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ABSTRACT

A computer program is described which enables one to compute
the pressure waveform at a distant point following the detonation
of a nuclear explosion in the atmosphere. The theoretical basis
of the program and the numerical methods used in its formulation
are explained; a deck listing and instructions for the program's
operation are included. The primary limitation on the program's
applicability to realistic situations is that the atmosphere is
assumed to be perfectly stratified. However, the temperature and
wind profiles may be arbitrarily specified. Numerical studies
carried out by the program show some discrepancies with previous
computations by Harkrider for the case of an atmosphere without
winds. These discrepancies are analyzed and shown to be due to
different formulations of the source model for a nuclear explosion.
Other numerical studies explore the effects of various atmospheric
parameters on the waveforms. In the remainder of the report,
two alternate theoretical formulations of the program are described.
The first of these is based on the neglect of the vertical
ac'eletation term in the equations of hydrodynanics and allows
a solution by Cagniard's integral transform technique. The
second is based on the hypothesis of propagation in a single
guided mode and permits a study of the effects of departures
from stratification on the waveforms.
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Chapter I

INTRODUCTION

1.1 SCOPE OF THE REPORT

The present report summarizes investigations carried out by
the authors during the years 1966-1968 on the propagation of
low frequency pressure disturbances under Air Force Contract
No. F19628-67-C-0217 with the Air Force Cambridge Research
Laboratories, Bedford, Massachusetts. The study performed was
theoretical in nature.

The principal problem which the authors chose to study was
that of the theoretical prediction of the pressure waveform
(acoustic pressure versus time) which would be detected near the
ground at a large horizontal distance (between 500 and 20,000 km)
from a nuclear explosion in the lower atmosphere. This problem
was selected for several reasons.

Nuclear explosions, particularly those in the megaton range,
excite waves whose dominant periods lie in the so-called
acoustic-gravity range (roughly between 1 and 20 minute periods).
These acoustic-gravity waves are relatively little understood
at present and exhibit many interesting properties which invite

serious inquiry.

Of all the known sources which may excite acoustic-gravity

waves capable of being detected at large distances, the nuclear

explosions correspond most closely to point sources, This allows

a considerable simplification in the analysis. Furthermore, the

nuclear explosions are better understood and may be described in

a more detailed quantitative fashion than would be natural sources

such as volcano eruptions, weather disturbances, etc.

A considerable amount of data on pressure waveforms recorded

following nuclear explosions exists and is published in the

scientific literatur.. Since the explanation of data should be

a principal reason for any theoretical development, it is

natural to begin with the study of phenomena for which a large
bulk of systematically obtained data exists.

It would appear that the possible application of a theory of
waves generated by nuclear explosions to the interpretation of
experimental data would be of some practical importance, either
as an aid in a possible acoustic detection system of nuclear
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explosions, or as a means of inferring some of the as yet imper-
fectly known properties of the earth's upper atmosphere. In this
respect, the first step would clearly be the development of a
deterministic theory which, given certain properties of the
explosion and of the atmosphere, allows one to predict the
waveforms.

It should be mentioned at the outset that the problem under
consideration has been of considerable interest to a large seg-
ment of the scientific community for some time and that the
problem has an illustrious background. The present report
merely reports a continuation of one facet of a lengthy pattern
of research which has been carried on by a large number of
investigators in the past. In a somewhat restricted sense, the
work reported here is a continuation of work done by one of the
authors (A. Pierce) under Air Force Contract No. AF 19 (628) - 3891
with Avco Corporation during 1964-1966.

A major part of the present report is concerned with the
explanation, presentation, and description of a computer program
(which we refer to by the name INFRASONIC WAVEFORMS) which was
developed during the course of the contract. This program is
based on a theory which assumes the atmosphere to be perfectly
stratified and to have somewhat arbitrary temperature and wind
velocity profiles. This theory, described in some detail in
Chapter II, is based on a number of approximations which restrict
its application to waveforms recorded near the ground at large
distances from low to moderate altitude nuclear explosions. Iv
addition, the computational method restricts the application of
the program to the earliest portion of the dominant signal, which
travels with a speed roughly equal to the speed of sound at the
ground.

Chapter III gives a user's manual for the program, with
instructions for preparing input, description of tl . possible
output of the program, and sample input and output. A deck
listing of the program is given in Appendix B.

In Chapter IV, some numerical studies made using the program
are reported. These studi.s include the explanation of some
discrepancies with previous computations by lHarkrider for the case
of atmospheres without winds; the discrepancies being due to
differences of methods of incorporating a source model into the
formulation. A discussion, with numerical examples, is also

given of the effects of variations in parameters describing the
atmosphere on the waveforms. There we conclude that the physical
significance of the individual guided modes predicted for a given
atmosphere model is extremely limited and that the total waveform

-14-



is relatively insensitive to variations in the parameters
characterizing the atmosphere. An extensive comparison with data
remains to be carried out. The only example presented in this
report is for the case recorded at Berkley, California, on
30 October, 1962 following an explosion 13.60* N. 172.22* W. near
Johnson Island. We chore this record as it appeared to be the
least affected by ambient noise of the records exhibited by Donn
and Shaw. Although the choice may therefore appear somewhat for-
tuitous, the agreement of the theoretically obtained waveform with
this record would appear, from a subjective standpoint, to be
extremely good.

The following two chapters, V and VI, present two alterr ste
theoretical formulations of the problem of predicting wavefozms.
The first of these, described in Chapter V, represents an appli-
cation of various mathematical techniaues generally known as
Cagniard's method to the idealized case when the vertical
acceleration term in the equations of hydrodynamics is neglected
at the outset. The second, described in Chapter VI, is based on
the assumption that the propagation is predominantly in a single
quasi-mode which resembles Lamb's mode for an isothermal atmo-
sphere. This theory represents an extension of some ideas
recently expressed by Bretherton (1969) and by Garrett (1969), and
shows considerable promise in that it is not restricted to a
stratified atmosphere or to linear equations. The quantitattqe
implications of these theories are not explored, but are discussed
in the present report with the hope that they may be of interest
to other researchers concerned with acoustic-gravity wave propagation.
At the time of this writing, we are especially optimistic about the
single mode theory and hope to have some quantitative assessment
of its applicability in the very near future.

-15-



Chapter II

THEORETICAL BASIS OF INFRASONIC WAVEFORMS

2.1 SUMMARY OF THE THEORETICAL MODEL

The mathematical model on which the computer program
INFRASONIC UAVEFORMS is based is briefly summarized here. The
geometry adopted (Fig. 2-1) is that of a stratified atmosphere
above a rigid flat earth. The ambient atmosphere is described
by a sound speed profile c(z) and a wind velocity profile v(z),
where z is :ieight above the ground. Both of these profiles are
assumed independent of horizontal coordinates x and y and of
time t. Moreover, the ambient winds are assumed to be horizontal.

The air comprising the atmosphere is taken as an ideal gas
of constant specific heat ratio y - 1.4 and of constant mean mo-
lecular weight. Thus the ambient pressure p0 and density 0
satisfy the hydrostatic relation and the ideal gas law

pO(Z) - P0 (O) exp (g/c2)dz (2.1.1)

P Ypo/c2  (2.1.2)

where p (0) (taken as 10 6 dynes/cm
2) is the ambient pressure at

the ground. Since the propagation is considered to be predomi-
nantly in the lower atmosphere, the acceleration of gravity g is
taken to be constant with hei ht and eoual to the typical earth

surface value of .0098 km/sec .

The neglect of earth curvature is in accordance with the re-
sults of previous studies by Weston (1961) and by liarkrider (1964)
which indicate that the curvature of the earth can approximately
be accounted for by multiplying the flat earth waveform by the
factor

[(r/re)/sin(r/re)] 1/2  (2.1.3)

where r is the great circle propagation distance and r is the
radius of the earth. This result holds in particular ?or waves
which have traveled somewhat less than one-fourth the circum-
ference of the earth. Since the intended application of the pro-
gram is for the interpretation of data recorded at distances less
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YIELD I c=c (z)
=Y kT V V (z)T°T
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~1 OBSERVER

I - x,y HORIZONTAL
COORDINATES
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Figure 2-1. Sketch shoving the general model adopted in the
theoretical formulation. An explosion of yield Y is at height
s above a flat rigid ground in an atmosphele with stratified
s~und speed c and horizontal wind velocity v. The wave dis-
turbance is detected by an observer with coordinates (x,y,z).
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than this and since the factor above does not vary appreciably
from 1 for such a range of distances, this correction is ne-
glected. In general, we consider such a correction to be minor
compared with the inevitable uncertainties in the source model and
the ambient atmosphere.

In order that the model be amenable to computation, we con-
sider the propagation to be governed by the linearized equations
of hydrodynamics. This would appear to be a fair approximatifn
at large distances from the explosion, although it is clearly not
applicpble close-in. It is therefore implicitly assumed that any
neav field nonlinear effects may be taken into ,account by a ju-
diciously chosen source model.

The source model adopted here (whose rationale is discussed
at some length in the next section) is that where the presence
of the source and the near field nonlinear effects are repre-
sented by a time-varying point energy source term added to the
right hand side of the linearized equation which corresponds to
energy conservation. Thus the governing equations (which are to
be satisfied everywhere above the ground) are taken to be of the
form

o + (- - Vp - gpez  (2.1.4a)

Dt + VO(po ) - 0 (2.1.4b)Dt0

(DtP + U'VPo 0 c2(Dtp + 'VPo0

- 4cffE(t)6(r - )  (2.1.4c)

where

Dt - (Wlt) + V

is the time derivative corresponding to an observer moving with the
ambient wind. In the above, p, P, and u represent the deviations
of pressure, 4ensity, and fluid velocity from their ambient values.
he quantity e is the unit vector in the vertical direction, while
r denotes the source location.0

The time-dependent quantity fE(t) represents a function

characteristic of the source. For convenience of referral, we
state here our choice of this function prior to a discussion of
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the rationale behind such a choice. We take
t

f E(t) - ff (t) dt (..a

0

where

,132/3 1/3
fE(t) =YK 1/[Po(zo)VPo (0 ) ] 2/Lsf WXti YK 1/ )  (2.1.5b)

Here YK is the explosion yield in KT, p (z ) is the ambient
pressurf at the height of burst, and X 0s a scaling factorgiven byo

X - [c(O)/c(zo)][po(O)/po(z0) 1/3 (2.1.6)

The quantity L is a length identically equal to 1 kin, which we
include in the theory for dimensional "purity". The function
flKT(t) is given by

-tt s

f lY(t) - (Ps)(l - t/ts)e U(t) (2.1.7)

where

P - 1.61 x 34.45 x 103 dynes/cm2

t - 0.48 sec.

Here U(t) is the leaviside unit step function and z denotes theheight of burst.

In the actual computation, the source location r is taken
to be a fixed point in space. An alternative assumption which

might seem more plausible is to take the source as moving with
the ambient wind at the height z0 of burst. However, the results
of the computation should be insensitive as to just which assump-

tion is made. This follows since we limit our analysis to dis-
turbances which travel with speeds near the speed of sound near
the ground and since the wind speeds are invariably much less than
the sound speed. Any phenomenon analogous to a doppler shift
would undoubtedly be smaller than could feasibly be detected by
experiment.

Boundary conditions on Eqs. (2.1.4) are that u - 0 at the
ground z - 0 and that of causality (no disturbance in the far
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field before f (t) first becomes nonzero). The time origin here
is not considered of too much relevance. With the definition
given for fE(t), it is approximately (the discrepancy being due
to nonlinear effects) dqual to the time of detonation. We also
take the source location to be on the z axis (x - Y - 0).
Generally, we consider the +x axis to point eastward, and the
+y axis to point northward.

2.2 THE SOURCE MODEL

Here we summarize the rationale behind the choice of the
source model given in the preceding section. The discussion
partly follows the develcpment previously given by Pierce (1968).

lie consider a basic nonlinear hydrodynamics model of a
nuclear explosion consisting of an initially isothermal sphere
of vanishingly small radius in an unbounded homogeneous atmo-
sphere with negligible gravity. The initial isothemal sphere
has ambient density and fluid velocity, but is assumed to
have very high temperature and pressure. The total chermal
energy (the specific heat of air is assumed independent of
temperature) inside the sphere is denoted by ' , , which re-
presents the total hydrodynamic energy releaseltYby the ex-
plosion. This, according to what is given in Glasstone's text
(1962) should be roughly 1/2 of the total energy of the ex-
plosion.

The pressure waveform of the explosion in this idealized
model can easily be shown to correspond to hydrodynamic scaling,
i.e.

p M PoF(R/X, ct/X) (2.2.1)

where p, and c are ambient pressure and sound speed, F is a uni-
versal function, and X is a characteristic length given by

- (E hy/Po)/3 (2.2.2)

Lxperiment and numerical computations show that at mo-
derate distances (between 3 and lOX from a nuclear explosion)
the time dependence of the blast overpressure is approximately
of the form (t relative to time of shock arrival)

p = (P)(1 - t/T)e- t/u(t) (2.2.3)

where P and T are functions of distance. According to Eq.
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(2.2.1) above, we may take

T - (X/c)A(R/X) (2.2.4a)

P 0 P0B(R/)) (2.2.4b)

where A and B are universal functions of (R/A). It is clear,
since the far field propagation should be governed by linear
acoustics, that A should at large R be a relatively slowly
varying function of R/A and that, at large R, B should be ap-
proximately (spherical spreading)

B Z X/R (2.2.5)

where B is a very slowly varying function of R/X.

The basic idea in our source term selection is that f E(t)
in Eq. (2.1.4c) should be such that the solution of the linear-
ized equations of hydrodynamics with the neglect of gravity and
winds and for the same uniform ambient atmosphere should agree
with Eq. (2.2.1) at moderate distances. The ambient atmosphere
for this matching process is taken as that characteristic of the
burst location. The solution of the linearized equations
under the circumstances outlined above gives

p - R-If (t - R/c) (2.2.6)

Thus, we would choose f ' to beE

f (t) - po bX(l - t/T)e-t/ u(t) (2.2.7)

The value of R/ chosen for the matching is that corresponding to
1 km from a I KT explosion at sea level. According to Glas-
stone's text(1962) the value of P at one mile from such an
explosion is 34.45 x 103 dynes/cm2 while the value of T is 0.48
sec. Since we expect the shock overpressure to fall off nearly
inversely with R between 1 km and 1 mile we may take P to be
34.45 x 10- 3 x 1.61 dyne/ cm2 at one km. (Here we use the fact
that 1 mile is 1.61 km.) Thus

poBoX - P L Yo 3 (p o (zIp (0)]2/3  (2.2.8a)

C YKT1/3 Po0/p° (zo) ] 1/3(c(O)/c(zo)]t (2.2.8b)
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where P , L5 , and t are as defined in the preceding section and
Y KT is the energy yfeld in KT. Equations (2.2.7), (2.2.8a,b)
agree with the definition of f1 given in the preceding section.

It now remains to examine the limitations of this source
model. The basic assumption v have made is that gravity and
atmospheric gradients have relatively little effect on the early
development of the blast wave. Another important assumption is
that the initial fireball radius (before the shock detaches from
the fireball) is sufficiently small that the radius of the initial
sphere may be idealized as zero. This radius is conjectured by
Pierce (1968) to be about .05 X. The two approximations would
clearly be inappropriate if the initial sphere radius were of the
order of a scale height H . Thus one should certainly require
X << 20 11 ss

The establishment of a more realistic upper bound appears
to be a somewhat complicated problem. Our best guess to date is
that the positive phase duration by the time the blast overpres-
sure is down to 10% ambient should be smaller than 1/10 the
period (about 5 minutes) corresponding to Brunt's frequency WB
or Hines' wA . This would insure that there be negligible
acoustic-gravity wave dispersion in the waveform while non-
linear effects are appreciable. This requirement gives roughly

YMT < 200 pA'IOS (2.2.9)

where Y T is the yield in MT and pADIOS is the ambient pressure
at the ieight of burst in atmospheres Lsee Fig. 2-2]. We are
not sure if this requirement is too conservative or too generous
at present, but we offer it as a rough guideline to workers who
might wish to use the program.

It should be noted that, in our source model, we have taken
a point energy source rather than a point mass source. In
actual practice, for the computation of ground level waveforms,
it makes relatively little difference whether one adopts an
energy source or a mass source. However, when one considers the
fact that a nuclear explosion adds much energy but relatively
little mass to the atmosphere, it is clear that the energy source
model is a priori the more realistic. One of the authors (Pierce,
1968) has examined the relative merits of the two types of
sources. He found the linear initial value problem of waves
generated by the release of an initially isothermal sphere of
ambient density was better represented by the point energy source.
(It should be noted that the use of a point energy source rather
than a point mass source is a relatively new concept in the theory
of acoustic-gravity wave propagation. In particular, all of the
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which the effective point source model iu valid.
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I I
authors' work prior to 1968 was based on the use of a point mass
source model.]

One inherent defect in the model is that we have no me-
chanism for taking into account the far field nonlinear effects.
In the related problem of sonic boom propagation, these are
known not to be negligible. While they do not change wave-
forms appreciably over shorter distances, their accumulative
effects can cause large distortions over very large distances.
While these far field nonlinear effects should be examined in
some detail in the future, we suspect that they are not as im-
portant in the infrasonic nuclear explosion problem as they are
for sonic booms. The basis for this belief is that the inherent
dispersive nature of the atmosphere as a waveguide tends to
filter out the higher frequencies from the lowest part of the
atmosphere and causes the lower frequencies to tend to arrive
first. The nonlinear effects should be of lesser importance
for the dominant lower frequency arrivals since the time for
a wave peak to overtake a node is correspondingly longer for
lower frequencies.

2.3 TILE SOLUTION IN TERMS OF FOURIER TRANSFORMS

Since the linearized equations of hydrodynamics do not de-
pend explicitly on time and, except at the source location, do
not depend explicitly on horizontal position x (due to the as-
sumed stratification of the ambient atmosphere), one may express
their solution as a triple Fourier transform over frequency w
and horizontal wave number vector components, kx and k . Thus
one may write the acoustic pressure p, for example, asy

p o~ -ik f()Awoz)J~didkd

S0 ie(2.3.1)

Here f E(w)is the Fourier transform of fE(t), i.e.

f(E ) = (2w_)- fE(te"'t dt (2.3.2)

The quantity C is chosen sufficiently large that the integral over
w vanishes identically at times t before the source is first ex-
cited, if k and k are real. Thus the line iE above the real
axis shouldXpass agove all poles and branch lines of the inte-
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grand. Vie function P'(w,k,z,z )must be 4efined such that this
can be accomplished. Fourier 2ransforms u and 0 are defined
analogously.

A .,direct substitution of (2.3.1) and its counterparts for
p anu u into the linearized equations gives the following
ordinary differential equations for , and 0:

-P islo a -dA/dz - g$(2.30.3a)

-P i'u1 + P Odv/dz M-1k (2.3,3b)

-io + Pi. +* d(p 0 9)/dz - 0 (2.3.3c)

A

_ipl- C20) + P 00[(y - )g + dcZ/dz] -(C 2/Trf E6(z - Z )

(2.3.3d)

Here we have abbreviated

12 MW - k ey

for the Doppler shifted angular frequency and also have abbre-4
viated 0 and uH for the vertical and horizontal componente of u.

It turns out [Pierce, 1965] that the above set of ordi-
nary d'ifferential equations may be reduced to two differential
equations for

Z n p/p 0" (2.3.4a)

- i0 N(2. 3.4b)

These equations are

(+ sj Z s 12y n( ~ (z -z) (2.3.5a)

0

(~ -sJ~ s21  in1,2)(z -z 0)(2.3.5b)

where

S - (l-y/2)g/C 2 - c-1 dc/dz (2.3.6a)
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I!
6~12 y-1g/ 2

-(/
2 (dc 2/dz) (2. 3. 6b)

S $21 = (k2/ l) - (2.3.6c)

The remaining quantities of interest are given by

-1/2Z/c2 + o/2 Hy - l)g + dc2/dz]Y/c 2 + [1/(jriQ)]6(z - zo)

(2.3.7a)

=H (/s)pol/ 2z - p/ 2Y (2.3.7b)

The solution to Los. (2.3.5) is easily worked out [Pierce,
19671 in terms of solutions of the homogeneous equations

IS " 
(2.3.8)

u,£ L21 u

Let Z and Y be nonzero solutions which satisfy these equations
for zU> z and which are analytic functions of u% for given real
k and k °and for all Im w greater than some finite value.
Sfmilarl , let Z., Y£k be a nonzero set of solutions for z < z
which satisfy the boundary condition Y 0 at z = 0. Then te
solutions of the inhamogeneous equations are given by

S u(z) 1 (z < z ) (2.3.9b)

where

-l1/2 [Z£ - gY (2.3.10)

Z is2p 1/ rW u Zu

with the Wronskian W given by

W - (YuZ£ ZY£) any z =Yu(O)Z£ (0) (2.3.11)
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That W is independent of height follows directly from the dif-
ferential equations (2.3.8).

It now follows from the preceding analysis that the inte-
grand in Eq. (2.3.1) is given by

[OWZ 1/2 1 '(zzO) (2.3.12)

where

(z,zo) - Zu(z) - gYu (z) ]Z,(z) > z (2.3.13a)

= [Z (z0) - gY (o)]Zu (Z) z < z (2.3.13b)

It should be noted that a previous statement of the above result
has a misprint, [P (z )/p (z)] instead of [p o(z)/po (z )] in the
paper by Pierce (1968Y. 0

2.4 THE GUIDED MODE APPROXIMATION

The Fourier transform solution given in the previous
section is too complicated as it stands for direct integration.
Thus it is appropriate to take advantage of any approximations
which may be appropriate to the cases of primary interest
(namely, waves detected near the ground at large distances
which arrive at times roughly corresponding to the lower
atmosphere sound speed). The primary approximation we make
in this respect is the guided mode approximation. The mathe-
matical manipulations leading to this approximation are
described in many texts for waves in stationary media and were
first discussed by Pridnore-Brown (1962) and later modified
by Pierce (1965) for the case of waves from a point source in
a windy stratified atmosphere.

Before introducing the guided mode apprcxim~tion, we first
consider the symmetry properties of the factors fE' and of
their product

I(W k f E(w)^(wk,z,z o) (2.4.1)

hic appears in thl integ~and of Eq. (2.3.1). We set
k - k + ikI where k and k are real vectors and similarly set

R R I
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w wR + iwl Since p is real, we have (or at least can choose)

I(,k)* I(-w + ,- k + ik ) (2.4.2)
I(lt* IR +', R I

Thus, taking the complex conjugate of-I is equivalent to changing
the signs of the real parts of w and k. Since f (w) must a
prior1i have this property [fE(t) is real], it foylows that p
must also have this property.

A final symmetry property which can be insuied by appro-
priate choice of branch lines is that, for real k and complex w,

P(-W,-1,z,z ) - -p(w',k,z,z) (2.4.3)

To prove this, one should first note that t~e differential
equations (2.3.5) are invariant if w -+ -w, k 4l -k, Z ) -Z,
Y -+ -Y. Also, the lower boundary condition is unchanged. This
suggests that we may be able to take

Z(w'k) - -Z(-w,-k) (2.4.4)

While it would appear that this neglects the consideration of an
upper boundary condition, this is actually not the case, since
any posed upper boundary condition would ol necessity have to
be equivalent to the requirement that Z(o),k) be analytic for
w > E. Zhus Ea. (2.4.4) merely states that we are free to de-
fine Z(w,k) for values of w in the lower half of the complex
plane in such a manner that Eq. (2.4.4) is satisfied. In what
follows we consider that we have made such a definition with
an appropriate selection of branch lines. Equation (2.4.3) then
follows from the a~ove and (2.3.4a). Since V is almost every-
where analytic in k, it would seem appropriate to consider (2.4.3)
to hold also when the components of k are complex.

Returning now to the central task of deriving the guided
ode approximation, let us first interchange the order of w and
k integrations in Eq. (2.3.1). It follows that we can do this if
we can find an c which does not depend on k. The analysis by
Friedland and Pierce (1969) would apparently indicate that such
an C can be found providing the atmosphere is inherently stable.
Let us assume this is the case. Then the integration over k
and k is replaced by one over k and 6k (polar coordinates) where

k - k cos6k  ; k a k sinOk  (2.4.5)
x yk
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Since the integrand is clearly periodic in 8 and since increasing
kthe value of 6k by 7r is equivalent to changing the sign of k,we obtain

O+7r/2
p f f W Q DOk  (2.4.6)

-+ie 6-i/2

where
co0

Q -f(w,t)eik ' x kdk - p(w,k)e x kdk (2.4.7)

0 -0

Here e is the ingle (reckoned counterclockwise) which the hori-
zontal vectgrx makes with the x axis. It should be noted that
the factor k*x in the exponent is kR cos(O - ek) where R is the
net horizontal distance from source to receiver.

Using Cauchy's theorem, we may show for cos(O - 6k) > 0 that

Q - QR - QL + 201 (2.4.8)

where QR' QL and Q, are contour integrals of the form

^ ikR cos (e-Ok )
p(wk)e kdk (2.4.9)

C

where the contour C is taken as follows:

QR: C circles the upper right quadrant of the k plane in
the counter-clockwise sense.

(IL: C circles the upper left quadrant of the k plane in

the counter-clockwise sense.

QI: C goes straight up the imaginary axis from 0 to .

The integral Q is readily seen to be relatively small for large
R compared to R and to QL and is accordingly neglected at the
outset. The contour integrals QR and Q are then evaluated by
Cauchy's method of residues. It is anticipated that contri-
butions from any branch lines encircled in the shrinking pro-
cess are of minor importance at large R. Thus we obtain the
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approximate result

Q - 2ni{(Z Res)R - (E Res) L

where the quantities (E Res)R and (Z Res)L are the sums of the
residues of

k (w,') ikR 
cos(9-k)

at the poles in the right upper and left upper quadrants, respect-
ively.

The integrals over 0k are performed by the saddle point
approximation [see, for example, Morse and Feshbach (1954)] under
the assumption that the poles k (w,, )are much more slowly varying
functions of 0 than is cos(e-ok). hysically, this assumption
is equivalent to the neglect of crosswinds. Thus we have a
typical integral evaluated in the manner

+"r/2 -ikuR cos(-k)

f On (W' Ok)e dk
0-ir/2

ik (we)R i iknR(6-Ok)2/2
Ze n cn(wO) ed6k

- / 4 ) +iPh(kn)/ 2

TTI

Thus Eq. (2.4.6) becomes

27r ' /2 i[k R -wt n I/41 iPh(k )/2
p n = f(w) ~Ik kS ne ne n nd

I: (2.4.11)

where 9 is the residue of a at k = k ne(w,) and S is 1 if k
corresponds to a pole of in the upper right quarant; or
the upper left quadrant. It is assumed throughout the preceding
analysis that w has a nonzero imaginary part. The k in general
will be complex numbers with positive imaginary parts.
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We may let e 0 as long as the kn (I+ iw1 ,9) have non-
negative imaginary parts as W 4 0 from a ove. We assume this
is the case, since otherwise ihe ambient atmosphere would be
unstable. It is necessary to consider the possibility (since
it is a certainty in the absence of dissipation) that some of
the k may be real when w is real. However, we wish to avoidn
spurious terms which correspond to poles lying below the real
k axis when w > 0. This can be accomplished by simply re-
quiring that, for real w and real k n, only those terms be
included for which

k /3w > 0 (2.4.12)n

(which is equivalent to the reauirement that the group velocity
be positive.)

At this point we make use of the symmetry properties of P.
The integral over w may be separated into one from - to 0 and
one from 0 to -. The former is then subjected to a change of
variable w + -w. One can readily show from (2.3.2) that the
former must be just the complex conjugate of the latter. Thus

rAi~knRWtTT/4]
p = Re 0f(w) E An(,O)e n dw (2.4.13)

0

where

A 41ri 2t 1/2 She i n ) n (2.4.14)
I nT IJn

The pole locations are assumed to be piecewise continuous
functions k (w,6) of W. Thus we can interchange the sum and
integral innEq. (2.4.13), obtaining

p = E Pn (2.4.15)

n
th

where pn is the contribution from the n guided mode, given by

Pn = Ref E(w)An(wO)e dR-wt-r/4 dw (2.4.16)

The integration limits extend over a range of positive w for which
k (w,6) is defined. It should be noted that the k are in general

n * n
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complex. Their imaginary parts must be positive, but (at least
formally) their real parts could be either positive or negative.
In the terminology used by Friedman (1967), those modes with a
non-zero imaginary part of k are called leaky modes. It is
possible that a given mode may be leaky over a given range of
w and then be non-leaky (real k n) over another range of w.

It is tempting to discard all leaky modes or leaky portions
of modes at the outset with the glib statement that at suffi-
ciently large R they are negligible. However, just whether or
not they are negligible depends on the magnitude of Im(k ). Since
we are primarily interested in propagation to distences of the
order of 10,000 km, the values of Im(k ) should be greater than,
say, 10- km-1 if we are to consider anleaky mode to be negligible.
We might term modes where Im(k n ) is less than this value as
slowly leaking modes.

Just when slowly leaking modes are important in waveform
synthesis is intimately related to the nature of the topmost
region of the assumed model atmosphere. If the top of the atmo-
sphere is adjacent to a rigid surface or is bounded by a free
surface, then there is nowhere for energy to leak and there are
no leaking modes. On the other hand, as was originally observed
by Press and Harkrider (1962), if the uppermost region of the
atmosphere is taken as an isothermal half-space, then there are
certain regions of the k vs. w ( for fixed e ) plane (with k and
w real) in which the dispersion curves for non-leaking modes
cannot penetrate. If a mode's dispersion curve apparently ter-
minates at the edge of such a region, then it would seem that
the extension of the mode into such a region would be a leaky
mode. None of these three types of models is too fair a repre-
sentation of the upper atmosphere, but one may argue that, if
the major portion of the energy is channeled near the ground,
then the variations in the model atmosphere above 150 km should
have relatively little effect on the actual waveform. Numerical
studies such as described elsewhere in this report would seem
to support this conclusion.

The discussion given above would suggest that we may avoid

the consideration of leaky modes by adopting a suitable model of
the uppermost portion of the atmosphere. Just what model is

adopted should probably be a compromise between what is known
about the upper atmosphere and the desire to minimize the con-
tribution frorn the nlowlv leaking modes. In what follows, we
assume such a model has been selected and accordingly consider
only real non-leaking modes.

Since we are interested primarily in interpreting data on
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waves arriving at times corresponding to group velocities roughly
equal to the sound speed in tihe lower atmosphere, it is clear that

we may discard at the outset any modes or portions of modes which
give negligible contributions at such times. Since the contri-
bution to a mode at time t comes primarily from frequencies near
that at which w satisfies

t - (2.4.17)

it would seem appropriate to consider only those modes where
k /;w is of the order of 1/c where c is a representative sound

speed. To this purpose, the following theorem derived by Pierce
(1965) for non-leaking modes may be of assistance.

j {y 2 + (k2/n*)Zl}dz

,k 0 (2.4. 1)

J ((. /k)Yx + kadl'Z2)dz

0

The fact that wind speeds are small compared to the sound speed
suggests that we may estimate the magnitude of k/ w for cases
of interest with the neglect of wind velocity, In this limit,
the above expression becomes

a k (2.4.19)

where a2 is positive. Thus k/w is positive onli if k > 0 (given
w > 0). Furthermore, the group velocity (k/w)- , if positive,
should always be less than the phase velocity. Thus, we may
restrict our analysis to modes where k > 0 and where w/k is greater
than, say, half the sound speed at the ground. It would cer-
tainly seem appropriate to discard all modes where k is negative
or where w/k is less than the maximum wind speed, given that the
maximum wind speed is small. (The reasoning here may be some-
what circular since we initially neglected the winds to arrive
at this deduction. However, a more detailed examination seems
unwarranted at the present stage.)

Let us next examine the quantity A (w,O) in Eq. (2.4.14)
under the assumption that k is positive, real, and greater than

times toe maximum wind speed. The poles of ^ which satisfy
these requirements must, by Eq. (2.3.12), correspond to zeros of
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Y (O),.when considered as a function of k. The residue of
aT such a pole is given by (2.3.12), only with Y (0) replaced by
aY (0)/ak. The latter derivative has been shown-by Pierce (1965)
toube given by

-2J{s(kv/k)Y2 + kU- 3Z2 } dz

aY (0)/ak Zu(0) (2.4.20)

Furthermore, since Y (0) is 0 at a pole, the upper and lower
U

boundary conditions are both satisfied when k - k and we may
discard the subscripts k and u. Thus we have n

po(z) 1I /2 i [Z(Zo) - gY(zo)]Z(z)
- 1 o(- 0 y) oZoi  (2.4.21)F P (z0 2T2 (z0f ( /k)Y2 + ku-Z 2 } dz

0

where the direction of k is 0 and its magnitude is kn (W,).

If Eq. (2.4.21) is substituted into (2.4.14), we find

A = [0(z) *1/2 18n] 1/2 1 Z(zo) gy(z o)Z(z)

0 0J LRJ Q(z)
J{S('k./k)Y2 + k2-3Z2 }dz

0
(2.4.22)

It should be recalled that the expression for a guided mode is
given by Eq. (2.4.16). The quantities k (wO) are zeros of Y (0)
and it is assumed that we need only consider contribucions from
mode segments where 2 is positive for all z and where k > 0.

n

The only remaining piece of analysis to complete our fgrmal
derivation is the derivation of an explicit expression for f ().
If we insert Eqs. (2.1.5) into Eq. (2.3.2), we find

00 t

fE(W) (2) .Yl [Po(z)/po(0 Le if (t'/[XY 1 / ])dt'dt
E KT oo sIKToKT

0 0
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or, after an integration by parts,

f LM -- (270 K [Y13 p (zo)/p()2/L S(71..]e wf lKT (t/XoY KT])dt

From E~q. (2.1.7), we find

f e i~tfl.(t/fX Y 
1/3 I) dt P siLW

0 K o KT (W + i(X Y/ 3 t )Y

Thus

-L1/3 2/3 1~/3 -1 2
f E M - -(27r) KT..fp (Z)0/p(0)) L 8P s/[W + i(X o T8)_ ]

(2.4.23)

The symbols in this expression are as defined in Sec. 2.1.

2.*5 SUMMARY OF THL GUIDED MODE SOLUTIO'Ll

For convenience of referral, the solution derived in the pre-
vious sections is summarized. First, we have the wave as a sum
of guided modes, the acoustic overpressure p being given by

p = E P1 (1" , Z oz3, (2.5.1)

n

where the arguments of p nare

R = horizontal distance from source

0 azimuth angle of observer (counter-clockwise in
horizontal plane)

zoWheighit of burst
z= height of observation location

t =time of observation

In adcditioi:1 p kidepends on the sound speed and wind velocity
profiles, c(7, and v(z), and on the yield Y KT of the explosion
in KT.

A particular guided mode wave is given as an integral of

-36-



the form

Pn = Dn Cos [wt - knR + e] dw (2.5.2)

where the integration extends over all positive frequencies w
for which a real k (w,O) is defined. The quantities D and e
are real functions of w. We may define D as ±If LA a and take e
as Tr/4 minus the pahse of +f A n The choice of sign depends on
just which real factors are incorporated into 1) .

n

The particular forms which we may take for D and e are
n n

]1/2[ 12 /
z) 2k YKT [Po s(Zo)/Ps( 0 ) ] 2L3

n z 2 + (X Y1 3t ) -2

1[Z(Zo) - gY(Zo)]IZ(z)
1(Z ) (2.5.3)

f{-k-v/k)Y2 + kc2- 3Z2} dz

0

e 51/4 + 2 x phase [w + i(XoYT 3 t) ] (2.5.3)

where

P = 1.61 x 34.45 x 103 dynes/cm 2

L = 1 kms

t = 0.48 sec

0= c(O)/c(zo)] [po(O)/Po (zo)I3

k =kn(w,0)[ex cos 0 + e sin 0]

The functions Y and Z are elgenfunctions of two coupled homo-
geneous ordinary differential equations and kn(w,6) may be con-
sidered the corresponding eigenvalue.

To introduce the nomenclature used in the discussion of the
computer program, we set
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1/2
D (1/R~ )(AMPLTD) (2.5. 4a)

AMPLID - (FACT) (Y 3 k 1 /W) (D (wY 3 ) (AMP) (2.*5.*4b)

FACT - (4/27)l 2 c(O)[p (z)/p0 (z0)) C2 PO (z )/p (Q)]l/ (2.5.4c)

= Z(z 0) + gY(z 0)IZ(z)(254d

.2S.1(z 0)c(z) 0Jf dk-v/k)Y2 +k 3Z}dz

0

iwiP L
S(W) -W + -5 -] (2.5. 4e)

P11ASQ -~e = 37r/4 - Phase {S(X Y 1/3) (2.5.4f)
0 KT

The± subscript n on various quantities is omitted for brevity.

In terms of the quantities introduced above, the contribution

pn from the n-th guided mode becomes

pn = R 2fAMPLTD cos [Mt - R/v P) + PHASQ] dw (2.5.5)

where

vp = w/k (2.5.6)

is the phase velocity (varying with w) of the guided mode.

2.6 TUEh MULTILAYER METHOD

In order to compute the dispersion curves k n(w,O) [or,
equivalently, phase velocity v Vs. w) for the guided modes
and the functions Y and Z, it ?s convenient to formally replace
the actual atmosphere by a multilayer model, in which the model
is comprised of a discrete number of layers, each having con-
stant temperature and wind velocity. Such a technique is fairly
common in the numerical solution of wave propagation problems
and dates at least as far back as Hlaskell (1950). The multi-
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layer method has some shortcomings and has been criticized
by various authors. It is important that the reader realize
that the method is only a numerical integration technique.
We do.not approximate the atmosphere by a multilayer model at
the outset but only use this as a device to evaluate the quan-
tities needed for numerical evaluation of the solution summarized
in the previous section. In actual fact, any given multilayer
atmosphere would most likely be unstable for disturbances of
sufficiently short wave length. However, for any given k and W,
we may always pick a model (by simply including enough layers)
that the numerical solution of the homogeneous residual
equations (2.3.8) is in good agreement with the result which
might be obtained by using a given continuous atmosphere. This
has been demonstrated previously by one of the authors (Pierce,
19661. It may be argued that the multilayer method is not
the most efficient numerical method, but the authors believe
that, from the standpoint of coding the problem for numerical
computation, the multilayer method is generally to be preferred.

For the purpose of making the organization of the compu-
tation scheme as simple as possible, it is assumed that one
has picked a multilayer model of sufficient detail that it
suffices for all numerical computations necessary to evaluate
a given waveform. The same model will then be used throighout
the computation. Guidelines for selecting such a model have
been discussed by Pierce (1967) and by Vincent (1969). The
user, if he so wishes, may establish his own guidelines by
numerical experiment.

In multilayer computations, it is convenient to deal with
quantities 0 and 0 rather than Z and Y since the latter are2
not in general continuous at layer boundaries. The functions
0I and *2 are defined as

Ol = cY (2.6.1a)

2 = gY/c - Z/c (2.6.1b)

These can be shown from Eq. (2.3.8) to satisfy the residual
equations

d = (2.6.2)
dz (D2 L A2 1 A22 L 2j

where the elements of the matrix [A) are given by
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A 11 gk2!,2 - yg/(2c 2) (2.6.3a)

A I c2k2/P2  (..bA12 - 1 - C (2.6.3b)

21 gk/Q2C2 -PCA 21 -9 k2(2.6.3c)

A22 ' -A11 (2.6.3d)

It follows from the form of these coefficients that t and f must

be continuous with z even when c and v are discontinuous. In any
given layer, the matrix [A] is constant.

OnQ restriction we place un the multilayer atmosphere is
that the top-most layer (bounded below by z " zT) be an iso-
thermal halfspace with constint winds. The only solution of
Eq. (2.6.2) i.hich, for real k, is analytic in w for z > zr, for
all w for which Im(M) > 0, and which vanishes as Im(W) -
(these conditions are equivalent to the causality condition)
is of the form

I2 -All -~ -zT (z > zT  (2.6.4)

T21 L A11 + Ge -T 
2T

where

02 A2 + A A (2.6.5)
11 12 21

with the coefficients A appropriate to the upper half space.
The phase of G is chosen such that G is analytic in the upper
half of the w plane and such that the phase of G approaches 0
as Im(w)-'. The quantity D in the above expression is any con-
venient constant. A necessary consequence of this is that the
phase of G must be 0 when w is real on all regions of the real
u axis where G2 > 0. If G2 < 0, the phase of G could be either
1/2 or -7/2, depending on which choice is compatible with the
requirement that G is analytic for Im(w) > 0. It should be
noted that G has branch points on the real axis.

The values of Q and P2 at lower values of z are found by
integrating Eqs. (2.6.2) down from z = zT with (2.6.4) as starting
conditions. Since the equations are linear, we can determine a
transmission matrix [R] such that
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= R] (2.6.6)¢2 z o [_2]sT

where [R] is independent of the values of 0i and P2 at z = zT.
The condition that i(0) = 0 is therefore

F((,k) = A R (G + A 0 (2.6.7)

where G, A11; and A,, are qua4tities aprropriate t2 the upper
halfspace. The func ion F(w,k) for general tj and k is called
the normal mode dispersion function. It is defined hire for all
values of w in the upper half plane and for all real k.

If, as ijplied previously, we restrict our attention to modes
where w and k are real, then the matrix [R] will be real and G
must be real if Eq. (.6.7) is to be satisfied. This limits
the region in the w, k space where one need search for roots of
the normal mode dispersion function. Since we need only con-
sider points such that G is real, we can simply say that the
normal mode dispersion function does not exist if this condition
is not satisfied. We can also say that, if (D and P2 describe
a non-leaking guided mode (which is the only lype we consider),
then 41 and P2 must satisfy an upper boundary condition of1 2.
decaying exponentially with increasing z in the upper half space.

One of the chief advantages of the multilayer approximation
is that one can formulate a straightforward al&orithm which com-
putes 4he normal mode dispersion function F(w,k)for giyen real
w and k. Thus the computer can formally consider F(w,k) as a
known function in obtaining dispersion curves. The details of
the computation of F(w,k) are discussed in the description of
the program's subroutines. [See Appendix B.3

2.7 TABULATION OF DISPERSION CURVES

One of the principal difficulties in coding the nmnerical
synthesis of waveforms was that of obtaining a feasible method
for tabulating the dispersion curves of the guided mode, By
dispersion curves, we here mean the graphs of phase velocity
v p(we) versus w for fixed 0, where v satisfies

P P
F(w,k) 0 (2.7.1)
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with

k = (w/v p)[e x cos 8 + e y sin 0] (2.7.2)

We denote the value of F(w,k)when k is given by Eq. (2.7.2) as
F (w,v ). Thus we wish to tabulate curves in the v p w plane
a~ong Bhich

F0 (W,vp) ff= 0 (2.7.3)

given a computational scheme which either computes Fe for given
w and v or else tells us that a real F8 (w,v p ) does not exist
for sucH values.

Such a tabulation of dispersion curves is complicated by
the fact that it requires some care to insure that we do not
mix modes. For example, if (w , v ) and (w2,v2) are two points
at which F = 0, it is difficult tl determine whether or not
these poin2s both lie on the same curve or on different curves.
An obvious goal is to eliminate the need for human intervention
in answering such questions. The manner in which we accom-
plished this may be of some intrinsic interest as analogous
problems occur in many other contexts.

We specify a rectangular region of the v versus w plane and
consider a dense rectangular array of points in this region.
Each point lying on the same row corresponds to the same value
of v and each point lying on the same column corresponds to
the Rame value of w. For each such point we compute the sign,
+ or - (or X if F(w,v ) does not exist), of the normal mode
dispersion function. Pone can visualize such a computation as
being presented in the form of a nicture (which we term a table)
analogous to what one sees on a television screen. (See Fig. 2-3.1
In such a picture one may readily perceive (providing the den-
sity of points is sufficiently great) clear-cut regions of the
v versus w plane where the sign of F0 is +, regions where F8
iE negative, and regions where F does not exist (all X's).
The dispersion curves would then correspond to the more or less
sharply defined lines which separate regions of all +'s from
regions of all -'s. The technique used by the authors was (1)
to systematically and selectively increase the density of con-
sidered points to such an extent that all dispersion curves in
the rectangular region could be clearly perceived and (2) to use
the picture array as a guide for systematiczlly tabulating the
dispersion curves for each given mode and to define starting
brackets for homing in on particular points on the curves.
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i I
tlthough the above discussion may seem to be expressed in
huAaistic terms, the actual computation is carried out byr I' the machine without human, intervention.

One subsidiary problem which had-to be solved was that of V
determining the criteria for when the density of points in the

"picture" is sufficiently great that all of the dispersion curves
in the rectangular region may -be clearly defined. For this
purpose the following theoretical conjectures were of con-
siderable utility:

1. No two dispersion curves may intersect each other.

2. -As long as-v is greater than the maximum wind speed,
dv /dw < 0 fSr any dispersion curve.
p

The first conjecture follows from the fact that if two curves
cross at a point (w,v ) then one must have F - OaF /3W - 0
F / _ - 0 all simulianeously satisfied at 2his point. To

locate such a point, we would have to solve three equations
for the two unknowns w and v . Since we have more equations
than unknowns, it would be hIghly unlikely that such a point
could be found. To date, we have not found any case of this
happening, although the separation between adjacent curves can
be very small.

The second conjecture follows from Eq. (2.4.18). Using the
fact that v w w/k, we find, after some algebra, thatP

L __ fg2y2 dzdv f~~ d

0 (2.7.4)
Sk2 0

f[ki2Z 2 + l(k-/k)Y2] dz

0

This is clearly negative as long as the denominator is positive.
However, if the denominator is negative, then Eq. (2.4.18)Fwould require the group velocity to be negative. If the group
velocity is negative, then the discussion associated with Eq.

F(2.4.12) implies that the mode should not contribute to the
waveform. In any event, the denominator in Eq. (2.7.4) must
be positive for no winds and would most likely be positive if
the winds are sufficiently weak.(Throughout this discussion we
consider Q > 0 for all z.) Thus, while we have not succeeded in
giving a truly rigorous proof of either of these conjectures,
they seem likely to always hold in all cases of interest.
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With the acceptance-of, the- two 'conjectures, discussead aboive,
we may regard a pictorial array as -beg sufficient -t Iresolvet++he
modes if it indicates no apparent violations. of the twoconjectures.If it does indicate an an~i, We -iiply add, more'pol~+6ihit oithe +

array (i.e., increase the density of points) until the anomalydisappears. Thezmethod of addin- -points- shoui tbe-.foirmulAted-1n

the normal mode dispersion function -will in geesi ocks i. I

reio of e hThe m~ pe conideed n

amountk of stoe ge .p0c i e dacinee
the program seemstonbi fairly foolproof nd yeo reasonably con-
servative in the n br of points added- tO correct apparent-

anomalies. Further details may be found in the discussion o f

the program's subroutines. Wa rb

As an example of how the table expansion process works ing
practice, suppose that the region of the t,v plane consideredis that where .2 < v < .6 km/sec, .005 < JP< .1 rad/sec.
almost taularonPsmade with 900 po ts, -correspon

30 equally spaced values of w and 30 equally spaced valuesof
v . For a partdcular 0 and a partcular model atmosphere, ther~sult (which may at the user's discretion be printed out by

the machine) is shown in Fig. 2-n We arbtrarily number the
todes startn in the lower left corner of the table and gon
up towards the upper right corner. Note that modes 3 and 4
almost touch near (0.0214, 0.324), modes 4 and 5 seem to
disappear near (00443, 6.320), and other modes seem to vanish
as well. In order to get rid of these anomalies, the computer
judiciously adds new rows and columns. The table in Fig. 2-4 is
the result. N~ote that the to coordinates of the rows and the

phase velocity coordinates of the columns are not equally
spaced in the expanded table.

2.8 OTHER NUMERICAL TECHIQUES

The result of the dispersion curve computation is a tabulation
(stored in the machine) of points (to,v ) which lie on the n-th
mode's dispersion curve and which descrige that portion of the
curve which lies in some prespecified rectangular region of the
(w,v ) plane. Some specified number of modes are tabulated.
The Rize assumed for the rectangular region is an inherent
limitation on the computation and largely determines the limits
of integration used in the evaluation of (2.5.5). Since these
limits are not the true limits of the mode, an additional
approximation is implied by this technique. There is some degree
of "art" involved in the selection of this rectangular region
and in the interpretation of waveforms computed with such a
truncation.

A
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Let v(w) be the phase velocity as a-function of frequency for,
a given mode which is tabulated'at w - w-, 4 2 , .; the-cor-
responding values of v being denoted by v, .v,,i For each, of
the values %, the wavenumber k. - W/vt Is c6mputed and. then
the quantities ANFLTD and PILSQin Eqs. (2.54) :are. computed,
The values -of AMPLTD, k, and P1ASQ at values of w tetween
neighboring wo3 are approximated by linear interpolation, foll6oing
a technique introduced by Aki (1960) for numerical integration over
oscillatory integrands. This defines the integrand at all values.
of w between w and u,, The resulting integral may then be
expressed as a sum of,.N - 1 terms, each term- Involving elementary
functions, with no further approximations. The evaluation of
this sum then leads to an approximate value of pn for given t and R.

The Aki technique described above for numerical integration,
although approximate, would appear to be a considerable improve-
ment over the method of stationary phase, commonly used in wave
propagation computations. It would appear that the-stationary
phase approximation would probably give grossly erroneous results,
in view of the fact that some of the modes are very weakly dis-
persive. We'should point out that the technique used here was
suggested to the authors by Harkrider's paper (1964).

A shortcoming of the computation scheme is that the resulting
solutions formally violate the causality requirement. Although
causality is guaranteed by the Fourier transform solution, the
guided mode solution, being an approximation, may not preserve
this Property. Furthermore, the truncation of integration limits
will tend to amplify the non-physical waveform predicted at times
before the true wave should actually arrive. However, at moderate
and large distances, the noncausal portion of the wave should have
relatively small amplitudes. This is borne out by the numerical
computations. The authors believe that, with proper care in the
selection of input parameters, the scheme described here should
give a fair representation of the dominant portion of the wave-
form for low altitude observation of waves from low altitude
explosions - providing, of course, that the stratified model for
the atmosphere is adequate.

j
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Chapter III

USER'S GUIDE TO INFRASONIC WAVEFORMS

3.1 INTRODUCTION

INFRASONIC WAVEFORMS is a digital computer program written in
FORTI1 IV for the IBM 360 system at M.I.T. A slightly modified
version for the IBM 7094 is currently in operation at the Air
Force Cambridge Research Laboratories in Bedford, Massachusetts.
The purpose of the program is to give a theoretical prediction of
the acoustic pressure waveform which would be recorded at large
horizontal distances (500 k1c to 10,000 km) from a low to moderate
altitude thermonuclear explosion in the atmosphere. The program
represents a substantial extension to an earlier program,
INFRASONIC MODES, written by A. Pierce (1966).

In the program, the atmosphere is assumed to consist of a
number (possibly as large as 100) of horizontal layers, each
having constant temperature and wind velocity. The temperatures,
wind-velocity magnitudes, and wind-velocity directions are not
necessarily assumed to be the same in each layer. Such a multi-
layer atmosphere, if judiciously chosen, may be expected to give
a reasonable approximation to any continuously stratified atmo-
sphere in so far as the calculations of waveforms are concerned.

It is the authors' intent that the program be written in such
a form as to facilitate use by anyone having access to a large
digital computer. It is written in a manner such that it should
not be too difficult to modify for application to similar problems
or for use in other computer installations. The fact that we were

able to modify the M.I.T. version for the AFCRL computer with only
a moderate expenditure of time attests to the latter.

The key to insuring that any program be amenable to wide-spread
usage is documentation. This report represents one such attempt

to provide such documentation. In addition, the program is
written with a predominance of COMMENT statements. A listing of
the program is given in Appendix B. The comments at the be-
ginning of each subroutine attempt to explain the function of
each, and its purpose in relation to the main task of the progr.
Definitions of all variables, input and output, as well as of
those presumed in COMMON storage are given. This rather
elaborate procedure was suggested to the authors by a recent
book on computer analysis of time series by Simpson. (Frankly,
we believe that this is the manner in which all computer pro-
grams should be written.)

-4I
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The present program has been continuously tested and used for
well over a year now and we are reasonably certain that it is
free of major coding errors. however, the sheer length of the
program prohibits us from certifying this with certainty.

The theory on which the program is based is summarized in
the preceding chapter. Here, we attempt to describe the program
from the viewpoint of its operation - i.e., to give a user's
manual for th(. program. To a certain extent, this duplicates
the stzitements given in the deck listing of the program. How-
ever, in a matter such as this, only a slight amount of confusion
can cause undue grief at,,! expenditure of time and money. Thus,
we feel that it is vastly preferable to give an overdetailed
account of the program than to tun the risk of dissuading some-
one from use of the program. The comments given here apply mainly
to the operation of the M.I.T. version - it is to be hoped that
users at other installations will be able to quickly ascertain

just what odifications in the progr± and in its rules of
usage are necessary.

3.2 GENERAL DISCUSSION OF PROGRAM USAGE

To obtain a synthesized waveform and/or other auxiliary
information, the user must decide in advance on the values of
various input parameters which control the operation of the pro-
grar,. These input parameters may be considered as falling within
one of six getieral categories:

1) Irameters specifying the nature of the model atmosphere
to be used.

2) Parameters specifying the nature of the explosion;
namely, its yield and height of burst.

3) Parameters specifying the location of the observation
point with respect to the explosion.

4) Parameters controlling the nature of the theoretical and
numerical approximations made iv the computation.

5) Parameters controlling the extent, detail, and type of
the output.

It is important that the us-r tealize that not all input

parampeters need be specified. The program is written so as to
allow considerable flexibility in input and output.
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Possible outputs of the computation include the following;

1) Punched cards containing intermediate results in a format
suitable for input to future runs of the program.

2) A tabulation on the printout of the assumed model atmo-
sphere's properties in a standard format. (Fig. 3-1)

3) Printout of all input quantities as they are read in
(Fig. 3-2).

4) Pictorial displays of the phase velocity curves of the
guided modes as being lines separating regions where a + sign
is printed at every point from regions where a - (minus) sign
is printed at every point of a rectangular array of points in
,.he phase velocity versus angular frequency plane. These dis-
plays may later be used to check on whether all desired modes
were included and on whether or not the computation process
was successful in resolving the modes. (Figures 3-3 and 3-4)

5) A listing of the tabulation of phase velocity versus
frequency for each guided mode (Fig. 3-5).

