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I INTRODUCTION

Sonar has been used for detection and communication in the ocean
for many years., The effect on sonar of a Beographical variation in the
sound-speed profile of the ocean has received considerable attention as
more precise and sensitive use has been made of acoustic signals in the
ocean, Illowever, relatively little attention has been focused on the
smaller-scale variations in the Oceans--in particular, the internal
waves, which not only provide variations in space (on scales of a few
hundred meters vertically and a few kilometers horizontally), but also

introduce the new dimension of time variability fcn a scale of a few

hours) .

The theory of sound propagation through internal waves has not yet
been fully developed, so that Mmany questions of a qualitative nature are
oper:, We have written a computer code to answer some of these questions,
taking advantage of the advent of the use of the parabolic equation method
in underwater acoustics,l-s* and ‘the existence of internal-wave models
derived from oceanographic measm‘ements.11 With certain restrictions (to
be described) the full acoustic-wave lield can be propagated through an
ocean with variable sound speed, and the resul ting long-range transmission

characteristics can be studied,

*

References are listed at the end of the report,




Consider the acoustic pressure in the ocean as p(r,t), The wave

equation for p is

2
2 ) 0
{0 R ,
v 2 9

C t

(0%

where it has been assumed that the sound speed c(r,t) varies slowly with
position and that the water density, as far as its effect on inertia is
concerned, is essentially constant, Hence, the quantity that determines

the structure and behavior of the pressure is the sound speed GUPSED

In the following sections we present a model for the expected sound-
speed structure in the ocean, the parabolic equation approximation to the
wave equation and the reasons it is valid for our model of the sound-speed
structure, and the computer code that has combined the model of internal

waves and the parabolic equation method into a useful apparatus for studying

oceanic sound transmission,

Initial results obtained through use of our code are given in Ref-

erence 6,
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11  OCEAN SOUND-SPEED STRUCTURE

A, Deterministie Profile

On the scale of the depth of the oecean (4 to 5 km) the sound specd
as a function of depth, z, is determined by the gross behavior of the
! 5
density, temperature, and salinity. We usec the profile derived by Munk,

wvhose input is an exponentially decreasing density gradient, The result-

T " . 1" . .
ing canonical profile is

ccp(z) = cl{ TR e [e_n = (l—n)]>

Note that c¢(z) has a minimum at ZA’ that the width of the minimum is B,

and that the deviation of the sound speed from the minimum value ¢ is

of order ¢,

Typical (though not univcrsQl) values for the parameters are:

z = 1300
LA m
B = 1300 m

-2
e = 0,74 x 10
cl = 1500 m/s

Sce Figure 1* for a graph of cCP(z) using these parameters.

Illustrations are grouped at the end of the report,

3




One must point out that realistic ocean profiles in most cases have
significantly different behavior from this general form, For example,
within a few hundred meters of the surface a mixed layer usually results
in a lowered sound-speed gradient, However, we ignore these details in

the present version of the code,

B. Internal Waves

The density gradient in the ocean leads to the possibility of waves
traversing the volume of the ocean just as the density discontinuity at
the surface leads to the possibility of surface waves, The density

gradient is usually presented in the form

1/2

|2

SHER) 5

o/

A5
i e

where N(z) is called the local stability (Brunt-Vaisala) frequency.
Munk's model for N(z) is

N(z) = n o-Z/B b
0

where n = 4 cycles/hr,
0

-3
Let w(r,t) be the displacement of a particular density level from

its mean pusition. It can be shown that w satisfies the equation:

2

[o%]

I

2 2 2 :
LIV W]+ N (2)V w=0 i
2 h

Q/
o

The eigenmodes of this equation can be found by taking

ilkyatkoy=w(j,k)t]
v = W(j,k,z)e




wvhere k = k + ka = horizontal wave number,

Substituting, we have

2 2
N - 2
»--‘&)T-Lkw=0

w

w’

Modifying this equation to account for the rotation of the ecarth we find

2 2
G N (Z) - W
2 2
m =@
1

2
kW=20

where w = inertial frequency = (2 cycles/day)sin(latitude).
i

Boundary conditions are W(z) = 0 at surface and bottom. Thus, for
a given horizontal wave number there are a discrete infinity of solutions
to this equation labeled by the mode number J, witn frequencies w(j,k).
The sound-speed fluctuation profiles caused by each internal wave will
follow the depth structure of Nz(z)w(j,k,z). Several examples of such

profiles are shown in Figure 2.

The sovund velocity fluctuations caused by a full internal-wave field

will be

ik x+k,y=w (j, k) t]
bc, = Re ZB(j,kl,_kz)c Li\eZ TN (WG, 2)

j’kl’kz

The difficulty of integrating this distribution over the Xx=-z plane
(because we will propagate sound only in the x-z planec with the acoustic
transmission code) has caused us to consider a simplified version of the
internal-wave spectrum where internal waves are propagated only in (or

opposite to) the direction that the sound waves propagate., In addition,




we combine real and imaginary parts to reduce fluctuations in the overall

energy in the internal waves as a function of time:
c
bc. = - Re & + Im A
W \2

b= DAL WGk N () ol (KT, R)E]
ik

VA

max 4 2
where W(j,k,z) is normalized so Lhatu/ﬂ N (z)XW (3, k,2) 'dz = 1.
o

The A(j,k) are complex Gaussian random variables, From a synopsis

4
of diverse oceanographic measurements, Garrett and Munk have proposed

the following model:

: ’
21 bc
’ * o .y = 5 ) ar =
(AGG, KA (S K )) = %35 %k 3L ( °)> 2=0

2 =1
4wik j(a—l)(J*)

5 2
W, J
j+ 3 )a k2+ =
no(JFJ*' nOB
2 2
-
<K§E) :> = (4 X 10 )
(&4

where j* =3, & =2,5, and L is the horizontal periodicity length over which

the internal wavesg are generated (because we are generating k in discrete

steps rather than as a continuum), The relative intensity of the various

nodes is shown in Figure 3,

. omevair i een o .




Note that the magnitude of the sound-speed (luctuation due to in-
ternal waves is 6c¢/c ~ ]0—4, a lactor of one hundred be low the magnitude
ol the deterministic structure, Also the spatial behavior of the sound-
speed variations due to internal waves is of the order of a few hundred
meters vertically and several kilometers horizontallw ., lInternal-wave
{reauencies vary from N, & 4 cycles/hr for the lowest mode to onc cycle/day
for the high modes (j ~ 20). Figure 4 shows sonme typical sound-speed

profiles due Lo internal waves.,

C. Final Expression for Sound-Speed Structure

The sound speed as a function of position and time is given by

c(r,t) = ¢ z) + bc
DL o A Gy

where

be
1w
be | E[u : u—'ﬂ}] |
c %
e e —— T ——

Hence, the deviation in sound speed Irom a constant value is always small,

and we may write, for example,

A1 et []_ﬂe} ,

This expression will of course appear in the wave cquation,
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1l THE PARABOLIC-EQUATION METIIOD

A, Introductian

The parabolic-equation method was originally developed by leontovich
and Fok in 1946 to study long-range propagation ol radio waves in the
1 (43} g . . s
troposphere, Fhis method was introduced into the Tield of underwater
acoustics by Tappert in 1972, and a computer program bhased on this me thod
was developed by Tappert and Hardin to solve acoustic propagation problems

2 is)
of interest to the Navy, '

B, Approximations and Ranges of Validit
| g

Ed

The wave equation for acoustic pressure p(r,t) is

2

<

1

v o, ks
P 2
CHRCil

Since the time variation of ¢ takes place over hours, and the acoustic

Trequencies will be in the range ol ~ 200 Hz, we may treat sound yropa -
{ g ) 3

gation at any time as though the ocean structure were frozen,

Hence, a particular acoustic Irequency w would be unaffected by the

ocean and we may set

M D > =N O where k = -




2 ) 26¢ 2 26 ¢
but k i—(l —-——C-):k (1--——°\
-

2 0 @
C /
1
2 ’ 2 YL@ o
VD O+ kp -2 —p =0,
O QO

Neglecting the dc¢/c¢ tewm initially, the solution in cylindrical co-
ordinates is

ik,
.

