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ABSTRACT

This report describes two computer programs that use normal mode
theory to predict acoustic propagation and discusses the use of these
programs in analyzing explosive data taken in a series of shallow water
tests. Program S1441 calculates normal mode propagation in @ medium in
which the stratification is constant with range; program S1548 computes
normal mode propagation when the horizontal stratification is assumed to
vary slowly with range. The resultsof the tests indicate that the introduc-
tion of horizontal stratification in program $1548 provides an improved
comparison with measured data. Physical explanations are provided for
the previously observed minimum in propagation loss at about 125 Hz
and for the nonlinear relationship, at certain frequencies, between prop-
agation loss and size of the negative sound gradient observed. Inaddition,
bottom loss was determined in the BIFI (Block Island Fishers Island) range
for a wide range of frequencies and thermal conditions.

REVERSE BLANK
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COMPUTER PROGRAMS TO CALCULATE NORMAL MODE PROPAGATION
AND APPLICATIONS TO ANALYSIS OF EXPLOSIVE
SOUND DATA IN THE BIFI RANGE

INTRODUCTION

Past studieshave shown that normal mode theory can be useful in the prediction
of acoustic propagation. This report describes two FORTRAN V computer programs,
S1441 and 51548, that can be used for this purpose and describes the use of these
programs in the analysis of explosive data taken in a series of shallow water acous-
tic tests.

Program S1441 (discussed in section 1 of this report) is an extension of a pro-
gram, written for the Navy Underwater Sound Laboratory* by A, D. Little, Inc.
(references 1 and 2), that considers normal mode propagation in a medium in which
the stratification is constant with range. In the A, D. Little program, the ampli-
tude distribution of an acoustic signal as a function of depth is determined for a
given mode by means of the numerical solution of the acoustic wave equation for
given boundary conditions. Program S$1441 extends the A, D. Little program by
calculating and producing calcomp plots of the following values for any mode,
frequency, and velocity profile:

a. Amplitude as a function of depth, and the ray equivalent of any mode

b. Group velocity, phase velocity, excitation pressure, and the angle of
incidence of sound waves striking the boundaries

c. Propagation loss as a function of range.

Program $1548 (discussed in section 2 of this report) uses normal mode theory
to predict acoustic propagation, in a medium whose velocity profile varies slowly
with distance from the acoustic source, over an ocean bottom whose depth and
acoustic impedance change slowly with range. It calculates and produces calcomg
plots of the following values for given modes at any frequency :

*Now the New Londan Labaratory of the Naval Underwater Systems Center (NUSC).
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a. Amplitude as a function of depth, and the ray equivalent of any mode at
given distances from a source

b. Propagation loss as a function of range.

The two programs were used in the analysis of data taken in a series of acous-
tic tests conducted in Block Island Sound between August 1967 and October 1968.
In these tests, referred to as ''Experiment 2'' in reference 3, propagation loss was
measured under a wide range of thermal conditions, using explosives as sound
sources. In section 3 of this report, these propagation loss measurements are com=
pared with the values predicted by normal mode theory.

This report is based on material contained in

e W. G. Kanabis, ""A Computer Program to Calculate Normal Mode Propa-
gation Over a Flat Homogeneous Ocean Bottom, " NUSL Technical Memorandum

No. 2211-296-69, 13 October 1969.

e W. G. Kanabis, ""A Computer Program to Calculate Normal Mode Propa-
gation in a Medium in Which Stratification Is a Function of Position,'" NUSL
Technical Memorandum No. 2211-11-71, 14 January 1971.

e W. G. Kanabis, ''Propagation of Explosive Sound in the BIFl Range, "'
NUSL Technical Memorandum No. 2211-311-70, 9 November 1970.
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Section 1

A COMPUTER PROGRAM (51441) TO CALCULATE NORMAL MODE
PROPAGATION OVER A FLAT, HOMOGENEOUS BOTTOM

NORMAL MODE THEORY

Normal mode theory is based on the assumption that at large distances from a
source the main part of the sound field consists of standing waves formed by energy
striking the boundaries in certain preferred directions.

There are three methods by which the preferred directions and the amplitude
distribution of the standing waves may be determined. First, one may find the
solution of the wave equation in closed form:

2
Sy o (1)
A
c gt

where @ is a displacement or a velocity potentialand ¢ is the velocity of sound
in the medium considered. This is done in reference 4 by integrating equation (1)
subject to the boundary conditions in the complex plane and approximating the
normal mode solution for the standing waves by the evaluation obtained from the
residues in the integration.

Second, one may obtain the solution of equation (1) by direct numerical inte-
gration, as done by A. D. Little, Inc., by means of the computer program described
in references 1 and 2.

Third, as shown in reference 5, one may consider as the descriptions of the
modes those ray paths that undergo total reflection at the boundaries and whose
successive upgoing and downgoing rays are in phase.

SOLUTION OF THE WAVE EQUATION BY DIRECT
NUMERICAL INTEGRATION

The basis of this program is the rapid evaluation afforded by the use of a high-
speed computer.

When equation (1) is solved for &, the incremental pressure p is found by
definition
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P="'P_2‘, (2)

where & is the displacement potential and p is the material density at the point
considered.

We find that equation (1) is separable in terms of range r and depth z, so
that the pressure omplitude can be written as

po = F() - u(2) Q

and a differential equation in terms of u(z) may be obtained:

2 2
du+w__2>U:0, (4)

2 2 r

dz c
where
w is the radial frequency,
c is the sound velocity (a function of z),*
u =u(z) is the pressure amplitude distribution as a function of depth, and
k. is the horizontal wave number

Y sinB ’ (5)

C

in which 6 is measured relative to the normal to the ocean bottom and ¢ and ©
are measured at the same depth.

The physical picture presented by equation (3) is of a standing wave that has
a particular pressure amplitude distribution as a function of depth, u(z), and that
travels unchanged in shape as it progresses in the r direction.

Equation (4) may be written as

d2u

d22

+f(z)u=0 , (6)

*The z dependence will be dropped henceforth in the notation c.
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where

f(z) === - kr. . 7)

In solving equation (4), we must impose two constraints on any solution: the
boundary conditions at the interface between the water and the bottom material
and at the water surface. First, because there must be continuity of pressure and
particle velocity in the vertical direction at the bottom interface, it is necessary
that

du p 2
1
| L

uj dz_pb r 2
b

: (8a)

where the terms with subscript b refer to quantities in the bottom material while
those with subscript 1 refer to the water side of the interface. Second, since we
assume a pressure-release surface at the air-water boundary, then

u=0 (8b)
at this surface.

Also, we assume that only ''unattenuated'' modes compose the sound field.
These modes, by definition, involve propagation with energy that strikes the bot-
tom at angles larger than the critical angle so that "total reflection™ occurs.

Since the critical angle ©_ measured relative to the normal to the interface is

c
given by
“1
sin Gc = C— ’
b
then
c
sin 8 > !
“b

must hold for all energy striking the bottom. (Naturally, ¢, must be greater than
cqy fo ensure the existence of a critical angle.)
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Since

w .,
kr—?SIne ’

using equation (7) and the above inequality, we obtain

w2 w2
If(z)l < ? = C2 (8¢c)
] b

at the bottom interface.

Upon examining equation (6), we can see that a solution of the equation is

u(z) = B(z)ei fz) z

for given values of ¢, w, and k;. B is a constant. If f(z) is positive, u(z) is in
the form of a sinusoid. This form of solufion is obtained for the interference pattern

between upgoing and downgoing waves in the water. If f(z) is negative, u(z) is

in the form of an exponential. This is a consequence of Sturm's comparison theorem

(reference 6).

The value f(z) is negative everywhere in the boftom and in the water at
depths that correspond to shadow zones caused by the vertexing of rays that form a
mode. Both distributions are a result of the condition of continuity of pressure in
the medium. Thus, when there is total reflection at a level (either by vertexing
or reflection from a boundary) and the pressure is finite at that level, then at
adjacent levels there is a decay (whose rate is determined by the boundary con-
ditions) but not a discontinuous step to zero pressure. Examples of a distribution
involving both exponentials are shown in figure 1,* which presents the amplitude
distribution as a function of depth, and in figure 2, which presents the ray equiva-
lent of the mode. This concept of the ray equivalent is discussed in more detail in
the next subsection of this report. In figure 2, it is seen that the ray equivalent of
the normal mode vertexes at a depth of 48 ft; therefore, in figure 1, the pressure
amplitude distribution is in the form of an exponential between the surface of the
ocean and a depthof 48 ft. It canalsobe seen in figure 1 that the pressure amplitude
distribution in the bottom is in the form of an exponential.

*Figures 1 through 16 oppeor ot the end of this section, pages 23 through 33.
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To integrate equation (6) numerically, formulas relating Up4+1 and its deriv-
ative up 41 with the quantities un and up, must be obtained (the subscripts sig-
nify the depth at which the quantities are calculated). This is done by writing a
Taylor series for up4+1 and uh+1 and retaining all terms of the third order or
less. The details of this procedure are given in references 1 and 2; the results are
summarized in equations (9) and (10):

<1 +% fn> u,, +hup
Ynt+1 7~ h2 )
1+ 5 et ]

h . h h2
<] -gfn_*_]) Un--i-G:n+fn+-| -—6—fn fn+]> Up

« (10)

where
h is the increment between level n and level n + 1 and

f, and f_ ., are the values of f(z) at n and n+ 1, respectively.

Equations (9) and (10) are recursion relationships that permit calculation of u
and u' at all levels in the water if the given values for uy and Uy are the values
of u and u' just above the bottom.

Since we areinterested in normalized values of u over the water column, we
can select uy to be any arbitrary value (uy =1 is convenient). For an arbitrary
value of the horizontal wave number k. that is restricted by equation (8c), we can
evaluate u} by equation{8a). Then we can determine u for all levels by using
equations (&) and (10) repeatedly. If the value of k_ corresponds to a mode, equa-
tion (8b) will be satisfied at the surface of the water. Each mode has, at most, one
such solution for a given frequency. There is a low cut-off frequency for each mode,
so that at frequencies below the cut-off frequency, equation (8b) can not be satisfied.

After finding the amplitude distribution of a mode, we must define the mode
number. For a finite frequency, the mode number is equal to the number of nodes
in the amplitude distribution. Thus, the first mode has a node only at the surface.
A representation of the amplitude distribution of the first mode is shown in figure 1.
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THE RAY EQUIVALENT

Corresponding to the definition of a mode discussed above is a more physical
approach in which the ray equivalent of the solution to the wave equation is con-
sidered. Additional information concerning this approach is contained in references

4,5,7,8, and 9.

For simplicity, let us consider a two-layer medium of constant water depth H,
density Py and sound velocity cy. lying over an infinite bottom of density po
and sound velocity cy, Os shown in figure 3. At large ranges from a point source,
we may consider sound to be propagated by plane waves. It is clear from figure 3
that for certain waves whose direction is defined by an angle 6, there will be
constructive interference between that wave and a plane wave undergoing one
more bottom and surface reflection. For constructive interference to exist, the
phase difference between points A and B of figure 3 must be 2(n - 1)1 degrees; i.e.,
the phase difference must satisfy the equation

27 r H H _ _
- YN cos 29] e-1=2n-Nrm

or

%[2Hcose]-€-1r=2(n-])1r . qh))

where A, is the wavelengthof the preferred mode, e is the phase change under-
gone by a plane wave upon bottom reflection, n is the mode number, and the phase
change upon reflection from the water surface is assumed to be -m. If the sound
velocity in the water layer varies with depth, the first term of equation (11) would
be different from that given above; however, the discussion below applies to either
case.

If, for a given wavelength A, and angle 8, thereis constructiveinterference
between plane waves suffering different numbers of bottom and surface reflections,
then propagation consists of a series of upgoing and downgoing waves, as shown in
figure 4. The left~hand term of equation (11) is the phase change, 2A, undergone
in the z direction when a ray makes a surface-bottom=~surface cycle. For finite
frequencies, m > € > 0as m/2> 0> 8_. Therefore, the phase change, A, under-
gone in the z direction over the water depth is limited by

A<nr . (12)



TR 4319

The pressure is zero at the surface, the phase change upon reflection is -w, and
the direction of propagation is reversed upon reflection from the surface. There-
fore, the sound field in the vertical direction is the sum of two sine waves repre-
senting the upgoing and downgoing waves in the z direction. These waves are
shown for the first two modes in figure 5. Because of equation (12), the number of
nodes in this amplitude distribution is equal to the mode number. Thus, there is a
correspondence between the definitions of mode number in the solution of the wave
equation and the ray equivalent solution.

Now let us consider the procedure actually used in the computer programs to
determine the ray equivalent. When the wave equation is solved numerically,
values of f(z) are obtained; f(z) is given in equation (7) by

2
@)= -, (13)
c
where k, is given in equation (5) by‘
kr=%-sin6 : (14)

Therefore, given positive f(z), one can determine, from equations (13) and
(14), the cosine of the angle of inclination of the equivalent ray as a function of z:

cos 8 =—;- Vi) . (15)

If the ray between two points z; and z, is continvous, then Az =z; - z9
may be given in terms of the horizontal distance AR =R; =R, and one particular
value of the tan 8 over the path. This relationship is

AR__tane=csin6= c
Az ccos B cvcose z

where c , the vertex velocity, equals c¢/sin 6.

If the value of B does not vary appreciably between z; and z,, then we
can approximate tan 6 by
tan 87 + tan 6
] 2
tan 6 = :

2
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where 8; and 92 are taken at z =z and g, respectively. Thus (reference 10),

A I i

A_ch—v cos 9] + cos 92 ) (1)

where

c, is the vertex velocity,

v

C1rCo are the sound velocities at z{ and z,, respectively, and
6,,8, are the angles relative to the normal of the ray at z, and z,, respectively.

Thus, given values of f(z), one can construct a ray equivalent. If vertexing
takes place, the depth z,, at which it occurs is the level whose value of sound
velocity equals c,,.

The ray equivalent has a counterpart in the analysis of sound propagation using
ray theory. In ray theory, rays corresponding to a continuum of angles of propaga-
tion are summed at the receiver. Most groups of rays effectively cancel each other
and contribute little to the sound field. This leaves a discrete number of rays that
sum constructively to form the sound field. These rays correspond to the ray equiv-
alent of modes that compose the sound field. According to ray theory, the rays that
contribute to the sound field are determined by interference effects, and hence, as
in normal mode theory, the geometry of the dominant rays changes as a function of
frequency. Also as in normal mode theory, the sum of these rays is influenced by
the source-receiver geometry. However, there are two factors that limit the corre-
spondence between normal mode and ray theory. First, in ray calculations the sound
field is often obtained by simply adding all rays without regard to their phase.
Second, the geometrical approximation limits the validity of ray tracing. This
limitation can produce differences not only in the theoretical pressure field but
also in the ray representations in ray fracing and normal mode methods.

