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The parabolic equation method for consputing acoustic propagation losses was used to model the results
of the Tasman Two Sea Tests. In these tests aircraft dropped SUS (signals , underwat e r sound) charges
along four great circular paths from a hydrophone near South Island . New Zealand , in westerly directions
across t he South Tasman Sea and Southeast Indian Ocean. The data were processed in 1/3 octave bands
from 16 to 1(101) Hz The best available sound speed , bathymetric , and sediment data were compiled both
from Tasman Two Sea Tests data and from histori cal data. These data were uscd to make parabolic equa-
tion runs a lone the radials starting at the stationary receiver f~r 63 and (25  H.’.. Great ca re wa s  required in
progressing down the continental slope from the receiver add over sea mounts wltere small step sizes in the
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— - numerical solution were required. Accurate modeling of sediments was also required in these areas. Jn the
immediate vicinity of the hydrophone a ray theory for a wedge gave better starting values for the parabolic
method than did a normal mode technique,

Agreement between computations and experiment was generally good enough to substantiate the
techniques used. Poor agreement for the most southerly radial suggested inadequate knowledge of the
bathymetry and sediments within 200 km of the hydrophone. Shadowing behind seamounts was found
to be strongly dependent on the nature of the sediment cover. 
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SUMMARY

PROBLEM
Apply the parabolic equation technique to model the acoustic propagation

characteristics of the south Tasman Sea and southeast Indian Ocean and compare
the resulting predictions with measured acoustic data. Investigate the sensitivity
of the predictions to vertical and horizontal sam ple step sizes and to the specifica-
tion of the initial pressure distribution function. Model the acoustic shadow
cast by a large bathymetric feature. Study the acoustic effects of horizontal
changes in oceanography, such as the Subtropical Convergence and the Polar
Front.

RESU LTS
The parabolic equation technique was used to help interpret l asman Two

sea test data. Computer runs were m ade with realistic sound-speed and bathy-
metric data for ranges up to 2500 km at frequencies of 63 and 1 25 lIz.

A ray trace and a normal mode prediction were used to initialize the para-
bolic equation model in a shallow , coastal environment , hut  in both cases the
resulting absolute levels predicted in deep water agreed with the experimental
levels only to within 5 dB.

Di fficu lties were encountered in a t tempt ing  to deter tit ine the opt imum
vertical sample size when runn ing  a parabolic eqtta tion prediction from shallow
to deep water and vice versa .

The gross features of predicted convergence zones (width and location) as
seen from the coastal site agreed well with the experimental data out to ranges
of 400 km.

The predicted acoustic shadow of substantial  underwater feat tires was
highly sensitive to anti depen~lent upon the assumed properties of the sediment
cover. The observed increase in shadow depth with frequency was not pre-
dicted by this  model .

In certain range~Iep en dent envi ronments , the signal level of near-surface
sources increased over ranges greater than  1 000 kin and the “clarity ” of the
convergence zone s t ructure  varied dra m at ica l ly  wi th  range.
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RECOMMENDATIONS
Study the use of the parabolic equation method in a wedge-shaped environ-

ment to establish criteria which can he used to determine the opt imum values
of vertical and horizontal sample sizes in terms of water depth , frequency, and
bottom slope , with the aim of improving the accuracy of predicted signal levels.

Apply the resu lts of this study in an attempt to predict the correct frequency
dependence of the acoustic shadows formed by large underwater features.

(‘ompare the efliciency of the parabolic equation method in a wedge with
mange-dependent normal m ode models.

Continue this  work with a quan t i t a t ive  investigation of the raw predicted data
to see whether  the variat ion of experimental  very low frequency a t tenua t ion
coefficients can be partially or wholly accounted for in t erms of gross environ-
mental characteristics (sound-speed profiles , h a t h y m e t r y ,  sed intent  types).

iv 
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INTRODUCTION

In February 1975 the Ocean Science Group at New Zealand ’s Defence
Scientific Establishment conducted a very low frequency acoustic pro-
pagation trial (Project Tasman Two) across the South Tasman Sea into
the Southeast Indian Ocean (Ref. I ) .  The trial was a joint New Zealand ,
United States , Australian venture involving participation of additional
personnel from the Naval Underwater Systems Center , New London , and

V 

~N Research Laboratory , Sydney. The aim of the experiment was
am an acoustic “snapshot ” of the extensive oceanic region to the south-

New Zealand and to correlate any observed changes in the acoustic
lion characteristics with known oceanographic and bathymetric

L1res.

During October and November 1975 the authors used the parabolic
equation technique (Ref. 2) to make extensive propagation loss computa-
tions along the experimental paths. The purpose of these computations
was to determine the accuracy with which the experimental results could he
modeled and thus determine both the effectiveness of the parabolic equation
technique and the adequacy of the environmental data in describing the
propagation conditions. In addition , knowledge could be gained of the
propagation mechanisms revealed by the data.

‘I ’he environment  along each propagation path is in general strongly range
dependent. The parabolic equation technique is known to work well in a
deep ocean situation , where the only significant range-dependent parameter
is the sound-speed profile. However , in the Tasman Two experiment certain
bathymetric features are known to dominate parts of the environment. Thus
the at tempt to model the data represents a severe test of the parabolic equation - :
technique.

The experience gained in this use of the parabolic equation technique and
the increased knowledge of its capabilities and limitations are valuable to
NOSC’s acoustic prediction abilities. In addition , the acoustic properties of
the ocean area included in these experiments and computations are compara-
tive ly unknown and these results are a valuable addition to the data base. 
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In this report the experimental procedure and environmental data are first described.
Next the parabolic equation technique is introduced , with considerations of step-sizes
and starting values. Finally, the particular steps of this investigation are outlined and
results given. Comparisons between various computational strategies and the experi-
mental results are shown .

EXPERIMENTAL DATA

DESCR IPT iON OF TEST AREA
The hydrophone system used in Tasman Two was bottom mounted at a depth of

350 meters near 45°S 167 °E (point “1”) and cabled back about 6 miles to the research
ship HMNZS Tui at anchor within the South Island ’s Thompson Sound. RNZAF air-
craft flew SUS (signals , underwater sound) drops along four great circle paths , or
“radials ,” bearing approximately NW , W , WSW , and SW from the hydrophone site.
The SUS were set to detonate at 1220 meters , except for radial WSW , for which the de-
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Figure 1. Approximate location of principa l oceanographic features in the South Tasman Sea and Southeast
Indian Ocean. Dashed hoes indicate acoustic propagation paths investigated during Project Tasman Two.
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ton at ion depth was () 14 m eters. l’wo addi t io nal drops at 18 meters  were made ai~ ng
the eastern ha l f  of radia l s N\\ and W . Fhe ai i’cra ft t racks are shown in I ig. 1.

Following the SF5 drops , the  rescarch ship I i i i  made an oceanographic cru is e
along radi al W as far as 15 5 ° 1: and then rd urn cd to New Zealand along t u e  comple te
le n gth ol ’ radial NW . Bath y i ne ‘.‘ ~ as rec~ r de cont i n  uo ti s l y and velo c i ty—tempera-
t ure—d epth or sa l in i ty—te imm p er a tu re - t t ep ( h  i o w e t l n g ~ were made at in te rva ls  of app r ox—
imately 100 kill on each radial. In addition , t h e  Austral ian research ship HMAS
Ki nm b l a  t tn d erto ok an oceanograp hic cruise over th e large b a thymet r i c  feature south
of ‘I’asmn ani a known  as the South l as tmma n Rise . I h e  oceanograp h ic and h a t h y m e t r t e
data obtained on these cruises have been eon ip i led , together with relevant  his tor ical
data ,  to for um a fairly complete  I ) ict t ire of I lie env i ronmen ta l  condi t ions  alon g each
ra,dia l (Re t ’. 3) .