/
) H (k r
1 = ()( \(.) ) V!'

so we try for the full solution:
!
po=v (r,z,p)H (k v)
L [Q NS
where the reduced wave function  is labeled by the time t, because the

fc/c structure of the ocean is different for different times, Substitute-

ing p° in the full cquation we f{ind:

2 2 o oy 2 2 e
% - ) Q
VARSI v i O == S-S | S SO SRC TR IET
0 0 ar O LA ON O o cC o
IS g0 222l
0
3H
2 1 L 0 L H
e LK - t
d1 0 2ik r 2 2 o
s
[¢]
2 1 3Y oY 2 b¢
"9 Y = = — 4+ 2ik — -2k — Y =0
1RO 0 O3 0 C
o 2 p
B - N @ 1 3) % o ”12 S e " 0
: S ey = e g = MR 0 = 5
2 ) R 2 (o dr \o c
oy r oy dz

The key to the parabolic-equation method involves the following

physical approximations, based on the structure of sc/c:

10




° k r>> 1

<l 2ik  —

) O Ar
Valid if the objeets off which the acoustic waves are scattering have
sizes that are much larger than a wavelength, This is equivalent to
having only relatively forward scattering, which results in small changes
in vy over an acoustic wavelength, Let Lv be the vertical scale of sound
speed variations, Then koLv >> 1 is required., Note that energy scattered

at large angles is removed by the oecan bottom anyway,

A=
2 2 2
ar. 1
This is true because the canonical profile, which is 100 times larger
than the sound-speed fluctuation of the internal waves, affccts the z
coordinate only, More importantly, however, the internal-wave gradients

in the vertical arc an order of magnitude greater than the horizontal,

The approximate wave cquation is therefore

9 ;
b ) 4 )
=Rl L g MO R BUS (1)
2k 2 0 c ar
0 dz

To summarize the approximations required for this parabolic equation to

be valid, we neced the following quantitics:

w[w = Largest frequency involved in the internal-wave spectrum

~ 4 cycles/hr

it

L“ Minimum horizontal scale of sound-spced fluctuations

1 km




Lv = Minimum vertical scale of sound-speed fluctuations

200 m,
Validity of the parabolic equation requires:
! 1

1 w > W
& W

(2) k r >> 1
s)

3 L >> 1L
@ 1 v

1) kL >>1
(4) u

Requirement 3 is well satisfied by our internal-wave model, Re-

quirement < sets a lower limit op the I'requency we can treat:

freq > 11 Z

= o
—
—

1
2 T
V

Requirement 1 is subservient to Requirement 4, Requirement 2 sets a

lower limit on the range of sound transmission:

1
RS> E—;E 256 m for 10 Hz .

O

Thus, any experiments with frequencics of 10 Hz or higher over ranges

of (10)/kO or longer should be well treated by the parabolic equation,

This includes all problems of interest at present,

C. Analogy with Quantum Mechanics

The Schrodinger equation in nonrelativistic quantum mechanics is

1 3 ; . oV
R e LS s
YA

12
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We see that our parabolic cquation (1) is ol the same form il the

analogics are made as follows:

Mass = K
)
ne
Potential = k —
0 C
Time = range
Energy level = horizortal wave number

dz

Momentum = angle (-T—
dr

Many characteristics of underwater acoustics can be easily understood
on the basis of this analogy., We will give two examples for transmission

with 8¢/c given by the canonical profile (no internal waves):

(1) Rays--Consider a narrow wave packet with velocity v propagating
2

<

in our potential well [see Figure 5(b)]. As long as gmv < V
. max
the packet will bounce back and forth inside the well. The
oY b % | L - 3 Arbiien
analogy says that as long as gk, << k, (6c/c) ¢, a ray start-
s

ing from the sound axis with 8 will be contained within the

sound channel [see Figure 5(a)].

(2) Ground State--Forming a wave packet with the [lorm Vo(z) wherve
LS the ground-state wave [unction of the potential V(z) would
result in an acoustic Tield propagating in range with no change

in structure--i.e., no spreading of the wave packet (see Figure 6),

13
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1V NUMERICAL REALIZATION OF TIIE INTERNAL-WAVE MODEL

A, Eigenfunction Determination

7
A program (ZMODE)  was uscd to numerically generate the eigenfunctions
W(j,k,z) and frequencies w(j,k). Several modifications to ZMODE were re-~

quired:

(1) An increase of dimensions so that 128 values of k and 256 values

of z can be treated.
(2) Inclusion of the inertial frequency .
i

(3) Change of the initial guess for w(i, k), |y (0) = (m-%)n instead
m

1y
of (m-3) ]

B, Range of j and k

Modes with 1 < j - 24 are included, Values of k range from (k  /128)
i max
to (127/128)k in 127 equal steps. Both positive and negative values of
max

k are included, making a total of 254 values of k. The valuc of kqu is

l cyele/km at present. Thus a total of 254 X 24, or 6096 separate modes,

arce generated,

C. Generation of 6CIW

The steps in generating the souni-speed deviations caused by internal

waves, 6 are as follows:

C o
1w

(1) The 6096 dilferent A(j,k) are generated according to a

Rayleigh probability distribution in amplitude, and

15




variance given by the spectirum described in Section 11, The
phase angle ol cach A(j,k) is randomly generated in the region

0 to 2+, Thus, 12192 random numbers are needed,

(2) For ecach j value, the values ol k are stepped through, calcula-
tion of the function W(j,k,z) is accomplished, and a matrix
clement is incremented until the following complex matrix is
conmpleted:

2 iw(j,k)t
M(k,2) = 2L A5, KN (2)W(], k,7)e Y4 .
J
(3) The value of ;CIW at range r and depth z is the Fourier transform
! . _Z IR . /. L _
of M(k,z): A(r,z) = M(k,z)e . The matrix A is calculated
from A by the fast-Fourier-transform techniqua, The values of
r at which 4 is known are 0 < r « 256‘/kmax in steps of "/kmax'
In the present code this means 0 < 1 - 128 km; the code simply

repeats the structure it has, every 128 km.
We repeat that

C

1
! = =— [Rep + 1 -
it > {ReA mA]

Hence we have the internal-wave sound-speed deviations at
time t on a grid of 128 km by 4 km with 256 points horizontally
and 256 points vertically, (Step size ~ 16 m vertically and

0.5 km horizontally,)

(4) The propagation section of the code may need the value of SCIW

on points off the above grid. The code allows division of the
grid into a finer grid by powers of two, with the values of
$

OIW on the fine grid being obtained by cubic spline interpola-

tion (sce Appendix),

16
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The 256 X 256 grid of ﬂCIW values is kept in Large Core memory
for fast access during the sound-propagation phase of the code.
When the values of rccIw at a new time t are desired, the entire
procedure is repeated with a new time t, with two exceptions;

first, the random numbers do not need to be generated again,

and second, the ecigenvalues w(j,%) do not need to bhe calculated
again because they have been saved in computer memory, Due to

storage limitations, however, the lunctions W(ij,,2) must be

recalculated at every t, since they have not been saved,

17
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V' NUMERICAL PROPAGATION OF THE ACOUSTIC FIELD
USING THE PARABOLIC EQUATION