If the velocity profile assumed in the calculations contains only a monotonic
variation in sound velocity with depth (as, for example, in figure 6) or describes a
simple sound channel, a relatively simple ray equivalent obtains (as in figure 2).
However, let us consider the ray equivalent associated with the more complicated
velocity profile shown in figure 7. This profile describes two sound channels at
depths of about 60 and 120 ft, respectively. The associated ray equivalent of

10
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mode 1 at a frequency of 200 Hz is shown in figure 8. It can be seen that the ray
equivalent consists of two traveling waves, one for each of the two sound channels
in the water column. This phenomenon of wave ''leakage'’ through a layer is des-
cribed in reference 11,

PHASE VELOCITY AND GROUP VELOCITY

The phase velocity Vp is given by the relationship

= C

Vp sin8 ' (17)

where 6 is the direction of propagation of a plane wave where the sound velocity
has a value c¢. Equation (17) can also be written

Vp=cv , (18)

where c,, is the vertex velocity.

The group velocity Vg can be considered from two points of view. First, V
may be considered as a measure of the speed of propagation in the horizontal direc~
tionof a number of frequencies in a band Aw centered about w. Vg may be given
by (reference 12)

Aw
Y= (19)
or by (reference 11)
Y,
Yo Vp . T dL.‘}:ﬂ) X
c ¢ r’Ix}d(xH)' (20)

where H is the water depth.

It can be seen that this approach to the calculation of group velocities in~
volves the calculation of derivatives, which is not desirable in a computer program
since it produces inaccuracies and makes it necessary to obtain an unnecessarily
large number of values of phase velocity as a function of frequency.

11
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Second, Tolstoy (reference 13) has used a general theorem by Biot (reference 14)
to show the equivalence of Vg in equations (19) and (20) to the rate of energy
transport in the horizontal direction. The group velocity is given by

1 v
V9=W7 r (21)
where
4 o0
v=f p¢? dz (22)
oo
a=f —p2—¢2dz , (23)
LI

in which p and ¢ are, respectively, the density and sound velocity at z, and
® is given in the equation

®=0() ei(_-l;otx - wt) (24)

in which @ is the displacement potential in equation (1).

Since, by equation (2),

and u is the value of pressure (normalized to maximum amplitude) as a function
of z; then, by equations (2) and (24),

U pe (25)
where ¢ is the normalized value of ¢. Thus, by equation (25) we can obtain ¢
once U is known since we are interested only in the normalized values of u and

¢ for given w.

Given pj in the water, pp in the bottom, and u normalized to maximum
pressure amplitude; to obtain ¢, the normalization of ¢, we first obtain

12
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u(z)

‘P], UU(Z) = P]

_ u(2)
‘Pb' UU(Z) a pb 4

(25q)

where 1 and b signify water and bottom, respectively, and u, signifies unnor-
malized. Since the maximum value of u lies in the water and P is greater than
py and because u(z) is normalizedwith respect tomaximum amplitude, we multiply
both expressions in equation (25a) by py fo obtain ¢ normalized with respect to
maximum amplitude, so that

¢ =u(2)
] (25b)
¢, =u(@) py/py

The normalized value for ¢ is represented by ¢ and may be used in place of ¢
in equations (21) through (23).

EXCITATION PRESSURE AND PROPAGATION LOSS

The sound field produced by a simple harmonic source in a two-layered half-
space (figure 9) with a free surface at z =0 and the boundary between two fluids
at z=H is given by the solution of equation (1). The solution is given in refer-
ence 12 by .

& = i 11 E Pme-i(xmr-wf-n/4) , (26)
m

V2

where

r is the horizontal range,
w is the radial frequéncy,
m is the mode number,

Km is the horizontal wave number k. for mode m, and

Re: =T PLs em(2) e (zg) (27)

13
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in which

p, is the water density at the source,

¢_(z) is the normalized displacement potential, a function of depth,

m

z is the source depth,
z is the receiver depth, and

m is the mode number.

The notation p,, is the excitation function given by

Po
Pm = 27 (PgcoS) V2

where

P, is the water density at the source,
co is sound velocity at the source,
S is the power output of an omnidirectional source *

Kk, is the horizontal wave number, and

+ o0

where ¢ is the normalized displacement potential.

l/m‘\’Km

(29)

If the source produces a unit sound pressure level, then the following relation=

ship (reference 11) must be satisfied:

/2
An\—F =]

2T

(30)

Substituting equation (30) into equation (28), we obtain for the excitation pressure

*This quantity is represented by Il in reference 12.

14
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po(2) e
P =-§—v;-\/—_x_m— : (31

The excitation pressure is the sound pressure amplitude produced by a source that
generates a unit pressure level at unit range when both source and receiver are at
antinodes. It is essentially a measure of the source level of mode m for a unit source.

From equation (26) we determine the pressure amplitude characteristics of the
sound field, and this amplitude, p_, is given by

1/2
2

o [t (o D]+ Bt (-] —

Since p, is the sound pressure amplitude ot range r from a generator with
unit source level, the value of propagation loss L. at range r for given depths
of source and receiver is

L = -20 log p, . (33)

It can be seen from equations (27) and (32) that, once ¢_ is known, one can
easily determine the effect of the source and receiver depths on the sound field at
a given range. If the source depth, z_, issuch that ¢ (zo is a node, the mode
m will be suppresed in the sound field; conversely, if z, is such that qom(zo) is
an antinode, the sound field of mode m will be greater than it would be at depths
for which ¢ (z) is less than ¢p,(z;). The same relationships apply to the effect
of the receiver depth upon the sound field.

It can also be seen from equations (27), (28), and (29) that the pressure ampli=
tude does not depend upon the normalization of ¢(z).

For small attenuations of individual modes, equation (32) may be rewritten to
include, for mode m, losses at the boundaries as a function of range and losses
caused by absorption of sound energy in the water, so that

{[ZP 1o{-Dm#/20 - ar/20) <Kmr_%>}
(34)

['ZIP o(-Drm/20-ar/20) _ <Kmr_%>]2 ,

15
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where Dy is a measure of bottom loss in decibels of loss per unit increment of
range and a is the attenuation coefficient given in reference 15 by

4B 0.1§2 402
Tyd 2 * 2
Y 1+ f 4100 + f

14

where f is the frequency in kilohertz.

DESCRIPTION OF PROGRAM S1441

Program S1441 uses normal mode theory to predict acoustic propagation over a
flat, homogeneous ocean bottom. The program may be used with any of three options,
each of which provides different information about the sound field in a medium for
a given frequency, velocity profile, and mode number. The three options provide,
as output, the following calcomp plots.

* Option A produces two types of plots for each mode analyzed. One type
gives pressure normalized to the maximum amplitude as a function of depth,
and the second gives the ray equivalent of the mode.

* Option B produces two types of plots for each mode. One type gives three
quantities: phase velocity, group velocity, and excitation pressure as a
function of frequency, and the second gives the angles of incidence of
energy at the two boundaries as a function of frequency.

¢ Option C produces a plot of propagation loss versus range for any combination
of modes. Plots can be produced for any source depth, receiver depth, and
frequency.

Each option provides two plots of the velocity profile: the first plot (figure 6)
shows the sound velocity in both the water and the bottom; the second (figure 10)
shows the sound velocity in the water in greater detail through the use of an ex-
panded velocity scale.

The format of the input data is presented in table 1. Card group 2 in the table
shows the routine for selecting option A, B, or C. The mechanics of the individual
options are described below.

*Dm must be specified by the user of the program.

16
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Table 1. Input Data for Program S1441

Card | Amount Input
Group| of Cards Eogmal Parameter Colugms Dt
20A4 1-80 Heading on each page of output.
110 NUMV 1-10 | Number of velocities in profile.
F10.0 | VEL 1 11-20 | Velocity at origin of calcomp
plot of velocity profile (ft/sec)
410 IVOP 21-30 | IfIRP =0,
when IVOP =0, option A
when IVOP =1, option B
IRP 31-40 | When IVOP =1,
if IRP =1, option C
IVRP 41-50 | When IVRP =1, velocity profile
not plotted o
When IVRP =0, profile plotted.
Y IEX 51-60 | Changes increment of k. (hori=
zontal wave number) by a
factor of 10-1EX, Valyes from
0 o 10.
5F10.3 | ZM 1-10 | Water depth ()
CB 11-20 | Velocity of sound in the bottom
(ft/sec)
RO 21-30 Density of water (grams/cm3)
RB 31-40 | Density of bottom (grams/cm3)
FSC 41-50 | Maximum depth plotted (200 x
FSC in all velocity profiles
and in plots in option A)
2F10.3 | Z(l) 1-10 Height above bottom af which
sound velocity is C(l).
()} 11-20 Velocity of sound (ft/sec) at
Z(l).
=1, 2, ..., NUMV in order of increasing Z
110 N 110 | Number of intervals info which

depth is to be subdivided in
integrafion of differential
equafions.,

17
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Table 1 (Cont'd). Input Data for Program S1441

Card | Amount Input
Group| of Cards Fisimicit Pcrcfnefer Cofutre Ui
5 2F10.3 | UM 11-20 Maximum value of u(z)

FQ 21-30 | Frequency (Hz)

6 1 4110 ISFQ 1-10 Highest frequency to be analyzed

IEFQ 11-20 | Lowest frequency to be analyzed

NMOD 21-30 Number of modes analyzed.
Mode number analyzed =1,

2, ..., NMOD.

INCF 31-40 Decrement in frequency from
ISFQ to IEFQ. (In options A
and C, ISFQ =IEFQ = FQ,
Option B range of frequencies
is selected by ISFQ, IEFQ,
INCF.)

7 ] 4110 IRST 1-10 | Shortest range (ft) at which
(for propagation loss versus range
option will be plotted.
C)

IREN 11-20 | Longest range (ft) at which
propagation loss will be plotted.

RIC 21-30 | Increment in range to be plotted
(fr).

Y NPS 31-40 | Number of propagation loss versus
range plots,
3F10.3 | ZS 41-50 | Source depth (ft)
L ZRC 51-60 | Receiver depth (ft)

FMI 61-70 Increment of range on the
calcomp plot per division in
nautical miles

8 the 4F10.5 | DD(J) 1-40 Loss at boundaries (dB/ft) as a
(for |smallest function of range for the mode J.
option| integer J=1,2,..., NMOD where
C) |> NMOD NMOD is the number of modes
4 analyzed.

18
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Table 1 (Cont'd). Input Data for Program S1441

Card | Amount Input
Group| of Cards Fommel) Parameter oty Digtia
9 |Carda 110 NMS 1-10  INumber of modes to be summed
(for =] in the plot of propagation loss
option versus range (NM < NMOD)
Q) -
Card(s) b [ 6110 MDS(J) 1-60  |J=1,2, ..., NMS
= the The values of MDS(J) are the
smallest mode numbers of the modes to
integer : be summed in the propagation
> NMS loss versus range plofs.
6 MDS(J) < NMOD
(Cards a and b form a set. There is a set of cards for each plot in option C.)

OPTION A

In option A, first the numerical solution to equation (6) is found, subject to the
boundary conditions given by equations (8a), (8b), and (8¢c); then the ray equiva-
lent of the solution is obtained.

For a given inputted velocity profile (card group 4, table 1), the sound velocity
is calculated at N levels (card group 5) equispaced between the surface and bot-
tom by interpolation.

The value of the horizontal wave number k; is varied subject to the restric-
tions given in equation (8¢c). For each value of k., the value of u(z) is calculated
over the water column of N equispaced levels by means of equations (9) and (10).
The ‘values of u(z) are restricted so that u(z) never exceeds UM (card group 5).
In addition, mode m must have m zero crossings. After u(z) is calculated for a
given k. value, k; isincremented by Ak, so as to obtain the smallest possible
value of u at the surface. If the conditions necessary for the existence of a given
mode can not be met, the statement ''"No Mode Found'' is printed out.

Once u(z) has been found for a given mode, the ray equivalent can be found

by using equation (16). Sample calcomp plots of the amplitude distribution normal -
ized to maximum amplitude and of the ray equivalent are shown in figures 1 and 2.
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Where there is a large negative velocity gradient, high-frequency sound is
trapped near the ocean bottom. Under these circumstances, it is difficult to obtain
a good approximation of the boundary condition at the surface, and one has to de-
crease the value by which k; is incremented. This is done by using a large value
(up to about 10) of IEX (card group 2, table 1). A large value of IEX will increase
the program time since it decreases the increment of k. by a factor of 10-1EX,
Under most circumstances, however, an IEX value of zero is adequate.

OPTION B

In option B, group velocity, phase velocity, excitation pressure, and angle of
incidence at the boundaries relative to the normal to the boundary are found over any
frequency range (card group 6, table 1). The group velocity for a given frequency is
determined by equations (21), (22), and (23); phase velocity by equation (18); ex~-
citation pressure by equation (31); and angle of incidence at the boundaries by
equation (15). If the ray vertexes before striking a boundary, the angle of incidence
is given as 90°, Sample plots obtained from option B are shown in figures 11 and 12.

OPTION C

In option C, propagation loss for a source level at a 1-yd reference is obtained
as a function of range for any given frequency and combination of modes. Propaga-
tion loss may be calculated by equations (32) and (33). The ranges over which loss
is plotted and the source and receiver depths are inputted by card group 7. Values
of D, are inputted by card group 8, and the modes that make up the sound field
are inputted by card group 9. A sample calcomp plot is shown in figure 13.

The program was evaluated in two ways. First, a test case was run and the re-
sults compared to corresponding calculations obtained from two equivalent procedures
described in references 16 and 17. Second, the convergence of the numerical pro-
cedure used in solving the wave equation was examined for many cases, and the
resulting limitations on the program were noted. The test case used for comparison
is illustrated in figure 14, which gives the velocity profile and the assumed sound
velocity in the homogeneous semi-infinite bottom.

Since each mode is ‘defined by a unique horizontal wave number &, the
values of «, obtained by each procedure were compared. Such a comparison is
shown in table 2. In the table, the values of kg obtained by Bartberger and
Ackler (reference 17) are compared with the values obtained by using the method
described in this report. It can be seen that the results agree to the fourth decimal
place and, hence, tend to support the validity of the two procedures. Furthermore,
similar good agreement was obtained for this test case using the Fast Field Program
(reference 16).

20
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Table 2. Comparison of Calculated «p,

Mode xm (Kanabis) Xm (Bartberger and Ackler)
1 3.78104 3.78105
2 3.778%6 3.778%96
3 3. /GRS 3.77725
4 3.77574 3.77575
5 3.77436 3.77437
6 3.77309 3.77309
v/ 3.77186 3.77187
8 3.77063 3.77065
9 3.76932 3. 76933

10 3.76782 3.76784
11 3.76617 3.76618

Another theoretical result tested was the calculation of propagation loss as a
functionof range for the test case. The comparison of results with those of DiNapoli
(reference 15) is shown in figures 15 and 16. It can be seen from the figures that
the interference patterns are virtually identical at all ranges except those very near
the source. The differences near the source result from the inclusion by DiNapoli
of "'attenuated' modes in the sound field. These attenuated modes contribute to
the field significantly at short ranges but are attenuated rapidly so that they are
usually insignificant at longer ranges. The procedure described in this report con-
siders only "'unattenuated'' modes, i.e., modes whose angles of incidence exceed
the critical angle so that there is ""total'' reflection at the boundaries. The only
major discrepancy in the results lies in the absolute levels of loss calculated. For
this example, the results of our program consistently show 3 dB less loss than the
values obtained from the two other programs used in the comparison. The source of
the difference probably lies in the establishment of a unit source level at unit dis=-
tance in our procedure.
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It was found that the numerical procedure converges in practically all cases
considered. However, at high frequencies, and for extremely irregular velocity
profiles, the procedure may encounter difficulty in converging. This problem can
probably be overcome in most cases at the expense of increased computer time,
e.g., by narrowing the interval between grid points over the water column (by
increasing N given in card group 5, table 1).