6) A second listing giving the same as in 5 plus parameters
of the and *0 profiles (defined in Eq. 2.6.1) for each point
in the tabulation. (Fig. 3-6)

7) A third listing giving the same as in 5 plus an amplitude
factor independent of yield. (Fig. 3-7)

8) A fourth listing giving the same as in 5 plus the yield
dependent amplitude and phase which appear in the integrand of
tne integral over frequency which represents the contribution
to the wavefor, from a given guided mode. (Fig. 3-8)

9) Tabulations of acoustic pressure versus time for selected
guided mode waveforms. (Fig. 3-9)

10) Tabulation of acoustic pressure versus time for the total
waveform. (Fig. 3-9)

11) A plot of acoustic pressur. versus time for selected
guided mode waveforms on the CALCOMP plotter. (Fig. 3-10)

12) A plot of acoustic pressure versus time for the total
waveform on the CALCOMP plotter. (Fig. 3-10)

-51-

t6



MODEL ATMOSPHERE OF 34 LAYERS

LAYER Z8 ZT H C VX VY
34 225.CC INFINITE INFINITE 0.8C14 1.0 a..
33 205.00 225.CC 70.00 0.7655 1S0 1.3
37 IqS.CC 205.CO In.00 0.7469 0.0 0.0
11 185.CC 195.00 10.00 0.7279 o.0 00
30 175.CC 195.00 10.00 0.7097 0.0 0.0
29 165.CC 175.0C 10.OC 0.6882 0.U C.0
28 IS5.(t' 165,00 10.00 0.65864 0.0 0.0
27 145.(f 155.OC 10.00 0.6093 0.0 0.0
26 135.0" 145.CC 10.00 0.5413 0.0 0.0
25 125.CO 115.OC 10.00 0.4783 0.0103 0.0
24 115.OG 125.00 10.00 0.4007 0.0?36 0.0
23 105.CO 115.OC 10.OC 0.3168 3.0109 C.0
22 95.00 105.OC 10.00 0.2833 0.0101 0.0
21 85.00 95.CC 10.00 0.2718 -0.0051 0.0000
2n 7MCC 85.00 10.00 0.2725 0.0077 0.0
19 65.0C 75.00 10.00 0.2869 0.0206 0.0
18 55.CC 65.00 10.00 0.3104 0.0216 C.0
17 45.C0 55.CC 10.00 0.3230 0.0216 0.0
16 40.00 45.00 5.00 0.3261 0.017' 0.0
Is 15.CC 40.00 5.00 0.3161 0,0082 0.0
14 10.CO 35.C(' 5.00 0.3084 0.0021 0.0
13 25.CC 30.OC 5.00 0.3019 -0.0021 0.00C)
1? 20.00 75CC 5.00 0.2938 -0.0072 0.000.
it 18.CO ?0.00 2.00 0.2869 -0.0058 -0.0021
10 16.C0 18.00 2.00 0.281q 010055 0.0055

9 14.CO 16.0 2.00 0.2869 0.0103 0.0040
8 12.CC 14.00 2.00 0.2938 0.0139 0.0
7 l0.CO 12.CO 2.00 0.3005 0.0154 0.0
6 8.CO IC.CC 2.00 0.3078 0.0129 0.0
5 6.CO 8.00 2.00 0.3161 0.0098 0.0
4 4.(0 6.00 2.00 0.3230 0.0046 0.0
3 2.00 4.CO 2.00 0.3292 0.0346 0.0
2 t.CC 2.C0 1.00 0.3400 0.0011 -0.0eC1
1 0.0 1.00 1.00 0.3424 0.0011 -0.0011

ZR=HEIGHT OF LAYER ROTTOM IN KM
ZT=IEIGHT OF LAYER TOP IN KM
H -WIDTH OF LAYER IN KM

C =SOUND SPEED IN KM/SEC
VXxX COMP. OF WIND VEL. IN KM/SEC
VY.Y COMP. OF WINC VEL. IN KM/SEC

Figure 3-1. Printout of modal atmospheric properties for 300 N.
140* W. in October.
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'4441 HAS JUST RfEE RFADO IN

4STATa 1,NPR4Tw I,4PNCHu

44"2 HAS JUST BEEN REA IN

LANGLEw 1,I| eX 13tTs z92.0000 , 2. COJO3 210*.OQ000?36.00000 * P2.5000C 9 215.00000 , 20$. 0O00 * I..C00G3 1 Z0s.C237.00.30 ?4q.coouoi 265.00000 , 26C.Coooo 2 Oo00oo * 0Se1203000 C.I.00' 0 400.00000 t S/C.COOOL 730.GCQIO , 92.Cz".OOC * 370.00co 9 1390.0000 , 1460.0000 * 6O0.0CO0 , 0.0
0.. 0.0 .0.0 . 0.0 ).0 0.03.0 , 0.0 , 0.0 , 0.0 3.0 0.01.0 tO.c 0,C , 0.0 *.0 .0.00.0 0.0 * 0.0 * 0.0 q 0.0 q u.0000 0.0 0.0 0 0.0 0.0 0.00.0 0,0 q 0.0 , 0.0 , 000 , 0.0
0.0, ('0 0.0 0.0 3.O 0.02.0 1OO .0.0 .0.0 .0.0 , 0.00.0 00 0.0 0.0 0.0 , 0.00.0 ,.0 0.0 * 0.0 0 3.0 , 0.00.0 0* c 0. * 0 q 0.0 0.3 0.00.0 00 00 q 0.0 .0.0 CO00.0 .00 0 0.0 . 0.0 .0.0 .0.0
9.0 .0.0 v0.0 . 0.0 0.0 . 0.00.0 00 0.0 . 0.0 0.0 1 0.00.0 C.0 0.0 t 0.0 0.0 .0,00.0 0.0 0.0 , 0.0 * 0.0 1 COO2.0 0.0 0.0 9 0.0 0.0 0.00.0 9 CC . 0.0 .00 90.0 .0.00.0 .0.0 .0.0 , 0.0 *0.0 0.00.0 t 0.0 1 00 0.0 ,VK4TY* 0.00.0 1 CO .0.0 000 .00 .0.00.0 * 0.0 t 0.0 , 0.0 0.0 , 0.03.0 0.0 , 000 *0 0.0 , 0,00.0 0.0 f0. ,0t 0 0*0 , 0.0).0 0, (0 q 0.0 * 0.0 0.0 , C.00.0 C,¢ q 0.0 0 0.0 , 0.0 0.00.0 # 0.0 9 0.0 * 0.0 t03 , C.00.0 * 00c t 0.0 , 0.0 1 0.0 t 0.00.0 00 t0.0 q 0.0 0.0 . 0.00.0 0.0 0 0.0 , 00 3.0 , 0.00.0 , 0.0 , 0.0 * 0.0 0,6 . 0.00.0 .0,0 0.0 00 .0.0 0.00.0 *wIhOYs 1.0000000 * 1,0000000 * )0CC0103 * 9.000100 #10.00 00 I 7.0000C0 , 21.000000 9 1S.O0000 , L2.00C00 , 14.C16.C.)00C 9 14.000000 , 42.000000 , 42.000000 40.00000) , IS.c6C.CO C. , 40.000000 * 206000000 , 0.0 , 0.2 , 0.00.0 t 0.0 s 0.0 9 0.0 , 0.0 t 0.0

Figure 3-2. Sample of NAMELIST printout.
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VDHSE KCROAL MODE DISPERSION FUNCTION SIGN

3.60000 X-- +++ .....................

0.53793 X--- ++-+--...--.++--++--.+
'),57586 X- --- +- -++-+

3.56379 X---...--,--- .---.---.--- .
1.55172 , -, , -, -, -, - -, - -

0.53966 X---*+*--.--+.+--++.---.+---
0*5275q X .................-...---...---

0.515S2 X --. +--++--+,---+--- --
3.50345 X ------ ---. ---... ---... --

3.491 X--

0.46724 .-
0,45517 X .... + ..--+--...- -- ......
11o4431C ) ................. + ...........

3.43103 X .----------------++----+-----+

0.418q7 X ... ..- +.. . ---. .+---.

3.4060 X ..--- ++--------------4+--

0*.3043 X -..-------------. +-----------

0.39068 X-...4 .. +-------------. + 44....

3.35862 X --. +------------------------4-
0.34655 X -++-------------------------
0,33448 .. . ++ + .. . . .+ + ++ . .

).32241 X ----- ----- ----- ----- ----

1,31034 X-+ ........ +++...............

0,298?8 X-++ ................ + ......+

1*28621 X -----------------------------+
0*27414 X--- -- - -- - -- - -- - -- -

0.26207 X --- ---------------------------

1.2500C x-----4------------------------

04EGA 1?3456789 12345678901234567890
PHASE VELfCITY DIRECTION IS 35.OC0DEGREES

OMEGA =
0.500OE-02 0.82759E-02 0.11552E-01 C.14828E-01 O.18103E-01

0.21379E-01 0.24655E-O1 0.27931E-01 O.31207E-01 C.34483E-01
0.37759E-01 0.41034E-01 0.44310E-01 0.47586E-01 0.50862E-01
0.54138E-CI C.57414E-01 0.60690F-01 0.63965E-01 C.67241E-C1
0.7-1517E-01 0.73793E-01 0.77069E-01 0.80345E-01 0.83621E-01

0.86896E-01 C.9C172E-01 0.93448E-01 0,96724E-01 0.13000E 00

Figure 3-3. Tabulation of the normal mode dispersion function signs

for the atmosphere of Figure 3-1 and a direction of propagation of

35° north of east.
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VPHSE NORMAL POE DISPERSION FUNCTION SIGN

O.60000 X ........................... +........

0.58793 X ----- --- --- -... + ............
Oe 57586 )t -. . .- - - - + - ... - --

3o56379 X ------------------------------
O.S5172 X ------------------------------
Oo53966 ++ . +-- -- + -- + - -
0.52759 X -------------------+ ... -- -----+----

0,51552 X ---------------------+--------
095,1345 X --------------- ----------- --

0.49138 X ---------------------------- --
0,47931 X -- -- - ------ ----- ------- -----. +
0.46774 X -- -- - ------------ +--------------

3.45517 X ------ --- --- --- --- ----------- + +-- + ... ..
0,44310 X -------------------------+-------
19431C-3 X ---- -- ------------ +-------------
0,41897 X -- ++.. ++ - + --

1.34)6 X ...............+ .......++.........
0.37069 X ................ +......... .......

0.1586? X ------------------------------- --

0.34655 +++....+++...+++
14052..

0933448 X ---- ---- f+ + + -- - -- - -- - -- - -- -

3.32241 X+--- -- --- -- --- -- --- -- --- --
0,31940 ------- ------ ------ ------ ------

0,31789 X+ --- -- ----- -- -- -- --- -- -- --

0.31713 X-... .....+-- --------..... .........----
0.31638 X--++44-++--++++ -- --- -----
1.3487 X ------------------------
0.53136 X--++--+------- +++ --- ---- ++

.5 3 9 X ----- - - - - - -- - - - - - - -

0,31034 X -+ + + . . . . .+ + + . . . .
.52988 X -.- ++--+--+-- ...-------- +.+
0.28621 X -------------
3.27414 ------------------ ++
3.26207 X -------------- --++-+
1.25000 X----------------+-++

OEGA -+345678qO-23456789012345678901234567

PHASE VELOCITY DIRECTION IS 35oOOODEGREES

n4FGA=
0,90090E-02 0.82759E-02 0*86853E-02 0.8890IE-02 C*9)948E-t)2
0.9913RE-02 O. 1I552E-0I 0.14828E-01 0*18103E-01 0.21379E-01
0,24655E-01 0*27931E-01 0*31207E-01 0,34483E-01 C.37759E-01
0.43100E-01 0-459-8E-01 046767E-0 0.4756E-01
0.50862E-01 C,54138E-01 0.57414E-01 0,60690E-01 C63965---1

0.67241E-01 0.70517E-01 0.73793E-01 O. TTO69E-CI C980345E-C-1
C.83621E-01 G.86896F-O1 0.q8534E-01 0*90172E-Cl C.9344SE-C1
0.96724E-01 C.O000E O0

Figure 3-4. Expanded version of the table in Figure 3-3. Rows

and columns have been added to make the modes distinct.

-55-



Sii

TABULATION OF FIRST 8 MODES

MODE I

OMEGA (RAO/SEC) VPHSE (KM/SEC)

0.008276 0.257854
0.008685 0.256762
0.0C8890 0.256238
0.009095 0.255711
0.009914 0.253487
0.011013 0.249999

MODE 2

OMEGA (RAD/SEC) VPHSE (KM/SEC)

0.008276 0.317475
0.008644 0.317133
0.008685 0.316778
0.008712 0.316379
0.008785 0.314870
0.008852 0.313362
0.008890 0.312499
C0,008987 0.310144
0.009095 0,308013
0.009590 0.298275
0.009914 0.292628
0.010319 0.286206
0.011192 0.274137
0.011552 0.269688
0.012215 0.262068L9013410 09249999

MODE 3

OMEGA (RAD/SEC) VPHSE (KM/SEC)

0.008776 0.328731
0.008500 0.322413
0.008621 0.319396
C,008685 0.318234
0.008727 0.317887
0.008890 0.317615
0.009095 0.317559
0.009914 0.317503
0.011552 0.317446
0.014828 0.317323
0.018103 0.317161
-'018571 0.317133

Figure 3-5. A portion of the normal mode dispersion curve
tabulation printed by INFRASONIC WAVEFORMS as determined
using the table in Figure 3-4.
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PHIl AND PH12 PROFILE DATA

IAPLMX - NOl. CF LAYER FOR WHICH ABS(P1I1(IAPIMX33 IS A MAXIMUM
IAP?MX x NO. OF LAYER FOR WHICH ABS(PHI2(IAP2MXll IS A MAXIMUM
Ri = PHII(IAPIMX) / ARS(PH12(IAP2MXI)
R2 = PHI2(IAP2MXI / ABS(PHI2(IAPZMXI)
R3 = PH12(11 / ARS(PH12(IAP2MX))
NIC1 - NO. CF TIMES PHiI CHANGES SIGN
NZC2 = NO. OF TIMES PHI2 CHANGES SIGN

MODE I

OMEGA VPHSE IAPI'X RI NZCI IAP2MX

0.CO82e C.25783 34 7.0q325 2 16
0.C0869 O.?5676 I5 6.55537 2 L6
0.0088 ,  0.25624 15 6.57698 2 16
0.C0909 C.25571 15 6.599'4 2 16
0.00991 0.25349 15 6o69513 2 16
0.01101 C.25000 15 6.84304 2 16

MODE 2

CMEGA VPHSE IAPIMX RI NZCl IAP2MX

0.00828 0.31748 33 2.07396 3 1
0.00864 G.31713 32 14.98704 3 1
0.00869 0.31678 32 28.47873 3 1
0.00871 0.31638 32 39.86269 3 24
0.00876 C,31487 32 39.20818 1 24
0.00885 0.31336 32 38.63559 1 24
0.0088s 0.31250 32 38.31291 1 24
0.00499 031034 32 37.49858 1 24
0.00909 0.30801 '32 36.60118 1 24
0.0095S C.29018 I1 33.53206 1 23
0.0OC991 0.29 3 30 31.02254 1 23
0.0103P 0.28621 29 28.49094 1 23
0.01119 0.27414 28 25.01674 1 23
0.01155 0.26969 28 24o25119 1 23
0.01222 0.26207 21 UI 22.S20t 1 23
0.01341 O.oqO)O 2? ? O411tq 1 23

Figure 3-6. Sitti de printout of fl, lFind +4 prottlo d0ill
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TABULATION OF SnURCE FREE AMPLITUDES FROM SU4R,]UTINE PAMPDE

HEIGHT OF BURST 3.000 KM

HEIGHT OF ORSERVERs 0.0 KM
FACT x 0.558 KM/SEC
ALAM a 1.173

O4EGA VPHSE %MP

0.00828 0.25785 -0.00455954

0.00869 0.25676 -0.00459953
0.00889 0.25624 -0.00459171

C.00909 0.2S571 -0.00457545
O.OCq9I 0.25349 -0.00446189
0.01101 0,25000 -0.00421712

MnOE 2
OMEGA VPHSE AMP

0.00828 0,31748 -0.02964770
C.00864 0.31713 -0,02382846

0.0086q 0.31678 -0.01535239
0.00R71 0.11638 -0.00928055

0.0C878 0,31487 -0,00245403

0°0C885 0.31336 -0.00113502

O.O889 0.31250 -0.00082699
C,008qq 0.31034 -0.00046585
0.00909 0.30801 -0,00030775

0.00959 0.29828 -0.00014295

0.00q91 0.29263 -0.00012778

0.01037 0.28621 -0.00013161

0.01119 0.27414 -0.00019093
0.01155 0,26969 -0.00023866

0.01222 0.26207 -0.00038533

0.01341 0.25000 -0,00098984

OMEGA VPHSE AMP

0.00828 0,32873 -0*000C6837

0.00850 0.32241 -C.00049140

0.0C862 0,31940 -0.00349182

0.00869 0.31823 -0.01440191
0.0C873 0.31789 -0.02297221

C.00889 0.31761 -0.02886438

0.00909 0.31756 -0.02937463

0.0c991 031750 -0.o2952643

Figure 3-7. Tabulation of modes including the amplitude factor
AMP which is independent of the source strength.
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MODE TABULATION FOR Y= 10000.00 KLOTONS

MODE

OMkGA VPHSE AMPLTD PHASE

CC0828 0.25785 -67670. 3*7268C
0.00869 0.25676 -7CO10. 3.71697
C,00889 0.25624 -70745. 3.71206
C.0qCq 0.25.571 -71337. 3.70715G.ceCg9 0.25349 -72784. 3,b8753
0.01101 0.25C¢0 -72766. 3.66127

4OnE 2

OMEGA VPHSE AMPLTD PHASE

C.CC828 0.31748 -3.96551E 05 3.7768C
C.0U64 0.31713 -3.25613E 05 3.71796
C.C0869 0.31678 -2.10178E 05 3.71697
C.C1871 0.31638 -1.27441E 05 3.71634
C.00878 0.31487 -33915. 3.71458
C.C0885 0.31336 -15781. 3.71297
C.00889 0.31250 -11538. 3.71206
C003819 0.31034 -6555.5 3.70974
C.C090e 0.30801 -4371.9 3.70715
C.C0959 0.29828 -2116.2 3.69529
C.C0991 0.29263 -1939,9 3.68753
C.01032 0.28621 -2058.8 3e67785
C.01119 0.27414 -3169.8 3.65701
0.01155 0.26969 -4053.6 3,64844
C.01222 0.26207 -6811.7 3.63267
0.01341 0.250C0 -18688. 3,60436

MODE 3

OMEGA VPHSE AMPLTD PHASE

0.00828 0.32873 -898.67 3.72680
C000850 0.32241 -6606.2 3.72143
0.00862 0.31940 -47486. 3.71851
CC0869 0.31823 -1.96905E 05 3.71697
0.00873 0.31789 -3.14976E 05 3.71596
C.0C889 0.31761 -3.9q443F 05 3.71206
C.009C9 0.31756 -4.10974E 05 3.70715
C.CO991 0.31750 -4.30359E 05 3.68753
C.01155 0.31745 -4.60767E 05 3.64844
C.C1483 0.31732 -5.10123E 05 3.57093

Figure 3-8. Tabulation of modes including the source-dependenL
amplitude and phase, AMPLTD and PHASE, respectively.
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TABULATION OF RESPONSES

TIME TOTAL MODE 1 MOIE 2

1 16000.0 -3.21 0.04 1.20
2 16015.0 -2.57 0.01 1,38
3 16030.0 1.87 -0.01 1.54
4 16045.0 3.34 -0.04 1064
5 16060.0 -0.06 -0.06 I,79
6 16075.0 -1.70 -0.09 1.87
7 16090.0 1.47 -0.11 109?
8 16105.0 3.41 -0.13 1,94
9 16120.0 0.42 -0.15 1.93

10 16135.0 -?.72 -0.17 1.84
11 16150.0 1.68 -0.18 1.81
12 16165.0 5.46 -0.19 1.70
13 16180.0 3.97 -0.20 1.57
14 16195.0 1.21 -0.20 1.41
15 16210.0 2.95 -0.20 1.23
16 16225.0 5.67 -0.19 1.03
17 16240.0 3,21 -0.18 0.81
18 16255.0 -0.95 -0.16 C.58
19 16270.C 0.80 -0.15 0.34
20 16285.0 6.37 -0.12 (1.09
21 16300.0 7.21 -0.10 -0.16
22 16315.0 3.09 -0.07 -0.41
23 16330.0 1.78 -0.04 -0.65
24 16345.0 4.58 -0.01 -C.88
25 16360.0 4.56 0.02 -1.09
26 16375.0 0.16 0.05 -1.2q
27 16390.0 -1.55 0.08 -1.47
28 16405.0 1.82 0.10 -1.62
29 16420.0 3.29 0,13 -1.75
30 16435.0 -0.45 0.16 -1.85
31 16450.0 -2.80 0.18 -1.92
32 16465.0 0.15 0.19 -1.96
33 16480.0 1.79 0.21 -1.96
34 16495.0 -2.78 0.21 -1.93
35 16510.0 -6.93 0.22 -1.88
36 16525.0 -4.05 0.22 -1.79
37 16540.0 0.15 0.21 -1.67
38 16555.0 -2.20 0.20 -1.53
3q 16570.0 -6.80 0.19 -1.36
40 16585.0 -5.11 0.17 -1.17
41 166C0.0 -0.42 0.15 -0.96
42 16615.0 -2.15 0.13 -0.73
43 16630.0 -8.42 0.10 -0.50
44 16645.0 -8.92 0.07 -0.25

Figure 3-9. Sample printout of the total and modal pressure histories.
The time is given in seconds after the blast, and pressure in dynes/cm2.
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Figure 3-10. CALCOMP plot of modal and total waveforms on a common
time axis and with a common pressure scale. (Reduced to 250 Ubars
per inch.) See Figure 3-12 for a complete listing of the input data.
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It is at the user's discretion as to just what output is
Jactually realized in a given run of the program. A fuller discussion
of-input and- output variables is given in subsequent sectiqns.

3.3 INPUT PARAMETERS CHARACTERIZING THE ATMOSPHERE, THE SOURCE,- ... ,ft t

AND THE OBSERVER LOCATION

The atmosphere model is characterized by three possible sets
of parameters. These are listed below:

Set 1 Set 2 Set 3

IMAX 1AX IMAX

T T CI

SVKNTX NY VXI

VXNTY WANGLE V!I

LAI4GLE LANGLE

ZI ZI HI

The variables which appear in these three lists are defined below:

1) IMAX is the number of layers of finite thickness in the
multilayer atmosphere. It is an integer and may take any value
between 3 and 99, inclusive.

2) T is the absolute temperature in degrees Kelvin. It is
a subscripted real variable; T(l) is the temperature in the lowest
layer; T(IMAX + 1) is the temperature in the upper half space.
(The layers are numbered from the bottom.) Exactly IMAX + 1 values
T(I) should be supplied.

3) CI is a subscripted real variable representing sound speed
in km/sec. CI(I) is the sound speed in the I-th layer. Exactly
LMAX + 1 values should be supplied.

4) VKNTX and VKNTY are subscripted (mAX + 1 values) repre-
senting x and y components of wind speed in knots of the IAX + 1
layers (including the upper half space).

5) WINDY is a subscripted variable (IMAX + 1 values) repre-
senting the wind velocity magnitude in knots of the IMAX + 1 layers.

6) WANGLE is a subscripted variable (IMAX + 1 values) repre-
senting the wind velocity direction in degrees, reckoned counter-
clockwise from the x axis.
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Figure 3-11. Sketch showing the geometrical meaning of some
of the input data for INFRASONIC WAVEFORMS.

-63-



'V

7) LANGLE is an integer. If it is 0 or negative, the computer
is being told that set 1 (VIOTX and VKNTY) is supplied. If it is
positive, set 2 (WINDY and WANGLE) is being supplied.

8) ZI(I) s the height above the ground of the top of the
I-th layer of finite thickness. Its diaensions should be km.
Eadtliay IMAX values should be supplied.

9) UI(I) is the thickness In km of the I-th layer of finite

thickness. DM values are supplied.

The manner in which the computer is instructed as to when
set 3 rather than sets I or 2 is being supplied depends on the
value of a control integer NSTART which has previously been input.
Briefly, NSTART being 1 implies sets 1 or 2 are being input, while
NSTART n 2 implies set 3 is being read. This is discussed further
in See. 3.5.

The source model is specified by two parameters YIELD and ZSCRCE:

1) YIELD is the yield of the explosion in KT.

2) ZSCRCE is the height above the ground in km of the explosion.

The observer location is specified by parameters ROBS, ZOBS,
and THETKD:

1) ROBS is the magnitude of the horizontal distance in km
between source and observer.

2)THETKD is the angle in degrees, reckoned counterclockwise,
which the horizontal component of the vector from source to
observer makes with,' the x axis.

3) ZOBS is the height in km above the ground of the observer.

The meaning of these parameters is further illustrated by Fig. 3-11.

3.4 INPUT PARAMETERS CONTROLLING THE METHOD OF COMPUTATION AND
OUTPUT

A major portion of the computation is concerned with the de-
termination of the dispersion curves (phase velocity versus _gula
frequency) of the guided modes. Just which modes and which segments
of modes are found and used in subsequent calculations depends on
the search region in the phase velocity vs. frequency plane. This
rectangular search region is specified by the following parameters:
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1) 0 11 is the lower angular frequency limit (rad/sec) of thesearch region.

2) OM2 is the upper angular frequency limit (rad/sec) of the
search region.

3) Vl is the lower phase velocity limit (km/sec) of the search
region.

4) V2 is the lower phase velocity limit (kzn/sec) of the search

region.

Generally, one should select Vl to be larger than the maximum wind
speed in the model atmosphere. It is also advisable that one not
take OM1 identically equal to 0, as this could conceivably lead to
machine overflow and termination of a given run.

The details of the search for modes within the rectangular
search region depend on the initial choice of the number of points
at which the sign of the normal mode dispersion function is
tabulated. As is explained in Sec. 2.7, the numerical computation
begins with the generation of an array of points, lying on a
rectangular grid, covering the search region. The total number
of intersection points in this grid is determined by two integers:

1) NOHI is the number of equally spaced constant frequency
lines comprising the vertical lines of the grid.

2) NVPI is the number of equally spaced constant phase
velocity lines comprising the horizontal lines of the grid.

Both NOMI and NVPI should be between 2 and 100, inclusive. In
our own calculations, we have generally taken both of these
integers to be 30.

The modes found in the search region are numbered consecutively,
starting from the lower left corner of the region. (Phase velocity
increases upwards and frequency increases to the right.) A key
input parameter in this respect is the maximum number of modes
MA I4OD which are to be tabulated and used in the subsequency
waveform synthesis. If, for example, MAXMOD is 5, the program
will not tabulate or use modes 6, 7, etc, The maximum value of
MAXHOD permitted by the current version of the program is 10.
In our computations, we generally use 10 unless we have some
reason to believe that the higher order modes will not contribute
appreciably to the wave form during the time interval of interest.

For the tabulation and graphing of pressure waveforms versus
time, it is necessary to specify the time interval of the computed

-65-



waveform and the time increment between successive times at which
the pressure is tabulated. The parameters specifying these quan-
tities are listed below:

1) TFIRST is the earliest time in seconds relative to time
of detonation at which computations are performed.

2) TEND is the latest time in seconds relative to time of
detonation at which computations are performed.

3) DELTT is the time increment in seconds for which succes-
sive waveform points are tabulated.

In choosing these quantities, care should be taken to insure
that the number of time points (TEND-TFIRST)/DELTT is less than
1000, since otherwise incorrect values could be obtained through
storage spillover. For all realistic cases which we have consi-
dered, it appears sufficient to take DELTT > 6 sec. It is mean-
ingless to take DELTT much less than (1/20)-of 1/ON2. The choice
of TFIRST And TEND is generally made with the intent of including
the main pulse, which travels with speeds of the order of the sound
speed at the ground. The nature of the theory suggests that the
computations will generally not be too reliable at times much
later than this. Some trial and error may be required to deter-
-..ae the optimum choice of TFIRST and TEND in relation to the
observer distance ROBS. The examples treated in the following
chapter may be of some assistance in this respect. Also, the
experimental waveforms should in principle give a clue to the
proper choice.

The nature and extent of the output is specified by a number
of additional input parameters. If one wants a maxim of print-
out of intermediate values, he specifies NPRNT - 1 (or an other
positive integer); if he wants a minimum, he specifies NPRNT 0
(or any negative integer). In the latter case, the input is
listed, the tabulation of waveform pressure versus time is given,
and the waveforms are plotted. In any nonroutine operation of
the program, it is probably advisable to set PRNT - l. However,
this does lead to a tremendous amount of printout, and, if the
current run only represents a slight modification of a previous
run, one may want to set NPRNT - -L.

The program also allows for the option to punch out inter-
mediate results on cards. The format of the punched cards is such
that they may be used in later runs of the program as input in
order to save machine time. If one desires this option, he should
set NPNCH - 1. Otherwise, he should set NPNCH a 0. In general,
it is advisable to avoid requesting NPNCH 1 1 unless one plans an
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imuediate use of the cards. Otherwise, the bookkeeping chores of
keeping track of a large number of cards may get out of hand.
However, the computer time saved (which may be of the order of 10
minutes of 360 time) is not negligible, and one may sometimes wish
to exercise this option.

To limit the number of plots on the CALCOMP graph and the num-
ber of modal waveforms tabulated on the printout, an input para-
meter IOPT is used. If IOPT is 1,2,...., 10, only the contribution
to the waveform from mode number IOPT is calculated, printed, and
plotted. If IOPT is ll, the computer caleulates, prints, and
plots all modal waveforms, as well as the total waveform. If lOPT
is 12, all modal waveforms are computed, but only the total wave-
form is tabulated and plotted. Normally, one might wish to set
IOPT - 11 and obtain all possible auxiliary results. However, in
routine operation, when the qualitative properties of the individual
modal waveforms are a priori known, one might set IOPT - 12. In
some special cases, when one is interested in only one particular
mode, he might set IOPT equal to 1,2,3,..., or 10.

3.5 PREPARATION OF THE INPUT DECK

The program is written such that all input data should be
supplied in the NAMELIST format, which is a standard feature of
FORTRAN IV for the IBM 360 and the IBM 7094. We find that NAMELIST
is particularly convenient because it enables us to supply only
the data which is needed for a given calculation and because it
minimizes the possibility of keypunching errors during preparation
of the input deck. For a description of NAMELIST we refer the
reader to any of the FORTRAN IV manuals.

The main program has ten NAMELIST statements, each defining
the data which may be read in when the computation executes a
READ statement with a particular NAME. The NAMES of the possible
data sets are numbered NAM1, NAM2, .... , NAM10.

For convenience of reference, these namelist statements are

reproduced below:

NAMELIST /NAMl/ NSTART, NPRNT, NPNCH

NAMELIST /NAM2/ LANGLE, IMAX, T, VKNTX, VKNTY, WINDY, WANGLE, ZI

NAMELIST /NAM3/ IMAX, CI, VXI, VVI, HI

NAMELIST /NAM4/ THETKD, Vl, V2, OMI, OM2, NOMI, NVPI, MAXMOD

NAMELIST /NAM5/ IMAX, CI, VXI, VYI, HI, THETKD, MDFND, KST,
1 KFIN, OMMOD, WOD
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NAMELIST /NAM6/ ZSCRCE, ZOBS

NAMELIST /NAM7/ OHMOD, VPMOD, MDFND, KST, KFIN, AMP, ALAN, FACT

NAMELIST /NAM8/ YIELD

NAMELIST INAM9/ MDFND, KST, KFIN, OMMOD, VPMOD, AMPLTD, PHASQ

NAMELIST /NAM101 TFIRST, TEND, DELTT, ROBS, IOPT

In any given run with the program, the first card in the data
card pack should be a NAM1 card. This card should generally be of
the form

&NAMI NSTART= , NPRNT- , NPNCH - &END

with desired values supplied for the parameters NSTART, NPRNT,
NPNCH. The order of these three quantities is irrelevant. Fur-
thermore, the name, equal sign, and value of any of them may be
omitted if one desires to use the value of 0 for any of them.

The cards following the first depend on the value of NSTART.
Unless one is supplying data in the form of intermediate results
computed during previous runs, he would take NSTART -1. Given
that NSTARM£-l, the data cards following should be those corresponding
to NAM2, NAM4, NAM6, YAMS, and NAM10, in that order. Only nonzero
values or values of quantities which will be used in the compu-
tation need be supplied. Thus, for example, if one sets LANGLE-0
(See Sec. 3.3.), then he need not list the values of WINDY or
WANGLE in the NAM2 data group. Values of subscripted variables
should be listed in the format (for example)

V1NTX - 0.,O.,2.0,2.O,5.0,7.5,5.0,VK MT-....

signifying that VKNTX(l)-0.,VINTX(2)-O.,VKNTx(3)-2.0, etc. Note
that, even though the first two numbers are 0, they could not be
omitted, since otherwise the computer would consider 2.0 to be
VKNTX(l). However, a long string of identical numbers can be
abbreviated by writing 6*0., for example, for a string of six zeros.
It must be emphasized that elements with indices greater than the
largest index for that variable used in the computation need not
be supplied. In other words, just because 100 spaces of storage
are slotted to VKNTX does not imply that 100 numbers need be listed
in the input.

If NSTART-2, one supplies NAM3, NAM4, NAM6, NAM8, NAMlO. If
NSTARI-4, one supplies NAM7, NAM8, NAMl0. If NSTART-5, one supplies
NAM9,NAMlO. This procedure is described in greater detail in the
first two pages of the deck listing of the main program in Appendix
B. The option of taking NSTART-2, 3, 4, or 5 simply allows one to
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make use of intermediate results calculated in previous runs of the
program. The data in NAM3, NAMS, NAM7, or NAM9 would generally have
been punched in NAMELIST format during a previous run. We did not
define all of the input variables in these latter lists in the
preceding two sections since, in normal operation, those variables
omitted would be specified by the computer (through the punching
process) rather than by the user. The variables in NAM3 are a
possible exception, as NAM3, through the NSTART-2 option, simply
provides the pos-.ibility of supplying the parameters defining the
model atmosphere in a manner other than that implied by NSTART=l,
This has been discussed in Sec. 3.3.

A list of all possible input variables and their definitions
is given on pages 3, 4, 5, of the deck listing of the main pro-
gram in Appendix B.

The last card read in corresponding to a given problem is
always the NAM10 card. The very next card should always be a
NAM1 card. If the problem previously considered is the last
problem to be computed in the run, one specifies NSTART-6 in the
NAM1 list and needs not specify the values of NPRNT or NPNCH.
If not, he specifies NSTART-l,2,3,4, or 5 and gives his data cards
in one of the sequences and formats described above. The rules
for providing data for successive problems are similar to those
for the first with one exception. If the user fails to provide a
value for any quantity, the value assumed by the computer for that
quantity will be that value currently stored in the machine -
which may not necessarily be zero. Also, even though the user may
wish to use all the values previously input through a (for example)
NAM2 list, he must put a NAM2 card in the portion of the deck
corresponding to the current problem. Such a card would be of the
form

&NAM2 (blanks) &END

It is in successive problems that the option of taking NSTART-2,
3, 4, or 5 may find its greatest utility. For example, if one
wished to study the effect of yield with all other variables fixed,
he could take his data for the second and successive problems in
the form

&NAMI NSTART-4 *END

&NAH7 &END

&NAM8 YIELD-2000 &END

&NAM10 &END
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205..i225. ,
Tz292.9288..270.,260o,249.,236..2Z25.,215..205.2198e,2C

5.,2lS,,227.,
?37..24q.,265.,260..240..205..185.,184..*200.,250..400.,57099730.,
925.. 1080. *1180. 1255. 1320. 1390.* 1460. *1600*.

LANGLF a I.
WINY3.3.q.gq.19.,25..30.,27,2l..15..12o.,4,4,1C..34.,42.,

42. .40. .15. .lO.260..60o.,4C.,.,.9*0.,t
bIANGL-45. .- 45. .6*0.,22. .45., 200. ,180. .180. .1*0,. 1804. 13*C.t
LEND
00A4 ___

TH4EMK x 35.,
VI - 0.75# V2 a 0.6.
ONI 0.005. ON? 0.1.
NOM! a 30. NVPI -30,
PAXP'OD 8.
LEND
ENAM6 ZSCRCE -3.0. Z08S * 0.0 END
CNAM8 YIELD s *F3 &END
CNAMIo ROBS a 56..
!FIRST =16*E39 TEND *21.Els
6OELTT' -15..

TOPT 119
9 PNO

Figure 3-12. A listing of the input data used in an effort to match
the microbarogram recorded at Berkeley, California, following a blast
at Johnson Island on 30 October, 1962. The synthesized waveform is shown
in Figure 3-10 and is compared with the empirical record in Figure 4-23.
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The value of YIELD would vary for successive problems. It should
be noted that the above would save considerable computer time
when compared with the option of taking NSTART-I.

To illustrate some of the points discussed above, a listing
of a sample input deck is given in Fig. 3-12. The resulting out-
put should include that shown in Figs. 3-1 through 3-10.

3,6 FURTHER DESCRIPTION OF THE OUTPUT

In Figs. 3-1 through 3-10 we show a selected portion of the
output generated by the program with the input deck listed in
Fig. 3-12. This output is representative of what might be ob-
tained during normal usage of the program.

Figure 3-1 gives the computer printout of the basic model
atmosphere used in the calculation as derived from the input data.
Itq format should be self-explanatory.

Figure 3-3 gives the initial table or pictorial display of
the normal mode dispersion function sign at points in the phase
velocity versus angular frequency plane. The +'s and -"s denote
the sign, while the X's imply that the upper boundary condition
could not be satisfied. The rowv correspond to different values
of the phase velocity VPHSE. These values in km/sec are listed
in the first column. The columns correspond to different
angular frequencies OMEGA. The w values corresponding to the rows
(from left to right) are listed below the figure in the order in
which one would read a book (left to right, then down a row. The
sequence 1234 etc. of numbers directly below the figure is intended
merely to facilitate counting. The number given for the phase
velocity direction should be the same as the input value of THETKD.

Figure 3-4 represents an expanded version of the display
given in Fig. 3-3. This is the result of the expansion process to
fully resolve the modes which was described in Sec. 2.7. Since
the rows and columns are now unequally spaced, the apparent graphs
of the dispersion curves are not in a uniform scale.

Figure 3-5 gives a portion of the tabulation of the dispersion
curves for th- modes found during the search process. Note that
only the segment of a mode which lies within the search region is
tabulated. It also should be noted that the increments in OMEGA
(in rad/sec) and VPHSE (km/sec) are not uniform. This is an
attribute of the computational process which was selected in order
to obtain good resolution of both nearly horizontal and nearly
vertical segments of the dispersion curves.
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Figs. 3-6, 3-7 and 3-8 each give the same information as in
3-5 plus tabulations of quantities which may be of interest to
the user and which vary along the dispersion curves. It may be
questioned whether the printout in Fig. 3-5 is necessary, but we
decided on this superfluous output because of tb fact that the
information in Fig. 3-5 has a wider applicability than that in

Figs. 3-7 and 3-8. Also, the user might wish to display the dis-
persion curve tabulations alone withou having to explain away
the presence of other data.

As in the case of the dispersion curves, the data listed in
Fig, 3-6 is a function of the model atmosphere only. P1I1 and
PHI2 are the 0 and 0., respectively, introduced in Section 2.6.
The values of Uhese "potentials" are calculated at the ground and
at the top of each finite layer in the model atmosphere, and
these values are used in later calculations. Since the profiles
of these functions might give the user some insight into the
physical significance of the various modes in the computation,
Fig. 3-6 shows a tabulation of profile parameters, as defined in
that printout, for each point on the dispersion curves previously
tabulated.

The factor AMP, which is tabulated in Figure 3-7, is defined
by Eq. (2.5.4d) and depends on heights of burst and observer but
is independent of yield. Also shown in this figure are the para-
meters FACT and ALAM (X ) which are defined in Sec. 2.5.

Figure 3-8 shows the form of the tabulation of AMPLTD and
PHASE, which are defined in Sec. 2.5 and depend upon the yield of
the source in addition to the atmospheric model and the heights
of burst and observer.

Fig. 3-9 gives a portion of the printout of the total and
modal acoustic pressures calculated in consequence of the input
data shown in Fig. 3-12, while Fig. 3-10 is a reduction of the
corresponding CALCOMP plot. In both the tabulation and the plot,
pressures are given in microbars and time in seconds after the
blast. On the plot, the modes are drawn in ascending order be-
ginning at the top, and their total is at the bottom. The
coummon pressure scale is determined autmatically such that the
maximum amplitude of the total waveform will be about 2 inches
on the plot. Note that these formats for the tabulation and
plot are consequences of having set IOPT - 11 in the namelist
NAMlO. A description of other possible output formats for
predicted acoustic response may be found in the last paragraph
of Section 3-4.

For each input case (i.e., for each NAM1O read), the code
will print all input data and will generate a tabulation and plot
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of a waveform; however, whether the outputs shown in Figs. 3-1 and
3-3 through 3-8 are printed will depend upon the current values
of NPRNT and NSTART. If NPRNT is less than 1, none of them will
be printed; otherwise, all are printed which correspond to points
in the calculation past the point of entry specified by NSTART.
For example, suppose that NPRNT - 1 and NSTART - 4. The first
calculations made for this case are those involving the source
strength (YIELD), so that the only printouts will be the input
data, a tabulation of the type shown in Fig. 3-8, and a tabulation
of responses (as determined by the value of IOPT).
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Chapter IV

SOME NUMERICAL STUDIES

4.1 IN.TRODUCTION

In this chapter, we present some numerical studies which have
been made during the past year using the computer program INFRA-
SONIC WAVEFORMS, which we have described in the preceding two
chapters. These studies were concerned with checking out the pro-
gram, comparing its predictions with previous calculations by
Hlarkrider (1964), and in exploring some general trends. These
studies are relatively modest and only scratch the surface.

In these studies we refer to the individual modes using a
nomenclature devised by Press and harkrider (1962). For con-
venience of reference, we review this nomenclature here. In
any plot of ntmerically obtained dispersion curves, i.e., of phase
velocity versus frequency, the modal curves fall into two clearly
defined groups - regardless of the value of 0. A sample plot is
shown in Fig. 4-1. The identification GR0 , Gk., GR , etc. for the
so-called "gravity modes" and S0, S S, , etc. for he so-called

sound modes" should be evident from the figure. In labeling
these modes the first step is always to identify GR and So @ These
are two adjacent modes which are widely separated a2 low fre-
quencies, (;R0 having a low frequency phase velocity of the order
of the sound speed at the ground and S having one which is
considerably higher, of the order of tle largest sound speed in
the atmospheric profile. The two modes invariably become very
close at a frequency of the order of a representative Brunt
frequency in the lower atmosphere. However, the two modes do not
cross. (The probable reason for this absence of an intersection
is explained in Sec. 2.7).

Once GR and S are identified, the remaining modes are labeled
in the order in which they appear. Thus SI, S, S3 , etc., are
the modes corresponding to curves which would [te encountered h
one scanning upwards and to the right starting from S0 , while R
GR,, GR , etc., are the modes encountered by one scanning
downwards and to the left from GRO.

4.2 A COMPARISOIN WITH i1ARKRIDER'S RESULTS

Since the program is capable of synthesizing waveforms when
the model atmosphere is without winds, it should in principle be
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Figure 4-1. Sketch showing the labeling scheme used-in this
report for the acoustic-gravity modes.
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capable of reproducing computations carried out by IHarkrider (1964).
Furthermore, any comparison of our calculations with liarkrider's
should serve as a means of discovering any major coding errors in
the program. We were therefore considerably disappointed when
we first made such a comparison and discovered substantial
discrepancies. Two fruitless months were spent in checking and
rechecking the program and the theory before we finally discovered
that the discrepancy was due primarily to differences in formula-
tion. Such differences in the formulation evolve around how one
incorporates a model of a nuclear explosion into the theory.

To explain this difference, we discuss below some of the
differences between the mathematical expressions used by Hark-
rider and those presented in Chapter II. In order to avoid a
lengthy review of the Karkrider theory, we use his nomenclature
below. For brevity, we do not define all the symbols used, as
those not defined here are defined in llarkrider's paper.

The Harkrider theory gives the pressure waveform due to any
given individual mode as being of the form

-A a
p - (We s sp(D){Il + 12}  (4.2.1)

where

01

1 = 2f {L}{AA}{})[E}cos[W(t - TA)] dw (4.2.2a)

0

12 - 2f {L}{AA}{M}cos{w[t - (TA + TX)I}dw (4.2.2b)

1/2

{B} - (2/) 1/2 (ae sin p-/2aspas  (4.2.2c)

{L} = [p s(D)/Po] f (4.2.2d)

{M} - (b2 + W2 )- k 1/2  (4.2.2e)
s j

E = exp{(a /a s )(02 - W)i/ 2 } (4.2.2f)
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he quantity o is (y/2)(g/a_) at the burst altitude. Note that
the subscript s refers to tile source and that a is the sound speed
at the source. The quantity e is the radius of the earth, while
the lyntity a5 is a scaling length which increases with yield Y
as Y X is /as; D is source altitude.

The formula corresponding to Eq. (4.2.1) according to the
formulation presented in Chapter II is

p- {B}{l/p*(D)}{}p:/po  (4.2.3)

where

A

I - 2J{Qk{AHP}{M}cos[w(t - TA + tas)]dw (4.2.4a)

{} - (Ws1,)[Po(z)P;(D)]1l/ 2  (4.2.4b)

The quantity {AMP} is as defined in Eq. (2.5.4d).

With some minor discrepancies, iL would appear from a com-
parison of the two derivations that

{i}{A1P} {L}{A (4.2.5)

Wat discrepancies do appear would be due to the fact that we use
an energy source model rather than a mass source model. To
check whether or not this is the case and as a check on the
program, we compared our {AWIP) with llarkrider's A when source
and observer are on the ground (i.e., z - 0 and DA- 0). In
this case we should have

A = - pa {A l
l}

A 0

In Fig. 4-2, we show a plot of {AbP} in k i vs. period in
minutes for this case for the U.S. Standard atmosphere with no
winds. This should be compared with Fig. 7 in lharkrider's 1964
paper. Although the units are not the same, the general shapes
of the curves are remarkably similar. To check on the quanti-
tative agreement, we took a = 1/3 km/sec and p = 12.6 x 10- 4 m/cm3 .
The maximun value of -pia {,%.[} for the GR0 mode is then found
from Fig. 4-2 to be .0l6°x i (gm/cm 3)/sec. The corresponding
number in harkrider's graph (as best we can read it) is ,013.
Since flarkrider does not specify the units on this graph, we
checked with him concerning this and found that 1 unit on the
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Figure 4-2. Plot of AMP vs. period for modes CR 0 S , S, and S 2
AM~P is defined in Eq. (2.5.4d). 0 o I
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graph corresponds to 10- 3 (gm/cm)/sec. Thus the agreement
would appear to be substantial.

The analysis above still leaves several additional formal
differences which may or may not be of some importance, especially
for megaton class ex:plosions. Ve ent ierate these explicitly below:

-Xa
1) The factor e s s in Eq. (4.2.1) doe. not appear in

Lq. (4.2.3).

2) The factor {E in Eq. (4.2.2a) for w < a1 does not appear
in our Eq. (4.2.4a).

3) The quantity TX in Eq. (4.2.4b) for w > (Y does not appear
in our Eq. (4.2.4a).

4) The TA in Eqs. (4.2.2a) and (4.2.2b) is replaced by
TA - Tas in Eq . (4.2.4a).

Each of these differences may be traced to the methods in which
the source model was incorporated in the theory. In Harkrider's
theory, he matched his formal solution to the cube root scaled
waveform (extrapolated from 1 KT) which would be received at a
distance a directly below the source, the distance a varying

s swith cube root scaling. In the theory in Chapter II, the source
was taken as a point source with a time dependence chosen such
that the calculation would agree with low yield explosion data
were the atmosphere homogeneous. It is difficult to say with
certainty just which formulation is the more nearly correct.
However, one consequence of 1iarkrider's method is an effective
attenuation ,f high frequencies as yield is increased - much
more so than is indicated by the available data. (This would not
have been the case were the reference point at the same altitude
as the source.)

We consider the fourth distinction to be of no consequence as
it only changes the time origin without altering the shape of the
waveform. The other three should be relatively minor for low
yields but may lead to large discrepancies for megaton class
explosions.

To check the assumption that the first three distinctions
listed above are responsible for any major numerical discrepancies
between the results computed using INFRASONIC WAVEFORMS and those
given by Harkrider, we attempted to reproduce the theoretical
barograns in Harkrider s Fig. 13 for the direct wave as observed
at 8000 km from a 4 MT explosion at a burst height of 2.13 km.
We did this first using our program with no alterations and then
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modifying (temporarily) the program to include the factors 1-3
discussed above. The results are shown in Figs. 4-3 through 4-8.

Each figure shows the graphs for a given mode (or the total
response) as determined by three different zaethods. The top
graph in each figure was calculated by the unaltered Pierce-
Posey code. The second graph was calculated by the Pierce-Posey
code with the factors exp[- a ] and E and the phase shift T
included as noted above. The Bottom curve is the corresponding
graph from Harkrider's Fig. 13.

If we compare the unaltered modes with Harkrider's we note
that the mode shapes are quite similar. However, three
significant differences do exist:

1) Our GR0 dies off more slowly than does Harkrider's.

2) Our acoustic modes are much stronger relative to CR0
than are Iarkrider's.

3) All of our acoustic modes arrive approximately 3 minutes
later relative to GR0 than do Harkrider's.

In our altered calculations, GR dies out more rapidly, the
acoustic modes are weaker relative ?o GR0 than before, and the
acoustic modes arrive slightly earlier relative to GR.0 . This
clearly indicates that the factors and phase shift considered are
the major sources of differences between Harkrider's synthesized
waveform and ours. Our altered total response is almost identical
with his up to about 26900 sec., where our S begins to dominate
the sum. Since .3 is not included in llarkri~er's sum, agreement
could not be expected in this region.

The fact that the altered waveforms for each mode have ampli-
tudes of about 2/3 those reported in Harkrider's figure may be
attributed in part to the absence of the factor p*/p* in 1larkrider's
original formulation. However, we understand thai tRis has been
corrected in the version of his propram currently in operation.
This would lower 4harkrider's amplitudes by a factor of .76 and
would bring the two sets of computations to a fair agreement. We
are not sure of the cause of the remaining discrepancy but think
it might be due to either our use of an energy source rather than
a mass source or to a different choice for ambient density at
the ground. The similarity in shape of the two waveforms suppests
that the major cause of the discrepancy has been amply accounted for.
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PIERCE -POSEY FORMULATION

0

ALTERED PIERCE-POSEY FORMULATION

34.5 ,&bors

HARKRIDER FORMULATION

TIME
Fipure 4-3. Comparison of mode CR as computed by Pierce and Posey and
by farkrider. Here and in Fipgs. 424 throug~h 4-8, no two curves are
neccessarily on the same pressure scale, but all use a common time scale.
The value of a representative trotiph-to-neak pressure variation is
piven for each curve.

-82-



PI ERCE-POSEY FORMULATION

0

ALTERED PIERCE-POSEY FORMULATION
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Figure 4-4. Comparison of mode S as computed1 hy Pierce and Posey and by
flarkrider. 0
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r~igure 4-5. Comparison of mode S, as computed by Pierce and Posey and by

llarkride r.
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Fig.ure 4-6. comparison of' mode S,, as computed by Pierce and Posey and by
larkrider.
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Figure 4-7. Mode S as computed by Pierce anid Posey.3
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Figure 4-8. Total acoustic pressure as computed by Pierce' and Posey's

INFRASONIC WAVEFORMS, by the same code modified as indic-ated in Sec.

4 .2, and by flarkrider's code.
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4.3 (WILRAL TRENDS

The computer code I4FRASONIC V'AVEFORMS has been utilized to
study the effects of the various parameters of the source (yield,
height of burst) and of the atmospheric model (temperature and wind
profiles, upper boundary condition) upon theoretical microbarograms.
For the sake of simplicity and economy, models of only four to
seven finite layers plus the upper half-space were used in this
initial study. The temperature profile shown in Fig. 4-9 with
no winds was chosen as a standard for the purposes of comparison.
Notice that this profile exhibits certain features of the ARDC
standard atmosphere: there are two sound channels, one centered
at 25 km and one at 85 km, with the model's minimum, temperature
in the upper channel. "lost runs were .t-de using a yield of 10 MT,
height of burst of 3 km and a range of 2000 hra. The synthesized
microbarogram for the standard conditions is given in Fig. 4-10
together with graphs of the modes summed to arrive at the total
response.

The Upper Boundary Condition
As the altitude increases, the composition and density of the

atmosphere changes considerably. As the composition changes, the
application of the perfect gas law becomes less appropriate, and as
the medium becomes increasingly rarified, the equations of hydro-
dynamics lose their applicability. flowever, under the assumption
that practically all of the energy of a given disturbance is below
100 kin, it would seem that the details of the atmospheric structure
above the ionosphere should have little effect upon the waveform
observed on the ground. This hypothesis was confirmed by a
series of runs in which the atmosphere below 110 km was held
constant, while the temperature profile above this height was
varied. While dominant frequencies and amplitudes were, in
general, unaffected, the details of the individual modal waveforms
did vary, and two definite trends were observed.

If only the temperature in the upper half-space (T) is varied,
one sees that the two extremes, T small ("almost" a free boundary)
and T large ("almost" a rigid boundary) produce microbarograms
which look very similar (Fig. 4-11). But, if one compares the
tables of the normal mode dispersion function signs for the two
cases (Fig. 4-12), it is clear that in the process of going from
one extreme to the other, the dispersion curves have shifted,
since the sign of the normal mode dispersion function at any given
point in the frequency-phase velocity plane has been reversed.
Examination of intermediate cases reveals that the shift has
been upward for increasing T..; i.e., the dispersion curve normally
associated with the GR0 mode in the free case moves upward and
assumes the shape and position of the curve normally associated
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Figure 4-9. Temperature profiles of the ARDC standard atmosphere
and of the standard simplified atmosphere used in Section 4.3.
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Figure 4-10. Synthesized microbarogram and modal contributions for an
observer on the ground 2000 km from a 10 MT explosion 3 km above the
ground in the simplified model atmosphere of Fig. 4-9.
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Figure 4-11. Synthesized microbarograms corresponding to free and

rigid upper boundary conditions.
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with the S mode. For an intermediate case, for which the modes
are in the midst of their transitions, the modal disturbances bear
little resemblance to those for the extremes, yet their total
(Fig. 4-13) does resemble that for the extremies, at least for the
first half hour. The suggestion made here is that because the
dispersion curves are strongly dependent upon T., but the waveform
is not, the modes which arise are primarily mathematical conveniences
with limited physical significance. This contradicts the viewpoint
prevalent in much of the current literature.

Secondly, as soon as the temperature in any layer is of the
order of three times any relative maximun for the atmosphere below
that layer, a rigid boundary condition at the bottom of that
layer is approximated. For example, the two waveforms presented
in Vi-. 4-14 sPhow almost negligible difference, although they were
produced by two different models, one with To. = 8000 K beginning
at 130 km, and the other with temdperatures of 8000 K from 130 to
150 kn, 10000 1: from 150 to 200 kn, and 15()0 ° K above 200 kri. It
is clear that tlhe additional layers iin the second model had little
effect upon the predicted microbarogram.

Th Temperature Profile
The computer code being used in this study synthesizes micro-

barograms Dy summing the theoretical contributions from guided modes.
In general, there are three types of ducting mechanisms which might
produce guided modes: (a) Lamb mode ducting, (b) sound channel
ducting, and (c) discontinuity ducting. (See Figs. 4-15 through
4-17.) A Lamb mode exists in an isothermal atmosphere due simply
to the presence of the ground. Its energy density decays expo-
nentially with altitude. A sound channel exists at any altitude
where the sound speed profile has a relative minimum. The third
phenomenon which might contribute to ducting is a tendency in some
circumstances for wave energy to be concentrated near discontinuities
or in the region of large gradients of the sound speed.

Since we are generally concerned with the waveform observed at
the ground due to a source near the ground, one would guess that the
most important influence would be from Lamb mode ducting, with the
effect of a-sound channel being to strengthen or weaken the Lamb
mode, depending upon its altitude and strength. The only large
sound speed gradients in the atmosphere are at great heights. Thus,
our earlier consideration of the effect of the upper boundary
condietion tells us that this mechanism could not significantly
contribute to ducting, except that a free or rigid boundary pro-
hibits radiation of energy away from the earth and produces micro-
barograms (Fig. 4-11) which decay more slowly than those for
intermediate cases (Fig. 4-13).
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Figure 4-14. Synthesized microbarograms for (a) an atmosphere with

T - 8000 K beginning aL 130 km and (b) an atmosphere with temperatures

of 800* K from 130 to 150 km, 10000 K from 150 to 200 km and 15000 K

above 200 km.
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Figure 4-15. Sketch illustrating the mechanism of Lamb mode
ducting. In an isothermal atmosphere, the Lamb mode has its
maximum pressure at the ground and decays exponentially with
height.
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Figure 4-16. Sketch illustrating the mechanism of sound
channel ducting. The energy of the disturbance is concentrated
in the region of a relative sound speed minimum.
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Figure 4-17. Sketch illustrating the phenomenon of di:icontinuity
ducting. The pressure has its maximumi value at the discontinuity
in sound speed and decays exponentially with distance from it.
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fThe hypothesis that Lamb mode ducting is the principal mechanism
of propagation for the acoustic-gravity wave under consideration is
discussed in more detail in Chapter VI. Here the effects of the
two sound channels in the standard atmosphere are investigated.
Since we assume that the atmosphere has constant composition and
obeys the perfect gas law, the sound speed is proportional to the
square root of the absolute temperature. The sound sneed profile
of our standard model is shown in Fig. 4-18, along with the
sound channel variations studied, Variation 1 eliminates the lower
channel, 2 increases the sound speed in the upper channel so that
the minimum is in the lower channel, and 3 eliminates the upper
channel.

Examination of the microbarograms (Figs. 4-19, 20, 21) cor-
responding to the three variations reveals a strong dependence
upon both sound channels, since all three waveforms are different
and none resembles the standard. By looking at the GRo, S0 and
S1 modes, we see that their shapes and relative sizes seem to de-
pend most strongly on the location of the minimum sound speed in
the model. That is, the modes for variation 1 most resemble those
of the standard, while the modal patterns of variations 2 and 3
resemble each other. Also, the entire GP.O mode is almost the
same for all cases, indicating that it is probably governed most
strongly by Lamb ducting. Mode S0 shows its largest contribution
to the ground level microbarogram in the two cases, variations
2 and 3, when the model has its minimum sound speed in the lower
channel. This might mean that S 0 tends to concentrate its energy
near the ininitmn sound speed, although to put much emphasis on
this possibility would be somewhat inconsistent with our earlier
conclution that the modes are of limited physical significance.

The Wind Profile
In studying the effects of winds, we fiud.it convenient to

define an equivalent sound speed, c = c + v-i, where c is thee
sound speed, v is the wind velocity vector, and i is a horizontal
unit vector in the direction of propagation. Two windy models
which were used to produce theoretical microbarograms (Fig. 4-22)
both have c profiles the same as the standard atmosphere, but
one, variation 4, has a ce profile equal to the c profile of
variation 1, and the other, variation 5, has a c nrofile equal
to the c profile of variation 2. Notice that, even thouch winds
are actually treated in a much more sophisticated manner than
simply using c in the place of c (see Chapter II), the results
imply that the sophistication has only slight effect on the predicted
waveforms. The microbarograms for the windy atmospheres,
variations 4 and 5, very strongly resemble the records for the
windless models having the sane c profiles (variations 1 and 2,f • e

respectively). Thus, as long as the wind speed in every layer is
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Figure 4-18. Sound speed profile for the standard temperature
profile shown in Figure 4-9 and three variations studied.
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Figure 4-19. Hicrobarogram and three of the modes calculated
using sound speed variation 1 (See Fig. 4-18).
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Figure 4-20. Hicrobarogram and three modes calculated using sound

speed variation 2 (See Fig. 4-18).
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Figure 4-21. Microbarogram and three modes calculated using sound
speed variation 3 (See Fi. 4-18).