A, Algorithm

We must numerically solve the parabolic cquation

3 5 :

1 ue @

== — == -ik — Y = i(A + B)Y
c

ar 2k 2 0
0 dz

where reference to the variable z is suppressed, and where A and B are

real operators, The first-order solution, useful for a numerical method

is:

PA dr iBdr iA dr
n 1A 5  iBdr iA —
Y(r+dr) = e 2 ¢ c 2

vir)

Since step follows step, we use

' iAdr iBdr,

Y(r + dir) = e o Y(r) 6
: . iBdr ; ATt . .
Evaluation of e 1s straightforward--it is a complex number with unit

1Adr ;

modulus, Evaluation of e is more complicated since A is a differen-
tial operator:

iAdy -1 iAdr

c 4(z) = F ¢ Fld(z)] c

F is a fast-Fourier-transform opcration, and

in k-space,

19




This algorithm is Fast, and also it is very stable, since the total

acoustic energy

J/flélzdz k |

1s exactly conserved as a function of 1, This is because the operations

on v (r) arve exactly unitary,

B, Acoustic Source

. .o . O 0 d "y ‘
The acoustic field may be started with any function of depth, Ihe
present code madels a point source, at a depth provided as input, with

unit strength at 1 yard,

©, Surface Boundavy Condition

The reduced wave function v must bhe xactly zero at the ocean sur-
lace (pressure release boundary condition), In order to ensure the
proper application of this condition, a "vellected ocean'" is carried

] along with the real occan, In the rellected ocean is an image source

of the same strength as the rveal source, but reflected in rosition and

180° out ol phase with the real sourcco (sce Figure 7).

b, Bottom Absorption

In ovder to avoid reflection off the ocean bottom, a gradual loss
of intensity is imposed on v(z) as z nears the ocean bottom, The func-

tional form of the imposed loss is

iAdr ilZ(llit

Yir+dr) = L(z)e ! v (r)
v 2
“=Znax
L(z) =exp{-q dr e 3 .
! 20 :

4 Y B e e e

o TTTRY




=]

The code has at present
¥ = 0,05/m

g = 0.04 =
max

This form effectively stops any acoustic encrgy [rom penetrating
below about 500 m above the bottom, Even this form does cause some
vefilection off the bottom at a low-intensity level, for long-wavelength

sound,

s Number of Depth Points

The maximum numbetr of depth points in the real ocean allowed by the

code is 1024 (the number used must be a power ol two),

¥o Size of Range Step

The size of the range step should not be too large or the numerical
algorithm will break down, Experience has indicated that 0.5 km is a safe

step at 100 Hz and 0,25 km is safe at 400 Hz,

21
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VI FORMAT OF SAVED DATA FROM COMPUTER RUNS

As the sound-propagation code is run, various quantities are put
on magnetic tape, much in the manner of an actual [ield experiment, The

tapes can then be sepoarately analyzed.
At Lhe present ‘“e output consists of the following logical recovds:
(1)  An identification record (sce Table 1),

(2) A number of data records containing the acoustic field at
various points (sce Table 2). For ecach time step the lull
acoustic FPield is output for 12 values of the range, and
the acousvic [ield at four selected depths is output for

all values of the range.

(3) An end-of-Tile mark,




e

Table 1

IDENTIFICATION RECORD

Word Number Quantity Format
I Number ol words following [
2 Frequency (11z) I
3 cy (m/s) F
1 Zpax (M) Y
5 GW (m) 13
6 FGW (m) I’
7 dr (m) r
8 K, (m_l) F
9 dz (m) F
10 2 (m) F
11 A1 F
12 Source depth (m) F
13 Number of depth points 1
14 lug2 N |
15 -

16 -
17 -
18 ¢y (m/s) I
19 Zy (m) F
20 B (m) F
21 g (s™h iy
22 , (s I
i W, (s™ 1y F
24 = F
25 “max F
24




Table 1 (Concluded)

Word Number Quantity Format
26 N7 (internal waves) 1
27 Kmax I
28 WNK (internal waves) 1
29 NMODE (internal waves) 1
30 [((8c/e)®Y |, 0] ¥
31 TIW F
32 3k 1
33 Number of range steps 1
34 Number of time steps 1
35 -
36 Time-step interval F

Table 2
DATA RECORD

Word Quantity

1 Number of following words

2 r (m)

3 t ()

| 1027

1028 - 2051

2052 - end

Rc{¢(zi)} starting from ocean surface

lm*¢(zi)} starting from ocean surface

Rey (2, ,1rq), Imy(z,,1)), Rey(z,,15), Im¢(za,r2)...
until all ranges since the last tape output are
included for selected depth Z, . Then the same

list for selected depths 2y, 2 and z ., (Maxi-

c?

mum number of range steps between tape outputs is

set at 100.)

o
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X VIl COMPUTER RUNNING TIMES

The breakdown of the CDC 7600 computer time to run the code is as

follows:

(1) To generate the ‘CIW on a 256 X 256 grid for cach time:
28 CPU scconds,

(2) To step the acoustic field once in range
0.13(N logoNY/(IO X 1024) CPU sceconds where N is the
number of depth points at which the acoustic field is

cvaluated,
Hlence the total running time is

-
T = NT[28 + 1,3 X 10 J(N logqN)NR] CPU scconds

wvhere
NT = Number of time steps
N = Number of depth points

NR = Number of range steps at each time,

Note: As of September 1974 the code has been changed to make use of a

fast sine transform, and the cigenfunctions W(j,k,z) are being saved on

disk, This has resulted in a factor-of-two increasc in speed,

27
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VIl CODE ORGANIZATION AND LISTING

r

~

Figure 8 illustrates the program flow and the FORTRAN listing c

code in its present form is given in the following pages,
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PROGRAM USER(OUTPUI,TAPE6=0UTPUT.TAPE10)

COMMON C(30)

OIMENSION 1C(30)

EQUIVALENCE(C,IC)

DIMENSION DPR({8),DBTLA)
CDH"UN/NFACTS/N'LN.NR.N[LUSS'NIT
CONMON/AFACTS/FREQ!SNURHQZ"AX,UH.FGH.DR;FKR'DZpHLpp[QGD
CDHHUN/VAR/R![R!T!]T
CDHMON/ACUUST/UR(ZU“U"Ul(2045)

COMMON/STOPRP/ZISTOP
COHHUN/PﬁASES/SK(lOZQ)'CK(lOZQ)oSM(lJZQ)vCH(IOZQ)
CDHNUN/BFUR/URB(lOZQ,OU[B(lOZQ,OANGB‘lOZQ,
COMMON/MUNK/CAs2A,2W,GEE
CUHHUN/[HAVES/ENOQF[NER.BZvEZHAX.NZ;AKMAXvNKvNNOUE.DELC'
* TiWyJSTAR

COHHUN/SAV/SAVR(IOO!“)'SAVI(100'4'
CUHHDN/STEP/NSTEP!‘STEpQNSAVlDT

DIMENSION LR(12),L2(4)

DATA LR/ZO!“U'60'800100'120'160020002500320'400'500/
DATA L2/254102,166,256/

DATA ENO'F[NER'NZ'AKHAX'NK'NMUDE'DELC"lH'JSrAR/
x 4..U.040257'100v128'2400.0020506/

DATA T41T/04,417

DATA CA"A'Z“'GEE/ISOO.!I300.013000'0.017/

DATA [STOP/O/

DATA FREQ.GU.DPR'SNORM/IOO.01300-01000.97‘0.01500./
DATA N'DRKM'NR'NTLOSS'ZHAX'FGH /5[20-25!20001.4000..1-/
DATA NBF 71/

DATA RyRKM /2%0,/

DATA PI /3,.,14159263%6/

R=0,

IBF=1300.,

IR=1

GU TO 60

70 CONTINUE

CALL TAPEIW(]l)