Figure I also i l lu st ra t e s  I he m ain  oceammo gr a p h me feat ure s of t i l e  legion. I h e
oceanog raphic  cond il  Ions  in t im e  area have been summarized by (;o~don ( Ref.  4 .
h ut  a brief description is re levan t  h ere : Fim e Subtropical  Convergence , which
forms tile boundary between the relatively warm , saline subtropical water to the
north and the suban ta rc t i c  w a te r s  of tile south , lies i n a broa d band approx imate l y
alo ng 45 °S. From an ac oustician ’s poi nt  of view this feature  mark s  the  Lle~ dlOp -
Illet it of a re la t ive  n i axi  mum in the sound—s p eed nro fi i e at  a dep th  of aho i t 500
mete rs. l ’his ma x i t ml t t m  is l ’u l l y  developed at t i l e  southern boundary of t u e  Sub—
tropical (‘onvergenc e a nd persists to the  south u n t i l  it disappears at the  Atms tra l a s ia n
Sub an tarct ic  Front near 500 S. Sou th of ti le t a t t e r  feature , t he sound—speed mini—
tf lhif l l  r ises steadil y f ron t an in i t i a l  dep th  of ’ al -soul I 250 met ers to near—surfa c e
depths at a bo ut 55 0 S. l’he disappea rance of tile deep sound channel  imma rk s  t i le
locat ion of time Polar Front .  l’he change of ax i s  dep th  is related to t i le  dep th  of
tile sal i ii i ty  ii i  in ill ) t in t prod ticed l)y cold , rela t ively fresh an t u rct  Ic in tern me , l  l ate
wate r , which sinks and flows nor thward s  at the Polar I -‘ro u t.

E1~VI RONMENT AL DATA
‘[he ocea n ographic and ba th ymet r i c  c on d i t i o n s  along t i le  three r a dia ls st t td i c d

here are sum m arized in I :ig. 2 . 3 , and 4 , as t ’u nct ion s o t ’ dista nce fron t p oin t ’ l ’ ’
As a genera l rule , the c on t inen ta l  shelf fails away steeply f rom the  Nest  Zealand
coast t’or al l t hree radials , a nd depths of 400() to 450(1 nleter s are re ache d w i th in
30 km.

Radial N W (F ig. 2 )  exh ib i t s  t u e  most uni form b a t i l y n i d t r y  oti ce clear of t ime
cont i n ental  slope. ‘l ime average depth  is abo t t t  4500 mmmcl ers a mmd there are no
intrusi o ’is above 3000 meters. ‘l ’he sound—s peed pr ol i l e s  near the N ew / .ealand
coas t are typical of the Subtropical Convergence in summer , wi th  sur l ’ace sott nd
speeds nea r I S  10 i t t / s  and an inflection point at about 500 meters. l ’h is l a t t e r
feature i ’ . prese iit only in profi les  measured out to about 1 000 km At greater
ranges the  sound—speed pr ofiles are more typical  of ’ warmer subtropical  waters ,
as i ndicated by the  rapid increase ol ’ sur face sound speed , w hich r ea cllds a
mnim xi mmmt t mn  of I 530 in/ s near Sydney. As is sh own la ter , th e ra ther  subt le

3
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Figure 4 . Radial SW showing bathyrnetry and sound speed profiles. The tic marks indicate the range
at which the profile was measured and correspond to a sound speed of 1485 rn/sec.

change in sound-speed profile seen here has a marked effect on the predicted
acoustics of the region.

The ha thymetry  of radial WSW (Fig. 3 ) i s  dominated by the  South Tasman
Rise . l ’his large feature is approximately 500 km across at tIme base and rises
to a min imum depth of 850 meters. Fxcept in the vicinity of the New Zealand
coast the oceanographic conditions along this radial are typical of Austra lasian
sub antarctic waters. ‘l’he surface sound speed is usually less than 1500 in/ s
and th e profi le exhibi t s  a relative max imum near 500 meters .

The SW radial (Fig. 4) has several interesting features. Four dit ’tèrent
oceanographic regions can be identified on the basis of sound-speed profile.
The Subtropical Convergence region is seen to exten d out to about 450 km,
after which subantarctic conditions prevail until the Australasian Sttbantarctic
Front is reached at a range of approximately 1400 km. The channel axis then
rises over the following 200 km until the deep sound channel disappears at
about 1 600 km. Just south of this point (the Polar Front) the surface sound speed
drops by about 20 rn/s to 1465 rn/s. Apart from the continental slope , tile bati ly-
metry is dominated by two major features: the firs t feature , known as Resolution
Ridge , rises to a minimum depth of 2500 meters at a range of about 200 km. The
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second , much more extensive feature forms part of time Southeast Indian Ridge
(Ref . 5)  and rises about 2000 meters at a range of 2000 km.

ACOUSTIC DATA
I’hc received shots were i ’ecortled broadband on analog tapes whic lm were returned

to the Defence Scientific F st ahl is h mm ent  for analysis. Each signal was subsequently
handpass t’iitered throug h 1/3 octave filters at 16 , 31.5 , 63, 125 , 250 , 500 , and
1 000 lIz.  After  the signals were processed by an analog squarer-integrator to
obtain the energy ol’ each shot , propagation loss versus range curves were produce d
for eac lm frequency ha~;d using source levels interpolated fr’ ’n curves given by
LJrick (Ref . 6). ‘I’he best quali ty data were obtained in the 125 anu ‘,5fl liz hands
because of time depth 01’ time shots. ‘l’he two lowest trequ ency bands were pocsr
because of the relatively weak source level and hig h ambient  noise conditions
at this particular site. ‘l’he unexpectedly high ambient  noise level was thoug ht
to he associated wit lm t h e  active surt condit ions experienced near tIme hydrophones .
which were placed wit h in 2 kin of ’ t he coast l ine.

‘[he l asnlan ‘t ’wo data set is available in the Nava l Sea Systems Command ocean
envirOn mml enta i  acoustic data hank (NAVDA B )  system (Re t ’. 7) .

SEDIMENTARY STRUCTURES
Detailed data on tIme properties of t im e sediment cover in th is  area are sparse. In

general , the to ta l sedi men t depth is fo u nd t o he oh’ time order IOU m eters on the
continental  shell ’ and South ‘J ’asmn an Rise and to he oh ’ tIme order 1 000 meter s in
tim e ocean basins . * Seve ral ho reholes drilled dur ing l e g  29 of t ime  i) eep Sea i) r i l l -
ing i’roject (Ret ’. 8) hav e h-seen used to obtain  q u a n t i t a t i v e  spot est imates of
sediment co m position . I n addi t ion , Ih ou t t  commipared the Deep Sea Drill ing
Project data wi th  seismic re f lection profiler results and thereby extended the
coverage away from the i mnmmm cdia te  v ic in i ty  of the  borelmoles (Ref . 9 and 10) .
Following F l a m m m i l t o n  (Ref . I i )  these data  have been used to con struct geoacoust ic
models oh ’ tIme sed i t m ten t  s t ruc t u re  b r  each r :m d ia h .  Det a ils of the m odels ar e
included in tIm e di sctt ssion o1 results.

PROPAGATION LOSS CALCULATIONS

SUMMARY OF PARABOL IC EQUATION METHOD
1 lie parab olic equation mii eth od was first applied to underwater  acoustic s

problems in 1973 by I’appert ( Ret ’. 2) . a l though a colil prehle m ls t v e discussion
of tile techn i que has on ly recentl y been p ublished ( R e t ’. I 2) . l ’l m e essential s
o)~ t he method are as follow s: Sound propagation lii tile ocean is governed

* Personal communication from I- . J ,  Davies , Geophysics [)iv ision , 1975 .
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by the  wave  eq tia tio n l’or the  acoustic pressure excess , p:

2 2 2
~~p + k 0 n ( r , z) p ~~O -

w lmere tIme wav enun ih er  at soimme reb’erence sound speed , e0, and angu lar frequency
~~~~, is given by

~~ 
w/ c ~1 (2 )

and the ret ’ra ctiv e index is given by

n(r ,:) - c’0 / c( r ,:) (3)

‘l ime index is assutmne d to vary only with depth , :, and range , r . The method is ,
however , applicable to cases (‘or which the environmen t  varies in azimuth as well .

II ’ n depends on depth only,  Eq. 1 may be solved as a boundary value problem
using well—known techniqu es (Ret ’. 13) . The solution is given in terms of a
complete set oh ’ cylindrical  waves , 

~~~ni 
(r ,z) , known as “normal modes. ” These

waves take the general form

Pm~~’~~ ~~N m ( k mr ) ’
~Um( z) e x p ( i k mr )  4a

~v lm e r e N is a normalizat ion factor , k m is the ho rizontal  wave nu m mmher  and
giv es ti le ji ress tmr e amp l i tude  as a l ’unc t ion  oh ’ dep th .  I l m i s  f u n c t i o n  is oscillatory
and Imas m pimase reversals. I’he approxii mmat e depth in c re i m mem mt hetween these p lmase
reve rsals can be obtained b ’r onm the  “vert ical  wave nu m be r .” A’ 

m 
de f i n ed 1w

K m =(k ~~~ k~~ ) ½  4b )

‘i’he above approach cannot be applied to r an ge — dep em mdent  e nv i ron m m m e n t s ,
Instead , one of ’ seve ral approxi m ate n t et lmods must be used . l ’he si m pl est
app r oxin m at i o mm is based on time assumption th at  any h ori zontal  gradien ts  are too
weak to induce s ig m mit ’icant mode coupling; the modes are said to prop agate
adiabat ica l ly  I Ret ’. 14 ) . ‘i ’Im is means t l mat  acou stic energy in i t i a l ly  coupled to a
given mm m ode remains carried by tha t  mode as it adjusts to time changing envi ron—
m mme n t .  ‘this  mn et lm o d mm ia y be imm mpi e m en t e d  by r ecalculating the  normal modes for
each new environ m ent and replacing the phase by its integral over r itnge. i ’ Im is
approac lm is ideal ly  suited to deep ocean sit n ations where tI m e ha thym im e t ry  is
tm n i m n po r t a m’ t t .  I lowever . it has been applied iii modified l’orm u to shal low—water
s i t  uat momm s (Re f . I 5 and I 6).