-103-



VARIATION 4

so0 S500 0J600

TIME ISECI

• ,figure 4-22. Microbarograms synthesized using the windy atmospheric
m odels referred to as variations 4 and 5 in the text.
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much less than the speed of sound for that layer, the major effect
of the wind is simply to change the effective sound speed profile.
In retrospect, it would appear that one need not incorporate winds
into the computer code; instead he may use the device described
above.

Source Parameters
Test runs in which the source parameters were varied indicated

(1) that, for bursts well below the sound speed minimum in the
low~er channel, the height of burst has relatively little effect
on the shape of the generated wave and only slight effect on its
amplitude and (2) that the yield of the explosion has little
influence upon either the wave's shape or the ratio PI - (wave
amplitude/yield). In one example studied, P' fell by 4% as the
yield went from 18 iMV to 30 MT. Iliff (private communication,
1970) has studied both of these types of variations in con-
siderably more detail using IIFRASONIC WAVEFORMS and finds that
the height of burst effect is very significant at altitudes above
10 km. In particular, the wave amplitude on the ground tends to

?F increase with height of burst up to an altitude of the order of
40 km for megaton class explosions and then decreases with
increasing altitude. Also, the ratio PI shows the smallest
variation with yield for the earliest portion of the waveform;
the variation may be considerable for the later arrivals.

4.4 A COPARISON WITH LPIRICAL DATA

On 30 October, 1962, the United States exploded a thermo-
nuclear bomb of the megaton range near Johnson Island. The
collection of observed microbarograms published by Donn and Shaw.
[1967] contain several records made following this blast, one
of which, the Berkeley record, appears exceptionally free of
noise and appears representative of what might be expected for
a waveform under ideal circumstances. (This judgment is not
solely that of the authors, since this waveform was chosen by
others for the cover of the program of the Symposium on Acoustic
Gravity Waves, Boulder, Colorado, July, 1968.) Thus, it was
felt that this was the waveform which we might have the best
chance of matching with a theoretical synthesis.

In preparing the input for the program INFRASONIC WAVEFORMS,
the most important decision is the choice of a model atmosphere.
Unfortunately, there are three categories of atmospheres which
strongly affect the waveform received: the atmosphere near the
source determines the relative excitation of the modes, the
atmosphere along the path of the disturbance determines how the
wave propagates, and the atmosphere above the observer determine-

-105-



the ground strengths of the modes. Moreover, none of these
atmospheres is constant over time or has winds and temperatures
which are functions of altitude alone. Thus, in light of the
fact that our model can neither be representative of the entire
range of atmospheric profiles above the path nor display the

? inconsistency and horizontal inhomogeneity of any real atmosphere,
exact agreement between theory and experiment would not be
expected. Nevertheless, general agreement might be hoped for.

An atmospheric model was constructed to represent the average
conditions between Johnson Island and Berkeley for the month of
October. The temperature profile (Fig. 3-1) was taken from
Valley's Handbook of Gediphysics uA Space Environments, Figures
2.2, 2.4, and 2.5, and the wind profile (Vig. 3-1) vas taken
fron Valley's Figure 4.11 and Table 4.21 and from the 1965
COSPAR International Reference Atmosphere, p. 46.

Since the actual yield and height of burst for the source
was not knoim, they were set arbitrarily at 10 -IT and 3 km,
respectively. A range of 5600 km and direction of propagation
of 35* north of east were used. For a copy of the complete input
data, see Fig. 3-12.

The synthesized waveform agrees surprisingly well with the
observation (Fig. 4-23), both having the same time of arrival,
a 5.5 minute period for the first major cycle, and the same
dotainant periods and relative amplitudes for about 35 minutes.
Since Donn and Shaw did not give the amplitude of their record,
an amplitude comparison cannot be made here. On the first major
cycle of the synthesis, there is a variation of about 300 Ubars
from peak to peak.
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Figure 4-23. Comparison of theoretical and observed micro-
barograms for Berkeley, California, following a nuclear blast
near Johnson Island, 30 October, 1962. A listing of the com-
plete input data for the synthesis is given in Fig. 3-12.
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Chapter V

AN APPROXIMATE METHOD BASED ON

CAGNIARD'S INTEGRAL TRANSFORM TECHNIQUE

5.1 CAGNIARD'S METHOD

Cagniard's method is a technique utilizing mathematical proper-
ties of functions of a complex variable which allows one, under
certain circumstances, to invert Fourier transforms. The technique
dates back to Lamb's classic paper (1904) on the propagation of
elastic transients on the surface of an elastic halfspace, but its
significance was not realized until the 1930's when Cagniard, Pekeris,
and Smirnov and Sobolov independently discovered that the technique
may be applied to a much more general type of problem and developed
the mathematical techniques in a more suitable form. The resulting
method is generally called Cagniard's method, probably because of
the fact that Cagniard's book (1939, 1962) was the first treatise
on the subject to become known by the general seismological comunity.

Cagniard's method is generally acknowledged to be extremely
complicated. This is due partly to the amount of algebra involved
in using the method, to the fact that it does involve some intricate
mathematical ideas, but primarily (in the authors' opinion) due to
the rigorous style with emphasis on generality in Cagniard's book.
The method was very little used until the mid 1950's when C.H. Dix
attempted to give a simpler explanation of the method and demonstrated
the fact that it leads to feasible quantitative predictions. Since
the late 1950's a large number of papers have appeared on the subject
with a wide scope of applications besides seismology.

In general terms, one may consider Cagniard's method to be
concerned with the evaluation of integrals of the form

V( ,t) - J.... . xe F(k,w) dw dk (5.1.1)

where the number of dimensions of t may, for all practical purposes,
be restrictel to 1 or 2. For certain restricted types of kernel
functions F(k,w), Cagniard's method provides a sequence of mathe-
matical mazipulations which allows one to exactly transform the
above to an expression of the form

" ft f(T)I(t - ,) dT (5.1.2)
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where I(t - Ts) is a relatively simple (compared to (5.1.1))
expression to evaluate. In some cases it may be single closed
expression, or it may involve one or two integrations with finite
limits. This is a substantial achievement as integrals such as
(5.1.1) generally defy direct numerical integration because of the
infinite limits and the fact that the integrands are highly oscilla-
tory.

Integrals of the form of Eq. (5.1.1) arise often in studies of
wave propagation in stratified media -- particularly for waves gene-
rated by sources which are point and line sources. Thus one may
wonder as to just what types of stratification does the method apply.
As best we can tell, from an examination of cases for which the
method has been applied previously, the principal restriction on
F(k,9w) is that it must be expressible as a sum of one or more terms
of the form

F(t,w) z f( )eiD(k,w) (5.1.3)
A

where f(w) is a function of w, and where T and D are functions of
and w which may each be cgnsidered (subject to some mathematical fine
points) as a function of k/w. The identification described above can
be made, in particular, for a point source in a layered stratified
medium, where each discrete layer is such that, were it extended to
infinite thickness, propagation of any plane wave pulse in the layer
would be nondispersive. This type of identification would seem
evident from various mathematical formulas given in Brekhovskikh's
treatise (1960) on waves in stratified media.

5.2 THE APPROXIMATION OF NEGLECT OF VERTICAL ACCELERATION

It is apparent that Cagniard's method cannot be applied to the
propagation of acoustic-gravity waves per se since these waves are
inherently dispersive. The counterpart of a homogeneous medium for
such waves is an isothermal atmosphere and it was demonstrated by
Hines (1960) that plane waves in such a medium are dispersed. Thus,
Cagniard's method would appear inapplicable to an integral such as
that appearing in Eq. (2.3.1).

However, it appears that there is one rather simple approximation
under which Eq. (2.3.1) may be put into a form which is amenable to
Cagniard's.method. This is where one neglects the vertical acceleration
term P D we in Eq. (2.1.4a). Whether or not neglecting this term is
justif eS i somewhat debatable. However, its neglect leads to such
considerable simplification that one feels compelled to explore its
consequences.
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We were led to the observation described above by a paper written
by Row in 1966. Row sought to obtain the transient wave generated by
a point source in an unbounded isothermal atmosphere with the neglect
of the effects of the ground. The theory developed led to a single
integral over angular frequency where the integrand was essentially
the Green's function determined by Pierce (1963) and by Dikii (1962)
for a harmonic point source. In order to evaluate integral, Row
used the artifice of formally equating wB = (y - 1) g/c and
wA - YgO(2c), which amounts to taking y - 2. On examination of Row's
result, we found that it could also be approximately interpreted as
arising from the neglect of vertical acceleration. It was natural
then to ask if this idea could not also be used in other situations
where the atmosphere was not isothermal. Pursuing this point led to
the discovery that Cagniard's method applied when the vertical acce-
leration is neglected.

While the approximation may seem somewhat drastic, there are
several factors involved which suggest that the physical significance
of the results may not be entirely negated and that its inherent
inadequacies may be offset by the fact that it leads to a theory
which does not necessitate using some of the approximations pecular
to the multi-mode theory described in Chapter II (such as neglect
of branch line integrals, neglect of leaky modes, and the truncation
of integrals over w).

In the first instance, the approximation of neglecting vertical
acceleration would seem to be most appropriate at lower frequencies.
Since the first major cycle in empirical waveforms normally has a
period in the range of 5 minutes, it would seem that some low-
frequency approximation might be applicable in the calculation of
the earliest portion of the wavetrain.

While the approximation does lead (as is demonstrated in
subsequent sections) to an instantaneous propagation in the vertical
direction (which is clearly wrong), we might consider this shortcoming
to be not too serious since we are concerned with propagation to large
horizontal distances. Furthermore, what calculations we have performed
for the theory outlined in Chapter II suggest that the vertical acce-
leration near the ground at large distances are very small compared
to the longitudinal accelerations for the earliest part of the wave.
One clear cut advantage of the method is that it leads to a calculable
solution which is clearly causal -- which is not true for the theory
embodied in the computer program INFRASONIC WAVEFORMS. This would
also suggest that we might do better for the earliest part of the
waveform with the Cagniard's method theory. Of course, the final
test of this would be in the comparison of results with experiment.
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5.3 FORMAL DESCRIPTION OF CAGNIARD'S METHOD FOR ACOUSTIC-GRAVITY WAVES

We consider the sane problem as posed in Sec. 2.1. The only
distinction is that we replace Eq. (2.1.4a) by the two equations

Po [Dt% + (U.V)Vl --V Hp (5.3.1s)

dp/dz - -gp (5.3.1b)

corresponding to the approximation discussed in the preceeding section.
Then, the solution of (5.3.1), (2.1.4b), and (2.1.4c) is of the form,
for acoustic pressure p,

p fE(T)G(t - Txyzz)d (5.3.2)

where the Green's function G represents the response to a point
impulsive source (x0 - O,y° = 0).

The Fourier integral expression for G is essentially the same

as Eq. (2.3.1), one distinction being that fE(w) is replaced by 1/2w.

Thus we have

G(txyzz ) 2" jo J-c eG(Wt,,z,z 0 )e-lit dw} dk xdky (5.3.3)

where

A p0(Z) 1;1 _______(z,z)
U! o

G - -(0) Y -A (5.3.4)
rpo~zk)v z0)]

with

- > z (5.3.5a)

1Z(z0) - gY£(zo))Zu(z) Z° < z (5.3.5b)

Y - 01/c (5.3.6a)

Z = go1/c - co2  (5.3.6b)

Subscripts X. and u have been omitted from the last two equations for
brevity. The above are essentially the same as Eqs. (2.3.12), (2.3.13),
and (2.6,1). The only formal appearance of the effect of the neglect of
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vertical acceleration is in the ordinary differential equations
(residual equations) satisfied by 0l and f2" These are

where
122

tl Al gk/A=y/2 2 (..a

A - (5.3.8)

A21 g2k2 /l 2c 2 (5.3.8a)

A --22 -All

Note that these are the same as Eqs. (2.6.3) except that A does
not have the term -1S2/c2 present in Eq. (2.6.3c). The quaAities
( 2., ) and (. '02U ) are particular solutions of the above
res dual equations -- only that the first satisfy the upper boun-
dary condition ( t 0 at 9 - 0) while the second set satisfies
the upper boundary (0 and 02 analytic and bounded for wI > C,
k real, and all z > 0a.

The an~lys~s preceding Eqs. (2.4.2) and (2.4.3) shows that we
may select G(w,k) to be such that

- G (5.3.9a)

G(w,k) - -^(-W,-k) (5.3.9b)

A third symmetry property follows from the fact that the new set of
coefficients depend on w and k only through t~e combination k2/2 2,
or alternately, only through the combination k/w. If we examine the
consequences of this we find that we may take

iG-+ D(w,k) (5.3.10)
1W - V(z 0)

where

= D(w,-k)* (5.3.11a)
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D(- ,-k) - (Wok) (5.3.llb)

D(Ocak) - D(w,k) (5.3.11c)

for any real a.

Other relevant propertlec of D are that it is finite or else
zero as w -- a* for all real k. None of its branch lines in the W
plane (when k is fixed and real) extend to infinity. One may show
that the only branch points are those associated with the upper
half-space and are located for real k at w n w1 and w - w2 where

W k,2 v 2c,. [ (y-1)h/y] I It (5.3.12)

Thus, there are only two branch points -- both on the real axis.
The branch line is taken as extending directly along the real axis
between the two points.

The poles of D in the w plane for real may be denoted by w n(i).
Near any such pole,

D (t
D Z n (5.3.13)

w -( k)n

where D (k) is the residue. The quantity w ( ) should be of the
form

W n& - I) Vn (ek)  (5.3.14)

where ek is the direction of k. This follows from Eq. (5.3.11c).
Also, Eq. (5.3.11b) would imply that

vn (ek+") - -vn(ek) (5.3.15)

The Eq. (5.3.11a) would imply that v is entirely real. Finally,
we can show that Dn is real, and thaf it is of the form

D -n 1A n(6k) (5.3.16)

where

A n (k - An(0k)* (5.3.17)

An(0 k + w) - -An (0k) (5.3.18)
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If D is D on the real axis just above the branch line and

is D on tfe real axis just below the branch line, we may show
(k real) that

a ' ) Db*(wpk)

If we use polar coordinates for i, then

SD( ,ke) D(,k,

follows from Eq. (5.3.11b)

With these preliminaries, we may now describe Cagniard's method
(or at least the authors' version of the method) as it applies to the
problem. For t < 0, G vanishes. For t > 0 we deform the integration
contour to enclose the entire lower halfapace in the clockwise sense.
This contour is then shrunk to enclose all poles and the branch line
(Fig. 5-1) and the residue theorem is utilized to pick up the contri-
bution from the poles. This gives us

= [IL + En In  (5.3.19)

where the branch line contribution is given by

f2 i. 'X 2 iwt (i(D a D,)

BL k k J dek * I a dw (5.3.20)

1 jk.v(z 0)

and a particular pole contribution is given by
ikv t

I n - 27 J k dk dek e i kv -v(z O  (5.3.21)

In the above we neglect the pole associated with the zero of w - '4 (z ).
The integral along the branch line is interpreted as a principal value.

As for the branch line contribution, we let w - vk and change the
w variable of integration to one over v. Then we perform the k inte-
gration first. Doing this gives

L 27r dO v2 dv {i(D D*) . o e ik[R cos(O-6Ak)-vt] k dk (5.3.22)fo v v IV----a--

1 e ekv(z
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where

'1,2 ' k.,0 2[ (y-l) /yJ (5.3.23&)

ek - (cos ek)e + (sin ek) e (5.3.23b)

It should be noted that v1 and v2 are functions of 0k. Also, D is a
function of v and eka

The pole contributions may similarly be expressed as

21 A oik[R cos(e-ek)-Vt]
In= 2w dOk  n e k n k dk (5.3.24)0 [V - V(zo0). -eIr

Here R is the net horizontal distance from the source.

Next, we may show, using various properties described above, that
the contribution to the integrand in either (5.3.22) or (5.3.24) from
ek + j is just the complex conjugate of that from 0k* Thus we set

1 2 R +'r/2 de v 2  { i (D a- D) e ik(R cos(@-e k)-vt) dBLk dv - e k dk
Re-yr/2 "" 1 v - e; v(zo) o

(5.3.25)

rO-1T/2 A o ik[R cos(O-Ok)-vnt]
I = 4rRe J dOk e k dk

re-w/ 2[v 4- (z )-ek

At this point we introduce some minor approximations which would
not be approximations at all were there no winds. We formally replace

-ikvt
e ) cos (kvt)

in Eq. (5.3.25). The justification for this is that (D - D *)/v is
even in the absence of winds. Also, for the pole contrtbution, the
terms I can be paired (I I ) in the absence of winds where v v

nn -nThe residues A would have he property that A n A -nand thus -nwe

might interprei the quantity An/vn as being even in n, and consequentlywe might let

-ikv t
Z (An/v)e n n4 0 2(A/V) cos kv tn n n n
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These ideas lead to the expressions

ii(D vD*)D D ikR cos(e-)
IBL 2 d6 k 2 dv --- "--o a*e- • cos (kvt) k dk

e v V - e.v(z o

go+,/2 A . ikR cos(o-ek)
In +I -n 8wReO dek - -- e cos (kvt) k dk

-n O-T7/2 [v - v(zo).•k]

Another approximation we introduce in the same spirit is to set ek a
in the argument of vl, v2, D, , ,and A . This is justified in

d~'D'ek' vn eaporaewt id
the absence of winds and woufd seem to be ap5ropriate with winds
included since the integrand contribution is heaviest near e = e.
With this approximation we have

i (Da- Da

I 2 dv H(R,vt)
BL

1 k* k

n-+1 + ] - 4 M(R'vnt)In+ -n Livn 0 V(ko) e k 0

where
i JtkR sin 0Oo

M(R,vt) - 2 Re J cos (kvt) k dk dO
0 0

{ V-1 i k R sin Oi kt

= v-l(d/dt) 2 Re e s n (kt) dk do} (5.3.26)

The indicated integral can be shown to be

2 Re e ikR sinOsin(kvt) dk dOvt (5.3.27)
Jo J0 [(vt)' - R2]

where U is the Heaviside step function.

Finally, we combine the results above and obtain

P 0 P BL + JO Pn 
(5.3.28)
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where

rj, (z) 1" r 2 1  ri (D a D* a (tR/IV f'E (T) d'rT d

pB - 2 [-1J 1v- tJdz'8 '4 ivr2R1 fv - eko e - 2

(5.3.29a)

FP_(Z) 32 A } t-R/v f' I () dT
-87J T V o.e I (5.3.29b)n (z - ... [Vnt-)2 R2. 1

In the above expression, v is considered as being positive and the
sum over n is over only those "modes" having positive phase velocities.

The physical interpretation of the above solution is that the total
waveform is the sum of a "lateral wave" (the branch line integral) plus
a sum of guided mode waveforms. Each guided mode is nondispersive and
has a speed vn . The shapes of various guided mode waveforms are similar.

The relative simplicity of the results must be emphasized. The T
integration is over finite limits and should be easily performed on a
digital computer. The only lengthy problem would be that of finding
the v and A for the guided modes. However, this could be done with
only a sligh? modification to the existing program INFRASONIC WAVEFORMS.
The lateral wave might be more difficult to evaluate (since it involves
two integrations) but we would expect its contribution to be small for
most cases of interest. We should also point out that there is no
apparent restriction on the atmospheric profiles for which the above
theory might be applied.

5.4 THE ISOTHERMAL ATMOSPHERE AS AN EXANPLE OF THIS METHOD

The only example which we have explored in any depth using the
method of the previous section is that where the ambient atmosphere
is isothermal. In this event the function D appearing in Eq. (5.3.10)
is given by

D n -i{Me i 1z-z  + Ne 0 } (5.4.1)

where

Mm . -A * i. }2 ± - (5.4.2a)
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N .-p[-iii- c (w -w 2o)J 1 (il + WA/C] (5.4.2b)A 2

N A (5.4.2c)

The plus sign in (5.4.2a) corresponds to z > z, while the minus sign
c~rresponds to z > z . The quantity P has a branch line between
-W B )clkl and (wBwA)cIkt. Its phase is between 0 and 7r in the
upper half of the W plane.

Tleonly poles are at w- ± ciki and lie on the real axis to the
left and rigbt of the branch line. The residue at the positive pole
isjkjA1 where

-(I - yf2) (g/c2) jz + Zoi
A1 =g(l - y12)e 0(5.4.3)

Thus, from Eqs. (5.3.28) and (5.3.29), we have

P = PBL + Pl (5.4.4)

where

FPO(Z)T'(W 1/WA)c 0 ft-R/v fC (T) dT 7
-4 [P- dv (5.4.5a)

p1 - - Z)- -(1 - y/2) (g/c 2 )1Z + Z 01
L o -8(g/c) (1 -y/2)e

t-Rlc fE E(T) d-r

x T (5.4.5b)
[c2 (t - t) 2

Here

Q (2/v2)Re QMe - + Ne oiKz + (5.4.6)

where
M', - {(y!2Xg/c 2 ) iK} (5.4.?a)

2K

-120-



N - -(g/2K)I _- (1 - Y/2)g/c 2. [-iK + (Y/2)g/c2] (5.4.7b)
iK -(U - Y/2)giC2 .

K - g[(y - 1)/v 2 
- (y/2)/c2] /c (5.4.7c)

In the event the presence of the &round is neglected, there is no
guided wave p1 and the term with N does not appear in (5.4.6).

We have carried out a modest amount of calculations using the
above formulas, taking fE(t) to be a delta function. The quantity

Pi then, for t > R/c, has a t and R dependence given by

p ct (5.4.8)

and thus falls off as 1/t2 at large t. The direct wave is oscillatory
in general. The nature of the oscillation can be described if we let
v - R/t and examine the factor exp[-iKIz - Zil ]. Thus

PBL Z {amplitudej cos {glz - z0 [(y - l)t2 /R2 - (y/2)C-2] + phase factor}

(5.4.9)
The angular frequency as a function of time is then

gjz - z01(y - 1)t/R 2

:- ] (5.4.10)
c[(y - 1)t2/R2 - (y/2)c 2 ]

which is large at early times and which asymptotically (large t and
fixed R) approaches

-, j Iz - o

R (y - 1) (5.4.11)

which is essentially the sam ?s Row's w . The difference is that
the R above is horizontal distance rather than total slant path
distance. As long as jz - Zo1/R << I, our result agrees with Row's.
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Chapter VI

THE SI4GLE MODE ThEORY

b.l INTRODUCTION

The calculations presented in Chapter IV and by previous
authors (Scorer, Pekeris, harkrider, etc.) suggest that the
earliest portion of the waveform (say, the first three cycles)
received at large distances may be considered as associated
with a single composite mode. This point of view has, in par-
ticular, been espoused with considerable eloquence by Garrett
and by Bretherton in some very recent papers on the subject.
We find this point of view to be appealing by virtue of the
fact that it may lead to a satisfactory method for taking
into account some effects which are neglected in the formulation
of the multi-mode theory presented in Chapter II. Such effects
would include far field nonlinear effects, departures of the
atmosphere from perfect stratification, attenuation by viscosity
and thermial conduction, and large scale irregularities in the
earth's terrain.

Another virtue of a single-mode theory would be its inherent
simplicity. The computational procedure represented by INFRA-
SONIC WAVEFORMS, regardless of how good one regards the theory
on which it is based, is sufficiently complicated that its
consequences can only be explored by numerical experiment. The
large number of possible parameters which must be specified in
order to construct a single waveform make it very difficult to
draw any succinct simple cause and effect relationships between
any one of these parameters (for example, yield) and particular
features of the waveform. This would probably be a minor
handicap from a practical standpoint, given the existence of
the computer program, if we possessed a reasonable knowledge of
the atmosphere's state at the time the explosion took place.
In practice, however, this is not the case, as the atmosphere
is always imperfectly known at any given time. The usual ex-
perimental situation is where a number of waveforms are re-
corded at various points and where a limited knowledge of the
explosion and of the atmosphere is possessed. The typical
analysis problem would be to use this data and whatever else
is known to determine a refined description of the atmosphere
and/or the explosion. Borrowing a term from exploration geo-
physics, this might be designated the inverse problem u; infra-
sonic wave propagation. In principle, given an adequate theory
and a numerical procedure for synthesizing waveforms, we can
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solve this inverse problem (or at least find a possible range
of solutions and a most probable solution) by trial and error
in repetitive calculations with systematic variation of input
parameters. Obviously, this could be a very expensive and time-
consuming process. Thus, a strong case can be made for an
attempt to find a simple model where the number of input para-
meters is greatly reduced.

Insofar as the theory embodied in INFRASONIC WAVEFORMS is
concerned, the possibility of using it to solve the inverse
problem is severely limited by the fact that it is restricted
to perfectly stratified atmospheres. The data showing ampli-
tude variations with observer location exhibited by Wexler
and Hass following the largest Soviet explosion strongly sug-
gest that departures from stratification are of considerable
significance. On the other hand, the present theory is already
so complicated that it appears prohibitively difficult to extend
it to include departures from stratification. A possibility
would be a tradeoff - altering the theory to take the non-
stratification into account at the expense of the accuracy which
might be expected were the atmosphere perfectly stratified.
In this respect, the single mode theory might represent a very
convenient compromise.

6.2 LAMB'S MODE

In 1910, Horace Lamb demonstraced that a single guided mode
exists for the isothermal atmosphere with no winds. In retro-
spect, the existence of this mode is very curious as the normal
criterion for ducting in conventional (gravity neglected)
acoustics would seemingly preclude its existence.

The formulas for Lamb's mode are trivially extended to
include constant horizontal wind. For convenience of reference,
we summarize the result here. The acoustic pressure p, density
p, horizontal fluid velocity deviation u, and vertical fluid velo-
city w are given by

-egz/c 2  
-'

p =e F(x11,t) (6.2.la)

p = c-2 egz/c2 F(x vt) (6.2.1b)

-gz/c 2  (6..1c
u =e U(X11,t)/Po(Z) (..c

w = 0 (6.2.1d)
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where F and U satisfy

[w/t + V.v,,] = -VIIF (6.2.2a)

[wat + 'Vh] F + cV. C = 0 (6.2.2b)

or

Ea/at + VV ]2 F - C2V2F =0 (6.2.3)

which is the two dimensiogal wave equation for nondispersive pror
pagation. In the above, xo is horizontal displacement and jj is
the hiorizontal conponent othe -gradient. '.;ote that c and v (hori-
zontal wind) are considered constant in the above.

The plane wave solution of (6.2.3) is

F =F e- i [w t - k. ',x]

where F and k satisfy the dispersion relation

(/- + - c k

Since this gives k'/w) as being independent of frequency, the pro-
pagation is nondispersive.

The relative simplicity of Eqs. (6.2.2) and (6.2.3) must be
emphasized. Although the disturbance is in a three dimensional
space, these equations only involve two spatial coordinates.
Furthermore, the coefficients in these equations are constant -
a substantial simplification for propagation in an inhomogeneous

medium.

It would appear that, if a single-mode theory of infrasonic
propagation were to be developed, the mode selected should be
that which, for more realistic atmospheres, is the counterpart of
Lamb's mode for an isothermal atmosphere. This follows since the
principal disturbance contributing to the waveform observed at
ground level is one which moves very nearly with the ground speed,
which is only slightly dispersive, and which has very little ver-
tical movement (as contrasted with horizontal movement) associated
with it. Carrett and Bretherton have succeeded in finding this
mode for a stratified atmosphere which is nearly isothermal and
which has nearly constant winds. Wee eqa modified derivation
(with slightly different results) below:
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The residual equations, (2.3.8), for disturbances of given
and w may be rewritten in the form

d a (6.2.4a)dz ") *S1 2Y

d_ (y-1) *-S21Z (6.2.4b)

where € may be taken as

-1/y 1/2(6.2./)
(bp) (6.2.5)

Since Y 0 0 at the ground altitude z , we may place these in the
form of coupled integral equations ai

z

-q[F + IS1 2Y dz (6.2.6a)

z
gfY M -Is21Z dz (6.2.6b)

z
g

where F i ee et f o t above we add, as a restriction
on w and k, tLe guided condition that Y- as z i.e.

fo iS11Z dz = 0 (6.2.7)
z
g

By successive iteration starting with Y - 0 in Eq. (6.2.6a) we
find that these have the formal solution

Z 0-'[l + L2 L21 + L12L21L12L21 + L2 L21LI2L21LI2L21 + ... IF
(6.2.8a)

Y =O[L21 + L2112L21 + L2112L2112L21 + ...IF (6.2.8b)

IL21 + L21LI2L21 + L21L1 2L21 L1 2L2 1 + ... 3 = 0 (6.2.8c)

where L12 and L21 are operators, defined such that for any function
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Q(z) appearing to their right

z

L1 2 Q o f 2 S1 2Q dz (6.2.9a)

L21Q 2s dz (6.2.9b)

Zg

The subscript (z-) in Eq. (6.2.8c) implies that the upper limit
of the last integration is .

The lowest order approximation to the dispersion relation
would be [L 2 0 or

f 2[(k2/ 12) - c72  da = 0 (6.2.10)

z

To further approximate this, we expand
k 2 k 2  k 2
ki2  _ _._)_ (- [1 + 2 - / (6.2.11)

SZ2 (W - k- V)2 L2

where

W
L L

and where vL is any representative wind speed. We consider v.
indpendent of z.+ Since we have some latitude in the definition
of VL, we def ae VL such that

2(v- dz 0

z
g

or
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vdz (6.2.12)

JLfO2dz

Then, substituting (6.2.11) into (6.2.10), we find

k /, 1/c2  (6.2.13)
L L

where 
f - C 2 d

1 fr 
(6.2.14)

In what follows we refer to vLas the averag wind velocity and to
CL as the average sound speed for the Lamb mode.

One should note that t.q. (6.2.13) is exactly the same disper-
sion relation as was obtained for Lamb's mode in an isothermal
atmosphere with constant winds.

Frowi Eqs 4 (6 2.8a,b), keeping just the first order terms in
C2 -C and v -vL and using (6.2.13), we find

L L

-11 S. --

where A, B, C, D are functions of z, given by

A -f02 C dz (6.2.16a)

z
g

. f 02'+
D dz (6.2.16b)

z
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Z
C -2 (C-2 -2 (6.2.16c)

g

D - (2/c2) 2 -VL) dz (6.2.16d)

z
g

We have also defined the average Brunt's frequency w BL for ths
Lamb mode by the relation

W2L a (y'l)g2/c2 (6.2.17)

If we examine the nexj highest order correction(which is second
order in c2 - cL and v - vL) to the dispersion relation (6.2.8j),

we find, after some algebra and the use of the definitions of vL
and cL, that

00 00

(k/{ f dz + (3c L 2Lj f2j6? ] dz

z zg g

00

- 2[2 - 2 [C + dz = 0 (6.2.18)
L BLJ L

g

This is essentially the same as the dispersion relation derived by
Garrett. It should be noted that the presence of the last term
makes the mode ispersive. The integral should be convergent
since C(-) and D(-) are both zero.

To the same order of approximation, we may write the dispersion
relition for a wave traveling with wave normal in the direction
of k in the form

w = k(cL + v + ak) - k( 2 )h (6.2.19)
L k akBL kk (..9

where

VLk ' vL'ek  (6.2.20a)
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I[V- ek 12o dz

akk = [3/(2cL)]! -1 dL (6.2.20b)

f 2dz

kBL = LW2 /c2  (6.2.20c)

¢2[EC + 0'/i]2dz

hkk' (1/2)cL (6.2.20d)
f,- d-

Here ek is the unit vector in the direction of k. One should note
that akk and hkk may each be considered as the Cartesian components
of a tensor.

If we had a hypothetical pulse propagating in the e direction,
such that all frequency components can be considered askbeing plane
(or line) waves (+in the horizontal plane) with the same wave
number direction ek, this pulse could be represented as a Fourier
integral in the form

(t,s) = 2 Re *(k)e- (Wt - ks) dk (6.2.21)

0

- -9-.
where s = ekox is distance in the direction of k and W is con-
sidered as a function of k. Then, if W(k) is given by (6.2.19),
it must follow that the wave variable * satisfies the equation
y/at + [c. + v + a k F/as + hk(;2/Ds2 + k L(/s) L 0

L Lk kk + k +BL)(p~s

(6.2.22)

which may be recognized as an equation which in many other con-
texts is generally called the linearized Korteweg-de Vries
equation.

6.3 FAR FIELD NONLINEAR EFFECTS

In this section we generalize the linearized Korteweg-de Vries
equation governing pulse propagation in the Lamb mode to include
accumulative nonlinear effects. We assume at the outset that such
effects are weak and that their primary effect is to distort the
waveform. In this respect, we consider that the only apgreciable
nonlinear effect is represented by the fact that c L and vL should
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<&

bc the height averaged sound speed and wina velocity, given the

fact that the ambient medium is altered by the presence of the
wave cisturbance. Thus we replace

cL -0 ckL  (6.3.1a)
NL
L

VLk ) VLk (6.3.1b)

in the dominant terms (zeroth order in v - vL and c2  c L in
(6.2.22).

To determine cL we set

y(Po + p)2 0 (6.3.2)

in Eq. (6.2.14) such that, to the first order,

2-2 1
(c IL)- 2  1 + 1o

cL f-2 dz

The fact that (p ,ilso depends on c is not important as it leads to2 2
nonlinear terms of first order in c - c L which are considered
small. To obtain the lowest order nonlinear correction, we may
approximate

11 i. (- 1) F 1/y - 1
2 P c2  Y Po c2

using Eqs. (2.3.4a), (6.2.5), (6.2.15a) and various relations
appropriate to tha case when the atmosphere is isothermal. Using
some additional approximations, we find

NLcL = c L{1 + [(y - l)/(2y)]vp(z )/P (Z )} (6.3.3)L g og

where
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IIJ p (Z) /p (z )( 3/Y -2) dzii0 059

IIV = 9 (6.3.4)

f I Jp [p(Z)/po (z )J9 Y-1 dz
z

K In a similar manner, we compute

+LI -2 d]0-~/CJ2J u kOdz J2 d t
z Z

NLg 9

VLk + CLY vIp(z )/P C ) (.35

where V is the same as in Eq. (6.3.4).

With Eqs. (6.3.3) and (6.3.5), the modified pulse propagation
equation (6.2.22) becomes

aV,13t + { + VLk + ak + cL'(Y + l)/2y]vtP(zg 0/ z))*a

+h (32/as2  2 kB)(a*/BS) .0(6.3.6)kk B

This equation will be nonlinear, since p(z )is a function of p
regardless of what we choose IP to represent. [For example, we
could take * to be p(z ).] The above equation is generally re-
ferred to as the Korteieg-de Vries equation.

6.4 DISSIPATION EFFECTS

We next consider the modification to Eq. (6.3.6)9 i.e., the
Korteweg-de Vries equation, due to the dissipation caused by
viscosity and thermal conduction in the atmosphere. Specifically,,
we derive an extra term which represents the correction due to
the effects of these phenomena. In carrying through the deni-
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vation. we neglect nonlinear effects - with the assumption that
terms which are both nonlinear and which involve viscosi ad
thermal conduction are of negligible influence on the waveform.

There are essentially two broad types of dissipation which
may be considered - bulk dissipation and wall, dissipation. The
former is the dissipation which occurs when any wave propagates
in an unbounded medium, while wall dissipation is-that which
occurs due to the presence of the ground. The former takes
place primarily at high altitudes because of the decrease of
ambient density with height, while the latter takes place close
to the ground in a thin boundary layer. A priori, we assume
that bulk dissipation is the more important and we accordingly
neglect wall dissipation. We have not, however, investigated
this quantitatively as yet, and we plan to do so in later
studies. In what follows we proceed on the assumption of negli-
gible wall dissipation.

The general procedure we adopt is to first write out the
equations of hydrodynamics with viscosity and thermal .conduction
included and then derive the linearized first order equations
for acoustic perturbations to an ambient state. This ambient

state is taken to be height stratified and time independent as
described in Sec. 2-1. The source term is neglected at the
outset, since we are here concerned with propagation at distances
somewhat removed from the source location.

The modified equations then become

P [D + u.vv] - -Vp - go + ( /)Oa- xi)ej (6.4.1a)
0t z i

D + V.p o) - 0 (6.4.1b)Dt0

(Dtp + uVPo) - cz(Dtp - u VP) DE (6.4.1c)

where

j- + auj/ax - (2/3)6ijV° ] + ij V.u (6.4.2a)

+/a + Vuz] + c Vcp)lo]}

(6.4.2b)

Here n is the dynamic viscosity, 1 is the bulk viscosity, c is
the specifie heat per unit mass at constant volume and K is the
thermal conductivity. The above result neglects fluctuations in
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11 4- an u otepeec ftedsubne h

Iv

If we next consider a planar disturbance qf fixed angular
frequency w and fixed horizontal wave number k, such that

p = (*)e7teex (643I with analogous relations for density p. vertical fluid velocity
0i etc., and impose the condition O(z) - -0 at k - z 9 we find,
after a lengthy ai~aysis, thatg

IYO~ 0 (-1(1 cd 1/zJ (6.4.4)

where

Q -( 2 ){(a/aZ)[t(i 20 + 4

-[(4/3)TI + g]k't* + i~k'W/ax)

+ (1/n){2n (y - 1) (av/z) - 13Iaz + iW~

+ (YC,) 1'(3/aZ)ic(3/aZ){YP - c20)/p0}]

-Y (c)_'kI(YO - c20)/p 0  (6.4.5)

Apriori,, we expect Q to be small. Thus it would seem appro-
priate to neglect all quantities in this expression which are
known to be small for the unattenuated Lamb mode. In particular,
we neglect all terms involving 0. Also, since we expect

Ii7*I <kc
we neglect all terms involving av/az. In addition, it would appear
to be sufficient to take the plane wave relations

A

and thus to express Q entirely in terms of P. Thus we obtain
A

0 (C/j)(/Zr[(~/ /z - ((4/3)il + C]k 2 fZf/p 0

+ I (y - 1) /(SC( a /a tKa /at (P/P 0  -'P/
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Next, since n and K are relatively slowly varying with height, and
al is also slowly varying, and since, in the Lamb mode,

'jz(PlPo) z [(y - l)g/cJf/Po

we can further approximate the above by

Q [{c 2/f){[( - )2g2/ci]n - (4/3)n + C]k2}

+ [(y - l)/(iICv)]{[(y - 1)2g2/c4] - k2 )K]PlP0

(6.4.6)

If we desire a dispersion relation for the Lamb mode which
includes dissipation 1/Ve may obtain one by simply taking the
guided condition Op 0 as z + -. From Eq. (6.4.4) we would
have 

0

Jp il - c2k2/R2J - Q) dz 0 (6.4.7)

Then, to obtain a lowest order dispersion relation, we simply set
J1 = OL and take

* I S

2 -4 (g/c2) dz
O(z) (D)(l/c )e (6.4.8)

as is appropriate to the Lamb mode in lowest order. Here D is
any constant. In this manner, we obtain

1 - ck/ = -12pd(k'- k 2)/L (6.4.9)

where

(c2(4/3 Ti + 1] + (Y - l)K/C 10-2p- dz211d -- I . . .... . (6.4.10a)

Jo
"2 dz

(- l) 2 (g2/C) [n + (Y - 1)K/c io-2o-l dz
kV 0 (6.4.10b)

d
{iC2[(4/3)i + C] + (y- - 1)IC 1o 2p 1 dz

f V 0
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and where

072 (11c2 : (2 y)4(g/c 1 ) dx (6.4.11)

is the same as used previously.

Then to first order in V d we find

- % - (dk2 - k2) (6.4.12)

which corresponds to the wave equation

+ (CL+ VL1 , + - (6.4.13)

This should be compared with Eq. (6.3.6). It should be noted that
teterm

+ k~it

represents the presence of dissipation. Thus we have a correction
teri to add to that equation. The general relation would be

F+ (cL + vLk + akk + cL[(y + l)/2y]vp(O)/po(O)1}als

+ (2/S2 + k2L)(/s) - d(2/s 2 + k *2p _ 0 (6.4.14)

In analogy with the usual nomenclature, we might term this the
Korteweg-de Vries-Burgers' equation for propagation in the Lamb
mode.

2
The presence of the term k is an interesting byproduct of

the height stratification of the Lamb mode. Formally, it repre-
sents a negative damping and arises from the fact that there is
a continuous transfer of energy from high altitudes to low
altitudes (or conversely, depending on the wave's phase) due to
the fact that the amplitudes of u and p/p increase with altitude.
In order for the wave to maintain the stratification associated
with the Lamb mode, one must assume that this energy is con-
tinuously being extracted from the ambient medium. This k2

term is important only for very low frequency propagation and
would seem to imply that the mode is weakly unstable at
sufficiently low frequencies.
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We cannot ascertain whether this is a real instability or
merely a fiction of our mathematical technique. However, in, any
event, the growth of the instability, if it did exist, would be
of such a slow rate that it probably would not be possible to de-
tect it in practice.

6.5 hORIZONTAL RAY PATHS

The discussion up to now has assumed the ambient atmosphere
to be independent of horizontal coordinates x and y. If this is
not so, we expect that much of the preceding can be salvaged if
the variation with these coordinates is sufficiently slow. The
propagation at long distances would still locally appear as pro-
pagation of planar waves(almost constant direction for the
horizontal wave numbers k). lhus we might assume the energy (or
whatever we might associate with th6 wave) propagates along hori-
zontal ray paths.

e

Let us consider a particular claracte istic feature of the
waveform wh4ch is received at some time r x) at locations having
a position x on the ground. (Th$ vector x has only x and y com-
ponents.) A line of constant T(x) may be termed a wavefront.
In the absence of dispersion, uissipation, an, nonlinear effects
(all of which we assume to be small) this wavefront moves out
from the source with a speed c (the height-averaged speed) when
viewed bysomeone moving with ble local height-averaged wind
velocity v . Thus if someone moved with speed

dx 4 4
dt C Lek + vL (6.5.1)

he would always be o a wavefront (assuming he was initially on
a wavefront). Here ek is the unit outward pointing normal to the
wavefront

ek VT/VTi (6.5.2)

Since, for small dt, one must have

() + dt =T( + [dx/dt]dt)

from the identification of dx'/dt as wavefront velocity, it follows
that

VTd'x/dt = 1
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or

Vre{cLVT/IVrI + V I-

This gives us the following partial differential equation for T
(the elkonal eiuation)

(VT) (6.5.3)
CL

or, if we abbreviate

k*VT (6.5.4)

we have

k 2 -(1 - k/L2/c (6.5.5).
v4

Since k has the units Of inVerse velocity, we refer to it as the
wave slowness vector.

We next consider just how this parameter k woul4 varj with
.time when viewed by someone moving with the speed c Le k + V L
We note that

d ~ V _I .. m{(c 'e+ ,)VIVT
dt dt J Lk vL

*VVT + v L V(VT)

where we have used Eqs. (6.5.2) and (6.5.3). Let us note that

a a T8 e

1 ~V T23 1 {(1 VT~vL)

L
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1 (l - vT. O (1 .VT-)'
....- VcL  ...-- V[VT,VL

Thus,

dk - VcL - V(kevL) + VLV kOt c L LL

(1- .VL)M - ( L VcL -kVVLt . VL[akd/ax - ka/xaJ ea

The last term vanishes since Vxk - 0. Using an identity from vec-
tor analysis, we then obtain

di (1- k.vL) '66
d - VcL - (k.V)vL - t=(VxvL )  (6.5.6)

The above relation plus the Eq. (6.5.1), which we rewrite as

d; L4
dt - t. 4 + vL (6.5.7)

gives us two coupled vector equations (or four cougled scalar
quatigns) which, given vL and c L as functions of x, and, given
and 4 at some time t , enable us to determine _I ray trajectory

x(t), k(t), as a function of time t. The curve x(t) represents
what we might term a horizontal ray path in the x,y plane. There
are, in actuality, a fataily of such paths. We distinguish various
members of the family by a parameter e (whosS precise d~finition
is deferred to later) and accordingly write k(t,e) and x(t,O).

The basic assumption we make here is that propagation along

a horizontal ray path is such that the dispersion, nonlinear dis-
tortion, and dissipation of the pulse is governed by only the state
of the atmosphere immediately above the path. Thus we set the
acoustic variables as being of the form

p - P(s,G,z) (s,t,e) (6.5.8a)

u = U(s,8,z)4(s,t,O) (6.5.8b)

p - Q(s,e,z)p(s,t,O) (6.5.8c)
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where s is a parameter characterizing distance along the path
(although not precisely equal to distance) and where * satisfies
the partial differential equation (6.4.14)(i.e., the Korteweg-de
Vries-Burgers equation) with the coefficients being considered as
functions of a and 0.

A definition of s may be obtained from the fact that an in-

crement ds represents a distance in the direction of e. Thus,
if one follows a horizontal ray path with the speed giten by (6.5.7)
one should have s changing at the rate

ds • +VLk

Thus, if di is the increment of distance along the path, we have

ds cL + VLk cL + VLk

d IcLek + vj 2CVLk + v2]- 2  (6.5.9)
L ,, k L C 2ek V

It would appear that, in the usual case where v2 << c2  it would
be adequate to take ds/di - 1. L

The remaiqing question we need consider is how the amplitude
quantities P, U, and Q vary with height z and with the parameter s.
It would appear that the former variation should be that appropriate
in the lowest order for the Lamb mode, at the appropriate point on
the ground. Thus we might take

p/p A(so ) (6.5.10a)

LP pJ{t(s,e)/(l -L.)A(s,O) (6.5.10b)

S- Lpl/Y/c2A(soe) (6.5.10c)

where the ambient pressure and density are considered as functions
of z, s, and 0. The quantity k(s,e) is the wave slowness vector
computed for the point in question froia the ray traging equations.
One should note that we have assumed the ratios of U, P, and Q to
be always appropriate for a planar wave propagating in the Lamb
mode. This would seem to be adequate at moderate distances from
the source.

The a variation of the remaining factor A(s,e), is determined
from the geometrical acoustics law recently espoused by Bretherton
and Garrett that a wave propagating in slowly varying inhomogeneous
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moving media should propagate such as to conserve wave action, in
the absence of nonlinear effects and dissipation. By wave action,
one means simply the wave energy divided by the frequency of the
wave, as would be seen by someone moving witl the fluid. If
dispersion is small this law simply means that

(V + vL)<

: k~vL

49.
where v is the group velocity and E is the energy density (per
unit ar l of earth surface) in the wave as would be computed for
a homogeneous medium by someone moving with the local wind speed.
The brackets imply a time average. Neglecting dispersion, we have

V£ = [cv/(1 - kL)] (6.5.12)

= f{(I/2)poU2 + (I/2)p2/[poC 2 ]} dz (6.5.13)

z
g

with the neglect of the very small kinetic energy of vertical mo-
tion associated with the Lamb mc.'a and with the neglect of the
correspondingly small change in gravitational potential energy.
Here z is the height of the earth's surface. Since, in the
absencg of nonlinear terms and dissipation, i is Just a constant
times cos [wt - ks + X] where X is a constant phase for constant
frequency waves and since the remaining factors are independent of
time, it would appear that <E> may be taken proportional to

CO

A 2 p2 1y/(pc2)] dz

g

A c Po ( //o dz (6.5.14)

z
g

Thus we have
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2 + Vf" 7-2
A + L) C.. p 2/Y/P 1 dz 01 keL 0 .ziXl

If we now integrate this relation over a narrow segment of a ray
tube bounded by two adjacent rays and apply Gauss' theorem, we ob-
tain (after some algebra)

d~ftgL' Yo 0d0](A2/cP~(%L + vLk)

where J Is the Jacoblan

in the event the earth's surface is considered flat.

lie may also extend the above analysis to take into account
earth curvature by simply replacing J by

J - re sin(r/re)I((r/ s)(*/ 0) -
(6.5.17)

where r is great circle distance from the source, r is the radius
of the earth, and is the azimuth angle location of the observer,
taking the source as being on the axis.

Once J is determined as a function of s for fixed 0, we may
regard Eq. (6.5.15) as an ordinary differential equation; the
quantity in braces should be a constant along the ray path and,
following a terminology used in sonic boom studies, may be termed
the Blokhintzev invariant for the propagation. Note that z could
be a function of x and y. Thus the formalism also takes into
account the possibility of gradual variations in ground elevation.

6.6 EXCITATION OF LAMB'S MODE

In order to solve the various approximate equations derived
in the previous section, some initial conditions are required.
The various equations we have derived allow us to: (1) determine
the horizontal ray paths given an initial point on the path; (2)
determine the amplitude factor A(s,e) given its value at the start
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of the path; and (3) determine the waveform funution *(s,O,t) given
its s dependence at some initial time. In the present section we
seek to determine these various initial conditions for waves launched
by a low altitude nuclear explosion.

Let the explosion be on the z axis such that x - 0, y - 0 at
the source. Since all waves must originate from the source, it
is clear that all horizontal ray paths should ensue from the point
(0,0). The initial path direction could be any angle between
0 and 2w. We accordingly choose the angle 0 to be the initial
direction of k, reckoned counttrclockwise with respect ot the
x axis. The initial value of k for any given path is then found
from Eq. (6.5.5) to be given by

=() - (6.6.1)
cL + VLO(O)

where n (0) is that unit vector making a angle of 0 with the x
axis. ?he appropriate values of cL and v should be those cor-
responding to the source location. The rknaining initial condi-
tion is

x(O,e) - o (6.6.2)

for all e. Thus, the horizontal ray paths are completely determined
with the integration of Eqs. (6.5.6) and (6.5.7).

The initial conditions on A(s,0) and *(s,O,t) are obtained
with reference to the intermediate field solution for a point
source in a temperature- and wind-stratified atmosphere. Since
the viewpoitit adopted in the present chapter is that the only
principal effect of the temperature variation and wind profile
variations with altitude is to cause the Lamb mode to be dis-
persed and since the dispersion does not have appreciable effect
until relatively large distances, it would appear sufficient to
calculate the intermediate field on the supposition that the
atmosphere is isothermal and has constant winds. In this event,
the Eqs. (2.1.4) reduce to

)2(D2 + 2)(P/v') _ c2 V2 (D2 + W t)(P/p - /;z
)

- (41Tc 2/l o )Dt[D2 - g(/z) ][fE(t)6( - 0)] (6.6.3)
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with the boundary condition

dp/dz + (g/c2)p - 0 at z a 0 (6.6.4)

To isolate the Lamb mode, we write the overpressure as

p = PO (z)F(Xyt) + 4 (6.6.5)

where the first term represents the contribution from the Lamb
mode and 4 represents any remaining contribution. An orthogonality
condition is readily derived which guarantees that

1/pdz - 0 (6.6.6)
dO 0

zg

Thus we find the function F satisfies

(D 2 + w)(D2 _ C2V
2 )F

t fl t h

J (4rc2)(p'/Y/p )D (D - g(;/az)I[fE(t)6( ' dz0P 0 E0

zS

fp2/y/P)(Po 0 dz

z

or

(D 2  a 4rVc2QD t fE (t)6(x - X)(y - yo)] (6.6.7)

where

l /y~z)P(
p0  (z0) 0 (z0) (6.6.8)

I, 2/yl/p ]d

t o 4-dz
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To simplify analysis, we assume that the source is
drifting horizontal y with the wind speed. In a coordinate
system moving with the source, the solution of (6.6.7) is readily
found to be

.,-R/c dl

F = 2Qc (6.6.9)
[c2(t _ T)2 - (6./2

where R is the net horizontal distance from the source. The only
distinction for the fixed coordinate system is that we replace R
by R* where

(R*)2 _ ( - 't)2 (6.6.10)

Since the excited pulse is of relatively short duration, we
may consider the dominant contribution in the integration to come
from values of T near where c(t - T) R. In this event, Eq. (6.6.9)
simplifies to

t-R/c

F - (2c/R)1/2Q /2 = (2c/R)12 QG(t- R/c)
[(t - T) - R/] "

- (6.6.11)

where

t

G(t) It- ( Tl2 (6.6.12)
I t - T /

is similar to the Whitham F-function utilized in the theory of
sonic boom propagation.

The function G(t) can be evaluated with recourse to Eq. (2.l.5b).
We find that

G(t) - YT 1/[Po(zo)/Po (0 ) ]1/ 2 [c (0 )/ c (zo ) 1/2 L sP s t 1I 21 (t lTY )

KT 0 00 8SSS

where
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TY l C (0)/C( (| O)]po(0)/po (%) ] 1/3yl/3 t

7 X

ii0 _X fK'

, { Y + (1 - 2X)eX ey dy) U(X) (6.6.13)

0

The various symbols used above have the same meaning as in Chapter 2.

If the source time duration T y is sufficiently short or if the
winds are lufficiently weak, such that at moderate distances R, one
has R >> IVLITY, then it would appear sufficient to take

R* - cLs/(cL + vLk) (6.6.14)

where a is the distance parameter defined by Eq. (6.5.9).
a

Since, with the above approximation, the only t dependence is
the function M, it would appear that we can choose

(tsO)t- 0 =.(-s/[(cL + VLk)TY]) (6.6.15)

where the range of s is formally considered as encompassing negative
as well as positive values.

The remaining quantity of interest, the amplitude factor A,
is given by Eq. (6.5.15) ns

3/2

A 1 /2 B C 17)I (6.6.16)j/(c L + VLk)I

where J is the Jacob;.an and I is the integral

I f (P 2/yo] dz (6.6.17)
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The constant B is a quantity which we may obtain with detailed com-
parison with the intermediate range solution. Since, for small s,
we can show that

sCL
J - c (6.6.18)

cL + VLk

we identify

[ YKT(e + VLk} (6.6.19)" - Zl/2c Iff'  Y(z°)/P°(z°x,0y-

where

K - {VT L Ps( 1~/2[€c(O)/c(Zo)]/2Epo(zo)/Po(0)]1/2}xO
y-O

(6.6.20)

Thus, in summary, we have the acoustic pressure given by

p K ill1/D(x)D ( o)[A ()/A(xo )]*(rlso)j 2 (6.6.21)

where

D~)-0 0o

- p/p ] d 1/2  6.6.22a)

1/2 3/2
A() -l/0 cL /(cL + vLk)] (6.6.22b)

The quantity 1, is given by Eq. (6.6.20) while the Jacobian J is
gi, n by Eq. (6.5.16) or Eq. (6.5.17). The quantity * satisfies
the Eq. (6.4.14), with the initial condition (6.6.15).
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6.7 SOLUTION OF THE LINEARIZED KORTEWEG-DE VRIES EQUATION

The determination of the waveform profile *(t,s,e) is probably
the chief computational obstacle to the procedure outlined in the
preceding sections. Here we outline the method of solution in the
neglect of nonlinear and dissipation terms. This may be an ade-
quate approximation for all cases of Interest, although one can-
not say this with certainty until he haa some quantitative esti-
mates of the effects of the neglected terms.

With the neglect of dissipation and nonlinear terms the Eq.
(6.4.14) becomes

3t/at + Ce /as + D33*/3s3 - 0 (6.7.1)

where

c =C +Vkc.+h 2k3  (6.7.2a)e L + vLk + akk + hkNkL (..a

D - hkk (6.7.2b)

or, to the same approximation,

ago/at + ceBJ/3s - (D/ce)alwatl 0 (6.7.3)

To put this in a form appropriate to the case where c and D
are slowly varying functions of s, we consider , to be a function
of parameters t and s, where

T - t - f(1/ca) ds (6.7.4a)

0

- J(Dic )ds (6.7.4b)

0

such that Eq. (6.7.3) becomes

0 (6.7.5)
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If i is specified when a 0 as jo(t), then the solution to
Eq. (6.7.5) may be found, after some Inalysis, to be given by

Ax)-1 ' 0~S3 v v 677

(F 3I* to -

iv te-1/3 ofsndt a (6.7.6)

where Ai(x) is the Airy function defined by

CO

Ai(x) - -1 J cos(vS/3 + xv) dv (6.7.7)
r 0

In terms of s and t we have

iA(s,t) - +f A . o(to) dt°  (6.7.8)

where Tc and TD are functions of s given by

5

c J (1/Ce) ds (6.7.9a)
0

)1/3

TD . 3 (D C) d (6.7.9b)

For the problem of interest, we find from reasoning similar
to that which leads to Eq. (6.6.15), that

*o (to 0 M(to/TY )

where the function M is as given by (6.6.13). Thus
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~t T

*(s,e~t). 1 *tc ,-o

MAi-j-- M (P) d), (6.7.10)

0

with a change of integration variable and recognition of the fact
that i - 0 for P < 0.

