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RAYSTC: A COMP UTER CODE FOR CALCULATING
SINGLE RAY-PAT H STATISTICS , ASSUMING

THE GARRETT -MUNK MODEL OF INTERNAL WAVES

I. INTRODUCTION

In a recent paper [1) Munk and Zachariasen used the Rytov approximation to calculate
the expressions for the mean-square acoustic phase, phase rate , log-intensity, and their spectra
for a single ray in an ocean possessing internal-wave induced sound-speed fluctuations. They
expressed their results as integrals over the ray path of quantities associated with the internal-
wave spectrum. The purpose of this report is to document a computer program designed to
evaluate these integrals for the case in which the internal-wave spectrum is given by the
Garrett-Munk internal-wave model [2-41.

In Sec. II we briefly outline the theory developed by Munk and Zachariasen and describe
the algorithm used in the computer program. Section III contains a description of the program.
In Appendix A we indicate the deck assembly and list in a table all the input parameters. In
Appendix B the source language listing is given. Appendix C contains the results of a sample
run in which we have assumed that the ray path is quadratic in the range variable. This choice
of ray path was dictated solely by convenience, and is not necessarily intended to be representa-
tive of an actual physical situation.

II. SOME BASIC RELATIONS

According to the general Garrett and Munk internal-wave model [2-4), the vertical parti-
cle displacement ~ at depth z has the spectrum

F~(e~J;z) — <C 2(z) >G(CI., n(z)) H (J) ,  (Ia)
where

G(w,n )— O f o r w ( s s,and t t i >n, (Ib)

f A d WG (cI..n ) _ I , (lc)
and

~ H o )  — 1. (ld)
i—I

Here w and f  are, respectively, the internal-wave radial frequency and the mode number, and
ec , is the inertial frequency . The local buoyancy (Brunt-Vulsila) frequency has the form

n (z) — n0 exp (—:/ B) (2)
In an exponentially stratified ocean. The mean-square displacement is dependent on depth
through n (z), i.e.,

ManuscrIpt submitted December 2, 1979. 

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



—~~
-. ..

~ — 
— ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0l~~~~~

M. L. BLODGETI

(3)

where <~~> Is the mean-square displacement extrapolated to the surface. The horizontal and
vertical wave numbers are given by the dispersion relations

and 

kH — ..~ !_(~~2 — ti?)1’2, (4a)

- - kv u”~~~~~ n (z) . (4b)

The analysis in Ref. 1 is based on a version of the Garrett-Munk model [4) GM7S 1/2 ,

where
j  (ti 2 — .,2)1t2
) G (ta n) — N0 w, ; w,<a,<n

— 0; otherwise,

and

HQ)  — NH~ 2 + ,,~ 

. (Sb)

The mode number parameter J • Is typically set equal to 3. The quantities N~, NH are dimen-
sionless normalization constants determined from Eqs. (Ic) and (ld) :

- +11+ O(j UJJ nc -~~~~~

N — [,~j j
2 

~ I—’ ui 
(6b)

We are interested In the pressure received at a point z — (R~~~, 0, z) in the ocean due to
a source located at z, — (0, 0, z,) and radiating acoustic energy at frequency I. Propagation Is,
therefore , along the i-axis and R,~, Is the range. (Since we consider the manner In which the
rms values accumulate as one moves along the horizontal path from source to receiver, we
have appended the subscript max to indicate R ~~ is the maximum range of interest.) The
acoustic wavenumber Is k0 — 2w/Ic 5 where, typically, c0 — 1.5 km-Hz.

In the absence of internal waves, the sound speed Is equal to the (depth-dependent) mean
sound speed:

c(z 0 — ~(:) , (7)

and the received pressure Is
Re tp.(x)e 2”9 (8)

________________ —fl. , — ~~~~~~~~~~~~~~~~ ——  ~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~ — .— — ~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~
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In Ref. 1 it was assumed p9 could be approximated using ray acoustics. The ray path of
interest , z (x)  

~, satisfies the eikonal equation
d2z( x)  + V’(z( x) )  —0 , (9a)

where
2

l d  C,
— , (9b)

2 dx c (z)

and the end-point conditions
z (0) — z~, z (R ~~ — z. (9c)

The slope of the path is given by

tanO(x) — ~~~~~~~~ (10)

(The coordinate system is orientated so that the positive z-direction is downward, hence the ray
angle 0(x) is positive if the ray is directed toward the bottom.)

Also of interest is the phase curvature function [51 A (x) defined by the expression

—1 ~1(x) ~2(x)
IA ( x)1 — , (11)

e2( x)~~~~10x)  — 
~ 1(X)~~~~~2(X)

where ~ 1. 2 are the linearly independent solutions of the differential equation

+ V(z(x))J e1.2 — 0,

with
2

I d2 C~,V (z)  
2 _ ( )

that satisfy the boundary conditions

~i(O) — ~2(R..~) — 0,

~1(R ,~ 5) an 
~~2W) an (12c)

• (Because of the Wronskian relation obeyed by ~ 1.2’ the denominator in Eq. (11) is actually
independent of z)

When internal waves are present, the sound speed acquires a small fluctuation 8c(x , 0
which Is related to the internal-wave vertical displacement by

~We have assumed the psrabollc approximatIon . Consequentl y, the uc2I term which appears In the expressions for
the mean-square values In Ref. 1 has been replaced by unity and the elkonal equation which defines the ray psth has a
slightly modified form.

_ _  _ _ _ _ _  _ _ _ _ _ _  —~~~~~~ _ _
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8c(x , ~ an (constant) n2(z)
~(x, 0. (13)

Co

Therefore, from Eq. (3),

<[8C(x 
t) 12> <

[i..~(z)J > 
— <(i~).> ~ 

(14)

Here, <(!~) > is the mean-square fractional fluctuation extrapolated to the surface.