I mc h - sa~is t’or the parabolic equation approximation is to assume that  the total
pres sure l’ield , p. Imas t ime fo rmm i

7
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-½
p U(r ,z)r exp (ik 0r) ( 5 )

where it is assummed that most of ’ time range depen demice is represented by t h e
second term and that  U(r ,:) changes only slowly with range. ‘[he “parabolic ”
approximm iation to the wave equation can he derived by subst i tu t ing Eq. 5 in to
Eq. I . A usefut form oh ’ this approximation is

- 2 i k 0 i~L.~~.Q + k~ [ n 2 (r ,z ) - l ] U  ( 6)
ar 8z 2

which is valid provided the t’ohi owing conditions hold:

k 0 r~~ 1 ( 7 )

2
1.....~~/ 2 i k 0.~!L1 ~~ 1 ( 8)

2 ar

The first condition is the usual for field approx imu ation , which is easil y satis f ied
in the ocean . It can be shown that  the second com idition (E q.  8) amm i ount s  to a
“small—angle ” approximation (Appendix ) .  l” itzger ald (Ref . I 7) has simown that
Eq. 6 is valid for a small cone- ot ’ angles which may he oriented in am ly direction.
The mean angle is determined by C0 , and , iii order to minimize  the error , i t is
usual to select a value midway ‘ctween the m ax imum amid mim m im t t m  so u t mid speeds
encountered.

‘these approxi m ations convert the h oundry vai r me problem to an in i t i a l  value
problem . In other words , given the t’t mn c t ion  U at Some range , r0 , Eq. 6 can he
used to “march” the solution out to ranges greater than r 0 . ‘[‘his technique can
he im n p i e r m m ented by making use of the  so-called “split-step 1” ourier al gori t hm ”
developed by ‘I ’ app ert and hi ard in .  A de m ,ai led den ivatio m is given im i Ret ’. 12 and
we quote only time result here 

2
U(r +~~r ,z)~~exp [ i k 0 ( n 2 - I ) I ~~~ 

~ 
~eXP (~~~~~) F ~[ U ( r , :) ~~ 

(
~~(

‘lime symbols ~ and F~
1 denote the F oumri er t rans form im i to “S” space ami d its

inverse , and ~r is time range incrcmnent ,
‘l’he following comments h old regarding the  t mse l ’tm lne ss oh ’ Eq. ‘)  and time

parabolic equation method in general:
Accuracy. Equation t) is an exact solution to I ’q. 6 (which itself is an appr ox i—

mn ation to the wave e qt m at i on ) only ii ’ tIme re fract ive index is a com i stam i t  I Rel ’. I 2 ) .
I however , vertical changes oh ’ sound speech are typi c al l y less than 5’ ami d str omig
n ea r—s tm r l ’ace horizontal  sound—speed gradient s  are of the  order 1( Y ’ in , s / k i n
(Ret ’. 14 ) . On this basis it is as st mnmcd tha t  Eq. 9 gives a va lid solu t ion to the
wave equat ion I’or a real ocean.

8
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Density . The parabolic eq umation mn ethod does not take til e density change
at the water-sediment interface into consideration. Thus , a somewhat greater
bottom re flection loss th an normal is to lie expected. i-however , miumerical
results indicate t h at the difl ’erence is small. For exam m mp l e , a densi ty contrast
of 1 .25: 1 causes a decrease in ret l ectiom i loss of less t l man  0.5 tiI3 / h ounce at low
grazing angles. In contrast , a 5’~ j ump in sound speed at the  sediment inter-
face causes a 4 to 5 dB decrease for the sam e case (Fig. 5) .  Thin s , tIme i nab i l i t y
to include density in time model is unl ike ly  to he a source of serious error.

Sampling Rates. ‘l im e mmum erica l  so lu mtio n of Eq. 9 relies oil the u se of ’ the
t’ast F nm u ie. ~rans l ’ornm to advance th e solut ion imm range at a rapid rate. I however
to avoid error care mt mst he taken to sample the press utre field wi th  a vert i cal
step—size , ~ z , whi ch is ideally about 1/5 tIme mn in i mn umn vertical “wavelength”
presem it. ‘this sets a practical upper l imi t  to the n t m mb er  of muodes (and t h u s  the
I’reque mcy ) tha t  can he :m and l ec l , because the com imputer run-time increases as U
log(n) wlmere n is time number  of fast Fourier transt ’orum points . Similarly the
hmor izonta l  step-size . ~r , is l imi ted  t -sy the f’requeney and m agnit um de of ’ horizontal
gradients. However ther e appears to he no determinist ic  criteria which can he

5

X K
K K

4 - 
* K ~ j \ .(\ ~ * ‘ x K 

~~M /~~ I I.  x

‘I • 1 \ /  \ i\J \_,
~L__—’—-

~K I ~_~J— / —5% sound - speed  j ump  at
O K I s ed im  en t  i n t e r f a c e ;
-A

E
0 K • X no s o u n d ’ s pe ed j u m p ;

2 dens i t y  ra t io  1.25:1

• no s o u n d ’ s p e e d  i u m p ;
no dens i t y  change

c r i t i c a l  ang le

I I
0 5 10 15 20 25 30 35 40

Graz ing  Angle ide g )

Figure 5. Bottom reflect ion loss obtained from normal mode program and converted to units of dB/bounce.
Water depth 350m. Frequency 63Hz.

9

h1~ ~~~~~~~~~~~~ 
--
~~ ~~

- - - — - -
~
------- - 

- ~~~~~~~~~~~~~~~~~~~~~~~~~ --— -.“ ~~—
- —~~~

—-
~~~

- —
~~~ 

-
~~~~~

‘ ‘- -
~~~~~~~~~--~

‘ —
~

-— 
~~~~~~~~~~~~~ 

—



applied to estah iish .~r. t isuahly a tria l and error approach is taken in whic h
~r is progressively redutced unt i l  the solution converges. This implies that  in
time interests of ’ efficiency parabolic equation computer mnodehs need to optim n izc
dynamically hoth vertical ami d horizom ital step sizes according to the local environ-
mental  conditions.

Phase Erro r. Equat ion 6 cami lie used to illustrate time propagatiomi of a single
m ode und er the parabolic equati on approximation (Ref . 18) . It is found t h at
the imm ode propagates as:

P rn~~ N m U rn ( : )  ( k mr ) /2 ex p L i ( k 0 -k~ / 2 k 0 ) r l  ( h O )

(‘omnparin g Eq. 10 wit h Eq. 4a and 411 , it is apparent tha t  whereas tI m e mode
amn p h i t um de is un a l ’l’ected , t ime parabolic equation phase is a first-order approxi-
nm ation of time t rue pimase , (k ~ — k~ fz r. F ht m s im ’i t ime parabolic equation approxi -
mation phase sensitive effects , suc~m as i ,Ioy d Mirror inter t ’erence pat terns , dev elop
a range-dependent offset relative to a norm nai m ode predict iom i .