It is of some interest to examine Eq. (6.7.10) in the limit
of small yields as it is not imediately apparent that the well-
known law of yield-amplitude proportionality holds for the single
mode model. The correct behavior in this limit is somewhat subtle
since the function M.(p) is not integrable. With reference to Eq.
(6.6.13), we write

M(P) - I[f(0/( - )1/2] dt (6.7.11)

0

where

f() = (1 - )e"  (6.7.12)

Then Eq. (6.7.10) becomes

Y/ du A Tc" + U ( M) U (Ut

Rj I ITD (1 1/2

0 0

Ty/T D (M1 A . +D - T - du d &

I- If(7A1.- -W*- * 1 72 ±d

0 &

In the integral over u we set p - (ac)VD /T¥) and obtain
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2(T Y /TD) 1/ -t

D TD

We nut expand the integrand in a power series in TY/TD. Since

J f(&) d& - 0 (6.7.12)

0

the first non-zero term is

2 =T / D 3/ a f(C)&d t Go AL c + a 2  d a

0

or

= (2/1A) (TY/TD) 3 /2pp([t - c]/"D )  (6.7.13)

where PP(x) is a function defined by

PPWx = fAil (a2 - x) da (6.7.14)

0

:1/2According to Eq. (6.6.12), the ovei-irssure varies with yjd

as y , However, the above w Sws that varies with yield as T "

But varies with yield as . Thus the amplitude is directl pro-

portional to yield and the waVform shape is itdependent of yield in

the limit of small yields. The limit applies, strictly speaking, when
T /T < < 1 and is accordingly more appropriate at larger distances and
Ar Fropagation with strong dispersion (large D).

Although the results are reasonably simple the derivation of

the single mode theory given in the present chapter is somewhat
intricate. It would therefore seem appropriate to pause here and

sunn arizc the various results scattered throuvLout the chapter

froi an operational point of view.
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The basic assumption is that the earliest portion of the
wave which arrives with transit speeds of the order of the sound
speed at the ground may be interpreted as being caused by a single
guided mode, which is the real atmosphere's counterpart of Lamb's
guided mode for the isothermal atmosphere. The dispersion of this
mode is small, but important. However, this dispersion is ne-
glected in determining the ground projected ray paths along which
the mode travels.

The determination of these ground projected paths is the same
as for two dimensional acoustict in a medium having sound speed cL
(L for Lamb) and wind velocity v '. Both c and v are in general
functions of position on the ear h's surfa~e and kre averages over

height z of the sound spee and wind velocity profiles. The
manner in which these averages should be taker turns out to be

[Po /Po dz

0 d0
z

JP { 2/y/(P c 2j dz

vL cc= (6.8.2)
p [p2/'Y/poI dz

zg

where p_ and p_ are ambient pressure and density, y is the specific
heat ra2io, anS z 9is the ground level.

The rays all start out on a point on the ground directly below
the source and are distinguished from each other by a parameter 6
which ranges from 0 $o 2w. A given ray may be cbaract~rized by
giving the poition x R(s,O) and wave slowness vector k(s,e) as
functions of , where s is a function of distance along the path
(which is the same as distance in the limit of no winds).

Along or above a given path the acoustic pressure p is given by
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p K 11/2D(x)D(x )[A(x)/A(x )]P(t,s,e)/J 1/2  (6.8.3)
KT 0 o

where
1/l/2 1/2

K {r2 L8Pt(CLts)/2[ c(O)/c(zo)]1 [po (zo)/po(O)] )source

(6.8.4a)

Y, 1/2
•x o(6.8.4b)

g 1/23/2

( ) = o [ (% + VLk)] (6.8. 4c)

L - 1 kilometer (6.8.4d)

P 1.61 x 34.45 x sec dynes/c (6.8.4e)

S

J m re sin(r/re)[r/s)(aO!30) - (Br/p)( O/s)] (6.8.4g)

r - great circle distance from source (6.8.4h)

* azimuth angle of observer location (6.8.4i)

VLk - vL k/ikI (6.8.4j)

The quantity i(t,s,O) satisfies a partial differential equation

known as the Korteweg-de Vries-Burgers' equation

/ t + [c + ] )a/Bs + D 3 /as3 - i.[L 2/as2 + k0]4 = 0 (6.8.5)
e d d

where

Ce Lk + kk + hkk L (6.8.6a)

C CL[(y + 1)/(2y)]vp(z )/p (z ) (6.8.6b)
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Ii

D hkk (6.8.6c)

The remaining quantities a.,, V, Vd, kdI and kBL are defined
in Eqs. (6.2.20), (6.3.4) and b.4.T).L

In the derivation of Eq. (6.8.5), it was assumed that the terms
with coefficients 0, D, and j were all relatively small. It was
also assumed that all the coefficients were slowly varying. Thus
to the same order of approximation, one may set a/as - -ca/at
in the higher order terms and obtain the alternate form e

a*/as + c' 1aV/at - (O/c2) 4/at- (D/c4)a 3 */t 3

(]D/C)( 2 /t 2 + cekd)p - 0 (6.8.7)

Either of the forms (6.8.5) or (6.8.7) may be used.

If one chooses to use Eq. (6.8.7), then *(s,O,t) must be
specified when s = 0. The choice prescribed by the analysis is

(oot) - M(t/*z ) (6.8.8)

where

M.(x) - {rx + (1 - 2x)eJx fey2 dyl U(x) (6.8.9a)

0

- {[c(z)/c(z )Po(z ) l/ (6.8.9b)
S0 0g ( [o"g o -KT ssource

We succeeded in solving the initial value problem when
lid - 0 and found

COI
JA/Tc) TJM1

Ai TDd u-T (6.8.10)
0

where
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iS

c (l/ce) do (6.8.11a)

0

D = 3(D/c) ds (6.8.11b)
0

Furthermore, in the limit of small yields, we find

- (2/ ) (Ty/tD) 3 / 2Pp([t - tc]/TD) (6.8.12)

where

00

PP(x) - fAil(a 2 - x) da (6.8.13)

0

which demonstrates yield-amplitude proportionality.

In conclusion, the authors state that this approach appears
extremely promising. An initial test of the theory will be to
see how well its predictions agree with the computations performed
using INFRASONIC WAVEFORMS for stratified atmospheres. If this
works out, then we may expect to have a number of interesting
areas to explore. One hope is that we may be able to explain data
such as presented by Wexler and Hass in detail.
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Appendix A

BIBLIOGRAPHY ON INFRASONIC WAVES

The following bibliography is a compendium of papers and
books which have come to the attention of the authors as having
some relation (either direct or indirect) to the long range
propagation of mechanical radiation through the atmosphere.
While no claims are made as to its completeness, it is the most
comprehensive and up-to-date bibliography specifically restricted
to this topic of which the authors are currently aware.

For ease of referral, the subject matter has been broken
down into a number of categories as follows:

1. Books on acoustics, wave propagation, hydrodynamics and
mathematical physics

2. Meteorology, including data on atmospheric structure
3. Theoretical papers on acoustic-gravity waves and gravity

waves in the atmosphere
4. Theoretical papers on higher frequency atmospheric waves
5. Observations of infrasonic waves in the lower atmosphere
6. Observations of infrasonic waves in the ionosphere
7. Data concerning the properties of nuclear explosions
8. Related papers on the mathematical theory of wave propa-

gation, and on mathematical techniques useful in wave pro-
pagation

9. Nonlinear effects on wave propagation, including shock waves
10. Instrumentation
11. Data analysis techniques

The classification scheme is not mutually exclusive, although
we have generally classified each reference under only one
heading.

This bibliography is an updated and expanded version of one
given previously in 1967 by Pierce and Moo. Since we hope at
some later date to issue, in turn, a revised version of the
present bibliography, we request that readers notify the authors
of any neglected papers, errors, etc.
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A.1 BOOKS ON ACOUSTICS, WAVE PROPAGATION, HYDRODYNAMICS, AND
MATHEMATICAL PHYSICS

Abramowitz, M. and I.A. Stegun, Handbook of Mathematical Func-
tions, with Formulas, Graphs, and Mathematical Tables
(Dover, New York, 1965).

Albers, V.M., Underwater Acoustics Handbook (Penn, Saate Univ.
Press, 1965).

Bjerknes, V., J. Bjerknes, H. Solberg, and T. Bergeron, Physic-
alische Hydrodynamik (Springer-Verlag, Berlin, 1933).

Boillat, G., The Propagation of Sound (Gauthier-Villars, Paris,
1965).

Brekhovskikh, L.M., Waves in Layered Media (Academic Press, New
York, 1960).

Bremmer, H., Terrestrial Radio Waves (Elsevier, New York, 1949).
Browner, H. Propagation of Electromagnetic Waves, in Handbuch der

Physik (S. Flugge and C. Truesdale Eds.) Vol XVI (Springer-
Verlag, Berlin, 1958), pp. 423-639.

Cagniard, L., Reflection and Refraction of Progressive Seismic
Waves (Translated and revised by E.A. Flinn and C.H. Dix],
(McGraw Hill, New York, 1962).

Chernov, L.A., Wave Propagation in a Random Medium (Dover, New
York, 1967).

Cole, R.N., Underwater Explosions (Dover, New York, 1965).
Coulson, C.A., Waves (Interscience, New York, 1952).
Courant, R. and K.O. Friedrichs, Supersonic Flow and Shock Waves

(Interscience, New York, 1948).
Courant, R. and D. Hilbert, Methods of Mathematical Physics, Vol.

I (1953); Vol. 1I (1962)(Interscience, New York, 1953 and
1962).

Eckart, C., Hydrodynamics of Oceans and Atmospheres (Pergamon
Press, New York 1960).

Ewing, M., W. Jardetzky, and F. Press, Elastic Waves in Layered
Media (McGraw-Hill, New York, 1957).

Forsythe, G.E., and W.R. Wasow, Finite-Difference Methods for
Partial Differential Equations (Wiley, New York, 1960).

Friedlander, F.G., Sound Pulses. (Cambridge Univ. Press, 1958).
Havelock, T.H., The Propagation of Disturbances in Dispersive

Media (Cambridge Univ. Press, 1914).
Jeffrey, A. and T. Taniuti, Non-Linear Wave Propagation with

Applications to Physics and Magnetohydrodynanics. (Academic
Press, New York, 1965).

Karpman, B.I., Nonlinear Waves in Dispersive Media (Novospirsk
State University, 1968).

Katznellenbaum, B.I., Theory of Irregular Waveguides with Slowly
Varying Parameters (Academy of Sciences of the USSR, Moscow,
1961).

Kline, M. and I. Kay, Electromagnetic Theory and Geometrical
Optics (Interscience, New York, 1964).

Landau, L.D. and E.M. Lifshitz, Fluid Mechanics (Addison-Wesley,
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Reading, Mass., 1959).
Lamb, H., Hydodynamics (Dover, New York, 1945).
Lamb, H., The Dynamical Theory of Sound (Dover, New York, 1960).
Lighthill, M.J., Introduction to Fourier Analysis and Generalized

Functions (Cambridge Univ. Press, 1958).
Lindsay, R.B., Mechanical Radiation (McGraw-Hill, New York, 1960).
Mathews, J. and R.L. Walker, Mathematical Methods of Physics

(Benjamin, New York, 1965).
Morse, P.M. and U. Ingard, Linear Acoustic Theory, in Handbuch

der Physik (S. Flugge and C. Truesdale, EDS.,) Vol. XI/1
(Springer-Verlag, Berlin, 1961), pp.1-128.

Morse, P.M. and U. Ingard, Theoretical Acoustics (McGraw-Hill,
New York, 1968).

Morse, P.M. and H. Feshbach, Methods of Theoretical Physics,Vols.
I and II (McGraw-Hill, New York, 1954).

Officer, C.B., Introduction to the Theory of Sound Transmission
with Application to the Ocean (McGraw-Hill, New York, 1958).

Pearson, J.M., A Theory of Waves (Allyn and Bacon, Boston, 1966).
Rayleigh, J.W.S., Theory of Sound, Vols. I and II (Dover, New

York, 1945).
Scorer, R., Natural Aerodynamics (Pergamon Press, New York, 1958).
Serrin, J., Mathematical Principles of Classical Fluid Mechanics,

in Handbuch der Physik (S. Flugge and C. Truesdale, EDS.)
Vol. VIII/l, Fluid Dynamics I (Springer-Verlag, Berlin,
1959), pp. 125-263.

Sneddon, I.N., Elements of Partial Differential Equations (Mc-
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MAIN PROGRAM 7/2316B MAIN I
C MAIN 7
Clite*e*ie**ael**a**aaatl** ** eae*eillli~lii~ili ~ s.tliililll~ili**** MAIN 3
c MAIN 4
C PROGRAM TO SYNTHESIZE PRESSURE WAVEFORMS OF ACOUSTIC PAIN 5
c GRAVITY WAVES GFNFRATED BY NUCLEAR EXPLOSIONS IN THE MAIN 6r ATM-I5PHFPF MAIN ?

C MAIN 1
C ----ABSTRACT---- MAIN 1
C MAIN 10C ---- ABSTRACT-.... MAIN 11
cMAIN 12

C TITLE - MAIN PROGRAM MAIN 13
C G.FNFRAL PURPOSF PROGRAM FOR STUDYING THE PROPAGATION OF NUCLEAR MAIN 14
c FWPLISIDN GENFRATED ACOUSTIC GRAVITY WAVES IN THF ATMOSPHERE. MAIN 1s
C MAIN 16
C THE ATMOSPHERF IS APPROXIMATEC BY A MULTILAYER ATMOSPHERE MAIN 17
r WITH CONSTANT WIND VELOCITY ANO TEMPFRATIORE IN EACH LAYER MAIN 18
C THF NUMBER O LAYFRS. WIDTHS OF LAYERS. AND PROPERTIES OF MAIN 19
r LAYERS MAY BE SELECTED BY THE USER. THE GROUND AT 180 IS MAIN 20
C ASSUMED FLAT AND RIGID, THF UPPERMOST .AYER nF THE MAIN 21
C ATMOSPHERE IS ASSUMFO TO BE UNBOUNDED FenM ABOVF. MAIN 22
C MAIN 23

THE SAURCE IS SPECIFIED BY ITS HEIGHT flF BURST AND ENERGY MAIN 24
C YIELD. IT IS APPROXIMATED AS A POINT ENERGY SOURCE WITH MAIN 25
C TIME DEPENDENCE CONFORMING TO CURE ROOT (HYDRODYNAMIC) MAIN 26
C SCALING DERIVED FROM THE EFFECTS OF NUCLEAR WEAPONS MAIN 27
F(U.S. GOVERNMENT PRINTING OFFICE* 19621. MAIN 29
C MAIN 29
C THE OBSERVER LOCATION MAY BE SPECIFIED ARBITRARILY. MAIN 30
C HOWFVER. THE COMPUTATION INCLUDES ONLY CONTRIBUTIONS FROM MAIN 31
SF'JLLY OUCTED GUIDED MODES AND ACCORDINGLY GIVES A SOLUTIO MAIN 32
C VALID (AT BEST) ONLY AT LARGE HORIONTAL DITANCES, MAIN 33

ALSO. IHE PROGRAMMING IS BASED ON THE PREMISE fHAi ONLY MAIN 34
PORTIONS OF MODES WITH PHASE VELOCITIES GREATER THAN THE MAIN 35

C MAXIMUM WIND SPEED ARE TO OE INCLUOFO INTO THE COMPUTATIO MAIN 36
THE PROGRAM CANNOT THEREFORE BE APPLIED TO THE STUDY OF MAIN 37

C COITICAL LAYER EFFECTS. MAIN 18
C MAIN 39
C LANGUAGE - FORTRAN IV 1360, REFERENCE MANUAL C28-651S-41 MAIN 40
C MAIN 41
C AUTHORs - A.D.PIERCE AND J.POSFY. M.I.T., JUNE.1968 MAIN 42
c MAIN 43
C ---- USAGF---- MAIN 44
C MAIN 45
f ALl DATA IS INPUT IN THE NAMELIST FORMAT. EACH SEQUENCE OF DATA MAIN 46
C MUST INCLUDE A NAMI GROUP AT THE BEGINNING. MAIN 47
C MAIN 48
CENAMI NS 'RT= , NPRNTs , NPNCHu tENO MAIN 49
C MAIN 50
C THF REMAINDFR OF THE DATA TO BE SUPPLIED DEPENDS ON THE VALUE MAIN 51
C OF NSTACT. MAIN 52
r MAIN 53
C ****NSTARTsIl*.* MAIN 54
C9NAM2 LANGLE. . IMAX- e To t o ,.* VKNTX4 . . s..9 ETC. CE MAIN 55
CCNAM4 THETK. * Vla 9 V2- O M1 9 ETC. LE MAIN 56
CENAM ?SCRCF s lOBS" SEND MAIN 57
C&NAPR YIELD- LEND MAIN 58
C&NAMIO TFIRSTs . TEND- 9 DELTTO # ROBS- v IOPT. LEND MAIN 59
C MAIN 60
C. ***NSTART.2**** MAIN 61
C(NAM3 IMAXw v CI. 9 eats VXI- o .ot ETC. LEND MAIN 62
CENAM4 THETKv 9 VI. 9 V?. t DMin I FCT. EFND MAIN 63
C9NAM6 zSCRCE. 

9 
ZO BS LEND MAIN 64

CtNAMS YIELD* LEND MAIN 65
rENAMIO TFIRST- s TEND-. , ELTT- . ROBS- 9 InPT- LEND MAIN 66 PROGRAM
C MAIN 67 MAIN
C ****NSTART-3**** MAIN 68
cr.NAMr, IMAX. 9 Cl 9 v..9 VXI- , 9 t. ETC. &END MAIN 69 PAGE
CNAM0, ISCRCE- s ZORSS EFND MAIN 7J I
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(S 5 YIELD- SEND MAIN 71
CNA0IO TFIOST' , TENO 0 DELTT= P ORS , lfPT= CEND MAIN 72

C MAIN 73

C9NAM7 OMD* . , .poe VPMODp *i **, MOFND* v ETC. MAIN ?

(tHINS YIELD* SEND MAIN ?6
CCNAMID TFIRST' , TEND' * DELTT' v ROBS' t TIPT= LEND MAIN T?
C MAIN 76
C ***NSTART=5*** MAIN 79
C9ANA9 MOFND' * KST' t. KFIN2 # t.. OMNOOC 9 ETC. MAIN B0

CENAMlO TFIRST' * TEND- * OELTT * ROBsS'* IOPT' SEND MAIN S1
C MAIN 62
C *OO NSTARTs6**** MAIN 43
CINO ADDITIONAL DATA IS NEEDFD. COMPUTATION TERNINATES.I MAIN 84
C MAIN 85
r FOR A COMPLETE LIST OF VARIABLES THAT ARE INCLUDED IN A GIVEN MAIN 86
C NAMPL IST GROUP, SEE NAELIST STATEMENTS IN POOGRAM. NOTE THAT PAIN 8?
C DATA INPUT MY READ(SNAMIJ, READ(59NAM2). ETC.. NEED NOT INCLUDE MAIN 68

VALUES OF ALL VARIABLES IN THE CORRESPONDING NANELIST GROUP. ONE MAIN 89

c NEFD ONLY INPUT THOSE VALUES NEEDED FO3R THE CALCULATIOIN AND WHICH MAIN 90
C ARF NOT ALREADY IN STOPAGF. MAIN 91
C MAIN 92
C DATA ASSOCIATED WITH NAM3v HAMSt HAP? AND NAN9 SHOULD IN GENERAL MAIN 93
C NIT RE SUPPLIED ARBITRARILY* BUT MAY BE OBTAINED FROM PREVIOUS MAIN 94
r RUNS OF THE PROGRAM. IF NSTARTalo NPNCH'1, DATA CARDS FOR NAM3. MAIN 95
C HAMS, NAM?. AND NAM9 ARE AUTOMATICALLY PUNCHED. IF NSTART'2# MAIN 96
C NPNCHa1, DATA CARDS FOR HANS* NAN?. AND NAM9 ARE PUNCHED* IF MAIN 97
C NSTARTr3* NPNCH-1. DATA CARDS FOR HAM? AND NAMQ ARE PUNC1EO IF MAIN 96
C NSTARTs4, NPNCH.1o DATA CARDS FOR NAM9 ARE PUNCHED. MAIN 99
r MAIN 100
C THF NEXT PATCH nF DATA AFTER NAMIO SHOULD BE NAMI. THF LAST DATA MAIN 101
C CARD SHMULD SE NAH1 WITH NSTART86. MAIN 102

PAIN 103
---- EXTERNAL SUBROUTINES REQUIRED---- MAIN 104

C MAIN 105
C SUBROUTINE TYPE CALLED RY MAIN 106
C MAIN 107

C AAAA SUn ELINTMMMNANPDE9NMOFN MAIN 108

ART SUB TMPT MAIN 109
C ALLMOD SUR MAIN MAIN 110
C AMNT SUB PAMPOE MAIN Ili
C ATMOS SUM MAIN MAIN 112
C AXIS! SU TMPT (MoI.T. CALCOMP ROUTINE) MAIN 113
C %Ron SUB ELINT MAIN 114
C CAI FUNC BSBstMMMK MAIN 115
C OXDYI SUB TMPT (M.I.T. CALCOMP ROUTINE) MAIN 116
C ELINT SUB TOTINT MAIN 117
c ENOPLT SUB TMPT (KeI.T. CALCOMP ROUTINE) MAIN 110
C FNMODI FUNC MODETR (EXTERNAL FOR ARG. OF RTMI) MAIN 119
C FNMOD2 FUNC MODETR (EdXTERNAL FOR ARGa OF RTMI) MAIN 120
C LNGTHN SUB TABLE MAIN 121
C MNMM SUR NAOPDE*RRRR MAIN 122
C MODETA SUM ALLMOO MAIN 123
C MODLST SUR MAIN MAIN 124
C MPOIJT SUB TABLE MAIN 125
C NAMPOE SUM PAMPOE MAIN 126
C NEWPLY SUB TMPT (M.I.T. CALCOMP ROUTINE) MAIN 12?
C NMOFN SUB FNMODI.FNND02LNGTHNMPOUTWIDEN MAIN 128
C NUMBRI sUB TMPT (M.I.T. CALCOMP ROUTINE) MAIN 129
C NXMOOE flu@ ALLMOD MAIN 130
C NXPNT SUB MOMETR MAIN 131
C PAMPOE SUM MAIN MAIN 132
C PHASF SUB SOURCE MAIN 133
C PLOT1 SUn TMPT (M.I.T. CALCOMP ROUTINE) MAIN 134
C PPAMP SuM MAIN MAIN 135
C PRATMO SUB MAIN MAIN 136 PROGRAM
C RRRR SU NMDFN MAIN 137 MAfl
C RTMI SUB MODETR (IBM SCIFNTIFIC SUBROUTINE) MAIN 138
C SAl FUNC lBBR.MMMM MAIN 139 PAGE
C SCLGPH SUR TMPT IMI.T. CALCOMP ROUTINE) MAIN 140 2
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c sourCE sUt PPAMP MiN:I'I
r SUSPCT SUB TABLE MAIN -142
C YMoLS SUS TMPT IM.IT., CALCOMP R6UTINE) MAIN-13
C' TABLE SUe MAIN PAIN '14
c TARPRT sui MAIN MAIN 145
C TMPT SUB MAIN MAIN 146
C TnTINT SUR NAMPDE MAIN 147
r UPINT SUl TOTINT MAIN- 14
r USFAs SUn TOTINT MAIN 149
c WIDEN sUe TABLE MAIN 150
C NAIN-ISI
C ---- INPUTS THROUGH NANELIST READ STATFMFNTS---- MAIN 152
C MAIN 153
C NA11 -- NAMELIST GROUP I MAIN 154
C MAIN 155
C NSTART mFLAG DENOTING POINT IN MAIN PROGRAM AT WHICH COMPUTA- MAIN 156
C TION BFGINS. POSSIBLE VALUES OF I THROUGH 5 CAUSE MAIN 15?
C NAM2. NAM3, NAMSo NAMT. OR NAM9 TO BE REAM. NSTART96 MAIN 156
C CAUSES TERMINATION OF PROGRAM EXECUTIONo MAIN 159
C NPRNT wFLAG FOR PRINTING OPTION. IF NPRNT ,LE. 0, A MINIMAL MAIN 160
c AMOUNT OF PRINTOUT WILL RE RE6URNEO. MAIN 161
C NPNCH -FLAG FOR PUNCHING OPTION. IF NPNCH .LE9 O, NO INFO MAIN 162
C WILL RE PUNCHED ON CARDS. MAIN 163
C MAIN 164
C NAM2 -- NAMFLIST GROUP 2 MAIN 165
r MAIN 166
f LANGLF INTEGFR WHICH SPECIFIES WHICH TYPE OF ATMOSPHERIC DAT MAIN 167
C IS INPUT* IF LANGEL .LE. 0O THE WIND COMPONENTS IN MAIN 166
C KNOTS ARE SPECIFIED. WHILE IF LANGE .GT. 0, THE WIND MAIN 169
C MAGNITUDE AND DIRECTION ARE SPECIFIED FOR EACH LAYER. MAIN 170
C IMAX -NUNRER OF LAYERS OF FINITE THICKNESS IN MULTILAYER MAIN 171
r ATMOSPHERE. MAIN 172
C T(I) -TEMPERATURE IN DEGREES KELVIN IN THE I-TH LAYER. MAIN 173
C VKNTX(Il sX (WEST TO EAST) COMPONENT OF WIND VELOCITY IN I-TH MAIN 174
C LAYER. MAIN 175
C VKNTY(I) -Y (SOUTH TO NORTH) COMPONENT OF WIND VELOCITY IN I-TH MAIN 176
c LAYER. MAIN 177
C WINDYII) -WIND VELOCITY MAGNITUDE IN KNOTS IN I-TH LAYER. MAIN 176
C WANGLE(I) mWINC VELOCITY DIRECTION IN DEGREES. RECKONED COUNTER MAIN 179
C CLOCKWISE FROM X-AXIS. MAIN 160
C ?I(I1 sHEIGHT IN KILOMETERS OF THE TOP OF THE I-TH LAYER OF MAIN 161
r PINiTE THICKNESS. MAIN 182
C MAIN 183
C NAM3 -- NAMELIST GROUP 3 MAIN 164
C MAIN 185
C IMAX -NU'tBER OF LAYERS OF FINITE THICKNESS. MAIN 186
r CIII) -SOUND SPEED IN KM/SEC IN I-TH LAYER. MAIN 187
C VXI(I) -X COMPONENT OF WIND VELOCITY IN I-TH LAYER (KM/SECI* MAIN 186
C VY'II) %Y COMPONFNT OF WIND VELOCITY IN I-TH LAYER IKM/SEC). MAIN 189
C HI1i1 -THICKNESS IN KM OF I-TH LAYER OF FINITE THICKNESS. MAIN 190
C MAIN 191
C NAM4 -- NAMELIST GRIUP 4 MAIN 192
r MAIN 193
C THETKD -DIRECTION IR DEGREES TO OBSERVER. RECKONED COUNTER MAIN 194
C CLOCKWISE FROM X AXIS. MAIN 195
C VI -LOWER BOUND IN KM/SEC OF PHASE VELOCITY INTERVAL CON- MAIN 196
C sIWERED FOR NORMAL MODE TABULATION MAIN 197
C V2 tIPPER BOUND IN KM/SEC OF PHASE VELOCITY INTERVAL CON- MAIN 198
C SIDERED FOR NORMAL MODE TABULATION MAIN 199
r. Om -MINIUM ANGULAR FREQUENCY IN RAD/SEC CONSiDERED FOR MAIN 200
C NORMAL MODE TABULATION MAIN 201
C ON? -MAXIMUM ANGULAR FREQUENCY IN RAO/SEC CONSIDERED FOR MAIN 202

NORMAL MODE TABULATION MAIN 203
C NOMI .INITIAL NUMBER OF DISCRETE FREQUENCIES BETWEEN ONI MAIN 204
r AND ON?, INCLUSIVE. AT WHICH NORMAL MODE DISPERSION MAIN 205
C FUNCTION IS STUDIED. MAIN 206 PROGRAM
r NVPI -INITIAL NUMBER OF DISCRETE PHASE VELOCITIES BETWEEN MAIN 207 MAIN
r VI AND V7. INCLUSIVE, AT WHICH NORMAL MODE DISPERSION MAIN 208
C FUNCTION IS STUDIED. MAIN 209 PAGE
r MAXMOD -MAXIMUM NUMBER OF MODES TO BE TABULATED. MAIN 210 . 3
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C MAIN 211
C NARS -- AMELIST GROUP 5 MAIN 212
r MAIN 213

c IMAX -NUMRER OF LAYERS OF FINITE THICKNESS MAIN 214
C CtllN =SNDX SPEED IN KSEC IN I-TH LAYOR MAIN 222
C yFII -X OPEXPONENT OF TIND TELOCITY IN -TH LAOER (KMISECN MAIN 216
C VYElRl LY COMPONENT OF WIND VELOCITY IN I-TH LAYER (KM/SEC MAIN 217
C "i( THRCKNESS N KA AF I-TH LAYER OF FINITE THICKNESS MAIN 218
c THETKO -DIRECTION IN DEGREES TO OBSERVER, RECKONE COUNTEITR MAIN 219
C CLOCKNWISE PRO M X AXIS MAIN 220
C MOFN0 nNUMBER OF NORMAL NODES FOUND MAIN 221
r KSIN) -INDEX OF FIRST TABULATED POINT IN N-TH NODE PAIN 222
C KFININI *INDEX tiF LAST TABULATED POINT IN N-TH MODE, IN PAIN 223
c ENERAL9 KFIN(Nl-KSTtN I0-I* MAIN 224

C 010DIN) -ARRAY STORING ANGULAR FREOUENCY ORDINATE (RAO/SEC OF MAIN 228
c POINTS ON DISPERSION CtVES. THE NMOOF MnDE IS STORE MAIN 226
C FOR N BETWEEN KSTINMOOE1 AND KFININMOOE). MAIN 227
C VPMOOINI *ARRAY STORING P14ASF VELOCITY rIROTNATE (KM/SECl OF MAIN 228
C POINTS ON DISPERSIN CURVES* THE NNODE NOE IS STORE PAIN 229
r FOR W BETWEEN KSTIMOEI ANti NFININ00fle, MAIN 2:0

C MAIN 231
C NAM6 -- NAMELIST GROUP &, MAIN 232
c MAIN 233
C ZSCRCF *HEIGHT IN KM OF BURST ABOVE GROUND MAIN 234
r ZOO HEIGHT IN KM OF OBSERVER ABOVE GROUND MAIN 235
r MAIN 236
C NAN? -- NAMELIST GROUP 7 MAIN 23?
C MAIN 238
c OMMOD(NI -ARRAY STORING ANGULAR FREQUENCY ORDINATE (RAO/SEC) OF MAIN 239
C POINTS ON DISPERSION CURVES. THE NMODE MODE IS STORE MAIN 240
C FOR N BETWEEN KSTINMOOE) AND KFIN(NNODE). MAIN 241
C VPMOD(Nl wARRAY STORING FHASE VELOCITY ORDINATE lKM/SEC) OF MAIN 242
C POINTS ON DISPERSION CURVES. THF NMOOE NODE IS STORE MAIN 243
C FOR N BETWEEN KST(NMODEJ AND KFININNOODE) MAIN 244
C MOFND vNUMBER OF NORMAL MODES FOUND MAIN 245
C KSTINI *INDEX OF FIRST TABULATED POINT IN N-TH MODE *MAIN 246
C KOININI aINDEX OF LAST TABULATED POINT IN N-TH MODE. IN MAIN 247
C GENERAL. KFININI*KSTIN*1I-1. MAIN 246
C AMPiJ) *AMPLITUDE FACTOR FOR GUIDED WAVE EXCITED BY POINT MAIN 249
C ENERGY SOURCE. UNITS ARE KM**E-1I. THE J-TH ELEMENT MAIN 250
c CORRESPONDS TO ANGULAR FREQUENCY ONNOD(J) AND PHASE MAIN 251
C VELOCITY VPMOOiJ). THE AMPLITUDE FACTOR IS APPROPRIA MAIN 252
C TO THE NNODE-TH MODE IF J .GE. KSTINMODE) AND J oLEo MAIN 253
C KFININMOOEl. A DETAILED DEFINITION OF AMPJ) IS GEVE MAIN 254
C IN THE LISTING OF SUBROUTINE NANPDE, MAIN 255
C ALAN *A SCALING FACTOR DEPENDENT ON HEIGHT OF BURST, EQUAL MAIN 256
C TO CUBE ROOT OF tPRESSURE AT GROUNDW/(PRESSURE AT MAIN 257
C BURST HEIGHT) TIMES ISOUND SPEED AT GROUND)M(SOUNO MAIN 258

SPEED AT BURST HEIGHTl. SEE SUBROUTINE PANPDE. MAIN 259
L FACT -A GENERAL AMPLITUDE- FACTOR DEPENDENT ON BURST HEIGHT MAIN 260
C AND OBSERVER HEIGHT. A PRECISE DEFINITION IS GIVEN MAIN 261
C IN THE LISTING OF SUBROUTINE PAMPOE. MAIN 262
C MAIN 263
C NAMB -- NAMELIqT GROUP 4 MAIN 264
C MAIN 26S
C YIELD -ENERGY YIELD OF EXPLOSION IN EQUIVALENT KILOTONS IKTI MAIN 266
C OF TNT. I KT a 4.2X1010**19 ERGS* MAIN 267
C MAIN 268
C NAN4 -- NAMELIST GROUP 4 MAIN 269
r MAIN 270
C NOFNO -NUMBER OF NORMAL MODES FOUND MAIN 271
c KSTIN) *INDEX OF FIRST TABULATED POINT IN N-TH MODE MAIN 272
C KFIN(N) -INDEX OF LAST TABULATED POINT :N N-TH MODE. IN MAIN 273
C GENERAL, KFININI-KST(N.1)-l MAIN 274
r OMMOD(N) wARRAY STORING ANGULAR FREQUENCY ORDINATE tRAD/SEC) OF MAIN 275
c POINTS ON DISPERSION CURVES. THE NMODE MODE IS STORE MAIN 276 PROGRAM
C FOR N BETWEEN KST(NMOOE) AND KFININMOOElo MAIN 2?7 MAIN
c VPMOD(N) -ARRAY STORING PHASE VELOCITY ORDINATE IKM/SEC) OF MAIN 278
C 'POINTS ON DISPERSION CURVES. THE N"OOE MODE IS STORE MAIN 279 PAGE
C FOR N BETWEEN KST(NMODEI AND KF.IN(NMOOEl, MAIN 280 4
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C AMPLTO(N) sAMPLITUDE FACTOR REPRESENTING TOTAL MAGNITUDE OF M4AIN 281
C FOURIER TRANSFORM OF.WAYVEFORM CONTRINUTI'TM OF SINGt E MAIN 282
c GUtlOED MODE AT FREQUENCY OMMODI4NI. IT REPRESENTS THE MAIN 263
C AMPLITUDE 01: NMDt-TH MODE IF N IS BFTWEEN KSTfNMOOE) MAIN 264
c AND KFININMODE19 INCLUSIVE. FOR PRECISE DEFINITION. MAIN 26
C SEE SUOROUTINE PPAMP; MAIN 286

C PHASOIN) %PHASE LAG AT FREQUENCY 010OD4N) FOR NMOODE MODCE WHEN MAIN 281
C NBETWEEN KTINMODE) AND KFtNINMnoEis RkESPECTTVELYo MAIN 288
rTHE INTEGRAND IS VNiJERSTOOD TO HAVE THF FqRM MAIN 269

C AMPLTDSCOS(OMO*ITIME-DISTANCE/VPMOOI*PNASQ). FOR A MAIN 290
C PRECISE DEFINITION OF PHAS0, SEE SUBROUtINES TMPT MAIN 291
C AND PPAMPo MAIN 292
C MAIN 293
C NAMIO -- NAMELIST GROUP 10 MAIN 294
C MAIN 295
C TFIRST -FIRST TIME RELATIVE TO TIME ()F D)ETONATION FOR WHICH MAIN 296
r WAVEFORM4 IS COMPUTED. UNITS ARE IN SECO'NDS, "AIN 297
C TEND xAPPROKIMATE TIME VALUE CORRESPONDING TO LAST POINT M4AIN 298
C TABULATED FOR WAVEFORM4 IRELATIVE TO TIM4E OF DETONATTO M4AIN 299
C FOR PtFCISE DEFINFI IhON SEE SUBROUTtNF T4PT. M4AIN 300
C OFITT *INCPRMENT Of TIME VALUES IN SECONDS FOR WHICH SUCCES- M4AIN 301
C SIVE WAVEFORM POINTS ARE TABULATED* MAIN 302
C 019%B =MAGNITUDE OF HORIZONTAL DISTANCF IN KM BETWEEN SOURCE MAIN 303
C AND OBSERVER. MAIN 304
r I"PT -TNT EGER CONTROLLING WHICH MODES &RE INCLUD)ED IN THE MAIN 305
c COMPUTED WAVEFORM. FOR PRFCISF DFINITION, SEE MAIN 306
C SUBROUTINE TMPT* MAIN 307
r MAIN 306

CMAIN 309
C ---- PROGRAM FOLLOWS SELOWS --- MAIN 310
r. MAIN 311
C MAIN 312
C OIMENSION STATENFNTS MAIN 313

OTMFNSION CI(1001,VXt(100),VYI(100$hHIIIOOI.AP0)AMP TIIIOOOD10I MAIN 314
DIMENSION TIIOOIVKNTXIIOOIVKNTYIIOO),ZiI100htPNASQ(I000I MAIN 315
DIMENSION WANGLE1IOO),WINDY41001 MAIN 316
OIMENSTIN OMI1OOIVPti00)vINMODE(I00DO) MAIN 317
DIMFNSION KSTI10OhKFINIIO).O)MNOO.1000IVPMOOI11000) MAIN 316

C MAIN 319
C ALOCATInN OF VARIABLES TO COMMON STORAGE MAIN 320

COMN IMAX*CI ,VXIVYI*HI MAIN 321
C MAIN 322
C NAMELIST STATEMENTS MAIN 323

NAMELIST /NAM1/ NSTAIIT*NPRNT*NPNCH MAIN 324
NAMELIST /NAM2/ LANGLEIMAXT.VKNTXVKNTYWIM4DYWANGLEZI MAIN 325
NAMELIST /NAM3/ IMAK.CI9VKIVYIHI MAIN 326
NAMELIST /NAM4/ YHETKnoviV2,omI.0M2,NCNI,NVPI,MAXMOD M4AIN 327
NAMELIST /NAMS/ IMAXCtI VXIVY I.HITHETKDMDFNDKSTKFINONMODD MAIN 328
1 VPMOO MAIN 329
NANFLIST INAM61 ZSCPCE.ZOIS MAIN 330
NANELIST /P4AM71 OMMOD.*VPMOOMDFNDKSTlKFINAM4PALAM, FACT MAIN 331
NAMELIST /NAMS/ YIELD MAIN 332
NAMFLIST /NAM9/ MD)FNOMSTKFIN.OMMDD,VPNODAMPLTDPHASO MAIN 333
NAMELIST /NAMIO/ TFIRSTTEND9OELTT9RO8SvIOPT MAIN 334

C MAIN 335
C MAIN 336
C BEFORE ANY DATA IS READ IN* ALL NANELIST VALUES ARE PRESET TO ZERO. MAIN 33?
r THIS IS DO)NF SIMPLY TD MAKE NAMELIST PRINTOUT EASIER TO READ. MAIN 336

NST&RTsO MAIN 339
NPRNTsO MAIN 340
NPNCHwO MAIN 341
LAHGLE.D MAIN 342
IMAXwO MAIN 343
Tg4rTKD*.0 M4AIN 344
V1'.0.0 MAIN 345
V?8000 MAIN 346 PROGRAM
CHISO.O MAIN 347 MAIN
OM2rO.O MAIN 346
NDMI-O MATH 349 PAGE
NVPI .0 MAIH 350 5
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MAEMO".0 MAIN 351
MO!NOU MAIN 352
7SCRCFPD.O MAIN 3S3
?oRSUDo MAIN 354
ALAMvO.o MAIN 35S
FACT1O.84 MAIN 356
YVFtOMfl.O A 3
TFIRST-flo. MAIN SI
TFNDufl. MAIN 359
DFLITO.n MAIN 360
QnRSsO.O MAIN 361
InPT-n PAIN 362
On 21 lPPullOo MAIN 363
CIIIPRI-0.O MAIN 364
VxMIIPRlsO.O MAIN 365
VYIIIPRl.O MAIN 366
HIItPR)lD.D MAIN 367
T(IPR) O. MAIN 36
VKNTX(IDPDIOoO MAIN 369
VKNTYIIPR) l.0 MAIN 370
ll(Rl'l)uO. MAIN 371
WANGLEIIPF)uD.O MAIN 372
WtNDVIIDPIfn.n MAIN 373
nmIIPRIaOo MAIN 374

;1 VP;iPRaOO MAIN 375
onI 3110PulIO MAIN 376
KSTIIPRI*O MAIN 377

'1 KPINIIPRIuO MAIN 37
00 41 IeP.1,l0oo MAIN 379
ANPIIPR1-. MAIN 360
AMPLTIIPR)0,O MAIN 361
PHASQOIIPRI.O.a MAIN 302
OMM1f)IIPR)IO.O MAIN 383

41 VPMODIIPPlO.O MAIN 134
C MAIN 385

MAIN 36
r STioT nF EXECUTABLE PORTION OF PROGRAM MAIN 367

N MAIN 363
C NrWPLT IS A CALCOMP SURROUTINE WHICH INITIATES THE CALCOMP PLOTTER MAIN 389
C TAPE FIE. Q640 IS THE M.I.T, CONbOTATION CENTER PROALEM NO. 5923 IS MAIN 390
C THE PRnnRAM4FR NO, GRAPH PAPER WITH SLACK INK Is REQUESTED. MAIN 391

CALL NFWPLT(#M5640fv5923l'lWHITE 9'ALACK e) MAIN 392
C MAIN 393

I READ (SNAMI) MAIN 34
c. MAIN 395
f IT IS CONSInFPED GOOD PRACTICE TO HAVE INPUT DATA PRINTED ON OUTPUT MAIN 396

WRITE 16.37) MAIN 397
CORMATI1H /l1// ?THINAMI HAS JUST KEEN READ IN MAIN 396
WRITE (6,NAM|l MAIN 399

MAIN 400
C CURPENT VALUE ng NSTAAT CONTROLS THF STAGE AT WHICH COMPUTATION BEGINS MAIN 401
C sINCF COMPUTED GO TO STATEMENTS SOMETIMES O0 NT COMPILE CORRECTLY IF MAIN 402
r INDE% IS NOT FXPLICITLY DEFINED* WE'PLAY IT SAFE WITH REDUNDANT MAIN 403
C STATEMENT. MAIN 404

NSTARTuNSTART MAIN 405
C MAIN 406

GO Tl (2OO,3OO,400,50,AOO.)99NSTART MAIN 407
r MAIN 40
C WF ARPIVF HERE IF NSTAPTSl MAIN 409

70O RFAO (S.NA1M2 MAIN 410
C MAIN 411

WRITE (6037) MAIN 412
P37 FORMATIIH ///// 27H NAM2 HAS JUST BEEN READ IN) MAIN 413

UPITE (4,NAM2I MAIN 414
C MAIN 415
C CONVFRT ATMnSPHFRIC DATA TO STANDARD FORM MAIN 416 PROGRAM

CArL AT4nSIToVKNTXVKMTV2 I*WANGLE.WINDYLANGLE) MAIN 417 MAIN
I1( HPRNT ,LE. 01 GO TO 270 MAIN 410

C MAIN 419 PAGE
r PPINT ATMOSPHFRIC PROFILF IF NPRNT .GT. O MAIN 420 6
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CALL P*ATMm MAI 471
MAIN 4?2

770 I( NPNCN *LE. 0) GO TO 305 MAIN 423
MAIN 474

C PliNCH NEAM DATA IF NPNCH *GT. 0 MAIN 425
WRITE l792?l! MAIN 426

7?1 FnDMAT C TH NAM3 I MAIN 477
IUHS = 1MAX * I PAIN 478
WRITE (T?22 IMAX.(Cl(IlIt~lIUHS) MAIN 479

2:7 F~nMAT I lOm IMAX 0139Heq H 8 C MAIN 410

f (MAIN 431
WAITE(7,274) (VXlI)lvl-l.ut1US MAIN 432

?74 FORMAT(H VXI / MAIN 433
(X.G15.S,1H..Gls.q,1H,.G15.8.1H,,C,1~o8.1H. ) I MAIN 437

WRITE(?276, ) IVYI(I),1IuH ) MAIN 43S
"76 FnRMAT(*H ( I *If MAIN 436

1 I 6 XG15o.81H,,G1~eq.RlHG15o8,1H,.G1.8,1H. ) I MAIN 437
WRITE(97,77 ( 9) III-9,UHs) MAIN 43

170 FORMAT I AN EI MAIN 439
WITE (6.583o HMAIN 440
WRITE (77q) MAIN 441
I7q F7RAT ( 6H XEN I MAIN 442

WRITE (6797) I MAIN 446
WRITE( I 69271 MAIN 444
WRITE (697T21 IAXtlCI(IlvI-IoIUHSl MAIN 445

WRITF1697741 (VXIIIlI IlI IU"Sl MAIN 446

WRTTE(16*761 (VYIll)II.ltUHql MAIN 447

WRITE16.7781 I HliltlI=1,IUHS) MAIN 4468
WRITE (,P710 MAIN 449

780 GO TO 305 MAIN 450
C MAIN 451
C WE ARRIVE HEAP IF NqTART-? MAIN 452

310 RFAD (5NAM31 MAIN 453
WOITE 16.307) MAIN 454

112 VORMAT(QH I/// 27H NAM3 HAS JUST REFN REAO IN) MAIN 455

WRITE (6.NAM31 MAIN 456
IF( NPRNT oLE. 1) GO TO 305 MAIN 457

r PRINT ATMnSH4 RIC PP'FILE IF NPRNT *GT. 0 MAIN 458
CALL PPATmn MAIN 459

C MAIN 460
C CDNTINIJING FROM 270, ?809 302, OR 303 MAIN 461

V)S RFAO (SNAM41 MAIN 462
WaITE (6.3n7) MAIN 463

An7 FORMAT(IH I//// 27H NAM4 HAS JUST BEEN READ IN) MAIN 464
WRITE (6,NAM4) MAIN 465

MAIN 466
r CnNVEPT THETKO FROM DEGREES TO RADIANS MAIN 467

THETK x (3.14159) * THETKO / 180.0 MAIN 468

nmO x NOMI MAIN 469
VP a NVPI MAIN 470

MAIN 471
C CnNSTRUCT TABLE OF. INMOOE VALUES MAIN 472

CAIL TARLEiOMIOMZVlV7,NOMNVPTHETKOMVRINMIDENPRNT) MAIN 473
C MAIN 474
r CnmPUTF DISRFRSION CURVES nF GUIDED MODES MAIN 475

CALL ALLMOD(NVPNOMMAXMODtMOFNDOMVPKSTtKFINtOMMDOOVPMOD MAIN 476
I INMOOFTHFTKtKNOP) MAIN 477

r MAIN 478
C CHFCK TO SEE IF ANY MODES WERE FOUND MAIN 479

IF( KUOD oG-. 0) AO Tn 320 MAIN 480
C MAIN 481
r FXIT 19 KWOP *LT. 0 MAIN 482

WRITF 16.311) KWC
0  MAIN 483

3I1 VORMAT(tH , SHKWOP-. 13) MAIN 484
CAIL VXIT MAIN 485

C MAIN 486 PROGRAM
C CONTINUING WITH KWOP *GE. 0 FROM 308 MAIN 4A7 MAIN

120 lF( NPONT .LF. 0) rO TO 350 MAIN 48
C MAIN 439 PAGE
C PRINT NnPMAL MOnF DISPFQSI1N CURVES MAIN 4QO 7
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CALt MG T14Fo mngV~D S FI MAIN 491
MAIN 492

C CflNrttINUNG POM 320 P~P 321 MAIN 493
350 1Ff NPNCH *LE* 01 GO TO 160 :AIN 494

c 14AIN 495
C PNCH RAMS DATA IF NPNCI4 .GT. 0 MAIN 496

151 FORMAT I 7H tRANS IMAIN 498

TONS a IMAX * I MAIN 499
WRITE 17,???) IMAXOMI()Ilouj,1111St MAIN 500

gWRIT(792741 (VXI(Il9IulIIUHSl MAIN 501

WRITE(6??261 IVYI(I),IalIUI4SI MI 0
WRITF(I,.?78) i HI(I)I1.IU4S) MAI 2$3

WRITE (6,352) THETKD.MDFN~D*KSTIII.Ia1,M4DFNDI MAIN 524
35WFRMT61) III TFIO 9GI *PI,/Ia MFN -93DFND4) o MAIN 525

WRITE(7o3SSI IVPMO(I9tI.l.LAST MAIM 527
WS FRIT I ION 7 MAIM 52$

C"AIM 529

WRIC~' TE~I FR7M3501 (OMM351119KA MAIM 530

IS' MOMTIN PO AIM 532
CMAIM 513

C WFARIVE FRE9S I NSTART ~u3 9LA~ MAIN 534

40 IFD(.AS MAIM 536
WRITE 1(2401 "AIM 536

WRITE 16,NAMS) MAIM 536
WOT 631 MAIM 539

TWRITE (422 11.49 * I4ETl9D / 160 MAIM 541
C RT1674 I* II~o#US MAIM 521

415RIEAD *76 IV5,MAtaMv6) MAIM 524
WRITE (6.471)H41189US MAIM 545

41 FRMT 169352 2714 #MNA6HA1JST sEEN REDNI) MAIM 524

WRITE 6.MAM) IFNt.*vDNlMAIM 547

WRI~lTE 1ILDINEENEN5MPITD FACTORS FOR GUIDED MODE MAIN 549
CALLF16A3POEIZSCRCE,?ioSSmDNKASTKI.MO.POOAPAAAT MAIM 550
WRTET (69R7T MAIN 551

C MAIM 529

4501FNPC1 L.0 GO TO 460 MAIN 531
C MAIN 554

C UNC AMV DATA IF NPMCHT. 0 MAIN 535
40 LRAO S *NMDFN MAIM 55S POGA

WRITE 1494031)IM()I1 AT MAIM 5573 AI
401 FORMAT1I 14 /////7H NAPS4HAMP JUS BEN/ N MAIM 556

THT a f3C1..14.16IGS..S1N * THTI/ 60 MAIN 5491 AG

WRITE (7.42ALAMFAC MAIM 560?