With the presence of 8C, the received pressure can be expressed in the form

Re Ip (x, t) e _2whhh I (15)

where
p(x,t) — p~(x) exp IX 1(x,O+ I X2(x, t )1 (16)

with 112  real. This expression can be rewritten as

an p 0(x) exp — <‘>1 +2ir i [ 4. — <4.> 1}. (17)

where anticipating the use of the Rytov approximation we have introduced the definitions

1n~p(x ,O~
2, 4. E arg

<&> ln Ip 0 (x , t)~ 2, <4.> arg p 0(x ,:) /2w . (18)

(The 2w is included here because we have chosen to measure phase and phase-rate statistics in
cycles and cycles-per-hour, respectively.) Mean-square values are given by the expressions

(19a)

- 
- 

— <.2> (19b)

and
2

~~~~~ 

—(~-J <Ii — <~>J2> (19c)

Here a dot indicates differentiation with respect to time and I,~ is the rms intensity in decibels.

: 1  •
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Using the Rytov approximation, Munk and Zachariasen 111 calculated the contribution to
these mean-square values from a single ray z (x). They found ”

k ,2 f0~ dx <((i~ (z(x))J
> 

L~ (9 (x) ,  z (x) )  , (20a)

~~~~_ k.2f ~~~’ dx <((
!
~~

(z( x) ) J
> 

V~(0 (x) ,  z (x) ) , (20b)

an t~w ~~~~
J 2 k~f ~~°’~ dx <([~ (z (x)) J >L, (9 (x) ,  z( x) )  

k0L~3(z (x~) .(20c)

• In these expressions we have introduced

L~(9, z)  — L (0) /1 n (z)  san O(z) , (21a)
WI

L (0) ~~ <j 1> ~~ B, (21b)

f~
(&) 

£2 +l + 2(& 2 + 1)3/2 in ( 
~~~~~~~~~ 

j , (21c)

with5

V,(O z) — .-
~j  <J~~> .,n0B in n(z) 

J/2( 
n(z) tan 9~, (22a)

in[ -f !- .J _ -~,.in (j_I — -

~~ (~~3 .~~ )l /2 
~~ ~~~~~~~~~~ 

(22b)

and 

1 <~
-1> (‘J — ~~ 

1/2

Lv(z) an — B .  (23)w n(z)

The quantity <f 1> Is the average of the reciprocal of the mode number over the internal-
wave spectrum1

<I ’> — N,, 7~ 
.
~j ,2 (24)

~~~~~~~~~~~~~~Properly, one should wrIte f ~ as a function of both A and n/a.,.
tJulns a technique which we believe to be accurate to wIthin 1 part In I0~, we find <J ~ > O.730S, 0.6240, 0.4190,

0.4001, 0.3404. 0.2978 for J ~ 0, 1, 2, 3, 4, 8, respectIve ly.

S
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- - All the other quantities in Eqs. (20)-(23.) have been previously defined. The function L,,(0,z)  is
the sound-speed correlation length measured at depth z along a line inclined at an angle 9 with
the horizontal, and Lv(z) is the vertical correlation length at depth i The functions f~

(
~

) and
/2(6) are defined in such a way as to be equal to unity when ~ is equal to zero. The program
assumes n0 and a,, are given in cycles-per-hour. With this choice, 4., .,,,, is measured in cycles
and 4.,,,, ~ 

is measured in cycles-per-hour. In the program the integrals Eqs. (20) are calculated
using the trapezoidal rule. The range of propagation is broken up into NR slabs of equal width,
and the integrands in Eqs. (20) are assumed to be linear within each slab. For all the cases we
considered, this simple algorithm gave completely satisfactory results.

III. PROGRAM DESCRIPTION

The program was written for use on the Texas Instruments Advanced Scientific Computer
in the machine-specific language T1-ASC FORTRAN. Since it is a complete program rather
than a subroutine, its use does not require a calling sequence.

The total length of the program is 0001A600. The system reserves an additional 8K -
~~ -

words of central memory for I/O buffers , etc. It requires no temporary storage and does not
use common blocks. The program will compile on the NX compiler at the K level in 1.60 s.
The execution time varies. For the sample computer run recorded in Appendix C, the total
central processor time was 5.11 s and the plotter time was 14 m m .

The program uses the following external routines: ASS, ALOG, ATAN, EXP, FLOAT.
INT, SQRT, TAN, ORIGIN , NXAXIS , NYAXIS, LETTER, NUMBER , PLOTS, PLOT,
ENDPLT, R$rOP.

- The required input data are listed in Table Al of Appendix A. They naturally fall within
four categories: acoustic parameters, internal-wave parameters, output-option parameters, and
ray characteristics. The acoustic, internal-wave, and output-option parameters are entered on
three separate cards which together compose an input file embedded in the job input stream by
means of a START/STOP statement pair. This file has the standard Fortran access name
FTO5FOOI and hence is read on logical unit number 5. Distances are given in meters, the
acoustic frequency is given in Hertz, and the frequencies associated with the internal-wave
model are given in cycles-per-hour.

The present version of the program does not calculate the ray path nor the phase curva-
-lure function. The depth of the ray path as a function of horizontal path length is input by )
means of a card file specified by a START/STOP pair and having the access name FfO8FOOI
(logical unit number 8). This file consists of the depth of the ray path at NR + I equally-spaced
range points extending from the source position to R,.~~ (RMAX). These values are stored in
the array RAY in such a way that RAY(I) (I — 1 , ..., NR+ 1) is the depth of the ray path (in
meters) at a horizontal distance (1-1) RMAX/NR from the source. The maximum value of NR
allowed by the program is 7000.

It is not the phase curvature function which is required as input but rather the absolute
value of its reciprocal. Just as with the ray path , NR + 1 values of this function (in meters) t

compose a card file specified by a START/STOP pair. The file has the access name FTO9FOOI
(logical unit 9). These values are stored in the array ABRECA so that the absolute value at a
horizontal distance (I-I ) RMAX/NR Is ABRECA (I) where I an 1 , ..., NR + 1.
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On encountering an error condition in the transfer of input data, the program will write
out the status code of the error message and terminate the job.

The output from the program can logically be divided into three categories; I. input
parameters, derived quantities of secondary importance, and results, ii. optional tables of vari-
ous arrays, and Iii. optional plots. In the following three paragraphs we will describe these
categories. All output is written on the standard printer (logical unit 6). The standard access
name FF59FOO1 (logical unit 59) is assigned to the plotter output.