DO S0 IT=1,ISTEP

MR=1

NSAV=0

R=0,

NP=Q

T=0T®([T~-1)

CALL INIT

CALL PHASE]

CALL PHASE2

DG 10 1R=]1yNSTEP

JR=MOD(IR,40)

IF (DELC.EQ.0e) GO TO 767

CALL PHASE2

767 CONTINUE

CALL UWS

R=r +DR

IF (MUD(UIR,2V).EQ.0) CALL PRINTP(URLZUI yNyR)
NSAV=NSAV+]

DU 14 IDE=144

1OP=LZ2(IDE)

SAVRINSAV,IDE)=UR(IDP)

31
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12
10
50

60

300

100

200

SAVIINSAV,IDE)=UI(IDP)

IF (IRWNEJLRIMR)) GO TO 12
MR=MR+]

CALL TAPEIwW(2)

NSAV=0

CONTINUE

CONTINUE

CONTINUE

WRITE(6,2001

ISTuP=1

CALL TAPEIW(3)

STOp

CONTINUE

NSTEP=500

FREW=100. & WN=512

DPKH'—OIS

OT = 3840,

NSAV=0

DELC=,0004

ISTEP=32

Bi=1n $ EIMAX=ZMAX

1PI=2,%pP]

ENU=ENO*TPI/3600,
FINER=FINER®TPI/3600.
AKMAX=AKMAX*TPI/1000,

WBF =250,
LN=ALOG(FLOATUIN}I)I/ALOG(2.)+,.5
N=2%%|N :

OR=DRKM*1000. % WL=SNORM/FREQ $ FRR=2,%P /WL
GW=FGW*WL % DZ=ZMAX/FLOAT(N)
LKM=ZMAX/ 1000,
RANGE=NSTEPSDRKM
WRITEL64300) FREQ,.ZKM s Ne DL yRANGE y NSTEP , DRK M
* LDELC

FORMATULHL,® ACOUSTIC FREQUENCY ¥y Foe.04¢% HZE&//

® * OCEAN DEPTH *,F3,1,% <M NO. OF DEPTH POINTS*,15,
* * STEP SIZE% FBs24% M&//

* % RANGE *,F6,¢,% KM NO. OF RANGE STEPS®,I[5,

* * STEP SI2E%yF5,2,% KM&//

* & DELC * ,E12.2,/77)

WRITE(6,4100)

WRITE(6,200)

FORMAT (20X, *PLUT OF THE ACUUSTIC FIELD®//

* L7X,*ALL DIMENSICNS ARE IN KILOMETERS®,//
* & RANGE / DEPTH ->%y
* 2 724/
c *x %)
FORMAT(1H0.9X.*0.0‘9X‘0.5‘9X01.0‘9X01.5t9X*2.0t
* IXH2,58IXE3 09X E3,589K%4,0¢/)
GO TO 70
END
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SUBROUTINE EIGENFN{GAMMA K yWoWG¢DZ ¢NLyFIN)
COMMUN ZEGNFN/ FL2570,G(25T7),QNI25T7)4uNS(25T7)
REAL K,KQ
DATA (04C2647/.16606666666666,4.04166066L6LLGE/
PIIX)=CAMMAQ* X -KU
GAMMAQ=(DZ*GCAMMA ) &2
KQ=(DZ*K) %%
Fll1)=F1l=F221=0.,
FZL1=02
GE1)=61=621=6241=0.
DO 100 I=24NL
Fe=Fle.5%F21¢,125%F(21]
G2=01+.5¢021¢+.125%G2¢21
PE2=PRIJNII=-1))
F2=FZ-C24%(F2L1+F2%PQ2)
02=062-C24%{GLLL+G2*PQ2+F2%QNII-1))
FLLZ=-F2#%PQ2
GLL2=~G2%PQ2-F2%UN(I1-1)}
F3=FleFZl+CO*(FLL]L142.%F1L2)
G3=GLleG21+CH6*(GLLL1*2,.%0222)
PQ3=PQIRN(T))
FZl3=-F3¢pP 3
G2Z3==-0G3%rJ3-F3*uUNI(I])
F(I)=Fl=F3
G(I1=61=G3
FILL=FZLl+Co%(FLZLL%4,*FL12+F113)
GL1=G21+C6*(GLLLva . *GLL2¢G2L3)
FLZ1=Fl13

100 GLZ1=0GL13
Wx-F1
WG==0l*D2**?2
FIN=FZ]
RETURN
END

33

o eaasser ARt ot e e, o




10
11
12

20

25

30

31

SUBROUTINL EIGENVL (GAMMAKoNORMoONORM,MODE ¢ MERR 4 IERR,
oind ¢DZ s HN, LRR)

CUMMUN /EGNFN/ FL25T),GL257),GN(257),QNS(257)
COMMUN/ IWAVES/ENU.FINER,A(9)

REAL Ky NORM

MERR=Q

[ERR=Q

DGMAX=,0/HN

SGN=1,

IFIMOO{MUUES2).EQeU) SGN=-1,

DU LU I=1,10

CALL EIGENFNIGAMMA K oW oWG9DZyNZyFLN)
IF( SON®*WGLLE.O.d GO TO L1
DGAMMA=W/ (2 3 GAMMA R WG )
IF{ABSCDGAMMA) .GT s DLMAX) DGAMMA=S IGN{DGMAX, DGAMMA )
GAMMA=GAMMA~DGAMMA

IF(ABS (DGAMMA/GAMMA ) JLELERR) GU TO 12
CUNTINUF

IEKR=]

M=]

EPS=DI%%2%W/ AG

DO 20 [=1,4N2Z

FUL)=FLL)-EPS*GI(L)

NL=NZ-1

DU 25 1=24N1

lF((F(l-l)‘F(ll.LT OO0.0UR.F( l’oEQoOo. M=Me+]
CONTINUE

MERR =M-MUUE
IFUMERRGNE«OQURSIERR.EQsL ) RETURN
ONGRM=~-wG*F IN/ DL

RON=14/7SQKT {UNURM)

SUM=0.,

SUMR=0,

DG 30 I=1,NL

SUM=SUMeF (] )®%2

FCLI=FLT)*(IN(T) ¢ FINER®¥%2)
SUMK=SUMR ¢ F(]l)%*%2

CONTINUE

UNURM=1,/SURT(SUMR®DZ)