C PAI-2128

C OPT IL NFFON MLTD ATR O UDDMDSMI 4



457 FOORMAT I ION ALAN x 9G16*8,1H*, I' IO FACT #G.66.8,14, I MAIN 461
WRITE (7,455) MDFND,(IKST(I).IsloMDFNDI MAIN 562

4.55 FORMAT I 10H MOFND a#13vlH@/8H XST a/ MAIN 563
1 I 6XG15.8a,Gls*8,IH,,c15.e,1g4,,G15.Atp4, I )MAIN 564
WRITE17.355) (KFINIII MDFNDI MAIN 565
WRITE (7.357) IONNOD(I),Iu1,KL4ST) MAIN 566
WRITE(7o3S9l (VOPOD(T1.I11KLAST, MAIN 567
WRIYE (7,279) MAIN 568
WRITE (6,563) MAIN 569
WRITE (6,4S1)(AMP(lIIvKLASTl MAIN 570
WRITE (6,452) ALAM9FACT MAIN 571
WRITE 4694SS) MDFND9IKST(!h.IwIMOFNDI MAIN 572
WRITE(6,3551 (KFINlIlII#NFMD) MAIN 573
WRITF t6.357) (OMMOVIII.IIKNLAST) MAIN 574
WRITF(693501 IVPM(ODIlIhI9KLASTI MAIN 575

45q WRITE (6.2791 PAIN 576
C PAIN 577
C CONTINUING FROM 450 CR 459 MAIN S7B

46n Gn TO SIS MAIN 579
C 04AIN 580
c MAIN 561
C WE ARRIVE HERE IF NSTART-4 MAIN 582

500 READ (59NAM'?I MAIN 563
WRITE (6.501) MAIN 564

501 FORMAT(1H 1/// 27H4 NAM7 HAS JUST BEEN READ IN) MAIN 565
502 WRITE (69NAM7I MAIN 586

C MAIN 58?
C CONTINUING FROM 460 OR 502 MAIN 58

515 READ (59NAMBI MAIN 569
WRITE (6,5161 MAIN 590

516 FORMAT( 114 ///// 2714 NAM$ H4AS JUST BEEN READ IN) MAIN 591
517 WRITE (69NAMS) MAIN 592

C MAIN 593
C COMPUTE VIFID DEPENDENT AMPLITUDES AND PHASE TERMS OF GUIDED MODES MAIN 594

CALL PPAMP (YTEL D #MFN~icSTIKF IN, OMMOD, VPMODt AMP, ALAN*,FACT tAMPLTDv MAIN 595
PHASO) MAIN 596

518 IFt NPRNT *LU. 0 ) GO TO' 580 MAIN 597
C THE RESULTS OF CALLING PPAMP ARE PRINTED OUT BY CALLING TABPRT MAIM 598

520 CALL TASPRT(YIELD0f4DFNDKSTtKFINOMNOD,VPMj. ,AMPLTDPHASQI MAIN 599
C MAIN 600
C CONTINUING FRflM SIR OR 520 MAIN 601

580 IF( NPNrH *LE. Of GO TO 590 MAIN 602
C MAIM 603
C PUINCH NAM9 DATA IF NPNCH *GT. 0 MAIN 604

KLAST - KFIN(MDFND) MAIN 605
WRITE (7,561) (APPLTD(ihloa1,KLAST) MAIN 606

581 FORMAT (IN 71ENAM9 / 12H4 AMPLTO = O MAIM 607
1 1 6XG15.6,1H,,GlS.8,IH,,GZS.6,IH,,GIS.8,1H I MAIN 608
WRITE (7,562) (PRASO(IltI.1,KLAST) MAIN 609

5ap FORMAT ( 1114 PHASO - MAIN 610
1 ( 6XG1S.8,1H,,GlS.6,IH,,G15.C,1H,,G1S,8,1H, I I MAIN 611
WRITE f79455) MDFND,(KST(IIIMDFNDI MAIN 612
WRITF(79355) (XFINIIITul.MDFND) MAIN 613
WRITE (7,357) (OMMOD(litiI.KLAST) MAIN 614
WRITFI79359) (VPMOD(Ih1,.KLASTI MAIN 615
WRITE (7,279) MAIN 616
WRITE (6,581 MAIN 617

583 FO)RMAT(I 1 /f/// 41H4 THE FOLLOWING DATA HAS JUST SEEN PUNCHED) MAIN 618
b'RITE (6,581) (AMPLTD(IlillKLAST) MAIN 619
WRITE (6,582) (PHASO(I),I=1,KLAST) MAIN 620
WRITE 169455) MDFND,(KST(IhtixIMDFNO) MAIN 621
WRITEt69355) (KFINlIltlwlMDFND) 622
WRITE 1691571 (CMMOD(III.1,KLAST) MAIN 623
WRITE(69359) (VPPOD(I),TIKLAST) MAIN 624

584 WRITE (6,279) MAIN 625
c MAIN 626 PROGRAM
C CONTINJUING FROM SA0 OR 564 MAIN 627 MAIN

590 GO TO 615 MAIN 626
C MAIN 629 PAGE
c MAIN 610 9
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WF ARRIVF HERF IF NSTARTaS MAIN 631
600 READ li5NAMQ) MAIN 632

WRITF (6,601) MAIN 633
60t FnfMATIIH I/I/I 27H NAM9 HAS JUST 8FEN READ INl MAIN 634
607 WRITE 16,NAMP) MAIN 635

c MAIN 636
c rnNTINU!NG FDnM 590 np 6o? PAIN 637

A19 REAn (fNAM10I MAIN 638
WRITE 16.6161 MAIN 639

616 FpmMATI 1H /1/ 21W NAMIO HAS JUST BEEN orAn IN) MAIN 640
WRITe t6,NAMIOI MAIN 641

r MAIN 642

C Cn"POTATION (IF WAVEFORM MAIN 643
CALL TMPTITFIRSTTFNOOELTTPOSS.M0FOXKTKFINOMOOVOMlC MAIN 644
I AMPLTODPMASO, IOPT) MAIN 645

r MAIN 646
C WEPEAT FnR NEXT WAVEFnlM PAIN 647

GO T1 MAIN 648
C MAIN 649
r WF AVRIVF HERF It NSTAOT x 6. MAIN 650
C FNOPLT TFRMINATES TE CALC'MP TAPE FILE* MAIN 651

9q CALL ENOPLT MAIN 652
CALL EXIT MAIN 653
ENO MAIN 654

PROGRAM
MAIN

PAGE
10
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r AAAA (SUBROUTINEI 7/25/68 AAAA 1
c AAAA 2
C ---- ABSTRACT---- AAAA 3
C AAAA 4
C TITLE - AAAA AAAA 5
C THIS SUBROUTINE COMPUTES THE ?-BY-? MATRIX A Or COEFFICIENTS AAAA 6
C IN THE RFSIOUA( EQUATIONS AAAA 7
C AAAA 8
C O(PHIII/OZ - (AIll)*PHIl + AI2)*PHI? AAAA 9
C AAAA 10
C O(PHI2)OZ a (A21)*PHII + (A?21|PHI2 AAAA 11
cAAAA 12

C OFRIVFn PY A. PIERCE, J. COMP. PHYS., VOL. 1 NO. 39 343 -366, AAAA 13
C 1967. ISEE EQN. (10) OF THE PAPER.) THE EXPLICIT EXPRESSIONS AAAA 14
C FOR THE A(1,J) ARE AAAA 15
C AAAA 16
r 4(11) v GO(K/ROM**2 - GAMMA*G/12.CO*21 AAAA 17
r Af1? x I - IC*K/AOM1S*2 AAAA 1
C A42,1) =IIG*Kll(9OM*CIl**2 - (BqM/C)J"2 AAAA 19
; Al?,2| = -A(I.1) AAAA 20

C AAAA 21
c WHERE fAMMAvI.4 IS THE SPECIFIC HEAT RATIO, uo0098 KMfSEC9*2 AAAA 22
C IS THE ACCELERATION OF GRAVITY, C IS THE SOUND SPFE, K IS THE AAAA 23
C HORIZONTAL WAVE NUMFER AND ONm IS THE DOPPLER SHIFTED ANGULAR AAAA 24
f FREQUENCY AAAA 25
C AAAA 26
C LANGUAGE - FORTRAN IV (360. REFERENCE MANUAL C28-6515-41 AAAA 27
C AUTHOR - A.DO.PIENCE, M.I.T., JULY,196R AAAA 28
C AAAA 29
c ----CALLING SEQUENCE---- AAAA 30
C AAAA 31
C SEE SUBROUTINES ELINT, MMMM, NAMPDE, NNDFN AAAA 32
C DIMENSION A12.2) AAAA 33
c CALL AAAA(nMEGAAKXAKY*CtVXVYA) AAAA 34
C AAAA 39
C NO EXTERNAL SUBROUTINES ARE REQUIRED AAAA 36
C AAAA 17

----ARGUMENT LIST---- AAAA 36
C AAAA 19
C OMEGA R*4 NO INP AAAA 40
C AKX R*4 NO INP AAAA 41
C AKY R*4 ND INP AAAA 42
r C R*4 NO IMP AAAA 43
c VX R*4 NO INP AAAA 44
C VY R*4 NO INP AAAA 49
c A R*4 2-RY-2 OUT AAAA 46
C AAAA 4?
C NO COMMON STORAGE IS USED AAAA 48
C AAAA 49
c ---- INPUTS---- AAAA %0
C AAAA 51
C OMEGA uANGUL.AR FREQUENCY IN RAO/SEC AAAA It
c AKX mX COMPONENT OF HORIZONTAL WAVE NUMBER VECTOR IN I/KM AAAA $3
C AKY aY COMPONENT OF HORIZONTAL WAVE NUMBER VECTOR IN I/KM AAAA 94
C C wSOUND SPEED IN KM/SEC A*iA %%
C VX mX COKPONENT OF WIND VELOCITY IN KM/SEC AAAA S6
C VY -Y COMPONENT OF WINO VELOCITY IN KM/SEC AAAA 4?
C AAAA q6
C ---- OUTPUTS---- AAAA 9q
C AAAA 4o
c AIlIJ) -(I.Ji-TH ELEMENT OF MATRIX A OF COEFFICIESTS IN THE AAAA Ai
c PESIOUAL FQUATIOMIS AS DEFINED IN THE ABSTRACT. AAAA AP
C AAAA As
C ---- PROGRAM FOLLOWS BELOW AAAA *4
C AAAA 6%

SUSROUTINE AAAA(OMEGAtAKXAKYCVXVYoA) AAAA 66 PRODRAN
AAAA A? A4

DIMFNSION A(2921 AAAA *4
RnMSon(OMEGA-AKX*VX-AKY*VYIO*? AAAA 4q PA(M)
CSosC*C AAAA TO
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tu(K~.,A~.*,)~r~OA*AAA 71
£Al1,1le.OO98*T-000686/Cs@ AAAA 72

Atl*21*1.n)-CSO*r AAAA 74
AelatI%.O04E-6IT-AoM so)/Cl.o AAAA 75r-*?I 96.O'.!-6 K14*2/SEC**4 f66 7

RETUAN AA*6 78
FNO 6666 79

PROGRAM
6666

PAGE
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I AK 2 T

CEWE AK! I0

C --A--L EALUTAT ~ ASI

C TITLE ~ *-l AX "A * Ae(6-~) IIII,)A!1

C *VLA~Nn PI4TEGRAL2 OF A' CGIOS (PH RFAJ FK)41T AK! 17
C4 AK! IS

C AK! 90
C -N AN ''- ON1 AVLWN TH COSETHO 00 KI .GOM AK 211
C RF* Oo6 161 2-4 o TEITGA S AK! 2

C. REIYEAUTD S AK! 23
C AK! 14
C AlI1*fI * AVE A VAUED A6(0-"l !N INTERVALf AK! 25

C PH' DIPH!) / At DMEGA) + X AK! 28

C AK! 30
r A SINEWHAT MOR (DVA!ET AtORMULA -RANAL 00 Y1 RINI O- AK! 319

c Ai.I 33

C * *PHI'*I-2) * A' I COS X) - IK) AK! 36
C AK! 32

C *S!NPNII AK! 3
CAK! 39

C AtNEE x ISEG SMAL OF(K/ AIN OINTER A EEAUTDR AK! 40
C USNPHIR aOERAG SERIEO RPHENAIONTEVA AK! 41
CA#vDM /OOEA AK! 427

C AK! 34
C UHr A SOM.PEWCHANDOR C.ONVEYN IT , RUAGOBTAIABE YTRG AK! 45
C MTI DNIISI AK! 46
C AK! 33

C AK! 4S
c N+ 2URUIE *P CALLED 0 0( *CSII-SIII AK! 36
C AK! 51
C ItRRA USAGEII AK! 32
c AK! 539
C CALLF I MAL AK(OI0MNI.2TXI IX AND RIG2SRI AEG VAUAEDB AK! 40
c USN OEP.K! THERPWRSRE RPEET)0 AK! 41
C AK! 56

CiPT AK! 57

C AK! 58

C ----(RADIANS) AK! 60
C AK! 69
C NO? SURUINE PFR LIITLL E RTO RDAS AK! 62
C * AK! 63

r AK! 64
c AlC ALLLO A A OEG6* M1902A92rRGTIIC~G9Tt AK! 654
c I REPqA4 IT AK! 66 POGA
C AK! 56 K

C f QOU 4 AK! 69S AG

C R4AK! 603 1
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c Clt IGI COSIPH!) WHERE OMErA - O141 AKI 71
C R*4 AK! 72
C AR! ?I
c STRIGI S~timoI) WHERE OMEGA - 014l AK! 74
C * AK! 76
c AK! 76
C DELP4 CHANGE IN PH! nVER THE INTERVAL I PH1ION21 PHtIOMI) I AK! 77
r ft*4 IRAOIANSI AK! 78

*C AK! 79
C nuTPUTS AK! SO
C AK! At
r CYRIG? COSfPHI) WHERE OMEGA 04O2 AK! 6?
C R*4 AK! 43
C AK! 64
f STR!Gp STIPH!) WHERE OM4EGA 042N AK! IS
r R*4 AK! A6
C AKI 47
C AKII~f VALUE OF INTFGRAL OFF!NEO IN ABSTRACT IN UNITS (IF A*OMEGA AK! IS

C f*4 AK! *9
*C AK! QI

C AK! 91
c ---- PROGRAM4 FOLLOWS BELOW---- AK! 92
c AK! 91
C AK! 94

SUBROUTINE AK! EOMI,0M2,A1,A2,CTRIGISTR!G1,*CTR!G2, AK! 95
I ST !G29DELPHAKI!NT) AK! q6
OEtO~uOP2-0mI AK! 97
OELAAu AP-AI AK! 9A

CAK! 99
At u4 A,-54 1 / .0AK! 100

XuPKLPH/2.0 AK! 101
CVFRXUCOSI Xl AK! 102
STRx*%!NIx) AK! 103
CTR!GT*CTRIG1.CTAX-STR!G1*STRx AK! 104
STRIG! .STO!GI*CTRXCTRIGI*STRX AK! 105
CYR !G2*CR !G!*CTAX-STR !G!*$TRX AK! 106
STR!G2*STR!G!*CTRXCTR !G!OSTRX AK! 107
tFIARS I .OF-21 20.20,10 AK! 10S

10 SlSTREIX AK! 109
S2utI -CTRIX) IX**2 AK! 110
GO TO 30 AK! 1I1

20 S1.l.0-t1.0/6.O)*X**2,Il.0/120.0)*X**4 AK! 112
S2.Il.0l3.0)-11.0/3o.01*X**2,IlOI540*01*X*a4 AK! 113

30 AK!!NTUCI*Sl*CTRTGT-OELAA*OELP400.25*S2*STR!G!)*OELON AK! 114
RETURN AK!1 115
ENO AK! 116

PROGRAM
AK!

PAGE
14
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c ALLNOD (SURRCUTINFI 6125/63 ALLM I
C ALLM ?
C ALL" 3
C TITLE - ALLmfIO ALLM 4
C PROGRAM TO TAN4JLATF DISPERSION CURVES OF UP TO PAX~nD GUIDEF) ALLM 6
r MODES* ONLY PORTIONS OF CURVES WITH OMEGA SFTWEEN.0MII) AND AtL 6
C OMINCnL) AND WITH PHASE VELOCITY BETWEEN vPIMCOL) AND VP(!I ALL M 7
C ARE TABULATE!). THE ANGULAR DEVIATION OF GROnUP VELOCITY OIREC- ALL" 8
C 71DM FROM PHASE VELOCITY DIRECTION THETK IS NEGLECTED. ALLM 9
C SUCCrSIVF MODES NMSERED FRO)M I TO MOFND ARE EACH TABULATED BY ALL" 10
c CALLING SUBRnUTINE MODETP. STARTING POINTS FOR EACH MODE ARE ALLM It
c FOUIND BY CALLING SUBROUTINE NXMDDE. THE NORMAL NODE DISPERSION ALLM4 12
r FUNCTION INMOFI SHOULD ME NEARLY ZERO FOR EVERY TABULATED POINT ALLM 13

*C ON EACH DISOERSION CURVE. THE COMPUTATIONAL METHOD IS BASEC ALLM 14
C ON THE PREVIOUSLY COMPUTED VALUES OF THE NMDF SIGN ALLM 1S
C INNOOE((J-1)*NROW+tl AT POINTS 11.11 IN A RECTANGULAR ARRAY OF ALL" L6
c anRIw ROWS AN!) MCCL COLUMNS. DIFFERENT COLUMNS IJ) CORRESPOJND AtL 17
C TO DIFFERENT ANGULAR FREQUENCIES ONIJI WHILE DIFFERENT ROWS (11 ALLM IS
r CORRESR~lNn TO DIFFERENT PHASE VELOCITIES VP(Ile IT IS ASSUMED ALLM 19
C THAT VP(I) *GT* VP(21 .GT. VP(21. ETC* DISPERSION CURVES ALLM ?0
f OF VARIOUS NO)DES APPEAR ON THIS ARRAY AS LINES OF DENAWCATION ALL" 21
c RETWEN ADJACENT RFGIONS WITH OPPOSITE INMODES. IT IS ASSUMED ALLM4 77
C THAT DISPERSION CURVES SLOPE DOWNWARDS. MODES ARE NUMBERED ALLM 23
r STARTING FROM LOWER LEFT OF INMODE ARRAY. ALLM 24
C ALLM 25
C PROGRAM NOTES ALLM 26
C ALLM 27
C THE ARRAYS OPMOD AND VPMOD ARE USED TO STORE DISPERSION ALLM 26

C ~CURVES FOR ALL THE MODES TO CONSERVE STORAGE* FOR THE ALM2
C MMODE-TH MODE. VPMODIKST(NMODEI*K-11 IS THE PHASF VELOCIT ALLM 30
C CORRESPOING TO ANGULAR FREQUENCY OF OMMODIKSTINMODFI. ALLM 31
C K-i). THE PAIR OF VALUES CORRESPONDS TO THE K-TH TABULAT ALL" 32
C POINT FOR THE NODE. THE LAST TABULATED POINT FOR THE ALLM 33
C NMODE-TH NODE IS LABELED BY THE PAIR VPMOOIKFININNOOEI) ALLM 34
C OMNOD(KIN(NMODEI)o THUS OMMODIK)t VPMOOIK) FOR ALLM 35
r K .GF. KSTMRODEI AND K *LT* KFIN4NMOOE) DESCRIRE THE ALLM 36
C NMOOE-T4 NODE-S DISPERSION CURVE. ALLM 37
C ALLM 38
c THE FLAG KWOP IS NORMALLY RETURNED AS I. HOWEVER, IF ALLM 39
r No DTSPFRTON CURVES ARE TABULATED. KWOP IS RETURNED AS ALLM 40
C -10 ALLM 41
r ALLM 42
C LANGUAGE - FORTRAN IV (360, REFERENCE MANUAL C2M-6515-41 ALLM 43
C AUTHOR - A.fl.PIFPrF. M.I.T.. JUNE.1966 ALLM 44
r ALLM 4S
C -- CLIGSEQUENCE---- ALLM 46
r ALLM 47
C SFF MAIN PROGRAM ALLN 48
C DIMENSIN OMI10O).VPIlOO),KSTIIO),KFINIO),ONMOD(1000,VPMOD(1000I ALLM 49
C DIMENSION ImnDE4 10001I ALLM 50
C DIMENSION CI(100ItvXI(100),VYII100),HtIlOD) ALLM S1
C THE SUBROUTINE USES VARIABLE DIMENSIONING. THE ASSIGNMENTS ABOVE ARE ALLM 52
C THnE GIVEN MY M4AIN PROGRAM ALLM 53
C COMMON IMAX9CI.VXIVYI9HI ALLM 54
C ATMOSPHFRTC VARIAMLES MUST SE IN COMMON BEFORE AI.LMOD IS CALLED. ALLM S5
C CALL ALLMOO(NPOW.NCfL.NAXMOO.*MDFND,ON.VPKST,KFINnOMoVp OD, ALLM 56
C I INMOOEF.THETK.KWCP ALLM 57
C IF(KWOP *NE. 11 GO SOMEWHERF ALLM 58
C ALLM 59
r ---- EXTERNAL SURROUTINES REQUIRED---- ALLM 60
C ALLM 61
C NXMO(DEMO)DETRNXTPN4TRTMI.FNMO0DI.FNMOO2.NMOFNAAAARRRR.MMMCA .S ALLM 62
C ALLM4 63
C NXMnOF AN!) MCOETR ARE EXPLICITLY CALLED. THE REST ARE ALLM 64
c IMPLI'ITLY CALLED MY CALLING MODETR. FOR FURTHER INFORMATION ALLM 65
c ON IhA SCIENTIFIC SUBROUTINE PACKAGE ROUTINE vINI. SEE OCU- ALLM 66 PROGRAM
C MFNTATin)N OF MOOETR. ALLM 67 ALLMCO
C ALL" 68

1:---- ARGdIN NT LIST---- ALLM 69 PAGE
c ALLM 70 15
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c NRon 1*4 NO IMP ALL" 71
f MOL 1*4 Nn IMP ALL" 7?

qAXMNOfl t* NO INP ALLN ?3
W 0)FNO 1*4 NO OUT ALL! ?4

n uW R*4 VAR IMP ALLN 7S
C, Va R*4 VAR IMP ALLM ?f
C KsT 1*4 VAR OUT ALLM 77
C KFIN 1"4 VAN OUT ALL! 7
C OMOD R*4 VAO OUT ALL" ?Q
C VPMOD R*4 VAR OUT ALLM RO
C NmnnE 1*4 VAO IMP ALL" At

T THETK R*4 ND IN ALLM 12
( KWOP 1*4 NOT OUT ALL* R3

ALL" 84
C C10NMN STORAGE USED ALL" 85
r COMMON IMAXCIVXIVYIHIOMEGACVPHSEC.THETKP ALLM 86
C ALL" 87
C IMAX 1*4 NO IMP ALL" 86
C CI P*4 10 INP AILM 89
c VXI R*4 100 IMP AL1.! 90
f VV! 0*4 1e0 IMP ALL! 01
c 41 R*4 100 IMP ALL! 92
C OWEGAC R*4 NO OUT (USED INTERNALLY) ALL" 03

C VPHSFC P*4 ND OUT (USED INTEONALLYI ALUM q4
C THETKP R*4 Nn OUT (USED INTERNALLY) ALLP 95
r ALLM 96
c --- INPUTS---- ALL q7
r ALLP 9R
c NRflw aUMER OF ROWS IN INMODE ARRAY. MAXIMUM INDEX OF ALLM 00
r VP(NI. ALLN 100
C NcL *NUMBER OF COLUMNS IN INMODE ARRAY. MAXIMUM INDEX IF ALL! 101
rNINI. ALLM 102
r MAXmOil mMAXIMUM NUMBER OF NODES TO BE TABULATED ALLM 101
r ONINI -ANGULAR FREQUENCY OF N-TH COLUMN IN INNODE ARRAY A.LLP 104
c VP(N) -PHASE VELOCITY OF N-TH ROW IN INNODE ARRAY ALLM 10S
r In F -Is-It OR 5 DEPENDING ON WHETHER SIGN OF NORMAL NODE ALL! 106
r ntSPFvSInN FUNCTION IS + OR -9 S IF NNOF DOESNT EXIST ALLN 107
C TH (J-I)*NROW*I-TH ELEMENT CORRESPONDS TO NMDF WHEN ALL" 106
c n"EGA-OM(Jl PHASE VELOCITY-VP(Il, ALLM 1o
r THFTK -PHASE VELOCITY DIRECTION IN RADIANS RECKONED COUNTER- ALL! 110
c CLOCKWISE WITH RESPECT TO X AXIS. ALLN III
r 14AX uNUMBER OF ATMOSPHERIC LAYERS OF FINITE THICKNESS ALL! 112
C CII) *SOUND SPFFO IN f-TN LAYER ALLM 113
c VXlII) -X COMPONENT OF WIND VELOCITY IN I-TH LAYER ALL! 114
r VYIII) my COMPONENT OF WIND VELOCITY IN I-TH LAYER ALLM 115
c 41(11 THICKNESS OF I-TH LAYER ALL! 116
f ALLM 117
C ---- UTPUTS---- ALLM 118
c ALL! 119
C mDFND -NUNEP OF OOFS FOUND ALLM 120
C KST(NI .=INDEX OF FIRST TABULATED POINT IN N-TH MODE ALLM 121
C KFIN(N) -INDEX OF LAST TABULATED POINT IN N-TH NOoF. IN ALLM 122
C CENERAL, KFINtNIeKSTIN.1)-1. ALL! 123
c OMON(N) *ARRAY STORING ANGULAR FREQUENCY ORDINATE OF POINTS ALLM 124
C ON DISPERSION CURVES. THE NMOOE NODE IS STORED FOR ALLM 125
C N BETWEEN KSTNMOOE1 AND KFININMODE). ALL! 126
C VPMOD(N) *ARRAY STOPING PHASE VELOCITY ORDINATF OF POINTS ON ALL! 127
C DISPERSION CURVES. THE NMOOE-TH MODE IS STORED FOR ALLM 120
r N SETWEEN KSTINMODEI AND KFININNODEI. ALL! 129
C KWOP m-1 IF NO MOOES ARE TABULATED* OTHERWISE IT IS to ALLM 130
C ONEGAC aINTERNALLY USED FREQUENCY TRANSMITTED AMONG SUBROUTIN ALL! 131
c THROUGH CCM!ON ALL! 132

VPHSEC mINTE"4ALLY USED PHASE VELOCITY TRANSMITTED AMONG ALLM 133
SUbRr'UTINIS THROUGH COMMON ALLM 134

THETKP mSAME AS THET ALLM 135
c ALL! 136 PROGRAM
C ----E XAMPLE---- ALLM 137 ALLMOD
C ALLM 138
C SUPPOSE TNF TABLE OF INMOOE VALUES IS AS SHOWN BELOW WITH ALLM 134 PAGE
C ALLM 140 16
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c ***--* --, NROWv6. NCGLsIO ALLN 141
C ++*.--..- ALLA 142
C ***G... * IF MAXMODuIO9 YOU SHOULD FIND MOFND*6. ALLN 143
C 5---***--- ALL" 144
r 544-.*.*4. KSTII)s1 KFIN(11s4 OMMOD(1-36) SHOULD RE ALLM 14S
C 5**-+** KSTf?)uS KFIN42)nlO VPMODI-361 TABULATED ALLM 146
c KST( |uI| KFIN(3)*21 ALL" 147
C KSTI4)u?2 KFIN(4I429 ALLM 140

C KST(SIw30 KFIN(fS)v4 AtLx 149
C KST161u35 KFIN(6136 ALLP 150
C ALLM IS
C ALL" 1q2
c ----PROGRAM FOltLWS RELOW---- ALLM 1S3
c ALLN 154
C ALLM 155

SUBROUTINF ALL MOM NROW.NCOL 9NAXNOOMOFNDOMtVPKSTKFINNMMOD, ALLM 1S6
I VPMOO. INMODE.THETK.KWOP) ALL" 151

C ALLN 1S$
DIMENSION CI(IOOIVXIIIoo),vYI(IOO).HI|Ioo) ALLM 154
DIMENSION OMIIh*VPIII.KSTII|,KFINIIIOMMOOI,).VP OD(lIINMO1EI1) ALLM 160
COMMON IMAX*ChVXIVYIHtOMEGAC.VPHSEC.THETKP ALLN 161

C ALLM 162
c STnRE THETK IN COMMON ALLM 163

THETKPaTHETK ALLM 164
ALLM 165

C AT THIS POINT, HF HAVEN-T FOUND ANY MODES ALLM 166
wDFNDOU ALLM 167

C ALLM 168
C HE START SI-RCH FOR FIRST HOOF IN LOWER LEFT CORNER OF INMOOF ARRAY. ALLM 169
f HE SEEK A POINT WITH INMOD ,NF. 5 WHERE THE NMDF EXISTS. ALL" 170

NMOODEuI ALLM 171
KSTINMODE)s| ALLM 172
ISTuNROH ALLM 173

C ALLM t74
C THE SEARCH GOES TO TI-E RIGHT. IF HE OON-T FIND A POINT IN THE BOTTOM ALLM 175
C POW, HE TRY THE INROW-11-TH ROW. ETC. AT STATEMENT 2 HE ARE STARTING ALLM 176
C AT THE LFFT OF A GIVEN ROW. ALLM 177

2 JSTs1 ALLN 178
3 IO.INMOOEIIJST-I)*NROH.IST) ALLM 179

IFIIO .4E. 5 GO Tn 10 ALL" 180
C ALLM 181
C IF JST IS NOT NCOL WE GO TO THE RIGHT. ALLM 182

IFIJST *FO. NCOLI GO TO 5 ALLM 183
JSTvJST.I ALLM 184
GO TO i ALLM 185

C ALLM 186
C AT THIS POINT HE HAVE EXHAUSTED AN ENTIRE ROW. HE GO TO THE NEXT ALLM 187
C HIGHER ROW P'nVIDED IST .ME. 1. IF |ST IS 1. THE ENTIRE SET OF ALLM 186
C INMODES ARE ,. ALLM 189

SIFIIST .EO. 11 GO TO 7 ALLM 190
IST*IST-I" ALLM 191
GO TO 2 ALLM 192

C ALLM 1q3
7 WRITE (69N) ALLM 194
8 FORMATIIHO9SIHTHE NORMAL MODE DISPERSION FUNCTION DOES NOT EXIST , ALLM 195
1 ?6HFOR ANY POINT IN THE ARRAY I IH ,22HALLMOD RETURNS KWOPs-1) ALLM 196

9 KHOP--l ALL" 197
RETURN ALLM 196

C ALLM 199
C STATEMENT 10 IS START OF LOOP. EACH PASSAGE THROUGH LOOP CORRESPONDS ALLM 200
C TO A GIVEN NODE. ALLM 201

10 CALL NXMqOECISTJSTNCOLNROW.INMODE.IFND.JFNDKEX) ALLM 202
C ALLM 203
C IF YOU CANNOT FIND THE FIRST MODE YOU ARE IN TROUBLE ALLM 204

IF(NMnOF ,NE. 11 GO TO 15 ALL" 205
IFIKEX .FO. 1) Go TO 15 ALLM 206 PROGRAM
WRITE 16.111 ALLN 207 ALLMOO

It FORMATIIHOI6HNXMODE COULD NOT FIND THE FIRST MODEl H ALLM 208
12?HALLMOO RETURNS KHOPw-) ALL" 209 PAGE
GO TO 9 ALL" 210 17
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C ALLM 211
C IF THF NODE SOUGHT IS NOT THE FIRST AND YOU CANNOT FIND IT* THEN THE ALLN 212
C RETURN IS CINSIDERED SATISFACTORY ALLN 213

is IFIKEX .10. -II GO TO SO ALLN 214
C ALL" 215
C 1OF NOV TABULATE THE NMODE-TH PODE ALLM 216

CALL NCOETRIIFND.JFNONNODEKST.KFIN.ONMCD.VPNODNROW, NCOLtINNODE, ALL$ 217

1 ONVPKRUO) ALLM 218
C ALLM 219
C IT IS OOUBFUL THAT KRUO COULD RE -1. HOWEVER. IF IT DID HAPPEN. WE ALLN 220
t WOULD LIKE TO KNOW TPAT IT 010. ALLN 221

IFIRRUD *FO. 1) GO TO 30 ALLN 222
WRITF (6921) NNODE*IFNOJFND ALLN 223

)I FOPNATIIHO.23HNOOETR RETURNS KRUDu-1.t2X92SHCURRENT VALUE OF NNODE ALLM 224
I IS. 14. 3H. v SHIPHO.. 143H 9 SHJFNDO* 14/ IH *2?HSEE DOCUNE ALLN 229
2NTATION OF ALLNfOl ALLP 226

C ALL" 22?
C WE KEEP NNOOE THE SAME AND TRANSFER CONTROL TO STATENFNT 35 ALLN 228

Go TO 15 ALLN 229
10 MOFNOaNOPNFOt ALLN 230

C ALLM 231
C THIS IS THE CURRENT NUMBER OF NODES FOUND. ALLN 232
C WE NOW CHECK IF THIS IS NAXMOD. IF IT IS. T0E RETURN IS WITH KNOPol. ALLN 233

IFINOFNO .EO. NAXHODI GO TO 50 ALL" 234
NMOOEuNtODE41 ALL" 235
KSTINNOOFIUKFININNODE-11*1 ALL" 236

C ALL" 237
C WE SEEK NEW IST AND JST BFFORE CALLING NXNODE. ALLN 236

35 IOINNOOFI(JFNDII*NRnWIFNO) ALLN 239
IFIIFNO .E0. I) GO TO 40 ALLN 240

c ALLN 241
C WE CHECK INNOOE OF POINT AROVE ALLN 242

' IIJP.NMODE( JNO-l)*NROW+IFNO-1) ALLN 243
C ALL" 244
C IF THIS IS -ID, THE POINT AROVE IS THE ONE DESIRED ALLN 245

IFfIUP oNE. -10) GO TO 40 ALLN 246
ISTmIFNO-l ALLN 24?
JTaJFNO ALLN 248
GO TO 10 ALLN 249

C ALLN.250
C WF CHECK INNOE OF POINT TO RIGHT. THERE IS NO PLACE TO GO IF JFNDw ALLN 251
C NCOL. THIS IS INTERPRETED AS SUCCESS PROVIDING NOFND *NE. O ALL4 2S2

40 IFIJFNO *NE. NCOLI 60 TO 43 ALLN 253
GO TO 50 ALLN 254

C ALLN 255
C IRT IS INWOOE OF POINT TO RIGHT ALL" 256

43 IRTtINNOftElIJFNOI*NROW#IFND) ALLM 25?
IF(IRT #NE. -10) GO TO ( ALLN 258
STaoTFND ALLN 29

JST-JFNOD1 ALLM 260
GO TO 10 . ALLM 261

r ALLN 262
C THE SEARCH HAS TERNINATED. IF NOFNDuO, WE HAVE BEEN UNSUCCESSFUL. ALLN 263

SO IPFNOFND .EQ. 0) GO TO 9 ALLN 264
KWOPtl ALL" 265
RETURN ALLM 266
FNO ALLN 267

PROGRAM
ALLPOD

PAGE
1
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c ANRNT (SURROUTINE) 7/27/66 ANRN 
SAMON 7

C ---- ABSTRACT---- AMON 3
ANON 4

C TTTLF - ANNT AMON 5

C THIS StIBRnUTINE CONPUTFS THE AMOIENT PRESSURE IN OYNES/C4*02 AMON 6
c AT A GIVFN ALTITUDE 7 KM BY USE OF THE EOUATION ANON 7
rAMON a

C WHERF IE6 nYNES/CM**2 IS THE AMBIENT PRFSSURF AT THE GROUND. ANON 11
r GAMMAml.4 IS THC SPECIFIC HEAT RATIO FOR AIR, Go.009 AM/SEC**2 AMON 12
C IS THE ACCELEPATION OF GPAVITY. AND C IS THF ALTITUDE DEPENDENT ANON 13
c SoND SPFFn IN KM/SEC. THE ABOVF EOUATION FOLLOWS FROM THF AMON 14
r HYDRnSTATIC EQUATION OIPO)/OZ a -G*RHnO AND THE IDEAL GAS LAW AMON 15

r C**2 * GAMMA*PO/RHO0. ANON 16
C ANON 17
C THF SnUND SPEED PROFILE IS THAT OF A MULTILAYER ATMOSPHERE AND ANON 18
C IS PQFSUMED TO RE STORED IN COMMON BEFORE EXECUTION. THP AMON 19
r PRnGRAM ALSO RETURNS THE INDEX I OF THE tAYFR IN WHICH 7 LIES. ANON 20
r AMON 21
f f)R"CRAM NOTES AMON 22
r AMON 23
c IN THE EVENT THAT THE INPUT VALUE OF I SHOU1D OE NEGATIVE AMON 24

C THE FIRST LAYER IS ASSUMED T HOLO FOR 7 *LT. 0 WITH THE ANON 25
r AMBIFNT PRESSURF STILL EQUAL TO 1.Fs AT 1*O. THE PROGRAM ANRN 26
r RFTURNS PRESUR *GT. IE6 AND :1l. APRN 27
C ANON 20
C IANGUAGE - FnPTRAN IV (360t REFERENCE MANUAL C2R-6515-41 ANON 24
C AUTHOR - A.f.PIERCE, M.I.T. JULYt19&" ANON 30
r AMON 31
r ---- CALLING SEOUENCE---- ANON 32
r AMON 33
C 5FF SUBROUTTINF PAMPnE ANON 34
C DIMENSION CI(100|VXI(100|VYI(IOOh)HI(100) ANON 35
C COMMON IMAXerI,VXIVYIHI (THESE MUST RE STORED IN COMMON) ANON 36
C CALL AMRNT(7.PRESUR,[I ANON 37
r AMON 30
c ----FXTFRNAL SURROUTINFS RFQUIRED---- ANON 39
r ANON 40
C NO EXTERNAL SUBROUTINES ARE REoUIRED. AMON 41
C ANON 42
r ---- ARGUMFNT LIST---- AMON 43

C AMON 44
C 7 R*4 ND INP ANON 45
C PRESUR R*4 Nn OUT ANON 46
C 1 1*4 NO nUT ANON 47
r ANON 40
C COMMON STORAnF USED AMON 49
C CONMMnN IMAX*CIVXI*VYIHI ANON 50
C AMON 51
r IMAX 1*4 Nn INP ANON 52
r CI R*4 100 INP ANON 53
r VXI R*4 100 INP (NOT USEC BY THIS SUBROUTINE) ANON 54
r VyI 414 100 INP (NOT USED BY THIS SUBROUTINE) ANON SS
C HI R*4 100 INP AMON 56
C A4NN 57
r ---- INPUTS---- ANON 5R
: AMON 59
C 7 wHEIGHT IN KM AMN 60
C IMAX 'NUMBFR OF ATMOSPHERIC LAYERS WITH FINITE THICKNESS ANON 61

C Cl() -SOUND SPFFn (KM/SEC) IN I-TH LAYER ANON 62
C VXI(I) .X COMPnNENT rF WINO VELOCITY IKM/SEC) IN I-TH LAYER AMON 63
r VYI(I) -Y COMPONENT OF WINO VELOCITY (KM/SEC) IN I-TH LAYER ANON 64
C Hill) -THICKNESS IN KM OF I-TH LAYER AMRN 65
C ANON 66 PROGRAM
r ---- OUTPUT.---- ANBN 67 AMRNT
r ANON 6R

r PRESIIR -AMAIENT PRFSSURF IN DYNES/C**2 AT ALTITUDE I ANON 6q PAGE
r I -INOEX OF LAYER IN WHICH Z LIES AMON 70 19
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L

AMON 71
C ---- PROGRAM FOLLOWS BELOW---- AMN 72

A0 ANO 73
SUBROtTINE ANMNT(P.PRES01tIl ANON 74

CAPON 7
C DINENSION ANO COMMON STATEMENTS AMEN 76

DIMENSION Ct(100),VXIIIOO).VYIIlOOI.H|IO0) ANN 77
COMMON INAXfCI#VxIVYIHI AMON 76

APON 79
C THF FINAL VALUE OF ENRON WILL BE TH INTEGRAL FROM 0 TO 7 OF AMEN RO
C -GANNA*G/C**2. THE RUNNING VALUE WILL RE THF SUBTMYAL, AMON Si

ENPINO.O APON 82
C AMN 3
C THE RUNNING VALUE nF I WILL PE THE LAYER BEING C')N IOERFO AMON 84

lot AfN is
C 7 LIES IN LAYfR I IF IMA uO. AMON 86

ZTuO.O ANON R?
IFIIMAX .EO, 0) GO TO 30 AMEN as

c. AMON 89
t TnP OF FIRST LAYEQ AMON 90

ZTsHI|I) AMON 1
ANON 92

r THE START OF A LOOP* THF CURRENT ZT nENnTES THE TOP OF THE I-TH LAYER AMON 93
10 IF I ,GT. IT I GO Tn 20 ANON 94

C AMON 95
C 7 IIE' IN I-TH LAYER ANON 96
r ?T-HIll) IS HEIGHT OF BOTTOM OF I-TH LAYER AMON 97
C ?-?T*HIII) IS lISTANCE OF I ABOVE BOTTOM OF I-TH LAYER AMON q6

ENPONuENPON-I.4*o.0096/CtII**2)*IZ-ZTHilI)) AMON 99
12 GO TO 40 AMON 100

C ANON 101
7 LIE% ABOVE TOP OF I-TH LAYER AMON 102
20 FNP0NvFNPON-l.4*l.O0o4/CIlI)**2)*HI(tI ANON 103

C THE CURRENT ENPON IS THE INTEGRAL OF -I,4*G/C**2 UP TO THE TOP AMON 104
C OF THE I-TH LAYER ANON 105

1.1+1 ANN 1ob
I(1 *GT. IMAX) GO TO 30 AMN 107
ZT*?T+H11 I AMON 108

C 7T IS THE TnP OF THE NEW I-TH LAYER ANON 104
G TO 10 AMON 110

C FND OF LOOP AMRN III
C AMON 112
C ? LIES IN UPPER HALFSPACE AMON 113

30 ENPlsNENPON-1.4*(.0098/CiII)*l?2IZ-ZT) AMON 114
C AMON 115
C CONTINUING FROM 12 OR 30 ANON 116

40 PRFSURuI.E6*EXP(ENPON) AMON 117
RETURN AMON 118
END ANON 119

PROGRAM
AMONT

PAGE
20
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C ATHOS (SUBROUTINE) 61l9/68 ATMO I
r ATMO 2
C ATIO 3
C ----ABSTRACT---- ATMO 4
r ATMO 9

C ATMO 6
C TITlE ATHiOS AYmn 7
C TABULATION OF WIND VELOCITY COMPONENTS AND SPEED OF SOUND FOR ATMO 8
C ALL LAYERS OF MODEL ATMOSPHERES ATM9 9
C AT£O 10
C THE MODEL ATOSPHErE CONSISTS CF UP TO 100 ISOTHERMAL ATMO 11
C LAYERS (THE TOP LAYER BEING INFINITE)* EACH LAYER MAY ATMO 12
C HAVF A UNIOUF TEMPERATURE, THICKNESS AND WIND VELOCITY* ATMO 13
C SUBROUTINF ATMOS CONVERTS AN INPUT DESCRIPTION OF THE ATMO 14
C ATMOSPHERFIS PROPERTIES INTO ONE MORE APPROPRIATE FOR THE ATMP 15
r CALCULATIONS T) FOLLOW (SUCH AS EVALUATION or THF NORMAL ATMO 16

MOOF DISPERSION FUNCTION IN NMOFNv DESCRIBED ELSEWHERE IN ATMO 17
r T941 SERIES). ATMO 16
C ATM' 19
C LANGUAGF - FORTRAN IV (3609 REFERENCE MANUAL C28-65Is-4) ATMO 20
r ATMD 21
C AUTHOnS - A.D.PIERCE AND J.POSEYt M.I.T.. JUNE91968 ATMO 22
r ATMO 23
C ATMO 24

---- USAGE---- ATMO 25
r ATMO 26
C IMAX MUST RF STORED AS THE FIRST VARIABLE IN UNLABELED COMMON WHEN ATMO 27
C ATMOS IS CALLFO. ATMO 28
r ATMO 29
C NO FORTRAN SURROUTINES ARE CALLED. ATMO 30
C ATMO 31
C FORTRAN IuSACF ATMO 32
C ATMO 33
C CALL ATMOS(TVKNTX.VKNTY.ZIWANGLEtWINDYtLANGLE) ATMO 14
C ATMO 35
C INPUTS ATMO 36
c ATMO 37
C IMAX NUMBER OF LAYERS or FINITE THICKNESS IN THE MODEL ATMOS- ATMO 38
C 1*4 PHFRF. ( 1.LF.IMAX.LEeqq I ATMO 3q
C ATMO 40
C T T(1 IS TEMPERATURE OF LAYER I IN MODEL ATMOSPHERE. ArMO 41
C R*41D) (DEGREES KELVIN) ATMO 42
C ATMO 43
C VKNTX VKNTX(T) IS WIND VFLOCITY COMPONENT IN X-DIRECTION (WEST ATMO 44
C R*4(n) TO EAST) FOR LAYFR 1. (KNOTS) ATMO 45
C ATMO 46
C VKNTY VKNTY(I) IS WIND VFLOCITY COMPONENT IN Y-DIRECTION (SOUTH ATMO 47
C 0*4() TO NORTH) FOR LAYER I. (KNOTS) ATMO 48
C ATMO 49
C Ft 7Ill) IS THE HEIGHT ABOVE THE GROUND OF THE TOP OF LAYER ATMO 50
C R64(D) .1. (KM) ATMO 51
C ATMO 52
C WANGLF WANGLE(I) IS WIND VELOCITY DIRECTION FOR LAYER I. RECKONE ATMO 53
C R*4(0) CnUNTF

P 
CLOCKWISE FROM THE X-AXIS. (DEGREES) ATMO 54

r ATMO 55
C WINDy WINOY(I) IS MAGNITUDE OF WIND VELOCITY IN LAYER I. ATMO 56
C R*4(D) (KNOTS) ATMO 57
r ATMO 58
r LANGLE SPFCIFIES WHICH SORT OF WIND DATA IS INPUT. ATMO 59
c T*4 IF LANGLF.LE.O , VKNTX AND VKNTY ARE INPUT. ATMO 60
r IF LANGLEF.GT.O * WANGLE AND WINDY ARE INPUT. ATMO 61
C ATMO 62
C nUTPUTS ATMO 63
C THE OU1TPUTS ARF STOREO IN UNLABFLED COMMON IN THE FOLLOWING ATMO 64
C nRnER, RFGINNG IN POSITION 2. ATMO 65
C CIIIOO).VXI(10O)VYI(lOOIhHI(100) ATMO 66 PROGRAM
C ATMO 67 ATMOS
S C1 CI(I) IS THE SPEED OF SOUND IN LAYER I OF THE MODEL ATHOS ATMo 68
C R*4(D) PPEPF. I KM/SFC I ATMO 69 PAGE
c ATMO 70 21
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r V91 VXTI) IS W4iNf VELOCITY COMPONENT IN X-OIRECTION IWEST TO ATMO 71
c R*41 l ST) FCR LAYER I. 1 KMfSfC) ATM ?2IETIN ~

NI ::01 TO NORTH) FOR LAYER 1. IKMISEC ATR ?5

c HI HM I --- PROEA THICKNESS OFLER 1.--- M ATMO 77

r ATMO 80

SuRpOIITINF ATM4fSIT,VKNTX,VKNTY,ZIwANGLEWINO)YLANiGLEI AT 6fl :4

DIMENSION rCi10),VvxIIOO),VYII1001HNII100) *7MG 86

OiMENSIflN TIIOO),VKNTXIIOO),VKNTYI100I.ZII100 ATMO 87

CJFT IS TOTAL NUMSFR CF LAYERS. AT'4G 91
JET *IMAX + I ATMOl Q2
fMAX JET - I ATMt' 03
IF ILANGIF .LE. C) GO TO 20 *7Mn 04

c ATMO0 98

C AN AGF TO99
On 5 I-IJFT TMO100

VKNT~tl- WNDY11 *COS3sWAGLEIllATMO 101

C 02 ISTEIIIR FK/E ERKO.AM 104

c ATMn 108

CTHF SPFFO Of SOUiND - f GAMMA * P / RHO ) FOR PERFFCT GAS, AND I P/RNO ATMO 104
r . (R *TI ATMO 110
C R IS THF ILNIVERSAL GAS CnNSTANTI/(MOLECULAR WEIGHT) ATMO III

CIII - S0RTnif*TtmI ATMO 112
c ATMO 113
r ( n2 * V(KNr1TS) I - V(KM/SEC) ATMO 114

VXIEI) - n?2 VKNTX(I ATMO 115
3n VyII!) - 02 * VKNTYII) ATMO 116

In( INAX *EO. 01 RETURN ATMO 117
HIMl a 11(t) ATMO 118
IF(IM *FO. 1) RFTURN ATMO 119
09 40 1s2.IMAX ATMO 120

40 HIMI - 13(1) - 71(1-11 ATMO 121
3 FTUIRN ATMO 122
P No ATMO 123

PROG RAM
AT mOS

PAGE
2?



C ROAR (SUBROUTINE) 7/25/66 ARAB
C BOOR 2

C----ABSTRACT---- BOOR 3

r 66A6 4
f TtTLF BAR Rose69 5
c THIS SURROUT114E COMPUTES THREE FUNC

T
IONS Rl.R29R3 OF A VARIABLE 9696t 6

C X. THESE ARE DEFINED FOP X *41E. 0 BY THE FORMUEAS Ro96 7
C 9666 6
C Ri- 1.0 *SINH(2Y)f(2Y) A696 q
C 6o69 10
C R2- (SINH(2Y)!2Y - t.0)IY**2 R966 it

C 96 12
Rl. ICOSH12Y)-I.0)/Y**2 BASS 13

r 966A 14
C WHF.RF Yx SOPTI. FORMULAS FOR NEGATIVE X MAY SF OBTAINED BY 6996 15

C ANALYTIC CCONTINUATION. FOR SMALL VALUES MFl X. THE VUNCTIONS 666R 16
r ARF COMPUTABLE PY THE POWER SERIES 9966% 17
C BA96 is
r RI. 2 + 4X/(31PACT) ,(4XI**2/I5FA('T) + 14X)**3/ITFACT) +... 9996 19
r 9966 20

C R2- 4/13FACT) + 4*(4X)/ISFACTI + 4*(4X,**2/I7FACT) +.. 9669 21
C 9996 22
C R1- 4/12FACTI + '*(4X)/(4FACT) + 4*(4X)**2/(6FACT) +*... 9966 23
C 9996 24
r THE MANNER IN WHICH THESE PARTICULAR FUNCTIONS ARISF IN THE 6996 25
C. THEORY COMES FR3M INTEGRATIOINS OVER VARIOUS PROUCTS OF CATIX) 9988 26
r ANn SAII. IN PARTICULAR, FOR X POSITIVE, ROBB 27
r 686D 28
C RI- (?/yI(INTFGRAL ON Y FROM 0 TO Y (IF (COSHIY))**2I R989 29
C 6999 30
r 07- (?/Y**311INTFGRAL ON Y FROM 0 TC Y OF (SINH(Y))**?) A8D9 31
C 89BS 32
r, 93- (4/Y**21(INTEGRAL ON Y FROM 0 TO Y OF SINH(Y)*COSH(YII 8989 33
C 698S 34
r WITH Y.SORTIXI. THE CORRESPONDING FORMULAS FOR X NEGATIVE CAN 8996 is

C RE OBTAINED BY REPLACING SINH AND COSH RY SIN AND COSt RESPEC- 896 36
C. TIVELY, AND BY REINTERPRETING Y AS SORTI-XI. 9988 37

r 9999 35
r I ANGUAGE - FORTRAN4 IV (360. REFERENCE MANUAL C24-6515-4) 9986 39
C AUTHOR - A.D.PIFRCE. M.I.T.. JULY,196A 9966 40
r 986 41
C -- CLIGSFOUENCE---- 898 42
r R998 43
C SFF SURRnUTINF FLINT 9996k 44
C X. B966 45
C CALI 5666(XvRI,R2,R3) 999 46

C 998 47
C---- EYTF;PNAL SUBROUTINES REQUIRED---- 6999 48

8896 49

C CAT* Al 68B6 50
C 8986 51
C ----ARGUMENT LIST---- 888s 52

C 8868 53
r x R*4 No INP 899S 54
C RI P64 Nil OUT 9899 55
c R2 R*4 ND OUT 9966 56
r 63 R*4 Nn OUT 6966 57
C 6886 56
C NO COMMON STORAGE It USFO 6869 59
C 8859 60
C ---- PROGRAk. FO)LLOWS BELOW---- 666B 61
C A89S 62

StJROUTINE 666(X.RI.R2,R3J 8666 63
S-SAI (4.08K) 6896 64
IFIARSIK) r. I.F-21 GO TO 3 898 65

C 899 66 PROGRAM
C COmPUTATInN FnR SmA.t x 6696 67 8a98

R2.2.O/3.( ?.O/15.0ISX,(4.0/315.0)*X**2,(2.0/9.O)*X**3/315.0 6666 6.3
R3=2.0,?.0bKI3.0 4.O*X..?f45.O+2.0axO*3/315.0 6666 6Q PAGE
nO TO 4 6986 70 23
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c cnppuyAtiON4 FOR V NPT' NEAR 1W9t asl 72

3 ft2xIS-1*01/1E eRR ?3
R3*(CAl14*0'XI-l.01/ soon 5 7

c cnipUTATiflN nF 01 FnR ARAI1'PARY X qsm" 7

4 *18l.04S IS7

RETURN BONN 79
END IS7

PROC SAft

PAGE
24
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C CAI (FUNCT1041 7125164 CAI 1
r CA| 2

---- ARSTRACT---- CAI 3

C CAI 4

c TITLF - CAT CA! 5

r PRnGRAM TO FVALUATF FUNCT1ON CA4IX) FOP GIVFN VARIABLE X. CAI 6

C IF X IS NEGATIVE. CAII)- CnS(SQRT(-4)I. IF X IS POStTIVF. CAI 7

C CAIIX)- COSHISOSTIX)). THE FUNCTION IS ALSO REPRESENTABLE CAI 8

r RY THE PnWFR SFRTFS CAI 9
C CAI 10

C CAIIKXI I * X/I(FACT) + X**2/(4FACTI + X**31/(6FACT) * *+ . CAI 11
CAI 12

C LANGUAGE - FnRTRAN IV (1609 REFERENCE MANUAL C2-6515-41 CA! 13

r CAI 14

C AITHNOR - A.D.PIERCF# M.I.T., JULY,1
9
68 CAT 15

r ---- CALLING SEQUENCF---- CAI 16

C CAI 17

c CAIIANY R*4 ARGUMENT) MAY RE USED IN ARITHMETIC EXPRESSIONS CA! 18

C CAI 19

C ----FXTERNAL SUROI)TINES REQUIRO---- CAI 20
r CA! 21

c Nn FXTFRNAL SUnOnUTINES ARE RFQUIRED CA! 22

c CAI 23

r ---- ARGUMFNT LIST---- CAI 74

C CAI ?5

r X R*4 NO INP CAI 26

c CAl 0-4 NO OUT CAI 27

r CAI 28

C Nn CO,4mON STnRAGF Is USfD CAI 29

C CAI 30

r ---- PROGRAM FOLLOWS RELOW---- CAI 31

C CAI 32

FIJNCYI'N CAITi) CAT 33

C CAt 34

IF(X .GF. n.01 GO TO 1i CAI 35
r CA! 36

C X IS LFSS THAN 0 CAI 37

10 CAI.CnSISORT(-X)) CAI 38

RFTtURN CAI 39

c CAI 40

C X I GQFATER Or EQUAL TO 0 CAI 41

It F-FXPISQRTIXl) CA! 42

C THF HYPFRBlLIC COSINE Is Cn"PUTED CAT 43

rAI.O1.0.E,1.IF CAT 44

FTURN CAI 4S

ENO CAI 46

PROGRAM
CAT

OAGE

25
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r ELINT (SURROUTINFI 7125/68 FLIN I
C ELIP4 2

C---- ABSTRACT---- IrLIN 3
ELIN 4

r TITLE - FLt4T FLIN S
C THIS SUBROUTINE COMPUTES TI4E INTEGRAL FUIN 6
c EIM I
c AIHT aINTEGRAL O3VER Z FROM 0 TO H OF FIM I
c ELIN 9
c 14I*FIIII + A2.FZ(211**2 (11 FIlM 10
c FtIN it
r THE FUNCTInNS FIj? AND F2(11 ARE THF SOLUTIONS (IF THE COUPLED FIlM 12
c rIRDINARY CIFFERENTIAL EQUATIONS FIlM 13
c EIlM 14
C DF1/OZ a AI'Fl # A12*F2 42A ELIlM IS
c OF71O7 a API*FI * A77SF2 (PO ELIN 16
C FLIN 17
c WHEOF THF FLEMENTS OF THF MATRIX A ARE INOENOENT nP 7 ELIN 18
C FOR 5IVEN SOUND SPEED C. WIND VELOCITY COMPONENTS Vx AND VY. FIlM 19
r ANGULAR FREQUENCY OMEGA. AND WAVE NUMBER CnNP"NENTS AIX AND ANY WNl 20
r THE AII,J) AAF COMPUTED BY CALLING AAAA. THE SOLUTION TM THE FIM 21
C DIFFERENTIAL EQUATIONS IS FIXED BY SPECIFICATION OF rl AND F2 ELIN 22
C At ?*H. ELIN 23
c EIM 24
C PROGRAM NOTES ELTN 25
C FLI% 24
c THE GENERAL SOLUTION OF EONS. (2) IS FIM 27

CELIN 28
CFiMl - CAI(X)*FI(H)-EH-Z)*SAIIXI*1A11*FI(HIAI2*FZIHI ELIN 250

C F2(Z) - CAI(X)*FZiH)-H-Z)*SAI(XI*AZ1*FlImI.A22*F2(HI ELIN 30
C ELIN 31
C WITH XI1*?A2AI*HZ*2SINCE A22.-All. WE LET ELIN 32

f, ELIN 33
r PI t NEGA Of (CAIIX))**21*12/HI FIlM 34
c 32 *(INTEGR*AL OF IIH-Z)*SAIIX)l*a2)12/H**1 FIM 35
c 01 &(IN4TEGRAL OF (IH-ZI*SAfIXI*CAitIX))I*(4/H**2) FiM 36
C ELIN 37
C WHERE IN EACH CASE THE INTEGRATION IS OVER Z FROM 0 TC M. FuIN 36
r TNF QUANTITIES RIR?.R3 ARE COJMPUTED BY CALLING aRs.s FuIN 39
r THEN ELIN 40
r ELIN 41
c AINT.(H/2)*IFPl)**2PRl,(H**3/21*IFP2)**2*R2 ELtN 42
C -(H*02I(FP1I*IFP2)*03 FLIN 43
r ELIN 44
r WITH ELIN 45
C FPI- AI*F1(H).A2*F2(HI ELIN 46
c FP?- Al*IAIRFI(HIA1Z*F2IHHI+A2*1A21*FIIH),A22*F2IHII FIlM 47
c EiLM0 46
C HF LATTER TWO QUANTITIES REPRESENT THE COEFFICIENTS OF ELIN 49
r CAIIXI AND tH-Z)OSAI(Xi IN A1*F1*A2*F2. ELIN 50
rC ELIN 51
C LANGUAGE - FORTRAN IV (360. REFERENCE MANUAL C2R-6515-41 ELIN 52
r FIM 53
f AUTHOR - A.O.PIERCE. M.I.T.. JULY.1968 ELIN 54
C FIM 55
c ---- CALLING SFQUENCE---- ELIN 56
r FIM 57
C SEE SUBROUTINE TnT TNT ELIN 56
C NO DIMENSION STATEMENTS REQUIRED EIM 59
C CALL ELINTInMEGAAKXAKY.C.VX.VY.HFIHFHA1,A2.AINTI FIM 60
C FuIN 61
C ---- EXTERNAL SURROUTINES REQUIRED---- ELIN 62
C FINM 63
C AAAA, a~s [LIN 64
c WLN 65
C ---- ARGUMENT LIST---- FLIN 66 PROGRAM
c ELIM 67 ELINI
C OWMFGA 304 Nnl IN: CLIN 68
C ANX R*4 ND INP ELIN 69 PACE
C ANY 0*4 Nnl INP ELMN 70 26
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C c 1*4 Nfl IMP FtLIN 71
C Vx 14 Nfl IMP EL IN 72
C VY :*4 NO INP ELMN 73
C H 0*4 Nfl INP EL IN 74
C FIN 0*4 Nn IMP FLIN 75
r F2" 1*4 No INP ELIN 76
C At 1*4 Nnl IMP WLIN 77
c A2 0*4 Nfl INP ELIN T6
c LINT 0*4 Nfl OUT FLIP 74
r ELIN 60
r Nnl COMMt1N STORACF USED FLTN RI
C FLIM 82
C ---- INPUTS---- ELIN 63
c FUIN 84
C nklFGA &ANGULAR FREQUENCY IN RADIANS/SEC ELIN AS
C Exx wX COMPONENT OF WAVE NUMBER VECTOR IN KM**f-1I ELIN 016
r AKY uY COMPONENT OF WAVE NUMBER VECTOR IN KMO*(-1) ELIN I?
C C wSnUNO SPFEO IN uCM/SFC ELIM 6N
r yE mX rOMPONENT OF WINO VELOCITY IN KM/SEC FLIN 69
r VY mY COMPONENT OF WINO VELOCITY IN EN/SEC FRIM 90
C H =INTEGRATION INTERVAL (LAYER THICKNESSI IN KM ELIM 91
r FIN -VALUE OF FIMZ AT UPPEP LIMIT OF INTEGRAL ELIN 92
r F2H UVALUF OF F2fI AT UPPEP LIMIT OF INTEGRAL ELIN 93
C At mCnEFFICIENT OF FIMZ IN INTEGRAN) ELIN 44
r A2 =CnEFFICIENT OF F2(Zl IN INTEGRAND ELIN 9'1
C FLIN q6
c ----OnUTPUTS---- ELIN 07
C ELIN 96
C LINT =INTEGRAL OVER HEIGHT WITHJ RANGE N OF THE qUANTITY ELIM 99
C IA1*FltlIA2*F212))**2 WHERE F1(Z AND F2(ZI ARE ELUN 100
C EQUAL TO FIN ANO F2H, RESPECTIVEL~y AT THE UPPER ELIN 101
r LIMIT AND SATISFY THE RESIDUAL DIFFERENTIAL EQUATIONS ELIN 102
C FLIN 103
C ---- PROGRAM FOLLOWS BELOW---- fUIN 104
c RLIM k05

SURUTINE ELINT(OMEGA,AEXAEY.CVXVYN.F1NF2NA1.A2AINTI ELIN 106
DIME.NSION A4292) ELIN 10?
CALL AAAAIOMEGAAKXoAXY*C*VX*VYtAl ELIN 106

C ELIM 109
C COPUTATION OF FPI AND FP2 fUtN 110

FPlaAl*FIH#42*FN ERIM II1
FP2*AI*(AI1.1)*F1N.A( 1.21*FNIA2*(A(2, 1)*FIHA?,7I*F2I ELIN 112

C ELIN 113
C COMPUTATION nF COEFFICIENTS OF 11.12,13 ELIN 114

51-.. *N*FP1**2 ELIN 115
S2uO. 5*IN**3)*FP2**2 ELUN 116
S3in-O.S*(H**2I *FPI*FP2 ELIN 11?