The program lists the input parameters from the first two cards of the input file FTOSFOO1
(Table Al) together with their Fortran names and units. In addition , the source and receiver
depths are listed. These depths are the values of the first and last elements of the ray-path
array RAY. The program lists the values calculated for the range increment ~r —

R .,,JNR (DELR), the wave number k,, (WV) , the value for L (0) (LZERO), calculated from
Eq. (21b) , and the value for <f ’> (AYE). The program then lists the values obtained for
the root-mean-square phase, phase-rate, and intensity fluctuations together with the errors asso-
ciated with the use of the trapezoidal rule .

The user has the option of listing in tables the values of the elements of six arrays for
selected values of the indices. These arrays are:

1. RANGE — gives values in meters for the horizontal path length at NR +1 evenly spaced
points along the horizontal path of propagation.

2. RAY — contains values for the depth of the ray path.

3. ANGLE — contains the NR values for the ray’s grazing angle, in degrees, calculated
using a finite difference approximation to the derivative of the ray path.

4. ASRECA — contains values for the magnitude of the phase curvature function. This
array is labelled I(l/A)I in the Appendix C table.

5. PHI — contains values for the calculated rms phase fluctuation along the ray path as a
function of horizontal distance from the source.

6. PHIDOT — contains values of the rms phase-rate fluctuation as a function of distance
from the source.

The extent to which the tables are constructed is determined by the output-option parameters
IARR and NPRNT (see Table Al) .

Depending on the values assigned the output-option parameters NPLT and IPLT(I), I —

1 ,...,7, the program will construct up to seven plots. Examples of these plots are given in
Appendix C and Table Al contains brief descriptions.
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Appendix A
DECK ASSEMBLY

Card Description JSL Statement Format’
Number

1 JOB /biOBbName, Acct. no., User code, OPT — (C , R , D, T)
2 LIMIT /bLIMITbMIN — 1, BAND — 25

3 PLOT FILE /bFDbFT59FOO1, FORG—PS , RCFM—U ,BKSZ—4000 ,BAND— 1/1O/ 1
DESCRIPTiON

4 FORTRAN /bFTNbIN — SDECK , FTVERS — NX , FTNOPT — (K ,U)
5 LINK /bLNK
6 EXECUTE /bFXQTbOPT — (I ,A)
7 PLOT OUTPUT /bFOSYSbFT59FOO1, TYPE — PLOT
8 START SOURCE /bSTARTbACNM — SDECK

DECK
Fortran source deck

9 STOP SOURCE /bSTOP
DECK

10 START INPUT /bSTARTbACNM — FTO5FOO1
PARAMETER

Input parameter cards

11 STOP INPUT /bSTOP
PARAMETER

12 START RAY /bSTARTbACNM — FTO8FOO1

ray path data cards

13 STOP RAY /bSTOP
14 START PHASE /bSTARTbACNM — FTO9FOO1

CURVATURE
phase curvature data cards

15 STOP PHASE /bSTOP
CURVATURE

16 END OF JOB /bEOJ
‘The lower case letter “b” represents a (necessary) blank.

9
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Table Al — Input Data For RAYSTC
FILE ACCESS NAME FTOSFOO1

. 1  
CARD I Format (F7.2 , F8.3 , F8.O , IS , F5.0)

CZERO Reference sound speed ~ ,, (rn/sa c)
FREQ Acoustic frequency f(Hz)
RMAX Maximum range R

an 
(m)

NR Number of range steps
DEPTH Ocean depth 1) (m)

CARD 2 Format (F5.0, F5.2, E9.2, F6.4, 15)

B Stratificatio n scale B (m)
BVZERO Buoyancy frequency , extrapolated to the surface , n,, (cph)

DELC Root-mean.square value of the fn’ct’onal sound speed fluctuation
112ext rapolated to the surface , <(Sc/c) ,,

FREQIN Inertial frequency w~ (cph)
JSTAR Mode number parameter J ,

CARD 3 Format (II , 14, 811)

IARR Table output flag
— 0, do not print tables
— I; print tables of the arrays RANGE . RAY , ANGLE , ABR ECA , PHI , and PHIDOT

NPRNT Table output count; the tables will be composed
of the fi rst , last and every NPRNTth element of the arrays.

NPLT Plot output flag
— 0; construct no plots
— 1; construct one or more of the 7 possible plots

IPLT (l) Individual plot flag
— 0; do not construct plot
— 1; construct plot

IPLT (l) — olot of L,(& z) vs 9 for various values of
z (Fig. 1 of the sample output of App. C)

IPLT (2) — plot of the ray angle 9 vs horizontal path
length (Fig. 2 of App. C)

IPLT (3) — plot of the ray path (Fig. 3 of App. C)

IPLT (4) — plot of the absolute value of the reciprocal of the phase
curvature function (Fig. 4 of App. C)

IPLT (5) — plot of the rms phase fluctuation vs horizontal path
length (Fig. 5 of App. C)

• IPLT (6) — plot of the rms phase-rate fluctuation vs horizontal
path length -(Fig. 6 of App. C).

IPLT (7) — plot of P~,(5 .z) vs 9 for various values of z (FIg. 7 of App. C)

TILE ACCESS NAME FTNFSII

This file contains a number of cards, format (IO F S.I ) , listing the depth in meters of the ray path at NR + 1 evenly —
• - spaced points along the horizontal direction of propa gation.

FILE ACCESS NAME FTØFISI

This card file is analo gous to FTO$F001 but contains values In meters of the reciprocal of the phase curvature function.
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Appendix B
SOURCE LANGUAGE LISTING

lii i PI11SAU *AYSTC
1152 DI~ ENSI IN *AT C715L ),ASIECA (7001) , AflJ (6),  SLoPU7iOO ),Al~ Lf (TOSS).