It is difficult to estimate meaningful computer execution times because these
times are sensitive to a large number of input parameters. However, the order of
magnitude of time for a typical case involving any one of the three options and a
moderate number of incremental parameters is one minute on the Univac 1108.
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Z‘l

Figure 4. Downgoing and Upgoing Waves
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_Figure 13. Sample Calcomp Plot
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Section 2

A COMPUTER PROGRAM (51548) TO CALCULATE NORMAL MODE
PROPAGATION IN A MEDIUM IN WHICH STRATIFICATION
IS A FUNCTION OF POSITION

THEORY

The normal mode theory used in calculating the sound field in the case of a
flat, homogeneous ocean bottom has been discussed in section 1. The extension of
this theory to a homogeneous, semi-infinite bottom whose properties vary with range
(reference 12) is discussed here.

In equation (34) of section 1, the pressure amplitude of the sound field produced
by a projector with unit source level in an ocean with a flat, homogeneous bottom
was described by a function dependent on range. The equation is repeated below.

2

P _D_r/20-ar/20

poz\/°_§[§,,mm P20t/ °°5("”’r'“/4)]
r

1/2

_Dmr/20-or/20 o 2
+[; Pm]O sm(xmr-Tr/4)] % +(34)

where

a is the attenuation coefficient due to absorption in the water,
p, is the water density,
r is the horizontal range,
m is the mode number,
x_is the horizontal wave number for mode m, and

D,, is the attenuation for unit range due to losses at the boundaries.

P = P = en@ (zg) (35)
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where
1/2
P, (2m) /
Py =
m 2vm "Km

-+ o0

2
m= [ e @z,

ps is the water density at the source, and

¢ (2z) is the normalized displacement potential as a function of depth.

In computing the sound field for a horizontally stratified medium, the following
two assumptions (reference 12) are made:

a. The valuves of ¢ _(z) correspond to local stratification.

b. The stratification varies slowly from one region to another so that there is
no appreciable scattering of energy from one mode to another when sound propa-
gates through the medium.

If the latter assumption holds, then the bottom topography can be approximated
by a number of segments of different depth parallel to the surface as shown in
figure 17 (reference 18).

The power in a given mode is determined by ¢(z;), where zy is the source
depth. The pressure level at the receiver is determined by ¢(z), where z is the
receiver depth. When there is little scattering between modes, we can approximate
(reference 19) the pressure level for a given mode by substituting ﬁm for P, in

equation (34), with ]]/2

receiver

R= [Psource

P , (36)
where ''source'' and ''receiver'' refer to the values of P obtained by taking into
account the local stratification at the source or receiver.

Thus, Psoyrce is found by calculating Pp, in equation (35), using the depth,
velocity profile, and bottom composition present in the segment of the range con-
taining the source. In addition, ¢y (zo) should besubstituted for ¢ _(z). Similarly,
to calculate Preceivers the local stratification at the receiver should be used in
equation (35) and ¢ (z) should be substituted for o, (z,).
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In equation (34) the phase of the signal depends upon «kpr. In a horizontally
stratified medium, «p, is a function of range since the variation in water depth
and bottom composition causes K, to vary. The term «, can be expressed by
(reference 12)

) = T en@

where k. is the average of «j over r and «p(r) is the value of «; ata
range r. Equation (36) can be used to form a perturbation solution of the plane
wave equation
2 .
G le
V2¢ +_w_2¢ -0 M
c

.
14

in this case, one obtains (reference 12) an approximate solution so that in equation

(34), xm(r) can be replaced by

Kyl + ASm ,

where

r

AS, = f em(r) dr . (37)

If the bottom properties vary with range from the source, then the attenuation
per unit range due to losses at the boundaries D, varies as a function of range,
and Dp,(r) in equation (34) can be replaced by

r

J' D () dr

Thus equation (34) becomes
.

D, (r)dr/20-ar/20
cos(Rr + AS - n/4)

Po . _f
pa=—)|2 P 107 °
/2

.
- f D, (r) dr/20~ar,/20
+|2F 10 7° sin(x_r + AS - 1/4)
m m

m

(38)
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and

L, =20 log py (39)
where Lr is the propagation loss at range r.

The amplitude distribution as a function of depth and the ray equivalent can be
calculated for a particular segment of the range by a method identical to that in
section 1, using the parameters determined by the local stratification.

The above formulation corresponds to a simple physical picture of the propaga-
tion of sound in a medium whose stratification changes with range. Let us consider
two plane waves propagating in a medium segmented as described above. Let the
first wave correspond to a given order mode in one segment and the second wave
correspond to the same order mode in an adjacent segment. If the change in strati-
fication between segments is small, the difference in direction of the two waves is
small, and hence the waves are excited at approximately the same level at the
source. This level is determined by the excitation pressure of the mode. However,
the field at the receiver will correspond to the stratification of the segment in which
the receiver is located, and the plane wave that corresponds to the mode considered
will dominate the contribution by that mode to the field in the segment. Thus, the
field in the segments is determined by the plane wave corresponding to the modes
that compose the field. Extending the concept toseveral segments and several plane
waves, we can similarly picture a given mode changing shape in conformance to the
local stratification as it moves from segment to segment. '

Let us consider, for a specific case, the effect upon sound propagation of dif-
ferences in cp, the velocity of sound in the bottom, found in segments of a range.
This effect can be seen in table 3, in which 8], theangleof incidence at the bot-
tom for the wave corresponding to mode 1 at 127 Hz, is given as a function of cp
for the velocity profile shown in figure 18. Consider the case where cp varies
between 5200 and 6000 ft/sec over a range. The decrease in 67 is rather small,
0.9°. Thus it appears that the formulation presented above in equations (38) and
(39) can be used for such a variation in cg, with D1(r), thebottom loss for mode 1
as a function of range, chosen to correspond to cg in each segment.
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Table 3. Angle of Incidence at Bottom for Mode 1, 6,
and Critical Angle 6. as a Function of Velocity of
Sound in Bottom cp, at 127 Hz

cpg (ft/sec) 9, 6
5000 83° 30' 82° 22'
5200 g82° 0 72% 22"
5400 ~ 81° 30" 66° 36'
5500 81° 24' 64° 18"
5600 g1° 18! 62°15'
5800 g1° 12! 58° 42
6000 81° 0¢' 55° 41"

Let us consider theresult when the value of cg varies from 5000 to 5200 ft/sec.
Thechangein B is larger (1.5°) than for the case considered previously. Further-
more, the B_ corresponding to a cp of 5000 ft/sec is greater than the 8y corres-
ponding to 5200 ft/sec. In the situation where cp increases with increasing range
from 5000 to 5200 ft/sec, the ray corresponding to mode 1 for the harder bottom
(cg = 5200 ft/sec) can be highly attenuated because the angle of incidence is less
than thecritical angle as the ray passes through the segment that contains the softer
bottom. If the softer segment is long, there is a high probability that the ray con-
sidered can not contribute significantly to the sound field over the hard bottom.
Thus, if the ray is highly attenuated, one would expect a dramatic drop in signal
level and an unstable field. If, on the other hand, the transition is from a harder
to a softer bottom, the value of 8 increases, and hence the sound field should be
stronger over the softer bottom because of the transition alone. (This subject and
pertinent experimental results are discussed in reference 20.)

A change in stratification due to an increase in water depth results in an in-
crease in the 8 associated with a given mode. Hence, the result of such a change
in stratification is similar to the result of a decrease in cp. (The effect of a change
in depth is discussed in detail in reference 21 in the context of the consequencesof
a change inwater depth due to tide.)

85



TR 4319

Finally, a change in stratification that can be described by a change in
velocity profile with range has two effects. First, like the changes in stratifi-
cation discussed above, the angle 8 associated with a given mode is changed.
Second, the angle of propagation of a given wave corresponding to a given mode
in one segment is diverted toward the direction corresponding to the same mode in
the following segment entered by the wave.

DESCRIPTION OF PROGRAM 51548

Program S1548 uses normal mode theory to predict acoustic propagation in a
medium over a bottom whose depth and acoustic properties vary with range. Such
a bottom is shown in figure 17," where the BIFI range is approximated by 73 seg-
ments, each of which has a constant depth. The range is divided into four regions,
each possessing a different bottom composition. In S1548, provision is made also
for the variation in sound velocity profile over the range.

This section describes the following aspects of the program:

a. Input parameters specifying the medium through which sound is transmitted
b. Amplitude versus depth and the ray equivalent

c. Propagation loss versus range.
INPUT PARAMETERS SPECIFYING THE MEDIUM

The number of segments into which a given acoustic range is divided is given
by NPCS (card group 2, table 4). The depth, location, size, and bottom properties
of each segment are inputs of card group 8. The number of velocity profiles necessary
for a full description of the range is given by NVCP (card group 2). The number of
the first segment described by a particular velocity profile is given by ICVP (card
group 3). This profile describes the velocity conditions from segment ICVP(J) to
segment ICVP(J+1). IVPL (card group 6) is the parameter governing the option of
a calcomp plot of the profile.

AMPLITUDE DISTRIBUTION AND RAY EQUIVALENT

Each segment of a range has its own amplitude distribution as a function of
depth for each mode. With the range divided into 73 segments, it is doubtful that
one would want the amplitude distribution and ray equivalent for every segment.

*Figures 17 through 21 oppear ot the end of this section, poges 45 through 48.
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Table 4, Input Data for Program S1548

Card | Amount of Input
Group Cards Rofmh Parameter Gl Dt
] ] 20A4 1-80 |Heading on each page of output.
2 ] 5110 NPCS 1-10 |Number of segments of constant
depth into which range is
divided,

NVPC 11-20 |Number of velocity profiles in
the range.

NADS 21-30 |Number of segments for which
amplitude distributions and
ray equivalents are plotted.

NCOR 31-40 |Segment number considered
to be the effective water
depth at the source.

Y NMOD 41-50 |Number of modes calculated.

3 | The 8110 ICVP(J) 1-80 [ICVP(J) is the number of the
smallest bottom segment at which
integer velocity profile J is first used.
>NVPC This profile is used in calcu-
- lations between segments

ICVP(J) and ICVP(J + 1),

4 | The 2110 IADS(J) 1-80 |[IADS(J) is the number of the
smallest bottom segment for which the
integer pressure amplitude distribution
> NADS and ray equivalent are plotted.

8
5 1 2110 IRIC 1-10 |Range increments (ft) in propa-
¢ gation loss versus range plot.
: NPS 11-20 [Number of propagation loss
versus range plots.
4F10.3 | ZS 21-30 |Source depth (ft).

ZRC 31-40 [Receiver depth (ft).

FMI 41-50 |Increment in range in nmi/in.
on propagation loss curves.

FSC 51-60 {200 x FSC is maximum depth

(ft) plotted on curves that have
depth as a parameter.
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Table 4 (Cont'd). Input Data for Program S1548

Card | Amount of Input
Group Cards GRSt Pcrorﬁ:eter Golgmne Data
5 2F10.3 | FMJ 61-70 [Value of propagation loss (dB)
at origin of propagation loss
curves.

FMK 71-80 |Increment in propagation loss
in dB/in. on propagation loss
curves.,

6 |Carda 110 NUMV 1-10 [Number of values in velocity
= profile.
F10.0 | VEL 1 11-20 |Velocity at origin of plot of
velocity profile.
2110 [VPL 21-30 [IfIVPL =1, velocity profile
i not plotted.

[EX 31-40 |Changes increment of k_by a
factor of 1071EX_ valyes from
Oto 10. (Explainedinsection 1.)

Card b 2F10.3| ZMM 1-10 |Water depth (ft) at location of
= i velocity profile.

CB 11-20 |Velocity (ft/sec) of sound in
bottom at location of velocity
profile.

Card(s) c 2F10.3| ZZ(l) 1-10 [Height (ft) above bottom at
= NUMV which sound velocity is CC(l).
¢ CC(l) 11-20 |Velocity (ft/sec) of sound at
zz().
=1, 2,..., NUMV in order of increasing Z.
I |
(Other groups of cards representing a velocity profile should be inserted in front of
Group 8 cards that represent the bottom segments ICVP(J), J =1, NVPC.)

1

10

2F10.3

N

UM

FQ

1-10

11-20

21-30

Number of intervals into which
depth is to be subdivided in
integration of differential
equations (see section 1),

Maximum value of u(z) (see
section 1).

Frequency (Hz).
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Table 4 (Cont'd). Input Data for Program S1548

Card | Amount of Input
Group Cards Kieimel Parameter Golgmns Deto
8 | Card a F10.0 | ZM 1-10 | Depth (ft) of water in a given
= bottom segment.
2110 [RST 11-20 | Distance (ft) of a given bottom
t segment from the source.
IREN 21-30 |Length (ft) of a given bottom
segment,
Card b 3F10.3| CB 1-10 | Velocity (ft/sec) of sound in a
= given bottom segment.
RO 11-20 | Density (grams/cm3) of water
above a given bottom segment.
RB 21-30 | Density (grams/cm3) of bottom
in a given bottom segment.
Card(s) ¢ 4F10,5| DD(J) 1-40 [ DD(J) is the loss at the bound~
= the aries per unit range for a
smallest given bottom segment (dB/ft
integer for mode J).
| > NMOD J=1,2,..., NMOD, where
I T % NMCD is the number of modes

analyzed.

(There are NPCS sets of cards a, b. and ¢, where NPCS is the number of segments
of constant depth into which the range is divided. Set i describes segment i, where

(There are NPS :ets of Group 9.)

i=1,21, ..., NPCS))

? | Card a 110 NMS 1-10 | Number of modes to be summed

=1 in plot of propagation versus
| range. NMS <NMOD,

Card(s b | 6110 | MDS(J) 1-60 |2=1,2, ..., NMS. The
= the values of MDS{J) are the
smallest mode numt.ers of the mades
integer to be summed in the propaga-
> NMS tion loss versus range plots.
T B MDS(J) < NiAOD.,
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Therefore, NADS (card group 2) is the number of segments for which calcomp plots
of these functions are desired, and 1ADS(J) (card group 4) gives the segment numbers
for which these plots are generated. NMOD (card group 2) is the number of mades
calculated. Sample plots are shown in figures 19 and 20.

PROPAGATION LOSS CURVES

Propagation loss for a source level (dB//1 yd)is obtained as a functionof range
for any given frequency and cambination of modes. Propagation lass may be calcu-
lated from equations (38) and (39). Source and receiver depths and ranges over which
loss is ta be plotted are card graup 5 inputs. Input of the modes that make up the
sound field is made with card group 9. A sample plot is shown in figure 21.