DU 31 1=14NZ

FLL) = F(1)®UNURM

NUORM=DZ*S UM

RETURN

END
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SUBRUUTINE FFIB42IN2POWsX,Y)
DIMENSIUN X€2)4Y(2)4LLES)4CSE2049),55(2049)
EQUIVALENCECLLSoLOL Do LLagl {2000 E3,LU3))4(LL2oLE4)) o LLLILEDI),
l(LlO.L(bDD.(L9.L(7)D.(LU.L(B)).(L7.L(90D.(Lb.L(10)'.(L5.L(llb).(L4
2oL 012D (L3, LEL30)tL20L01aD L1, LLLS))
DATA LST /0/
NTHPO =/2%%N2P0OW
NBPOW=NZPOW/3
IFINBPOW) L1743,17
17 LNG=NTHPU
FLNG=LNG
IF (LNG-LST) 1T1L4173,171
171 LST=LNG
DT=6.28318530T7179/HLNG
cstli=1.
SS(1)=0.,
TH=OI
ND=LST/8
DO 172 [=224,ND
TH=TH+DT
CSUI)= CUS(TH)
172 SSC1)= SIN(TH)
173 00 1 [PASS=1,NBPUM
NXTLT =2**(N2POW-3%[PASS)
LENGT =B&NXTLT
SC=FLNG/FLUOAT(LENGT)
DOLJ=14NXTLT
NRG=FLUAT(J-1)&SL*1,.5
C1l=CSINRG)
S1=SSINRG)
C2=Cl*s2-S]ss
S2=CleS1¢L1*S]
C3=Cl*C2-51%*52
S3=C2¢S1+52%C1
Ca=C2%82-52%%2
S=C2%52+(2%52
C5=C2%(3-52%53
S5=C3%S2¢536(2
Co=C3*%2-53%#2
So=C3«S53+¢(3¢53
C7=C3*Ca-53¢54
ST=C4*53¢54%C3
PDOLISQLU =LENGT yNTHPO LLENGT
JO=1SQLD -LENGT 4
JI=JIeENXTLT
J2=3JLeNXTLT
J3=J2eNATLTY
Jae=JIeNXTLT
J5=Ja¢NXTLT
Joz JOeNATLY
JT=JOeNXTLT
ARU=X{JO)eX(JG)
ARL=x{J1) ¢ X(J5]}
ARZ2=X(J2)+X{Jo)
ARI=X(J3)eX{JT)
AR4=X(JD)-X{J4s)
ARS=X(J1)-X(J5)
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AR6=X{J2)1-X({Jb)

ART=X{J3)1-X(JT}

ALO=Y(JOI)¢Y U4}

ALL=Y{Jl)eY{U5)

Al2=Y(J2)eY (U6}

Al3=Y(J3reYiIT)

Al4=Y(JOI-¥Y{JU&)

ALS=Y(JL)I-Y (U5}

Al6=Y(J2)-Y(Jo6)

ALT=Y(JU3)-Y(JUT)

BRO=ARQ+AR?2

BR1=AR1+AR3

BRZ2=AR0-ARZ2

BR3=AR1-AR3

BR4=AR&4-ALl6

BRHY=ARbL-AILT

BRo=AR4+Al 6

BR7=ARS¢Al7

Bl1O=Al0+¢Al2

Bll=AlleAl3

BI2=A10-A12

Bl3=All-Al3

Bl4=Al4+AR6

dI5=Al5¢+AR7

Blo=Al4—-ARO

BI7=Al5-4R7

X{JO)=BRO+BR]

Y{JUI=Bl0+B L}

IFLJ-1) 242,418

X{Jl)= C4*(BRO-BR1)-S4*(BIO-8BI1)
Y{JL1)=C4*(BIO~-BILl)*S4*{BRO~BR])
X(J2)=C2*%(BR2-BI3)1-S2%(Bl2+BR3)
Y{J2)=C2%(BI2¢BRI)¢S2%(BR2-8B13)
XUJ3)=C6*(BR2+BI3})-SO6%(B]I2-BR3)
Y{J3)=Co*(BI2-BRIV+S6*(BR2¢BI3)
TR= 0,70710676812*{BRS5-8B15)
TI=0.7071067812*%(BR5+BI5)
X€J4)=CLl*{BR4*TR)-S1*(Bl4eTI)
Y{Ja)=Cl*(BIleeTL)eS1*(BR4+TR)
X(JS)=C* (BR4~TR)-S5%(Bl4~T1)
Y{J5)=C5¢«{BI4-TL)e! 5%(BR4~TR)
TR==0.7071007812%(B5R7+817)
TE=0.7071067812%(bR7-R[7)
XK(JOI=C3%(BR6+TRI-SI*{Blo+TI)
YOJO)=CI*.(BIO*TI)+SI*(BRO+TR)
X{JTI=CT*(BRO-TRI-5T%(BI6-T1)
Y{JT)=CT*(Blo-TI)+ST*(BRo~TR)
Gu TU 1

X{Jl)1=BRO-BR]

Y{Jl)=810-811

X{J21=8R2-B13

Y{J2)=812¢8K3

X(J3)1=BR2+BI,3

Y{J31=812-8BR3
TR=0.7071L067812%({BR5-B15)
TI=Us7071067812%(8R5¢B5)
X{J4a)=BR4eTR
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Y(Jal=BlaeT|
X{J5)=BR4-TR
Y(J5)=Bla-TI
TR==0.7071067612%(BRT7+8BI7)
TI=0,707106T0812¢(BRT-B17)
X({JOo)=BR6+TR
Y(Jo)=Bl6+TI
X{J7)=BR6-TR
Y{J7)1=8B16-T1

CONT INUE
[FINZPOW=3¢NBPOW-1)546,7
DO6LJ=1¢NTHPU 42
Rl=X{(J)eX(J+]l)
X(Jdel)=xX(J)=-X(J+]1)
X{Ji=Rk1
FIl=Y(J)eY(Je])
Y{Jdell=Y(J)=-Y(J+]l)
Y{J)=FIl1

6GO0TuS
DUTLJLl=1+NTHPO o4
J23Jl+l

J3=J2+]

JazJ43e]
Rl=X{JLl)eXx(J3)
R2=X{J1I-X(J3)
Ri=x(J2)eX(J4)
Re=X(J2)-X{J4)
Fll=Y(J1l)eY(J3)
FI2=Y(J1)-Y(J3)
Fl3=Y(J21+Y(J4)
Fla=Y(J2)-YlJ4)
A{J1l)=K1+R3
Y(JLI=FIleF13
X{(J2)=R1-R3
Y(J2I=FI1-F13
X(J3)=R2-Fl 4
Y(J3)=F[l2¢R4
X{Je)=R2¢F |4
Y(Ja)=FI[2-R&
DOS1J=1,415

LiJ)=1

IF(J-N2PUW) 19,169,451
LlJ) = 2«8 (N2POW+1-J)
CUONTINUE

IJd=1

DosJdl=1,L1
DUBJ2=J1,L2,L1
DUBJ3=J2,L3,L2
DUBJ4=J3,L4,L3
DOBJUS=JayLS,L 4
D0BJ6=U5,L6,4L5
DOBJIT=Jd6,LT4LE
D0BUB=JT oyL8 L7
D08J9I=J8,LI,LB
0D08J10=J9,L10,L9
DO8J11=J10,L11,L10
D0OB8JI2=Jll,L12,L11
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D38J13=U12,L13,L12
DOBJI4=J13,L14,L13
DUBJI=Ul4,L15,L14
[FCLJ-Ul) 20,8,8
R=X(1J)
KIdl=x(J41)
X(Jl)=R

Fl=Y(1J)
Y(ldi=v(Jl)
Yidl)=F]

[J=[Jy+]

RETURN

END

SUBRUUTINE INIT

COMMON /ACOUST/ UR(2048),Ul(2048)
COMMON /NFACTS/ Ny LNoNRyNTLOSS,NIT
COMMUN /AFACTS/ FREQ.SNDRM,ZMAX.GH,FGH.OR,FKR.Dl.HLpPlpG)
PRUF(X)=SGA[N‘EXP(-((X-GD)/Ghl‘*Z’
SGA[N=(.9144/GHD*SQRT(HL/PI‘

DU 10 J=1,N

OEPTH=DZ*»FLDAT(J)
UR(J)=PRUF(UEPIH)—PROF(—DEPIH)
ultyi=o,

RETURN

END

SUBROUTINE PHASEL

COMMON /PHASES/ SK(lOZleCK(lOZleSH(lOZ#)vCM(10241
COMMUN /NFACTS/ NoLNo NRyNTLOSS,NIT

COMMUN /AFACTS/ FREQpSNURHplMAXpGHvFGHvDR.FKR.DZ.HL.P[.G)
FK=Pl/IMAK

FN=FLUAT(N®*2)