CELIN 116
C COMPUTATION OF 11,12.0t3 ELIN 119

Xs(AI 1,1I$*2,A(I.2)*AI?,l I *N**2 ELIN 120
CALL MR~RftXR*2*R3l ELIN 121

C ELIN 122
C COMPUTATION nr LINT ELIN 123

AINT-SI*P I,52*P2,S3*S 1 ELIN 124
RETURN ELIN 12S
FND ELIN 126

PROG RAM
EL INT

PAGE
27
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c cNM~fli (FUNCTION) 6/19/68 FNM1 I 1

*C FNMi 2

*---- ABSTRACT---- FNMI 3
r FNI41 5

C TITLE -FNMClDNJ

C EV&LIJATATInN OF NORMAL MODE DISPERSION FUNCTION AS FUNCTION OF FNMI 7
PHASE VELOCITY V ENMI 9

r THE NORPAI MODE DISPERSInN FUNCTION DEPENDS ON THREE VAR! FNMI 10
C ALES. ANGULAR FREQUENCY OMEGA, PHASE VELOCITY V. AND FNMI 11

r DIRECTIVN OF PROPAGATION THETK* FNMODI OBTAINS V THROUGH fNMi t2
r ITS ARGUMFNTq nMECA AND THETK FROM COMMOn#. SUAROUTINE FNPI 13
C NMDFN IS THEN CALLED TO EVALUATE THE FUNCTION. ISEE rNMI 14.
C PIERCE. J.COmp.PHYSICS* FEB*,19679 P.34.3-366 FOR DEFINI- ENMI 15
C TION OF NORMAL MODE DISPERSION FUNCTION.) F NMI 16
C FNMl 17
C LANGUAGF - FORTRAN IV 13609 REFERENCE MANUAL C2A-6515-41 F ENM1 16
C FN041 14
C AUTHORS - A.fl.PIERCE AND J.POSEY9 M.I.T.. JUNE#1968 ENMI 20
C FNMI 21
r FNM1 22

r---- USAGE---- FNM1 23

r. ENMI 2'.
r OMEGa MUST BE STORED IN woRD POSITION 4.02 OF UNLABELED COMMON, AND FNM1 25
C THFTX MUST RE IN POSITION 4.04. FNMI 2C.

C FNMI 27

C FMOD1 CALLS SUpRUTINE NNOFN WHICH CALLS AAAA AND RPRR. RRRR FNMi 28
C CALLS AAAA AND %MMM. ALL THErE SUBROUTINES ARE DESCRIBED ELSE- FNMI 29
r WHERE IN THIS SERIES. FNMI 30

C FNMI It
r CAlLING qE~tuENCE FNMI 32

r FNM1 33

r CONMIN CWI('.O1hOMEGA,CM2,THETK FNM1 34.
C OMEGA a XXX FNM1 35

C THETK - XXX FNMI 36
C V a XX FNMI 37

C FUNCTN F4NOOIIV) FNPI 3S
c ENMI 39
C INPUTS FNMi 4.0
r FNMI 4.1

C V PHASE VELOCITY (Km/SECI. ENMI 42
r R*, FNMI 4.3

r. FNMI 44.

C OIMFGA ANGULAR FREQUENCY (RADIANS/SECI. FNM1 4.5

C Re'. FNM1 4.6
C FNMI 4.7

C THCTK PHASE VELOCITY DIRFCTICN MEFASURED COUNTER-CLOCKWISE FROM FNMI 4.6
C R*'. X-AXI S. FNMI 49
c FNNI 50
C nUTPUTS FNMI 51
C FNI 52
C THE ONLY OUTPUT IS THE VALUE OF THE NORMAL MODE DISPERSION FUNCTION FNM1 53
C vnR THE VALUES OF Ve OMEGA, AND THETK WHICH HAVE BEEN INPUT. FNMI 5'.

C FNMI 545
C ENMI 56

C.---- PPOGRAM FO)LLOWS 4ELOW---- FNMI S7

C FNMl so
r FNMi 59

FUNCTION FNmnDIEVI ENNI 60

C ENMI 61

DIMFNSInN CI(100).VxIIIOOD,VYI (100) .HltlOOI FNMI 62
COnMMON IMAX.CI.VXI.VYI.HICMEGAC.VPHSEC.THETK FNMI 63

c FNMI 6'.

C nMEGA AND THFTh ORTAINPO FROM COMMON FNMI 65
0OMEC.A.flMEGAC. FNMI 66 PROGRAM

CALL NmnFN(OS4E.AV*IHFTK*L*FPPoKi FNMI 67 FNMODI
FNMODI .EPP FNM1 66

RETURN FNM1 69 PAGE

FlnD FNMI 70 28
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r FNMOD? (FUNCTION) 6119/68 FN"2 I
r FNM2 2
c FNM2 3
c ----ABSTRACT---- FNM2 4
c FNM2 5
C 

T
I
T
LF - FNMnOD2 FNM2 6

f EVALUATATION OF NORMAL MODE DISPERSION FUNCTION AS FUNCTION OF FNM2 7
r ANGULAR FREQUENCY OMEGA FN"? B
C FNM2 9
C THE NORMAL MOOE DISPERSION FUNCTION DEPENDS ON THREE VARI FNM? 10
r ABLFS. ANGULAR FREQUENCY OMEGA, PHASE VELOCITY V, AND FNM2 11
C DIRFCTION (IF PROPAGATION TMETK. FMimOD OBTAINS OMEGA FN2 12
C THROUGH ITS ARGUNENT,V AND THETK FROM COMMON. SURROUTINE FN"2 13
C NMnFN IS THFN CALLED TO EVALUATE THE FUNCTION. (SEE FNM2 14
C PIERCE. J.COMP.PHYSICSs FER.*1967t P.343-366 FOR DEFINI- FNN2 1
C TION OF NOPMAL MOnE DISPERSION FUNCTION.) FNM2 14
C PNO2 17
C LANGUAGE - FORTRAN IV (360s REFERENCE MANUAL C28-6515-4) FNM2 1S
C FNM? 1t
r AUTHIRS - A.D.PIERCE AND J.POSEYs M.I.T.t JUNE9196R FNM2 20
r FNPM2 21
C FNN2 22
r ----USAGE---- FNM2 23
C FNM2 24
C V MUST RE STUREn IN WORD POSITION 403 OF UNLABELFD COMMON, AND FNM2 25
C THFTK MUST BE IN POSITION 404. FNM2 26
C FNM2 27
r FNMno2 CALLS SUBROUTINE NMDFN WHICH CALLS AAAA AND RRRR. RRRR FNM2 26
r CALLS AAAA AND MMMM. ALL THFSE SUBROUTINES ARE OESCRIBEO ELSE- FNM2 29
C WHFRE 14 THIS SERIFS. FNM2 3Z
r FNM2 31
C CALLING SEQUFNCE FNM2 32
C FNM2 33
t COMMON C%114021,VTHETK FNM2 34
r DUEGA a XXX FNM2 35
r V - XXX FNM2 36
C THFTK s XXX FNM2 37
c FUNCTN * FNMCO(OMEGA) FNM2 30
f FNM2 39
c INPUTS FNM2 40
C FN2 41
C V PHASE VELOCITY IKM/SEC). FNM2 42
C R*4 FNM2 43
c FNM2 44
C OMEGA ANGULAR FREQUENCY (RADIANS/SECI. FNM2 45
c R*4 FNM2 46
C FNM2 47
C THETK PHASE VFLC'Y DIRECTION MEASURED COUNTFR-CLOCKWISE FROM FNM2 48
C R'4 X-AXIS. FNM2 49
C FNM2 50
C OITPUTS FNM2 51
r FNM2 52
r THE ONLY OUTPUT IS THE VALUF OF THE NORMAL MOE DISPERSION FUNCTION FNM2 53
C FOR THE VALUFS OF V. OMFGA AND THETK WHICH HAVE AEEN INPUT. FNM2 54
C FNM2 S5
C FNM2 56
C ----PROGRAM FOLLOWS BELOW---- FNM2 57

FNM2 SO
FNM2 Sq

FUNCTION FNMOOZIOMEGAI FNM2 60
C FNM2 61

DIMFNSION CIIlOO).VXI(100),VYI (IOOHtH(l00) FNM2 62
CDMMnN tMAK.CItVXIVYIHI.OMfGACtVPHSFC.TNETK FNM2 63

C FNM2 64
r V AND THETK n8TAINF0 FROM COMMON FNP2 65

V . VPHSEC FNM2 66 PROGRAM
CALL NMnFNIOMEGA9 V *THFTK*LFPPK) FNM2 67 FNM02
FNMOO2-FPP FNM? 68
RETURN FN"2 69 PAGE
FND FNM2 70 29
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C LNGTHN ISURROUTINEI 7119/68 LNGT 1
c LNGT 7
C LNGT 3
C ---- ABSTRACT---- LNGT 4
C LNGT 5
C TITtF -LNGTHN LNGT 6
C LENGT04EN THE MATRIX INMOf RY ADDING XL ROWS BETWEEN 7HE NI AND LNGT 7

C N1.1 ROWS LNOT a
c LNGT 9
C LNGTHN ADDS KL ELEMENTS TO THE VECTOR OF PHASE VELOCITIES LNOT 10
c V 4DIVIDING THE INTERVAL BETWEEN VINLI AND V(NI.1I INTO ENGT 11
C KL.1 EQUAL PARTS. FOR EACH NEW PHASE VELOCITY* A MN ROW LNGT 12
C IS ADDED TO THE INMODE MATRIX (DEFINED IN SUBROUTINE LNGT 13

CMPOUTl. INMODE IS STORED COLUMN BY COLUMN IN VECTOR FORM I.NG' 14
rLNGT 13

C LANGUAGE - FORTRAN IV (3609 REFERENCE MANUAL C28-6515-41 LNGT 16
C AUTHOR - J.W.POSEY, M.I.T., JUNE91968 LNGT 17

rLNGT 18
C LNGT 14

C----USAGE---- LNGT 20
* CLNGT 21

r nM,V#INMODE MUST BE DIMENSIONED IN THE CALLING PROGRAM LNGT 22
f: NMDFN IS ONLY SUBROUTINE CALLED LNGT 23
C LNGT 24
C FORTRAN USAGE LNGT 25
C CALL LNOGTHNIOM.VINMODENOMNVPNVPPNlKLTHETK) LNGT 26
C LNGT 27
C INPUTS LNGT 28
C LNGT 29
C ON VECTOR WHOSE ELEMENTS ARE THE VALUES OF ANGULAR FRE- LNGT 30
C R*41 OUENCY CORRESPONDING TO THE COLUMNS OF THE INMODE MATRIX. LNGT 31
c LNGT 32
C V VECTOR WHOS;E ELEMENTS ARE THE VALUES OF PHASE VELOCITY LNGT 33
C R*4401 CORRESPONOING TO THE ROWS OF THE INmonE MATRIX. LNGT 34
r LNGT 15
C INMnODE EACH ELEMENT OF THIS MATRIX CrRRESPONDS TO A POINT IN THE LNGT 36
c I'4101 FREQUENCY (ON) - PHASE VELOCITY IV) PLANE. IF THE NORMAL LNGT 37
C MOE DISPERSION FUNCTION IFPPI IS POSITIVE AT THAT POINT, LNGT 38
C THE ELEMENT IS *19 IF FPP IS NEGATIVE THE ELEMENT IS LNGT 39
C -It IF FOP DOES NOT EXIST* THE ELEMENT 1S 5. INMOOK HAS LNGT 40
C NVP ROWS IINCREASED TO NVPPI AND NOM COLUMNS. MATRIX IS LNGT 41
C STORED IN VECTOR FORM COLUMN AFTER COLUMN. IMOT 42
C NON THE NUMRER OF ELEMENTS IN ON. LNGT 43
C 144 LNGT 44
C NVP THE NUMBER OF ELEMENTS IN V (WHEN LNGTHN IS CALLED)* LNGT 45
c 104 LNGT 46
C NI MUMMER CF INNODE ROW IMMEDIATELY ABOVE SPACE IN WHICH NEW LNGT 47
C 1*4 ROWS ARE Tr 41E ADDED LNGT 48
C LNGT 49
C XL *NUMBER OF ROWS TO RE ADDED LNGT 50
C ISA LNGT 51
C IHETX PHASE VELOCITY DIRECTION (RADIANS) LNGT 52
C R*4 LNGT 53
C LNGT 54
C OUTPUTS LNGT 55
C LNGT 56
C THE OUTPUTS ARE NVPP I- NVP + KL) AND REVISED VERSIONS OF V AND LNGT 57
C INvODE. LNOT 56
C LNGT 59
C LNGT 60
C ---- EXAMPLE---- LNGT 61
C LNGT 62
C VALUES OF INMODE NOT VALID -- FOR ILLUSTRATION PURPOSES ONLY LNGT 63
C LNGT 64
C VV1.O.2.0 LNGT 65

014-10.D, 2.0 LNGT 66 PROGRAM
CINMOOEI-I,-191 LNGsT 67 LNGTHN

C CALL LNGTHN(OMVINMOOE,2.2tNVPP.1,3,THFTKI LNGT 68
C LNGT 69 PAGE
r UPON RETURN TO CALLING PROGRAM THE VALUES OF V AND NVPP ARE LNGT TO 10
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r V1Ol2..,.52OLNGT ?I
r NVPPwS LWGT 72
C INt40DE WILL BE OF THE FORM LNGT 73
C INMO9EuI.Y#Y*Y9-lv-l*Y#YtYI LNGT TA
r. WHERE THE YSS ARE NEW ELEMENTS, EACH OF WHICH MAY AE -1. 19 LNGT 75
c. OR s LNGT 76
r LliGT 77
c ORIGINAL 04ATRIX FXPANDED MATRIX ENGY 7s
C LNGT 79
r LNGT 80
C - YY LNGT St
C 7Y LNGT 62
c vY LNGT 63
c - LNG' 44
c LOOGY 95
r LNGT 66
C ---- PROGRAM FOLLOWS BELOW---- LNGT 47
C LNGY 66
C LNGT 69

SUBROUTINE LNGTHNIOM.VINMODE.NOMNVPNVPPNIXLTHETKI LNGT 90
C LNGT (it
C VARIAOLF 0IMENSIONING LNGT q2

OIMENSION OMIlV(1)qINMODE(1) LNGT 93
CIpMMN IMAX.CIIIOO.*VXIIIOO)V'eIllO0b,4II100I LNGT 94
nELVP - tVINl.1l-VIN1I)I / K141) LNGT 95

C nELPP IS THE INTERVAL OF PHAS VELOCITIES FOP THE ADDED ROWS. LNGT 96
NVPP aNVP 4 L LNGT 97

r NVPP IS THE NEW NUMRER OF RCWS IN THE TOTAL MATRIX. LNGT 90
C LNGT 99
C N? IS NEW NtUMRER OF CLO RCW NO. INI+1I LNGT 100

N2 - NI+ KL * I LNGT 101
C LNGT 102
C SHIFT OLD VALUES OF VIII IN LOWER ROWS TO I+KL SPOT9 ONE HAS TO LNGT 103
C SHIFT THE NVP ELEMENT FIRST. NOTE THAT I RANGES FROM NVPP TO N? LNGT 104
r OflwNWARD WHILE I-EL RANGES FROM NVP TO NI+I. LNGT 105

On 71 IP xN2.NVPP LNGT 106
I - NVPD - (10-N21 ENGY 107

71 VII) - Vi I-KL) LNGT 106
CLNGT log

C NEW VALUES OF VP ARE INSERTED INTO V LNGT 110
Onf 7? IP-1.KL LNGT III
I -N1 * IP LNGT 112

?2 V(II * yIN)) 4 IP*DELVP LNGT 113
C LNGT 114
C BEGINNING AT THE RIGHT INMOOE IS LENGTHENED COLUMN BY COLUMN LNGT 115

D~o 90 jD.1.Nnm LNGT 116
J * Nn - lJR-li LNGT 117
DO 90 tPsi.NVPP LNGT 116
I - NVPP- ItP-I) LNGT 119

c LNGT 120
C THE I.J ELEMENT IN THE INMOE VECTOR IS THE J ELEMENT IN THE I ROW OF LNGT 121
C THE NEW IN~nfl MATRIX LNGT 12?

IS - IJ-I)'NVPP + I LNGT 123
C LNGT 124
C IF I CORRESPONDS TO A NEW ROW INMODE(II) MUST BE DETERMINED FRCM NMDFN LNGT 12S

IF (I.GT.NIANO.t.LT.N21 GO TO 9 LNGT 126
C LNGT 127
C 15010 IS NO. OF ELEMENT IN OLD INMODE VECTOR WHICH IS TO RE MOVED INTO LNGT 126
r IJ POSITION OF NEW VECTOR LMGT 129

IJnLO * IS-IAMVP + I LNGT 130
C NnTF THAT 1010 IS ALWAYS I IF I .LT. NI BUT IOLD IS t-KL IF I .GE. N2. LNGT 131
C 15010 IS COMPUTED ON THE MASIS OF NVP RATHER THAN NVPP ROWS. LNGT 132

IF (I.GE.N21 hJOLD - IJOLD - XL LNGT 133
tNMOCEIIJ) - INmODEinSLo) LMG? 134
GO) TO 60 LNGT 135

c LNGT 136 PROGRAM
Q CALL NmnFN(ONIJ).VfI)tTMETK,LFPP.K) LNGT 137 INOTHN

r LNGT 138
r IF FPP EXISTS L *I AND INmonEti) - (FPP/A8S(-PP)) LNGT 139 PAGE

INmnnElIJI I 1 1G? 140 31
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IF (L.FQ.1.ANfl.rPP.IF.0.O1I NM'nDF(IJI LNGT 141

r LPGT 142

f IF FPO nnFS mnTl EXIST L - LNGT 143

I' L.Fo.-I) lNurnflil).~ LNGT 144

r LNG' 145

sto CnN? 141 LNt.' 146

q0 C0l4TINUF LNG? 147

qFT1194 INGT 144

rNvn LNGT !4q

PRnGQ U

LNGTHN

PAGE
32
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C MMMI' (SURROUTI'g!) 7/25/68 MM' 1
c 1MmM 2

C ---- ARSTOACT---- mmmI' 3
r moo"" 4.

C Tf TLF - 9IMM MMM' 5

r THI'Z SU RADTINF COMPUTES THE 2-BY-2 TRANSFER MATRIXe El' WHICH MMMM 6
r rONNFCTS THE SOLUTIONS OF THE RESIDUAL EQUATIONS AT THE TOP MI'MM 7

r Ort A LAYER Tn THOSE AT THE ROTTOM C'F VHF LAYER RY THE RELATIONS MMM' A

C MMmI Q

r PHII(?S)= FI'f1.11*PHII(ZB+H)4 EM(1.2)*PH12(1414) MMM' Ic
C. mmmI' It

C PHI2(ZfiI= EM(?,I$*PHII(ZRGH)+ EM(2,21
t
PHI2418.H) mmmI' 12

r mmMI 13

r WHFRIF ZR OFNOTFS THE HEIGHT OF THE BOTTOM OF AN ISOTHERMAL MMMI' 14
C LAYFR (THICKNESS H) WITH CONSTANI WINOS. THE QUANTITIES Mm"I 1s

r PHII(l) AND PH12fl) SATISFY THE PEIZIDIUAL EQUAT IONS. mmmI' 16

r MMM' 17

C 1)IPHII)/O? - A(I.IJ*P1411(7) + A(1,21*PH12(l) Mm"I IA

r M1MM 14
r B(PM!2)/OZ = (2.I1*nHII(Z) + A(2t2)*PHI2fZI MMM"4 20
r. MMM' it

c WHFRE THE AII,Jl ARE Cr'NeTANT O)VER THE LAYER AND WHERE MMM' 22
r A(2.?)--AlI.I;. ON THIS BASIS, ONE CAN SHOW THAT MMI 21

r MMM 24

C FM(I.J) =CIX*fET~~i-*AIIATi #MM 75
r MMMI' 26

r WHERE ommm ?I

C X 14(,)*,~,2*1,).*2MMM 20
C MMMI 74

r AND WHERE KnELTA(I#Jl IS THE KRONECKER DELTA 11 IF INDICES MMM' 30

r EQUAL, n rTHERWISE). THE FUNCTIONS CAI AMO SAI APE DEFINED IN MMMI' 1

r THE rOFSCPIPTP'!NS OF THE CORRESPONDING FUNCTION SUBPROGRAMS. MMM' 3?
C MMM 33

r THE MATRIX A IS COMPUTED FOR GIVEN FREQUENCY, WAVE NUMBER, SPUN mmmI' 34

r PFFD, AND WIND VELOCITY BY CALLING SUBROUTINE AAAA. MMM' 35
r MMM' 36

f I ANCUACF - FORTRAN IV (360, RFFERENCE MANUAL C28-6515-41 MMM' 37

C M4MM 38
C AUiTHOR - A.O.PIFPCE, M.I.T., JULY,1q6R. MMM' 39

C MMM' 40
r -- ALN SEQUENCE---- MMM' 41
r MMM' 42
r SFE SUBROUTINES NAI'00ERRRR MMM' 43

C DIMENSION EM(2.2l MMM' 44,

C CALL MMMM(DI'EGA,AKXAKY,CVXVYHEMI MMM' 45
C 4MMI 46
C ---- EXTERNAL SUIBROUTINES RECUIRED---- MMMI' 47

C MMM' 48

r AAAA,CAI.SAI MMM' 49

C MMM' 50

r ----ARGUMENT LIST---- MMM' 51
r MMM' 52
C OmFGA P44 NO IMP MMMI' 53

C AKY R*I. ND IP MMMI' 54

C AKY R*4 Nn IMP MMMI' 55
C C R*4 ND IND MMMI' 56

C VX R*4 No IMP MMM' 57

C VY R*4 NO INP MMMI' 58
r a R*4 ND INP MMM' 59
r FM R*4 2-9Y-7 OUT MMMI' 60

c MMM' 61

r No COMMON S;TORAGE IS USED MMMI' 62

r MMMI' 63

r ----INPUTS---- MMMI' 64

C MMMI' 65
r OMEGA 'ANGULAR FREQUENCY IN RAO/SEC MMM' 66 nskOGRA4

C AKX xX COMPONENT OF HORIZONTAL WAVE NDMER VECTIR IN I/KM MMMMM 67 mmmI'
r 4KY -Y rCMPnNENT OF HORIZONTAL WAVE NUMBER VECTOR IN 1/KM 4MMM 68

C C -SOUND SPEED IN KM/SEC MMmI' 61) PAGE

C VX =X rC"mpnNINT nr W41NO VEV'CITY IN KM/SEC MMMI' 70 33
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VY -Y COMPONENT OF WINO VELOCITY IN KM/SEC 0NMMM 71
4 H THICKNFSS IN KM OF LAYER M0MM 72

M MMM 73
C----OnUTPUTS---- MONOI 74

r MIPMP 7S
c FM =2-gy-2 TRANSFER MATRIX WHICH RELATES THE SOLUTIONS OF MMMI 76
r THE PESIDUAL EQUATIONS AT THE TOP OF A LAYER TO THOSE MMMII 77
C AT THE ROTTOM OF THE LAYER MMMII 78

c MM4M 79
r ---- PROGRAM FOLLOWS BELOW---- MMM04 RO

C MONO Al
SUARnUTINF MMtMiMFGECAAKXAKYCVX.VY,H,EMdI mmmII 82

MMMI 83
OIMENSION A(2.2),EM(2,2) MMMII 44

C mmmII a5
C COMPUTE A119J)o CAIEX). ANn SAjIx mmmII 86

CALL AAAAIOMEGA.AKXAKY.C,VXVY.A) MMMII 87
X~(A1,1**2A(12,*(2.))*~s2MONO as

f.A-CAIIXl M14MI R9
SA-SAI (X) *pimm 90

C MONOI 91
r CeOMPUTE THE TERMS -H*SAI(X)*A(I.J) MMMI 9?

TA-H*SA MMMI 93
00 ao 1-1.2 mmmII 94
on 90 J-1,2 MMMI 95

qn FE4qi.J)--TA*Att.J) MMMI 96
C MmMM 97

C AnnO IN C&IfX)*KDELTAIIJ) TERMS RY AOOING CA TO DIAGONAL ELEMENTS M~MMI 98
DO 190 1-1.2 MMMII 09

1Q0 E'(.)EMII,&MMM 100
C MMMII 101

RE TI IRN IIMMM 102
FND MMMII 103

PROGRAM

PAGE
34
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c MnOETR (AURROUTINF) 6/75/68 MDTR I
C MDTR 2
C MDTP 3
r. ----ABSTRACT---- MDTR 4
r MDTR S
f TITLE - MODETR MDTR 6
C PROGRAM TO TABULATE A TABLE OF PHASE VELOCITY VERSUS FREQUENCY MDTR 7
r FOR A GIVEN GUIDED MODE. THE NORMAL MODE DISPERSION FUNCTION MDTR B
r IS TERO FOR EACH LISTING OF THE TABLE. THE COMPUTATIONAL MDTR 9
r METHOD IS RASED ON THE PREVIOUSLY COMPUTED VALUES OF THF NMDF MDTR 10
r SIGN INNODE((J-I)SNROWOI2 AT POINTS (ItJl IN A RECTANGULAR MDTR 11
r ARRAY OF NROW ROWS AND NCOL COLUMNS. DIFFERENT COLUMNS IJI MDTR 12
C CORRESPOND TO DIFFERENT FREQUENCIES WHILE DIFFERENT ROWS III MOTR 13
C CORRFSPOND TO DIFFERFNT PHASE VELOCITIES. DISPERSION CURVES MoTo 14
C OF VARIOUS MOCES APPEAR ON THIS ARRAY AS LINES Or DFMARCATION MOTR 15
C RETWEEN ADJACENT REGIONS WITH OIFFE4ENT INMOCES. TWO ADJACENT MDTR 16
C POINTS WITH INMODES OF OPPOSITE SIGN BRACKET A POINT ON THE MOIR 17
r ACTUAL DISPERSION CURVE. IF THE POINTS CORRESPOND TO THE SAME MDTR I
r FREQUENCY, THFEN THF PHASE VELOCITY CORRESPONDING TO THAT OMEGA MDTP 19
C ON THE DISPERSION CURVE IS FOUND BY CALLING RTt, A 3ifl PACKAGr MDTR 20
r ROUTINE FOR SOLVING NONLINEAR EQUATIONS, AND CONSIDERING THE MWTi 21
C NMDF AS A FUNCTION OF VPHSE WITH OMEGA FIXED. SIMILARLY. Ir MOTR 22
C THE POINTS CORRESPOND TO THE SAME PHASE VELOCITY, THE APPROPRIA MDTR 23
c OMFGA COPOESPONDING TO THIS PHASE VELOCITY IS FOUND BY CALLING MOIR 24
C RTMI WITH THF NMnF CONSIDERED AS A FUNCTION OF OMEGA WITH MDTR 25
r VPHSE FIXED. MOTR 26
C MDTR Z7
C THF PROGRAM SUCCESSIVFLY CONSIDERS EACH PAIR OF ADJACENT POINTS MOTR 28
C WITH OPPOSITE INMODES RRACKETING A LINE OF OEMARCATION AND MOTR 29
C PROCEEDS IN THE DIRECTION OF INCREASING FREQUENCY UNDER THE MDTR 30

C ASSUMPTION THAT THE PHASE VELOCITY CURVE SLOPES DOWNWARDS. MOTR 31
r MDTR 32
C PPfGRAM NOTES MOTR 33
C MDTR 34
f THF MODES APE NUMBERED. THE INPUT INTEGER NMOOE DESIGNAT MDTR 35
C WHICH MODE IS BEING TABULATED. THE PAIRS OF FREQUENCY MDTR 36
c AND PHASE VELOCITY VALUES ARE STORED AS OMMOD(KSTINMODE)l MOTR 37
r OMMOO(KST(NMODE)+I|,OMMOD(KST(NMODE)2) ,.........., MDTR 38
C MMODOIKFININMODE)I,VPMOD(KST[NNODEIIVPMOO(KST(NMODEI+I, MOTR 39
c .....9VPMOD(KFIN(NMOOE)I. THE ARRAYS OMMOD AND VPMOD MOTR 40
C ARE USED TO STORF DISPERSION CURVES FOR ALL MODES. MOTR 41
C MDTR 42
C KSTINMODE) IS INPUT WHILE KFIN(NMODEI IS DETERMINED DURIN MDTR 4a
r THE COMPUTATION. THF TOTAL NUMBER OF POINTS EXTRACTABLE MDTR 44
C FROM THF ARRAY OF INMODE VALUES DETERMINES KFIN-KST+I, MDTR 45
C IF A SINGLE POINT CANNOT BE CALCULATED, THE PROGRAM MOTR 46
r RETURNS KRUD--I. OTHERWISE IT RETURNS KRUOvI. MOTR 47
r MOTR 48
r 1 SUBROUTINE RTMI FOR SOLVING A NONLINEAR EQUATION MDTR 4q
C IS ALLOWED A MAXIMUM OF TEN ITERATIONS TO FIND THE MDTR 50
C PHASE VELOCITY TO ACCURACY OR I.E-5 KM/SEC OR THE MOTR 51
r FREQUENCY TO FOUR SIGNIFICANT FIGURES. IF THE SEARCH IS MDTR 52
C UNSUCCESSFUL A MESSAGE IS PRINTED AND THE POINT IS MOTR 53
C SKIPPED OVER. MDTR 54
r MDTR 55
C THE INPUT PARAMETERS ISTJST ARE COORDINATES CF A POINT I MDTR 56
C THE INMODE ARRAY. THIS POINT SPOULD BE IHAT POINT FURTHE MDTR 57
C TO THE UPPER LEFT OF THOSE POINTS LYING BELOW THE LINE OF MDTR 58
r OEMARCATIqN FOR THE MODE CONSIDERED* 

0
ROVID:NG THAI POINT MDTR 59

DOES NOT HAVE INMODE-S. MOT 60
r MDTR 61
C LANGUAGE - VORTRAN IV 1360t REFERENCE MANUAL C28-6515-41 MrTR 62
C AUTHOR - A.O.PIERCE. M.I.T., JUNF,'9be M.,TR 63
SMCTR 64

r ---- CALLINH SFQ0ENCE---- .',IR 65
C MOIR 66 PROGRAM
C SFF SURROUTINF ALLMOD MOTR 67 MCDFTR
C OIMENSiON KST(I),KFIN(11)OMMOD(12,VPMOOII.)INMOOE(i1t)MII),VP(IU MOTR 68
C ISURROtTINE USFS VARIABLE DIMFNSIONINGI MOTR 6Q PAGE
r rALi 4OFTRIfST,.JT,NMODFKST,KFINONMCDVPMDNRW,NC,I,4MDF, MDTR 70 35
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C Fl KRIMD ro. I I G"' S;14FWNFRr MOITR 77

r- -- - XTFRNAL Su8R~nalTIN S RFOUIRF- MOIR 74
r MDTR 75

C NXTPNT. PTMI * FNMnfOI. VN&'0M' NNE)PN, PAA PRP, 'mmMM.CAI,SAI mDTP 76
C FNMOoI AND FNmn10F CAlL NYMOFN, WHICH IN TORN CALLSz AAAA AND 9999 MOITR 77
r 9R09 rltIS AAAA AND Mmmt. DESCPIPT!CNS OF THFSE PRrErPAMS APF MOIR 78
r ,IVF'I FLrFWHFRF IP' THIS SFOIES.) OTR 79

C MOIR AC
r RT44I IS A SUROO,,1INF COOED PY 1AM TO DETEPMIIHF A FoOT 'IF A GF0FQAL 'vDTQ 81
r N"NLINFAR VOUJATInN Fl(I' RY M4EANS OF MIJELLEU-S ITFRATInN SCHrMF MOTR S2

r rSIC7FSIVF SISEC'TICN AND INVERSE DARA8qLIC INEFAPOILATION. A MOIR 81r CWPL FTC niFSCOTI1N AND rFlCK LISTING IS GIVEN 34 PAC.FS IQ$-I99 Or MOIR A4
c 0DCCUNTr H70-0205-2. SVSTFM/36O SCIENTIFIC SURROMITIN PAC'(AGF MOIR 45
r 06A-C-3X3 VrRSION It, PROGRAMWEP-S MANUAL, l~s. TECH".ICAL MOIR 86
r puls ICAT1Ifl&S (qFPARTUF4lT, 11 FAST P('5T ROAD. WHIrF PlAItl, N.Y. MOIR 97
r 106Mi. PUu" ISUED 1"6 1967. MODT Aft

r -- ~ ~ AtrGUMNT L I'T-- mnTR Qo
r MOIR 91

1S *4 NO IND MOIR 92
r JS5T ("4 Nn INP MOIR 93

r N4fOE 1*4 4n I No PaTR 94
C KIT ('*4 VAR IND (ONLY KST(NMODC) NFFnEn) MOTR 95

r K~tN T04 VAR OUT (ONLY KFINIpI'CnF) C0NPUTEnI MIT 96
r numnoINI P 44 yAP fOUT (COMPUTED FOR N Gc!. KST(NhIOE(, M'OIR 97
r vomrnINI R*4 VAR OL'T (COMPIITFn FIR N rF.~ KST(NmontI) MOTR 98
C -NPOW 1*4 NO IND MDT q9
r hl( '. 1*4 Nnl INP MOTR 100
r INMOOE 1*4 VAR IND MOTR 101
r. ON4 Q*4 VAR IND mOTR 102
C VP' Q*4 VAR INP MOIR 103
C KRII') 1*4 Nn OUT MOTR 104
r MOIR 105
C rnMmC'N ',TnR&C,F 'ISEP MOIR 106
C CTmnON lmix~c.CXl.VYI,HI.ONEfiACVPHSECTXEYK MOIR 107
r MOIR 108
C fm9'y 1*4 No INP MOIR 109
r *rI P*4 i0n INP vOTR 110
C VXI 9*4 ion INO MOIR III
r v'~' R*4 100 INP MDTA 112
C 'II 0*4 100 INP MOIR 113
C. 14FGAC R*4 NO OUT (USED INTERNALLY) MOTR 114
C VPHSFC 0*4 ND OUT (USED INTFRNALLY) MIT 115

TNFTK R*4 NO INP MOTR 116
C MIT 117
C ---- INPUTS-- MOIR 118
C 'IOTA 114
r (ST -RflU INDEX OF START POINT, WHICH MUST LIE BELOW LINF MOTR 120
r OF OEMARCATIrN MDIR 121
r JST .COLUMN INDEX OF START POINT MOIR 122
r NmnnE 'NUMBCR LASELLING MODE TO BE TARULATED MDTR 123
r KST(N~nOOFl -INDEX OF OnMOD AND VPMOO CORRESPONDING TO FIRST MOTR 124
C POINT TABUtATFn. mnTR 125
r N491W -NIUMPFR OF ROWS IN INMOOF ARRAY mOTA 126
r NC.n,. -NUMAER OF COLUMNS IN INmnOF ARRAY MOTR 127
c IN*4nOF -ARRAY WHOSE (J-I)*NROWI-TH ELEMENT IS THE SIGN Or MOTR 128
iC THE NOIRMAL MODE DISPERSION FUNCTION WHEN ONEGA-OM(J). MOTR 129
C VPHSF*.VO(tI. mnTA 130
r flU -VF(TOR C'1 PREOUENCIFS AT WHICHN INmnoE IS TABULATED. MOTR 1I1
r V zVfCT'WQ OF PHASE VELOCITIFS AT WHICH MDE IS MOTR 13?
C TARUtATED. MDTR 133

r '4 'MNNUMGFP (rF ATMOSPHERIC LAYERS OF FINITE THICKNESS. ?IDTR 134
r Ci(II -SOUND SPFO IN I-TH LAYER IN. KM/SEC. 14DTR 135
C VVIII) -X C 'MPONFNT OF WINO VELOCITY IN I-TN LAYER IN KM/SEC mnTR t16 PROGRAM
C VYill 'Y CMPO)N[NT OF WIND VELOCITY 'N I-TN LAYER IN KM/SEC MOTR 1I7 V400FTR
r Hill) 'THICI(NrSS IN KM OF I-TH LAYER MOIR 138

r ."FTK 'PHASF V6.LOfTy FDIRECT ICN IN RAOt4NS W.R.T. X AXIS MOIR 139 PAGE
r vnTP 140 36
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CMflTR 141

K KFIN (P4MOFM .I110FX )F OL4P~ln AND VPI49n CE'RPFSP(INI)ING TO tASt wflTa 141
r POINT TA~t)LAT~Fn. MI3TP 144
C n'mmn(N) =ANGIILAR FREQUEVNCY OF POW~S OIN FlI5PFPSIlON CUPYF. 14OTP 145

CN-KST(NmPODFI UiP TO 'FIN(NMODE) CORRESPONDS TO NmoOVr- MDTR 14.6
CmnPIE. MOTO 147

t~vPnoO(4I -PHASF VFLOCITY nF POIN~TS rN CISPFASION CURVE. NOYP 148
CN=KSTINWf'E) tIP TO KFIN(NMODF) CnRRESPnNOS TO NMOOF- MOTO 149

m OnE. &IDTr 150
C KRIO 'Fl Ar. INnICATING IF ANY PO'INTS O'. O)ISPFPU)N CURVE PnTQ 151
c HAVE BEEN FOUIND. 1 IF YFS, -1 IF 40. nO 15?
C flMFCAr =INTERNALLY USED FREOUFNCY TrNSMITrFp 40,4 SIP- mflT 0 151
r ROUTINFS THROUjGH COMON 4OTP 1R4
r VPHSFC -INTERN&LtY 'JSEn PHASE VELOCITY TkANSMITTr'l AklnNe, mnTR ISS
r SiJApnlJTINFS THR(IJC.H COMIACN. MOTO 156

r mflTR 157

r ---- EXAMPL F---- IOTR 1511
r MOTO 159
r SIJPPISE TH4E TABLF OF INMnDE VALUES IS A S;Hr*-- RFLnW WITH MOYR 160
r NnYW 161
r 1,++4+4+4++. NROW=?. NCOL-14 MOTO 162
r ++ .... MO TR 163

r --- +++#+++ .. # l~1.,3.,5.,7..Q1OI1121 MOTO 164
C --- +# ... 44+4#4 1.4 MOTO 165
r #--- +...mnYR 166
rC------- VP.;.5.O.3.3.2 ? MOTO 161

r -- ---- ---- mnTR 168

r NMOOE-7. IST-3. JST-1. KST(LI-7 MOTr: 169
r m, 170
C TmrN "'JE MIGHT FINn IRUO'1. KFIN(2)-21, ANn WTR 171
r MnTR 172
r rOmmjfl17..1 VOMOD( 71-.43 OMHllr(16l.5 VPMflO(161-. MOTO 173
r nmfl'(Al.*7 VPMOOI9)-.4? OIf4mcD(171.A vP'400117)-.? MDTA 174

r mS4O(I).3 vPMOOI)..41 OMPOOD(18). VI'MIOGIR).285 MOTO 175

C OMO'I(IO)'.33 vpmoO(101D%4 rOMmnD(191-1.O VPMOOE191-.Zt MOTR 176
n mmOO(11)m.j6 vPmODh11),.jS OMMOn(1O)1.1 VPMD(2O)-..7 MOTP 177

r "MW1OII2l .40 VPMO)DIJ2IS.l4 ('mmOD(?11-.7 vpmont71I..2&5 VOTR t18
nmmlflM001)..50 VPMOI131.'1 OMm')0E22)-l.3 VPhqO(221-.26 MOYR 17q

C mmnrO(14).SO VPmrfl( 141-.'A? OmmnOOI?3)-l.4 vpmnnI3)-.25,5 MOTR 180
r OMMflII1SI...70 VP~flO(15i).

1
1 POTR 181

r MOTR 112
r MOTO 183

r ---- PROGRAM FOLtO~WS AELOW---- 4DTR 144
r '4OTR 1A5
r uADTR 1.36

S'IRRIUTINT MOI)TRIIST.JSTNmODFKST.KFIN.OmMOf.VP4orWOnwNCOL, MOCTR 1837
1 1I4M .rOtA.VP.KRUnI M;T P 1A8

C MOTR 189
nIm[ NSION C II100kVXI(OO) ,VYI(lOlt ,'4111001 DTR ic0P
nl4FNI'NK ST(II.KFIN1).ommnflhl!.VPMI2DC)1,ImooEI).no~l).vpI1I MOTR 101
C/'mmON IMAx.CI.vxi.vyI .HICMFGC,VPHSFC.1H;,C wDTR 192

MOnTR 103
r Fu)NrTIONS FNmnAO1 AND FNMOO? ARE USED AS ARGUMENTS, 'F RTMI MOTR 104

FXIcRNAj rNMOD1 .FNMOO7 NDYR 105
r MOT R 19)6
C INnFx OF FIRST PnINT ON ntSPFRSlrN CURVE IS LARELLFD A, K mDTR 197

K.KST(NMOOnE MDTR 1Q8
r VOTR JQq

In-INMOO'.FjST-j1 *NRfOWM)T 40TR 200
C MOTO 2fl1
r Wr CHECK In ,rr IF PCINT ABOVF (IST.jSTI1 HAS A nIrrF~rNT INMOOF MOTR 202

2 ir(!ST *cO. It GE TO 0 MIITR 203
IUPvtNm4OOEF(JST-I*vNR'WIST-1 I MOTR 204
IF(III .0. -101 GO TO In M(ITR 205

r Mf)TR 206 PROGRAM
( IF IT OCnnfT, WE CHECK Ts4E POINT (-'I THE RIGHT. Wf CAN AisO ARRIVE AT MOTR 207 "COETR
r 1, CRnM 2 Ic IST.I. MOTR 208

1; If(JST FEO. NCOII) Gn TO 9 MOTO 209 PAGE
ISIO,-INmflD(jSTI*NRnw*'CTI '4DTR 210 37
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MFisin .Fo. -In) GO T' is ROTA 211
f MOYR 712
r IF WE ARRIVE AT A. WE CANNOT FIND A POINT ElTHEP kBOVE OF TO THF PIGHT MOTO 213
f OF IIST.JStI WHICH HAS A INmOnE GF OPPOSITE SIGN. MOTO 71'4

A KRUOj.-1 MnTP 2IS
RFTIIRN MOIR 216

r MOTO 217
r WE ASSIGN A TYPE INnEX TO THE POINT (IST,jST). SFF Uet.CRIPTIOnj r)E MnT 21*
C 14VTONT P rIFFINITInN OF TYPE INDEX. MOTO 710
c MOTO 220

10 ITYPI-1 MOTO 271
C sIPPOSITE SIGN. ABOVF MOTR 222

GO TO 7) N4OYR 223
CMOTR 224

It, ITYP1=7 ROTA 225
C OPmOSITE SIGN TO RIGHT MOYP 276
C. MOTO P27
r WE fnOW CAN IDENTIFY rUR FIRST RRACKETING MO)TR 228

70 11.1ST MOTO 229
JI1JST MOTR 230

C.MD'R 231
' STATEMENT 71; IS START OlF LOOP TERMINATING AT 110. * ACH PASSAGE THROUG MOTR 232
c LOO'l GEFFATFS A NEW POINT ON 

THE OTSPEPSIn'N CURVE. MO0TR 213
75 l~t ITYPI *FQ. ?) GO TO S0 MOTR 234

r MOTO 735
r rlidILATION IF ITYPI=1. STORE FREQUENCY IN COMMON. FIND PHASE V~tOl- MOIR 236

r CITY WITHIN PIRACKFTEC INTERVAL. MDIR 237
O)MFGAC-OM.JI MDTR 238
VnnWN-VP IIII MOTR 239
VIJD.VRE 11-1) MnTR 240
EPS-l.E-4 MOTR 241
CALL RTMIfVA.F.FlKMOD1,vnOWN,VUPEPS.4, lED) MDTA 242
nmmnnIK)-ONEGAC MOIR 243
VPMOOIX )=VA MDTR 244
GO TO) 100 MDTR 245

CMOTO 246
C CALCULATION IF ITYPI-2. STORE PHASE VELOCITY IN COMMON. FIND FREQUEN MOTO 247
r IN ARACKETED INTERVAL. MOYR 248

So VPHSFC-VR(tI) MDTR 249
n"LFF-CMIJI) MDTR 250
OMRTT.OW4(jll) MDTR 251
EPS.1 1.E-41*Vl'4IT 040TR 252
CALL) RT'41InMA.F. FNmOD2.OmLEF,O)MRITEPSs4,IERI MDTR 253
OMMODIKI iOlA ROTA 254
vPMODlX I VPI'SrC MOTR 755

C MOTR 256
100 CONTINUE MOYR 757

C WE HAVE NOW FOUND THE K-TH POINT. WE DO NOT YET KNOW IF THIS IS THE MDTA 758
r FINAL PAINT FOR THE NnOE-TH MODE. HOWEVER, WE SET KFIN(NMODEl-K NOYR 259

KFI 114OOEIwK MDTR 260
r WHEN THE SUROULTINE RETURNS, THE CORRENT STORED KFIN(NmoDEi WILL BE IO.DTR 261
C THE CORRr.CT O.NE, MOTR 262
C M4DTR 263
f WE NOW POFPARE THE SEARCH FOR THE NEXT POINT. MDTR 264

K-K.1 14DTR 765
I,9 CALL NXTPNTII1.J1.ITYPl,12,J2.ITYP2.NROW,NCOL,INMODE,KUOOSI MOIR 266
IAO l~t KUjnlS FEO. -Is GO TO 200 MDTR 267

11.17 MDTR 268
JI.J2 MOTO 269
I tYPlI TYP? MOTR 270

190 GO TO 75 MOTR 271
CMOTR 272

70P C)NT INUE MDTR 273
C WE CO)NTINUE HERE AFTER AN UNSUCCESSFUL ATTEMPT TO FIND THE NEXT POINT. MOTR 274
f PROVIDING We HAVE FOUND AT LEAST ONE POINT, WE CAN EXIlT WITH KRUO-I. MDTR 275

IF( K *LF. KST)NMOOEI I GO TO 8 MOTO 276 PROGRAM
KRO.1l MOTR 277 moDETO
RETURN MOTR 278

CMOTR 270 PAGE
END MOTO 280 38
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c mnnL0ST (SUROUTINF1 6/19)/69 m*1I I
C MOLT ?
C MOLT' i
C ----ABSTRACT---- lMOLT 4
C MOLT s
. pMOlT 6

C TITLE - 'UL)ST ?00)LT 7
C TABUtLATI 3N 'iF SELECTE) PO1INTS ON) TIHE PIASE VEL11ICLTY (Vi #SP VS. MblLT .
C ANGtULAR FR FUNCY I OmEGA I CtURVE S "F St IEC TH i Polot S 10OL.T
c. 101.T I
c. NO C )MPUTATION OR CHANGING, 'F UNITS IS PCPf'l4i-I~ PY SUN- vOLT 11
C ROlUTINHE MOOLlST, IT MEREL Y PP'INTS 'r'JT Tlif INPUIT I N LAbtfb Fr) 01 T 12
C AN') ORUEREO FASHION. "OLT 11,
C MOLT 14
C LANGUJASE - FGRTR AN IV 1 360 , RE FERENCE 4 AN11AL C?4- 0'5 1S- 4 1 mDLT 11;
C MonT 16
C AUTHCRS - b.OPIERCE ANO J.POSEY, *O.I.T., JU4lE,'';iA &OLT 17
C ")L T )A
C 00rlt. Iq
C ---- USAGE- -- - MOL T ?C
C "4DLT 21
C NPl S'JSROUTINFS ARE CALLED. '401? 2?
C MOLT 23
C KFIN, 'M'4flDt VPMOD, KST WILL ASS'p'i THF .ImFNiICNS SPIC IS-I(' IN '401?T 24
C TVF CALLING PROGCRAM. (OIMENSII?1 IF KS? ANII) Kr IN MUJST PC rCt. NMFM &OLT 25
c MOLT 26
C FlRTRAN -ISACE WDL? 27
C MOL T 28
C CALL MOOIST (MDFN3,)'4MOOVPMflKST,KFINl 04DL T 29
C. MOLT 30
C INPUT, MOLT 31
C MOLT 32
C '4UFNO NU48ER ')F MOD)ES T(' 8F PRINTED OUT. MOLT 31
c 1*4 MnL T 34
C 1OLT ~5
C C M'O VFCTIR ST^RING ANCIJLAR FRFQIIENCY COOROINATE OF POINTS ON MOLT 36
C, 0*4IL) OSPCQSION CURVES. MOOE V' IS STORED FRCM ELFVEKT KST (Ml IOLT 37
C THRI'UGH ELEMENT KFIN(M). I RAD/SEC I MOLT 3
C MOLT 39
C VP"U1o VFCToR STORING PHASE VELOCITY COORDINATE OF POINTS UN MOLT 40
C R-'4(01 DISPERSIO)N CURVES. MODE '4 IS STORED FRCM ELEMENT KST(M) MOLT 41
r THROUGH ELEMENT KFINIM). I KM/SEC I MOL t 42
C MOLT 43
C (ST SEE fJMMCD AND) VPMOD ABOVE. MOLT 44
C 104(n) MOLT 45
C MOLT 46
C K? IN SEE (IMMOD AND VPML'D ABOVE. POLT 47
C 1*4(D) MOLT 4P
C MOLT 49
C IT PUTS MOLT 50

C THF DUTOUT IS AN ORDERED AND LABELED PP!NT CUT '1? THE INPUTS, TX- NOLT 5?
c CLUDING KST AND K? IN. I SEE EXAMPLI REtFOW. IMOLT 53
C MOLT I 54
C MOLT 55,
C ---- EX AMPL E---- MOLT1 56
C MOLT q?
C CALL ING ppr(GRAm MOLT 5*4
C MOLT 5"
C OI'iEJS ION K ST( 2) KF IN( 2) OmMCI( 5) Vpr' (I5) MOLl 60
C MCFNCO z 2 MOLT 61
C KST *1,3 MOLT "7?
C KFIN *205 MOLT 63
C O"AMOD = 0.10O.2.0.10O.15,0.2 MOLT 64a
C VPML'O -1.0.2.C07.092.5.0 MILT 6-;
C CALL mOCLST (40FNO,G4M0ODVPMOD,KSTK"INI POOL T 6A PIIOGRA'4
C MOL T 67 4 )01ST
C PR INTI OUT MOLT hS
c MOLT 69' P&(;F
C T AHUL AT I ON OF IR ST 2 MOES MOLT I C 30
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C POOL T 77

C MODE I M:)L 1 74.
r MOlt 7 r
CPO 1 7 tf
C CMEA IRAD/SEC) VPI4SE IK4/SEC) POL 1 77
C HILT 7f,
C 0.100000 1.000000 MOLT ?n~
c ). 200000 2.000000 MOL T MC0

C MODE ? NIft t 14
C 10OLT P t,

C C14EGA IPAD/SEC) VPNSE IKM/SEC) MOLT t- 7
C 0kCLT AR
C .).100000 2.000000o "nLT PO
C 0.150000 2.500000 MOLT qrI
C 0.200000 3.000000 MOLT '01

C MOLT 91
C END OF Ex&MPIF '1P17 94
C MOLT q5
C POLT 1f6
C ---- PROGRAM FOLLO)WS AFL0W---- Pf)L T Q7
C MOLT 98
C MOLT 90

SUBRO'UTINE MCJ)LST(M*DFNDvfl4m00,VPMOI),KST,KFIN) MOLT 100
C MOLT 101
C VIRIAPLE DIMENSIrNING MOLT 102

DIMENSION KFIN(119 0'4M0031IVPMOOIh)KSTlI) MOLT 103
WR ITEE 6,11) 4MdFN.) POLT 104.

11 FnRMAT(lNI,25X,19HTABULATION OF FIRST, 16,6H1 MODESI MOL T 105
On 100 tI.1,MO)FND FOL T 106
WRITE 16,211 11 MOLT 107

21 FO)RMA1'IIH //,11 .35X, 51M.OOF .13//, 11 ,12X915HOMFGA (RAD/SEC). MOLT 108
1 1IOX,14HVPHSE IKM/SEC) /3MOLT 109
K1-KST(lI 11DMLT 110
K? -KFIK(II) MOLT III
00 100 JsK1.K2 MOLT 112
rMEGAzCM40 (J I MOLT 113
VPHSE-VPMODIJI MOLT 114

31 FORMAT iN t12XvFI5.69I0XqFl4.6I MOLT 115
WRITE 16,11) IMEGAVPHSE MOLT 116

IOC CONTINUE MOLT 117
RETURN MOLT 118
END MOLT 119

PR OGR AM

PAGE
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C MP(IUT ISURROUT INF 719/68 I"1PJe
C uprOij 7

C up1$1 3
r ---- ABSTRACT---- . If p .
C MPIJ I

C TITLF - MP;1UT m ,. ,

C TABULATION OF NORMAL MODE DISPERSION FUNCTIIN SIGN AT prit 
.  