It can be seen from figure 17 that the choice of the effective water depth at
the saurce may nat be a straightforward matter. The water depth at the source is
abaut 17 yd, ar 51 ft. However, most modes generated may be influenced mare by
segment 12, about 37 yd (110 ft) deep, than by segments 1 through 11, since the
modes cansidered travel in a direction characterized by large values of the angle 6
measured relative to the normal to the bottam. If one wishes to alter the effective
saurce depth, one would choose NCOR equal to the number of the segment having
the desired water depth. If one were ta want the effective source depth ta be that
af segment 1, NCOR would be set ta 1. In the case described, ane might chaose a
value of NCOR equal ta 12. Propagation loss curves will be platted starting at
ranges carrespanding ta segment NCOR.,

No "unattenuated'" mode can possibly be formed at frequencies below the cut-
off frequency for a given mode. If this situatianoccurs in any segment of therange,
the propagatian lass curve will be discontinuous at thase ranges carresponding ta the
locatian af the particular segment. The effect af the baundaries represented by
f:; D, (r)dr aver this segment is calculated and added to the integral in equatian (38)
anly when it is possible for ''unattenuated'' modes to prapagate over a range beyand
the range of discantinuity.

SUMMARY

Program S1548 is designed to calculate and plat many quantities af interest in
the study af a saund field in an acean whase baundaries vary in depth and acaustic
praperties. Changes in the velacity prafile aver the range may also be included in
the calculatians.

The limitations an the velacity prafile pertinent ta program S1441 (sectian 1)
must be applied also to program S1548.
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Figure 17. Model of BIFI Range
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Section 3

PROPAGATION OF EXPLOSIVE SOUND IN THE BIFI RANGE

PROCEDURE

For all the tests discussed, explosives were detonated at depths of 50 and 75 ft
at point A in figure 22,* near Block Island. Signals were received by a bottom-
mounted hydrophone located at a depth of 155 ft at point B, off Fishers Island. The
explosive charges used were 1/2- and 1-Ib biocks of TNT,

THEORY

Most of the theory of sound propagation by normal modes has been discussed in
sections 1 and 2. Section 1 contains a description of NUSC program $1441, which
deals with normal mode propagation over a flat, homogeneous bottom in a medium
whose velocity profile is constant with distance from an acoustic source. Section 2
describes NUSC program 51548, which uses normal mode theory to predict acoustic
propagation over an ocean bottom whose depth and acoustic impedance vary slowly
with range and in a medium whose velocity profile varies slowly with distance from
an acoustic source. These two procedures will be referred to as normal mode pre-
dictions for a flat bottom and an irregular bottom, respectively.

The prediction of propagation loss for a flat bottom is a function of the depth,
velocity profile, and bottom characteristics, each of which is assumed constant with
distance from an acoustic source. The prediction of propagation loss for an irregular
bottom is dependent on the values of these three parameters at both the source and
receiver. Thus, if the parameters have large variations with distance from an acous-

tic source, the two methods may predict significantly different values of propagation
loss.

One special case where the predicted values do, indeed, vary significantly
should be mentioned. It occurs when velocity profile and bottom characteristics
remain relatively constant over an entirerange but a large variation exists between
the depth assumed for a flat bottom and the depth at the source or receiver. Vertexing
of the rays can account for a marked disparity between the sound fields at the re-
ceiver. As shown in figure 23, H is the assumed depth for a flat bottom case and
Ho is the depth at the source or receiver in the irregular bottom case; the source or
receiver is at the bottom. In the irregular, but not the flat, bottom case the hydro-
phone is in a "'shadow zone'' and the calculated propagation loss is consequently

*Figures 22 thraugh 37 appear at the end af this sectian, pages 60 thraugh 73.
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much larger since the omplitude of the pressure fieldsshows on exponentiol decoy
in o shodow zone (reference 8). The example considered occurs in the winter ond
where H; =110 ft is the overage depth used for o flat bottom ond Hqp = 150 ft is
the depth at the receiver.

It has been previously determined (references 7 ond 8) thot ot the frequencies
considered in these tests (about 56 to 560 Hz), the first mode dominates in the
signols received ot point B in figure 22, Therefore, it hos been ossumed in the
theoretical colculotions of propagation loss thot the pressure field at the receiving
hydrophone contains only the first mode. Since the first mode is dominant, there is
little difference in the pressure field produced by explosives ond detected ot 50 ond
75 ft. As in references 7 ond 8, the meosurements ot the two depths ore combined.
Theoreticol colculations ore for o source 75 ft deep.

Let us consider the generol chorocteristics of propagotion loss os o function of
frequency in cases where the first mode dominates. All calculotions are made assuming
the velocity profile shown in figure 24. Figure 11 is o typicol plot of excitation pres-
sure (defined in section 1 of this report) versus frequency for the first mode. At the fre-
quencies considered here, excitation pressure decreases with frequency. Thus, less
energy goes into the higher frequency modes and, because of this factor olone, propa-
gation loss will increose with increasing frequency. It is possible (reference 8) tocon-
struct a ray equivalent of a particular mode, os shown in figure 25; it is therefore
possible to determine the skip distance betweenbounces off the bottom of the medium.
The angle at which energy strikes the surfoce 6, or bottom B8}, relotive to the
normal to the bottom, increases with frequency (reference 8). Thus, as shownin figures
25 ond 26, the skip distonce tends to increase with frequency, thereby reducing the
number of bounces over o given ronge. However, if a velocity grodient exists in the
medium, the skip distance increoses with the frequency until there is a vertexing ot
the interface, as presented in figure 27. In generol, this represents the lorgest skip
distance attainable. As the frequencyis increased further, the depth of the vertexing
recedes from the interface ond the skip distonce decreoses, os shown in figure 28.
Thus, propagation loss will decrease with increasing frequency as o result solely of the
effect of skip distonce; however, the effect of vertexing con modify this relationship.

In the irregulor bottom cose, mony depths and velocity profiles moy exist.
Obviously, then, there are many possible ways to determine the skip distance. One
woy is to toke on averoge skip distonce for the vorious sections of an acoustic ronge.
However, the sections of the range with the largest gradients should produce the
greotest effect on the propagation loss. Therefore, in the onalysis of these tests,
whenever the velocity profile varied considerably over the ronge, the skip distonce
was determined by using the largest grodient measured ot o depth thot was close to
the averoge depth of the range.
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RESULTS OF TESTS

Propagation loss as a function of frequency was determined for all five tests
conducted. The results were obtained by finding the energy content of each re-
ceived shot for a 1-Hz band at logit frequencies from 56 to 562 Hz. The levels thus
derived were subtracted from the source level for the explosives as given by Weston
(reference 22).

For each test, the theoretical propagation loss values were calculated in both
the irregular and flat bottom cases with the assumption that no bottom loss was suf-
fered by the first mode. Velocity profiles measured at the time of the tests were used.
The profiles obtained during the five tests ranged from those with large negative
gradients to those with small positive gradients. In the flat bottom case, the veloc-
ity profile with the largest gradient was chosen to apply to the whole range if more
than one profile was taken, The water depth assumed for the flat bottom was 110 ft.
The difference between experimental and theoretical values of propagation loss was
interpreted as a measure of bottom loss, and theinternal consistency of the theoret-
ical and experimental results was observed. The outcomes of the individual tests are
given below.

AUGUST 1967

The August 1967 tests were conducted when the velocity profile possessed a
large negative gradient, as shown in figure 24. Since this was the only velocity
profile taken during these tests, it was used to represent velocity conditions over
the entire range. As shown in figure 29, propagation loss as a function of frequency
is nonlinear, with the minimum at 141 Hz. The results and the theoretical analysis
aregiven in table 5. The differences between theoretical predictions of propagation
loss for the flat and irregular bottom cases are small, since in both cases only one
velocity profile was used to represent the entire range. The increase in theoretical
loss with frequency is a result mainly of the variation of the excitation pressure
with frequency. At low frequencies, the skip distance increases with frequency, as
shown in figures 25 and 26. This increase continues until a frequency is reached at
which the ray vertexes near the surface (figure 27). This event corresponds to
141 Hz in table 5, at which point the skip distance is maximum and the angle at
which the energy first strikes the surface becomes 90°. Thereafter, as shown in
figure 28, the ray vertexes at increasing depth for higher frequencies and the skip
distance decreases. The loss per nautical mile is minimum at 141 Hz, and the loss
per bounce is on the order of 0.5 dB over the frequency range considered. The
maximum loss per bounce was determined to occur at 141 Hz, which is probably
a result of the assumption that the particular velocity profile measured is a good
approximation at all points along the range.

51



TR 4319

gol ov* 8C°¢ £ 14484 €°GLL G'€L |9°0L |0°06| 9°¥8| 050l 295
g6 6€° g0°¢ A 1z'e ¢° 601 9°lL [£789 [ 0°06| 0°¥8| OSL! 444
L9 AN G0°¢ 99° 61L%¢ £°£01 L°0Z [ 9749 {0706 ] ¥°€8] 0081 gGe
es 29’ 8271 99° 06°1 y°101 8°89 |£799 |0°06| 6°¢8f 00LC (8¢
€9 ov” 8G°1 é¥° 89°1L 9°96 9°L9 [8°G9 |0°06| T°T8| 0ELL vee
86 448 Iyl Ly’ 051 L°C6 €99 [9°V9 |0°06| ¥ 18 068l 81
rAS 69" &g\ vL® L€ & L8 6°¥9 |CT°€9 {0706 ¥°08| 0C¥E A4}
G9 Ly* ev-l ey’ AN G°68 €°€9 | 9719 [ LS8 T°6/] 00/1 AN
98 88" 9L° 1 oy’ 98°1 6°€6 °19 6765 [€°¢8] £7£L] 08CL 68
L0l 9e" 0] 4 LE° 61°¢ €86 865 | C'8G |66/ | 8°G/£| 020l 04
LEL Ge’ €6°C 98" 9% G'yol1 2°85 | 879G |9°9L | 9°€L| OV8 9G
Gsl 6€° ge'e 6€° 88°¢ 8°/LL 0°£G |8°G5 |0'¥/ | v'L1L| OlL 94
csuns (@p) | (twu/gp)| (gp) | (lwu/gp) @ | @)
g | @ounog 5507 aounog $507 (gp) spnbou| 1014 | (Bop) | Bop) | (43) (2H)
._ ﬁu: 14 ssoq | woyjog | 494 ssoq| woyiog $507 5 | 9 mo%.ot_o Reitontsis
. woyjog Io|nbaus wojjog 4o P fss0q |PotiSI004] -
g o] _ Heg R4

$§s9] /94| 4snBny jo sy|nsay ‘G 9|qp |

54



TR 4319

JANUARY 1968

The tests in January 1968 were conducted when the typical velocity profile
had a small positive gradient. All five profiles taken over the range were similar
to that shown in figure 30 (taken from reference 23). For comparison, figure 31 ex~
hibits plotsof propagation loss as a function of frequency for both the January 1968
and the August 1967 tests. It can be seen that propagation loss was much greater in
August than in January, and that the difference in propagation loss between the
two sefs of tests is particularly large for frequencies above 200 Hz. The results and
theoretical analysis pertaining to the January tests are shown in table 6. It can be
seen that the predicted propagation loss values for an irregular bottom are much
larger than those for a flat bottom, especially at the higher frequencies. This is
attributed to the previously described effect caused by irregularity in depth near
the receiver and a ‘positive velocity gradient. In both cases, the predicted
propagation loss increases with frequency, as expected. The skip distance in-

creases with frequency since vertexing would not occur until 8y, equals 90°
at about 700 Hz,

It should be noted that the physical pictures suggested by the analysis of a flat
and an irregular bottom differ. For the flat bottom, the loss per bounce is on the
order of 0.2 dB at all frequencies considered. However, the skip distance increases
(number of bounces decreases) with frequency, and thus bottom loss decreases with
frequency, as demonstrated by values of bottom loss in dB per nautical mile.

In the irregular bottom analysis, the loss per bounce decreases sharply with
increasing frequency as the angle of incidence of energy striking the bottom, 5T
increases from 74.4 to 89.3°. This, when combined with the increase in skip dis-
tance with frequency, explains the decreased bottom loss with frequency. At fre-
quencies of 355 to 562 Hz, the predicted values of propagation loss are lower than
the measured values by about 2 dB, and bottom lossand loss per bounce are negative.
At low frequencies, the skip distances for August and January are about the same .
However, the angle of incidence is larger during January, a fact that explains the
decrease in propagation loss in January at these frequencies. At higher frequencies,
both the angle of incidence and the skip distance are larger in January than in
August. Thus, the larger seasonal increase in propagation loss at the higher fre-
quencies is explained.
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APRIL 1968

The tests in April 1968 were conducted when the velocity profile varied con-
siderably over therange, as shown in figure 32 (taken from reference 23). As can be
seen, the profile possessed a small negative gradient approximately 18 nmi from the
source and a fairly large negative gradient in the middle of the range. For compar-
ison, plots of propagation loss as a function of frequency for the April and January
tests are shown in figure 33. It is apparent that the propagation loss at most frequen-
cieswas slightly greaterin April thanin January. The April results and the theoretical
analysis are presented in table 7. The differences between the theoretical propaga-
tion loss predictions for a flat and an irregular bottom are small since there is little
variation in the velocity profile near the source and receiver. As expected, the
theoretical propagation loss increases with frequency. The skip distances and angles
of incidence at the surface and bottom were calculated for about 12 nmi from the
source, using the velocity profile shown in figure 32. By comparing the values of
skip distance and 8}, in tables 6 and 7, one sees that these quantities are nearly
the same in January and April for low frequencies, so that similar bottom losses
would be expected. However, at higher frequencies, the skip distance and 6}, are
greater in January, so that one would expect slightly lower values of propagation
loss in January. This seems to be the case, although the differences at 112 and
141 Hz are larger than anticipated. The loss per bounce in the higher frequency
ronge was on the order of 0.3 dB.

AUGUST 1968

The tests in August 1968 were conducted when the velocity profiles* taken over
the range exhibited large negative gradients, as shown in figure 34 (taken from refer-
ence 23). The profile near the source, however, possessed only a slightly negative gra=
dient, smaller thon the gradient in the profile observed during the August 1967 tests.

Figure 35 gives plots of propagation loss as a function of frequency for the
August 1968 and the August 1967 tests. It can be seen that the propagation loss at
most frequencies was slightly greater in 1968 than in 1967, These results and the
theoretical analysis for the August 1968 tests are provided in table 8. There are
only moderate differences between the theoretical predictions of propagation loss
for a flat and anirregular bottom, since there is only a moderate difference between
the velocity profiles at the source and at thereceiver. Again, the theoretical propa
gation loss increases with frequency.

The skip distance is maximum at 178 Hz, compared with the maximum skip dis-
tance at 141 Hz in August 1967, In August 1968, the minimum propagation loss at
141 Hz is slightly less pronounced than the minimum loss for August 1967.

*These profiles were token a doy after the tests were performed.
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SEPTEMBER 1968

The September 1968 tests were performed when the velocity profiles* taken
over the range exhibited moderately negative gradients, as shown in figure 36 (taken
from reference 23). The profilesnear the source and receiver were less negative than
those toward the center of the range. Figure 37 gives plots of propagation loss as a
function of frequency for the September 1968 and August 1967 tests. The loss is lower
in August af low frequencies and lower in September at the higher frequencies.
Table 9 shows that in September the maximum skip distance occurs at 355 Hz; in
August the skip distance is maximum at 141 Hz. Since the skip distances are longer
in August at lower frequencies and longer in September at higher frequencies, it is
not surprising that relatively less loss occurs at the higher frequencies in September
and at the lower frequencies in August.

