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ABSTRACT

The Wavenumber Technique (WI) is a relatively new method
of wundervater sound transmission analysis. One aspect,
source depth determination, is studied to evaluate its
validity and test environmental and acoustic sensitivity.
The horizontal wavenumber spectrum is analyzed to determine
null spacings in wavenumber space, which indicates source
depth by the Lloyd's Mirror interference 2£fect. Comparison
of this theory with cases of an isosp2ed sound profile,
fully absorbing bottom, and flat totally-reflecting surface
shows excellent agreement for saveral parametric variatioms.
Cases with realistic sound speed profiles and partialily
atsorbing bot+*oms generally agree with theory, but a dis-
tinct bias is observed. Sourcs depth determination curves,
which relate +the scaled wavenumber spectral intensity null
spacing to the source depth, are presented for comparison
with theory and sensitivi+y analysis. An example is given

for suggested application of source depth dstermination.
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I. INTRODUCTION

The Wavenumber Technique (WT) is a new method for +he
solution of several problems related to the analysis of
undervater sound transmission (Lauer,1979). Its basis is the
analysis of acoustic pbropagation in the wavenumber domain,
wvhich has been described by DiNapoli (1971) and was arn
intermediate step in the computation of transmission loss
versus randge in the Fast Field 2roqraa (FFP). DiNapoli
(1977) later used the wavenumber dJomain to study the impe-
dance of the ocean~-bottom inter face. Lauver (1979) first
intrcduced the WT and its applications to passive localiza-
tion and tracking and multipath decomposition. He dzveloped
a range prediction curve based wupon peak wavenumbers in the
transform spectrum fcr successive range increments £rom an
entire pressure range field.

These inves*igations presented highly beneficial and
promising results from the wavenumber depiz+tion, which indi-
cates that additional research is appropriate. One particu-
lar aspect of the WT - determination of source depth - will
be investigated here in order to evaluats its wvalidity in
comparison wi*h the 1loyd's Mirror effect. Its c2lation-
ships to oceanic and acous+is wvariatisns will also be

examnined.

17
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The wavenumber technique as first described by Lauer

(1979) wvas based upon input from the FFP, but it has been

adapted for use with the Parabolic Equation (PE}) method of
propagation loss determination. The PE-based WT is currently

being investigated by Lauer and others at the Naval Ocean

Research ard Development Activity (NORDA) and was the model
used in this rTesearch a* <thaz Naval Postgraduate School
(NPS). Descriptions of the PE and WT will be presanted *o
display their sensitivities to variations of several model

parame*ers. Also, expected relationships of the WT to other

current propagation prediction models will be discussed =o
consider how results migh+ vary based upon different inputs.
Particular attention will be given to algorithm differences,
degrees of approximation, and *reatment of “he ocean bo+ton.

The PE-based WT will th=n be exercised for several
parametsr variations ¢to evaluate qualitativaly +he consis-
tency of the technique. This study will also demonstra<te
the response of <*he PE~based W8T to geometric and ac<ual
oceanic corditicns. ?redictison curves f£for source dep=h
determinaticn based upon *these variations will be presen+ed

and discussed.
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II. WAVENUNBER TECHNIQUE

A. GENERAL DESCRIPTION

The WT is a natural alternative for signal depiction
because it provides information on <the directions of energy
arrivals. It allows reasonably direct physical irterpreta-
tion of ocean acoustic processes and their relationships to
environmental conditions (Lauer, 1979). Lauer further states
that the wvavenumber spectrum plot 1is clearer and more
informative than typical curves of propagation 1loss versus
range, The wavenumber K relates the angular frequsncy and

*+he sound speed by

The refarence wavenugher is datermined by <he =sound speed

ainimun




The WT will first be described without reference <o any
particular propagation model t> present the general nature
of the algoritha. Fige. 1 is the flow iiagram for the WT.
The left and right sides of +this flow diagram correspond %o
the intensity and vavenumber axes, respectively, of the
spectruma plot that will resul* from the WT. This figure and
the following discussion were developed from Lauér (1979 and
1982a) and augmented Ly several telephone conversations with
R. Lauer, T. Lawrence, and R. Evans of NORDA between July
and December, 1982.

The WT calculates spectral intensity from the real and

imaginary parts of the acoustic pressure

p = v(R,Z) stut

The complex psi versus range £ield at a3 specified depth is
the propagation model product which de+2raines the pressura.
The complex pressure field can be modifizd for effects such
as attenuation, depending upon whether il=alized or realis-
tic conditions are leing invastigated. A Fast TFourier
T-cansform (FFT) is then applied to yield transformed complax

pressura. The spectral intensity is Jde*ermined at =each

20
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VAVENUMBER TECHNIQUE FLOW DIAGRAM
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| i
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SRC_ DEPTH
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Figure 1. Wavenumber Technique Flow Diagranm.
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wavenumber increment from the transformed complex pressure

field by

This intensity field is scaled arbitrarily for sa*isfactory
display of the relative maxima and minima to define +the
intensity nulls.

Additional output parametars from the PE w@ich are
required for *he WT include th2 range stzp, +he number of
range points, €frequency, min imum sound speed and field
dep+h. These are the selected variables noted in figure 1.
The range step is selected to provide sufficient resolution
*o determine +*he wavenumber null spaciny on +the spectrum
plots. The Ini+ial radial coaponent of the wavenumber for

*he spectrum is calculated from DiNapoli (1971) by

where

22




As will be seen in section II-B, 3if a "scaled" wavenum-
ber beta is used for the horizontal axis, analysis is sim-
plified since the nulls in the spectra should be more evenly
spaced (Lauer,1979). The physical meaning of beta will be
described in the next section. The resulting scaled wave-
number spectra are then plotted. The wavenumber null spacing
for each incremental source depth 1is det2rmined from each
scaled spectrunm. The source depth determination curve is
generated by plotting these null spacings as a function of
source depth, as suggested by Lauer (1979). The null spac-
ing ¢f an analyzed received signal could be compared with
this determination curve to infer the saurce dep*h of the
signal. This application will be discussed later. The
source depth determimation curve will b2 specific for ths

acoustic and cceanic descriptions of the mediun.

B. PHYSICAL DESCRIPTION
The preceding description was 4intended to provide the

cvaerall concept of the WT wher2as what £5llows will axplain

the physical basis for the technique. The underlying princi-

pla cf the WT as described by Lauer (1982a) is the lLloyd's

Mirrcr effect, which gives the acoustic fi=1ld by

e-iwt

p = E(R) )




vhere

E(R) = exp (iK / RZ + (2, - 2902} - exp {iK / RZ & (2, + 29)?)

2 - 2 2 2
S R2 4+ (2 - 29 fR+(ZR+ZS)

for a point source in a semi-infinite zedium of constant
sound speed with a pressure r2lease surface. This is the
Lloyd's Mirror field in range space, whereas <the Lloyd's
Mirror field in wavenumber space, applicable to this

research, is given by Lauer (1982) as

F(K) = 51n(BZS) exp(zBZR) ,

8

vhere be+a is defined by

and E(R) and P(K) are related by thes Sess=1 transform pa:i:

E(R) = g“z F(X) J_(KR) K &K
and
F(K) = 1 /TE(R) J (XR) R dR
= 0 Q
24
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For this research the Bessel function was approximatsd as a
trigonometric function so that the PFFT could be utilized.
This is considered acceptable since th2 source and receiver
are qreatly separated, according to Lauer (1982b). Inspec-
tion of P(K) reveals that the nulls of the spectrum will be

egqually spaced at intervals of

H

AB

[N ]

This equal spacing in beta is the key 2l=2ment of “he appli-~
cation of the WT to source depth determination (Lauer,1979).

Only the direct and surface-reflectal waves will in+ter-
act at a3 receiver location in a2 simple Illustration of the
Lloyd's Mirror effect with a smooth surfice. This in+tarac-
+ion will Dbe destructive or constructive, as a r=2sul% of
their relative phases (Rinsler 2% al ,1982) ard will produce
rulls or peaks, respectively, in the waveaumber spectrum.
Figs. 2 depicts the Llc¢yd's Mirror efiect jeometzy which will
be used *o study %“est case outpu®s for null spacing and sub-
sequent source depth determination. Thz surface-refliected
(SR) wave travel distance will increass at a ~faster caze

+han th2 direct (D) wave distance 4as the source is moved

25
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SHALLUM SOURCE
sl ' Surface
h
SRC r=v RCY
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Bottom
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Surface
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_— — . . fottom
REARER RN

Figure 2. Licyd's Mirror Effect Geomezry.
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deeper in the water cclumn (3) while *he rsceiver depth (h)
is stationary. This leads to different ar-ival pattsrns ard
nulls 2t more wavenumbers. Thus the gJe2rneral patterr of
decreased spacing in beta with increasing source Jep+h is
observed.

Bottow irnteracting waves will be negla2cted for idealizzd
cases., This will be accomplished by ¢the use of 2 fully
absorbing bci+onm. These waves will be important, however,
in shallow water or at greater rargas. A f2w ‘est casess will
have realistic bottoms, Various propagatiorn models handle
~he bottom in different ways, so the inclusion of 2 botticn
will be discussed later. Cas=s Irn shallow wa:er (lzss tharn
5000 fes+) or at extended ranges (greatzr <+than 100 miles)
will not be considered here.

Lauer (1979) observed that the wavenuabs- spec-rum shcws
2 series 0f modulating envelopes which snclose spikes tha+t
2re the eigenvalues associated wi%h the n>rmal modes. Com=-

parison cf *he wavenumber spectrum with typical trarsmission

loss curves reveals *hat the wavenumber dspiction is mcre

coherently structured. This 1leads *+5 a be*ter physical

understanding of signal transmission bzcause ¢f +he rzla-
tionship between horizon+al wavenumber ai1d -ay <hecry. He

gives this as
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The horizontal wavenumber decresases as thata increases. Thus

the wavenuamber axis of the spectrum plot will include wave-
numbers associated with smaller elevation (or depression)
angles in increasing crder of wavenumber (Lauer,1979). I+
is then expected, for the cas2 of a neglszct24 bottom, thaz
spectrua amplitude peaks could be observed *hat would corrz-

spond to the direct and surfacz2 reflected waves.