Recip rocity . I t  is w~ k mmowm m ( Ref . I 3) t h a t  tIme normu a i mode solution , wh elm
is v alid for en v i ron i mm en t s  wi t h m rio h mori , om m ta l  grad ients . is in v a r iam i t  under the
exc h amm ge of source amid recei ver coor uh imm ates. ‘h ’h mis pheno mnenom i is known as
“reciprocity. ” When tIme i m i ediu m m i is range dependent it is s t i l l  t h eoret ically true
t i mat  reciprocity holds. I xpe rience wi th  oceami f ’ronts indicates t h at reciprocity
does hold to a good a ppro xi m mma t ion  in cheep water , even in regions of ext reme
h on izont ah gra d ient . * ‘l ’h ere t ’ore . reciprocity is assumned to Imoi d for tIme rddia ls in
in ‘l ’ a s mm m am m ‘I wo. Accordim igly ;m ll predictions are for a bottomed source radiating
t’romm i time imydrop h mo n e site to a towed receiver at t ime slmot depth .  ‘l ’hmis greatly
reduces the computer  rumi t immme because tIme only al ternat ive is to calc u mlate  t ime
propagatiom i loss h ;mck to time hyul rop hom ’me from each point of interest.  In fact ,
som mm e di f f’erences h etwccn t ip—sl ope and down-slope e ai c t i la t  iom ms Imave h eemm observed
amid arc discussed in tIme nex t  s cctiom m .

thSt. ‘l Ime t imm i e  required to make parabolic eqt matio n r u m i ms is known to he
h mighm amid can lie a l i m i t i n g  factor in i ts  use. ‘l ime lomiger ru ins  reported in this
report required r ough mhy 1/ 2 to I Imour ea c lm on tI m e t i m ’m i va c I 110 ~mt a cost om i
low priori ty  tim i me of 5200 to 5400. TI me longest t imes were required f ’or th ose
runs over time South ‘l ’ as mm m am i Rise , whic h required sm im a h i  imori z ommt ; t l  step size , as
is disc uissed el sewlmere .

PROGRAM CONSIDERATIONS
I h e  para b olic eq u atiom i m imodel used was a mnodi h ’ied version of an exis t i m ’tg

NOS( ‘ computer  pro gramm i . l Ime m odi t ’ied progra im i accepts ar m tt m m I imm m it e d  n umm m ber
ot ’ i np um t soum nd —s peed profiles at specified ranges and i immear l y  in terpolates  t ime
re fract ive imi de\ between t ime  two p r o fi les  w l mi c h  str ;m uk h le t i me c t mrrent  range.
Sim u i la t  ly,  t Ime hat I mymm ie t  ry is represented as a seq tte iiee oh l im i e ;t r  segmmmemit S

bel we em m tIme im mpu t  dept h—ra mi g c data  p oints .
* Personal communication from M. A. Pedersen and 0. m Gordon , 1975 ,
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l i m e  i m m agm m it t tde  ol ’ bot h the range incre m m m e n t  , ~ r , am i d tIme j u tm i p d i s con t i mm u i ty
im m soumn d speed at tIme sedi tm m ei m t  imi ter l ’ace can a lso lie specit ’i ed as a t’u net i om m of
ra nge. However the  specil ’ication of time ho t tomm i  m i mouhel  I se d i im mcnt  type and
t hi ckmm e ss )  is a com’t stan t h ’or cac l m rumm. I I ’ necessary , t ime h ot tom mi mm m ode l camm lie
ei m am m ged by first gem’i e r a t im m g a mm ew in i t i a l  p ressure d i s t r i h t m t i o n  at a given range
am id t li eu r c rumm n im m g t ime programn to greater ra I mg ~’s wi t  I m I lie m me w seth i imme it
st ru c ture . S imi lar ly ,  time dept h increment ~ z cannot be ch anged w i t h out re-
s tar t  i m mg t lie pr ogranm

I m mi t i a l  pressure d is t r ibut ion  t ’u m m ct ion s , U(r ~1. :) I w l mi ci m are ret ’err ed to as “starters ’’).
were calculated u s ing bot h mmormm i a i  mnod es ami d ray s , Jmi deep water  it is  usual to
sta rt t ime parabolic eq t mat io i m mmmode l w i t h  a ( ;a i i ss iam i— slm ape cl  imm i t i a l  press ure distr i—
hut io r m close to tIme source , l i m e  Gaussia n shape is used becau se it f i l ters  out  hi ig h m —
am m g le energy wh ich would h e lost at sh ort rang e a m m y w a y )  and prevents ah iasing
ol ti mi s  eimergy i mmt o  lo\\ am m g les dur ing the last Fourier tram m st ’onm m i s ; mm mi p l in g proc ess.
I lowevcr , t h i s tec hm ni qt me was miot sui table  to start  time ‘i’a sm m i an ‘l’wo predic l l ons
because , under the  ass t m ir me d c ondit i o mms of ’ reciprocity, t ime “source ” was placed on
time bo t to m i n sim a l lo w wate r  at t he top of ’ time commt inen ta l  sime ll ’.

The m ode—generated starters involve two ap p r ox i rn a t iom ’is ( Fig 6a): ( I )  it is

200 rn e te r s

source l I 
m od e~~ ~ ‘~‘~~~~~~~~~~ r o t i c e q u at io ‘I

~

r . y ~~~~~~~~~~~~~~~~~~~~~~~~~ par abo l i c  equat I o n~~..

Figure 6. Techn iques uied to start the parabolic equation.

