuciie with tncss
predicted by eguaticn 2.4 1f the hnija frejeency rnois
filtered out by either a running averaje process or 1low J&ss
digital filter. A careful examination of the transiission
loss curve (figure 3.8) reveals tane real problem, which is
the long wavelength noise near tae wavelength of i.terest.
The long wavelength noise will cause erroneous spikes on tie
WI plots after being Fourier transformed. Coatinued anal-
ysis revealed thaat the ndise could be eliminateé if tkLe
thicknesses of the artificial attenuation 1layer and the
bottom pressure release surface are canosen so that they are
at least twice the water depthe. Tne choice o¢f a sazall
vertical grid step will reduce the thiciness reguired for
the pressure reiease surface, but this version oI the IFD
Frogran is liaited to 5000 vertical yrid points due to soft-
ware restrictions. Figure 3.9 is a transaission loss curve
obtaired from a 500 m scurce/receiver depth, a 2000 = water
depth, a 400) o uprer level artificial attenuation layer,
and an 3000 m botton pressure release surface. Coaparison
of figures 3.1 and 3.9 wita the classical Lioyd's mirror
transnission loss (figure 2.2) snows that tne shape of thne
curve beyond 30 km is greatly improved with the IFD. The
number of vertical grid steps was 5300. Wwhen the 1IID is
used in a shiallcw water situation and at 25 bz, tae noise
does not aprear to be present. Figure 3.10 is a plot of thae
transmission loss for a signal at 25 hz, witn the source/
receiver deptn at 50 m, the bottom sioping up froa 350 to 50
m, and an artificial atteauwation layer and pbottom fpressure
release surface located at 750 and 1000 a, ra2spectively.
The noise which was so evident 1in figure 3.7 is absent froa
the shallow 4sater case. Producing toe ncise free curves

requires excessive computer time except for shallow water

casSes.
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nalysis

To reduce the axount of the pressure informaczicrn a

I’y

9]
S

yet preserve the detaiis, the IIrD tests vwere condluctel

>

between 10 and 40 ka in range. The reierence Wwaveldudbel IO
tne test input with the IFD was 0.4135 1/a whicn, arte

ri

B}

correcting for a range increment of 7.5 3 witn 4J3%€ pcirts,
produced a teta maximum of 0J.4188 1/m. Figures 3.11, 3.12,
and 3.12 indicate agreeament with the beta wmaxiaum arnd a
delta beta of 0.00623 1/n can be found among ta2 nuil spac-
ings. #hen the vertical gyrid step is reauced ian size, tae
output signal contains 1ore iaforzation of finer Jdetail.
The finer detailed irformation will, ii noise 1s presert,
produce more clutter on tae WT depiction (£igurz 2.13). o
nuzerocus T depictions a peak was observed at the ainiaun
and maximum waveaunbers. Stapey celieved that tke rignt arnd
left intensity wmaxima corresgonded to beax e€levation angles
£ 0 and 30 degrees, respectively. He further stated that
the lert maxima aiso may be reiated to aligorithmic iraccura-
cies {Ref. 3]. The "J-shagped pnenonanon" ctserved 3uciaj
Staaey's investigaticn of the S37rl, i3 present wit}l tae IFD
and tbhe nulls are not egually spaced.
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Tae I€asob for the wigeshaped :henamenon“ appears to Te
noise in tae envelope function field waic. 3
4hen tte Hankel <Suanction 15 imsertsi 13
Using a low pass fiitec and

related to
furtherl applified
obtain tne conrplex pressure.
ipcr€asing the vertical grid step size appear to
problen. 1n figure 3-8 the pulis ocTir at 33.30 ard 33.39
all shoulad exist at 33.33 kB. 1his conll~
the wost jevastating effects D7
pand pass

km when a sinjle O
tiop oOr noise grod uces
maskin., the desired jensity spectrua- A narrow
fiiter would aropably solve this probl=d iz the sktert tern

but cventualiy the TFD will reguire farther study to eliai-

pate the noise. dhen the shallos case is used 1in the W7
(£igure 3.14), the ny-skaped phenomanon"
pull locations are gpore distirnct. goweverLy
the potton interactiot produces Wigh £re

i
pull spacings occur near tne expected

is acsent and the

in the snalliow

water cacse,
interference but tne
value for tae source depta (0.0628 1/m) «
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IV. CONCLUSIONS

Two rarakolic egquation models, tan2 SSFFT and IID, were
used to predict sound fields for coamparison with the Llicri's
mirror interference pattern in the raing2 doaain and tnea ic
the wavernunber domaine. In the range Jdomain, tae SSTFT
“aproperly handled the location oI pressure nuils and
displayed bottom interference. Wnile these weaghesses in
the SSFrT were absent in the IFD, the inadvertent and dele-
terious insertion of noise was ext2asive. In tae wavenulter
domain, the noise in the IFD was prohibitive in all put the
deep sediment and shaliow water cases. Tha IFD produced
results which were ccaparable with the S3FFT when the noise
was not a factor. The rarnje step and tae bottoa attenuation
algoritams of the SSFFT should be reviewed 1in order to
correct those problems descriked agove. in the I¥), the
noise precblenm will reguire further investigation. IZ tae
problea in tae IFD is not corrected, this aodel will ze
severely 1liaited. With the guidance [provided by lauer
[Ref. 2], the wavenumber domain can provide tae detailed
information needed to guickly correct inconsistercies
observed between acoustic models. Therefore, the ¥7T should
be investigated <further to ensure taat any soitware weak-
nesses are eliminated and a thorough understacding, of the

Irocess is assured.
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Experiments 1in the operational eavironm2nt should be
planned to test the WT with actual sound sources. The ship-

re
i’t.

-
-

.
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e
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e

toard experiment could be easily accoaplished since the WT

[ 2
o3 can ce igplemented on micro-computers if the pressure infor-
fﬁj mation is provided from an outside source. The #T, if it is
e going to be considered as a ametnold toOo determine source
e . . .
et depth, afppears to have three major saortcomings:
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1« A clean C4 signal with phase iaforamation is zso:i-
tial, which will require guaaratare deaodalation anl
extensive {iltering.

2. Prediction models are required which will proviile
egualliy spaced beta nulls =0 taat software can Le¢
developed to automate the processe.

3. Hijh resolution processing eguipment is rnecessary
because the change in beta spaciny for shallow souni

sources is small (figure 2.95).
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APPENDIX A: SSFFT SOURCE CODE (AT NPS)
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