DO 10 K=1,N

AK=FLOAT(K)*FK/FKR

ANG= o S®DR*FKR* AK &%

SKIK)=SILN{ANG) /FN

CKIK)I=CUSIANG)/FN

RETURN

END
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SUBRUUTINE PHASE?2
REAL SSMU1024) 953F(1024),ALOSS(1024)

COMMON /PHASES/ SK(1024),CKI1024)4SMI1024),CM(1024)

COMMUN /NFACTS/ NoeLNoNRyNTLOSSyNIT

COMMUN /7AFACYS/ FREQ;SNDRM.ZMAXcGHvFGHoDRcFKR.DZ.HL.P[.GD

COMMUN /MUNK/ CAyZA,ZW,GEE

DATA [STRT /0/

IFCISTRY .GT. 0) LUTU 100
[STRT=1 :

OLW=.048.MAX

DLP=,05

DO 10 J=1,N

DEPTH=DZ*FLOAT( U
BLUSS=0LP‘EXP(-((DtP[H-ZMAX)/DLH)‘*Z)
ALOSS(JD)=EXPI-DR*BLOSS)

00 20 J=1,N

DEPTH=DZ*FLOAT (J)
ARG=2.%(DEPTH=-ZA)/ W
SSM(J)SCA*GEE‘(ZH/Z.)‘(ARG-1.+EXP(-ARG)D
00 30 J=1,N

EN=SNURM/SSM(J)
SSMIJI=oS*FKR*¥DR®( EN¢ L, )% (EN-1,)
CUNTINUE

CALL RNDMFISSF)

DO 120 J=1yN

ANG=SSM{J)+5SF(J)
SMIJI=ALOSSIJI*SIN(ANG)
CMUJI=ALOSS(J) *COS (ANG)

RETURN

END

SUBROUTINE PRINTP
CUMMUN/ACUUST/UR(2048) 4Ul{2048)
COHHON/NFACTS/N.LNcNRpNTLOSS'NlT
COMMUN/VAR/R, IR

INTEGER P(32)

ISK=N/232

RAN=R/1000.

DO 1V J=1,32

[={J-~1)¢]SK+]
POW=UR(I)*x2¢U(])»s
PlI)I==10.%ALOGLO(POW/R¢].E-100)
WRITE(6420) RAN,P,IR
FURMAT(FT7,2,3X,3213,15)

RETURN § END
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FUNCTION PS(K,MODE)
REAL K

CUMMUN /IWAVES/ ENOFINER BZ,LIMAX ) NLy AKMAX y NKyNMODE,

I SIGyTIW,JSTAR

DATA [ISTRT /0/

DATA PI /3,14159265306/
HIX)=(TIW-1la ) *(Lle¢+X)®s(-TINW)
LECISTRTANESO) GU TO 100

ISTRT=1

S=F1INER/ENO

AKO=1,.,/82

AA=FLOAT(JSTAR )P #5%AKO
AKLl=AKMAX/FLOAT(NK)
COEF=AK1#SIG*#2%(B./3.)%(4.%5)*AKO
ALAM=FLOAT(MODE)/FLOAT(JSTAR)
AKREF=AASALAM

PS=CUEFSK*# 28 ALAMSH(ALAM) /(KE$2+AKREF#%2) %82
RETURHN

END
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SUBROUTINE RNDMF(SSF)

REAL SSFUL),SST(Z25T),Y2L257)4,A2(257)
COMMON /IWAVES/ ENO2FINER B/ s EZMAX o NZ ¢ AKMAX ¢ NKo NMODE o
1l SIGyTIW,JSTAR ey
LARGE EFR{2564257)4EF1(296,257)
COMMON /NFACTS/ NyLNyNRyNTLOSS¢NIT
COMMUN /AFACTS/ FREQ¢SNORM, ZMAX yGWoFGW DR yFKRyDZyWL,P1
COMMON /VAR/ ReIRyT,IT

REAL ESK(256),ES1(2506)

REAL SP(4)

DATA ITT 70/

IFCITLEQ.ITT) GOTO 100

LTV=1T

DU L I=14N

SSF(l)=0,

IFISIG.EQ.0.) GOTO 100

NX=2%®NK

TPI=2.%P]

DX=PI1/AKMAX

SR23]1,/SQRT (2.} \
FCTR=FKR*DR

DEZ=EZMAX/FLOATINZ-1)
RDEZLS=1./DEZ*%?2

CALL ZMODEY
LNX=ALOGIFLOATINX))/ALOG(2.)¢.5

DO 2 12=1yNZ

00 21 IL=1,NX

ESRUIL)I=EFR(IL,IZ)
ESILIL)=EFI(IL,I1Z)

CALL FFTB42(LNX,ESR,ESI)

D8 22 IL=14NX

EFREILIZY=ESR(IL)

EFICIL, 1Z)=ESICIL)

CONTINUE

DSUM=0,

L=0

D3 5 1Z2=1,N2Z

SUM=0.

DO 4 IXx=1,NX

EFREIX T2 )1=SR2&(EFR(IX\IZI*EFILIX4IZD)
SUM=SUM+EFR(IX,12) *%?
SUM=SUM/FLOATINX)

L=L+1

SPIL)I=SUM

IF(LeLTs4) GOTO 5

L=0

DSUM=DSUM+SUM

OSUM=DEZ*DSUM

ARITE(6491) DSUM

FURMAT(LH o15¢4Xy4ELl4.5)

FORMAT (1HO,* Z INTEGRAL OF DC/C SQUARED = ®,El4.5,/)
IRSKP=INT {UX/DR+.1)
IZSKP=FLOAT(N)/FLUAT{NZ=1)¢.5
RRSKP=1,/FLOAT ( ITKSKP)
RISKP=1,/FLOATEIZSKP)
AZ(1)=AZ(NZ)=Y2{1)=0,

NLI=NZ-1
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110
115

120

130

140

150
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COUNTIKUE

IF(SIGeEQ.O) RETURN
IX=MUD(CEIR-1)/IRSKPyNX)+]
IXPl=1X+1l $ IF(IX.EQ.NXIIXPLl=1
IFCIRSKPLGTLL) GUTU 108

DO 104 [Z=1,NZ
SSTHIL)=EFRIIX,1Z)

U Tu 115

JR=MJD(IR-1,IRSKP)

U=FLUAT{JR) *RRSKP

V=1.-U

DU 110 IZL=1¢NL
SSTUIZI=USEFRIIXPL IZ)#VEEFR(IX,12)
CUNTINUE

DO 120 T4=2,4NL1
YI(LL)=1a/04-YLL1L-1))
TEMP=(SSTITIL41)-2.,#SST(IZ)#+SST(IL-1))®RDELS
ALUTL)I=C(TEMP-AZ(IZ2-1))eY.(1Z)
00 130 I8=2,NZ1

1Z=Nl+1-18
AL(TL)=ALUTL)-Y2ZULL)#AZ(1L+])
DO 140 I=1,NL1

D0 140 J=1,1L5KP
[L=125KP*(]-1)+J
U=FLUAT(J)*R.SKP

V=1.-U
SSFUIZ)=U*SSTLI+1)eveSST(I)~
1 DZ*s22Uusy(AZ(T)%(loeV)eAL(I+))%(1.4U))
CONTINUE