I i

~

-__-

~

- —-

~ 

~~~~~~~~~~~ ,~~ 
- 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ,, ~~~~~~~~~~~~~~~~~~~~~~~ ,



necessary to assu m e the water d ept h is constant at the top of ’ the continental
slope in order to apply m ode theory;  and (2 )  m i umm i erical  di f ’ficu lti e s immipos e an
uppeT limit of ’ about 60 degrees to the equivalent ray angle. * ‘l’lme l a t t e r  approxi-
mm m a ti on restric ts t ime mnin h mm i u ; m i range at wh ich time m ode starter is accurate to about
200 meters. ‘l ’imus , the hat imym etry was held at a constant depth of ’ 350 meters
for a distance 200 mmm eters down range fro m the source.

‘i’he ray starter was used. in arm a f te inp t  to reduce these approxi mat ions .** A
constant bottom slope appropriate to ti m e radial concerned was app lied near time
source (Fig Gb) , and time pressure d istr ibut io n at I km was calculated assuming
a constant 1 .5 dB/houn ce refle ction loss. ‘this t ’igure was based on t h e  results
of’ mmm dc ca l ct th at ions for various h ottomn models. Rays in I lie f ’orward direct ion
up to ± 90 degrees where included.

It is of course , n ecessary to consider very h ighm angle energy close to the source ,
i)ecause time angle is conmsi d erah ly redu ced d t mrir m g propagation do wm m time slope .
Ignoring time intermode coupling caused by time ba thy metr ic  gradient , time m m m i n mimum
require imm ent is th at  energy whic h in so nul ’ies comivergance zones whe um it reache s
dt’ep water must he treated prope rl y a t the  t op of the  sl ope . 0mm this  basis , the
vertical sample interval may lie expressed as

~z ~~2ll/ 5nz ( I I )

where II is t u e  wate r dept im amid in denotes time imig ime st order m ode required in
deep water. For example , at 100 lIt  it  is necessary to conskher abo umt 150 m mm odes
in deep water to in c l t mde sonic bot tom h ottm mc e energy . For a water dep t i m oh ’
4500 um ieters , Eq. I I  in d icates t h at a step size of I 2 meters is adeq uate .  h owever
at time top of ’ time con t inen ta l  slope where I/ is only 350 m eter s , t ime step size is
red uced to about I meter.

DISCUSSION

PROCEDURES AND FINDINGS
In view of ’ the  an t ic i pated diff icult ies associate d wit i m immi l i a l i i im i g  f l i t ’  parabolic

equ at io m i model on I he c o n h i ne m m t ~m l slope , it was decide th to at  t e u m m p l  predict  i o m ms
of ’ the average signal level over tim e r ad ia i s  before im m ve s t i ga t i n g  spec i f ic  de ta i l s
of f l i t ’  acoustic d at ;m.  (‘on s eq t ten t i y  t ime i m m i t i a b  ef for t  was directed tow ards a
study of time effect 0mm absolute level ol ’:

Time vertical amid Im o r i ton t a l  step si/es
2. ‘l ime sedimm i entary s t ruc t u re  of I Ime hot to tmi
3. ‘l ime speci h ic ;t t  ion of s t a r t e r  I i i nc t  O i l s

Subsequent work reported here discusses time comivergem ic e zone s ot ’ radi a l NW , t he
acoum st ic s lmadow cf time So t m ti m l asumi a n  Rise , a nd so i mm e d st mmcl ye acoustic feat ure s
related to clmam ’tge s in t I me sound—speed profile.

* Personal communicatio n from 1) .I- , Gordon , 1975
~ Personal commu nicatj ’3n from R. Wh ite and DI -  Gordon , 1975 ,
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GLOACOUST IC MODELS
Various geoacoumstic m mm ode l s were i n vestiga ted before selecting time one we re f ’er

to as a sediment bottom ( Fig. 7) . ‘l ’lme constraints wh ich led to ti m is model heim m g
adopted were:

I .  In time absence oI’ fir m m i data on time sedi mm i entary s t r t mcture  of the cont inenta l
shell , tIme model should not he too detailed .

2. ‘l’he m odel should ut i l ize accepted parameters to specit ’y t he ac ot m sti c pro-
perties of sediments , such as t h ose given by h a m ilton (Ref. I I ) .

3. In view of time ina b i l i ty  to ch ange time bottom model wi t h  range , the  mm mode l
shotu ld be capable of ’ describimmg the deep ocean basins .

4. TIme m odel sh ould lie conm p at ih ie with time requirements oh ’ the nor immal mode
program used to generate starters.

s o un d s peed

~
/

var ia b l e% J um p

7 0’87

sed imen t

a —  0.11 dB /km \
S 

‘

\ 7.2’65

650m

c~~~ — 0 ” 1  /
a — 0.0 2 1 b a s e m e n t

Figure 7. Impor tant parameters of sediment bottom model.
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l ime hot tom n was therefore represented as a series of f’lut id layers , in each of ’ whic h
ti me soum nd speed varies as

c ( z ) c1 [ 1 - 2 ~~ ( z - z 1 )/ c ]~~ 
( 1 2 )

where (‘
~ and -

~ 
are the sound speed and sound-speed gradient at the top of time

ith layer and is the layer depth. E quation 1 2 is use fu l  in t h at tIme normal modes
can ne expressed in ter u m i s ol Airy functions , hut  is h im i mited  in tha t  time derived
sound speed and gr~t th i ent  take on ph mysica l  values over a restricted dept im range
onl y . Accordingly e 1 was set to the measured value at point “T” and the remain-
ing parameters specified as in ‘Fable I . ‘[lie layered structure h a s  no direct experi-
nmemita h sigmii l ’icamice , being im posed to eims u re a sm ooth progression of soum id speed
amid gradiem it wi t h  depth’ u , wit h in the h imm m ita t ions  of Eq. I 2 , and in addi t ion , to
ensure that solutions for nmany high-order mmmodes could be f’ott nd. l ime nega tm vi ’
gradient in the 5th layer is necessary to satisfy the mechanics of the mode program
and has no e ffect on the solution , as it is at a depth well below that to whic h acoust ic
energy penetrates at a significant intensity.

Tabme I. Bottom layer parameters for the sediment model ,

I C~ ( m / s )  ‘y , ( s ) ~ z~~( m)  a~(d B/km)

1 4 9 9 . 1  0 . 8 7  0 0,1f 11,
2 1 6 5 0 . 0  1 .0  1 5 0  O m f ~
3 1 8 2 5 . 0  1.6 300  0’ ’~H~
4 2 1  25.0  2.6 4 5 0  0’11’ H z
5 3 0 0 0 . 0  ‘ 0 .1  6 5 0  

_______________

lo  coim ipensate I ’or t ime i m m a b i l i t y  to include densi ty  in ti m e model amid to allow
l’or great cu bot to m re f lec t iv i ty  on time c o n t i n e n t a l  slope as com impared wi t h  t ime
ocea n basins , a var iable j u m i m i p  disco n t i m m u i t y  w.~s app lied at the  water—s ed i n meni
im i t e r t ’ace. Usually t l mis  j u m p  was t a kemm as h i  on l i me  slope b t t t  was tapered to
zero on reach ing tIme ocean basins.

Final ly ,  t ime a t t e num a t io n  coe ff icient in tIme bot t om m i . a , was taken as a constant
0.1 

~~~ 
dB/ km , corresponding to a porosity of 65’ or greater I sammd - si l t - c ia y or

limier gi’ain sediment ) .  I lowever because of time ju i m ip d i scont inui ty  allowed at
time surface , it is recognized t h at t h is approac h is somewh at mu m m p i i ys i c ~m l in view
oh ’ t Im e we l l—known emm i p ir i c a l  re l a t ionsimi p s  h i etweem i so tm mmd spee .h , porosity .  and
a t tenua t ion  (Ref .  I I ) .
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ABSOLUTE LEVELS
‘l ’o begin tIme s tudy of a h i so l t mte  sig ima l levels , we investigated time use of tIme

parabolic equation m u ot hel in an environmnerm t s imihar  to t h at near time hydrop lmon e
site , h ’ h mis was modeled as a sound ch annel  im a ving a constant depth of 350 meters
overlying a se dime m mt bot tomm i . ‘l ime sotund-speed profile was as m easured at point
‘C I”’ . Fi gure 8 presents a commmp ariso m m of time n ormm ia h mode pr ediction and tIme
pa rabolic equation prediction. h ’ lme l a t ter  was imii t ia i ized by time mode solution
a t 200 m im eters and mu arcimed out  wit im a range in cremn ent  of ’ 10 m i meters ammd a
dept h immc r em mmen mt of I 2 m eters. Apart  t’romm i tIme p imase d if l’erence of about  500
mm m eters , the  p redictions are very close at ranges greater t h mam i about 2 kmm m . Investi-
gat iomm of time muode soltm t non sh owed t h at fewer tha m m h O  modes contr ib uted  at
th mes e ranges , in wh ic h case time I 2- m eter sample i imtervai  is expected to give an
accurate solution. At slmort ranges where uma ny nm m odc s contr ibute , the ag ree-
mmment  is m iot as good .

‘I ’ u r m ming to time exper imne n ta l  s i tua t ion , we consider radial NW , wh ich has
t he sim imp le st  en v i ronmm me nta h  conditions at short range. 1”igure 9 s tm mm mm mmarizes
ti me best results obtained using the sediment h m o t tomn model at 63 h I t ,  ‘l’h ree

40~0

— norm al m o d e  p r e d i c t i o n
50’O

p a r a b o t i c e q u a t i o n  p r e d i c t i o n

60•0 —~~~~~

0

. .4

~~~ 
,
‘ r~~

‘; ~~~~ 
—

m , ~ .~I ,. S
. ,

~; I “ 
,
, / \ , “ So I ‘ _4 S IS I Ia. s

80•0 — 
—
, ,

~ 
,

I S S — —S I
S 

1/ 5
S W I I.. 

~ 5

90~0 —

‘I ,

100•0 I I I
0.0 5~0 10.0 15•0 20~0 25•0

Range 1 k m )

Figure 8. Comparison of predicted propagation loss in shallow w ater channel overlying sediment bottom.
Water depth 350 meters , frequency 63 Hz. No density change at sediment interface.
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cases are illustrated: cu rve a was derived usin-’, a normal mode starter at 200
meters with ~ z im mitial ly 6 mneters iiut doubled to I 2 nieters at a range of 20
km (water depth 2000 meters). ~ r was 10 mm ieters dow m m time shell ’ and 200
meters in deep water. An I I~ jump in sound speed at tIme sediment in ter lace
was applied on the shelf out to a range of 27 km mi . This was tapered to 1cm
over the following 3 kin . Propagat ion loss was calculated at 2-km inter v als
bunt is presented as a 5-point average in order to smm m o ot hm t h e  ctt m’v e ,

Comparison of this curve with tim e experimental  t i a t a  sIi ~~t s I l in t  i ime pre-
dicted level is about 5 dB lower t h a n  t ime imm ea su red I ~ ci Al l  hmnug i m t i m m s  could
he due to a source—level error , we observe timat  t ime pied k I i T S  t i b ta tn m ed  using
a I 2— m eter vertical sample thr omt gho ut ( c m i r ~~~e lit  ~ ~~m~~’ i i I  . 5 1 1 ~ WI Ii ,’r et m l i n
detail. ‘l’his is an indicatio n timat t ime  s o i u t u ’ mm has im o t st~i l s t h u , ~d . r m l s sl p r oh .t hi v
because Az needs to he reduced f u r t h e r :  \s ’.i J p I I ’  s n I 5 ( 1  ~ m m i l  tc ~~i l  nodes
in deep water at 63 liz , Eq. I I  i n d m c. t te ’  t i t a t  -~~ ~ J -~ e less  I h n r m  ~ meter s
at time top of time shell ’. Unt ’ort um i at el y i t  ~ i ’  m i t St ‘ s ~~~~~~~~

- r u in t i me  cx st tu g mm m o & he i
I’or Az this small without fur ther  mod i t i c a t  is ‘~ t O I f e  ~
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Figure 9. Radial NW. Compariso n of parabol ic equation propagation toss predictions wi th exper imental
data at 63 Hz.

16



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
~~~~~~~~ ‘ -- ‘~~~