C. WAVENUMBER TECHNIQUE APPLICATION

Lauer (1979) reocnmmends a receiver =hat is a single
omnidirectional hydrothone and a source-gsnerated continuouas
wave (CW) received signal for source dzpth determination.
He further states <that in actual use <th2 single hydrophone
could be replaced by an array to improve :“he signal-to-noise
ratio and to obtain bearing and bearing ra%e information.

An example of a peossible application of the WT, scurce
depth de*ermination, is present2d4 in Fig. 3. A propagation
model could be run for a series of incrzmen*al source depths
*o yield the null spacing relationship, as was shown in Fig.
1. That curve would be specific to the procver+ies of *he
ocean and values for parameters such as <fregquency ang
receiver depth. A received signal as shown on the rzight side

of Fig. 3 could then be analyzad. I+s null spacing could be

28

r——— w, =




VT APPLICATION: SOURCE DEPTH DETERMINATION
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Pigure 3. WT Applica+ion for Source Depth Determination.
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comparel to the model-produced curve to infer <+the depth of

the source.

Do TECHNIQUE LIMITATIONS
The success of the WT is related dirsctly to the accu-

racy of the predicted pressure field proluced by the propa-

gation model. There are several possible differences
be-weer propagation wmodels which might affect the pressure
field. sSsome of the more significant include approximations
of the wave equation, bottom 2ffects, 1initial source func-
tions and irput limitations. These will be compared for sev-

eral models +o determine relevant restrictions. The pressuce

fi2ld will also respond to chaages in thsz ocean. A series
of different scenarics will be run *o provide an ini+tial

estimate of the sensitivities to some of these fac%ors.

Ary additiopal 1limitations will be rzla<ed to compu%er
processing time and storage requirements. These factors will
not Le addressed directly in this research because the preo-
cessing foliowing the propagation model is minimal. There is
also no requirement tc¢ store the complax pressure fields or
their “ransforms once the rull spacing has been determined.
Thus +he WT computer utilization Is directly proportional to

+*he +ime and storage required for the propagation models.
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III. PROPAGATION MODELS

A. INTRODUCTION

Modeling the propagation of sound in the ocean is com-
plicated by *he variability of the ocean, the gres* range of
frequencies of interest, and the many applications of sound
propagation (DiNapoli and Deavenport,197% . It is not suc-
prising +that no single wmod2l is presantly capable of
addressing all of these variations; <there are many semi-re-
strictive me+thods. 1Ir general 21l models consider the sound
speed t> be a functiorn of the spatial coordinates and inde-
pendent of +“ime (DiNapoli and Deavenport,1979). Only the
frequency, water c¢olumn geom2try and oseanic description
will affect propagaticn.

All models, regardless of application, <can be divided
into <twvwo classes: rande indspendent o5r range dependen<.
Range independent models assums that the 5c2an is cylindri-
cally symmetrical, tle speed of sound is a function only of
dep+th and all boundaries are planar perpendicular *o the
dep*h axis (DiNapoli and Deavenport, 1979). Range dzpenden+t

models can provide better approximations 5f real conditions

n




by allowing the sound speed to be a function of two or three
spatial variables. They also 40 not rsquire planar bcunda-
ries perpendicular +tc¢ the depth axis, thus cylindrically
syametric bottom <topography can be included (DiNapoli and
Deavenport,1979). A range-dependent modzl, the split-step
Fast Pourier Transform PE (SSFFT) was the numerical model
used in this research to generate the pressure fields for
+he wavenumber analyses. This PF will be gualitatively com-
pared to two other range-deperndent algorithms, a range-modi-
fied Normal Mcde (NM) model and a Finite Difference (FD)
model. It will alsc be compared tc & range-~independent
methecd, the Fast Field Program (FFP) moiel. The range-de-
pendent capability cf +the SSPFFT was no*t used in +his
research since this was an initial investigation. Its com=-
parison with both range depenient arnd indeperdent nmodels
may, however, indicate possible model 2ffects on <+he WT
which could be studied later.

In general all models attempt to solvs the acoustic wave
equation. This equation is valid £for sound propagation in
fluid nedia with specifi ed boundary conditions
(Urick,1975,p.114) . It becomes the rediced elliptic Heim-
holtz equation iIn spatial coordipates unier <+he assumption

of harmonic time dependence.
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B. PARABOLIC EQUATION

1. Iptroduction

The PE algorithm used in *this ressarch was dzveloped
by Brock (1978). The basic feature »>f “his PR is the
replacement of the reduced elliptic Helmaholtz equation by a
parabolic partial differential equatiosn *hat utilizes +the
Tappert-Hardir split-step Pouriar algoritha (SSFFT) for the
nuaerical irtegration (Brock,1978). Th2 origiral computer
code as described by Brock has been modified to incorporate
~he source ard a*tenuation dascriptions ot Tatro (1977) and
to include an ocean bottom by Stieglitz e+ al (1979). This
is the version of the PE tha+t is currently availabla at NPS
and was the code (PEMODEL) useld for this ra2search. (It mus:
be emphasized tha* some difficulty vas encountered in +rying
to ascertain the correct descrip+ion 2f <+Le NPS version
because of inadequate and errconeous coamz=n*t card documenta-
tion in the source ccde and incomplete nmanuscript dsscrip-
tions.)

This sec-ion will discuss the SSPPT, the origiral
Brock algecritha, modifica“ions to that coi2, and subsequent*
evaluations of the SSFPT. Par+icular a*=ention will be

given *o those aspects which ar2 expected tc affect the AT,
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2. Pazabolic Approximation

The parabolic approximation to the wave eguation was
first introduced by Leontovich and Fock (1946) as a solution
for the propagation of electromagnetic waves along the sur-
face of the earth. Its first introduction to underwater
acoustics was by Hardin and Tappert (1973) who used the
split-step technique in conjunction with the FFT to solve
this particular apprecximation to the wave equation. The
result was the SSFPT. Tappert (1977) related the use of the

paratolic approximaticn to sound channel propagatisn in a

waveguide that is thin vertically and 2longated horizontally
to the range of the first convergence zone or farther.

Long-range propagation, with whizh +the SSFFT :is

basically concerned, will usually be for 1low frequencies
because volume absorption incrz2ases s*trongly with frequency
{(Tappert,1977). The maximum elevation (and depressior)
angles of prcpagation Zor long range “ransmissicn must be
small to sa+tisfy the EE (Tapparc%,1977). The derivaticr of

the SSFFT will be discussed latar in a simplified version as

presented by Brock (1978).
I+ appears that the SSFPT is intsnded for use in

situations where bot+om intescaction and surface scattering
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would be negligible. Thus the use of the SSFPT to examine
the Lloyd's Mirror effect in the real world may be inappro-
priate if <the ocean surface is sufficiently rough; addi-
tional errors may occur in situations where bot%tom éffects
are significant.
3. Brock Algogpithm
a. Description
The SSFFT is valil for acoustic pressure 3in a

medium 9f constant density with a monofrequency socurce and

cylindrical symmetry about the depth axis (Brock,1978). The

acoustic pressure can be writtan as

-, 1
p(R,2) = ¥(R,2) H_L(X R,

where the zero-order Hankel furnction of the first kind
relates the acoustic pressura *o0o an sutward propagating
cylindrical wave envelope function (Brock,1978). This is
valid because of the assumption <+hat at low frequercies all
significant energy will propagate approximately horizontally
ayay from the source (Tappert,1977). The asymptotic form of

+he Hankel func+ion is

1
H I(K R) = {2/7K R}? axpti(K R - n/4)} , K R »>> 1
0 0 o = o) 0 ’
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if the receiver is many wavelengths from the scurce. This

leads to (Brock, 1978)

] 2(n2 -
* 23K ¥p * K 2{n(R,2) - 1}y = 0 ,

YRR t gy

The additional assumption o0f neglecting +he far field

effects,

lverl << [2iK ugl

is the "parabolic®" approximation for radial <transmission

(Brock,1978). The result is the Leontovich-Pock (1946) PE

vg i(A+B)¢)
where
A= -1 32
2K a3z?
and




which is the form used by Brock (1978).
b. Impleaentation

Brock (1978) us=ed the SSFF! to =solve the PE
because it has several significant advantages which outwzigh
its disadvantages., Advantages include 2xponen+ial accuracy
in depth, second-order accuracy in range, =2arergy conserva-
tion, unconditional stability and computitioral efficiency.
Disadvantages are a uniform mesh and periodic bourdary cen-
ditions to satisfy *he FFT, and filtering of the sound speed
profile by smoothing discontinuities <=9 avs>id spurisus high
anqgular-frequency components (Brock,1978). Additionally ths
algorithm assumes a flat pressure-rzliease su-face, a vanish-
ing field at the maximum depth and a2 pssuis-radiation cond:i-
“ior at *he water-bottom interface by sadcothly a<t2nuating
the field (Brock,1978).