DU 150 I=1,4N
SSF(L)=—-FCTR*SSF(1)}

RETURN

END
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SUBROUTINE TAPEIW(IFL)
’ COMMON/AFACTS/AF(11)
COMMUN/NFACTS/BNFI(5)
COMMUN/MUNK/ZUM( &)
COMMUN/ IWAVES/BIWIL1)
COMMON/STEP/STE( &)
COMMUN/SAV/ SAVRIL100y4) 3 SAVIL100,4)
COMMON/ACOUST/URI2048) ,Uul (2048}
COMMON/VAR/R IRy T, IT
EQUIVALENCE (NSAV,STE(3))
ODIMENSION B(2850)
GU TO (100,2004300) IFL
100 CONTINUE
L=0
00 1 I=1,11
L=Le¢l
1 B8lLI=AF(1])
DU 2 l=l'5
L=L¢]
2 B8lL)=BNF(1)
DO 3 I=1,4
L=L¢]
3 BllL)=uM(l)
DO 4 1=1,11
L=Lel]
4 BILI=BIWCLI])
DO S I=144
L=l ¢}
5 BIELI=STE(])
WRITECL1O) Ly(BEI)ol=1,L)
RETURN
200 CUNTINUE
B(1l})=R
Bl2)=7
L=2
DU 31 I=1,1024
L=Le}
31 BlLI=URCIL)
DO 32 1=1,1024
L=L+l
32 BELI=UICT)
00 33 I=1,4
DU 33 J=1,NSAV
L=+l
BIL)=SAVR(J,41)
L=Lel
33 BULI=SAVI(J, 1)
WRITE(LO) Lot(BCI)yI=1,L)
RETURN
3OO0 CONTINUE
ENDFILE 10
ENOFILE 10
RE TURN
END
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SUBROUTINE UWS
CUMMUN /ACOUST/ UR(2048),U1(2048)
COMMON /PHASES/ SK(L10241,CK(1024),SM(1024),CM(1024)
COMMON /NFACTS/ NoyLNyNRyNTLUSS,NIT
COMMON /AFACTS/ FREQySNORM, ZMAX yGWoFGW DR yFKR, D2 WL ¢P1,G)
NMl=N-1
N2=N#*2
DO 10 J=1,NMl
URCJ+N)=-UR(N-J)
10 UL(JeN)=-UI(N-J)
UR(N2)=0.
ULIN2)=0.
CALL FFTB42(LN+1,UR,UI)
DO 20 J=1,NMI
JPl=J+]
TEMP=CR{J)SURLJIPL)-SK{J)*UI(JP])
UIL(JPL)=-CK{J)*UI{JPL)-SK(J)I*UR(JPL)
UR(JPL)=TEMP
JNZ2=N2+1-J
TEMP=CK(J ) *UR(LJINZ)-SK{ J)*UT{IN2)
UI(JIN2)==CK{J)®UTLIN2)-SK{JI*UYR[IN2)
20 UR(JIN2)=TEMP
UR(L)=UIL1)=0.
URIN¢L)=UT(N+1)=0.
CALL FFTB4«2(LN+L,UR,UI)
D0 30 J=1,N
TEMP=CM{J)*UR(J)I-SMLJ)*UL(J)
UTTJI==CMUJI®UILJ)-SM{J)*URLJ)
30 URLJ)I=TEMP
RETURN
END

44




27

10

12
20

24

25
26

SUBRUUTINE ZMUDEJ

COMMUN /IWAVES/ ENOsFINER BZyELMAX ¢NZyAKMAX ¢ NKyNMODE
L SIGyTIW,aJSTAR

LARGE EFKIU256425T)EF11256,257)
CUMMON JEGNEN/Z FL2%7)4GU25T)4QANI257)4QNS(257)
COMMUN /VAR/ RyIR Ty IT

REAL TK(25T)yAR(250424),A1(2506424)
REAL GSVI{256,24)

REAL KyKMAX 9y NORMyKCY

DATA PI,ERR /3,141592653641.E~10/
DATA ISTRY 70/

IFCISTRT.NELU) GOTO 20

ISTRT=1

TPi=2.%PI

KMAX=AKMAX $ ZMAX=EIMAX

DI=IMAX/ (NL=1) $ DK=AKMAX/FLOATINK)
NK2=NK*2

bUM=0

DO 10 I=1yNZ

L=Dl*(1-1)
TEMP=ENO®*2%EXP{-2,.%2/8Z)-FINER**?2
TEMP=AMAXL (0. »TEMP)

QONINLeL-1)=TEMP
QNSINZ+1-T1)=SQRT(TEMP)
HN=ENO*BL*( 1. ~EXP(-LMAX/BL))

DU 12 IK=14NK

TK{IK)=0K®( IK~-1)

CUNTINUE

IFCIT.NESL) GU TO 26

Du 25 MODE=1,NMODE

DO 24 IK=1,NK2

K2DK®AMINO{ IK-1yNK2¢1- 1K)
POW==2,%PS{KyMODE ) *ALUG(RANF{DUM)+1l,E-100)
AMP=SURT(PON)

ANG=TP [ #RANF (DUM)
AR(IKyMUDE ) =AMP®COS(ANG)
AL{IK,yMODE)=AMP®SIN(ANG)
AR(NK#]1,MUDE) =0,

AJ{NK+]1,MUDE}=0,

CONTINUE

DU 27 1Z=14N2

DO 27 IK=1,yNK2

EFR{IK,y1.21=0,

eFI(IK,12)=0,

DO 30 MUDE=1,NMODE
GAMMA=(FLOAT(MODE)-e25) %P 1 /HN
06=006=0.

DO 30 In=1,yNK

K=TK{IK)

GAMMA=GAMMA+DK #{ DG+ .5%DDG)
IF(ITNE.L) GAMMA=GSVIIK,MOUDE)
D61=06

CALL EIGENVL(GAMMA,KyNURM,ONORMyMUDEyMERR ¢ I ERR
oNZ yUZyHNERR)

IF{MERR+EQ.0+AND. IERR.EQ.O} GU TO 33
KCY=2500.%K/P1

PRINT 302yMODE ¢KCYMERRyIERR
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302 FORMATI(//40Xy29HEIGENVL FAILED TO CONVERGE AT,/
* 45X ySHMUDE +12,/45Xy 1 LHWAVENUMBER WF R,2/
* 45Xy THMERR = 412/45X,THIERR = ,12)

33

35
30

stop

RAT=NURM/UNORM

DG=K*RAT/GAMMA

B0G=0G-DG1

IFIIK.EQ.1) DNG=DK*RAT/GAMMA

IFCITLEQ.L1) GSVIIK,M3DE)=GCAMMA
FIn=SQRT(FINER*%2+ (K/GAMMA ) %%2)
CH=COS{FIweT)

SW=SIN(FIneT)

IL=NK2+2-1K

[FUIK.EQ 1) IL=NK+]

ARL=AR(IK,MOVE)

AlL=AT1(IK,MUDE)

ARZ2=AR(IL,MODE)

Al2=AT(ILyMOVE)

00 35 1{=14N2

JI=NZ+1-1¢
EFROIKyIL)=EFRAIKyIZ)+F(JZ )R (ARL*CW-AT] *SW)
EFI(lKolL)=EFl(lKolZ)*F(Jl)‘(ARl*SH*A[l‘CH)
EFRUIL W IZ)I=EFRCILy IZ)#F(JZ)*{ AR2¥CH-AL2%5w)
EFTCIL IZ)=EFT(IC,IZ)+F(JZ)*{AR2SW+AL2%CW)
CUNT INUE

RETURN

END
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LUAD MaP,

FL REQUIKED TU LUAD 147500
tL REWUIRED TU KUN 137000

LGO

INITIAL TRANSFER TO USER - 27611

BLOCK ASSIGNMENTS.