h owever ch eeks were u mmade on som mi e of time ot h er parameters of interest:  ‘l’o
im mvestigate time effect of di f ferent  sedim n ent s t ructure , time prediction was run dowmm
the slope witim a bottom mnode ll ed by a s e d iumie mmt layer I 00-ummeters I hmiek , porosity
65w , a t tenua t ion  coefficiemit 0.ll ’~ , amid sotmnd speed jumm i p  3, 3(, ,  ov er h yimmg base-
mn ent rock. ‘l ime predicted level (nat shown )  was about 5 dB lower t h an curv e a ,
presumably because of increased absorption wi th in  the sedim mi ent due to the red uced
hottom im re h lectivity. It is interesting tha t  t u e  presence of the strongly reflecting
layers of ’ basement rock (sound speed 5000 mIs) did not raise time signal level ,
‘[‘his indicates that lit t le acoustic energy penetrates as t’ar as the basement . w hich
is at a deptim of ’ 4 wav el emmgths at this  frequency, and to sonic extent  jus t i f ’ies time
use of the sediment model on the continem ita l shelf .

In addit ion , a prediction was made wit h tIme ray starter wh ic h , as d i sc ussed
earlier , uses a constant-slope approximi m ation to the h a thymmmetry  near “ 1” and
incllt (hes all in i t ia l l y forward-going energy (curve c). The sampling in tervals  amid
all other parameters are the  same as f’or curve a. We observe t h at because of time
greater water dept h at I k in  ( 600 mileters). where tim e parabolic eq u at io n m starter

0
0

O - + e x p e r i m  e n t a l  da ta

o 
—par abo l i c  equa t i on  p red i c t i on

0

— 0.0 500.0 1000.0 1500.0 2000.0
Range 1 k m )

Figure 10. Radial NW: Compa rison of parabolic equation propagation loss prediction with experimental
data at 63Hz.
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is gemme m at e d , time ô-nmeter vertical sam ple interval is a bet ter  approximnat ion in
t i mis case. (‘ommmparing ctmrve c wit im c t mrve a , the ray starter y ie lds a predic t ed
level about 9 dB greater t i mam i time um iod e starter ,  I -however , time overall level
exceeds t h at of the exper imenta l  data by a f ’ew d B. A possihie cause of t h is
excess level is time s imple 1.5 dB / ho u mmce , constant  ref lection loss m m m odc l  assumed
(‘or time ray calcula t ion.  Fro m Fig. 5 this low loss would tend to exaggerate time
h ig h -a img le energy conte imt.

Figures h O  and 11 i l l u s t r a t e  time pre dictions for deep shots , ove r time comm m p i ete
span of radial NW , at 63 II ,  ami d 125 i l z , respectivel y. ‘ l ’h me p araho l ic equation ni mod e l
was i im i t ia l ized wit i m t ime ray starter  in bot h cases and apart f ’r onm t ’req uem m cy . all
pa rameters are as for curv e c 1m m Fig. 9 . ‘l’im ese fig tmrcs r eprese mmt time best fit to time
over a ll sig m ma l levels o n m t h i s  radi a l. h o w eve r , in view of time previous discussiom i it
is expected t h mat  t ime degree of agreemmme t m t wou ld be sigm m if i cant l y improved b y tIme
tu se of ’ sm al ler ~: ove n t i m e f ’irs t few kilometers of m’ange and a bet ter  r c f ’lect ion
loss model w h e m m calcu lat  i rug t ime s tarter.

o + e x p e r i m  e n t a t  d a t a
0

— p a r a b o l i c  e q u a t i o n  p r e d i c t i o n

0

0

0.0 500.0 1000.0 1500.0 2000 .0
R a n g e  1k m )

Figure 11. Radial NW : Compariso n of parabotic equatio n propagation loss prediction with experimental
data at 125 Hz.
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CONVERGENCE ZONES
‘l ime acoustic data for the simal low simots on radial NW are interesti m mg in that

the comivergence zone structure is m ore pronounced , bot h in the higher freq umency
bands and at longer rammges (R et ’. 1) . Figures 1 2 and 13 il lustrate time convergence
zone predictions ( 1 8-mm m eter shots) for timis radial at 63 and 125 I lz , respectively.
These predictions were generated at tim e sa imme time as those in Fig. 10 and I I .
‘lime h athym mmetry has heenm superimposed on these figures to indicate the scale of
time continental  slope , w i m i c h m drol)s down to the deep ocean within  time f ’irst
convergence zone.

Commmpari n ig the experi n mmenta l  amid predicted data at 63 Hz , we see that  t ime
experi u mmem i ta l  zones are best dcf ’ined at ranges greater t l ma n m 300 kin hut  are ahi out
h a I f a  zone ahme ad of time prediction in phase. At 125 lIz (Fig. 13), tim e measured
zones over tIme l’irst 300 km are better defined t h an at 63 lIz  and coin pare q t mitc
well with time prediet iomm. However as in Fig. I I . tIme predicted level is too lmig hm
on the average. At longer ranges time ph ase difference seen in Fig. I 2 is evidemmt here
also.

0• 0
0
r.. 0

0 
.$. e x p e r i m e n t a l  data

— parabolic eq uation p redict ion 
~

0 — — - .  bath y m e t r y

+
+ +

U) S
‘DO  I + 0 ,~.+ 4.4+ 

+ c”I E
‘I + +
I ~1-~~~ + + + —

+ 4- +
o d  + + + .

~~ 
a

I + 4. 4
+ +

A

C.) “-.~ r - - - ’ J %

I I I 

— — — —

0.0 100.0 200.0 300.0 400.0 500 0 600.0 700.0 800.0
Range 1km )

Figure 12. Radial NW: Comparison of predicted convergence zone propagation loss with experimental
data at 63 Hz.
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Figure 13. Radial NW: Comparison of predicted convergence zone propagation loss wit h exper imental
data at 125 Hz.

‘lime m ost sig nmii ’icam m t difference between the data amid time predictio ums is that
the predicted level drop between peak and sh adow is abot mt twice t l mat  measured.
Acoustic energy is of’ course carried into the shadow zonmc by hottomm i-re ll ected
mm m odes. Therefore , the lack of agree imm ent may poi nmt to a need for a bot tom u
nmode l wit im lower re fle ct io nm loss. It is also possible t imat  st mff ’icient botto m -
ref lecti nmg unodes were miot inc ltmded in the calc um lation because the vertical
sample-size , Az , was too coarse. A t h ird possible reasomm t’or time di scr e pammcy
is [hat we are comparing a co n mtin u o t us wave pr eih ictiomm wi lh m da ta  derived from
a 1/3-octave energy analysis. h owever , any smo ot hming induced by time f’inite-
band a nalysis is mini m al imi t h is case , because time gross feat umr e s of com m vergemmce
zones are essentially frequency im m d e pemmdent .  1 mm view of ’ the operat ional  signill-
canmce of’ thes e effects in areas wh ere re fracted-surface re llected ( R S R )  propaga-
tion is m mm argim m a l , it was u mm i l ’or t um nate  t l mat  the  invcst igat iomm could not he pursued
f’ur t Ii er.

ACOUSTIC SHADOWING
0mm radial WSW time SIJ S were set to de tona te  at a dept l m of 914 m im e ters , w i m ic l m

is j us t  above time ax i s  of ’ n mimmi mmi t mmm i  velocity b t t t  s l igh t ly  below time peak of tIme
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Figure 14. Radial WSW : Experimental data showing acoustic shadow of South Tasman Rise. Reproduced
with perm~üon from Ref. L

Sout h I a~ m um. tm 1 Rise. l ’ I mis slmoa ls to a m ni n mimmmi m n i  depth ot’ 850 meters (Fig. 3) .
l ime pr incipal  l’eut t t r e  of the  acoustic data  for t imis  radial is the “shadow ” cast

by t i me Ru se , which of coturse does riot act as a comnp lete stop, heca umse some acoustic
enm ergy is  cl m ani me l ed over time top via bot to mmm-r e fhected pat h m s . By ex t r a po l a t immg time
p ropaga t io n l~~s data  east of the Rise hack into tim e shadow region , tIme dept h ~~~~~

t i me acotmst ic si mdo ~x can he m easured. ‘I ’lme shadow at 63 lI z is close to 7 dB ( ah ~ove
cylindri cal  spreading loss) and it increases at a rate of about 4.5 dB octave over
the hig h e r  f requency hands I h ig. 14 ) , The data in time 16 — amid 3 1 . 5 — I Ii bands are
of ins t i f f ic i ent  quu a l i ty  to obtain accurate esti nmiates.