*These profiles were abtoined two days after the tests were perfarmed.
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Section 4

SUMMARY AND CONCLUSIONS

Program S1441 is designed to calculate and plot many quantities of interest in
the study of a sound field in an ocean bounded by flat parallel boundaries. The

problem of acoustic propagation is approached from the standpoint of physical and
ray dcoustics.

Program S1548 is designed to calculate and plot many quantities of interest in
the study of a sound field in an ocean whose boundaries vary in depth and acoustic

properties. Changes in the velocity profile over the range may also be included in
the calculations.

The theoretical predictions using programs S1441 and S1548 differ by small or
moderate amounts in four of the explosive tests considered. In the January 1968
tests, the difference is considerable, and predictions using program S1548 are
physically more plausible. This is true also to a lesser degree in the other explosive
tests. Therefore, assumption of a medium in which stratification is a function of
position seems to be animprovementover thatof a medium with constantstratification
with range.

The results derived from the explosive tests are consistent with normal mode pre-
dictions. Three major factors account for the relationship between propagation loss
and frequency. First, excitation pressure decreases with increasing frequency, which
has the effect of increasing propagation loss with increasing frequency. Second, skip
distance, in general, increases with frequency, thereby decreasing propagation loss
with increasing frequency. In the BIFl range, these two effects seem to cause the
minimum propagation loss at a frequency around 100 to 200 Hz. This minimum is
either enhanced or depressed by the third factor, the frequency at which vertexing
commences. |f vertexing occurs near the minimum, as in August 1967 and August
1968, the minimum is enhanced; if it occurs away from the minimum, the minimum
is rendered less pronounced.

An interesting effect explained by the normal mode analysis is the dependence
of propagation loss on the size of the negative gradient of the velocity profile. In
general, propagation loss will increase with the size of the negative gradient because
an increase in the negative gradient will tend to decrease the angle, 8, at which
energy strikes the bottom, thereby decreasing the skip distance. However, this in-
crease in negative gradient also lowers the frequency at which vertexing first occurs,
which normally corresponds to the largest skip distance at any frequency. So, in
August 1967 and August 1968, propagation loss at the lower frequencies is less than
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the corresponding lossin September 1968, even though much larger negative gradients
were observed in the velocity profiles taken during the August tests. This circum-
stance may be attributed to the fact that vertexing took place at about 150 Hz in
August and at about 350 Hz in September. The August skip distances at low fre-
quencies were larger than the corresponding skip distances in September. This is
compatible with normal mode theory, which states that at low frequencies, propa-
gation loss should increase to maximum as the gradient becomes negative and then
decrease with a further increase in the size of the negative gradient. At the higher
frequencies in the case of the profiles considered, propagation loss increases with
increasingly negative gradients.

The determination of the exact skip distance is a major problem in normal
mode analysis. As explained previously, the skip distance assumed over the entire
range was calculated by using the velocity profile with the largest gradient. As a
consequence, whenever there is a large variation in the velocity profile over the
range, thereis a bias in the calculations of skip distance as a functionof frequency.
This can be seen in table 9, where thecalculated loss per bounce is extremely high
at 355 Hz, the frequency at which the skip distance is maximum. The bias is
especially severe when the bottom loss is high and the velocity profile varies
significantly over the range.

An alternative method of determining skip distance would be to take an average
of the skip distance over each segment as weighted by the length of each segment,
One drawback to this method is that segments with large gradients would be weighted
evenly with those possessing small gradients; the effect of the small-gradient seg-
ments on propagation loss might be smaller than the effect of the large-gradient
segments, |f an analysis similar to the one described hereis performed in the future,
program S$1548 should be modified to do the calculations suggested, and the results
should be compared with skip distances calculated for the segment with the largest
velocity gradient. ldeally, an investigator would want to know the bottom loss per
bounce in each segment so that he could determine the total loss by summing the
product of loss per bounce by the number of bounces in each segment. However,
experimental determination of bottom loss as a function of frequency for angles of
about 75 to 90°, relative to the normal, would be extremely difficult to perform.

As expected, it was found that, for a given frequency, loss per bounce de-
creased as the angle of incidence relative to the normal increased. Loss per bounce
as a function of frequency did not show any marked trends except for the January
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data in the case of an imregular bottom. Here, the angle of incidence increased
extremely rapidly with frequency, and the bottom loss went to zero as the rays
nearly vertexed close to the bottom. Since the angle of incidence at the bottom
increases with frequency, it might be concluded in the other cases that the bottom
loss for a constant incident angle would also increase with frequency.

The theoretical predictions for flat and irregular bottoms differ by small or
moderate amounts in four out of the five tests considered. In the January 1968 tests,
the difference is considerable, with the predictions for the irregular bottom physically
more plausible. This is true also to a lesser degree in the other tests. Therefore,

the assumption of an irregular bottom seems to be an improvement over the assump-
tion of a flat bottom.

Further invesfigcfi.on of the effects described in this report will be conducted
during daily propagation tests at frequencies of 127, 400, and 1702 Hz.
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Appendix A
LIST OF PROGRAM 51441
DOUBLE PRECISION FeUsUP
DOUBLE PRECISION K2, W2,P2/H2ZP» CZ+6,H2,DEN

DOUBLE FRECISIUN S,K209DK2yGAMsBA

DOUBLE FRECISION E»V

DOUBLE PRECISION UMAX

DOUBLE PRECISION (€C0S2 , €CC ¢ CV

DIMENSION HED(20)+2(100),C(100),F(500).,UP(500) »U(500)
1 ZMP(1000)s XMP(1000)» C0OS2(500)s CCC(500)

1 » 22P(500) » ZPP(500), vV(500),» DATA(1024) » UU(500)
1 PM(3000) *0DT(100)

1 o+ ZR(500) » CR(500) *RP(3000),2ZBT(5) » ZBF(5)
1,D0(100) ¢PPT(3000) +PCT(3000) PST(3000) yMDS(100) +USR(100) sURR(100),
1 PMM(100),FMR(100) *FDS(100)

1 +GVEL(2000), PVEL(2000), FQP(2000), T1(2000), T2(2000)
COMMON MS, UM,V

COMMON JMS

CALL PLOTS ( DATA(Ll)» 1024, 6 )

JPM = 25

READ(3,1)HED

FORMAT (20A4)

READ (3s112) NUMV, VELL » IVOP IRP » IVPL , IEX
FORMAT ( I10,F10,0,4110)

NUM = 0

READ(3¢2) ZM,CBIROWRB #FSC

FORMAT (5F10,3)

ZMB = (200,0%FSC _ =ZM)/(20,04FSC)
ZBT (1) = 2ZM

ZBT(2) = ZM

ZbT(3) = 200,0 *FSC
ZBT(4) = =¢20,0%FSC
ZBF(1) = 0.0

ZBF(2) = 10,0

ZBF(3) = 0.0

ZBF(4) = 1.0

DO 3 I=1,100

Z(1) = 0,

C(i) =0,

I=1

READ (3¢30) Z(I)eC(D)
FORMAT (2F10,3)
IF(DABS(Z(I)=2ZM)=,01)6+6,7
I = I+1

GO TO 5

Iy =

IF (IVPL.EQ.1) 6O TO 8
DO 130 K = 1, NuMV
CR(NUMV =g +1) == C(K)
ZR(NUMV =K +1) = Z{(K)

ZR(NUMV +41) = <M =-0,01
ZK(NUMV +2) = ZM +50,0

CR(NUMV  +31) = C(Cd
CR(NUMYV 42) = (CB

DO 185 NINY = 1, NUMy
ZR(NINY) = ZM = ZR(N]INY)

ZR(NUMV +3) = 200,0%FSC
ZR(NUMV +4) = =20, 0%FSC
CR(NUMV  +3) = VELI
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82

8
ie8
9
10
11
12
13
14
15
151
150

121

l62

29

CR(NUMV +4) = 50,0

CALL PLOT (0,0¢0,0,=3)

CALL LINE (CReZR)NUMY +2, 1,000 )

CALL LINE (ZBF¢2ZBT,241,0,0)

CALL SYMBOL (10,25,ZMBs0,14,6HBOTTOM»0.0,6 )

CALL AXIS (0,0,0,0,14HSOUND VELOCITY»14,10,,0,0,CR(NUMV +3) ,

LCR(NUMV+44),10.0 )

CALL AXIS (0,0,0,0911HWATER DEPTH»11+10.0,90,0sZR(NUMV +3)

1ZR(NUMV+4) 10,0 )

CALL PLOT (15,000,0,=3)

ZR(NUMV +1) = 200,0%FSC

ZR(NUMV +2) = =20,0%FSC

CR(NUMV +1) =VEL1

CR(NUMV +2) =10,0

CALL LINE (CReZReNUMV?1,0,0)

CALL LINE (ZBF+2BT+2¢100,0)

CALL SYMBOL (10,25¢2ZMBs0,14,6HBOTTOM?r0.0s6 )

CALL AXIS (0,0¢0,0,14HSOUND VELOCITY»14+10,0,.0sCR(NUMY

1CR(NUMV+2),10,0 )

+1)

CALL AXIS (0,000,0011HWATER DEPTHr11¢10.0,90,0,ZR(NUMV +1)

1ZR(NUMV+2),10.,0 )
CALL PLOT ¢ 15,000,00 =3)
JP =3
WR1TE (499)HED
FORMAT (1His9%X,20A4)
WRITE(4010)
FORMAT(1HO» 15X 4HZ1FT 95X 8HC»FT/SEC)
WRITE (4912)2ZR(L) eCR(I)
FORMAT (1HO»9X»F10,1,F12,1)
IF(DABS(Z(1)=2ZM)=,01)14,14,13

I = I+1

JP = JP+1

IF (JP=JPM)11,8,8

READ(3915)Ns» UM »FQ
FORMAT(110,2F10,.3)

NNN = N

READ (3,150) ISFQs IEFG, NMODe INCF

FORMAT (4110)

IF (IRP.Nc,1) 60 TO 1leo

READ (3,121) IRSTs IREN, IRICe NPSe 25» ZRC
FORMAT (4110, 3F10,3)

2S = 21 = ¢£S

ZRC = ZM = ZRC

READ (3,122) (DD(J)» J= 1,NMOD)

FORMAT (4F10,5)

DO 154 M= 1,NMOD

DO 155 L= ISFGr IEFQr=INCF

IF (IVOPJNEL1) 6u TU 162

FG = L

P2 = 6.,285185306

W2 = (PexfFu)x(P2%xFQ)
= NANN

(]

n
K4
©
(=)
nn

IF(N)29o 4,9

FML

K20 = ((wex(CB=C(1))*(CB+C(1)))/(C(1)%C(1)%CBx%CB))

DKeg= ,099xKk20
K2 = =K20
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32
33

16

17
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18

20
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22
25

27

34
195
35

do

37
38
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K2 = K2 + DK2
IF(K2=K20)16/,32,»32
WRITE(4,33)

FORMAT (1HO» 13HNO MODE FOUND)
IEF@ = L + INCF

IF (IVOP,Ed.1) 6O TO 160
60 TO 111 .
FLB = FLOAT(N)

H = ZM/ DBLE(FLB)

F (ZP= 2(1+1)) 18/,18:19
= I+1
GO TO 17
CZ = (CUI)%(2(1+1)=ZP)4C(I+1)*(ZP=2(I)))/(2(14+1)=2Z(1))
CCCc(y) = ¢2
G ==(Wex(C(1)=C2)%(C(1)4CZ))1/(CZ»C2ZeC(1)8C (1))
F(J) = K2 = 6
IF (ZP=2ZM) 20,21,21

J 1
3 (U |
I Zz
I

J=J+1

FLA = FLOAT(JU =1)

ZP = 2ZM*DBLE(FLA)/DBLE(FLB)
GO TO 17

U(1) = 1,0

UP(1) =S(RO/RB)*DSQRT ((W2x(CB=C(1))*(CB+C(1)))/(C(1)x(C(1)=CB%xCB))
1=K2)

J=1

JP = 3

FLA = FLOAT(J =1)

FLB = FLOAT(N)

ZP = ZMxpBLE(FLA)/DBLE(FLB)
IF (J=N=1)279 34,27

IF (DABS(U(J) )=UM) 28,3434

J = J+l

JP= JP+)

H2= H*H

DEN = 1,0 + (H2xF(J))/6,0

U(J)= ((1.0=(H2/3,0)%F (U=1))%U(J=1)+H*UP (J=1)) /DEN
UP(J)=((1,0=(H22F (U))/3,0)2UP (Jel)=(F(J=1)+F (J)=(H2aF (V) *xF (U=1))/
16.0)*H‘U(J-1)' 0.5)/DEN

IF (JP=UPM)25022,25

JM = U

CALL COUNT

IF (MS=M)31¢35,35

K2 = K2 = pK2

DK2= DK2 7/ 10.0

IF (DK2= ,000001%K20 *10%%(=IFX))36:,36r31
J =2

S = HxU(1)xU(1)/2.0

S22z H*xU(1)*xU(1)/(2,0%xCCC(1)r)xCCC(1))

IF (J=JMS) 5639938

S = HxU(JIxU(JI+S

Se= HxU (N &U(JII/Z(CCC(Y)ICCC(J))  +S2

J = J+l

GO TO 47

S (U (J)ay(Jd)/2,0) + 5

Sz Axutdrau(J)/(2.0%CCC (U« CC(J))  +52
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IF (IVOP.EQ.1) GO TO 164
J=1
42 UP = 3
WRITE(4923)HED'Ne K2 UMIFQ M
23 FORMAT(1H1,5X?20A4r/r2Xs3HN =0 I1Sr2Xr 4HK2 Srpl5.8¢12Xe4HUM S¢F6e10
12Xr6HFREQ = ,FB,1r2Xr3HM =,15)
WR1TE(4,47) ZM,CB,RO,RB
47 FORMAT(3XroHZMAX = ¢Fl0.3+4HCB = #»F10+3+4HRO = »F15.8¢4HRB =
1F15,8)
WRITE(4,24)
24 FORMAT(1HO»17X»4HZyFTr10X»1HU»10X»SHDU/DZr 11X 4HF(Z))
43 ZP = ZMx( FLOAT(J=1)/ FLOAT(N))
ZQ = ZM = 2P
WRITE(4,26)ZQrU(J) 1 UP(J)»F (V)
IF(J=N=1)45,44,45
45 IF(DABS(U(J))=UM)46» 44,44
46 J = J+1
JP = JUP+1
IF (JP=UPM)43,42,43
44 WRITE(4r40) S
40 FORMAT (1H0:10Xs 3HS = ,F15.%)
164 UMAX = 0,0 -
NM = N 1
DO 104 K= 1y NM
IF ( DABS (U(K)) = UMAX) 104,104,103
103 UMAX = DABS(U(K) )
104 CONTINUE *
DO 105 K= 1y NM
105 UU(K) = U(K)/UMAX
DO 106 K= 1, NM
106 ZZP(K) = ZM*(FLOAT(K =1)/FLOAT(N) )
GAM = DSQRT(K20 = K2)
BA = (RO*C(1))/(2.,0%RB*CB%GAM®S )
WRITE(4,41) BArGAM
41 FORMAT(1HOy10XeSHB/A = yF15,5¢5X¢ THGAMMA = ,F15,5 )
SS=  RO*S/ (UMAX*UMAX)+ROx RO%U(1)%U (1) / (UMAXXUMAX%2,0%GAMxRB)
SSS= RO%S2/ (UMAXxUMAX) + RO*RO=U(1)*U(1)/ (UMAX%UMAX
1»2,0%GAM*RBxCB*CB)
IF(IVOP,EQ.1) GO TO 153
E = DEXP(=GAM*H)
ZP = 0.0
v=1,0
NN =
ZPP(1) = 0,0
VV(1l) = wu(l)
WRITE(4923)HED/NeK2)UM»FQyM
WRITE(4,47) ZMyCBrROWRB
WR1ITE(4,48)
48 FORMAT(1HO»17Xe4HZ»FTr10Xe1HU )
49 WRITE(4,26)ZPV
26 FORMAT(1HO,F22.2+F13.3¢F13,3,F16,5)

S50 V = vsE
NN = NN 41
VV(NN) = VV(NN =1)=E
ZPP(NN) = ZP = H
ZP = ZP=H
IF  (ZPP(NN) + 50,0) 110, 110, 49

110 CALL PLOT ( 54000,0¢r =3)
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DO 184 NINX = 1, NN
184 ZPP(NINX) = ZM = ZPP(NINX)
NINV = N+ 1
DO 183 NINW = 1, NINV
183 ZZP(NINW) = ZM = ZZP(NINW)

VV(NN +1) = =1,0

VV(NN +2) = 0,5

ZPP(NN +1) = 200,0%xFSC

ZPP (NN +2) = =20,0xFSC .
ZZP(N +2) = 200,0%FSC

ZZP(N +3) = =20,0xFSC

UU(N+2) = =1,0

UU(N+3) = 0.5

CALL AXIS (0+000,0¢r FHAMPLITUDEr 9¢4.0+0,00UU(N+2)»UU(N+3),10,0)
CALL AXIS (0,000,0¢16HWATER DEPTH (FT)+16+10,0090.002ZP(N+2),
1 2ZP(N +3),10,0)

CALL LINE (UUs ZZP¢ N+1y 1,0,0)

CALL LINE (VVe ZPPy NNy 1,000 )

CALL LINE (Z2BF.2BT+2¢1¢0,0) .