A numerical algorithm of

wR = 1(A+B)y s
Y(R#aR,2) = oFAR(BHA) oo oy
leads *+o
y(R+8R,2) = o ARB ppop=l ¢ JIARA ppn (Lep o7yy
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or

1ARK (n2-1)/2 _.  1aRK2/2K_
y(R+AR,Z) = e ° FFT ! {e FFT(y(R,Z))}

o facilitate the computations since a spa*ial FPT and i<s
inverse are required to transform between 3d=2pth and wavenum-
ber (Brock,1978). This procsiure is implemented by +wo
alternating steps, *he first of which considers propagation
in a homogenecus wmedium *o account for 1:iffraction ard the
second to accourt for refracztiorn (Brock,1978). In his
development Brock gives an 1ilternate <calculation of +*he
envelope function stemming from

V(R+AR,Z) = elARA/L elARB elARA/2 W(R,2)

This differs slightly from +%h2 pravious =xpression con%ain-
ing the FFT and inverse FFT. Thus i+ is 15% currently known
which relaticnship is used by Brock; this could be ressolvzd
later by a detailed examination of +he <=omputer cods. In
any event as McDaniel (1975a) has shown, either approach
vould be of sufficient accuracy with appropriate s2lection

of AR and AZ.
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The SSFPFT appears +o be 3Jui4e sa*isfactory

rumerically, but it has *o simplify the actual oceanic vari-
ability to allow realistic cocmpu*ation. It apparently will
handle source and receiver depths and horizontal separation
distances well as noted by its degrees of accuracy in d=p=h
and range.  The smoo+thing of “he s>und speed gradisnts and
bottom effec*s will have to be consider=d.

The intent of this Jdescriptis>a has been to pro-
vide a base from which comparisons can b2 made with othar
numerical solutions and modificatiors > *hiszs algori<hm.
The effect of the source modai on the WI can be =valuated by
these comparisons. The primary elsments of the WT are ths
real and imaginary parts of <hz2 ccmplex oressure amplituda.
Thus +he algerithmic differences with rCespzact to compu*ation
of the pressure field will be “he primary basis for “he com-
parison cf effects on the WT.

McDaniel (1975a) compared *h: basic Tappert and
Hardin SSFPT, which is used by Breck, %o 2>rmal mode theory.
She found tkat errors ariss in phase and group speeds,

al*hough one mode can be propagated with ths correct ampli-

tude and group ard phase spseis. McDanizl describes three

sources of error: (1) approximating the wave equation bty :hz
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SSFFT as noted above, (2) limiting +he range steps and per-
missible sound speed gradients, and (3) truncating thz fiel]d
at a finite depth. The result >f <the SSFFT will be a shifs
in the modal interference at long ranges if many modes are
propagating (McDaniel,1975a). The error due to =range stap
iimitations s third order ia the ranje step increment
(McDaniel, 1975a), thus a small range st=p is required =*o
minimize this error. The third =rror is rslated “o inclusion
of a highly absorbing bottom which ca2uses preferential
attenuation c¢f higher-order modas; the dominant contributiorn
will thus result from the lower modas (McDani=l,1975a).

Brock et al (1977) have dzscribed a proceduce
to improve this condition. It maps the index of refrac:ticn
and depth such <that +*he phase speeds and turning points of
the ncrmal modes are preservel. This Inpvolves construc+tion
of a ‘'pseudoproblem" such that the parabolic phase speeds
will be equal to the elliptiz phase sp22ds of *=he ccrra-
spondirg modes in the original problem (Brock et al ,1977).
This is given as

-~ -~ 1 5 L’
(n,2) = (n,2) = ((2n-1)% , 2n°}
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It is found to greatly improve the SSFFT agreement with the
elligtic solution. This correstion technique has one basic
constraint, which is that isospeed regions are not allowed
in the sound speed profile because of poor eigenfunction
nappinq {(Brock et al, 1977).
4. Subsequept Modifications
a. Introduction
There have been <%*wo significan+t modifications
since the original algorithm was publishsd by Brock (1978).
These are source function and volume at<enuation alteraticns
(Ta+tro,1977) and the incorporation of a bo:*cm and variable
range step (Stieglitz et al ,1979). The Tatro modifica%ion
vas develcped in 1977 but was added to +the Brock algoritam
after 1978. Discussion of th2se two aspects will complieze
the descripticn of the PE algorithm 3ins+talled a+ NPS and
utilized in <this study.
b. Tatro Modifications
The Gaussian source originally utilized by Brock
(1978) vwas considered to be inefficient in “erms of program

size limitation and an upper frequency limi* which is ceia-

tively low (Tatro,1977. A naw source func+ion was devel-
oped. This was intended to solve ths problam of large
41
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vertical wavenuambers from a2 Gaussian source tha+t were previ-
ously eliminated with range (Tatro,1977) and led ¢o an
incorrect depiction of the fiell,

This source is basically a 1low pass filter in
+he vertical wavenumler domain which is centered at <the
source 1epth (Tatro,1977). Th2 initial vertical wavenumber
field will thus be a constant up to a prescribed value and
zero for higher wavenumbers. The us2 of the filter 1is
claimed to yield improvement over the Gaussian source by
pinimizirg the aliasing which might occur upon transforming
to the depth domain (Tatro,1977) . T'he benesfits derived from
the use of this new scurce ar2 reduced computa*+ion time and
storage and the availability of higher frequencies
(Tatro,1977 .

He also modified the Brock algorithm by in-ro-
ducing vclume absorption as calculat=d from the equation of
Thorp (1967). The decision zan be maie whether or not %o
include volume absorp<+ion.

C. Stieglitz et al Mciifications

Brock (1978) had considered *he PE most useful

for 1leng range propagation at  low freguencies ani  small

grazing angles. The bottom was nodsled 2s fully absorbing se
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that the field would vanish at the maximum depth of <the
transfornm. This depth was obtained by zxtending the water
column dapth by one~fourth to o¢btain ths transform depth.

The indax of refracticn in this region was

vhere a and b are empirical constants. The energy in *he
bottom was attenuated such that ary additional mod=ss which
resulted from +transform truncation wers minimized. This
empirical expression was selectad to coincide with 2 compa-
rable normal mode solution. This rather crude model of the
bottom appeaced *o be acceptable for sitaations wher2in +he
bottcm had a relatively small =f fect.

Stieglitz et al (197 9) considesred it nzcessary
*> attempt <o develop a more realistic ocean bottom sirnce
acoustic propagation was being utilized in more varied and
extreme situations where bottoa interaction was important.
They developed “wo additional cptions for handling <he bo=-
tom: (1) a partially absorbing bottom with specification of
reflective loss versus grazing angle of -he equivalenz ray

and (2) the direct insertion of sediment sound speed and
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attenuation profiles. The aljoritha derives +he sediment

profiles from the grazing angle loss vialues in <the firs+t
opticn. The supplied profilss are used directly in the sec-
ond optior (Stieqlitz et al ,1979). A n3v complex modified

index of refraction

M(R,Z) = {n2(R,Z) - 1} + i2b(Z)/KO

is computed if the bottom attenuatisn Zs to be calculated.
Ore additional change, *he calculation of the

range step, has also been addad by Stiegliiz

[

t al (1979).
I* consists of an initial search of the vartical wavenumber
domain for the maximum pressurz componert. This is then fol-
lowed by a search for <the first componsn+ which is 50 4B
below *he maximum ocomponent. The wa2venumber of -<his

compcnent

is stated to require a range step of

= - 8 )
AR AO/( cos 5o

4u
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where

A= 2n/K .,
) 0

The range step was fixed in the curra2nt research for the
benefit of the spatial transform in <the WI, <+hus the above
description was not utilized. It has been included to com-
plete the description of *the <computer coiz which apparently
conprises the NPS model, PEMODEL.

S. SSEET Evalyations

3

The SSFPT has been invsstigated on several occasions
to examine specific items which might be modified %o yield
better agreement with ac+*ual propagatica. Most of these
studies deal with the algorithmic description by Tapper* and
Hardin (1973). Exam ination of these stulies will no*e fur-
ther possible limitations on ascuracy in the SSFFT which can
be extended to the WT.

Fitzgerald (1975) examined the accuracy of <he SSF®T
as a func*ior of range and frequency. Iz was shown that %the
SSTFT da2monstrated greater accuracy a* longer ranges, the
lower the fr-equency. The SSFFT was considered a gcod

approximation in the examples given for 100 HZ and 10 HZ -=o
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about 111 and 15000 km, respectively (Fitzgerald, 1975).
The current study will examine transmission at 50 and 100 HZ

at ranges to 100 nautical milas. Thessz ranges will exceed

the limits of Fitzgerald in some cases.

McDaniel (1975b) investigated splitting the total
field into transmitted and reflacted fields in deriving the
SSFPT. It was necessary to neglect the reflected field for
the matrix associated with tha Tappert-Hardin SSFFT, since
the two fields did not decouple vwherz2 the wavenumber was
independent of range (McDanizl, 1975hy . Thus an exact
expression could not be determined for tha *ransmitted field
without the reflected field. (The reflszcted field is neg-
lected in the current research since 1% uses +he SSFFT.)
This will 1lead to phase speed and group speed errors as
McDaniel (1975a) pointed out =2arlier, as discussed in Sec-
tion III-B-4. These errors ware minimized by Brock et al
(1977) by a mapping techrnique for both the index of refrac-
#ion and the depth. ©Even so, the implicationr of this pcssi-
ble error cn the WT is +hat the interferance r2%:2rns aay
nrot be exact, which will lead to inexact »r biased vavenunm-
ber nulls. McDaniel (1975b) proposed another ma*rix which

achieved the desired decoupling and thus allowed expressicans
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for the transamitted and reflectad fields. This alternative
vas not investigatead in this initial researck. 1I%¢ may be a
way to resolve non-exact results and could be studied later
to isolate quantitatively the biases related to various
input parameters for the ®T.