1P1U50(2. Till ).DIfSQc2,flua ),fllASQCl.7151 ),9$ZC700i ),PNIDIT(711i).
2PLTAI(l155). IPLT(7)

•103 singusies XNAX (T). TuIN (T),TmAX (T),TINC (7),NDIS?(T ),BCXI(4).1CX2(4)
• i,lCT i(e),5CT84 ).SCYS(2).$CT4(3),SCT5(3).sCYa C3).1C77C4)

0004 DATA AVEJll.73ll.0.624l,9.4l~ O, 0.4lI1.5.34l4,i.2~ Y$!
•ios DATA SCIF2N kNI
0056 DATA NDIST/—1,i.—1.3,3,3,—LI
liii DATA SCZ1l4aANGL,4NE (DE,4ll~*EE ,4NS) I
000* DATA SCS214NIAMS,4$f(KR,411) .‘
1153 DATA lCTiI4NI. (P),4~(N—C.4UVCLE.4HSS2)I
0010 DATA lCY2I4NAUL .4NECOE.4N~~EI,4H$) I
Dlii DATA SCT)I4N1AT(,4NN) ~,1112 DATA 0CT414NA0*E.4IICAU,4$N) I
0013 DATA SCTSI4NPNI(.4NCYCL.41E5) I
0014 DATA SCTAI4NPNID,4WST(C,4NHP) I
5513 DATA SCYTF4NV(P).41K1—C.4NPNeS.4N2) I
1116 CALl. *SSIOP
5517 INTESEa U~ills IEALS4 .ftaI,LP,l V&f II. IITA$Q.I1TIT,UU
Iii, ZE11 0.i
1121 VU 11(6, 51)
5521 37 P11RAT (IMI)

C READ IN ACOUSTIC AS INTERNAL VAIl PARAPETERS

5022 *EAO(S,i.ERR.4 ,STV*ISTAT)CZEII,PREQ.RUAI,NR.DEPTN
0023 1 PIAUAT(F7.2,FS.3.PS.I. IS,P5 .0)
0024 11*0(3,2 .l11—4,STV~ISTAT)S.lVZEas.DILC,FRfQIN,J$TA10023 2 Fl1NAr(~5.I.~ S.ZpEI.2.F6.4, 15)
•U6 READO ,3,ftI~~ ,Srv~IsTaT)1Aea,OP1aT,NPLT. (IPLT(I), 1.1,7)0027 3 PNANAT (I1,14,Sli)
ISiS GO TI I
iI2~ 4 VIITE(6.7)UTAT
5030 7 P1*1*7(1W ,3N1111*,19)
1131 STOP

C CALCULATE 1*1*1 51111$ BASED IN INPUT PAIAA(TE*S

0532 6 DELR .RNAIIPLIAT(It)
0533 P1.9.1413327
0534 •ISrAm.PI•JSTAI
5033 PI2 .6 4S31S33
0534 VY.(PIZ sPII Q)IC ZER I
0037 NRPI.Nt • 1
1031 GANNA—1 .i~S

_ 
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00)3 IETA.SVZIUIPR EIIN
5540 AVEsAVEJ(JSTM • 1)
5541 LiEAO .(*VE.SETASS)I(PI.04 )
0542 ALPNA.(((VVSSILC) )se2)sLZE*ONDU *
0443 VzERe— C3Z.5 ,aVl.$.FREsIN esvUas)I (pI2. ,Iz)
1144 l(LTA.((CNV*SELC) )ssZ)SVZII1 *DEL I
1143 LVZE*i.(SIP I STAR).SQR T ((AVE. (P I STAR— 1 ))IP I)
1144 1U (((P 13411)IALIG (11.))e*t) #(WV*LVZEIOSLVZEII)

C READ IN RAT PATH AS ABSOLUTE VALUE OP RECIPROCAL OP PHASE CURVATI*1 FUNCTI ON

0547 RI D(s,11,ua.4,STV*ISTAT)(Ra y(I), I .i.NRP 1)
1140 RI AD(5.11,ERR—4 ,STV.I STAT)(AUE CA(I),I .1,NIP I)
5043 11 PORWAT(11P5.1)
0555 Z$Ct.RAV(l)
lift ZIEC.*AV (NRPI)

C CALCULATE SLOPE AND LOCAL ANOLE RAT PATH RAKES WITH RESPECT TI THE HORIZONTAL

0552 DI 35 1.1,11
0053 SLIPE (I)a(RAV ( I.1)—RAT(I))IOELI
3534 AIIILE(I).ATANCSLIPI(I))
0533 SI CONTINUE

C CALCULATE P1151 DITSI AND IITASS AllAYS

1154 DI 10 J.1,2
0037 PH1SI(J.1).l~iless IIT$Qihl )—I.l
0533 flTASS (J,1)~l~I0011 II ii 1.1,5
IOU TIUOANNA*IAVCDJ—1)
0.62 T2.IEP(3.1911)
5543 T9~lZP(T1)
0044 TS UP (2.54T1)
06S *4 ORTAS 53
lOll *.X4sA$S($LIPUI))

C CALCULATE Pt AND P2 PUIICTNNS HAVING CALCULATED I

II~7 *SI.XeX
ISIS IP(*SI.N1.Z111301 TO 95
0003 P1.5.0
SITS P2~1.0
5071 1175 32
1172 II 11.115.1.5
Ills U $HETUI)

1-

12 
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0074 x3.12..3
SITS *3.1511*3
1176 F11 1.I111
0577 FXZ ALORU2•1.l)
Ills P13.XSSPI2
5071 P14 .3SI5C *LI$ (XSQ)

-• ISIS P1.F*i.P*3—F*4
0051 P13.ALIG(I4)

— 0052 72 P16 .S.ALIS (*1114)
0003 PR.(*LIG (*2.1.I)IXZ)—(ALIG(XSQ)F(34*2))
0504 Ti P2.(PZ3—P*4—PIT)IP*S

00*5 32 S.*LPN*s TZsFI
0056 U .NUSTSSASIECACI•J—1)

• 0057 PNISG(J,I•5).PHISQ(J,I).S -
•

• 0555 IIT*Sl(J,I•1 ).ISTASQ(J,I)•(SsU)
• 0003 OITSQ(J, 1.1 )—OITSQ(J, I ) CDELTA.TZS ALIG(14) F2)

0055 II CONTINUE —

C CALCULATE RESULTS

0I~l DO 33 I.1,NRP1
ll ~2 014.S*(PNISI(1,I).PHISQ(2,I))
fl~ 3 02.0 .3S(DOTSO(1 .I)•DITSQ(2, I))
0134 PNJU).$QRT(D1)
ii ,, PNIDIT(I).SIRT(D2)
5031 33 CONTINUE
0051 PHI TOT.PNI(NRP I)
II ~ S DOTTIT.PNIDIT(SP1)
OS~ 5 IOTOT.Sl*TCl.3S(IIT*S0(1.UP1)~ IOTASQ(2,NRP1)))