CALL SYMBOL (10,25¢2ZMBy0,14,6HBOTTOM¢0.0,6 )

CALL SYMBOL(1+3¢9.50¢0,14,9HAMPLITUDE0,0,9)

CALL SYMBOL(1+709,25¢0,10+6HVERSUS»040¢6)

CALL SYMBOL(1+609,0000,14,5HDEPTH,0,0¢5)

CALL SYMBOL(0.8¢8,75¢0.14919HFREQUENCY H2¢0.0/¢19)

CALL NUMBER(2+208,75¢0,149FQ,0.0/s=1)

CALL SYMBOL(1.“&8.:00ooluvﬂHMODE'0.00Q)

CALL NUMBER(2+1¢8,50¢0,149FMODy0,0s=1)

NUM = NuM +1
153 XMP(1) = 0,0
ZMP(1) = 10,0
NM = N <1
CALL PLOT (154000,09=3)
NSTR = 1
NEND = N +1
102 = 0

IF(F(1).67,0.0) GO TO 179
181 DO 170 K= NSTReNEND

IF(F(K).GT.0.0) GO To 171
170 IRTB = K

GO TO 189 ]
171 COS2(IRTB +1) = F(ARTB +1)%CCC(IRTB +1)xCCC(IRTB +1)/W2
CV = (CC(IRTE +1)/DSQRT(1.0 = COS2(IRTB +1))

ZMP(2) = r#(CV = CLC(IRTB +1))/(CCC(IRTB)=CCC(IRTH +1))

XMP(2) = (ZMP(2) = ZMP(1))%(CCC(IRTB +1) + CV)/{(CVvx(DS@RT(COS2
1 (IRTB +1))))

ZMP (1) = FLOAT(IRTu)*H = ZMP(2)

ZMP(2) = ZMP(1) + ZMP(2)

NM = Nv =IRTB +1

DO 172 K = 3sNM

TH1 = 90,0

KO = IRTB =1 +Kk

C052(KO=1) = F(KO =1)*CCC(KO =1)%CCC(KO =1)/W2

COS2(KU)=F (KO)#CCC(KO)*CCC(KO) /W2

IF(CCC(KO) .GE+CV) ZMP(K) = ZMP(K =1) +H#(CV= CCC(KO =1))/(CCC(KO)
1 =CCC(KO =1))

IF(CCC(KO) .GELCV) GO0 TO 152

XMP(K) = XMP(K =1) +H*(CCC(KO =1) + CCC(KO0))/(CV#(DSART(COS2(KO=1
1)) + DSGRT(CO0S2(K0))))

85



TR 4319

172 ZMP(K) = (KO =1)=H
TH2 = (ACOS(SQRT(COS2(NM +IRTB =1))))%57,2958
N = NM =)
G0 TO 173
179 €0S2(1) = ABS(F(1))*CCCc(1)sCCC(1l)/W2
CV = CCC(1)/DSQRT(1.0 = coS2(1) )

DO 140 K= 2¢NM .

COS2(K =1) = ABS(F(K =1))xccc(K =1)#CCC(K =1)/W2
C0S2(K) = ABS(F(K))*CCC(K)#CCC(K)/wW2
TH1 =(ACOS(SQRT(C052(1))))s57,29%58
TH2 =(ACOS(SQRT(COS2(NM))))x57,2958
IF( CCC(K),GE.CV) GO TO 142
XMP(K) = XMP(K =1) + H®({CCC(K=1) 4 CCC(K))/(CVx(DSQRT(COS2(K=1))+
1 DSQRT(COS2(K))))

140 ZMP(K) = (K=1)#=H
173 DO 141 K= 1N
XMP (NM +K) = 2,0aXMP(NM) = XMP(NM = K)
141 ZMP(NM +K) = ZMP(NM =K)
GO TO 143
142 ZMP(K) = ZMP(K =1) + H#(CV = CCC(K=1))/(CCC(K) = CCC(K =1))
152 TH2 = 90,0

XMP(K) = XMP(K =1) + (ZMP(K) = ZMP(K=1))#{CCC(K=1) + CV)/(CVx(
1 DSQRT(COS2(K =1))))

N=K-=1

NM = K

DO 144 K= 1N

XMP (N+14K) 2,08XMP(N+1) = XMP (N+1=K)

144 ZMP (NM +K) = ZMP(NM =K)
143 XMP(2&NM) = 0,0
182 XMP(2&NM +1) = 1000.0
NILZ = 2%NM =1
DO 186 NINZ = 1, NIZZ
186 ZMP(NINZ) = ZM = ZMP(NINZ)
ZMP(28NM) = 200,0%FSC
ZMP (2&NM +1) = =z0,0*FSC
WRITE (49145) TH1eTH2 +XMP(NM +N)
IF (IVOP,EQ.1) GO TO 157
145 FORMAT (3F10,3)
CALL LINE (XMP»ZMPoNM +N9p1,0,0)
IF (IDZ2.EG.,1) 6O Ty 650
IDZ =1
CALL LILE (ZBFe2ZBT¢2¢1+0,0)
CALL SYMBOL (10.25¢2ZMBy0414,6HEBEOTTOM»0.0+6 )
CALL AXIS (0,000,0,10HRANGE (FT)110,124090,00XMP(2%Nm)
1XMP(24NM +1),10,0)
CALL AXIS (0,000,0,16H DEPTH (FT)116210,0090,09ZMP (24NM) »
1 ZMP(2*NM +1)010,0 )
CALL SYMBOL(5¢009.5000414,14HRAY EQUIVALENT»0,0014)
CALL SYMBOL(5.009,25¢06 149 19HFKEQUENCY HZ1040019)
CALL NUMBEK(6e409,¢5¢0,14¢FQR¢e0,00=1)
CALL SYMBOL(565¢9,00¢041494HMODE»0,0¢4)
CALL NUMBER(6+209,00004149FMOD¢N,0s=1)
NM = NEND
650 NSTR = IRTB + NM =1
ZMP(1) = 0,0
IF (NSTR.GE.NENU) 60 TO 189
GO TO 1l&1
189 CALL PLOT (15.000,09=3)
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IF (IVOP,NE,.1) 60 TO 154

Ti(L) = TH1

T2(L) = TH2

FMH = SQRT(P2%FQ /(30.48%CV) )

PM(L) = SQRT(P2)x RO/ (FMH%2,0%(SS) )
GVEL (L) = sS/(CVaSSS)

FeP(L) = L :

WRITE ( 4,166) PM(L) » FMH, SS ,» GVEL(L)
FORMAT (4F10,3)

IF (IRP.EG,1) PM(M) = PM(L)

FMR(M) = pP2»FQ/CV

1ZS = ZSxFLB/ZM +1.,0

IZK =ZRCxFLB/ZM  +1,0

USR(M) = U(12S)/UMAX

URR(M) = U(IZR)/UMAX

PMM(M) = PM(M)*USR(M)%URR(M) /RO

5 PVEL(L) = ¢V

IF (IRP.EQ.1) 60 Tu 154

IDF = (ISFQ = IEFQ)/INCF +1
LIFQ = IDF =}

DO 161 LLL= 1+ IDF

ILL = (LLL  =1)=INCF
FQP(LLL) = FQP(IEFQ+ILL)
GVEL(LLL) = GVEL(IEFQ+ILL)
TLLLL) = Ti(IEFw+ILL)
T2(LLL) = T2(IEFG+ILL)
PM(LLL) = PM(IEFRG + ILL)
PVeL(LLL) = PVEL(IEFQ+ILL)

WRITE(4,163) (PVEL(J)r GVEL(J)» FAP(J) ¢ PM(J) ¢ J= 1/IDF)

FORMAT (4F10,3)

FQP(LIFG +2) = 0.0
FQP(LIFQG +3) = 1ISFQ/10
PVEL(LIFQ +2) = 3500,0
PVEL(LIFQ +3) = 250.0
GVeL (LIFQ +2) = 3500,0
GVEL(LIFQ +3) = 250.0
PM(LIFG +2) = 0,0
PM(LIFQ +3) = 0,1

CALL PLOT (15.090,0,=3)

CALL LINE (FQPoPVEL/LIFQ +1,1+10,14)

CALL LINE (FQPyGVEL/LIFQ +1,1+10¢28)

CALL LINE (FQPyPMyLIFQ +1,1,10,4)

CALL AX[S (0,000,0,14HFREQUENCY (HZ)r14,10.0¢0.,0,FGP(LIFQ +2),

1 FGP(LIFQ +3)+10,0)

CALL AXIS (0,0,0,0,27HSOUND VELOCITY (FT PER SEC)+127,10,0,90,00

1 PVEL (LIFQ +2)sPVEL(LIFQ +3),10,0)

CALL AX1S(10,0+0,0,18HEXITATION PRESSURE,=18+10,+90.0¢/PM(LIFQ +2)»
1 PM(LIFG +3)910,0)

CALL SYMBOL(2+499,50,0,14/38HSOUND VELOCITY AND EXCITATION PRESSUR
1E¢0.,0038)

CALL SYMBOL(44709.2510410,6HVERSUS10,0¢6)

CALL SYMBOL(4+4¢9.0000,14¢9HFREQUENCY20,0,9)

CALL SYMBOL(44508,75¢0.14,4HMODEI0,0r4)

CALL NUNMBER(50218,7510¢149FMOD10,0r=1)

CALL SYMBOL(4+7+8.5000,10/,14HPHASE VELOCITY,0,0,14)

CALL SYMBOL(4.208.5000,10,14,0,0,-1)

CALL SYMBOL(4708,25¢10,10,14HGROUP VELOCITY»0,0,14)

CALL SYMBOL(442¢8.2510,10+28,0,0,=1)
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88

154
123
125

126

131

129
127

132

128

CALL SYMBOL (4¢7¢8.,0000,10019HEXCITATION PRESSURE»040,19)
CALL SYMBOL(4¢2¢8.,0000,10,4,040,=1)
TI(LIFG +2) = 90,0
Ti(LIFG +3) = =10,0
T2(LIFQ +2) = 90.0
T2(LIFG +3) = =-10,0
CALL PLOT (15.000,0,=3)
CALL LINE (FQP» T1,LIFQ +1,1/,10:%)
CALL LINE (FQP, T2,LIFQ 41,1,10,5) _
CALL AXIS (0,000,090 14HFREQUENCY (HZ)r=14+10400.0/FOP(LIFQ +2),
1 FQP(LIFQ +3)010,0)
CALL AX1S (0,0,0,0,28HANGLE OF INCIDENCE (DEGREES)r28¢ 9+0090,00
1 TI(LIF@ +2)¢ TL(LIFQ +3)910.0) :
CALL SYMBOL(3¢7+9.5090.14,18HANGLE OF INCIDENCE,0.0,18)
CALL SYMBOL(%4¢709,25¢0410r6HVERSUS»0,0¢6)
CALL SYMBOL (4¢409,0000,14,9HFREQUENCY»0,0,9)
CALL SYMBOL(4¢508,750041494HMODE»0,00%)
CALL NUMBER(502¢8,7500,149FM0Ds040r=1)
CALL SYMBOL (%+5¢8,50¢0.10+25HBOTTOM ANGLE OF INCIDENCE,»0.0025)
CALL SYMBOL(4¢008,5000¢1004,0,00=1)
CALL SYMBOL (45r8,2500,10926HSURFACE ANGLE OF INCIDENCE»0.,0026)
CALL SYMBOL(4¢008,25¢041001590409=1)
CALL PLOT (15.000,09=3)
IF (IRP,NE,1) 60 TO 111
DO 124 IP= 1¢NPS
READ (3s125) NMS
FORMAT (110) .
READ (3,126) (MDS(J)r J=1/NMS)
FORMAT (6I110)
00 131 IR = IRST, IREN: IRIC
IREO = (IR =IRST)/IRIC +%
PCT(IREO) = 0,0

PST(IREOQ) = 0.0

DO 127 1Q@= 1rNMS

M= MDS(IQ)

DO 129 IR = IRST,» IREN,» IRIC
RR = IR

IREO = (IR =IRST)/IRIC +1
DDT(M) = 10,0*x(=DU(M)*RR/20,0)

PST(IREC) = PST(IREOQ)+PMM(M)=*DDT(M) *SIN(FMR (M) *%RR=P2/8,.,0)
PCT(IREC) = PCT(1LREOQ) +PMM (M) %DDT (M) *COS (FMR (M) xRR=P2/86,0)
CONTINUE

CONTINUE

DO 132 IR = IRST» IRENs IRIC

RR = IR

IREO = (IR -IRST)/IRIC +1

PPT(IREO) = SAKT(PCT(IREOQO)*PCT(IREO) + PST(IREO)*PST(IREO) ) xR0/
1SGRT(RR/3.0)

FR = F@s1000.0

A= ( O 1%FR**2/(1,0 +FRx%z)) + (40,0%FRxx2/(4100,U +Frx*2))
1 + (,000279%FR%x%2)
PPT(IRLO ) ==20.0%ALOG10(PPT(IREQ)) +AxIR/5000,0
RP(IREO ) = FLOAT(IR)/6000,0
WRITE (40128) (PPT(J)? J= 1,IREO )