1 7
r IN A RECTANGULAR REGION OF FREQUENCY - PHASE VFIJCITY PLANE MP'"I k
C upf ,! ,,

C THE VECTOR V OF PHASE VELOCITIES IS COtSTRUCTED p f.', .P,1 I
C VALUES AT INTERVALS OF ((V2-VIi(NVP-1)) FROM V' )Ck- f. f P 'l II

C Vt. SIMILARLY, VECTOR OM OF ANG1ILAR FREQUENCIE$ IS (0'- wpnU) I?
C STRUCTED BY TAKING VALUES AT INTERVALS OF I(C02-CMIII IIp',," II
C INrM-1I1 FRnM OMI UP TO VM2. NFXT, MATRIX IN'CCE IS C11- !pr'J 14
C STRUCTED WITH NVP ROWS AND NOM COLUMNS. SINCE IN"(111E IS mv ll is
C STOREO IN VECTOR FORM, CCLUMN AFTER CrLUMN, ELEPENt J IP. l'p"t, Ib

C ROW I IS REPRESENTED AS INMOCE((J-II*NVP + I. TMF VALUf lfP',J I?
C )F THIS ELEMENT IS DETERMINEI BY CALLING SUPRrUTIP& ',qI)4 mpt') Im
C TO FVALUATF THE NORMAL ODE DISPERSION FUNCTIrN, FPP, r.14 mpl ij Iq
C FREQUENCY OM(JI AND PHASE VELOCITY V(II. IF FPP DrES NIT Pl!P(i ?C
C FXIST, THE ELEMENT IS SET EQUAL TO 5. OTHERWISE THE tL- "P l 21
C MENT WILL RE 1 TIMES THE SIGN OF FPP. lPo&) ?7
C 0P')U 2
C LANGUAGE - FOIRTRAN IV (360, REFERENCE MANUAL C21-6515-41 "PnIJ 24
C AUTHORS - A.D.PIERCE AND J.POSEY, M.I.T., JUNE,I 68 PP)I 2c
C mpnU 76
C kPii 27
C ---- USAGE---- PPP11 28
C VARIABLES UMVvIIM1OE MUST BE DIMENSICKED IN CALLING PPR(GRAm mPlU 79
C FORTRAN SUBROUTINE NMDFN (UESCRIBEC EESEWHERF IN THIS SFRIES) IS "P'lU 3C
C CALLED MPOU 31
r MPflO 32
( FORTRAN USAGE MPJU 13
C CALL MPrLIT(CUIt0'42V1,V2,NOMNVPtINMCDECMtVTHETK) MPOU 14
C POU 35
C INPUTS MPOU 36
C oPliU 37
C Cmi MINIMUM ANCULAR FREqlENCY TO RE CONSIUERED (RADIANS / SEC "POU IS
C R-4 mPtiU 39
C MPOU 4C
C OM2 MAXIMUM ANGULAR FREQUENCY TO BE CCNSII)EPED (RADIANS / SEC MPOI) 41
C PS* PPOU 42
C MPOU 43
C Vi PINIMUM PHASE VELOCITY TO BE CONSIDERLD (KM / SEC) MPOJ 44
C P'4 MPOU 45
C UPOU 46
C V MAXI4M PHASE VELOCITY TO NE CrNSIDERFD (KM / SFC) MPOU 4T
C R*4 MPPU 48
C NOM NtJMRER OF FREQUENCIES TO BF CINSIDERED (NO. CF ELEMENTS lP'IU 49
C 1*4 IN IN A I NO, OF COLUMNS IN INMODE) MPfIJ so
C MPoU 51
C NVP NUMBER OF PHASE VELOCITIES TC BE CONSICEREO IN). OF ELE- "P'lU S2
C 1*4 " MFNTS IN V AND NO. OF ROWS IN INMODE) mPOU 53
C "POrU 54
C THETK DIRECTION OF PHASE VELOCITY MEASURED CUNTER CLLCKWISE mP~il ;5
C R*4 FROM X-AXIS (RADIANS) MPOU 56
C MPOU 57
C CUTPUTS "POU so
C MPoll 5

C INMoDE MATRIX OF NORMAL MODF OISPERSICN FUNCTION SIGNS (IFF mPrij ho
c 1*410) ABSTRACT ABOVE FOR EXPLANATION OF ELEMENT VALUFSI 0Pr'U 61
C MPOU 6?
C ON VECTIR i'F NONM VALUES OF ANGULAR FREOUEKCY AT LQUAL INTL-2- 1P Pr( e,3
C P*4(O) VALS FRIM OMI TO O2 INCLUSIVE (RADIANS / SEC) MP)U 64
C upS3J 69;
C V VECTOR OF NVP VALUES 0}F PHASE VELOCITY AT E[tJAL INTIkVAL. wPltJ 66 PPCGRAm
C P&4(0) F.OM V2 TO VI INCLUSIVE (KM / SECI MP'lU h7 I 4P' UT
C *4Pnu te
C mPo ' o PAG F

C ----EXAMPL(- --- pI 7C 41
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C AP 'U ?1

C C4A1.113 PRCGTA'4 MWPIIJ 77
C DIMENSILIN 1"(3'VE3iN4MOD49) 10001'J 73
c 041 1.0 UP11 74
C 0*? '1.0 IP1IJ 75
C VI .. '41'MI 7E6
C V2 4 . 11P 1i) ?7Y

C 4014 23 .dpMIJ 7$1
C *NVP - -P')I 7O
c THFK a 0.0 Pntj A')
C CALL MP.111T 1fCN1,OM?,,V?,VNCM,9NVP,3NMCOEtd*vTHETKI Pl'u 141
C ENP 1PIRJ A2
C kVPt U U3
C UFO0J RETURN FROMI 4POJT, 014 AND V WILL HAVE THE FCLLCWING V*1u1S bp'nu R4
c C 4 I 1.) , 2 .0 , 3.f0 fIpniJ 45i

C V - 3.0 , 2.C t 1.3 VPOIJ Ot
C EACH nF THE NINE CLE14ENTS JF INMODk WIILL R~E -19 1 OR 5 AS nET50vI'NC,) vPn1J 07
C BY THE %'URPAL WCOE DISPERSIOlN FUNCTION ffE AASTRACT Aeovif pp 1 .61
C ff 31 ~u
C VP 10f n0
C --- P(JRA"i FnLLOWS BELCW---- "p, U '#I

r. vP-u 'j?
"P1111 01

SJNNOUTINE MP)UTti~ml,342,VI,V2NO)MNVPsINMOOE,1M.V,THETKI IvPQJ (J4
C"!%nil 'as

C VARIARLE 0IPEP4SI^,4NN I'P0, q91
OIMNSI'34 04113,113,lINMODE(13 MppU q7
CnmmcN IMAX.CIC1O03tVXIO3,VVIt100hrI(OO3 NP4111 qq

C M~pnU 99
C INTFRV41. RETWEEN SUCOCESSIVE IKLb'4NTS OF OlW IS OLTEPIPINEO 10POU 100

OELCM.(C42-e3mI)3/INOM-I) IPOrU lot
r MpOI 102

C INTERVAL RETWdEEN SUCCESSIVE ELEM4ENTS CF V IS DETERMIINED UPflij 103
DELY -(V2 - Vll/(NVP-11 MPOU 1')*

C PPOU 105
C VECTOR V IS CONASTRUCTEn WITH ViIl DOnPPING 1 R'3m V2TO VI AS I c.VES FROM *MPOU 106
C I TO MVP NP('U 107

VfII.V2 PPOU too
onIi,1 l.2,NvP UPOU 109

10 VIIl*V~lII--ELV I'POU 110
C 14POU III
C CMIJI GOES FKOM 141 TO r0M2 AS J GOES FACM I TC NOM4 PPOU 112

00 90 J.1.NOM PPOU 113
OmIJ) - (JMI #(J-110OLLOM MPnU 114

C PMPOU 135
C FIR A FixrO VLUE OF Js ALL VALUES OF I FROM 1 THROUGH NVP APF CCNSIO- MP"IU 116
C ERED, THUS EVALUTING COLUMN J OF INMODE MPOt) 317

DO 90 I-1,NVP wPOU 1i8
C mpnU 119
C IS IS NO. OF ELEMENT IN Is TOR RiPRE-SENTAT3C4 OF INPCOE WHICH CORRES- MPOU 120
C PONDS T1 ELEM1ENT J OF RDA I IN MATRIX FORM OF INMADE PPOU 121

Ij.(J-IlNqP * I P POU 122
VP4SE.V( I) NPOU 123

C MPOU 124
C NMOFN IS CALLEn T1) EVAUATE THE NORQMAL MODE OISPERSICN FUNCTICN FOIR "POU 125
C FPEQUENCY O10fS) A-4D PHASE VELOCITY Vill MPOUI 176

CALL ,.UOFNIO(IVPHSETHETKLEPPKI 1MPOU 327
C POD 128
C WHEN NfIRMAL wCDE JISPEkSI!)N FUNCTION DOES NOT EXIST (L.EQ.- 13, INMIOUL mpnu 12()
C 11j) - 5 PROJ 130

IFIL *EC. -11 GO TO so PO% 131
C HPOU 132
C WIEN THE FUNCTIn DOES EXIST ANZ) IS FPP, INiRJDEfiJ * *FPP/ABSIPPI PPOU 133

INWOOE1IS) a I PPOU 114
IF (FPR.LE.O.01 1'4"DI)EI IS) *-1 )'POU 115

Gil Tr 80 mpnU 136 002RAM
50 INNOOE(11IS PPOU 137 T VRIOUT
SC CONTINUE OPOU 138
90 CONTINUE 10POIJ 139 PAGE

RE TURN MPOU 14.0 4?
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C NA'qPuE (SUsiOuTINE1 6i/27/68 RAMP I
C KAMP 7
C KtNOP 3
C ---- ABSTRACT---- NAM) 4
C RAMP s
C TITLE - ?4POF NAMP0 A
C PROGRAM TO OETERMINE AN APLITUDE FACTtR AP4PLTI) OF A GUIDED N AA) 7
C MODE EXCITED 8Y A POINT ENERGY SOURCE IN THE ATMOSPHERE. THE K~AMP w
C S3URCE IS AT ALT ITUDE ZSCRCE KM AND THE OSERVER IS AT ALTI TIJO PAMP C4
C ZOOS IN KM. THE PARTICULAR AMPLTO ECMPUTED CCRRESPCNDS TV AN tAMP Ir
C ANGUJLAR FREWL1NCY OMEGA (RAD/SEC), A PHASE VELOCITY VPHSE NA MP 11
C IKM/SEC), AND A PHASE VELOCITY DIRECT ION THETK (RADIANS) REC- NAUIP 12
C KPNED COt4TER-CLr1CKWISE FRnM THE X AXIS. PARAMETERS DEFINING N4A4P 14
C THE AMRIENT ATMISPtjERC A0E PRIESMEI2 TO HE STORED IN CCEMrlk. KAMP 14
C THE NORMAL MODE DISPERSION FU4CTIfPN KMD- IS PRFSUmED T(, VANISH I.A40 Ic
C FOR ARGUMENTS OMEGA,VPHSE,THETK. RAMP 16
C PjA'~g 17
C THE ACTUAL DEFINITION OF AMPLTD IS AS FOLLOWS. LET SIIZ) AN,) RA40 1"
C S27)7 RE THE SnLUTIONS (IF THE RESIDUAL LUQUATIONS K.AMP Iq
C F AMP 2A
L. DESI1/GL - IAIljrSI + (A12)*52 (1A) P

1
f 21

C 0(521/D1 - A211wSl + IA22)5S2 (1-pi %AMP 22
C Ni.mp ?I
C WH1ERE THE M4ATRIX A IS AS COMPUTED BY AAAA AND AS DEFINED AY KAMP 24
C A.fl.PIERCE# J. C'1TMP. PHYS.. VOL. 1, NO. 3. FES.,1967, PP. 343- PAMP 2S
C 3669 EQS. 11. THE ELEMENTS OF A SHCULD RE CCKSIDFREC AS f UNC - RAMP 26
C ICNS OF AL1ITUDE. WI: DEEINF THE REOUCFO. PRESSURE ZFN(11 AS RA04P 27
C NAMP 2P
C IFN(L)= I(G/C)*SI - C*S2 121 RAMP 2q
C RAMP 30
C WHERE G IS ACCELERATION OF GRAVITY ANO C IS SOUND SPEED. THEN RAMP Al
C RAMP 32
C RAM P 33
C 52(ZSCRCEI*ZFN(ZORSI RAMP 34
C AmPLID * (112)"----------------------------- ------(3) NA14P 15
C BOM41SCRCE)a INTEGRAL NAM P 36
C RAM4P 37
C WHERE RAMP 38
C NAM4P ?9
C Rf(1)-0MEGA -KX*VX(Z) -KY*YI) (4) RAMP 40
C NAMP 41
C IS THE nDOPPLER SHIFTED ANGULAR FRFQUENCY. TI'E INTECRAL IS 11? RAMP 42
C OF THE I-SURI DEffINED P1Y A.D.PIFRCE, J. ACOUST. S'C. AMER., RAMP 43
C VOL. 37t ND. 2, FEB3.t1965, PP. ?IB-227, EQ. (51). SPECIFICAtlY HARP 44
C RAMP 45
C INTEGRAL x fINTEGRAL GVER Z FROM 0 TO INFINITY) OF HAMP 4.6
C NAMP 47
C (5OM((IKYwVXKY*Vy)/K)*YFN(Z)*2 RAMP 48
C *(IK*C~flAf/RCM**31)AZFNfZI**? 1 (5) NAMP 49
C RAMP so
C WHC'RE K IS THE MAGNITUDE OF THE WAVF-NUMBER VECTOR (KXKYI AND RAMP 51
C K AMP 52
C YFN(ZI - (1/CI*SI(Z) (6) RAMP 53
C NAMP 54
C PROGRA4 NOTES hAM4P 55
C RAMP 16,
C THE INTEGRAL IS COMPUTED BY SUBROUTINE TOTINT IN TWO PART NAMP 57
C AS X3#E?. THE FIRST IS OBTAINED BY CALLING TOTINT WITH RAMP 58
C IT-3, WHILE THE SECOND IS OBTAINE'D BY CALLING TOTINT WITH RAMP 59
C IT-7. THF IT PARAMETER GOVERNS THE CHCICE CF CCEFFICIFNT RA14P 60
C Alt A?, A3 RETURNED TO TOTINT BY SUBROUTINE USEAS. FOR NAMP 61
C FURTHER INFORMATION, SEE THE COCUMENTAT ION OIN TOTINT ANO KAMP 62
C USEAS. KAMP 63
C hAMP 64
C THE N3RM4ALIZATInN CF St AND S? CANNOT AFFECT APOPLTD. NAMP 65
c I(IWEVER, TOTINT ADOr)PTS NORMALIZATION WHERE RAMP 66 PROGRAM
C SI *-SORT4GGI*AI2 RAMP 67 NA#4PDE
C S2 *SQRTIGG)OIGG#Alll NAM4P 68
C AT THE ROTTOM OF THE UPPER HALF SPACE. THE NUM4ERATOR OF RAMP 6q PAGE
C EQ.f 3) IS ACCORDINGLY COMPUTED WITH SAPE NORMALIZATION. RAM4P 70 '.4
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C HERE GG SURT I&lvr2,A|2*A2I. %AMP 71
C KAMP 7?
C THE ')NLY HOUNOARY C)N)ITION EXPLICITLY USED IS IF-F UPPER KAMP 7
C BOUNDARY CONDITION WHERSeBY 1gnTH SIM) AND S2i2) DFCREAS KAMP 74
C EXPINENTIALLY WITH INCREASING HEIGHT IN THt UPPER NAMP 75
C HLFSPACE. IF THIS CANNT PE SATISFIED, THE PkCGA N AM P 76
C RETURNS AMPLTD-O. THIS Wt)ULI IMPLY THAT THE POINT NAMP 77
C CONSIOERFD IS PRACTICALLY IDENTICAL Tr flNE WHERE CMEGA NA4P 7A
C IS THE CUTOFF FREQUENCY FOR THF GIIIDEU MOUE JN'DER AwP 79
C CONSIDERATICN. 'AMP PC
C KAMIP w1
C WHEN NPRNT IS P'ISITIVE, SEVFRAL PARAMETERS DESCIIING THt: '.Alp .2

C PROFILES OF St AND S2 ARE PRINTED UINOFR THE HEADING P'C- fAmP -3
C VIOO BY SIJBRO3UTINE PANPOE. SEE PAMPPE FOR THE DCF.I.

-  
f AA 04

C TIONS or THESE PARAMETERS. 6A-0 5S

f LANGUAGE - FnRTRAN IV (160t REFERENCE MANUAL C28-6v15-
-
) tiP -7

C KAMP --

C ALTHE'R - A.C.PIERCE, 4.I.T., JUNrI96B p
r" I.A*P ',f

C ---- CALLING SEQUENCE---- p -.1 r
C 1.A' 0')
C SFE SUBROUTINE PAMPnE KAMP cA
r DIMENSION CI(1OOI ,VXI(1O,1)tVYI(1OhIHI(10 AA) (94
C COMMIN I4AXCItVXIVYIHI (THESE MUST HE IN CrMM'N) t:AIP (.5
C CALL NAMP)E (ISCRCE# ZORS,04FGAtVPHSE vTHE TK , AMPL TO,NPRNT) NA-AP Q6
C %AMP Q7

C ---- EXTERNAL Stj~ft'JITINES REQUIREI)---- KAMP qR
C KAMP Q9

C TlTINT Mi'PI'MA&AAUSE AStUPINT ,ELITJT,*t iCAISAI NA4P 1(O
C NAMP In]1
C (THE FIRST THREE ARE EXPLICITLY CALLED. THE REMAINING SUJBPUTINfS KJAMP 102
C ARE IMPICITLY CALLED WHEN TOTINT IS CALLED.) NAMP 10
C NAM' IC4
C ----A RGUMENT LIST ---- NAMP 1C5
C KAMP 106
C ZSCRCE R*4 N'1 INP KAMP 107
C loBs R 4 ND INP KAMP Joe
C CMEGA R,*4 N ) INP KAMP 1C9
C VPHSE R 4 NO INP NALIP 110
C THFTK R*4 NO INP KAMP III
C AMPLT D R*4 NI) OUT NAMP 112
C NPRNT !€4 NO INP tAMP 113
C KAMP 114
C CC114ON STORAGF USED &AMP 115
C COMMON iMAX,I,VX!tVYIHI KAMP 116
C KAMP 117
C IMAX I'4 NO IP NAMP 118
C CI R¢* l10 IMP KAMP 11q
C VXI R'4 oo ,n NAMP 120
C VYI R*4 100 INP ,AMP 121
C HI R'4* 100 IMP KAMP 122
C (AMP 123
C ---- INPUTS---- NAVP 1?4
C KAMO 1?5
C LSCRLF -HEIGHT OF SOURCE IN KM NAMP 126
C lOBS -HEIGHT OF OBSERVER NA4P 127
C OMEGA -ANGULAR FREQUENCY IN RAUIANS/SEC KAMP 128
C VPHSF -PHASE VELOCITY IN KU/SEC KAMP 12q
C THFTK -PHASE VELOCITY DIRECTION (PAI)IANS) PECKIN-) KAMP 130
C NPRAIT -PRINT OPTION INOICATOR ISFE NA IN MAIN PRC(.kAM). NARP 131
C COUNTER-CLOCKWISE FRI' X AXIS. NARP 132
" IMAX -NUMNER (IF ATMOSPHERTICI. LAYERS WITH FINII IIICKNLSS -AMP 133

C CWE I -S'UND SPELO KM/SEC) IN I-TH LAYER N A'i 114
C VXI(I) -X CI IPNENT 1) WIN ) VFtnCITV IK'/SEC) IN I-TH LAVEP KAMP I 5
c VYIII -Y CC"MPONNLNT OF WINU VIIOCITY (KM/SEC I IN I-TH LAY1,A KAMP 136 PRnGRAy
C HIll) THIICKNLSS IN KM OF I-TI LAYER KAMP 1.7 N44PF
C K A 4P JI8
C ---- LUI PU S .---- KAMP 1'0 PAGt-
C NA P 140 45
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44APLI p xAmPt ITIODE FACTOR1 Ffl~q GUIDED~ WAVE EXC ITt~i PY Pr 11, T 'NAIA) 141
E NERGY S00ICf. UNITS ARE K'4*(-Il. NPI~ Am1 14

C tA mP 1'3
C ---- ExAM~PE---- P. A:AP 114
C 6A-P 14c,
r. SUPPr'SF T14 ATMOPSPHERE IS iSOT.iEPMAL AND) THERE ARF 4i' wd DS. THr N 640P 146
r THE R I S fl'iLY )Nf M4OE F )R W4 ICH VP HSE -' . FUkTl-FP4'oRF, yFNIZI) KAMP 147
C 0,nl SIl) ARF BOTH ZERO. THE LFNIZI OF(REASES ExP1HFtKTIALLY P'44 144'
C WIT14 '*l'HT AS FXPI.-(0.3*GIC**21l. THE HFS(JtT[NrG AUPITD Am:) j'.q
C St4001 0 BE FAmfl 1 cl

C AmPLTfl- .3:C*.2EXP(-.3*IG/C..'2).I7'aS+SCpCEII FAvP Is;
C REGARDOLESS OF VALUES OF OMEGA ANC THETK. IF C.1I/l Kkl/SFr, NATmD I r,
C G=.ll IQI/SFC'..?, Zr'31S=O, ISCRCF=C, THEN A'4PLTO)= .0?? K00-4-11. FAmO 11)
C f-A 4P I L4
C nAMP IcS
c ---- P&"GtAM FOLLOWS BEI.CW---- Nfli 11A
C P A-00 -,I
C &Am') 11-

SUB0ROUTIE~ NAMPUFhZSCRCL# 1I)6S,GMCGAVPHSF 9THETK Am4PL TO,NPRF T) f.A"
9
- I "

C % W)1 '
GI'4ENS ICN ('I tl"),)VXI(ICCI,VYI( 11C)HlIM~C tAIAO 11
01 MEFS ICN ?A(??) ,E'(t2) N 'A' 14n
0JIUFNSION Llj?12)tSI121 ,S?(2hVXIJZ?2),VYIJZ(2) ,C1JZI(7 NA 4"P'

C DPAENSICN STATEMENTS AIHEI) IN THE OErlUf. PROICFS P'A'4,-6
014ESi(.24 LAYJ(2),UFiT(2IF4PP(2,2I,EMPI1OO0,2,2,O'IMUY(2,?) AU A VP 'h
O1 4 rNS IOF) tiI I'0).H 1100) NA6'4 I nA
ZA'm4'F I4AXC I VYI,VY I sI fAmP I 4

C P AMV ISO
C CCmPUTE hAVe. *40J8ER VECTOR C'IAP,'NF'4T NAMP 16.9

AKX~tfl"E',A/VPHSE )*CnS( THLT KI NAkiP 17
AXY-(PMFrA/VP91SE I SI'ITHFl'l NA04P 171

C KA"P 172
C THE SOURCE AND Fi'SFRVER LKICATI'INS A'iC NU'4iCtRti ACC"I4OING TO t-EIGHI NAMP 173

1F(LSCRCE .GT. ZOMS) G)i Til 10 NA'4P 174
ZItJZIl)-ZSCRCE NAMP 17S
I IjZI?)Zli'S KAMP 17h
KSCR(F-1 KAMP 17
NOBS.2 IKA-P 178
GO TV' 20 K~AMP 17Q

IC IIJI(II1cli'S KA'4P ISC
ZIJZ(2)ZSrRC.tc NA'4P 181
NOrA,,1 NAMP 19')
NSLk(Es? K~AMP 18'

C KAMP 184.
C WE OEN(ITE S1 AND S.' AT BOTTOm OF (IPPIR HALFSPACE RY Fl ANJ) F2. THEPJ KAMP 185
C CO~MPUlATIcIN IS AS FOLLOWS. NAMP 186

20 17MAX-2 KAM4P 1137
J- IM&AX+ I NAM" 1R8
C.C 1(J) AM.0 189
VX-VXI IJ) NAMP 100'
VY.VYI IJ) KAmP 10)
CALL 44AAIflMFGAAKX,AKY,C,VX .VY ,A) K.AMP IQ?

IFIX .1L. 0.0) GO TO 200 KA-P 104
G-SORTI Xi NAMP 105
GRT.SQRTtG) KA'-' 19h)
fl--GRT*AI1,21 KAM4P 107
F2xGPTvIAI 1,114G) NA-P 19A

C FAMP 109
C %E COIMPUTE 11" HFPkLSfNTING THE BOTTOM OF THlE IIPP)Fk HALFS iCE NAMP 2 0,:

ZW-0.0 NAmP 201
IF(IIOAX JF'. 0) G) TO 31 KAmP 202
00 30 IC'1,IMAX NAMP 201

10 KMZ+IIC AMP 204
C khA14P 205
C WE STORF FIP.F2P, IMP KAMP 706 P G R A 4

31 FIP-f1 K.AMP 2C7 N A "P )F
F ?P F2 KAMP 208
Z 1'4 tZMAMP 7c'J P Af'E

C KAMP ?10 4
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C CfMPUTATIC'N OF LAYJZIJI AND 0ELTI~I K~AMP 211
C LAYJZ(JZ) IS THE INDEX OF THE LAYER IN W~HICH iIJIJZI LIES. NAMP 217
C WHILE OELT(JZ) IS THE DISTANCE OF ZIJZ(JZ) ABUVE THE RO110" EDGE CF KAMP 213
C THE LAYER P.A0P 21'

DO 35 Jlml,2 NAmP 21d;
LAYJZ( JZ).IMAX+l K'AMP 216

32 DELT(JZI.ZIJZ(Jl)-ZM KAMP 717
IFIDELT(JZI *GT. 0.01 GO T' 35 KAMP 21A
IF(LAYJl(J11 *EQ. 11 Gtd TO 35 K~AMP 219
LAYJZ(JZI zLAYJ1IJL1-l KAM4P 220
lM.ZM-HI(LAYJl(Jl)l K AMP 271

C AT THIS POINT L'4 ULNUTES THE SOTTP'4 VF THE LAYJZIJZI LAYER KAIP 222
GC TC 32 KAMP 223

35 ZM=lPP KAMP 224
C I.AM0 ?7s
C COMPUTATION4 OF Em UItRICES FOR ALL P4Ax LAYERS CI- FINITE THICKNESS NAM4P 27-%
C E4IIPJPl FOR I-TH LAYER IS STORED AS E"4P(I,[PJPI K~AMP 277

DO 36 Im.IMAX N414P 28.
C-CI(I KA P.AP ??
VX-VX III) NAMP 2 34
VY-VYI (I) KAMP ;AI
H=H!( I &A'UP 212
CALL MMW4(GMEGAAKXAKY,CVX.VYHEAI 14AMP 21'
O 36 IP'1,2 KAMP ?'%4
DSC 36- JP-1,2 K.AMP 23S

56 EMPI I,?PJPk=E"(IP*JP) K.AMP 216
C 1% 44 0 247
C COMPUTATION oF RPP MATRIX. THIS ACCPMPLISHES THE SAME AS CALLING KAMP 238
C SieROUr IRE RRRR N A 00P 219

AP PPt I,IIklI.O 0 KAMP 241!
RPP(1921=0.0 K-AMP 241
RPPI?, 13.0,.0 KAM4P 242
RPPI?2.).0 K-AMP 243
D0 39 I-1,IMAX RA4P 244
JASA=14AX*I-! I-AMP 245
00 37 IP'1,? K-AMP 246
DO 37 JP-1,? I-AMP 247

37 OUJMMY(IP,JP).EMP(JASA,IP,1l*RPPI1,JP)+EMP(JASA,IP,21sRD)PI2,JPI K-AMP 248
DC 38 IP-1,2 NAMP 249
DO 38 JP-1,2 K-AMP 250

38 RPP(1PJPI=.DUMMY(IP,JP) NAM1P 25i1
C NAMP ?52

QUOlT ABS(RPP(l,1Il/(ABS(RPPI1,1l),ARSIRPPC1,2I))ABS(RPP2,1l K-AMP 253
1 v ARS (FPP(2,2 ))I NAMP 254
IF I QUOT *LT. 0.1 1 GO TO 120 K-AMP 255
F2fNCTrF2P/RPP(l,1I) KAMP 256
GO TC- 150 K-AMP 257

120 QUOT = ABS(RPP(1,2ll/(A8SIPP(t1,1)I.A8S(RPP(l,23))ABS(PPP(2,1II NAMP 258
1 *ABS(RPP(2,211) NAMP 25q
IF ( QUOT *LT. 0.1 1 GO '130 K-AMP 260
FBOT-*'FIP/RPPI 1,21 NAMP 261
GO TO 150 I-AMP 262

130 F280)T.RPP(?,I )-FIP+PP(2,2)*F2P NAMP 263
150 F2ROT-F28nT K-AMP 264

PHIl (13 0.IKAMP 265
PHIZII ).r2BOT K-AMP 266
KTOUP-1 I-AMP 267
K-IMAX+1 I-AMP ?68
PHI I(KI -F1P I-AMP 269
PH121K)-.FP K-AMP 270

331 T1.PHII(K) K-AMP 271
T?.PH12(K) K-AMP 272
K.K-1 I-AMP 271
IF(K *EQ. I I (,#I Tel 4nj K-AMP 274
C-CI (K) K-AMP ?75
VX-VXI(IK) I-AMP 276 PRS)GRAM
VYxVYI (Kl NA4P 277 N4MPOIE
CALL A' %A(OMELGA,AKX,AKY,CPVXVY, Al NA'aP 278
X.A()I. 1l'2AII ,?)*A(2, I) IAMP 270 PAGE
IF(X .GT. 0.01 GO Tn 340 I-AMP 78 47



333 PHI I(K)IEPP(Kl,l,)*TI4tMPIKI,2I*T2 K.A4P 2A1
PH12IKI-EIP(K.fl*TIE4P(K,?2)*T7 KAhMP 2P2
GO TO 331 NA

T M
? 201

D2-A(7, 1)*T14Af2.2)*T2 PNAMP ?ill;
IF 1 01 .LT. 0.0 *ANO. TI .LT. 0,0) 6d' TO 341 IA

TM
? 206

IF 1 01 .GT. ).O .AND. Ti *GT. C.C ) (,r TC 341 KAMP 2 F47
IF 102 .LT. 0.0 *AND. T2 *LT. 0.0 1 GO To 341 KA MP 2K
IF I 02 .GT. O.C *AND. T? *GT. 0.0 1 Gr Tc 341 KAMP? 249
GO TO 31t DATMP ?Q^

34.1 CONTINUE 0 A4 mp 2
C AT THIS POINT THE CURRENT VAlUF 'IF K IS NOT ZERO OR rNf N.A--r ?,)2

KY CU P-K N m ? '13
0V lhlO K-2,KT lii P00T11 29~4
JET-K-I ~ATMD 2,01.

T?.PNI2 (JET) KAuP) 7?
PHIIIK)-lP'PIJFT,?,2)*TI-EMP(JETI ,2)T? 0,A .0 .F

360 PH12IK)--EMP(JET,2,l)*T1+EMPIJET#IlLT? NA'O" 7Y4
400 IF INPRNT.LT.)) GO Tn 415 &AMP 1 ()

NZCI -0 NAN? IP
NZC2 -0 hk4MP 3"?
1 API MY I KAMP 3(,3
IAP2MX - I NA'4P 304
APIMX * ARS(PHII(I)I K~AMP Ite,

APZ4X *ABS (PHtI I I I PA 4 P 306.
DO 4.CT L4'I-ItIMAX KAM4P 3('7
IN - LNMI + I K~AMP 3n8
APIP - A6IPHII(LN)l KAMP 309
IF IAPIP.LE.APIMX) GO TO 403 K~AMP 310
IAPIMX - LN NAM? 311
APIMX s APIP K~AMP 31?

4C3 A??? ASSIPHI? (IN)) NAMP 313
IF IAP2P.LE.AP2MXI GO TO 405 NANP 314
AP2MX AP2P K.AMP 315
IAP2MX L N NAN? 316

405 IF I(PHIIINNI)*PHII(LN)).LT.O.O) NZ(1 NZC1 + I KAMP 317
IF IIPHI2(LNMl)*PHI2(LN)).LT.O.0I Nl72 - NZC2 + I NAMP 318

4C7 CO0NTII NU E NAN? 319
RI - PHII(IAP1NXI/APZMX KAMP 320
R2 PH121IAP2MX)/AP2NX KAMP 321

R3 -PlilZ(1/AP2mX KANP 322
WP ITIE 16 t4 0 9) C ME GA tV P HS E vIA P I MX R1 tNZC I IA P 2M X R2N ZC 2 R3 NAM? 323

409 FCRNAI (IN 9 F12.5,9X,13.Fl2.5,9X,13t9X,1I3,FI2,5,9XI3,FI2.5I KA04P 324
415 0C' 450 JI1,2 NAN? 325

IOA-LAYJIIJZI KAMP 326
C-CII ICA) NAN? 32?
VX-VXICA) KAMP 328
%'Y-VY I I18 NIA AMP 329
(:IJZIJLI.CI(IOA) NAMP 330
VXIJZIJZI-VXI (IDAI NAM? 331
VYIJ14JZ)*VYII IDA) NAN? 33?
IFjIA *EQ. IMAX.I) GO TO 420 KAMP 333
IFf IDA I.E. KTqUP) GO TO 410 KAMP 334
JETPIOA*I NAN? 335
H-HI CIDAL-DEL TIJZ I KAM? 336
CALL MMt'Ntn""GAAKXAKYCVXVYHEN) NAM? 337
5I(JZI.EN(1,1I.?HIIJET)+FN(1,Z)*PH12tiETI NAN? 318
S21JZI-ENi .,3 )'?HIT(JET),.N(22)*PH12( JET) &AN? 33q
GO TO 450 NAN? 340

420 EON-EXPI-G*OELTIJZ)i KAMP 341
Sl(JZI .FI*E')N NAN? 342
S2 (JZ) -FZ*EIN KAMP 343
GO TO 450 KAN? 344

43C H- CELI IJZ) INAMP 345
CALL MNNNIOEGAAKX,AKY,C,VX,VY,H,EM) t-MPL 346 PRC'CRAM
SI~iJZ)EMI2,2ISPHII(IOAI-EMII,2)*PMI2I1oA) KAMP 347 NAMPnF
SZIJZ)--EMIZ,1)*PHII(IA).ENII,1).?HIZIIOAI KAMP 348

450 CONTINUE NAM? 34Q F.A0
C, NA"? 3@.0 4J1
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C AT THIS POINT S1(JZ~tS2(JZICIJZIJZI# ETC. ARE STORED FOR Rol1 AND 2. NAMP 351
C WE COMPUTE THE DOPPLER SHIFTED ANGULAR FREQUENCY AT SOURCE ALTITUDE. NAMP 352

100 BiM-OMEGA-AK*VXIJZNSCCEI-AC.VYIJZ(NSCRCEI hA4P 353
C NANO 354
C WE COMPUTE ZF% AT OBSERVER ALTITUDE NAMP 355

ZFNsI.0O9S/CIJZ(NOBSII*SIINOS-CIjLINOBSI*S24NOSSI NAMP 356
C NAMP 357
C HERE WE TAKE THE ACCELERATION OF GRAVITY TO BE .0091 KN/SEC**2. RAMP 356
C NAMP 359
C COMPUTATION OF INTEGRALS kAMP 360

ITs3 NAMP 361
CALL TOTINT(OM4EGAAKX.AKyITLX3,PHI1,PHIZI NAMP 362
IFIL *EQ. -11 GO TO 200 NAMP 363
IT*? AAMP 364
CALL TOTINT(OMEGA.AKNAKY, ITL.K7.PHI1,PHI2P NAMP 365
IFIL *EQ. -11 GO TO 200 RAMP 366

C RAMP 367
C FINAL ANSWER KAMP 368

AMPLTD- O.5*S2(NSCRCEI*ZFNII(x).K~p*AOMJ RAMP 369
RETURN NA4P 370

C NAMP 371
C IF YOU ARRIVE HERE, THE UPPER BOUNDARY CONDITION COULD NOT BE SATISFIE NA10P 372

200 AMPLTD=0.0 NA04P 373
RETURN R4AMP 374

C NAMP 375
END hAMP 376

PROG RAM

NAN POF

PAGE
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C NMOFN iSUaRnUTINE) 7/25/68 NMDF 1
C KNDF 2
C ---- ABSTRACT---- NMOF 3
C tsMOF 4
C TITLE - NDFN NMDF 5
C SUBRCUTINE TO COMPUTE THE NORMAL MODE DISPERSION FUNCTION FPP NMDF 6
C FOR GIVEN ANGULAR FREQUENCY OMEGAt PHASE VELCCITY MAGNITUDE NMOF I
C VPHSE AND PHASE VELOCITY DIRECTION THETK. FPP SHOULD VANISH NMDF a
C IF BOTH UPPER AND LOWER BOUNCARY CONDITIONS ARE SATISFIED FOR NMOF 9
C THE SOLUTIONS OF THE RESIDUAL EQUATIONS NMOF 10
C NMDF 11
C D(PHII)/DZ - A(It1)*PHII(Z) + A(1,2)*PHI2(Z) NMDF 12
c NMOF 13
C O(PHI2I/DZ - A(2,11*PHII(Z) + A(2,2)WPHI2(Z) NMDF 14
C NMOF 15
C WHERE THE ELEMENTS OF THE MATRIX A VARY WITH HEIGHT Ze BUT ARE NMDF 16
C CCNSTANT IN EACH LAYER OF A MULTILAYER ATMOSPHERE. THE ELEMENT NMOF 17
C or A ARE FUNCTIONS nF OMEGA, AKX AND AKY AS DESCRIBED IN NMDF 16
C SUBROUTINE AAAA WHERE NMDF 19
C NPOF 20
C AKX-IMEGA*COS(THETK)/VPHSE NMDF 21
C NMDF 22
C AKY-ONEGASSINITHETK)/VPHSE NPDF 23
C NPOF 24
C THE FUNCTION FPP IS DEFINED AS THE VALUE OF PHIl AT THE GROUND NMDF 25
C IZ-01 WIIEN (11 THE UPPER BOUNDARY CONDITION CF PHIl AND PHI2 KMDF 26
C DECREASING EXPONENTIALLY WITH HEIGHT IN THt UPPER HALFSPACE NMDF 27
C IS SATISFIED, AND (2) PHIl AND PHI2 AT THE ROTTOM OF THE UPPER NMDF 28
C HALFSPACE ARE GIVEN BY All,2) AND -(G.AIIt,)I WHERE NPDF 29
C G.SORTIAIIolI**2,A(1Z)2*A(,11)). THE ELEMENTS OF A HERE ARE NMDF 30
C THOSE APPROPRIATE TO THE UPPER HALFSPACE. CCNDITIONS (1) AND NMDF 31
C (2) ARE NOT INDEPENDENr. ICONDITION III IMPLIES THAT G**2 *GT. KMOF 32
C AND CONDITION (21 WITH G**2 POSITIVE IMPLIES (1). IF G**2 IS 4MDF 33
C NEGATIVEt FPP DOES NOT EXIST AND La-I I" RETURNED. OTHFRWISE NMOF 34
C L1 IS RETURNED. NPDF 35
C NMDF 36
C PROGRAM NOTES NPDF 37
C NMDF 36
C THE PARAMETERS DEFINING THE MULTILAYER MODEL ATMOSPHERE NMDF 39
C ARE PRESUMED TO BE STORED IN COMMON. NMDF 40
C KPOF 41
C THE SUBROUTINi RRRR IS USED TO GENERATE THE MATRIX RPP NMOF 42
C WHICli CONNECTS SOLUTIONS OF TPE RESIDUAL EQUATIONS AT NMDF 43
C THE SOTTOM OF THE UPPER HALFSPACE TO SCLUTIONS AT THE NMOF 44
C GROUND. IN TERMS OF THIS MATRIX, THE NMDM IS GIVEN BY NMDF 45
C NMDF 46
C FPPv RPP(ltl)eA(1,2)-RPP(192)*(GA(lI)) NMDF 47
C NPDF 48
C LANGUAGE - FORTRAN IV (360, REFERENCE MANUAL C28-6515-41 NMDF 49
C -MOF 50
C AUTHOR - A.C.PIERCEv MI.T.T, AUGUST91968 PODF 51
C NMDF 52
C ---- CALLING SEQUENCE---- NMOF 53
C NMOF 54
C SEE SUBROUTINES LNGTHNWIDENtMPOUT KPDF 55
C DIMENSION CI(100VXI(100,VYI1100lHI(I0O) NMDF 56
C COMMON IPAXPCItVXI9VVItHI (THESE MUST BE STORED IN COMMON) 4MDF 5T
C CALL NMOFNIOMEGAoVPHSETHETKtLFPPK NMDF 58
C NMOF 59
C ----EXIERNAL SUBROUTINES REQUIRED---- NPDF 60
C NPOF 61
C RRRRMMMrAAAAtCAItSAI NMDF 62
C KMOF 63
C ---- ARGUMENT LIST---- NMDF 64
C "MDF 65
C OMEGA R*4 ND IMP NMOF 66 PROGAAM
C VPHSE R*4 NO INP NMOF 67 NMOFN
C THEIN R04 NO INP NI4OF 68
C L I*4 NO OUT NMDF 69 PAGE
C FPP R04 NO OUT NMDF 70 so
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C K 14 NO OUT IALWAYS RETURNED AS K801 NMOF 71
C 14PDF 72
C CCPMCN STORAGE USED NMOF 73
C COMMVN IMAXCIVXItVYIHl NNOF 74
C NMOF 75
C IMAX I*4 ND INP NNOF 76
C CI P*4 100 INP NMOF 77
C VX1 R*4 100 INP NMOF 78
C VYI R*4 too INP NMOF 79
C HI R*4 100 INP NMDF 80
C hMOF Al
C ---- INPUTS---- NOF 82
C NOF 63
C OMEGA *ANGULAR FREQUENCY IN RAD/SEC NPF 864
C VPHSE -PHASE VELOCITY MAGNITUDE IN KM/SEC NMOF 85
C THETK -PHASE VELOCITY DIRECTION RECKONED COUNTER CLOCKWISE NMOF 86
C FROM THE X AXIS IN RACIANS NMOF 87
C IMAX -NUMBER OF LAYERS OF FINITE THICKNESS NMOF 88
C CIEII -SOUND SPEED IN KM/SEC IN I-TH LAYER NMDF 89
C VXI4II -X COMPONENT OF WIND VELOCITY IN I-TH LAYER IKM/SEC) NMDF 90
C VYI(II -Y COMPONENT OF WIND VELOCITY IN I-TH LAYER (KM/SFCl NMDF 91
C HIII) -THICKNESS IN KM OF I-TH LAYER OF I-TH THICKNESS NMDF 92
C NMDF 93
C ---- OUTPUTS---- NMDF 94
C NMDF 95
C L -1 IF NORMAL MODE DISPERSION FUNCTICN EXISTS -1 IF NMDF 96
C IT DOES NOT. NMDF 9?
C FPP -NORMAL MODE DISPERSION FUNCTION NMOF 98
C K -DUMMY PARAMETER ALWAYS RETURNED AS K-O NMOF 99
C hMOF 100
C ---- PROGRAM FOLLOWS BELOW---- NMDF 101
C NMDF 102

SUBROUTINE NMOFNIOMEGA*VPHSETHETKLFPPtKI NMDF 103
C NMDF 104
C DIMENSION AND COMMON STATEMENTS LOCATING PARAMETERS DEFINING MODEL NPOF 105
C MULTILAYER ATMOSPHERE NMDF 106

DIMENSION CI(IODI.VXI(1OOtVYIIIOOiHI(100) NMOF 107
COMMCN IPAXtCItVXItVYItHI NMnF 108

C 14MDF 109
DIMENSION A(2,2)tRPP(2,21 PDF 110

C NMOF 111
C COMPUTATION OF AKX AND AKY NMOF 112

AKX-OMEGA*COSITHETKI/VPHSE NMOF 113
AKY-OMEGA*SIHITHETK)IVPHSE NMOF 114

C NMOF 115
C CCPPUTATION OF MATRIX A AND GO*2 FOR UPPER HALFSPACE NMOF 116

J-MAX.l NMOF L17
C CIIJI NMDF 118
VX-VXI(Jl NMOF 119
VY-VYI(JI NMDF 120
CALL 4AA4(OMEGAAXXtAKYCtVXtVYtA) NMDF 121
GUSO.A(,I11**?GA( 12)*A(2tl1 NMOF 122

C NOF 123
IF(GUSQ *GT. 0.01 GO TO 11 NMOF 124

C NMOF 125
C GUSQ I LESS THAN ZERO NMDF 126

L -1 NMDF 127
RETURN NMOF 128

r NMOF 129
C GUSQ IS GREATER THAN ZERO NMDF 130

11 L-1 NMOF 131
GU-SORTiGUSQ) N"OF 132

C NMDF 133
C COMPUTATION OF RPP MATRIX NOF 134

CALL RRRR(OMEGAAKXAKYRPPt.I NMOF 135
C NMOF 136 PROGRAM
C COMPUTATION Of FPP NMDF 137 NMDFN

FPP.RPP(I1,1)A(1,2-RPPI(,2*I GU.Ai|,1I| NMOF 138
C NMOF 139 PAGE

RFTURN NMOF 14O 51
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C END NOF 1411

PROGRAAM
NMDFN

PAGE
52
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C NXMOGE (SUBROUTINEI 6/24/6B EXMO I
C NXOD 2
C NXMD 3
C ---- ABSTRACT---- . .E D 4
C NXMD 5
C TITLE - NXMODE KXMO 6
C PROGRAM TO FIND A POINT WITH COORDINATES ImIFNUJ-JFND IN AN NXMD 7
C ARRAY WITH NON COLUMNS AND NVP ROWS. FOUND POINT CORRESPONDS NXMD 8
C TO STARTING POSITION FOR CALCULATICN OF PHASE VELOCITY VERSUS NXEu 9
C FREQUENCY OF A PARTICULAR GUIDED MODE. A TABLE OF VALUES OF NXMO 10
C THE SIGN OF THE NORMAL MODE DISPERSICN FUNCTICN IS PRESUMED NXMD 11
C TO BE STORED AS INNODE(tJ-)*NVPtI| FOR EACH POINT (IJI IN THE EXMO 12
C ARRAY. DIFFERENT COLUMNS (JI CCRRESPOND TO CIFFERENT FRECUEN- NXMO 13
C CIES WHILE DIFFERENT ROWS (I1 CORRESPOND TO DIFFERENT PHASE NXMD 14
C VELOCITIES. THE SEARCH PROCEEDS FROM AN INITIAL POINT (IST,JST NXMD 15
C TO SUCCESSIVE ADJACENT POINTS HAVING THE SAME INMOOE AS THE KXMO 16
C STARTING POINT. THE DETERMINATION (F (IFNDJFNOI IS SUBJECT TO NXMO 17
C THE FOLLOWING RULES. NXMD 18
C hXMO 19
C 1. IT MUST LIE BELOW OR TO THE LEFT OF A POINT WITH NXMO 20
C OPPOSITE INMODE EXMD 21
C KXMD 22
C 2. IF MUST BE THE HIGHEST POINT (LOWEST II IN THE REGION NXMO 23
C SATISFYING CONDITION I EXND 24
C NXMO 25
C 3. IF MORE THAN I POINT SATISFY I AND 2. THEN THE POINT NXMO 26
C DETERMINED IS THAT FURTHEST TO THE LEFT. NXD 27
C NXMO 28
C 4. ONLY POINTS IN THE RECTANGLE ARE CCNSIOEREO NXMD 29
C NXMO 30
C THE COMPUTATION ASSUMES REGION OF SUCCESSIVELY ADJACENT POINTS NXM 31
C HAVING SAME INNODE IS SIMPLY CONNECTED AND THAT PHASE VELOCITY NXMO 32
C CURVES BEND DOWNWARDS, I.E.,t IVPIIOlOMI ILT. 0. (THIS CAN BE NXMO 33
C THE CASE PROVIDING VP IS GREATER THAN THE MANIMUM WIND EXMO 34
C VELOCITY.I IF THE POINT IS FOUNDt Kt1, IF NOT FOUND, K--I. NXMD 35
C NXMD 36
C LANGUAGE - FORTRAN IV (360, REFERENCE MANUAL C28-6515-4) NXMO 37
C AUTHOR - A.O.PIERCE, MI.T.,t JUNEtI968 NXNO 38
C NXMO 39
C ~---CALLING SEQUENCE---- XMO 40
C NXD 41
C SEE SUBROUTINE AILMOD NXMD 42
C DIMENSION INMODE(IlI VARIABLE DIMENSIONING) NXMD 43
C CALL NXMODE(ISTJSTNOMtNVPINMODEIFNDJFNDtKI NXMO 44
C MXMO 45
C NO EXTERNAL SUBROUTINES ARE REQUIRED NXND 46
C KXMD 47

C ---- ARGUMENT LIST---- KXMD 48
C MXMO 49
C IST 1*4 NO INP hXMD 50
C JST 1*4 NO INP NXO 51
C NON 1*4 NO INP NXMD S2
C NVP 1*4 NO (NP MXMO 53
C INMODE (*4 VAR IMP NXMO 54
C IFND 1*4 NO OUT hXMO 55
C JFNO 1*4 NO OUT NX4[) 56
C K 1*4 NO OUT NXMD 57
C EXD 58
C NO COMMCN STORAGE USED MXMD 59
C NMMO bO

C ---- INPUTS---- NXMO b
C ,X4EO 62
C IST -ROW INDEX OF START POINT NX4O 63
C JST -CnLUMN INDEX OF START POINT X 4D 64
C NON -NO. CF COLUMNS OF ARRAY NX40 65
C NVP -NO. OF ROWS OF ARRAY hXMO 66 PROGRA4

C INMnOEIL) -SIGN OF NORMAL MODE DISPERSION FUNCTION, I IF POS., NXMD 67 NXMODE
C -I IF NEG., 5 IF IT DOESN'T EXIST. LET I-L MCO NVP, NXMO 68
C J-IL-II/NVP.I. INMODEILI IS SIGN CF NMOF FOR N M 69 PAGE
C OMEGA-C41JI, PHASE VEL. -VP(I), WHERE 0"(J) .GE. 011j N x 4 70 53
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C AND VPII) .LE. VPII-I). NXMD 71
C KXMD 72
C ---- OUTPUTS---- NXMD 73

C NXMD 74
C IFND -ROW INDEX OF FOUND POINT NXMD 75
C JFND -COLUMN INDEX OF FOUND POINT NX4D 76
C K FLAG INDICATING IF-POINT IIFNDJFND) IS FOUND, I IF NXMD 77
C YES, -1 IF NO. NXMD 78
C NXND 79
C ---- EXAMPLE---- NXMN 80
C NXNO 81
C SUPPOSE THE ARRAY OF INMODE VALUES IS AS SHOWN BELOW KXMD 82
C NXMD 83
C NVP-Bt NOM-11 NXMO 84
C *4*..-NXMD 85
C S ........ IF IST-89JST-5 THEN IFNDO3tJFND.2,KaI NXMD 86
C 55 ----- ++ IF IST-29JST-5 THEN IFNDO.1JFND*9,K1 NXMD 87
C 55 --------- IF IST=39JST=7 THEN IFND.3,JFND-2,K"-1 NXMO 88
C 55 --------. + IF IST-SJST-2 THEN K.-1 NXID 89
C 55 ---------. IF IST*2tJST-11 THEN K--I KYMD 90
C 5s -------- NXMD 91
C NXMD 92
C NXMD 93
C ---- PROGRAM FOLLOWS BELOW---- NXD 94
C NXMD 95
C KXND 96

SUBROUTINE NXMODEfISTtJSTNOtNVPtINWODEIFNDtJFNDKI NXMD 97
C hXMO 98

OIMENSICN INMDUEII) NXMD 99
1 IFf IST *GT. NVP *OR. JST .GT. NOM) GC TO 100 NXMD 100

10 a INNODEIIJST-IIONVP.IST) XMO 101
3 IF( 10 .NE. I *ANO. 10 .NE. -1) GO TO 100 NXND 102

C NDND 103
C THE PnINT (IST#JST) LIES IN THE ARRAY ANO THE NORMAL MODE DISPERSION NXMD 104
C FUNCTION EXISTS AT THIS POINT WITH A SIGN IC. WE FIRST GO UP UNTIL NXMU 105
C A DIFFERENT INMOOF IS ENCOUNTERED OR UNTIL WE REACH I1- NXMO 106

1I1ST XMD 107
J-JST NXMD 108

10 IF( I .EQ. 1) GO TO 30 NXMD 109
1-1-1 NXMND 110
ICHK-INMODEI(J-IIONVP.II NX4D 111
IF( ICHK *EQ. 101 GO TO 10 hXND 112
1-1+1 KXMO 113

C NXMD 114
C THE CURRENT I IS NnT 1. IF THE ICHK OF THE POINT ARnVE IS NCT 5, WE XNWD 115
C MOVE TO THE LEFT. NXND 116

15 IF( ICHK .E0. 5) GO TO 50 XMD I17
IFI .1 .EQ. 1) GO TC 20 NXMD 118
J.J-I NXMD 119
iCHKaINPCOEI(J-1I*NVPIl NXMND 12C

C NXMD 121
C IF THE ICHK-OF THE CONSIDERED NEW POINT IS 10o WE TRY TO GO HIGHER NXMD 122
C AGAIN. NXMD 123

IF(ICHK *EQ. 10) GO TO 10 NXMD 124
J-J.1 hXMD 125

C NXMD 126
C UE VAVE -10 AROVE THE CURRENT POINT AND ARE EITHER CN THE FAR LEFT OF NXMD 127
C THE TABLE OR FLSF HAVE A DIFFERENT SIGN AT THE POINT TO THE LErT. NXMD 128
C THIS IS INTERPRETEO AS SUCCESS. NXMND 129

20 K-1 NXMD 130
IFND-I MXMD 131
JFND-J NXMD 132
RFTURN NXMD 133

C NXMD 134
C THE CONSIDERED NL.W POINT IS flN THE FIRST ROW. WE GO TO THE RIGHT. NXMO 135

30 IF( J .EU. NOM) GO TO 60 NXMD 136 PROGRAM
J-J.! KXMD 137 NXMOOF
ICHK-IN0OgEI(J-I)sNVPI) KXMND 138
IFI ICHK .E;. 10) GO TO 30 NXmD 139 PAGE
J.J-I NX4D 140 54
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C NXMO 141
C IF THEI P^INT AT THE RIGHT OF CURRENT fIJI IS -10, WE IfAVE SUCCESS NXMD 142

[I ICHK EQ. -10) GO TO 20 KXAID 143
C NX MD 144
C IF IT Is NCT -10, WE ALLOW FOIR POSSIBIL.ITY OF INMODES-5 IN UPPER RIGHT NXMD 145
C 1-ANO CORNER OF THT TA4LE AND TRY TO ;KIRT THFSE FIVES BY MOVING EITHER KXMD 146
C DCwNwAROS OR TO THE RIGHT. NXMD 147

4C IF( I .EQ. NVP) GO TO 70 KXMD 145
I =I 1 NXMD 149
ICHK=IN%'1OE CI J-1I'NVP.I I NXMO 1S0

C KXMO 151
C IF TiilS ICHK IS +I() WE ARE IN A POSIT ION TO' MAKE A TRY OF P'OVING TO NXMO 152
C THE OIGHT. NXMD 153

44 :F( ICHK *NE. 101 GO TO 80 NXMD 154
C NXMD 155
r IF WE ARE GN THT RIGHT HANDl SIDE OF THE TABLE THE DESIRED PCINT CAN4NOT NXMO 156
f PE F0UNl). WE RFITRN WITH K=-1 NXMD 157

45 IF( J .E0. KOM) GO TO 100 NXMO 158
J-J+1 hXMD 159

C NXMO 160
C IT IS TAKEN FOP? GRANTED THAT THE INMOOE OIF POINT ABCVE CURRENT (1,J) NXMO 161
C IS 5 S!NCE IT WAS FOUND TO RE 5 TO THE LEFT AND ABOVE. THF INMODE OF NXMO 162
C THE POINT TO THE LEFT IS 10. IF THE NEW INPOOE IS 410, WE HAVE TO TRY NXMD 163
C TO MOVE FURTHER TO THE RIGHT. NX40 164

ICHK=Ihf*CDF( lJ-1)*NVP+II NXMD 165
IF( ICHK .EQ. 10 1 GO TO 45 IKXM') 166
J-J-I NXMO 167

C NXMJ 16'8
C IT THE CURRENT ICliK IS 5, WE TRY TC GC OWN AGAIN. THE CTHEE. POSS- NXMO 169
C IRILITY, ICHK=-IO INDICATES SUCCESS N XM0 170

IF( ICHK .EQ. -10) GC TO 20 NXMO 171
GO TO 40 NXMD 172

C NX'4D 173
C WE CON.TINUE HERE FROM I5. THE POINT ABCVE THE CURRENT (1,J) HAS NXNO 174
C ICHK .1Q. 5. THE SITUATION IS SUCH THAT WE CAN RESUME CALCULATION~ NXMn 175
C AT 4i AND TRY TO 4OVE FURTHER TC THE RIGHT. NXMD 176

5A GO~ TO 45 NXMO 177
C NXMI) 178
C WE CONTINUE HERE 41TH 1-1,J=N-IM FROM STATEMENT 30. SINCE WE H-AVE NC KXMO 179
C PLACE TO GO THE SEARCH IS UNSUCCESSFUL. WE RETURN WITH K-1. hXMO) 180

6C GO TO 100 NXmO 181
C X Mr) 182
C WE CCNTINIJE I-EVE FROM STATEMENT 40 WITH I E.EO NVP AND INMOnt-.R I. THE KXMI) 183
C RIGHT OF TfIE CURRENT (1,J). WE RETURN WIT14 K-. NXMO IR4

70 GO TO KXMD 185
CN tXkD 186
C WE CrNTINIL HERC FROM STATEMENT 44 WITH THE: POINT ISELOW HAVING NXAO 187
C ICHK *NF. 10. TNT POINT AT THE R IGH4T HAS ICI-K EQ1. S. WE CANNoT NXmo I Lis
C SKIRT THE FIVES AND HENCE WE RETURN WITH K-1. NXMO 140~

80o cO Tr 100 EXmr) jq
C Nx ml) 191
C WE CIINTINUE HERXE FROM I1345,60, 70, CR HO. THE SEARCH WAS UNSUCCESS-UL NTm') IQ2

100 K=-I IX'4r 1'-3
NC TIPN NXMIO Q4

p '(Gt
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C NXTPNT ISURRIIIJTINE 6/24/68 KXPT 1

C NXPT 2

" NXPT 3

C ---- ABSTRACT---- KXPT 4
C NxPT 5

C TITLE - NXTPNT KxPT 6
C PROGRAM T% FINC THE NEXT PUINT (12,J21 OF AN ARRAY OF NROW ROWS NXPT 7

C AND NCCL C CLUMNS GIVEN THF PRECEDING PrINT I 1J9J. POINT WILL NXPT 8

C BE USED IN SURSFQUFNT CALCULATION IF A PARTICULAR POINT Ck THE NXPT 9

r PHASE VELOCITY VERSUS FREQUENCY CURVE OF A GIVE4 GUIDED MUDE. NxPT IA

r. A TABLE OF VALUES OF THE SIGN OF THE NORPAL ICOE nISPERSION NXPT 11

C FUNCTMIrN IS PRESUMED TO R STOREO AS INM((J-I)*NVP4II FOR FACH NxPT 12

C PrIhT (iJ) IN THE ARRAY. DIFFERENT COLUMNS I) CORRESPOKD TO NXPT 13

C DIFFERENT FREQUENCIES WHILE DIFFERENT RCWS (I) CORRESPOND TC NXPT 14

C DIFFERNT PHASE VELOCITIES. SUCCESSIVE POINTS ARE CHARACTERIZE NXPT 15

C RY A TYPE, ITYPI IS TYPE (IF (11,Jll WHILE ITVP2 IS TYPE OF N9PT 16

C SECON) POINT. THE TYPE INDEX IS I IF THE P CI T DIRECTLY ABOVE hXPT 17

C THE CONSIDERED POINT HAS AN INN of OPPOSITE SIGN. 1T IS 2 IF KXPT 18

C THE POINT TO THE RIGHT HAS INM OF OPPOSITE SIGN. SINCE BOTH NXPT 1q
C POSSIRILITIES CAN OCCUR, THE DESIGNATED TYPE INDEX ITYPl PENOTE NXPT 20

C THE PREVIOUS USE OF THE POINT (II*JlI IN COMPUTATION. THE VALU NXPT 21

C ITYP2 WIlL IN GENERAL DEPEND ON THE PREVIOUS VALUE ITYPI. NXPT 22
C THE OERIVED VALUES OF I2,J2tITYP2 ARE CALCULATED AS FOLLOWS. NXPT 23

C KXPT 24

C 1. IF ITYPI IS I AND INM OF POINT TO RIGHT IS OPPOSITE NXPT 75

c OF IO-IN4IIJ-1)*NVP*II, THEN I2-tIJ2JIITYP2-2. NXPT 26

C NXPT 27

c 2. THE POINT (12,J2) MUST FITHER B THE DIRECTLY ADJACEN NxPT 28
C POINT TO THF RIGHT 'IltJlllt THE POINT DIRECTLY BFIO NXPT 29

C ti*t1.Ji), (IR THE ADJACFNT PCINT TC THE LOWER RIGHT NXPT -0

C (11-1,JIl.) IF CONDITION 1 PGES NOT HOLD NxPT 31

C NXPT 3?
C 3. THE CHOSEN POINT MUST HAVF THE SAME INN AS IIIJl) NXPT 33

C AND HAVE A POINT EITHER OIRFCTLY ARCVF OR DIRICTLY TO NXPT "A4
C THE RIGHT WITH OPPOSITE INP. NXPT 35

r NXPT 36

C 4. IN THE EVENT MORE THAN (lNE POINT SATISFY CCOITICNS NYPT 37

C 2 AN) 3, PRIORITY OF SELFCTION IS (1) THE POINT TO NXPT 38

C TIlE RIbHT, (2) THE POINT DIRECTLY BELOW, 13) THF POIN NXPT 3q

C TO THE LOWER RIGHT. IF THE S'LECTFO POINT SATISFIES NXPT 40
C CRITERIA FOR BOTH ITYP2-1 OR 2t ITYP2-1 IS RETUPNED. NXPT 41