Palmer (1976) related possible 1inaccuracies in %he
SSFFT to approximations involving relatively small terms in
the exponential approximations for the oparators A and B and
also to the use ¢f a single reference wavenumber. These
appreximations will nct be invastigated specifically in this
research but they may be relatzd to potantial disagreement
between the SSFFT and the theoretical Lloyd's Mirror effec<.
The association of errors due to a singl2 wavernumber can be
recognized from the wavenumber spectra, which will be pre-
sented later in section IV-A. They will show not only an
ernergy concentration at the refarence wavanumber but signif-
icant energy distributed, as w2ll, over a range of values.
Palmer (1976) emphasized that the physical properties of the
ocean aust be considered beforz terms carn be neglect2d, such
as the spreading of energy over several wavenumbers.

DeSanto (1977) studied “he relationship betwzen the

acoustic pressure and *he envelope function (called veloci«y
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potential by DeSanto), which is directly relevant to the

current research where pressura2 is calculated froam the mod-

eled envelope function. DeSanto arrives at

¥(R,2) = A R'™?2

where Q satisfies

{P(£,2) Q(R,t,2) exp (iK_/Zt)(RZ+t2) £273/ 244

QRR + 2{(1l-a)/R +(iK°R)/t}QR + QZZ + 2iKoQt + ZQZE_{ln(p(t,Z))}

3z

2 1
1<o {Kz(t,Z) - K2(R,Z)}Q
and

Ky(R,2) = K(R,2) =~ K (2),

The PE for +he envelcpe function is obtained i€ this func-
tion is evaluated by stationary phase; thus, it appears that
a more accurate result could be obtained by better evalua-
*ilon of the integral. DeSanto 2t al (1978) developed a cor-

rectiorn for +the SSTFT, known as *+he Corrected Parabolic
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Approximation (CPA), +that handl ed phase inaccuracies better

than the SSFFT. Further study might addr2ss the response of
the WT to the CPA with respect to improved phase accuracy as
a function of range.
6. Epviropmeptal Sepsitivity of the BE

This final section in the analysis of +he PE will
consider the expected environma2ntal sensitivity of the PE,
and, by extension, the WT. The important relationship of the
PE to the WT is the input of the complex pressure amplitude
and ultimately <the resultant wavenumber distribution. As
discussed earlier in Section II-B, the wavenumber could be
associated to the source angle and, by 2xtension, to the ray
type or family (Lauer, 1979). Consequently, oceanic parzanme-
ters which wmodify the transmission of c2rtain cays can be
related to the resulting wavenumber distribution.

The sound speed profile will favor certain ray paths
at different depths in +he water column. There should be a
correspondirg shift in ray paths and hence wavenumbers as
the source and receiver depth geometry is changed. The
direct and surface-reflected rays will travel at different
speeds depending upon the gradients along “he profile azd

thus lead to differen* spatial interfsr2ace pa%tterns. This
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can leal to wavenumber shifts and changes in the null spac-
ing. Profiles used in the current study will include real
exanaples and isospeed cases.

Another important aspect is the *‘ransmission geon-
etry. Generally the model will be run at considerable range
and in relatively deep water, which will be cornsistent with
the applicability of the PE. A series 5f source depths with
a single fixed receiver depth will be run to generate the
wavenumber null spacing values that will formulate a deter-
mination curve for each case of geometrizal variation. The
distribution of <these resulting curves can be examined to
evaluate the effects cf transmission gesometry orn the WT.

Two frequencies will b2 examined ir a siamilar man-
ner. This would be one of ths most important parameters *o
investigate in future studies since it would thave a direct
bsaring on operational applicat ions. It is expected that
there will be differerces inr *he resultiag wavenumber spec-
tra depending on the input £reguency. The relationship
between frequency and transmission geomztry will also be
studied since these are the easiest parameters to vary dur-
ing an 2xperimen* and will lead +o *he md>st complets analiy-

sis of model variability.
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The surface will be assumed to be planar and pres-
sure-release so that there will be complate specular reflec-
tion. The minimum source depth used will be that at which a
definable interference pattern -an be obszrved for the spec-
ified frequency. The slope approaches zero ne;r the surface
on the source depth determination curvas. This result may
indicate that the WT 3in its current form is probably not
applicable for sufficiently shallow sourcss.

The final important area of variibility will be the
bottcm boundary conditions. There are several op*ions now
available in the PEMODEL. The fully absorbing and partially
absorbing bottoms will be considered. A Z£fully absorbing
bottcm will be used in most cases %o sinmplify *the intecfer- H
ence pattern by elimirating any rays which interact with the
bottonm. Thus the basic intsrference pattern may be evalu-
ated. Varicus bottoms can then be testsd *“¢ study the

effect of the bottowm on ths 4T. pif

s}
1)

ring bottom 1lcss

curves will be compared in a fa2v cases 5 demonsirate guali-
tatively that ¢he bottom does have an zffzc4. The +hirzd bot-
*om cption of a realistic sedimz2nt sound speed could also be
investigated once the general a2ffect of the bot+tom has been

determized. It would not offesr any addi+ioral significant
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results at this point beyond +those realized from the fully-~
and partially- absorbing bottoas.

All input parameters are related and thus the exami-~
nation of any one particular factor must be considered with
respect to the full range of variation of the other factors.
The number of combinafions of parameters would be very large
for a aodel such as the PEMODEL. Thus this research can
only begin to explore general relationships. Additional
research 1is necessary to delineate specific parameter

impacts on the WT,

C. FAST FIELD PROGRAM

1. General Description

The Fast Field Program (FFP) was selected as the
first model to compare to the PEMODEL siace it was the ori-
gin of +the WT and the initial testing of the T by Lauer
(1979) wvwas performed with tha FFP. The description of the
FFP which folliows is summarizeid from DiNapoli (1971).

The basic result of the FFP 1is direct numerical
integration by the aprlication of the FFT %o field theory %o
compute prcpagdgation rredictions in a miaimum compu%tation

time. The pressure can he reprcasented in the form

7 = el . 1
p(R,2) = /5[ 8(25,253K) 4 M(KR) X dK
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vhere G, the Green's function, must satisfy

d2G + {KZ(Z)-krz}G = -8(2-2)
dz?

and the associated boundary conditions. The field equation
can then be writ*en as
1K R

1 1 1 :
p(Z,R ) = /5 aK(2/7i)% eMofn /g 7 g % TMRAK

where

E = G(Z,Z imR JAK

1
. 2
o S’Km) Km e

In +*his form, p can be obtainad through use of +he FFT at
each range ircremernt. Given p as a function of range, the WT
cculd be app.ied as usual. D:iNapoli compared an example
from the FFP with the normal anode progran of Bartberger and
Ackler (1973) and found excellent agrzemen* between +*he
locations of the peaks and tha real parts of <he eigenval-
ues. The only significant 3ifference is that the TFFP

includes more higher order modas but dozs not _aclude the
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first four modes. DiNapoli states that the FFP offers a
significant reduction in computation time yet still provides
reasonable results as compared to normal zode theory. This

is accomplished by exrressing the sound velocity profile as

one or aore exponential functions of depth. These exponen-
tial furctions allow <the use of recurrence relations +*o
gquickly calculate the input to the FFT.

The FFP offers two options for thz modeling of the *
bottom; a two-layered fluid bettom wi*h specified sound
speeds and a semi-infinite bottom of one sound speed. The

propagaticn effect from +the first would be eventual return

of rays once reflaected from th2 sescond bottcm interf?ce. The
semi-infinrite bottom would not allow any r=turn of sediment
rays.
2. Comparison of EEP and RE

The FFP is a range indzpenient m>del and the PE is
range d2pendent. The environment was considered cons*tant
cver the r7Tange in the current research, and thus the 4wo T
models can be compared. The FPP uses the sound speed profils h
as an exponential function which is a2 3ifferent approach
from the linear segmentation of the PE. The number 5f expo~

nential functions could be sufficient t> model an actual
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profile approxima*tely as well as the PE. The PE bottom mod-

eling does nct appear to offer any significant advantage in
theory over the PPP, which allows for a semi-infinite or
layered bottos. I+ is likely from a theoretical standpoint
that the PE and FFP inputs to the WI could be similar enough
t92 allow comparison. The wavenumber spectrum shows a series
of peaks which resul* from th2 nearby singularities of <he
Green's function. These can be expressed as the normal
modes. The utility of the WI stems from “he spacing of the

nulls between the envelopes which contain these peaks.

D. NORMAL MODE THEORY
1. Geperal Description
The fundamental importance 5f <ths normal mode solu-
tion, and *he reason that is it used to check the wvalidi+y
of other models, is that it is an exact s»>lution to the wave
equation (Kinsler et al ,1982,p.430) . The following descrip-
tion continues from Kinsler e al (1982,pp.430-432).

The solu*ion for a point source is given by
(v2-32/C23t2) p = 1 &(R-K ) o3¥%
L

where
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Analysis yields

e]mt

p = (-3mgz (242 (2)H_1(X_R)

and Zn must satisfy

J

d2Z_ + {w?2/C2(2) -~ K 2}7 =0
n n n

dz?

vhere Kn is constant and appropriate boundary conditiorns.
This soluticn is for trapped modes and dJdoes not include
those which are evanescent. Normal mode <theory can be
linked to the WT by the spatial repressntaticn of the wave-
number

K(Z) = w
C(2)

The rays in “he deep sound channel which have the same local
direction of propagation correspond to the normal modes by

+he relationship

cosh = K

K(Z)
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vhich extends to the normal mode phase speed

where 1 designates the 1th moda.

Normal mode theory lenis itself to many applications
in underwater acoustics and it may be formulated for both
range dependent and irdependent situations. A dependent form
which 1is appropriate for comparison with the SSFPT was
developed by Kanabis (1975). He developed a normal-mode
model which allows large changas in the s>und speed profile,
depth, and bcttom composition with ranges. The rangé domain
is segmented into regions within each of which sound speed
and kottem composition are functions of d2pth but nst range.
The normal mode solutions for sach region are matched at *he
intarfaces.