FORMAT (10F10.5)
RP(IREO +1) = 0,1533
RP(IREV +2) = FMI
PPT(IREC +1) = 10,0



187
124

111

[Ty

£~

PPT(
2S =
ZRC

CALL
CALL
1 RP(
CALL
1 PPT
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
DO 1
FDS(
CALL
CALL
CONT
CALL
CALL
END

SUBR
DIME
pous
COMM
COMM
MS=0
J=1

Is=1
JMS=

IREO +2) = =20,0

ZM - 2%
= M = 2RC

LINE (RP'PPT+IREOr1,10,4)

AXIS(04000,0¢ 13HRANGE (MILES)»13¢20,0+0,0+,RP(IREO +1),
IREO +2),10,0)

AXIS(0,000,0921HPROPAGATION LOSS (DB)s21+10,0¢9040¢
(IREO +1)+PPT(IREO 42),10,0)

SYMBOL (8¢99r9,50¢ 0,14+ 16HPROPAGATION LOSSs10,0,16)
SYMBOL(9e7¢9,2500,1006HVERSUS»0,0¢6)
SYMBOL(947¢9,0000,14)5HRANGE»0,0¢5)
SYMBOL(849¢8,75¢0,14,18HFREQUENCY HZ+0,0,18)
NUMBER(10,3¢6,757:149FQs0,00=1)
SYMBOL(846¢8,50¢00,14920HSOURCE DEPTH FT¢0,0r20)
NUMBER(10:596,5000,14,25¢0,0,~1)

SYMBOL (84608.25¢0.14922HRECEIVER DEPTH FT00e0s22)
NUMBER(10,698,2500,14,2RC+0,0,~1)

SYMBOL (8:698,000,1495HMODES»0,005)
87 J= 1/NMS
J) = MDS{J)

NUMBER (9¢1 40.5%Jy8.090,14/FDS(J)s0,00=1)

PLOT (154000,0,=3)

INUE

PLOT (154000,09=3)

PLCT (154000,00=3)

OUTINE COUNT
NSION u(500)°
LE PRECISION U
ON MSy»UM,U

ON JUMS

1

IF (UGJ)) 10203

ISi=
Is=1
IF (
MS=M

IS

IS=1S1) 4r244
S+1

JMS=J

J=J+

1

IF (U=JM=1) 51095

Isi=
15=0
GO T
RETU
END

IS

o7
RN

REVERSE
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189

112

Appendix B
LIST OF PROGRAM 51548
DOUBLE PRECISION Frusup
DOUBLE PRECISION K2, w2,P2,H,2P,

DOUBLE PRECISION SyK20/DK2,GAMIBA
DOUBLE PRECISION E,V

DOUBLE PRECISION uUMaX

DOUBLE PRECISION (CO0S2 , CcC » CV

DIMENSION HED(20)+2(100),C(100),F(500),UP(500)

ZMP(1000)s» XMP(1000),» Cc0OS2(500)» CCC(500)

v 2ZZP(500) ¢ ZPP(500), vy(500)s DATA(1024)

TR 4319

€Z,6,H2,DEN

'U(500)
v UU(500)

1
1
1 yPM(4000) » ICVP(200) , IADS(200) ,CC(500)» £Z(500)
1

o ZR(500) » CR(S500) +RP(1000)¢2ZBT(5) » ZBF(5)

1,DD(100) »PPT(1000),PCT(1000),PST(1000),MDS(100) »USR(100) »URR(100),
1 PMM(100),FMR(100) *FDS(100),DDS(100), DODT(100)
1 +GVEL(4000),» PVEL(4000), FQP(4000),» T1(4000), T2(4000)

1/FKB(100)yERS(100),6KB(100),ER(100),PMI(100)
COMMON MS, UM,V

COMMON JMS

CALL PLOTS ( DATA(1)e 1024, 6 )
READ(3¢1)HED

FORMAT (20AN&)

READ (3+126) NPCS» NVPC » NADS #MCOKs» NMOD
READ (30126) (ICVP(J)» U= 1¢ NVPC)

READ (3,126) (IADS(J)» = 1o NADS)

*GMR(100)

READ (3¢196) IRIC» NPS, 2S5, ZRCe FMI ,FSC 1FMJs» FMK

FORMAT (2110, 6F10,3)

FINC = 30% (NADS®NMQD +NVPC)
CALL PLOT (FINC 90.0,=3)

DO 111 L= 1,NPCS

NMF = 0

00 189 J= 1/NVPC

IF (ICVP(JU).EQ.L) GO TO &
CONTINUE

GO TO 14

JPM = 25

FINC =30xNADSEANMOD+(NVPC =y +1)%x30
CALL PLOT (=FINCe0.00=3)

READ (3,112) NUMV, VELL » IVPL +IEX
FORMAT ( I10,F10,0,3110)
NUM = 0

READ(3/2) ZMMeCB

FORMAT (4F10,3)

ZMB = (200,04FSC =£ZMM)/(20,0%FSC)
ZBT(1) = zZmM

2BT(2) = ZiiM

Z2B8T(3) = 200,0%FSC

2BT(4) = =20,0%FSC

ZBF (1) = 0.0

ZBF(2) = 10.0

ZBF(3) = 0,0

ZBF(4) = 1.0

DO 3 I=1.,100

2Z(1) = 0,0

CC(I) = 0.0

I=1

READ (3:,30) 22(I)e CC(I)
FORMAT(2F10,3)

IF(DABS(ZZ2(I) = ZMM) = ,01) 6¢6,7

21
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92

130

185

188

10
11
12

13

14

15

204

I = I+l
G0 TO 5
=it

IF (IVPL.,EQ.1) 6O TO 8
DO 130 K = 1, NUMV

CR(NUMV =K +1) = CC(K)
ZR(NUMV =K +1) = 2Z(K)
ZR(NUMV +1) = ZMM = 0.01
ZR(NUMV 42) = ZMM + 50,0
CR(NUMV +1) = CB
CR(NUMV +2) = CB

DO 185 NINY = 1, NUMV

ZR(NINY) = ZMM = ZR(NINY)

ZR(NUMV +3) = 200,0%FSC

ZR(NUMV +4) = =20,0%FSC

CR(NUMV +3) = VELL

CR(NUMV +4) = 50,0

CALL LINE (CReZRoNUMV 42, 1,0/0 )

CALL LINE (2BFv2BT12+11¢0,0)

CALL SYMBOL (10,25+,2MB+0,14,6HBOTTOM¢0.0+6 )
CALL AXIS (0,000,0,14HSOUND VELOCITY»14/920,00,0,CR(NUMY 43)
1CR(NUMV+4),10.0 )

CALL AXIS (0,0r0,0¢s11HWATER DEPTHr11¢10.0+90,00ZR(NUMY +3)
1ZR(NUMV44),10.0 )

CALL PLOT (15,000,0/,~3)

ZR(NUMV +1) = 200,0sFSC

ZR(NUMV +2) = =20,0%FSC

CR(NUMV +1) =VEL1

CR(NUMV +2) =10,0

CALL LINE (CRrZRyNUMV®1,0,0)

CALL LINE (2BF+2BT+2¢1¢0+0)

CALL SYMBOL (10,25,ZMBy0,14,6HBOTTOM¢0,0:6 )
CALL AXIS (0,000,0,14HSOQUND VELOCITY»14¢10.,0,0,CR(NUMY +1)
1CR(NUMV+2),10.,0 )

CALL AXIS (0,0¢0,0,11HWATER DEPTHs11010,0+90.,0¢ZR(NUMV +1)
1ZR(NUMV+2) 410,00 )

CALL PLOT (-150'000"3)

CALL PLOT (FINC +0,0,=3)

JP = 3

WRITE(4,9)HED .

FORMAT (1H1,9X,20A4)

WRITE(4+10)

FORMAT (1HO s 15X s 4HZyFT¢5X,8HC+FT/SEC)
WRITE(4+12)ZR(I) 9y CR(I)
FORMAT(1H0,9X*F10,1+F12,1)

IF(DABS(ZZ(1) =2ZMM) = 0,01) 14,14,13

I = I+l

JP = JP+1

IF(JP=UPM)11,8,8

IF (L.HE.1) 60 TO 197

READ (3,15) N» UM, FQ
FORMAT(110,2F10,3+110)

NNN = N

IF (L.NE.1) 60O TO 197

DO 204 U= 1, NM

FKB(M) = 0,0
DDS(M) = 0.0
ERS(M) = 0.0
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READ (3,195) 2ZM» IRST ,» IREN
FORMAT (F10.,0¢ 2110)

READ (3,2) CB » RO » RB X1
READ (3,122) (DD(J)» J= 1,NMOD)
FORMAT (4F10,5)

IPOS = O

IF (ZRC+GT.ZM) IPOS = 1

25 = ZM = 2S

ZRC = ZM = ZRC

ZMB = (200.0%FSC =ZM )/(20,0%FSC)
DO 200 J= 1+sNUMV

ClJ) = CC(J)

Z2(J) = 2Z(J) = (ZMM =ZM)

DO 201 J= 1,NUMY
IF(Z(J)LT.0,1) GO TO 201

GO TO 202

CONTINUE

IF (JJEGe1) 60 TO 120

Clu =1) = C(J ) +(CY) =C(Y =1))%=2(N)/(2(J) = Z(J =1))
Z(J =1) = 0.0

JJUu = HNUMY =y +2

DO 203 Ju= LrJdJdy

ClJJ) = C(JJ +J =2)

Z{ud) = Z(uJd +J =2)

NNV NN S

DO 205 JK = JuJrNUMV

C(uK) = 0,0

Z(JK) = 0,0

DO 154 M= 1,NMOD

P2 = 6.,283185306

W2 = (P2xF@Q)*(P2%Fu)

N = NNN
FMUD = M
IF(N)29+ 4,29

K20 = ((W2%(CB=C(1))*{(CB+C(1)))/(C(1)*C(1)%CB=CB))
DK2= ,099xK20

Kg = =Kz0

K2 = K2 + pK2

IF(K2=K20)16/,32,32

WRITE(9¢33)

FORMAT (1HO0, 13HNO MODE FOUND)

NMF = 1

DO 295 J= 1, NMOD

DDS(J) = DUS(J) +DU(J)*FLOAT (IREN)
GO TO 123

FLB = FLOAT(N)

H = ZM/ DBLE(FLB)

CZ = (C(D)*(Z(I41)=Z2P)+C(I+41)*(2ZP=2(1)))/(Z2(141)=2(1))
CCc(u) = ¢C2Z

G ==(W2x(C(1)=CL2)*(C(l)4CZ))/(CZ*CZ*C(1)%C (1))

FlJ) = K2 = 6

IF(ZP=24M) 20,21021
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20 J=u+l
FLA = FLOAT(J =1)
ZP = ZM«DBLE(FLA)/DBLE(FLB)
GO TO 17

21 U(1) = 1,0
UP (1) =(RO/RB)*DSGRT ((W2#(CB=C(1))%(CB+C(1)))/(C(L)=(C(1)%CB*xCB))

1-K2)
Jt [=]H
22 JP = 3
25 FLA = FLOAT(JU =1)
FLB = FLOAT(N)
ZP = ZMsDBLE(FLA)/DBLE(FLB)

IF (U=N=1)27+34,27
27 IF(DABS(U(J))=UM)2893%r34
28 J = J+l
JP= JP+1
H2= H=H
DEN = 1,0 + (H2#F(J))/6,0
UGJ)= ((1,0=(H2/3,0)%F (J=1))sU(JU=1)+H*UP(J=1))/DEN
UP(J)=((1,0=(H2%F (J))/3,0)8UP (JU=1)=(F(Um=1)+F (J)=(H2%F (J) *F (J=1))/
16,0)*H*U(J=1)* 0,5)/DEN
IF (JP=UPM)25¢22¢25
3 UM = J
CALL COUNT
IF (MS=M)31,35,35
35 DO 289 J= 1sN °
IF (F(J).GT.0,0) GO TO 290
289 CONTINUE
290 IJl = J +1
DO 291 J= IJlr N
IF(F(J).LT.0,0) GO TO 292
291 CONTINUE
GO TO 294
292 1J2 = J +1
DO 293 J= 1J2, N
IF(F(J).6T,0,0) GO TO 31
293 CONTINUE
294 K2 = K2 = pK2
DK2= DK2 /7 10.0
IF(DK2= .000001%K20%10%%(~IEX)) 36¢36¢31
36 J =2
IF (XI«GT.0.0) GO TO s02
GO TO 501
502 READ (3,500) (U(I1) ¢ IIz 1sN)
500 FOKMAT (8D10,5)
501 S = HxU(1)xU(1)/2.0
S2= H*U(1)xU(1)/(2.0%CCC(1)%CCC(1))
37 IF(J=JMS) 38,39, 38
38 S = HxJ(J)xU(J)+S
S2= H*U(J)xU(J)/(CCC(JI%CCClJ)) +S2
J = J+l
GO TO 37
39 S =(H*U(J)xU(J)/2.0) *+ S
S2= H*U(J)%U(J)/(2.0%CCCLU)%CCC(J)) +52
J=1
42 JP = 3
DO 206 KK= 1, NADS
IF(IADS(KK) .EQ.L) 6O TO 208
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CONTINUVE

GO TO 43

WRITE(4,23)HED,N,K2,UM,FQ, M

FORMAT (1H1+5Xr20A4¢/+2Xs3HN =0 I5r2Xs 4HK2 =)F15.802X s 4HUM SrF6.10

12X)6HFREQ = sF84112Xe3HM =,15)

WRITE(4947) ZMiCBrRO!RB
FORMAT(3Xs6HZMAX = ¢1Fl0,3/4HCB = 1F104394HRO = +F15.8¢/4HRB =

1F15,8)

WRITE(4,24)

FORMAT(1HO» 1 7X»4HZ »FT?10X» 1HU» 10X » SHOU/ZDZ» 11X» 4HF (Z))
ZP = ZM*x( FLOAT(J=1)/ FLOAT(N))

2@ = ZM = ZP

DO 207 KK= 1, NADS

IF(IADS(KK).EQ.L) GO TO 209

CONTINUE

60 TO 44

WRITE(4926)2QrU(J)»UP(J)yF (D)
IF(J=N=1)45,44p45

IF(DABS(U(J) )=UM)46, 44,4

J = J+1

JP = JP+l

IF(JP=UPM)§43/,42/,)43

WRITE(4,40) S

FORMAT (1H0»10X» 3HS = »F15,5)

UMAX = 0,0

NM = N +1

DO 104 K= 1y NM

IF  ( DABS (U(K)) = UMAX) 104,104,103
UMAX = DABS(U(K) )

CONTINUE

DO 105 K= 1y NM

UU(K) = U(K)/UMAX

DO 106 K= 1, NM

ZZP(K) = ZM*x(FLOAT(K =1)/FLOAT(N) )
GAM = USGQRT(K20 = K2)

BA = (RO%C(1))/(2.0%REXCB%xGAM%S )
wilITE(4941) BAr»GAM
FORMAT (1HO0, 10X»SHB/A = »F15,505X» THGAMMA = ,F15,5 )
99=  ROxS/ (UMAX*UMAX)+RO* RO=U(1)%U(1)/ (UMAX®UMAX%2, 0*GAM%RB)
549592 RO%S2/ (UMAX%UMAX ) + RO*RO=xU(1)%=U(1)/ (UMAX%xUMAX
1%2,0%GAM&Ry*CB%CB)