1m m order to reduce time co unp tmter r ui n—time for t l mi s radial , two approx imm i at iomis
t~ere made. f :ir st , tIme parabolic equation programmm was ini t ia ted at 90(1 k i m i  m m s imm g
a norm n a l m ode starter.  Conseq umently time absolute levels predicted i t t  t h i s  sect i o mm
are somewhat arbitrary . Second , a fixed sound-speed profile ( nmea sure d at 1470
km in Fig. 3)  was used on time assuu npt ion tha t  time b a t h my m et ry  would d om immate
the shadowing process. ‘l ’hmer e f’ore tIme onl y enviromimnenta l  variables here are t h e
b at hm ymmm e try  am i d b otto m model. For each rui m tIme hori z om ital step—size , Ar , was
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Figure 15 . Radial WSW: Comparison of parabolic equation propagation loss prediction with data at 63 Hz.
Sedunent bottom model with no sound-speed jump at sediment interface.

progressively redutced from 200 mnet ers in deep water (at 63 l I z ) .  to 20 mm m eters at
time top of time Rise . At 12 5 lIz Ar was hal f these values. Ilowever , time vertical
sa m p le-size , A;, was fixed at 12 meters for all cases.

To il lustrate time importance of time bottom model in th i s  s i t t mat iomm Fig. 1 5 gives
the prediction obtaimmed at 63 lI z us imig time sediment hottomm i I F’ig. 7) wi t h  imo sound
speed j umnm p at tIme wate r -sedimmm cnt interface. It is apparent that  time fea ture  acts as
an a ln mmost eonmphete acoustic stop, most of the energy being absorbed w i t h i n  the
sedi u mments. ‘l Ime bottom loss was r cJt iced comi sid erably by imposing a j tt! mm l i in soumid
speed at time s ed im m m e m mt im i ter l ’ace. ‘l ime immagmii tud e of time j u mmmp was tapered t’rom m m iero
either side of tIme Rise to h I ’  at  depths less t im a n 1500 meters. At 63 lIz this
1)01101mm nmode l gives a good I’it to time data I solid hi m m e in Fig. 16) , b ut it is interest-
i ng t i m a~ at I 25 I lz (Fig.  I 7) time sima dow obtained using time samn e niodel is not
sut ’li ci emit ly deep. l Im e predicted drop in level west of ’ time South 1 .t srnan m Rise
at I 25 I It is . in fact , 5 dB less than tha t  at 63 I I , ,  ‘l Ime gap in predicted level
was caused by time source (or receiver ) de pt im intersect in g time sed immmemm t at t i m e
top of time sea mm moum m
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Figure 16. Radial WSW: Comparison using sediment models with sound-speed jumps ; frequency 63 Hz.

In an at tempt  to ifimp rove time prediction , we umsed a m ore detailed bo t to r mm model
of ’ time Rise based on seismic surveys of the area and data logged fro m borehmo le 28 1.
I)SDP Leg 29 , w lmic f m was dril led onm time soutim flank of tim e Sou t l m ‘i’a s i mm a mm Rise
(Ref . 8. 9, amid I 0). l’he model (Fig. 18) consists of ’ a 25 -m im et er layer of strongly
absorp tive , very fine sand overlying I 75 meters of less absorptive , san d-silt- clay.
(For this reason it is re ferred to as tIme “two-layer ” u mmode l . )  Bas eimment occurs at
200 immeters in tIme r mi ode l a mm d immiposes a 300~ ; j u m u t i p in sot u m i d speed (l ’able 2 ) .

Table 2. Bottom layer parameters for the two-layer model.

i C 1 ( m / s )  Y 1 ( s ) ’ l  Z~ ( m )

1 4 8 9 . 0  1.0 0 0 . 5 1 117
2 1 5 1 4 . 7  l .05 25
3 5 5 0 0  0.0 200  0

~
02 i l I7

4 5 5 0 0  0. 1 700
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Figure 17. Radial WSW : Comparison using sediment models with sound-speed jumps; frequency 125 Hz,

To implement the necessary changes to the bottom model , time program was run
in three stages. First the prediction was run , using the sediment model , from 900
to 1280km , at which point a new starter was stored. The prediction was then
run over the South Tasman Rise , using the two layer model , out to 1 860 km . wimere
a second starter function was stored. Finally the prediction was continued using
the sediment model again.

Time results are illustrated by the broken lines in Fig. 16 and I 7 . We sec t h at
time predicted shadow at 125 lIz has deepened amid more closely t’its ti me data .
ilowever , time shmadow at 63 1hz is now considerably deeper than  time observed
shadow.

‘I’hese results are encouraging in that both time onset of ’ time simadow and time
initial rate of decrease in signal level behind time Rise agree well wi t h  time dat ;m ,
At the samm i e t ime , the results are disappointing in thmat t ime predicted frequency
dependence of the acoustic shadow is opposite to that  observed : For both bottom
models the level drop he hm i n m d time Rise decreases wit im increasing frcq tu em icy. F i mis
discrepancy could he related to time chmoice of ’ vert ical  sammmph c size . A;, wimic I m
remained constant at I 2 meters t !mro u mg hm o u mt.  At tim e top of tIme Rise , wimer e time
water depth is 850 meters , a sample size of about 3 meters would be more
appropriate at 125 Hz , assuming 120 modes are important (Eq. 11).
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Figure 18. Important parameters of “ tw o.tayer ” bottom model.

OCEANOGRAPHIC EFFECT S
‘h’he acoustic propagation data from radial SW is dominated by time presence of a

high-loss region at short ranges. After time effects of cylindrical spreading are removed ,
the signal levels at ranges greater than 450 kin are about 14 dB lower than time
levels extrapolated from about 150 kmm m (Fig. 19) . In contrast to time frequency-
dependent level drop seen west of time South ‘l’asnnan Rise , time level drop on radial
SW appears to he independent of t’req u ency. Sout h of this anomnaly , two distinct
attenuation regin mes can he ( I e tm ned. ‘l ’he first regim ime extends fro lmi the acoustic
ano m aly out to a range of about I 200 km and apparently coincides with time sub-
antarctic water mn ass lying between the Subtropical Convergence and time

25

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~

-

~~~~~~~~~~~~

---



20 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 63 H a

-F 

‘ ‘

~~~~~~~~~~~~~~~~~~~~~ _r 1 25 H a
60 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(+30d B)

~~~~~~:: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5OO Hz 

~~~ Od B )

( -i -6OdB )
Subt ro p ica l
Converge nce  Aus t ra l as i a n

120 Suban ta rc t i c  F ron t

0 1000 2000 3000
Range  1 k m )

Figure 19. Radial SW: Experimental data showing acoustic anomaly for ranges <450 km and high attenuation
zone south of Polar Front. Reproduced with perm ission from Ref . L

Australasian Subantarctic Front. ‘F ime second rc g imm le extends so t mt lmwest fro mmm
time A imstra lasian Suban tarctic Fro iit over time remaim ider of time radial .