2. cComparjson of NM apd RE

It would be expected tha+ the WI would respond siami-~
larly %o these two models. This is based upon this example
of a normal mode prcgram and supported by <the praviously
discussed evaluation studies involving PE and NM. The NM

solutions are generally applicable to lony range propagation
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at lcvw frequencies, which is guite similar %40 +he PE. The
NM can be identified clecsely with the WT in a physical
sense, because of the interference effezts in the KM +hat
result from several multiple reflections (0fficer, 1958,p.

117). Officer further states that the nuaber of reflec+ions

will increase and the time intarvals between +he incidence
of successive reflections will decrease as +he range
ircreases. This might be comparable to depth variations
which will be shown for the WT. The NM yields exact solu-
tions for modeling with planar boundaries. Thus the results
of a WT based on NM would be limited only by approximations
which were intrinsic to the WT. A compariscn of PE- and NM-
based WT data should aid in 2valuating +he impact of the

particular PE algoritha,

E. FINITE DIFFERENCE METHODS |
1. Geperal Descriptions ﬁ
One £inal group of methods which has =esvolved :
recently are the finite difference methods of solution for ‘
“*he parabolic equations (Lee and Papadakis, 1979) . They
seek a more general solution which will be appropriate in
shallow water or where bottom interaction will be impor=an+.

Thay further state that the PD and JODE 1methcds will Dbe
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superior to SSFPT lecause an artificial bottom
required for the benefit of tha PPT. Bxplicit and implicit
finite difference schemes are considered as well as an ordi-
nary differential equation. The explicit finite difference

(EPD) schenme is

where %s represents y(Rn,2m), Rn is the nth range poin%, and
Zm is the m*th depth point. The implicit finite difference

(IFD) method from Lee and Botszas (1982) is

~%K N+l %K3/9R

9
e a_ﬁ u = e u -
m m

The FD scheme is consistent, stable and convergent in <he
solution of the PE (Lee and Papadakis, 1979).

The ODE method is

d_ u, = 4nlp *om (um+1 ~upn g ),
drR (a2)?2

vhece a2 and b are related by

up = a(KO,R,Z)u + b(KO,R,Z)u

77
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This technique is stable, consistent ard convergent also
which supports its use. One additional aspect of ¢the ODE
zpproach is the calculation 5f a variable range stap.

2. comparison of PD and ODE with PE

One result of <the FD and ODE anethods is greater

flexibility in arbitrary bottom +and surface bourndary ccndi-
tions than that availzble with the SSFFT. Lee and Papadakis
(1979) state t+hat while +the FD and ODE methods are both
superior to the SSFFT, the best appears t5 b2 the ODE, fol-
lowed by the EFD, which is limited by step~;ize. Thus “he PD
and ODE methcds appear to be significant improvements over
the SSFFT. This result should 2xtend to 2 WT based upon FD

or ODE irput.

More recently Lee et al (1981) have re-cxamined the

Lo

IFD ard fourd i+t to be as equally efficisn%t as the JDE. The j
general advantage c¢f the IFD over the SSFFT is that +h=
problem is solved within the water columa since =he botion
effects can be modeled by straight line segments. This is
similar 4o the ODE, but *he I?D does not ce2quire -hsz amoun*
of storage necessary for “he current ODE (Lee 2t al, 1981).
McDaniel and Lee (1982) have extended th: IFD *o thas <«rzat-

ment of vertical density discontinuitias. They fourd <“ha+
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vhile without this more realistic +treatmenrt of +the water-
bo>ttom interface the IPD approximates th2 SSFPT ard differs
significantly frona noraal mode, the IFD corresponds
extremely vell with the nrormal wmode calzula*ions with the
interface. In conclusion, the numerical tschniques related
to FD and ODE appear to be viable alternatives to *the SSFFT.
They will permit a more accurate representation cf underva-
ter acoustic *ransamission, which will be directly reslatable

to the ¥T.
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IV. ANALYSIS OF

1=
3

A. GENERAL DESCRIPTION

Twenty scenarios were s2lacted to> examine +he general
aspects of variations in several oceanic and gsome*tric
parametars. A set of input paramsters and a sound speed
profile were constant in each scenario while the sourcs
depth was varied. Pive to ten scurce dedxths were used for
each situaticn. The vertical and horizontal axes of the
vavenumber spectra correspond 45 <+he spsc4ral intensity and
*he scaled wavenumber beta, raespectively. The intensi-y
axis was normelized to uni+y f5r ease 3in pleozting, The rull
spacing was determined for each spectrunm. These nrull spac-
ing values were plot+ed versus source despths *o yield *the
determinatior curve fcr each scenario.

Table I lis*s the parametric specifications for each
scenario. Basically they can be divided in+«o isospeed cor
sound speed profile cases. An isospeed profile of 48380 £f+¢/s
from the surface to the bottom was seiact2d *o evalua<e the
<ranpsmission geometry and the y2neral consis+ency of experi-

men+tal -esul~s, assuming a fully~-absorbirg bot<om. The «T
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is based on the arrivals of ths direct ari surface-reflected
rays; %thus, the isospeed casas will be *he easiest to com-
pare with theory. There will be > sound speed differences
as a function of depth which could modify the arrival times.
Additionally, several realistic ocean pro>files were studied
to 2allow a gualita*ive comparison with theory ard explore
spatial and *emporal variability. It is recognized that the
theoretical Lloyd's Mirror =2ffa2ct appliss only +*o isospecd
profiles. Results from real profiles were compared with this
theory to see if they could approximate it. The spatial and
tempcral scales of variability used in this research were
approxima+tely 200 miles and 20 days.

Morz analyses were performed with *“he isospeéd cases
sipce this was an initial investigation. It still remains
to consider other simpla cas2s, such as linear negative and
positive gradients, surface duc*s and dsz2p sound channels.
Also realistic ocean studies that would involve greaier +em-
poral and spa*ial variations would be benaficial, Time was
limited durirng =his research, +hus efforts were divided
between model validatior and oceanic sensi<ivity. I+ is
believed, however, that tha <ccmparisons which will be
presented are sufficient for a preliminary investiga*ion

into the sensitivity cf the WT.
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TABLE I

Scenario Speci fications

ISCSPEED PROFILE

Run Rcvy Depth Range Frajy Water Depth Number of

Set RD: £ R:nm F:dz Z: £+ SD Runs

I0 300 50 100 10007 7

I1 300 50 50 10000 6

12 300 100 50 10000 6

I3 300 50 100 S003J 6

I4 300 100 100 50090 5

15 300 50 50 50090 6

16 300 100 50 10000 6

17 300 100 100 10000 5

18 800 50 50 100090 5

I9 10000 50 50 10000 5

R1 300 25 100 10000

R2 300 50 100 100023 5

R3 300 75 190 10009 S
REALISTIC PROFILE

Run Rcy Depth Range Fresy dater Dapth Src Depth

Sat RD: £+ R:nn F:H2Z Z: £ SD(numbez)

A0 300 100 100 9009 8

Al 1000 100 100 9002 5

A2 9000 100 100 90092 5

A3 300 100 100 9009 5

BO 300 100 100 12000 8

co 300 100 100 9000 8

00 300 100 100 12003 8

64

B —

o W . = =




The complex pressure input data wers not modified so
that the entire wavenumber spectrum would be observed a+ the
raceiver. These effects would need <to be evaluated if *he
WT was to be compared to received signals. The surface and
bottom were assumed flat. Boundary variations would have +o
be considered for WT use under realistic ocean coniitions.
A nominal beam width of <thirty degrees was used and in
almost all cases the range step was 0.1 mile.

Fregquencies of 50 and 100 Hz, water column dspths of
5000 and 10,000 feet and ranges of 50 and 100 nau*ical miles
wvere the basic comparisons fir most isospeed scerarios. A
receiver dep*h of 300 feet and a fully absorbing bottom were
utilized, unless otherwise not ed. Addi+ional compariscns
were performed, such as range variations to 25 and 75 miles
and recziver depth variations >f 800 and 10,000 feet. A
range of 100 nautical miles anid a frequsncy of 100 Hz vere
used for the actual cases unless otherwisz noted. Thsz bo**om
depths wvere 9000 fe2et for profiles A and C and 12,000 feet
for profiles B and D.

The realis*ic profiles wers obtained from +the Acous=*ic
Storm Transfer and Response Experiment (ASTREX) which was

conducted by ¥PS in the northeast Pacifi: Ocear in November
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and December, 1980 (Dunlap,1982) . The ASTREX study was con-
ducted to evaluate the effect of oceanic response to atmos-
pheric storms or acoustic propagation. The profiles wvere
selected for +this research <> represent only spatial and
temporal variability without rsspect to any experiment oper-
ations. The profiles were obtained from expendable bathy-
thermographs (AXBT) which wers dropped by UO. S. Navy P-3
aircraft. Pig. 4 shows the relative locations and times for
“hese profiles. The digitized profiles ware analyzed by the
University c¢f Hawaii to remova spikes and false values.
These profiles were combined with climatological salirnity
profiles at “he Pleet Numerical Oceanography Center in Mon-
terey. Table II gives the descriptive da+a fBr zach
profile. The bottom loss curvas which wsre used are similar:
t2 “hose found in Urick (1979 and were ac-hitrarily devel-
oped to indicate higher loss for profiles 3 and D. This is
related to bottom composition; bottom ~ypzs €for profiles A/C
ard B/D are calcareous sand and clay, respactively
(NAVCCEANO,1978) . Thus higher loss is expscted for B/D.