BLOCK ADDRESS LENGTH FILE

INEACTS/ 100 5

/AFACTS/ 105 13

/VAR/ 120 4

/ACOUST/ 124 10000

/ISTUP/ 10124 1

/PHASES/ 1012% 10000

/BFUOR/ 20125 6000

/ MUNK / 26125 4

/ LWAVES/ 26131 13

/SAV/ 26144 1440

/STEP/ 27604 4

USER 27610 1541 LGO
PRINTP 31351 137 LGO
TAPEIW 31510 5660 LGO
DAYFOOL 37370 170 LGO
RNDME 37560 3135 L50

/EGNFN/ 42715 2004

ZMODEJ 44721 “«5154 LGO
EIGENVL 112075 230 LGO
ELGENFN 112329~ 2306 LGO

PS 112503 T3] LGO
UnS 112714 13450
INIT 113050 75

PHASEL 113145 54 LGO
PHASE2 113221 6lel LGO
FFTh42 : 121402 11242 LGO
ACGOER 132644 10 SysL1B
ALNLUG 132654 110 SYSLLB
ENDFIL 132764 11 sysLis
EXP 132775 53 SYSLIB
IBALEX 133050 31 SYSLIB
QUTPTB 133101 31 SYSLIR
QUTPTC 133132 50 SYSLIB
RANF 133202 24 SYSLIB
"RBAREX 133226 57 SysLIs
RUNSY S 133305 303 SYSLIB
SINCUS 133610 72 SYSLIB
SQRT 133702 42 SysLIg
STATUS 133744 26 SYSLIB
TIMES 133772 37 SYsLI8
CPUCIO 134031 506 SYSLIB
CPUSYS 134537 53 SYSLIB
KODER 134612 1235 SYSLIB
RUNTOP 136047 323 SYSLIA
SYSTM 136372 322 SYSLIB

/7 136714 36
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Appendix

CUBIC SPLINE INTERPOLATION

The subroutine RNDMF uses cubic splines to interpolate the velocity
profiles [rom the coarsc mesh on which the random internal wave field is
computed, to the finer mesh on which the acoustie field is stored. The

thcory behind this is as follows,
3

Ve

o

We want an interpolation formula for the [unction v(z), given the

mesh points z, (i = 1,2,,,,n+1) and lI'unction values vi (§1= 1 2 A N1t )P
i

let

TN et

In the interval z <= 1 y define the weight functions
1 ;
(A-2a)

(A=-2b)

In each such interval, write v(z) as a cubic polynomial continuous at

the mesh points as follows:

v

=, 2 - | — 3
v(z) = Wv_ + wy SO (/700 S e W (v i By YRS AR SRS (=, ) ]
i i+1 i i i+l

'
&

wv, - Az ) ww [a (W+1) + a. _(w+l)]
i1 i i i+l




The lirst two terms pive a linear interpolation and the last terms eive
g g

a2 sccond-order correction (cubic in z) using the undetermined coefficients
a. which are essentially the second dervivatives at the mesh points, From
i

Eq. (A=3), we [ind

VED) = N e ays

-a.(3®' - 1) + (3w2 —1), ; (A-1)

vi(z) = 6la W + a w

i i+l

; (A=5)

Equations (A-3) and (A-5) show that the selected way of writing v(z) makes

both v and v” continuous functions of z [and incidentally Eq, (A-5) shows
that v'(z ) = 6a_l. 1In order to make v’ (z) continuous, we match values
i i
of v'(z I) using kq., (A-4) in the two neighboring intervals, This yields
1+

the conditions

T e PR =00, s e (P ai+2)
which can be put in the form:
Az a  + Z(Az_ + Az ) a. + Lz a. = 4Av, | - Av, (A-6)
at Al T i i+l i+l i+l i+2 i+l i
0 1 = | S = =1

To make this system of linear equations for the a, determinate, we
i

choose a_ = g 1 = 0, This amounts to the assumption that v(z) is linear
n+

in z at the two end points of the interpolation region (top and bottom of

the ocean),

Equation (A-6) is a tri-diagonal system and is most efficiently

solved numerically using the "double sweep'' method, Look for a solution

of the form

Q. = P -

e i =llco . -
i i+l Si+lqi+1 0+ ; o1 (A7)

w
&
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Substituting Eq, (A-7) into (A-8) gives recursion relations for r,  and

i
s as follows:
i
Oz
1 ' i
a, = — <AV - Av ) - Az 1 0 ot 1} (“\—8)
i p. i i-1 i=1 | n i+ 1
i i
her = 2(A + 4 -4 s =10 RN ¢
where p, ( Vil Vi) Al T ' N
Combining Eqs. (A-7) and (A-8) we obtain
Lz
i
S =R LR MO X ,N - (A-9)
i+1 P
i
r = |bav, -bv - Az r ) TR=TR2 e, 5 A-10
i+ i i-1 2%t P (TASE: : )

The starting values of these right-sweeping trecursion relations are

rz = 52 = 0 (as follows from al = 0), The full procedure is therefore

the following, Starting with r2 = 52 = 0, compute p2 from Eq. (A=8),

then compute 53 and r3 from Eqs. (A-9) and (A-10), and again use Eq, (A-8)
to compute p3, then Eqs. (A-9) and (A-10) to compute 34 and r4, and so on
until one obtains Sn+1 and rn+l; then use the left-sweeping recursion

relation in Eq., (A-7) starting with al+1 = 0 to compute successively an,
1

a

a A B
X St 3pa2

n-1
The values of ai computed in this way are then used in Eq., (A-3) to

compute interpolated values of v(z) where needed,

O (L

A special case of this nethod is when Azi = const (say, b8z = 0z)
i
for all i , Equations (A-8), (A-9), and (A-10) can then be simplificd

to:

e ] (A-11)
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A 2 .
128 = (LXV. - Ay, )/(/\7) = up S ; (A-12)
i+1 i i-1 i i+l
Tor i 2,...,n  , FEquation (A=7) is then used to comptite a
i
= b o i el T (A=3) gives v(z) for any z,
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DETERMINISTIC SOUND-SPEED PROFILE AS A FUNCTION OF
OCEAN DEPTH. The value of ¢ at the minimum (zA = 1300 m)
is c(zA) = 1500 m/s.
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SOUND-SPEED PROFILES DUE TO INTERNAL-WAVE
MODES. Realistic internal-wave spectra have significant
intensities for horizontal wave number, k, less than about
0.5 cycles’km. Note that the major internal-wave contri-
butions to sound-speed fluctuations occur at depths less
than 1 km.
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INTERNAL-WAVE SPECTRUM AS A FUNCTION OF MODE
NUMBER j AND HORIZONTAL WAVE-NUMBER k., Although
large mode numbers contribute verry little to the overall spectrum,
they are crucial to understanding acoustic effects, since their vertical
structure altows them to act as a scatterer of acoustic energy more
readily than the relatively structureless low modes.
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CHARACTERIZED BY c(z), AND (b) A
SCHRODINGER-EQUATION WAVE PACKET
IN A POTENTIAL WELL V(z)
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FIGURE 6 ANALOGY BETWEEN (a) AN ACOUSTIC-WAVE
FUNCTION TRAVELING DOWN THE SOUND
CHANNEL WITHOUT SPREADING IN DEPTH,
AND (b} A SCHRODINGER-EQUATION GRCUND-
STATE WAVE FUNCTION IN A POTENTIAL WELL
V(z). Time in the Schré'dinger situation corresponds
to range in the acoustic case.
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