C CALCULATE ERROR

0100 IP(PHIT T.(l.ZERIflI TI 33
Sill EPWI.1ll.SS.ASS(PHISI( 1,NIPL)—PNISQ(2 ,NRPI))l(PHITIT.PIIITIT)
0152 34 IF(DOTTOT.El.ZERS)GI TI 34
0103 1DOT.1li~II* S(DIT$Q(l ,NIP1 )—DIT$QQ,NRP 1))l(DITTIT55OTTIT)
0154 57 IFCISTST.ll.ZUOflO TI 33

~
- 1 1113 EIOT.lSSaII.ASS(ISTASICI .NIPI )—IOTASI(2,NIP1 ))I( IITITsIITOT)

0156 0575 52
lii? 33 EPWI.1.i
0105 05T I SI
ILlS 34 ESITUI.l
0110 SITI ST
.111 33 1111—1.1

C PRINT OUT INPUT PARA NETE R S, CALCULATED QUANTITIES AS RESULTS

1.~
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1112 52 VRI TE (6,311)
0113 350 FIRNAT(1N1,1I1NPIIUAN FIR CALCULATING SINGLE RAY PATH STATIST ICS• 1*5551116 TIE GAAIETT—RU5 NI0EL OP INTERNAL VAVESI)
1114 HRIT(CA, 9S1)
illS 351 PO*NAT(1N5,25HINPUT ACOUSTIC PAIAUETEISI)
il lS WlZTE(6,3U)C2E*I
0117 302 FORIAT(IN ,33HREFERENCE SOUND SPIED (d ElI) • ,P7.i,IH RISEC)
5115 WIITI(6,313)PAEQ
illS • 313 P1*1*7(11 .33NACSUSTIC FREQUENCY (FIll ) • •F5.3.IN HERTZ)
liii V*1TE(l,314flNA1
liii 304 POINAY(IN ,33N1A1 RANGE (RN*I) • ,PS.I.211 N)
5122 WRITECI,315)NA
0123 305 PIRUT(1H ,33IINUNSEI IF RANGE STEPS (NI) — .15)
5124 WIITIC6,3I6)DEPTM
5123 356 FI*RAT(IH •33NICEAN ~EPTN (DEPTH) • .P5.I,2N N)
0126 WIITU6,317)ZSCR
0127 307 PIRQAT(1U ,33NSOUICE DEPTH (25CR) • ,F6.i,21 N)
012$ UEITE(l,351)ZREC
i12~ 35$ PO*NAT (IN •33NRECEIVER DEPTH (ZIEC) • ,P6.1,ZN N)
0131 UIITECA,315)
5131 30~ P1*NAT(1H5,35NINPUT INTERNAL WAVE PARAPETEIS)
5132 WRITECA,311)l
1133 310 FIINATflI ,4ZNSTIATIPICATION SCALE (I) • ,FS.I,iH N

1)
0134 VIITICA,Bii )SVZERO
0135 311 PIRN*T(LN ,42NEITRAPILATED S-V FREQUENCY (IUEII ) • ,FS.2,4H C

IPN)
0196 VRITE(l,312)OELC
1137 312 PS*NAT(1H ,4 IHEXTR*POLATED FRAC. FLUCTUATION (DELC) • ,E~.2)

• 
- 0130 WRITE(6,313)FREQIN

0133 313 PIRNATCIN ,4ZNINERTI*L FREQUENCY (FREQIN) • ,P6.4~4N C
1PM) —

0145 UIITI(l,314)JSTA I
1141 314 PIRNATUN.- ,4ZHJ5T*l (JST**) • .11)
1142 URITI(S, 915)
0143 315 PI*N*T(iND,2IMCALCULATED QUANTITIES)
0144 URITE(l,316)DILR
1145 311 PO*NAY(LNI.2IHRANGI INCR. (DELR) • ,F7.2.2N U)
0145 VRITE(6,317)VV
5147 317 PI*NAT(IH ,ZIHU*35NUNSER (WV ) • ,F6.4.3W IN)
5145 VIITE(1,311)UIRO• 1135 310 P1*1*7(1W ,2INLZERI • ,PS.9. 311 N)
1151 W*ITUI.311)*fl
5151 313 PIRN*T(111 ,211*VE OP IIJ (AYE) — ,F6.4)
0*32 VRITI(6, 321)
1139 325 POINAT(1N5,YNIESULTS)

- - _ --~~~~- - • - ~~~~~ - - .~~ —- - - - - --
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0154 W*ITl(6,321)PHITIT
5153 321 PORN*T(1HI,41WRNS PHASE PLUCTU*TIII (PHITIT) • ,F3.5,7N C

1YCLE)
0156 WRITE(l,322 )DOTTIT
5137 322 FIRWAT(1W .4111*15 PHASE RATE FLUCTUAT ION (DITTIT ) • ,F3.5.SH C

1PM)
5155 VRITE(6,323)IITIT
.153 323 PIRNAT(lN.,4lWINS INTENSITY FLUCTUAT ION (IITIT) • ,FT.3,IH

1 01)
il l. V*ITE(6,324)EPNI
1161 324 FIRNAT(LND,5IIIERIOR FOR PHASE (EPHI) •

11.2,51 PERCENT)
0162 WRITE (6.325 )EOST
l1~1 325 FORNAT(1N ,SINERRIR FIR PHASE RATE (EDIT) •

1~~2,SW PERCENT)
1164 W*ITICI,326)EIIT
1135 326 FIRNAT(1N .5113511* Fó(t INTENSITY (lIlT) •

1F64,SH PERCENT)