A general feature of the spectra for almcst 211 “es+*
cases is a dis*inct U-shape with peak values at *he minimunm

and maximua wavenumbers. Piys. S through 10 show this phe-
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Figqure 4., Space and time relationships of actual profiles.
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TABLE II
Location Information far Realistic Profiles

Profile Lat Long Date Time (Z) MLD(m)

A 41-248 127-23" 16 NOV 1928:04 32
B 4S-u7N 133-05W 16NOV 2121:25 61
C 41-238 128-22W 6 DEC 1843:37 58
D 45-46N 133-09W 8 DEC 2033:45 79

romenon for isospeed cases and Pigs. 11 through 16 for a
realistic sound speed profile. The abbrsviations on thes=z j;

figures are source depth (SD), receiver depth (RD), and

water column dep=h (2) in feet; range (R) ir rautical miles;
and frequency (F) in Hz. This key will also apply to ths .l
source depth de*ermination curves which will ©be presented
iater. TLe -igh*- and left intsnsity maxina appear to corre-
spond to beanm elsveation angylss cf 0 and 30 deg, respec- -W
“ively, whichk could be considzred to approximate the direc*
and surface-reflected waves, 4 30 deg bzam angle was used;
thus, there nmay be a2 relationship with “he 1lef* maximun.
This beam argie is also near the maximum 2ngle which Tapper+
(1977) considered to Lke appropriate. Thzn the lef+ maxinmum i
might be a result of algorithmic inaccuracy. Differzant bean

angles cculd be tested to detarmine if this would zxplain
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the urexpected U-shape curve, This apparently anomalous
spectral pattern might be explained by a possible transfora
assumption of symmetry about z2ro and ¢hs inclusicn of neg-
ative transforam values, It is also possible tha“« the left
wvavenumber peak may be the result of aliasing of the high
vavenumber values. DiNapoli (1971) suggssted tha* aliasing
could occur 2rd thus he utiliz=2d only onz-half of “he range
field. This has not been tested in ths curren* research;
ho wever, examination of different range segments migh*
resolve this zpparent problem. A remo%2 o>ssibility is that
“he direct arnd surface-reflect2d rays each exhibit 2 Bessel
functicn display. This might be depicted by a peak a%t the
reference wavenumber for each ray with a set of intsrfering
envaelopes between the peaks. A mathematical explanaiion for
*his possibili+y has not yet been 2xplor:zd. No spikes are
seen in very shallow water as 3zpicted Zn Pig. 17, but also
no distinct null pattern is observed, thus near surface
source depths have been neglecizd.

These figures were also ipcluded t> show a szries of
source depth runs and the result ing decrezse ia be+2 spacing
as a function of source depth. The aull spacing was manu-

ally measured for each run as the distanc2 between two adja-
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RUN 143
SD:200FT RD:300FT F:100HZ Z:S000FT R:]OONM
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Figure S. ZIosocsg%ed Profile Wavanumber Spac<zum for SD of
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| RUN 144 ,
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RUN 145
SD:5S00FT RD:300FT F:100HZ Z:SO00FT R:100NM
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RUN 146
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Figure 8. gsssgteed Profile Wavepumber Spszc-rum for SD of
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RUN 147
OFT RD:300FT F:100HZ Z:5000FT R:10
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RUN RO3
S0:200FT RO:300FT F:100HZ Z:9000FT R:100NM
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gure 11, %831;§tic Profile Wavenumber Spectrum fcr SD of
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RUN AC4
SD:300FT RD:300FT F:100HZ Z:S000FT R:100NM
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Figure 12. %831%5'::74: Profile Wavenumber Spectrum for SD of
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RUN AOS

SD:500FT RD:300FT F:100HZ Z:S000FT R:100NM

Figure 13.
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gssl*gtic Profile Wavenusber Spectrum for SD of
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RUN RO6
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RUN RO7
SD:1SQ0FT RD:300FT F:100HZ Z:S000FT R:100NM
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Figure 15. i;g%z%}:c Profile #avenumber Spectrum for SD of J
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RUN 14
SD:SOFT RD:300FT F:100HZ Z SO0CFT R:100NM
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Figure 17. ggoggeed trof:le Wavenumber Specxrum for SD of
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cent intensi*y minima, such as shown ir Figs., 5 through 16.

The nulls selected for measurement wers those in 4<hs middle
of the spectrum, which led to> a consis:ert <echnique for
comparisor and avoided the rapidly decreasing null spacing
near the left intensi+y maxima, The distance was measured
*o +he nearest 1/64 of an inch and squated o the respective
null spacing. Thus, thers 1is some Iaheren* measuremern<

error. The exact null locations were difficult tc datermine

in the shallow isospeed <cases because »>f gen+tle spec=runm
curvature and urncertainty in null loca*ion. The ac*tual
prcfiles were very ccmplex and agair the nulls were diffi-
cult to locate. One value for each spec<rum plo* was uszad
*5> generate a point on *he detzrmination curve, such as Fig.
18 fcr a2 series of rumms. The variation >f +the data poirn=s
from *he theoretical Iloyd's Mirror curve will be “he normal
d:stance between “he foin+ and the curvs. Measurement ipac-
curacy will decrease as source depth incr2ases. This will
be sigrifican* because at shallow depth there is some varia-
tion noted from sound speed 4i fferences. The nulls arcs ‘
well-defined at qreat depths, bu+ therz is li++le varia*ion
elready, +thus <+he measurement e€rrors wsrcz nc+ considsrsd

significant. It is possible that a numerical algori<hm which
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¢could quanti*atively identify the null loca*ions could aini-
mize this error.

This expecta*ion 1is inferred from ths wavenumber plots
by Lauer (1979} and his examination of range determina+ion.
He found tha* range determination resolution ircreased as
the distance between source and receiver decreased. It is
possible that a similar relationship might exist for dep*k
determinatior. Thus greater rassolution nay be realized at
shallow source depth. Even at greatsr ssurce depths the res-
olu*ion may be acceptable for certain applications where arn
approximate depth is acceptabla.

The prediction curves which result from <+he individual
WT spectra will be discussed in followingy sections. Table
IITI is a 1listing of the prediction «curve comparisons which
were conducted. In the figurass only on2 symbol may appeaz

at a source dep*h if be+h curves had <he =same null spacing

value.
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- SOURCE DEPTH DETERMINATION CURVE

\.

0.0000 0.00 0.000 0.0008 0.0100 0.0125 0.0180 0.0178  0.0300
BETR NULL SPACING (1/FT}

Figqure 18. Example of Source Dapth Detzrmination Curve.
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TABLE III

Comparison Specifications

ISOSPEED PROFILE

FPiqgqure Run Sets Constant Parameters Varying Parameter
19 I1,15 R:50,F:50, RD: 300 Z:10000,5000 £t
20 I10,I3 R:50,F:100,RD :300 Z2:10000,5000 £t
21 12,16 R:100,F:50,RD :300 Z2:10000,5000 ft
22 17,14 Rs:100,P:100, RD:300 2:10000,5000 £t
23 15,16 F:50,Z2:5000,RD:300 R:50,100 tom
24 I1,I2 F:50,%2:10000,RD:300 R:50,100 nm
25 R1,R2,R3 P:100,Z:1000)0,RD: 300 R:25,50,75 nm
26 12,17 R:100,Z:10000,RD:300 P:100,50 hz
27 10,11 R:50,2:10000, RD:300 F:100,50 hz
28 11,18,I19 R3:50,F:50,2:10000 ®D:300,800,10000 £t

REALISTIC PROFILE

Figure Rur Sets Constant Parameters Varying Parameter
29 AO,B0 R:10,F:100,RD:300 Space: 200 nm
30 c0,D0 R:100,F:100,RD:300 Space:200 nn
31 A0,CO0 R:100,F:100,rD:300 Time:20 days
32 BC,D0 R:100,F:100,RrD:300 Time:20 days
33 A0,A3 TF: 100, 16N0V,RD:300 :100,50 nm
34 AO,A1,A2 P: 100,16N0V, R:l0Q RD:300,1000,9000 £«
COMPCSITE
Figure Run Sets Constant Parameters Varying Parameter
35 (All Isospeed and Actual Profile Run Sets)

86

———. g e




B. ISOSPEED CASES
1. Hater Coluymn Depth Variation

FPig. 19 is the comparison for a frequency of SO0 Hz
and a range of S50 nm at water coluan lepths of S000 2n4d
10,000 feet. It was not expacted that there would be any
variation if the water cclumn d=2pth was modified, since all
bottcm interacting rays should be £fully absorbed. The
curves showed excellent agreemant a+ source depths of 800
feet and great*er, but there was some variation noted fcr 500
fset and shallower. Some variition may be related to meas-
urement error, as noted abova. Maximum variation from
*heory is observed for both lepths in the middle dep*h
range, approximately 500 feet, which is also the ragiorn of
greatest curva*ure in the sourcs depth dsterminatiorn curve.

Fig. 20 is the same 2xcept the frequency has been
increased to 100 Hz. There is better agr2ement from 200 *o
3000 feet; howevar, the significance of +he frequency varia-
tion has not been evaluated. Fig. 21 is for a fregquency of
S0 Hz and a range of 100 rm, 2nd Fig. 22 is fer 100 4z and
100 nm. Some variaticns are noted; howavar, they may rot be

significant, wvwhich would agr2ze with ths supposition *ha«
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SOURCE OEPTH DETERMINATION CURVE
I1SOSPEED WATER DEPTH VARIATION
' R:SONM F:50HZ RO:300FT

4000.0
J

A

2000.0 2500.0 3000.0
A L A
o

LEGEND
¢ -~ LLOYOS MIRROR
8=~ 11: Z=10000FT
a = ]Ss Z=-SO00FT

SOURCE DEPTH (FT)

1500.0
-

1000.0
N
@

e \

0.0000 0.008 0.0080 O.00% 0.0100 0.0135 0.0180 0.0i7S  0.0300
BETA NULL SPRCING (1/FT)

Figure 19. sosgeed Profile SD Detarmination Curve: 2
arlation ~ 1,
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vater column depth Jdifferences will not be significant for
an isospeed profile.
2. Bapge Varjaticn

Fig. 23 is the comparison for a frequency of 50 Hz
and a water column depth of 5000 feet for S50 and 100 nnm.
There is essentially no differsnce bhetween the curves. The
experimental curves agree well from 800 to 3000 feet, bu+
once again the shallow variations may result from inaccura-
cies in evaluating beta from the spectrum piots. Fig. 24 1is
a similar comparison, but ths water column depth has been
increased to 10,000 feet. Fig. 25 increzases the frequency
to 100 Hz for ranges of 25, 50 and 75 miles. Again all
curves show very good agreemen* with theory, which indicatss
that range variations within 100 nm of *hz source will prob-
ably be insignificant. Ranges beyond 100 nm were not tested
since Fitzgerald (1975 suggested that +the SSFFT was not a
good approxima*ion for 100 HZ bayond 111 ka. This could be
tested later.