Figure 20 illustrates the parabolic equatiomm predict ion at 125 l I z  for t h is radial
using time ray starter. ‘l ’he sediment h otto im m model was imsed over time entire radial ,
wi t h  an I l’~ jump in sound speed at the se d ime nmt initerface omm the com itinental
slope. ‘h ’he vertical sample-size was in i t ia l ly  6 mm me ters , hut  was increased to I 2
meters for ranges greater El m a nm 20 km. In-shore of ’ the Resolution Rid ge at range s
less than 200 kmm i t ime pre diction follows time trend of time data but , as discussed
for radial NW , time average level is a few decibels too hig h . h lowever , j u s t  sout lm
of ’ tIme Ridge , where the experimm iental level is an o mm m a l o t ms ly low , time lmr e d ie tio m m
simows no cvidermce of a corresponding level drop. ‘I ’l me rea somms for th i s  are mmot
clear. 0mw possihility is t h a t  time Resolution Ridge rises to m un ch slmal l ower depths
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Figure 20. Radial SW: Comparison of propagat ion toss predictions with experimental data at 125 Hz.

timam i imidicated by h a t i mym mi e t r i c  cimarts of time area. ilowever , time lack of a ire-
qt m e n m cy depenidemmc e s imilar  to time shadow of time Sout im ‘I’asman Rise , raises the
i tmt er e s t ing possibility that  t h mis  anomna ly is related to soimme oceanograp h ic pro-
perty of time area i’after t h an to time h a t i my m mmetry .  l ’hme fact t l mat  t h ere is no mm otice-
able level drop associated wi th  time Soutim east Indian Ridge . a massive l’eature
some 350 mm m cters h mig lmer t i m an m t ime R e so lt mtion Ridge , lemids support to t imis  Imypo-
t ime sms . In ammy case , it  is clear t im a t  t ime envi rom mt ncnt  near time Resolution Ridge
ima s not been adeq u ate ly represen ted.

A second immt e r e st immg feature of t h is predicti onm is time c lmange imm character t imat
occurs mmear 1500 kin.  Fvident ly t imis  is caused by time disappearam mce of time deep
so t mmm d c hm a nnm el  at time Polar Fro im t ( h i g .  4) . 1 lowever . south of time l’otar Front
time prediction does mmot show a marked increase in slope as does the exper imental
data , it is possible t im a t  t h is inmcrea se in a t t em m ua t ion  is catmsed by ro tmg im surface
eit ’ects not inc i t m d e d imm time mn ode l : Presumably any surface— induced coupling of
emmergy into hot tomn houm ice ‘nodes would he accem m t m mate d in time region so t mt l m ol
time Polar I rommt , because all muod e s are 01 time RSR ci ;ms s.

Fi gt mre 2 1 gives time co rr e spommdimmg predict ion for an I 8—meter StJS on t h is
radial.  it is interest im ig t l mat  t ime average signal level increases wit h  rammge. t ime
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Figure 21. Radial SW: Parabolic equation propagation loss prediction for 18-meter SUS. 125 Hz frequency.

level at 2000 km being sonic 10 to 15 dB greater thamm timat at 500 k imi . In
addition , we see th at time convergem ice zone stru cture abruptly disappears at
the Polar Front.

As a final example of cimanges in the  propagation elmaracteristics induced by
different oceanograpimi c conditiom is , time predictions at 63 l Iz for an iS- mne ter
and a 244-nmeter StJS on radial NW are sh own in Fig. 22 and 23 , respectively.
‘I’hese pre dictiom i s were init ial ized by time ray starter and r um i under time sammme
conditions as discussed for Fig. hO.  it is interesting that time rat imer subtle change
in proh ile sh ape at about 1000 km (Fig. 2), caused by a near-surface trend to warmer
temperatures , could have sucim a dramnat ic eft ’ect omi time acoumstics : For the I 8-mmiet er
SUS we find a sudden increase in the slope of t h e  convcrgem ice zone peaks at 1 000
k imi , which imidicates a suhstammtia l increase in time hotto imm loss suffered by time RSR
m odes at this range . For time 244-nieter SUS , this  ocean ograpimic feat t mre is marked
by time sudden appearance of commvergenmce zommes. Ft ’t ’ect s simm m i l ar  to t imese Imave
been observed during a previous propagation trial  im i t ime samm i e area (Ref ’. 19) .
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Figure 22. Radial NW: Parabolic equation propagation toss prediction for 18-meter SUS, 63 Hz frequency.
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Figure 23. Radial NW: Parabolic equation propagation toss pred ication for 244-meter SUS, 63 Hz f requency.
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CONCLUSIONS

We have used a parabolic e qu m ation mnode l to study acoustic propagation over a
wide variety ol’ typical  ocean env irommme n ts . Bathymmmetr i c  condi t ions em m co iii mt e red
imave im m c iu mde d con timme i m ta i slopes , ocean hasiims , under wat er ridges , a nmd sea mn ou n mts.
In addi t iom i . t he oce amm ogra pl m ic conmditions have varied from t lmose typical  oi ’ sub-
t ropical waters im i t ime nort lm to antarct ic  waters soutim of time l’olar Front.  ‘I hese
condi tions have presented a severe test ot ’ time capabilities of ’ cu rrent aco imstic mu odel-
in mg tecimnique s .

in ‘spi te of ’ d i t t ’ic t ml t ie s  both in in i t i a l iz ing  ammd in ru n mmi n m g time parabolic equat ion
model om m t ime con t inen ta l  slope , t ime general level of agreement between m neasu re—
n m i e nt ami d prediction is em mc ou r a gi m m g . On a detailed scale , many aspects of t ime pre—
d ict i o mm are u im s at is t ’actory . hu t  t i mere  are several avenues wortim exploring whicim ni may
imp rove time agree t mmen it .

Key conclusions resul t ing  i’romm i t i m i s  wor k are:
1. Ji m env i ron mi m emm t s where t ime  water dept im may change su m h st a n t i ah l y ,  such as near

com m ti n emmta i  slopes or u mnde rw ate r t’eatur es , am md im i regions wimere tIme water  deptim is
m i ma rg i t m a l  fo r RSR propagation , co nsiderable care mm eeds to be exercised imm the cimoice
of ve r t ica l  sa nmmpie site , _~: , to ci msu re tI m ~mt t ime Imigh e st order mmmo de s neede d are samm i —
p led properly at a l l  ra imges. h o  proceed et ’l’ic iemmt l y  and to mmmini i mmiz e  co i mmpu t er  rumm—
m min m g cost ~~. t ime mm mod e i simo it id a u t o m m i a t i c a i l y adj ims t ~: to suit t ime  local condit iomm s .

~~, Sm i ma f f c f m a m i ge ’. in ‘~o tmi m d — spe e d profi le mn ay induce operat iona l ly signif icant
cim ;tng e ’~ m m  a comi ~tic pro pa g .It 10m m c imar ac ter i s t  ic’s.

\c o tm ~t me sh ad owi n g  beh i tmd ~m m h~1 a m m t i a l  i i m md erwat e r  t’eat ti res is s tron giy depen—
dem mt orm t i me na t  nr c o I t l i e se&i I m mm emmt cO’~ er.

4. l ime kn owledge  of gross ~o tm mmd — ’~peed characte ristics an md sea floor properties
alone m mm a ~ not be s t i l l  i c t e m mt  to model acou stic propagati on c l i aracte r is t  ics in al l
oc eami regn oims . ( o r  e s . t m i i p ie . t i mere i n l a y  i)~’ en mergy loss as a res im i t  of umod e co t m pl in g
c i t i met I r omi m su n ace r n I~i l m l m e \ s  where  there  is imo deep sotm nd cha m mm i e l . or i r o m im i i i—
l i omi m ogc  i d !  ~ i i i  mm t i m e  ~~ , t cm c o l u m i m n  in t ime  ho u m mdr y region between ci i f t ’erem i t
w , i  icr  imi . i .’. ~ pes .
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Ap pendix

APPLICABILITY OF SMALL-ANGLE APPROXIMATION

ilere eommsi der time “small-angle ” approximm m atio m m used to derive the parabolic equation
( Fq. 6). ‘l ’Imis is usually expressed by the req umire mne imt that

‘
~~ 1 (8)

ar 2

‘l’o demonstrate t h at this  conditiomm is valid in the deep sound channel , we consider the
expression f’or the propagation of ’ a normal mode tinder the parabolic eq u atiomm approxi-
immation.  Comparing J q .  5 and h O, we obtain the following expression for U:

U(r ,z) ~~Um(z) exp( K~~r /  21k 0 )  (A- i )

l) iff ’ere nitiat inmg (A -I )  with respect to r twice we imave

(A-2 )
~~~

- ‘t~2ik~J ar

Su hst i t u t ing  t l mis last equation into Fq. 8, the conditionm to be satisfied is:
2 I. \ 2Km =(5~~ o~ ~~ l (A-3 )

4k~ \ 2 J

where we h ave imsed t ime wehl -known i (Ref .  13) det ’inition of ’ eq tm iva l ent  ray am m g l e , O~
, to

simplify time expre ssiomm .
M a xim i m u m m n values ol ’ O

~ 
us u mally  s ignifi cant in a deep oceam m soum nd c hm am m nc l  are typical ly

0.3 radiam i . T l mtm s , for th is  type of propagation time small-angie approximm m at iomm is easily
sat isi’ied.
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