C CHECK IF ARRAYS TI SE PRINTED OUT

5166 IPCIARI .EQ.I) SI TI II

C WRITE OUT TASLES

0167 W*ITE(6. 327)
116$ 327 Fl*N*T(IND.6NTASLE$)
5163 WRITE(I,32S)
5175 32* PORlAT(lHl ,~ 3NINDE* RANGE—N 1*7(I)—N ANU.E(I—1)—RAD l(

lilA) I (1) —N P111(I)—CYCLE PMIOOT(I)—CPN)
0171 INE.1.I
0172 WilTEd , 32~)IlE,ZER0,*AY(1), ASRECA(1) ,P$I(i),PNIDIT(1)
1173 323 PIRI*T(LNS.I5,41,FS.l,3*,Fl.1,241,FS.1,7x,F3.5,61,35.5)
0174 DO 15 K.NPRNT,NRP1,NPRNT
0175 SNR.(k—13451L1
5176 W*ITE(6, 335)I~SNl•RaV(fl, AHGLE( K—1 ).ASIECA(K) ,PNI(k), P111107(k)
0177 330 FO*N*T(IN ,I3.4*pFS.I~ 3*,FS.1,4X,FS.S.12*,FS.1iT*,P3.S,61,F3.5)0170 16 CONTINUE
5170 JP(k.EQ.NIPI31O TI 65
5150 SNR—NRSOELR
.1*1 VRITE(6, 33$ )NRPI, SlI,R*T(NRPL ).ANGLE (NRP1—1) ,A5*EC*(NRP1),PNI(N*P1

1),PIIDIT(NRP 1)