3. [Ereguency Vagziation

Fig. 26 is the comparison for a range of 50 rm and a

water column depth of 5000 feet for S0 and 100 Hz. Both

curves agree well with theory below 800 feet, but at 500
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o

1

3000.0 3500.0
e 1

SOURCE DEPTH DETERMINATION CURVE
ISOSPEED WATER OEPTH VARIRTION
R:SONM F:100HZ RD:300FT

[ ]
LEGEND
e - LLOYDS MIRROR
® - [0: 2-10000FT
Al @ = ]33 Z-5000FT

Figure 20.

007S 0.0000 0.0 0.010 0.0175  0.0300
BETA NULL SPRCING (1/FT)

Iso d Profile SD Detzrmination Curve: 2
Vaniition - %7 -
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s wo

SOURCE DEPTH DETERMINATION CURVE
ISOSPEED WATER DEPTH VARIATION
R:100NM F:S0HZ RD:300FT

LEGEND
® = LLOYDS MIRROR
® = 12: Z-10000FT
0= |63 Z=S000FT

Figure 21.

v v v L4 7 T .4
3.0000 0.0008 0.0080 0.007% 0.0100 2.0025 0.0150 0.017%

BETA NULL SPACING (1/FT)

Isospeed Progile SD Determination Curve:
Variation =- 3.
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SOURCE DEPTH DETERMINATION CURVE
"ISOSPEED WATER OEPTH VARIATION
“R:100NM F:100HZ RD:300FT

2000.0 2%0.0 3000.0 %00 .L 4000.0
1 ' I rn —
®

LEGEND
e - LLOYDS MIRROR
a - 17: Z-10000FT
\a 0= ]4: Z-5000FT

SOURCE DEPTH (FT)

1300.0

T ——— s

9.0

0.0000 0.003 0.0080 0.00S 00100 0012 0010 0.0  0.0300
BETA NULL SPRCING (1/FTI)

Figqure 22. sospeed Profile SD Detsrminati :
q %arfgt 8o FEOf - Datarmination Curve: 2
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- SOURCE DEPTH DETERMINATION CURVE |
ISOSPEED RANGE VARIATION j
F:SOHZ Z:SO000FT RO:300FT f

¥500.0 aUN.0

'o

1
@

£

Eo

o '_J

&R LEGEND

s e = LLOYDS MIRROR
o ® = J53 R~SONM
2 o~ ]6: R~100NM
|\
37 \
;q .\\

. ._-\o

e
<

0.0000 0.003% 0.00¢ 0.008 0.0100 0.0125 0.0150 0.0175  0.0300
BETR NULL SPRCING (1/FT)

Figure 23. Isospeed Ero ile SD Determination Curve: R
Variation - 1.
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SOURCE DEPTH DETERMINATION CURVE
o ISOSPEED RANGE VARIATION
’ - F:S50HZ Z:10000FT RO:300FT

3500.0 4000.0
1 o]

LEGEND
e = LLOYDS MIRROR
s~ ]1s R=50NM

Eq ,,\ | 0= 12: R=-100N1

£ N

| e
‘\'\.\u'ﬁ-o

9.0000 0.0038 O0.080 0.008 0.0100 0.0125 0.0i50 0.0i78  0.0200
BETR NULL SPRCING (1/FT)

Figqure 24, %ggfgg?gnPfo ile SD De<armination Curve: R
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SOURCE DEPTH DETERMINATION CURVE
1SOSPEED RANGE VARIATION
F:100HZ 2Z:10000FT RD:300FT

#00 YN0 BOO

E
Zo
& 8
=] LEGEND
e = LLOYDS MIRROR

% ® - Rl: R=25NM
g, 0 = R2: R=SONM

§ { = o = R3: R=7SNM

o \

8 °

_— \.
q
ﬁd
ar
g

0.0000 0.0835 0.0080 0.00% ..0i00 0.0138 0.0i80 0.0i75  0.0200
BETA NULL SPRCING (1/FT)

Piqure 25. Isospeed PFrofile SD Detsrmination Curve: R
variation - 3.
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feet the higher frequency appears to agres better. Pig. 27
extends the water column depth to 13,000 feet and there is
apparently beuvt«: agreement with +the theoretical curve.
Overall there appears to be better agreeaent at 100 Hz than
at 50 Hz, but this result is not certain witk %*he limited
numpber of cases run.
4. Receiver Depth Variation

Fig. 28 compares rec2iver depths of 300, 800 and
10,000 feet £or a ranmge of S0 nm, watar column depth of
10,000 feet, and frequency of 50 Hz. Again all curves agree
reasonably well., There is perhaps slightly better agreement
for the shallow receiver, but <*his suppositicn cannot be
verified from these limited data.

5. Analysis of Isospeed Cases

There do not appear to be any significant differ-
ences for water coluaman depth, range, £frsyuency or rscsgiver
deoth over <+he limits of variations considered. This was
expected since the theory is supposed to be only a function
of source depth for ar isospeed profile. Thus the WI would
be expected to be equally effactive for various <ransmis-
sion geometry patterns and frequencies, if the sound speed

profile is cornstant and the bottom fully absorptive. There
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e SOQURCE DEPTH DETERMINATION CURVE
ISOSPEED FREQUENCY VARIATION
R:100NM Z:10000FT RO:300FT

LEGENO
o = LLOYDS MIRROR

o 8« 123 F=50HZ
g‘. .i o= 17s F=1001Z
& '\
% '\-\
o .l\o ]

0.0000 0.003 0.0080 0.0075 0.0100 0.0136 0.0150 0,078 0,030
BETA NULL SPRCING (1/FT)

Figure 26. Isogpeed Profile SD Detarmina*tion Curve: F
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3000.8 00.0 4000.0
.1 — ot

i

SOURCE DEPTH (FT)
000.0

ISF.O

SOURCE DEPTH DETERMINATION CURVE
1SOSPEED FREQUENCY VARIATION
' R3SONM Z:10000FT RO:300FT

LEGEND
e = LLOYDS MIRROR
®= 113 F=50HZ
o= 10: F=100HZ

Figure 27.

* ¥ v 4 Lo ¥ B4 b
0.0000 0©.003% 0.0080 0.007% 0.0100 0.012% 0.0150 0.017% 0.0300

BETA NULL SPRCING (1/FT)

Isospeed Prsfile SD Determination Curve: F
Variation -2.
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SOURCE DEPTH DETERMINARTION CURVE
1SOSPEED RCvV DEPTH VARIATION
R:SONM F:SO0HZ Z:10000FT,

00.0 3000.0 %00.0 9.0

LEGEND
e = LLOYDS MIRROR
® = ]): RD=-300FT
a - ]8: RO=-800FT
¢ = 19: RO=-1000FT

SOURCE OEPTH (FT)
. 2000.0

/,,—fi

iT.o
o

|
i

7

—e—

.00 0.0038  0.0080 O0.005 0.0100 0.0028 0.010 0.0178  0.0200
BETA NULL SPRCING (1/FT)

Fiqure 28. Isogpeed Profile inat? .
yaclation. SD Determinat-cn Curve: RD
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may be slight effects for receiver depth and frequency, but

these have not been substantiated,

C. REALISTIC PROFILE CASES
‘. Spatisl Yaziation

Pig. 29 is the comparison of spa+«ial variability for
the curves which resulted from the spectra of profiles A and
B. (The sound speed profilas correspoading to the pre-
diction curves will be included for each comparison.) These
were both sampled on November 16, 1980, and represent a spa-
tial separation of abcut 200 nm, Both profiles result in a
slight bias below <the theorstical Lloyd's Mirror curve.
There is more variation along aach curvé, which is %o be
expected because the profiles are no:t isospeed. Also, par-
tially apsorbing bottoms are now used as compared *o *he
fully absorbing bottoms used with the isospeed cases. The
profile and bot*om effects hava not yet been separated *o
determine which contributes more to +the Jdeparture from
+heory. This would regquire an a2xtensive s2¢t of Intercompari-
sons between these two parame+«ers. (The present intent is
to show that ocean var-iability is important.) It is diffi-
cult to differentiate between the two curves, but it appears

that +here 2s a slight trend in B *o2ward smaller null
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spacings. Sound speed profile B is slower than A over the
entire depth. A slower sound speed would appear to indicate
that a ray of lesser angle would be required to provide the
second arrival for the interference pattern. That would cor-
‘respond to a greater vertical wvavenumber and decreased beta
null spacing.

Pig. 30 compares profiles C and D, which were sanm-
pled at the same locations as profiles A and B, respec-
tively, but on December 6, 1980. A similar patterr is noted
with D spacing 1less than C, which may again correspond to
slower sound speeds fcr profile D.