E = DEXP(=GAM®H)

Zi’ = 0,0

v=1,0

NN = I

ZPP(1)y = 0,0

VV(1) = uu(1)
WRITE(4923)HED/)N9yK2yUMIFQ,M
WKITE(4,47) ZMyCEsRORB

DO 210 Kxk= 1+NADS

IF(TADS(KK),EQ,L) GO TO 211

CONT INUE

GO TO S0

WRITE(4.48)
FORMAT(1HO» 17X o 4HZ»FTe 10Xy 1HU )
WRITE(G4+26)2PV
FORMAT(1HO,F22,2+F13.3/F13.3,F16,5)

V = vxE
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96

110
190
193

184

183

192
153

681
170

171

NN = NN +1

VV(NN) = VVI(NN =1)sE

ZPP(NN) = 2P = H

ZP = ZP=H

IF  (ZPP(NN) + 50,0) 110, 110, 212

DO 190 JU= 1, NADS

IF ( IADS(J).EQ,L) 60 TO 193

CONTINUE

G0 TO 192

FINC = 30x(NADS&ANMOD =J +1) «(NMOD =M)#30
CALL PLOT (=FINCy»0.,0,=3)

DO 184 NINX = 1, NN

ZPP(NINX) = 2ZM = ZPP{NINX)

NINV = N+ 1

DO 183 NINW = 1, NINV

ZZP(NINW) = 2ZM = ZZP(NINW)
VV(NN +1) = =1,0
VV(NN +2) = 0,5
ZPP(NN +1) = 200,0%FSC
ZPP(NN +2) = =20,0xFSC
ZZP(N +2) = 200,0%FSC
ZZP(N +3) = =-20,0%FSC
ZBT(1) = 2M

ZBT(2) = 2™

UU(N+2) = =1,0
UU(N+3) = 0.5

CALL AXIS (0.000.0r 9HAMPLITUDE, 9¢4.000.00UU(N+2) UU(N+3),10.0)
CALL AXIS (0,000,0,16HWATER DEPTH (FT)116+10.0090.,0,22P(N+2),
1 2ZP(N +3),10,0)

CALL LINE (UUy 2ZP» N+l 1,0,0)

CALL LINE (VVe 2PPe» NNy 1,000 )

CALL LINE (ZBF+2ZBTe2¢1+0,0)

CALL SYMBOL (10.25¢2ZMB+0,14,6HBOTTOMs0,0+6 )

CALL SYMBOL(1¢3¢9,50¢0,14,9HAMPLITUDE0,0/,9)

CALL SYMBOL(1¢7¢9,25¢0410+6HVERSUS,0+0¢6)

CALL SYMBOL(1¢6¢9,0000,14,SHDEPTH¢0,0¢5)

CALL SYMBOL(0+8¢8,75+041419HFREQUENCY HZ+040,19)

CALL NUMBER(2.2¢8,75004149FQs0.00r=1)

CALL SYMBOL(1+4¢8,50004144HMODE0,0,4)

CALL NUMBER(2.1¢8,50¢0,14)FMOD+0,0r=1)

NUM = NuM +1

XMpP(1l) = 0,0

ZMP(1) = 0,0

NM = N +1

CALL PLOT (15,090,0,=3)
NSTR = 1

NEND = N +1

102 = 0

IF(F(1).,6T.0,0) 60 TO 179

DO 170 K= NSTReNEND

IF(F(K).GT7.0,0) GO To 171

IRTB = K

GO TO b&9

COS2(IRTB +1) = F(IRTB +1)%CCC(IRTB +1)xCCC(IRTB +1)/wW2

CV = CCC(IRTB +1)/0SGRT(1.0 = COS2(IRTB +1))

ZMP(2) = H*(CV = CCC(IRTB +1))/(CCC(IRTB)=CCC(IRTB +1))

XMP(2) = (ZMP(2) = ZMP(1))%(CCC(IRTB +1) + CV)/{(CVx(DSQRT(COS2
1 (IRTB +1))))
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ZMP (1) FLOAT(IRTB)*#H = ZMp(2)

ZMP (2) ZMP (1) + ZMP(2)

NM = NM =IRTg +1

DO 172 K = 3/NM

TH1 = 90,0

KO = IRTB =1 +K

COS2(KO=1) = F(KO =1)*CCC(KO =1)#CCC(KO =1)/w2

€052 (KO)=F (KO} «CCC (KO)xCCC (KO) /W2

IF(CCC(KO) GE.CV) ZMP(K) = ZMP(K =1) +H*(CV~ CCC(KO =1))/(CCC(KQ)
1 =CCC(KO =1))

IF(CCC(KO) ,GE+CV) 60 To 152

XMP(K) = XMP(K =1) +H%(CCC(KO =1) + CCC(KO))/(CV*(DSQRT(COS2(KO=1
1)) + DSGRT(C0S2(K0)))}

172 ZMP(K) = (KO =1)=H
THz = (ACOS(SQRT(CUS2(NM +IRTB =1))))%x57,2958
N S NM =)
GO To 173
179 C0S2(1) = ABS(F(1))*CCC(1)#CCC(1) /W2
Cv = CCC(1)/DSQRT(1.0 = €0S2(1) )

DO 140 K= 2/NM 3
CO0S2(K =1) = ABS(F(K =1))*CCC(K =1)%CCC(K =1)/W2
CO0S2(K) = ABS(F(K))*CCC(K)%CCC(K) /W2
TH1 =(ACOS(SQGRT(C052(1))))%x57,2958
TH2 =(ACOS(SGRT(COS2(NM))))%57,2958
IF( CCC(K).GE'CV) GO TO 142
XMP(K) = xMP(K =1) + H*(CCC(K=1) + CCC(K))/(CV*(DSURT(COS2(K=1))+
1 USGRT(COS2(K))))

140 ZMP(K) = (K=1)xH
173 DO 141 K= 1N

XMP (NM 4K) = 2,0&XMNP(NM) = XMP(NM = K)
141 ZMP(NM +K) = ZMP(NM =K)

GO TO 143

142 ZMP(K) = ZMP(K =1) 4 Hx(CV = CCC(K=1))/(CCC(K) = CCC(K =1))
152 THe = 90,0

XMP(K) = XMP(K =1) 4+ (ZMP(K) = ZMP(K=1))%*(CCC(K=1) + CV)/(CV%(

1 DSART(CUS2(K =1))))

Nz K =1

NM = K

DO 144 K= 1N

XMP(N414K) = 2,0%XMP(N+1) = xMpP(N+1=K)
144 ZMP(N +1 +K) = ZMP(N +1 =K)
143 XMP(2%NpM) = 0,0
182 XMP(2%nNVM 41) =

NIZZ = 2%j\v =1

DO 186 lIig = 1» Ni2Z
186 ZMP(NINZ) = ZM = ZiuP(NINZ)

ZIMP(2xiM) = 200,U%FSC

ZMP(2%NM +1) = =20.0%FSC

WRITE (Lol45) TH1oTH20XMP(NM +N)
145 FORMAT (3F10,3)

DO 691 U= i1+ NADS

IF ( IALS(J)EGeL) GO TO 19y
691 CONTINUE

GO TO 17
194 CALL LINE (XMP»ZMP)NM +N,s1,0,0)

IF (IDZ.,EG.l) GO TU 650
1LZ = 1
CALL LINE (2ZBF+2ZBT¢2¢1:0+0)

1000.0

97



TR 4319

650

689

157

166

1556
154
123

125
1206
194

131

98

CALL SYMBOL (10,25¢2MB¢0,14,6HBOTTOM¢0,0¢6 )
CALL AXIS (0,000,0¢10HRANGE (FT)¢10+12.0+0.0¢XMP(2%NM) ’
1XMP (2&hNM 41),10,0)

CALL AX]S (0,000,0016H DEPTH (FT)+16+10.0¢90,0¢2ZMP(2&NM)
1 ZMP(24NM +1)¢10,0 )

CALL SYMBOL(5¢009,50¢0,14014HRAY EQUIVALENT,0.0,14)
CALL SYMBOL(540¢9.25¢0.14¢19HFREQUENCY HZ+040+19)
CALL NUMBER(6e409.25¢0,14,FQy0,0¢~1)

CALL SYMBOL(5¢509,00¢0.14¢4HMODE¢0.,00%)

CALL NUMBEK(6¢2¢9,0000.14¢FMOD+0,0¢~1)

NM = NEND

NSTR = IRTB + NM «)

ZMP(1) = 0,0

IF (NSTR,GE,NEND) GO TO 689

GO TO 681

CALL PLOT (=15,0¢0,0¢=3)

CALL PLOT (FINC +0,00~3)

TL(L) = TH1

T2(L) = THz2

FMH = SGRT(P2%FQ /(30.48xCV) )

PM{L) = SQRT(P2)=x RO/ (FMH%2,0%(SS) )
GVEL(L) = $5/(CV%SSS)

FeP(L) = L

WRITE ( 4,166) PM(L) ¢ FMH, SS » GVEL(L)
FORMAT(4F10.3)

PM{M) = PpPM(L)

FMR(M) = p2xFQ/CV

FKb(M) = FKB(M) + FMR(M)&FLOAT(IREN)

DDS(M) = DULS(M) +DU(M)*FLOAT(IREN)

IF (L.EQGGNCORIPMI(M)= PM(L)

1ZR =ZRC&FLB/ZM +1,0

125 = 2ZS%FLB/ZM +1,0

IF(LJEGJNCOR)USR(MI= U(12Z5) /UMAX
IF(IPOS.E@.1) 60 TO 155

URR(M) = U(IZR)/UMaX

PMM(M) = SGRT(PM(M)&PMI (M) )&USR (M) *URR (M) /RO
WRITE (Ly166) PMM(M)*PMI(M), USR{M)¢ URR(M)
WRITE(4s126) Le NCOR

PVEL(L) = ¢V

CONTINUE

2S5 = ZM - 2S5

ZRC = 4M = ZRC

IREN = IRSY + IREN

DO 124 IP= 1/NPS

IF (L.NE,1) GO TO 198

REALU (3s125) NMS

FORMAT (I10)

READ (30120) (MDS(J)r J=1,NMS)

FORMAT (6{10)

DO 131 IR = IRST, iRENs IRIC

IREO = (IK -IRST)/IRIC +1

PCT(IREO) = 0,0

PST(IREQ) = 0,0

IF (NMF,EG.1) GO TO 111

DU 127 1Ilu= 1¢NMS

M= MDS(IQ)

DO 129 IR = IRST» IREN: IRIC

IF (L.EU,NMOD)RI= FLOAT(IRST)
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GKB(M) = FKB(M) = FLOAT(IREN = IR)*FMR(M)
DDT(M) = DDS(M) =FLOAT(IREN =IR)*DD(M)

IF (GKB(M),LE.0.0) GO YO 214

GKB(M) = GKB(M)/(FLOAT(IR) =RI)

RR = IR

IF(L.EQ.NMOD)GKB(M)= FMR(M)

GMR (M) = GKB(M) + ERS(M)/RR

ER(M) = FMR(M) = GKB(M)
IF(IREN =IR.GE.IRIC) WGY
IF(IREN =IRJLT.IRIC) WGT
ERS(M) = ERS(M) + ER(M)xWGT
IREO = (IR =IRST)/IRIC +1
IF(IPOS.EG.1) GO TO 129
DDT(M) = 10.,0%%(=DDT(M)/20,0)

IRIC
IREN =IR

PST(IREO) = PST(IREO)+PMM(M)=* DOT (M) #SIN(GMR(M)#RR=P2/8,0)
PCT(IREO)= PCT (IREQ) +PMM (M) DDT(M) *COS(GMR(M)=*RR=P2/8,0)
CONTINuUE
CONTINUE

IF(IPOS.E@,1) 60O 7O 113

DO 132 IR = IRST, 1RENy» IRIC

RR = 1R

IREC = (IR =IRST)/IRIC +1

PPT(IREC) = SQRT(PCT(IREO)*PCT(JREO) + PST(IREO)*PST(IREO))=*RO/
1SGRT(RR/3,.0)

FR = Fu/1000,0

A = ( O.1#FR%x%2/(1,0 +FR*%2)) + (40,0%FRxx2/(4100.,0 +FR&%2))
1 + (,000275%FRxx%x2)

PPT (IREQ ) ==20.0%ALOG10(PPT(IREOD)) +A%xIR/3000,0

RP (IREO ) = FLOAT(IR)/6000,0

WRITE (4,128) (PPT(J)r J= 1,IREQ )

FORMAT (10F10.5)
RP(IRED +1) = 0,0
RP(IREC +2) = FMI
PPY(IREGC +1) = FMJ
PPT(IREQ +2) = FMK

IF(IPOS,EQ@.,1) GO 7O 114

CALL LINE (RP/PPT+IREO»1,10,4)

IF (L.NE.NCOR) GO 7O 111

CALL AXIS(0,00040¢13HRANGE (MILES)»13+20,0,0,0¢RP(IREO +1),
1 RP(IREO +2),10,0)

CALL AXIS(0.000.,00c1HPROPAGATION LOSS (DB)r21+10,099040¢
1 PPT(IREO +1)¢'PPT(IREO +2),10.0)

CALL SYNBOL(84919,50¢0,14+»16HPROPAGATION LOSS:0,0,16)

CALL SYVMBOL(94709,25¢0,10,6HVERSUSI0.016)

CALL SYMBOL(947¢9,0000,149»5HRANGE0,0+5)

CALL SYMBOL(B8:¢998,7500414, 18HFREQUENCY HZv0,0,18)
CALL NUMBER(10,398,752414+FQe0,00=1)

CALL SYMBUL(8¢6¢8,5000,14,20HSOURCE DEPTH FTvG,0020)
CALL NUMBLK(10,5¢6,5000,14,25¢0,0r-1)

CALL SYMBUL(846018.25¢10,14,22HRECEIVER DEPTH FT:0.00,22)

CALL NUMBER(10,6+8,2570,14,2ZRCy0,0,=1)

CALL SYrBOL (B8+6+8,000,14,5+HMODES»0,0¢5)

DO 187 J= 1:NMS

FOS(JY = MDS(J)

CALL NUMBEKR (9s1 +0.5%Js8.0+0.14¢FDS(U)+0.0r=1)
FING = [pPx25

CALL PLCT (204000,00=3)

CUNTINUL
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DO 220 J= 1,NPS

220 CALL PLOT (=20,090,00,=3)
111 CONTINUE
CALL PLOT (15¢0 ¢0,00=3)
END
SUBROUTINE COUNT
DIMENSION U(500)
DOUBLE PRECISION U
COMMON MSyJUM,U
COMMON UMS
MS=0
J=1
IS=1
JMS=]
IF (U(J)) 19202
IS1=1IS
I5=1
IF (IS=IS1) 4e2¢4
MS=MS+1
JMS=Y
J=J+l
IF (U=UM=1) 5016¢5
1 Is1=1S

IS=0

GO TO 7
o RETURN

END

N N L
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in propagation loss at about 125 Hz and for the nonlinear relationship, at certain frequencies,
between propagation loss and size of the negative sound gradient observed. In addition, bottom
loss was determined in the BIFI (Block Island Fishers Island) range for a wide range of frequencies
and thermal conditions.
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