C ClICK IF PLOTS REQUIRES

01*2 65 IP(IPLT.E0.l) 00 TO 3$
ill) CALL PLITS(PLTAR,1000, .7S)

- ~~~- _ _ _ _ _ _ _ _ _ _
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1114 IPIRST.1

C CALCULATE 1111111 AID •AIINUU VALUE S ATTAINED ST PLOT S

IllS DI 333 1.1,7
Sill YlIN(K )—l.I
51*7 IP(K.EQ.2) YNIN (k)—2l.i
1111 IFCK.El.3) YHIN(&).1EPTN
IllS ~~~ CONTINUE
5135 TN**(1).11.ISINT((1.lIi ZE*O)l1l.5) • 10..

J 01~10132 TNAX(a).l.l
51~3 TIP.*UECA(1)
5134 DI 3~7 1.1,0*
$135 COIP.AUECA(K,l)
5136 IP(COIIP.GT.TSP) TIPsCINP
5151 337 CONTINUE
51~0 YNA*(4)—l.1S(TIPflIU,)
l1~3 YIAU5).l.ISPMITIT
0255 YNAZ(6)a1.l•DITTIT
0201 VAAi (7)—1I.I.117(vflRIs (ALIG(DET*).l),15.5) • 10.5
0252 II ~S6 1.1,7• 0253 TIUC(k)eflRA*(k)—TNIN (k))IlI.I
12S4 IP(K. .2) II TI 336
0255 TINCU).5.I
5106 536 CONTINUE
iii? II 355 1.1,7
5255 IIU(1).RUAIFl051.i
1213 IP((k.El.1).OR.(1.EQ .7))IIAX(K).i0.i
IlLS 350 CONTINUE

C IR PLOTS

5211 II 711 1.1,7
5212 IP(IPLT(k).(S.l) GO TI 75$

C • R* M IA S TA * E S

0213 SIA*.*N**(k)
0214 ZSI~~TNIN(K)5215 ZNA1.TNAI(k)
52*6 *I54INA*liIãl
02*7 YIN.YINC (K)
Sill
illS NY.NSISY(K)
5125 Y$C *LI .(ZNAI—Z NIU)I1S.i
.221 ISCMI.1I1

J --~~-~~~~~~—~~~~~-“ —~~~~~~~~~~~~~~~~ _ _ _
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5222 IPIN.3
1223 **IisDELRliDll.l*ICILE
5224 IP(1FIRST.NI.l) GO TI 1$
Il ls IPIRST I
5216 CALL OR35IN(2.5 ,5)
1127 IS CALl. NI*IISft,I,5111N,SH*1,ll.,—.I7,.57,lI)
0225 IFU.EQ.1.OR.1.EQ.7) II TI 13
5225 CALL LITTI*(4.I,—.5,.25,$C12,i,11)
02* I) CALL NYAIIS(5,S4NIN,YIN,ZNAX, tOol .—.17,.iT,NY)
5*31 CALL mINUR (—.125,—.l25,.l7,ZIIN,55.,Nt)
5232 CALl. N*A*IS(I,1i.l,5,XIN,SNAI,li.5,.i7,I,Nx)
5233 CALL NYAIIS(liol.l.ZNIN,TIN,ZNAZ ,1S.So.17,S,NT)
5234 00 TI(551,112,553,SI4,S53,$44,557),k

C PLOT I LCP)VIS I

1235 Il l ILUL.l
$296 CALL LETTER().3,— .3I,.23,$CIl,I,il )
0237 CALL LITTEI(—.)75•9.I..25,5CYl,~5.,1~)0230 IAI PIjIN.
5293 IAS5.5.11 *$CILI
5*45 DI 63 J.l.2S11,lSI
0*41 IP(J.E5.I2SIo .J.tQ.173l) GO TI 63
5*42 ILk.ILSL • S
5243 IPI~~3
0244 UII*4IAN
1145 f1a(ZPCI*I0*•J)*Ufl
5246 50 25 1.1,51
5247 TNITA•(I—1)S.ZeUD
024$ Z’YAN(THETA) s :T1

C CALCULATE Fl FUNCTION HAVING CALCIL*TIR I

ll4 ~ 1)5.10*
Sail IP(Ul.UE.zE aO)II TI 40
1211 PI.LoI
5*52 II TI 41
0*53 40 11.*$S • 1.0
184 12 51RT(*1)
0*35 1*4*20*)
5156 *5.1151*3
5237 fl1.1.I1 *l
585 F1*4ALIS(Xl.1.5)
0*SS FI*4ISeFU
.265 F*4— .Ss*SULNG(ISQ)
5*61 PI.FX14F13—P14
5*62 41 **1IS.CWIS.I*SD)

I
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5263 LPS(LZt*O0P*)
0264 IF(LP.LT.I.S)LP.I.I
0265 YAXI*4LPIT$CALE
5265 CALL PLIT(*A*IS,YA*IS,IPEI)
1267 IPEN.2
035$ IP(ILSL.EQ.I) GI TO ~5
0263 £1 71 15
0270 ~5 ZNUN.JIlISl.
1271 TAI TAIIS • .53
0272 CALL NUESENCIAZIS • .i9,TA* ,.07.ZNUN,l.2)
3573 CALL LETTEI(IAIIS • .33.TAX .,.iT,$CI,5 ~2) -•
1274 CALL PLOTUA*IS.Y**IS,3)
0273 25 CONTINUE
5234 63 CONTINUE
5277 00T I Il

C PLOT 2 *NGLE(R) 355 I

1171 $12 1*115.1
5175 CALL LITTER(—.375,3.l..lS ,ICYl,Il.,1l)

• 5250 DI 21 1.1,0*
5211 XAIIS.(IAXIS•**I0)
$252 DI5.1SI.IPI
1113 DEGRIE ANGLE(I)SIEG
1114 IF(IEGIEE.$T.21.I)GO TI 12
IllS IF(DEG*EE.LT.—2i.I)DEGlEE~—2i.l0206 GI TI 23
5257 12 N$REE—25o5
IllS 23 Y*IIS.(SEUEE—ZNIN)ITSCALE
0135 CALl. PLIT(IAIIS,VAIIS,IPEN)
5210 IPINU2
S2~1 21 CONTINUE
0232

C PLOT 3 RAT(*) VIS I

l2~3 $53 IA*IS.—XADO
0254 CALL LETTER(— .375,4.l,.23,SCV3,~5.,S)
5253 SO 25 I•l.NRP1
1216 IAXIS.(***IS.IADS)
5217 IF(RAY(I).LT.I .0 )RAT(I)—lol
I2S5 IF(RAT(I).GT.DEPTN)IAT(I) IEPTN
0235 TA*IS.(RAY (I)—ZPIN)IYSCALE
1311 CALL PLIT(IA*IS,TAIIS,IPEN)
0301 IPENUI
5351 25 CONTINUE
5303 SI TI 61

_ _  -~~~~~~—~~~~~~--—- —~~~- -~~~~~ --
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C PLOT 4 A$RECA(*) VRS *
1354 514 1*115.—lAIR
1915 CALL LETTE*(— .373,4.I..25,SCT4,5I..l2)
1306 Dl 655 I.1,N*Pl
1357 I*II5.XAIIS • lAID-

- Sil l YA*IS.((A$IEC*(I)l1III.)—ZNIN)IYSCAI.E
- lii i CALL PLITUA*IS,VA*IS,IPIN)
- 5315 IPEN Z - -

.311 605 CONTINUE - 
-

- 0312 S IT I II

C PLOT S P11(R) VI SA

5313 $15 1*115.—lAIR
0314 CALL LETTER(—.375,4.5,.25,SCYS.31.,12)
0313 SI 22 I.l,NIPI
5316 IAIIS— (IARIS.*AIR)
0317 IF(PNI(1).LT.SiS)PNI(I)•I.l

• 1315 VAt15. (PNIU)—ZNIN)IYSCALE
5311 CALL PLIT(1A215.YA*IS,IPEN)
5325 IPEN.2
0321 22 CONTINUE
1311 SI TO 61

C PLOT 6 PNISIT(R) VIS I

5323 III 1*115.—lAIR
0324 CALL LETTIR (—.375,4.l,.25,SCYI,1i..l2)
1323 N IS 1”I,N*Pl
5326 1*1I5.(1A*IS.*AIR)
1317 IF(PNIDIT(I).LTJ oI)PWISIT( 1)—I.e
Ills VAX IS~(PIIII T( fl—lI1N)IVSCALE
I32S CALL - PLIT(I*IIS, TAIlS, IDE N)

I 0330 IPIN1
I 53)1 65 CONTINUE
J 0332 GI T I I I
I C PLIT7V(P) VlS I

0333 NT RN•3.141310651111.
1334 CALL LETYI*(3.S.—.55,.ZS,SC*1,5.11)
5335 CALL LET71*(—.373,3.5,.25,SCTT,15.,15)
5396 1*00.5 .llX$CM.I
03)7 11 13 J.1,2511,231
0)30 IP(J.E5.lZSl.ll.J El.ZTSI) SI TI $3
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033, IPE0.3
1345 ***IS.—XAID
1341 T1.E*P($ANUSJ).SETA
5342 12.*LOR (TI)