2. Temporal Variation

Fig. 31 compares ©profiles A and C which represent
the same location, ©Lut a separation of 20 days. There
appears to be a curve crossing at about 8)0 fee*, such that
spacing is less at A for sha’. :+v depths and greater for A
below 800 feet. The A sound spped profile is slower than the
C profile dowrn to 800 feet =a1d *he pattern is reversed from
800 to 2000 fee*. Slower spaads appear %o be related %o
shor+er null spacings, which appears coasistent with “his
exanple. The variaticns betwesn the curves, however, are

qui*e small.
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SOURCE DEPTH DETERMINATION CURVE
REALISTIC SPATIAL VARIATION
F:100HZ R:100NM RO:300FT

LEGEND
e = LLOYDS MIRROR

Hou

0150 *I“‘*—-—.

: o ———————

6.000 008 0.0 O0.00S 0.0100 0.015 0.010 0.0175  0.0300
— - BETA NULL SPACING (I/FT)

AXBT CURVES

®0.0M0.0 W68 0.0 1900 8.0 1900.0 4810.0 H0.0 B30.0 4940.0
SOUND SPEED (FT/SEC)

Figure 29. Spatial variation (A,B): SD Dztermination and
9 AYBT Curves. (A.B) .
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SOURCE OEPTH DETERMINATION CURVE
REALISTIC SPRTIAL VARIATION
Q F:100HZ R:100NM RO:300FT
] LEGEND
e - LLOYDS HIRROR
« ® « PROFILE C
~B4 o o« PROFILE O
€
Ea
B
g -
Hoo
%l’.l
e o . T —————

O.0000 00035 9.050 0.0 0.0100 0.5 0.01% 0.0175  0.000
BETA NULL SPACING (1/FT)

AXBT CURVES

WO.0WI0.0 W88.0 /0.0 W00 4N0.0 0.0 48100 4600 480.0 990.0
SOUND SPEED (FT/SEC)

Figure 30. ;;g%i % Varia*ion (C,D): SD D2termination and
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0EPTH tF1)
0. _%®0  wmg

10000

SOURCE DEPTH DETERMINATION CURVE
REALISTIC TEMPORAL VAR] ATION
F:100HZ R 1QONM  RD: 300FT

.‘\27?"*!ﬁ;~—--..3._____,____‘ V

8.0

0.8 o.00m 0.008  g.0100 ™ 005  o.am0
8ETR SW!HNG(IIPT)

RAXBT CURVES

e€mpora Variation A : 8D Determination angd
158 Cu%ves. (2.0
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Pig. 32 presents a similar comparison for profiles B
and D. The speed profiles show almost n> differences, excht
~hat D is slightly slower. This resul* appears as a
slightly sharper deep sound channel which will mean slightly
slovwer velocity for +the direct path. That effect may be
reflected as a slightly greater null spacing as shown.

3. BRapge Vaciaticn

Resul*s for profile A ware compared for ranges of 50
and 100 nm in Fig. 33. N> significant varia*ions were
noted, which is similar %o “he results for *he isospeed
cases.

4. Regce:ver Depth Variat

Resul*s for profil=z A were also compared for
receiver dep*hs of 300, 1000 and 9000 f=et in PFig. 34.
There may be slightly better agreement for the shallow

receiver, but +his is not cer+airp.

D. COMPOSITE COMPARISON

Figqg. 35 is a composite of all isospeed and ac4ual
profile dJda+ta sets. Isospee]l data show slightly betisr
agreement with “heory; however realistic profiles arz a rea-
sonalble appreximation to *the +heorztical curve. Realistic

profile variations from the isospeed curve appear to be
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related to the sound speed profile and different bottonm
boundary conditions. The general relationships of the data
indicate that below about 800 £2e0% ro significanrt variations
are noted. Specific curves will apparently provide better
predictions at shallower depths. I+ may be sufficient fcr
certain applications to provid2 climatological or theoreti-
cal predicticn curves. These curves could be enhanced or
modified by updated curves that would rz=flect <+he current

sound speed profila.




SOURCE DEPTH DETERMINATION CURVE
REALISTIC TEMPORAL VARIATION
F:100HZ R:100NM RO:300FT

4000.0
b

LEGEND
1 R B

_ §, , o = PROFILE D
t
Eo
9§
2 .e
-HEA

- [}

|
. d:;::‘§§_““?*i*‘ .

0.0000 0.005 0.0050 O0.005 0.0100 0.0125 0.0150 0.07S  0.0200
BETR NULL SPRCING (1/FT)

AXBT CURVES

$910.00850.0 4860.0 4870.0 4080.0 4090.0 4S00.0 4910.0 4520.0 4930.0 4940.0
SOUNO SPEED (FT/SEC)

Figure 32. Temporal VvVariation (B, : SD Detarminatio
I AXB% Ciurves. (B, Db nation and
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SOURCE DEPTH DETERMINATION CURVE
REALISTIC RANGE VARIATION
F:100HZ RO:300FT

.0

LEGEND
e = L LOYDS MIRROR
® = RO-RANGE : ] OONIM

s| « 0 = AS-RANGE 1 SONM
=
i
e
=y

-]

AN

-y =

a0 0.0  0.0080 0.0075 0.0100 0.125 0.010 0.075  0.0200
BETA NULL SPRCING (1/FT}

Figure 33. Range (R) Variation for Profile A.




SOURCE DEPTH (FT)
20000  3000.0  4000.0
A I —

INP.O

SOURCE DEPTH DETERMINATION CURVE
REALISTIC RCV DEPTH VARIATION
F:100HZ R:100NM

LEGEND
® = LLOYOS MIRROR
8 = RO-RCY OEPTH:300FT
e = A1-RCV DEPTH:1000FT
* = A2-RCV DEPTH:S000FT

0.0000 0.0025 0.000 0.0075 00100 0.0125 0.0150 0.017  0.0300
BETA MAL SPRCING (1/FT)

Pigure 34. Receiver Depth (RD) Variation for Profile A.
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SOURCE DEPTH DETERMINATION CURVE
- ISOSPEED AND REALISTIC CASES

LEGEND
e - LLOYDS MIRROR
a @ = ]SOSPEED PROFILES
§ a = REALISTIC PROFILES

9.0000 0.003 0.0080 0.007 0.0100 0.0135 0.010 0.017  0.0300
BETA NULL SPRCING (1/FT)

Figure 35. ggénggsite Comparison for Isospeed and Realistic
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V. GONCLUJSIONS

The Wavenuaber Technique (¥WT), as proposed by Lauer

(1979) has been investigated for source depth determination.

Several idealized and actual sca2narios of oceanic and acous-
tic parametric variations wer2 tested. There 1is excellent
agreement between the ideal test cases and the theoretical
Lloyd's Mirror effect. The r2alistic cases showed signifi-
cant similarity as well, but with some bias toward smallar
wavenumber spacing. This is qualitativaly attributed to
sournd speed profile variations in the water and sedimen+.
There appears to be a response of tha WT to variations
in input, which is beneficial in allowiny svaluation 0% the
relative importance of individual param=2*ters. Changes 1in
range and water column depth do not indicate any significan=
variation. some differencas are pdssibly suggested €for
receiver depth and frequency, but the results have not besen
-
fully analyzed. The WT appears *o respo>nd well *o changes
in +the environmental parame=2rs, such as sound speed
profile. This is seen from th2 average bias of +he actual

cases from “he 1isospeed cases. The bias Joes appear %o ke
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relativaly consistent and shows the importance of oceanic
variations in both space and ir time. Thus, it appears that,
if information is available for the bottom structure, and if
a realistic sound speed profila can be generated, ther a
very specific family ¢f curves could be gener;ted for vari-
ous fregjuency and receiver depth combinatiorns. This siaplic-
ity indicates possible operaticnal applicability and
flexibility.

These are *he <first known source depth dJdetermination
curves for the WT and thus ther2 is no comparison available.
It may be that there are some biases in +these curves which
would b2 discovered when comparative runs are made using
other inputs or propagation mod21ls. Comparison with observed
signals might also reveal biases that ars related *o the AT
or to the prcpagation model. An explanation has not been
determined for the U-chape nature of the wavenumber spectrun
plots and thus slightly diffsrent curves migh* resul:t 1if
this is found to bias the null spacing. Also there is a
bias associated with the meth»od of manually es+timating the
rull spacing. This might be r2solved with a compu*ter proce-
dure to locate the nulls. Tha experimental curves actually

agree well with thecry under the assuaption of a2 fla+,
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*otally~-reflecting surface and a fully-absorbing bottom.
The premise that the thebry might be approximately accurate
‘n realistic cases appears valigd. This overall ganerally
smooth fit supports the validity of the WT,

This has been an initial investigation of the WT, and
thus cnly a broadbrush study was possibls. These prelimi-
nary results Irdicate that addit ioral aralysis might be ben-
eficial. The response of the WT to input from different
propagation models would deteraine if resul+s from differen=
rodels could be compared. Detailed investigation of the spe-
cific effects of varicus paramsters would lead <o a quarnti-
*ative analysis cf the sensitivity of “he WT. An explarnation
for the amomalous U-shaped spactrum and ;he development of
an algorithm which can accurat2ly determine null locations
would be necessary before the WT could bz used practically.
An extremely important investigation woull be the ccmparison
of analyzed actual signals +to predictions from ths WT <o
deteraine applicability, accuracy, consistency and any
appropriate Liases.

The intert of this research was to> Jdatermine the valid-
ity of the WT by development of source 2epth determinaczizn

curves and to evaluate the oceanic and acoustic
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b

sensitivities of these curves. The results obtained indicats
that in general +the WT appears to be valid wi+h respect to
*he lloyd's Mirror effect. The parametric variations which
vere investigated show that oc2anic variability is extremely

ipportant, but that the WT is flexible for other paramet2rs,

such as transmission geometry. The WT appears to be viable
for operational applications. The additional investiga+tioas
suggested above would determins the valility of this suppo-
sition. It Is conceivable that the WI could Dbe developed

:nto an operational prediction product.
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