5343 DI $5 I~1,Sl0344 TNET*.(I—1).~2.*A5
0343 I.TAN(TN51A).Tl

C CALCULATE Fl FUNCTION HAVING CALCULATED *
0346 155.IsI
0)47 1P(ISQ.NE.ZERI96I TO 35
5345 P2~1.0594~ SI TI SI
5350 ~I 11.151 • 1.5
5931 12.SQIT(ll)
5332 FI5. ALIG (T 1)
0333 F*5..5s*IIG (15114)
0354 FXT.(ALOR(fl ,1 .S)I12)—(ALIG(ISQ)l(z,z2))
5353 P2.(F*5—FI6—P17)IFIS
1351 ~l **IIS—IA*IS • lAID
5357 VP .VZERIOTZSF1

• 535$ IF(VP.LT.I.I)VP.I.I
535~ YA115.VPIY$CALE
5315 CALL PLIT(IAII5,,*XIS,IpEM)
1361 IPEN— 1
5362 IF(I.HE.4) SI TI $5
5963 ZNUR.J1l055.

TAI.T*IIS • .56
1353 CALL NUNIER(l*IIS • •13,YAI,,I7,ZNUN,5,2)
0365 CALL LETTER (IAIIS • .33,TAI, i7~$C1,5.2)0317 CALL PLIT(XAIIS,YA*15,3)

• 131$ $3 CONTINUE
•35~ 53 CONTINUE
1371 61 CALL IRI$IN(12.I,5)
5371 711 CINTINUE
0372 CALL ENDPLT
0373 35 STOP
0374 END

t
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Appendix C
SAMPLE RUN

/ J OB MARILYN BLDDGETT , BLODPI,OPT=(C,R,O .T)
I LIMIT NI$=1,BAND*~~5F PD FT59FCU1, F~ R~j .PS,RtFM.u,8kSZ z4Ø03,BAND .1/1~ /~/ FTN IN SDECK ,FTV ERS NX,FTNOPT.(K.U)
I LNI

• I FXQT OPT= (f,A)
/ FISYS FTS9FOO1,TTP(zPLITT
/ START ACNI.SDECK

I
FORTRAN SOURCE DECK
.

.
9

F STGP
I STAR T ACNN—FTO5FOC1
1900.00 11,0 .000 10000. 1f1-04040 .
1000. 3.00 0.49E—~3C. 4Z0 3

• 1 1011111111• / 5700
I START *CNP~FTClF00l1000.0 960.4 921.6 553.6 541.4 $18.3 774.4 739.6 705.6 672.4

640.0 605.4 977.1 547.6 515.4 490.0 462.4 435.6 409.6 384.4
360.0 336.4 313.0 2V1.6 270.4 230.0 230.4 2II~6 193.6 176.4
160.0 144.4 121.6 115,6 102.4 90.0 75.4 67.6 37.6 48.4
40.l~ 32.4 23.6 19.6 14.4 10.0 6.4 3.6 1.6 0.4
D.C. 0.4 1.6 3.6 6.4 10.0 14.4 19.6 25.6 32.4
40.0 45.4 57.6 67.6 75.4 90.0 102.4 115.6 129.6 144.4
I60.C 176.4 193.1 211.6 233.4 230.3 270.4 291.6 313.6 336.4

‘1 360.0 314.4 409.6 433,6 462.4 410.0 515.4 547.6 377.6 605.4
640.0 672.4 703.6 739.6 774.4 510.0 846.4 $53.6 921.6 960.4
1000.0

F STOP
F START ACNM’FTO9FOOI

0.0 99.0 196.3 291.0 354 .0 475.0 564.0 651.0 736.0 119.0
900.0 979.0 1056.0 1131.0 1204.0 1275.0 1344.0 1411.0 1476.0 1939.0

1600.0 1659.0 1716.0 1771.0 1824.0 1575.0 1924.0 1971.0 *016.0 2039.0
2100.0 2139.U 2176.0 2211.0 2244.0 2275.0 2304.0 2331.0 2356.0 2379.0
2400.0 2419.0 2436.3 2451.3 2464 .0 2413.0 2484.0 2491.0 2496.0 2419.0
2500.0 2499.0 2436.3 2491.0 2484.0 2475.0 2464.0 2431.0 2436.0 241~ .0
2400.C 2379.3 2356.0 2331.0 2304 .0 2273.0 2244.0 2211.0 2176,0 2139.0
2100.u 2059.0 2016.) 1971.3 1924.3 1175.0 1524.0 1771.0 1716.0 165~ .0
1600.C 1539.0 1476.0 1411.0 1344.0 1273.0 1204.0 1131.0 1056.0 979.0
900.0 819.0 136.3 651.0 564.0 475.0 384.0 291.0 196.0 99.0

0.0
F STOPH

- • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~ 
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P5011*11 FIR CALCUI.*TIN$ SINGLE RAT PATH STATISTICS AISI11INS TIlE GUIETT-NUUR RADiI. OP INTERNAL NAVES

INPUT ACOUSTIC PARANETERS

*EPIIENC2 SOUND SPEED (CURl) • 1511.11 N/SIC
ACOUSTIC FREQUENCY (FRES) • 100.000 HERTZ .
NRA RANGE (*0*1) • 11111. N• NURSES IF RAISE STEPS CNN) • ill :
OCEAN NPTN (NPTN) • 4545. U
SOURCE DEPTH (25CR) • 1511.1 N
RECEIVER S(PTN Ch IC) • 1111.1 N

INPUT I1TUIAL NAVE PUANETEIS

STUYIPICATIIN SCALE CS) • 1005. N
EITIAPOC*T1I D V  F$IIV(UCV (552(50) - 3.51 CPU
EITS*P50.*TII FIAt. FLUCTUATION CS(LC) • I~b5E—I3
INISTIAI. P$$SU(NCV (FRESEN) • 1.1421 CON
$TM (~~T*) • 3

CMC*.*YEI W.INTITI(S

RAISE 111CR. (501$) • 10I.I0.U
NAVIONUNI (NV) • Ie41l~ INLXIII • 253.357 U
AVE 1U CAV E) • 1.4151

u NITS

505 P1*11 PLUCTU*?IIN (PISTOT) • 5. 10563 CVCU
US 01*51 lATE PLUCTI*TIUU (SITTIT) • 0.16132 COP
10$ INTENSITY FLUCTUATION (IITIT) • 1.556 N

(*00* 00* PHASE (lOll) • ~~~ ouuov
550* 00* PHASE RATE (lINT) • 1.11 PERCENT

(150* 005 INTENSITY (III? ) • 0.00 PERCENT

TAUCIS
10501 1*1111—N 5*7(I)—U AS$LE (I—i)—SAI I(1/*)l(I)—U PNI(I)—CVCLE PHIDOT(I)—CPH

1 0. 1111.1 5.5 1.11111 1.11100
15 VII. 672.4 —1.32133 519.0 1.10311 1.11512
20 1105. 354.4 —0.24606 1539.0 1.1*715 1.13551
10 2*5. 111.4 —5.175)3 1159.5 1.11171 5.55205
45 3505. 45.4 —1.15174 2379.0 1.51571 1.17573

5 SI 4955. 5.4 —1.11211 2450.1 1.11121 1.11576
SI 5505. 32.4 I.l67~5 24*9.0 1.15771 1.1)710
TI 6955. 144.4 I.L44~1 21)9.0 1.1990 5.1309)
55 7955. 336.4 5.22417 1659.5 •.g.53s 5.15756
90 5*0. $11.4 0.25575 979.1 1.11056 5.16033
III 9105. 545.4 1.31111 35.5 0.15065 0.16125
ill 10011. 1500.5 1.37715 iS 5.10065 1.15132
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Fig. C2—PIot of the ray sn~Ie 8 vi horizontal path Ien~*h
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Fig. C3—Plot of the ray path j -
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Fig. C4—Piot of the .bsolute value of the reciprocal of the phaae curvature function
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Fig. C6—Plot of the ms phase-rate fluctuation vs horizontal path length
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