C rTHFRWISEt THE APPROPRIATE ITYPI IS RFTURNEC DEPENOIN KXPT 42
C 'IN WHICH CRITERION IS SATISFIE. NXPT 41

C NXPT 44

C. TIF CCMPuTATIrlN ASSUMES REGION OF Sp(rFSSIVELY ADJACENT POINTS NXPT 45
r" HAVING SAME INN TrO BE SIMPLY CCNNECTID ANO THAT PHASE VELCCITY NXPT 46
r CLRVES FNJ D)OWNWARDS, I.E., OIVPI/D(eMI .LT. 0. IF NEW POINT NXPT 47

C IS FtUONO, K *14 IF IT IS NCT FOUND, K--I. NXPT LA
r KXPT 444

C LANGUAGE - r('RTRAN IV (360, REFI:RENCL MANUAL C28-6515-41 KXPT SO

C AI;THO - A.O.PIERCE, M.I.T.,t JUNEtlb)8 NXPT Sl

C KXPT 52

c ---- CALL ING SEQIENCE---- NXPT 53

C NXP? 54,

C SEC SUPLUTINE m'VuFTR NXPT 55

r I)IMF%' I N INmrIDE11 IINMOO IS SAME AS INN) NXPT S h
L CALL NXTP'ITII1,JleITYPI,12,J2,ITYP2,NRCWNCOL, INMnD,'I NXPT S7

C Il .E.. -1 ) G9 SOMEWHERE NX PT S 8
C L .',.2.ITYh2 NXPT Sq

C KXPT 60
C. No: F(TFRNAl LI (ARY SUBRIOUTINES ARE REQUIRID NXPT 61

C KXPT 6?

c ---- AVP(IMLNT LIST ---- NXPT 6i3
C NXPT 64
S II I*'. NO INP NXPT .S

r JI ('4 Ni) INP NXPT 66" PR(RA4

C ITYPI t-4 N) INP NXPT 67 NXTPNT

r 1? I 4 NO OUJT NXPT 68

C J? 1.4 NU OUT NXPT Aq PAGr

C IT Y )" I.- NO OUT x PT 70 e,
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C NROW I": NO INP NXPT 71
C NCOL 1*4 ND INP NXPT 72
C INN 1*4 VAR INP NXPT 73
C K 1"4 NO OUT NXPT 74
C NXPT 75
C NC CCMMCN STORAGE USED NXPT 76
C NXPT 77
C ---- INPUTS---- NXPT 76
C NXPI 7q
C 11 =ROW INDEX OF START POINT NXPT 80
C J2 -COLUMN INDEX OF START POINT NXPT 81
C ITYPI -TYPE INDEX OF START POINT, I MEANS t'OINT ABCVf hAS NXPT 82
C )IFFCRENT INM, 2 MEANS POINT TO RIGHT HAS DIFFERENT NXPT 83
C INM. NXPT A4
C NROW -NUMBER OF ROWS IN ARRAY NXPT AS
C NCDL =NUMRER OF COLUMNS IN ARRAY NXPT n6
C INK -SIGN OF NORMAL MODE OISPEPSION FJNCTIOd, I IF Prl., NXPT 87
C -1 IF NEGt 5 IF IT DOESN'T EXIST. LE&T I-L MOO NVP, NXPT R8
C J=IL-II/NVP*L. INMfOOE(L) IS SIGN CF NMDF FCR NxPT 8Q
C OMEGA=OMIJ), PHASE VEL. .VP(II), WHERE OMIJi .GE. Cm(J Nx't 90
C AND VPII) .LE. VP(I-1) NXPT "41
C NXPT 92
C ---- OUTPUTS---- N PT 02
C NX0T 94
C I? -ROW INDEX OF FOUND POINT NXPT 95
C J2 zCOLUMN INDEX CF FOUND POINT NXPT 6
C ITYP? -TYPE INOEX OF FOUND POINT KXPT q7

K -FLAG INDICATING IF POINT (12,J21 IS FOUND, I IF YES, NXPT 98
C -1 IF NO NXFT 9q
C NXPI 100
C ---- EXAMPLE ---- tXPT 101
C NXPT 102
r SUPPOSE THE ARRAY OF INK VALUES IS AS SHOWN BELOW NXPT In3
C NXPT 104
C ..+...++-- NROW"-8 NCCL1]l KXPT 105
C .+. ++ +- NXPT 106

C 5 ........... IF I113,JI4,ITYP"I1 THEN 12-3,J2=5, NXPT 107
c 55 ----- -ITYP2"1,K1 NXPT 108
C '5 --------- NXPI 109
C 55 --------- IF I111,JI"9,ITYPI2 THEN 12-7,J2-19, NXPT 110
C 55 --------- ITYPZ".K-1 NXPT i11
f 's --------- NXPT 112
C IF I 13,JIT,ITYPI=l I-EN 12=1,J2=7. hXPT 113
C ITVP2"2,K-1 NXPT 114
C NXPT 115
C IF I1-3,JIzItTYPI=l THEN K"-I NXPT 116
C NXPT 117
r NXPT 118
C ---- PROGRAM FOLLOWS BELOW---- NXPT 119
C NXPT 120
C NXPT 121

SURoRUTINF N.XTPNTI 1 ,JI TYPt12,J2,ITYP?,NROWNCOLINMK) iNXPT 122
C KXPT 123

91NFNSICN INHIII NXPT 124
lOSINmi (Jl-I)iNROW+Ili NXPT 125

1 IFI 10 .kQ. 5 .OR. i .GT. NROW .OR. JI C.E. NCCLI GO TO 30 NXPT 126
C NXPT 127
C IR IS INK OF POINI To THE RIGHT. 10 IS IN" "F POINT II1,Jl). NXPT 128

5 IRINMiJ1I"NKNWi) NXPT 129

6 IFI IR *NE. 10 I GO TO 15 NXPT 130
7 IFi II .EQ. I ) GO TO 30 NXPT 131

C NXPT 112
C IP HAS THE SAME SIGN AS 10. oE CHECK IRO WEPRESENTING INN CF UPPER NXPT I3
C RIGHT POINT. IF THIS IS -10. THE RIGHT PnONT IS THE DESIREO PCIKT. NXPT 114
C IF IT IS NOT -10, WE CANNOT FINC iI2,J?). NXPT 145

10 IPi,"INMIIJI)*NROw+Il-II NXPF 13o PP OGRAM
II IF( IRU .NE. -I0 1 &, Tn 30 &XPX 137 KXTPNT

I TYP2.I NXpT jig
12-11 NXPT 10 PAGF
J7 Jl• f NXP I'.0 7
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K-1 NXPT 141
RETURN NXPT 142C NXPT 143

C WE ARRIVE HERE FROM STATEMENT 6. THE POINT TO THE RIGHT HAS A NXPT 143

C DIFFERENT INM. IF THIS IS -10 AND ITYPI-It WE HAVE (12tJ2)=IlltJl) NXPT 145
C WITH ITYP2,2. IF THIS IS 5, WE CANNOT FIND (12,J2). NXPT 146

15 IFf IR .EQ. 5 ) GO TO 30 NXPT 147
C NXPT 148
C IR-I0 AT THIS POINT NXPT 149

IFI ITYPI .NE. I I GO TO 25 PXPT 150
12-Il NXPT 151
J2-Jl NXPT 152
ITYP2-2 NXPT 153
K.-1 NXPT 154
Rk TURN KXPT 155

C NXPT 156
C IR-IO, !TYPI IS 2. WE CONTINUE FROM STATEMENT 15. IF WE ARE ON THE NXPT 157
C BOTTOM ROW, WE CANNOT FIND NEW POINT NXPT 158

25 IF (I.EC.NROW) 5 TO 30 NXPT 159
C NXPT 160
C WE CONSIDER PCINTS BELOW AND TO LOWER RIGHT NXPT 161

ID-INM(fI 1-1 )'NR')WG1II1 ) NXPT 162
IDR-INM((JI)*NROW*I 1+1) NXPT 163

C NXPT 164
C IF IOR IS 5, WE CANNOT FIN3 THE NEW POINT NXPT 165

26 IFI IDR .EQ. -5 ? GO TO 30 NXPT 166
C NXPT 167
C IF IOR IS ICt THE NEXT POINT IS THE DR POINT NXPT 168

27 IFI IR .NE. 10 1 GO TO 2P NXPT 169
12=11.1 NXPT 170
J2-31+1 ,XPT 171
I TYP2-1 NXPT 172
K-1 NXPT 173
PETURN NXPT 174

C NXOT '175
C IR-O, ITYPI IS 2, 1041 IS -10. WE CONTINUE FROM STATEMENT 27. NXPT 176

28 IF( ID .NE. 10 ) GO TO 30 NXPT 177
C NXPT 178
C THE NEXT POINT IS THE DOWN PO)INT NXPT 179

12-111 NXPT 180
J2-JI NXPT 181
ITYP2.2 KXPT 182
K-1 NXPT 183
RETURN NXPT 184

C NXPT 185
C WE ARRIVE HERE FROM 1,71115,25,26. THE NEXT POINT CANNOT BE FCUND NXPT 186

30 K--l KXPT 187
RE TURN NXPT 188
END NXPT 189

PROGRAM
NXTPNT

PAGE
6q

-262-



C PAMPDE (SUBROUTIH'! 7/30/68 PAMP 1
C PAMP 2
C ---- ABSTRACT---- PAMP 3
C PAMP 4
C TITLE - PAMPDE PAMP 5
C PROGRAM TO COMPUTE AND STORE. AMPLITUDE FACTORS AMP(J) AND FACT PAMP 6
C AND SCALING FACTOR ALAN. THE QUANTITY AMPIJI IS THE QUANTITY PAMP 7
C AMPLTD COMPUTED BY SUBROUTINE NAMPDE WHEN THE ANGULAR FREQUENCY PAMP 8
C IS OMMOOIJI AND THE PHASE VELOCITY IS VPMODIJI. IT CORRESPONDS PAMP 9
C TO THE NMODE-TH GUIDED MODE WHEN J IS BETWEEN KST(NMODEI AND PAMP 10
C KFIN(NMODE)t INCLUSIVE. THE QUANTITY FACT IS DEPENDENT ON PAMP 11
C SOURCE ALTITUDE ZSCRCE AND OBSERVER ALTITUDE ZOBS AND IS GIVEN PAMP 12
C PAMP 13
C FACT - CONST*CIII*UED*(PSCRCE/I.E61S*O.333333 PAMP 14
C PAMP 15
C WHERE CONST=4.O/SQRT42*PI), CIII) IS THE SOUND SPEED AT THE PAMP 16
C GROUND, (PSCRCE/I.E6) IS THE AMBIENT PRESSURE AT ZSCRCE DIVIDED PAMP 17
C BY THE AMBIENT PRESSURE AT THE GROUND. THE CUANTITY UED IS PAMP 18
C THE SQUARE ROOT Of IAMBIENT DENSITY AT ZOBS)/(AMBIENT DENSITY A PAMP 19
C ZSCRCE ). THE SCALING FACTOR ALAN IS GIVEN BY PAMP 20
C PAMP 21
C ALAM - (I.E6/PSCRCEI**IO.333333)ICI(II/CI(ISCRI PAMP 22
C PAmr 23
C WHERE CIfISCRI IS THE SOUND SPEED AT THE SOURCE ALTITUDE. THE PAMP 24
C SIGNIFICANCE OF THESE QUANTITIES IS EXPLAINED IN SUBROUTINE PAMP 25
C PPAMP. PAMP 26
C PAMP 27
C PROGRAM NOTES PAMP 28
C PAMP 29
C THE PARAMETERS IMAXCI*VXIVYI#HI DEFINING THE MULTILAYER PAMP 30
C ATMOSPHERE ARE PRESUMED STORED IN COMMON. THE AMBIENT PAMP 31
C PRESSURES ARE COMPUTED BY CALLING SUBROUTINE AMONT WHICH PAMP 32
C ALSO COMPUTES THE INDICES IOBS AND ISCR OF THE LAYERS PAMP 33
C IN WHICH OBSERVER AND SOURCE, RESPECTIVELY, LIE. PAMP 34
C PAMP 35
C IN COMPUTING AMBIENt DENSITIESv THE IDEAL GAS LAW PANP 36
C RHO= GAMMA*P/C**2 IS USED. THUS UED - ICIlISCRI/CI(IORS)3 PAMP 37
C SQRT(POBS/PSCRCE). PAMP 38
C PAMP 39

IF NPRNT IS POSITIVE, A HEADING IS PRINTED FOR A TABLE PAMP 40
C TO BE PRINTED BY SUBROUTINE NAMPDE. SEE FORMAT STATEMENT PAMP 41
C 19 FOR THE DEFINITIONS OF TERMS IN THE HEADING. PHIl PAMP 42
C AND PHI2 SATISFY THE RESIDUAL EQUATIONS PRESENTED IN THE PAMP 43
C ABSTRACT OF NAMPDE. PAMP 44
C PAMP 45
C LANGUAGE - FORTRAN IV 1360, REFERENCE MANUAL C26-6515-41 PAMP 46
C PAMP 47
C AUTHORS - A.O.PIERCE AND J.P SEYt M.I.T.t JULY,1968 PAMP 48
C PAMP 49
C ---- CALLING SEQUENCE---- PAMP 50
C PAMP 51
C SEE THE MAIN PROGRAM PAMP 52
C DIMENSION CI(100)tVXI(IOOIVYI(100.,tHI(lOO) PAMP 53
C DIMENSION KST(1),KFINII),OMMnCDIItVPMOD(I),AMP(1) PAMP 54
C THE PROGRAM USES VARIABLE DIMENSIONING FOR QUANTITIES IN ITS PAMP 55
C ARGUMENT LIST. PAMP 56
C COMMON IMAXtCItVgtVYIHI THESE MUST BE STORID IN COMMON) PAMP 57
C CALL PAMPDEIZSCRCEtZOBStMDFNDKSTtKFINOMMCDtV0,PODAMPtALAM PAMP 38
C I FACT.TIETKNPRNT) PAMP 59
C PAMP 60
C ---- EXTERNAL SUBROUTINES REQUIREC,---- PAMP 61
C PAMP 62
C AMBNTNAMPDETOTINTMNMMtAAAAtUSEAStUPINTtELI'4TBeBBCAISAI PAMP 63
C PAMP 64
C ---- ARGUMENT LIST---- PAMP 65
C FAMP 66 PROGRAM
C ZSCRCE R*4 ND INP PAMP 67 PAMPOE
C ZOBS R*4 NO INP PAMP 68
C 4DFND 1*4 NO IMP PAMP 69 PAGE
C KST |s'' VAR IMP PAMP 70 59
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C KFIN 1*4 VAR INP PAMP 71
C OMMOD R*4 VAR INP PAMP 72
C VPMOD R*4 VAR INP PAP 73
C AMP R*4 VAR OUT PAMP 74
C ALAM R*4 NO OUT PAMP 75
C FACT R*4 NO OUT PAMP 76
C THETK R*4 ND INP PAMP 77
C NPRNT 1*4 NO INP PAMP 78
C PAMP 79
C COMMON STOR0,GE USED PAMP 80
C COMMON IWAXCIVXI#VYIHI PAMP 81
C FAMP 82
C IMAKX I* NO INP PAMP 83
C CI R*4 100 INP PAMP 84
C VXI R*4 oo INP PAMP 85
C VYI R*4 100 INP PAMP 86
C HI R*4 100 INP PAMP 87
C PAMP 88
C ---- INPUTS---- PAMP 89
C PAMP 90
C ZSCRCE -,HEIGHT IN KM OF BURST ABOVE GROUND PAMP 91
C zOBS .iEIGHT IN KM OF OBSERVER ABOVE GROUND PAMP 92
C MOFND 0IAUMBER OF GUIOED MODES FOUND PAMP 93
C KST(N) eINDEX OF FIRST TABULATED POINT IN N-TH MODE PAMP 94
C KFIN(N) %INDEX OF LAST TABULATED PCINT IN N-TH "nOE. IN PAMP 95
C GEIERAL, KFIN(N)-KSTIN+11-1. PAMP 96
C OMMODINI %ARRAY STORING ANGULAR FREQUENCY ORCINATE (RAC/SEC) OF PAMP 97
C POINTS ON DISPERSION CURVES. THE NPODE MODE IS STORE PAMP 98
C FOR N BETWEEN KSTINMODEI AND KFIN(NMODE), INCLUSIVE. PAMP 99
C VPRCD(NI %ARRAY STORING PHASE VELOCITY OROINATE IKM/SEC) OF PAMP 100
C POINTS ON DISPERSION CURVES. THE NPODE MCOE IS STORE PAMP 101
C FOR N BETWEEN KST(NMODEI AND KFIN(NMOOE), PAMP 10?
C THETK -DIRECTION IN RADIANS TO OBSERVER FRCP SOURCE, RFCKONE PAMP 101
C COUNTER CLOCKWISE FROM X AXIS. PAMP 104
C NPRNT -PRINT OPTION INDICATOR (SEE NAM! IN MAIN PPOGRAM). PAMP 105
C IMAX -NUMBER OF LAYERS OF FINITE THICKNESS. PAMP 106

CIII) -SOUND SPEED IN KM/SEC IN I-TH LAYER PA1P 107
VxIl() uX COMPONENT OF WIND VELOCITY IN I-IH LAYER IKM/SECI PAMP 108

C VYICI) -Y COMPONENT OF WIND VELOCITY IN I-TH LAYER (KM/SECI PAMP 109
C HIlM -THICKNESS IN KM OF I-TH LAYER CF FINITE THICKNESS PAMP 110
C FAMP II
C ---- OUTPUTS---- PAMP 112
C PAMP 113
C AMPIJI xAMPLITUDE FACTOR FOR GUIDED WAVE EXCITED BY POINT RAMP 114
C ENERGY SOURCE. UNITS ARE KM**(-1). THE J-TH ELEMENT PAMP 115
C CORRESPONDS TO ANGULAR FREQUENCY OMMODIJ) ANO PHASE PAMP 116
C VELOCITY VPMUDIJI. THE AMPLITUDE FACTOR IS APPROPRIA PAMP 117
C TO THE NMOOE-TH MODE IF J .GE. KST(NMODEI AND J *LE. PAMP 118
C KFIN(NMODE). THE AMP(J) IS THE SAPE AS AMPLYD CCMPUT PAMP 119
C BY SUBROUTINE NAMPOE. PAMP 120
C ALAN %A SCALING FACTOR OEPENDENT CN HEIGHT OF BURST, EQUAL PAMP 121
C TO CUBE ROOT OF IPRFSSURE AT GROUNDI/(PRESSURF AT PAMP 122
C iURST HEIGHT) TIMES (SCUND SPEED AT GROUNDI/ISOUND PAMP 123
c SPEFD AT BURST HEIGHT). PAMP 124
C FACT -A GENERAL AMPLITUDE FACTOR DEPENDENT ON BURST HEIGHT PAMP 125
C AND OBSERVER HEIGHT. A PRECISE DEFINITION IS GIVEN PAMP 126
C IN THE ABSTRACT. PAMP 127
C PAMP 128
C ---- PROGRAM FOLLOWS BELOW---- PAMP 129
C PAMP 130

SUBROUTINE PAMPOE ZSCRCELZONSMDFNDtKSTKF1NtDMMCDtVMOCAMPtALAMq PAMP 131
1 FACTTIETKNPRNT) PAMP 132

C PAMP 133
C DIMENSION AND COMMON STATEMENTS PAMP 134

DIMENSICN CI(100VXI(I)OI,1VYII100I H111OO) PAMP 135
DIMENSION KSTIIO),KFINIIO),OMMoI1OOC),VPMOOII)O),AMP(1000) PAMP 136 PROGRAM
COMMON IMAXCI,VXItVYItH PAMP 137 PAMPDE

C pAMP 138
MOFND - 4DFND PAMP 139 PArE
IF INPRNT.IT.0 GO TO ?0 PAMP 140 60
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C PRINT HEAUING I-OR PHII AND) PH12 PorlLE OATA TO BE PRINTED BY NA14POE RAMP 141
WRITE (6,19) PA4P 142

19 FORMAT (lH1,41X,2614PHI1 AND PHI2 PROFhLE DATA 1//63HoIAP('X NC. FAf4P 143
IOF LAYER FOR WHICH ARSIPHII(IAPI1MK)I IS A MAXIMUM/6314 IAP2MX NO'. PAMP 144
2 OF LAYER~ FOR WHICH ARSIPHI211APMX)l IS A I'AXItIU1/41H RI - PH PAMP 145
311(IAPIMXI / ARSIPH12('AP2Mx)), /42H R? --P4121IAP2MXI / ABSIPH PAMP 146
4121IAP2MX)) /3NH R3 -PH12(1) f ABS(PH12(IAP2MK)) /40H NZCl RAMP 147
5m NO. OF TIMES PHII CHANGES SIGN /40H4 NZC? K C. OF TIMES PH12 C RAMP 148
6HANGES SIGN) PAMP 149

20 CVNTINUE FAMP 150
C DO LOOP TO CCMPUTE AMPIJI PAMP 151

fO 25 II=1,MOlFND PAMP 152
IF tNPRNT.LT.01 GO TO) 23 PAMP 153
WRITE (6,22) I1 RAMP 154

22 FrRMAT (IN /////IH iN 5lX,5HMODE 912 /f/ INl ,7XSH0MFGAv7X,5HVPHSF PAMP 155
1,6X,6HIAP1*AX,IOX,2HR1 ,AX,4HNZCl,6xAHIAP2MX,10X,2HR?,8X,4HNZC2,1CX RAMP 156
2v2HR'4 /I PAMP 157

23 J1=KST(IIl PAMP 158
J2-KFIN( II) RAMP 159
00 25 J=JIJ? FAMP 160
K 2J RAMP 161
OMEGA z CMMOD(K) PAMP 162
VPHSF x VPMO0(K) RAMP 163
CALL NA"ROF(LSCRCE,znBs,(IMEGAVPHSETHFTKKNPRNTI RAMP 164
A4PIK) = X RAMP 165

25, CNTINJE RAMP 166
C ENDl OF DL LrrP RAMP 167
C RAMP 168
C CCMPUTATICN rF AMRIENT PRESSURES RAMP 169

CALL A48NTIISCRCEPSCRCE#ISCR) RAMP 170
CALL AMENT( VI8S#POBStIOKS) RAMP 171

C RAMP 172
C cI'mPITAT12N4 OF SQRT(OENSITY RATIO) PAMP 173

ULD - ICI(ISC4)I/ClI1085) * SORT(PCBS/PSCRCE) RAMP 174
C RAMP 175
C CCtMPUTATICN 'IF ALAM AND) FACT RAMP 176

ALAM(I.E6/PSCRCEs(0.333333)*(CI(I)/CI(ISCR)) RAMP 177
C NOTE THAT CIMI IS SOUND SPEED AT THE GROUND RAMP 178

CC'NST *4.nISORT42.0*3.1415931 RAMP 179
FACT *CONST'ICI(1)*IJEDo(P5CN(CE/1.E6)*tI0).33'331) RAMP 180
IF(NPRNT .NE. 11 RETURN RAMP 181
hoRITF (6,31) ZSCRCE,1085,FACTALAM RAMP 182

31 FORMATU1911 20X, 36HTABULATION OF SCURCE FREE AP'PLITUOES, RAMP 1RI
I 23H FROM SUBROUTINE PAMPOE //2IX9 19HHEIGHT OF BURST --# RAMP 184
1 F8.3, 3H1 KM / 21X, 19HHFIGHT CF CR'SERVER,# F8.3, 3H KM/ RAMP 1B5
1 21X, 4HFACT, 14K, Ill-, F8.3, 7H KM/SFC/ ?IX,4HALAM,14K, IHzq )AMP 196
1 F8.3) RAMP 187

DO 50 It -l,MOFND RAMP IRA
WRITE (6,41) 11 RAMP IF-,

41 FORMAT I IN /// iH , 5HMOOF # 13/ IH , 20X95HOMFGA, DAMP 190
1 15K, 511VPHSF, 17K, 3IIAMP) RAMP 101

KIOKST (II) RAMP 192
K2-KFIN( II) RA1P lq3
00 50 J=KI,K? RAMP 1Q4

50 WRITE (6,51) lGMMfl(J ,VRMLI(JlAMP( J) RAMP 1 9S
51 FORMAT(IH #4X*FVO.StF20.5I-20.81 RAMP 1Q6

REFT URN RAMP 1Q7
END RAMP IQA

PRC'G.RAm
p A PDC

PAr(F
61
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C PHASE tSUAROUT INtl b/15/68 PIIAS I
r PHIS ?
C PHAS 3
C ---- AISTPACI ---- PHAS 4
C PHAS 5
C TITLE -PHASE PHAS 6
C C0INVERS I ON OF A C04PLEX NUM~BER Fq&P RECTANGUlLAR FORM TO PUjLAP PHAS 7
C FflR' PHAS 8
C PHAS q
C GIVEN TWO PELNMESRP AND RI, AEA MAGNTUF* P AND AN P 14AS 10
C ANC E PHlI ARF COMPUTED SUiCt THAT PHAS 11
C PHAS 12
C RR + ['RI . * EXP I*[PHI IPHAS 13
C PHAS ti.
c 14HEPE I - -1[-O.5 *PHAS 15
c PHAS 16
C LANGUAGL - F-IRTRAN IV (36C, REFER~ENCE MANUAL C28-E515-41 PHAS 17
C PHAS 18
C AUTHiORS - A.C.PqIFRCE AND J.POSEY. M.I.T., AUGIJST,1Q'6P PHAS 19
C PHAS ?0
C PHAS 21
c ---- USAGE ---- PHAS 22
C PHAS 21
C NO SUPROUT14ES ARE CALLEL) PHAS 24
C PHAS 25
C FORTRAN USAGE PHAS 26
C PHAS 27
C CALL PHASElRR,HI@R,PHII PHAS 28
c. PHAS 29
C INPUTS PHAS 30
C PHAS 31
C RR REAL PART OF TL. COMPLEX NUmltP BE ING. CCNVERTEC PHAS 12
C P-4 PHAS 33
C PHAS 14
C, RI IMAGINARY PART OF LfI0PLEX NUMBER BEING CONVERTED PHAS 35
C R4PHAS 16
c PHAS 37
c OUTPUTS PHAS 38
C PHAS '49
C Ft 10AGNITUDE OF THE COMPLEX NIMRFih PHA S 40
C R*4 PHAS 41
r PHAS 42
C PH4I PHASE OF THE COMPLEX NUMBEP (RADIANSI t-PI.LT.PHI.L[.Pll P HAS 41
C R*4 PHAS 44
C PHAS 45
. PHAS 46
C ---- EXAM4PLES---- PHAS 47
C PHAS 48
C CALL PHASE(0.lt1.OR9PHI) PHAS 49
C PHAS cO(
C R - 1.0 AND PHI - 1.570796 ARE RETURNED PHAS 51
C IPHAS 5?

C CALL PrHASFI1.l,-1.O,R,PHII PHAS 53
C PHAS 54
C P 1.414214 ANI) PHI - -C.?8'.3NC ARE RETURNED) PHAS SS
C PHAS 56
C PHAS 57
C ---- PROl)VA'J FOEtLOWS REl OW---- PHAS 58
C PHAS 59

CPHAS 60
ShJRPrIJT 11F P44SCE I RQtRI , R, VHI) PHAS 61

C PHAS 6P
')-ARS ( RR ) AIS( III PHAS 63
IF (U-I *E-2R; 111 PHAS 64

1 P.1.0 PHAS 65
PHI r 2! P1465 66 pRcirp6'
HF 11Jp. PHAS 67 P$IASI

30 APkI) Pt-AS 68
Al I11 * 'l PiiAS 69 PAGE

Yn , 21P A S 7r A
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kQ 2( A PHAS 71

PH!-ARSIN(ABS( Al /Al PHAS 72

IFIRR) SI~tO60,6 PHAS 73

50 IF(RII 300000t2CC PHAS 74

60 tF(RI) 40C,400*100 PHAS 75

ICC PHI-.PHI 
PHAS 76

RETURN 
PHAS ?7

200) PHI-3.1415q27-PHI 
PHAS 78

RE TURN PHAS 7Q

300 Pt-f=PHI-3.14159?l 
PHAS 80

RFTURN P1465 81
400 PHI=-PHIPAS8

RE TUR N PHAS $3

END 
PFAS 84

PRCG RAM
PHAS$:
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c PPAUr ISUe4lUT INE) 7/30/6I PRAM I

C PPAM 4
C TITLAESRACT--- PPAM 5

CTTL PROGAM T COMPUTE AND STORE AMPLITUDE ARRAY AIAPLTO AND PHASE 4PM

r ARRAY PHS O UDDWVSECTDIYAPITEEG ORE PPAM 7
C WITH TIME DEPEND)ENCE CORRESPONDING TV A NUCLEAR EXPLCSICN CF PPAM 8
c ENERGY OENOTEC PY YIELD IN Kb. THE VALUES FCLN0I ARE TO Rf PRAM 9
C SUNSEQUENTLY USED BY TMPT ACCORDING TO TIPE RELATI('N PRAM t0
c PPAM 11
C (PRESSURE IN DYNES/Ch.*? FOR A GIVEN MnOEI*SQRTtRf PPM 12
C PPM' 13
C INTEGRAL OVER OMEGA OF AMPLTD.*COS(OPEGA.(T-R/VPIPHASQ) PPAM 14
C PPAM 15
C THE QUANTITIES AMPLTU AND PHAS.J ARE BOTI- DEPENDENT ON ANGULAR PPAM 16
C FREQUENCY AND ARE DIFFERENT FOR CIFFERENT MOUES. PPA14 17
C PPAM IF
C PRCOGRAM NOTES PPAM IQ
C PPAM 20
Cr IN Ti4E FORM4ULATION FOR A PrINT ENERGY SOURCE, Tf-E ENERGY PRAM 21
C EQ UATION IS WRITTEN PRAM 2?
C PPAM 23
C OT -(C**2)DIRHI~f/DT - 4$P1C**2*FfT)*fOELTA FNCYN I PPA' 24
C AN EXPRESSION FOR F(TI IS PPAM 25
C PPAM 26
r FIT) (L**21/CSl*POS*(INTEGRAL OVER X FROM 0 TO CS*T/L PPAM 27
C 3lF UNIVERSAL FUNCTION FUNIVIX) PPAM 28
C PPA4 29
C WITH L-(ENERGY/POSIa*(1/3) AND POSCS REPRESENTING PRIQSSIJ PPAM 30
C AND) SOUND SPEED AT THE SOURCE. IF FIKT(TI IS THE PRtESSUR PRAM 31
C AT A DISTANCE OF I KM FRU' A I Kf EXPLCSION AT SEA LEVEL PPAM 32
C AND WITH TIME ORIGIN CORRF.SPONDING TO BLAST WAVE ONSET, PRAM 33
C THEN PPAIA 34
C PPAM 35
C FOJNIV(xI:((L1*P01Ia**b-I)*FIKT(I1X/ClI PRAM 36
C RPM 37
C THE FOURIER TRANSFORM OF FMT IS ACCORDINGLY FCUND TO RE PRAM 38
C PPAM 39
r rf(fMFGA)- fI/11.PIlI).Y**f7/ '1I*tCI/CSI*lP0S/P0I).**1/3I PPAM 40
C PPAM 41
C *(1/(-1*k'EA))FTMAGfl4ERAT)*XP(I*FTPHSEQMERATI PPAM 42
C PPAM 43
C WHERE Y IS VIEL0 IN KT, I-SQRTI-l1, AND CMERAT*ALAM* PRAM 44
C ()MEGA*Y**I1/3I. THE FUNCTIONS FTMAG AND FTPHSE ARE AS PPAM 45
C COMPU)TED BY SUBROUTINE SOURCE. TI-E QOANTIYY ALAM IS PPAM 46
c (CI/CS)vfPOI/P0S)*vl/3 AS COMPUTED BY SLRROUTINE FPAM 47
C PAMPDE. PRAM 48
C A LENGTHY DERIVATION NOT GIVEN HERE INDICATES TIAT PRAM 49
C PRAM 50
C AOPLTDfiEXP(-t*PHASQ2 PPAM 51
c PRAMO 52
C -4-SQRTIK)*G(OMEGAI.S*UED.*SQRT(2 qII*AMP PRAM 53
C CL XPI -1 PI /4) PRAM 54
C PPAM S5
c '4HfRl. A14P IS THE SAME AS THE APPLID C-3MPUTED BY NAMPDE AN PRAM rl6
C WHER I t*D IS THE DENSITY FACTOR (C S/C'IBS) *SORT (PSC RCE /POA PRAM 57
c CCNMPIJTEU IN SUBROUTINE "'AMPOF. INSERTING G(OMEGA) INTO PRAM S8
C THIE ABOVE, WE IOEN7IFY PRAM sq
C PPAM 60
C PHASQ -13/41*PI FTPHSE(OIMERAT) PRAM 61
C PRAM 6?
C A4PLTtiFACT*AMP*IY**I2/3I)eFTmAGIOMERAT)*SQRTIKI/0)MEGA PPAM 63
C PRAM 64
C WHERE-FACT IS 4/SQRT(2API)*CI.UED*IPS/RII**(1,3I AND IS PRAM 65
r CO4PlJTFD BY SUOROlUTINE PAPPE. PRAM 66 PROIRAN
C PRAM 6? PPAMP
C THt QUANTITIES$ FACT, ALAM, 940 AMP ARE IN THE INPUT LIST PRAM bR
C (OF THE SUIRCUTINF. NOTF THAT THESE ARE YIELD INDEPENDENT PRAM 69 P AG%:
C PRAM 70 b
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CTHE SCi-HE ME -nF STFIOA6E FnR IA14 OLT D(J)~ AN I; PHASQ(J~ tS THE- 'Poi~7

C SAMFE ASFORAOD0(J) AND VPMODIJ). SEE fSURROUTINE4-AtimO -PPAM 72 -

CLANGIUA4E ieFlRTkAN, I V .1','RCFERENCE MAUAWLC28-'5 1 5 4 PPAM,1
C, _4AY* 75,-

C AUTHORS- A. O. PIERC AN6JPSY 4j% JUvrti PP 76

C -- CLING. SE9UtJ-CF-r-- Pf A 78'

C SET, THE MA IN, PROGRAM- 'P 8
C OINENSlCN KST I fbKF IN(:,0G4mOD( I IVPMnlC( I IAM 1 P'PAM. 81
C DANfNAiiP(PIhPAQllI) O~

C THFSC- QUANT,tES 'MUST, RE DUIMENSIONED. 'THE, P1406HAW'LSES VAO fAIILE PPAM A83
CDil'ENSII)NING.'' F.-R £CTUAL. OIlmENSIONS ASS-frFED, SEE TtElf I RCH PPAM 8

C I AMPLTdO,PHAsjlWA

C '--c XTERNAL ,SRAJIE ~FLIE---PPAM 8 l,

C S",UqC E,'PHASE IP04ASE 'IS CALLED BY sr-URCEI PRAM; 46

C PPOFM' 1*4 NO IN

C -VSEL Itl'4 VA16 INP PPA!N 96r4
-C -KFN9 -14 NO. INP -0A04 97
C OMSfl -'4 VAR 1N-0 PPAM 46
-C VPMO 11!4 .VAR 'Isp IPAW, 97

'C AMP R*4 VAR 'INP PP.AM~ CIS

C ALAnO R-4 VRPRAM- 99

C FAC i- 4 *NO I NP' PRAM'n

C A40'1, Q*4 VAR OUT 'PPAN 1021
C PHASC. 0-4 VAR- )U T, PRAs '105.
C- PRA14 105
C -CCCN~ STC)RAGE' IS' USE 0- PPAM' 106
C POPAM- 107

!----INPUT S---- PiAm I of
C, PAA '194

'C YIELD' '*E4ERflYELEASE-wEXPLCSIGN-N EQUIVALENT- KILOTONS OF -PRAM'_ 10,
c TNT, I KT '4.2EI9 ERGS-. pRA~ill

PPAM 112
C Pi)FN 141 NUMBER (IF AOCES-FOUINO-IN PREVIOUS TABULATION OF PRAM, 113
C 0ISPERSION CURVES. PPAM-114--

C KST( N)- -'JOFX; OF ,FIRST--TABUL-ATEi),POTNT. INKtT-l"4QE. -PPA ,I I
-C KINN1 ~ I'lDX 3r LAST TABULATFD-PflINT IN N-TN MOTIF, IN -PAM 116

C GENERAL, KFIN(N)-KSTIN+I)-1. PPANI -117
C OM40DIN (W ARRAY STORING ANGULAP FREQUENCY ORCINATE (-F PnINTS PPA4 118
C ON'OISPFRSION CURVES., THE'NMOOE MCOE IS STCRED FOR l'PAM. 119
C N BE *TWEEN KST(NMpDEI-'AND-KFININ430E). PPAM 120
C 'JPNOI)(Ij -ARRAY STORING -PilASE VCLOCITY rRDI NATE OF PCINIS CN PPAk 121-
C . DSPIERSIONi CURVES. THE NPMVOE MOOF IS STORED FOP PPim 122
C VT(ENKSTINt4ODE) 'AND KFINIMOOE). PPAhi 123
C A4IP N) I AMPLITI;)F FACTOR INIIECENDENT CF YIELD CE)MPUTEO BY PPA4 ' 124
C SUBR(IiT INC PAMPL'F CfORRFSPrKnDING Trk ANGULAR FREQUENCY PP49 -125
C otinMO(N) AN) PliASE VELOCITY VPMOO(k). PAM .126
C Al AN, -A SCAL'ING FACTOR DEPENOFNT ON IiEIGHT O)F BURST, IQUAI PPAM 1IV
C TO CUBE R:)OT (OF (PRE.SSURE AT Gtt!)ONOM/PRESSLIRE AT PPA 128,

-C 91URST HE lGll!I T IMFS I(CUNO SPLEU AT- GROLNDI/S911INO PPAM 129
C SPEE)0 AT BURST HFIGHT). PPAM 110
C. FACT .tA GCN9RA. AMPLI TUDE FACTOIR i)EPENflI-NT n,4 41URSY IP l.HT PPAM 131
C AND fOHSERVE'q HEMIHT. A PRcCISE OLrINITION IS G;IVEN~ PPAM 132
C IN THF LISWING *1 SIBRUIlT INc PAMPOE. PPAM 133
C PPAM 134
C ---- OUTPUTS---- PRAM 135 A
C PpAm 136 P9t1GRAM
C AMPLTCIN4 ~A4PLl tJI* F ACT~Ik REIlRt SCNT INC TOTAL MAGNI TUDE or VPAm 137 IPPAUmp
C F.'URIrR TRANWF:lKp 'If THI: ('N1TR IBUT ION TI) TFL WAVFFCIkm PRAM 1A~t
C )F A SIN1',I -1,.IiIP) -1101' AT I-RFOUENCY IOMMOOII IT PPAM 1I PQIAGE
C iuti- SrNTS TAIE A,41I TU14W NF tHEC NMPIJF-TII mOOF IF N IS PPAM 140 b
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4 -4

t .I;t~ (Oi~ AND KFlW.NvCI)E)-v INCLUS'IVF. 11-t PA 141'

_, -PtIAQ(Nl -PHASE LAr-At .VRIQUECy- I.HE PPAd 1'4

CTE fNfEGRA'h) 1S tSNERSTOM'f 10~ HAVETHIfF(I F190, '4s,

A44PkTo'c(s vi.'moo0 (.~M~)i sTAcI /Viporn I PHA SO). iP' 14

-PP.Am 17

T454PL-T(),PsASlJ) ;PPFAt 1521
PPAM 12

C lI'ENSI(WJ:SY.ATV4FN~TS tlIJ GC VAlItAltE '0l*pNSt(jNIhG PPA 1543
U I q EfiS16 S (- K FV 4I I-,'M " 11vp,4l 1 11A m I V PPAhl 154

DI M E% S ION A14 P LTDEII)'111 )(11
PPAM 156

0 1.IIEL 1) 10 .3 33 3 3 Y PpA M,-15 7'

A AL A 4 P-* AL A4 PPAI' 15)8
c ~PPA' I 5q'

C 'START t*F 'V*-L0iP. 11 'IS -s1Il)t- NU1'AAFW PPAM,-16f)

i~k~nrvPPAM 162

K2Z-kFIN CI I PPAM' 163
C-PFA'4 16'

W V' JzK1,K' PIPA " 165'.
C -C:_ PlJjTICTN, CF~ -SCALEI) rREOUENCY 04EkATV PPAM 166

*TuRATc ~)D( I ALAiI ~PPAM 1 f7

-C C(U"PIITATI1NN - .0T(. , IPA 6.q
AK A- 5CPT 041iPI / 416 f)PPA10 160

PPA?' 170)

tAtL 'StIJPC E IM'RA ItFTMAC',,F PHSE 90 WAG#,,DrHSEI" WAYt A71
All PLT C I J)I .l!-'2) FAr.lAFT4 AG AA4P'(dJ;A AAY~M",( PPAM 172

20 PHASQIJI=.75 31.4l59,4TPH1SE PRA 173
-C ~Flfj F 4)l L(190~ PkAM 174

C OP4t0 175
~'I~NPPI 176

PPAM' 177

PROGRAM
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t 00i. -sjR~ j 4i i/64 -

C PP;M- 2,
C ---- A!ST I-- PPTm 3-

XC 1ITLEF -'PRJITqfl- ?PVT4 5I C P 'PfCRAW T'17-P PINT MIT ;PARAMC-TEkS DlEFINING THF~ e'noaE '4jLTILAYLP WPTM' '
C ATWJ.SPHtiRl-.: ~A'L SIING ,PwtfTFo-n LAY P"No*0r, -kmimT 111- 'PHAM 7

LAYER lBnTM')j lf. Rl4T'OF EAYFtL TOJP, 1AYEA THICKI.E-SS,' sc'u~b srP : pE i'

4-' ANDO-OF X ANI) X.(P)NNTS OF ;WkrN VOLIIjY., PRTM- -q

-C LANGUAG IF :FORTR4AN IV 111SIO's REFERENCE~ .IANUAL C21-ttl5-41; PPRT'M- I I

'C - '-- pPT14, .14,
c !-!---CALL fNG' SE6U0'4C'---- Pf.TtA- 4j5
c, !P 16'
X SFE ,IN,[ !Alhr P'CI4A FP TW- '17

'C OIt4NS C ( 10 Vx I e RVYR( 11 i I Inu PPET" -18
c -(.rmmnN 'R14AXCIVXIVY!;I41- THS OUST, CE RNC4M'[Ppiii' '19g
'C' JCALL PRATm'4) TI% PPTM 70'
C' 44TM ,
C -!---EXTEkNkI' 'SIJI401CUI ILS RLWUI40---~ RM 2
c PT Ok2
r hr'FXTFRNdAL, SUJII4'lIT1IWS' APE. REWIRE.O. PR T4 ;24
C PPT14 z r

---- A4IIMENTL LIST---- Pp Tu 26
C PIRT147
C CCvt~eN STIM1GE USE:) PIFTM 2
C, C0M'~ ZAX,r.[jVKR,VYI-,NR' Pp T14' 29'
c P%?T*4 30~
C 04AXi 1. NAu 11411 'PRTMI 31
C CI 44 100 INP .PpiM' 3i
'c VIqt' Iq4 10)l P 14,PRT4- 33
c VVR 'r 4' 100 INP PPTM 34
C H11 R44 too RNP pRtf'4 ~3
'c PPTM 36,
C -- IPT - PiT M 4~7,

C ~PRTM W5
-.C ;R.'AX -- M1~I LAYEKS~lF _FISRTF THICkNr.SS PkTl 319
T. C I =SINO SPEFE) N K.'/SEC' I'. -R-TWLAY'R -PRTl--4
-C -VKR(R) -E'Cn.'PrNT O)F WINd VELO~CITY IN t-tN LAYER~ IXM/SMC PP IM 41
(I VVIM -Y CUIMP.4t,14T OF IN-) VFL('.CTY- IN I-TN LAYER (KM/StcI -PRTM 42-
't 111, .MICKNESS IN K#4 O'F I-Td'LAYFIEOF FINITF THICKr..SS. rRT- 43
C. ORTM 44
'c -- iTU - -,T^- 45t
C PFTiA 46
C 'T14 (INLY OUTPUT IS A 'PRINJTl)U% PRIM 4.7
C P PT 4 48
C ---- 'X AMPL ---- PPTM 4Q
C PF TM 50
C Mnfl3F. ATMOISPHEPE Ot- U') LAYEPS (TEP Of NEW PIA(F I PRTM 51
C I (IMAX . 91 PHT10 52
C PPT." 53
C LAYER 11 1 IT 14 C VX PH(TM S4
,C In 2'. ill I Ni.I IITE IUF I N ITE 3. ?q7? 0.0011? PKT.' 5 .
C 91 2n..0 ?.SO fl.2q5A C. CPQ I PPP4 56
C A 17.S.1 20.00 ? .5f, 0.21138 0.011A PRTM 57
C 7 150I3 17.50 2.0 So ? M1 C.0144 PFF1. 59
C 6 12.io '15.00 2.g0 0203 0.0165 FF1.' 50
C 5 10.100 12.50 7 . 5 , 0 OQ51 C. (160 PPTM 60)
C 4 7.5n Q 1.0 2. 90 A. 3 C12 0.0141o PP1? 61
C 3 7 .50) 2. 1 r 0. 3117 0. 0111, PIITM 62
C 2 7*5~l s 1 2.110 C. 1260' 0.')CR*' PRTM 61

-c I ? . SC 7.5- C._13Q4 A . 005 7 PPTIO A4
C PR!.' 65

r 1.9;4EI51IT 1F LAYER NO1TTe' I N KM PR!.' 66 U400GPA4
C LMA4LiT 6F IAYI-P TIP IN IKM (Tilt~ VY COLUMN IS FF1.' E7 PI361W'

H 44 411Th IIM I AYCk IN K.' NC'? "1171N 4fl FCAUISE PP T-14 6(4
C ". .SPIlNu, SPFI) INKM/SFC 4-V LACK CP SPACE. *PfPTM 69 PA4Ij
C VX-X C'IMP. -11: WINO) vE. IN K4'/SFC I T DOC S APOR AR ON FF1.' 70 67
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C- COMP. OF- WtND,-VEt. IN-KME -PR.PP.G 71
C - -, KMSE :Pt~U

'C PIkTm: 77

PiTM, 74'A

PP 76-

.C'iO' I t 10CI .VX I IYlHI. tvP101" M l#1,0)RT4 7

C -PRT)4 3c

I' 0 T='E UPEQH4ASPC

'31 x CONTINEI PP TM, 8
C PpTM al
C Pk .INr'.i r-' +IN~R HL, P PRTA 10

WRI F(111T-F - PPTM 1803

VX:I (JU692 PRT~4 10'
?IFRMTA,4I-.,2JtiIHEtIIjCIVqXmV PRTI4 196

I i~xiHM FTM 107

-C PPTP4 908

zilfII EO I GOT6 PRTM 94Q
'IF( t1AX .EQ*. 1)- GO TO 31 PRM' 115

D6 3 1-244AXpRTM4 q11
CLATr 1 F0.filR AYRS? 1RW1A 'PPTM' 97,

D3 -ONTINUJ.-IA PPTM 113

CkiT1T FR MAX.P ALsOeJ PFTM 104
XlUVsI IIM ,X1 PPTM 1151

30 WITEX L0 16,1 ,I(I)ZIII-) CIVI I).'wYI PPT.M 116

C Cj I ET),'PRTM' 1,03
C; TAULAIN ORLAYR PPiM 114

uY-VEUl,0JET PPTM 121
WRITE fht41-).IFT, toIVYIII~VXIIVII PRaTM 126

C PPT'4 103
C Ii UT OF EXPLANAGTIONS PP 100
6WI( IMi6,61) - r)TO5 PATMI 125j

Z15,?4C sLUO SFEI I FiffkC-L 15,33VXX CkIP O WII VEL.~GHO PPTM- 12
O n 50/SC/L 15':,3IVM OM.O IN AXI~K/. PPTM 119

I - MA-* ? -jPIPTM 110
RIh4N- PKTM 1315

5FnRAU NOFI#' FI. PPTM 117

PPTAI 11

C PRYA7M23

C PRNTOTOFEXPANATONSPflT 12

6n WRIU(69611-272 12[1fRAf1 t5,IZ-EGT(FLYR OTI NK/I IX2HTH PT 2



C IRR (SUBROUTINEI 8/1166 RRAR 2c 
ARR R

C ---- ABSTRACT---- PARR 3
C RRR 4
CTILF - 5 R
C THIS SUBROUTINE COMPUTES A 2-RY-2 TRANSFER MATRIX WHICH CONNECT RR. 6

C SOLUTIONS OF THE RESIDUAL EQUATIONS 
AT THE BOTTOM OF THE UPPER RRRR 7

C HALFS#ACE TO SOLUTIONS AT THE GROUNO 
BY THE RELATIONS RARR a

C 
MARR 9

C PHIIfGROUNOlz RPPI,1l)*PHIIIZTlIAX)| 
RPP(1,2)ePHI2(ZTIIMA RARR 10

RRRR 11

C PHI24GROUNO)s RPP(2,1| 
PH I AIZT | I

MA
X )

)+
RP P |2

v
2 1 PH

1
2 |ZT (IM A  

RRRR 12

C 
RRRR 13

C WHERE ZTIIMAXI IS THE HEIGHT OF THE 
TOP OF THE IMAX LAYER AND PARR 14

C CONSEQUENTLY THE HEIGHT OF THE BOTTOM OF THE UPPER HALFSPACEo 
ROAR 15

C THE FUNTIONS PHIlI?) AND PHI2(Z) SATISFY 
THE RESIDUAL EQUATIONS ARRA 16

SRRR 
17

C O(PH|Il/OZ s AIIvI*PH
|
lIZ) + AI(12l*PHI2lZI RRRR 19

C 
RRRP 19

C O(PHI21/OZ a A(29t)*PHII(Z) + AI2v2l*PHI2(Z) RRRR 20

c 
APRR 21

c WHERE THE A(lIJl ARE FUNCTIONS OF ALlITUDF 6UT CONSTANT IN EACH RPRP 22

LAYER. 
PARK 23

c 
RPRR 2

C IF WE LET EMMiI BE THE EM MATRIX ICOMPUTED BY SUBROUTINE NMNM) RM 25

C FOR THE I-TH LAYER. THEN (IN MATRIX NOTATION) 
RRR 26

RRR 
27

C RPP a EM(l)*ENI4(e*....*EM(IMAX1I)FMIMAXI 
RPRR 29

C THE ABOVE FORPULA IS USED TO COMPUTE THE RPP|IJ), 
RPR 30
PPRR 31

C THE PARAMETERS DEFINING THE HULTILAYER 
ATMOSPHERE ARE PRESUMED RARR 3Z

C TO BE STORED IN COMMON* 
RVRR 33

Ir 
RARR 34.

C LANGUAGE - FORTRAN IV (360. REFERENCE MANUAL C28-651S-41 
APAR is

C 
RA 36

C AUTHOR - AO.PIERCE. M.IT.. AUGUST91969 
ARAB 36

C 
A RR 3 9

C ----CALLING SEQUENCE---- 
RRAR 39

C 
RPRR 40

C SEE SUBROUTINE "4%OfN 
PAR 41

C OIMFNSION CIIIO0),VXI(100)VY|IIOO).HIIO0o 
RRAR 42

C COMMON I4AXCItVXhtVY1.HI (THESE MUST RE STORFO IN COMMON 
RRRR 43

C DIMENSION RPP(Z22 
RRPRR 44

C CALL RRRR1DMEGA.AKXAKY.RPPkl 
RAPRA 45

C 
RRRR 46

C ---- EXTERNAL SUCROUTINES REQUIRED---- PAR 47

C 
RRRR 46

C MMMMAAAA.CAI.SAI 
RARR 49

C 
RRRR so

C --- ARGUNENT LIST--- 
RPAR 51

C 
RARK 52

C OMFGA 1"4 NO IMP 
PARR 53

C AKI R*4 ND IMP 
RRRA 54

C AKY P4 NO IMP 
RARP 5s

C RPP R*4 2-RY-? OUT 
RRRR 56

C | 1*4 NO OUT (ALWAYS OUTPUT AS KOO) PARR 57

C 
RRRR 56

cRAPP 
so

C COMMON STORAGE USED 
RRRR 59

C COMMON I,AX*CI*VXIVyIHI 
ARRR 60

C 
RRAR 61

c IMAX 1*4 NO INP 
PARR 62

C CI R04 100 INP 
PARR 63

C VXI RA4 100 INP 
R:RR 64

C VYI Q*4 100 INP 
ARA 65

C HI RA4 100 INP 
RRRR 66 PROGRAM

C 
PRR 67 RRA

C ---- INPUTS---- 
RRR 66

C 
RAP 69 PAGE

r OMEGA .&NGULAR FREQUENCY IN RAD/SEC RRPS 70 69
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C AKX aX COMPONENT Of HORI ZONTAL WAVE NURBER VECTOR IN 11KM ANNA 71
C ANY wY COMPty4ENT OF MORIZON4TAL WAVE NUMBER VECTOR IN 1/KM ANNA 72
C IMAX wMIMSER OP LAYERS OF FINITE THICKNESS NRA 73
c CliII &SOUND SPEED IN KM/SEC IN I-TH LAYER RARR 74
c VIfl! sX COMOW1NT OF WIND VELOCITY IN I-TN LAYER IKM/SEI RARR 75
c VYIIII *Y COMPONENT OF MIND VELOCITY IN I-TN LAYER (KO/SECI ANNA ?6

C IHIM wTHICKNESS IN Km OF 1-TN LAYER OF FIN!TE THICKNESS NAAR 77
C RANR 79

C RPP u7-SY-2 TRANSFER MATRIX WHICH CON4NECTS SCAUTIONS OF ROAR $1,
C THE RESIDUAL EQUATIONS AT THE L'OTTOM OF THE UPPER NARA 82
C HALFSPACE TO SOLUTIONS AT THE GKOUND. ARNR 83
C K =DIIMMY PARAMETER ALWAYS RETURNED AS 0. RRRR 64
C NARA 69
C ---- PROGRAM FOLLOWS BELOW---- NRRR 66
C ARA 87

SUBROUTTNF RRRRfOMEGAA9XqAKYRPPqKI RANA 66
c RRR 89
C DIMENSION AND CnMMON STATEMFNTS LOCATING PARAMETERS DEFINING THE MODEL ARA 90
C MULTILAYER ATMOSPHERE ANRA 91

DIMENSION CI(100),VX11100),VYI100.gPiIl100) APRR 92
COMMON IMAX.CIVXIVYIHI RRAR 91

C RANA 94
OIMEN511N EMI2.2hAiINT(292l9RPP4?22 RRRR 95
KOO RORR 96

C RANA 97
C APP AT TOP OF I1MAX LAYER IS THE IDFNTITY MATRIX ARRA 96

RPPI19I101.0 NRA 99
oplP1l. RRRR 100
RPP42911sa00. ARRR 101
APP1 2,2)1.O RRRR 102

C ROAR 103
C START OF DO LOOP RUNNING THROUGH IMAX LAYERS IN DESCENDING ORDER RRRR 104

00 100 JA5AsI.IMAX RRRR 105
I ASAuIMAX#1-JASA RARR 106

C IASA IS THE INDE OF THE LAYER CURRENTLY UNDER CONSIDERATION RARR t07
C NRR 108
C COMPUTATION OF EM4 MATRIX FOR IASA LAYER RORR 109

CUCI( ASA) RRRR 110
Vt.VXIfIIASAl RRRA III
V~mVYIIASA) RROR 112
HwH! (TASA) NRR 113
CALL MMMMNIOMEGAAKXKYCVXVYHEM) NRR 11*

C RORR 115
C MJI.TIPI.ICATION OF RPP AT TOP OF 1*5* LAYER RY EM PFnR IASA LAYER RRRR 116

00 60 1.1.2 ARA 117
DO 60 Jule NRA11

RO A!NT(1,JIaEMII,1lIAPPI11JIEH(1,2)*PPI2.J) RRRR t16
C RRNA 119
C CURRENT AINT- IS RPP AT BOTTOM OF lASA e.AYER NRR 120

O 05 ta1.2 NARR 122j00 65 J01#2 NRR 123
65 RPPII.J)uAINTI.tJl NRA 124

C RORR 125
100 CONTINUE NRR 126

C P110 OF OUTER On LOOP RRRR 127
C ARNA 128
C CURRENT RPP IS THAT AT BOTTO% OF FIRST LAYER PMAR 129

RETURN RRNR 130
END ARRR 131

PROG!tAM
RAR

PAGE
70
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c SAT (FUNCTIolN) 7/25/68 $At 1
C SAT 2
C --- ABSTRACT---- SAT 3

(SAT 4
C TITLE - SAT SAT 5

f PROGRAM TO EVALUATE FUNCTION SAIXI FOR GIVEN VARtABLE-X* SAT 6
C IF X IS NEGATIVE9 SAtIX)ISNIVIY WITH Vu=SORTV-Xi. IF 1; IS SAT 7
C POSITIVE, SAT(XlwSINHlV)IY WITH Y=SORT(XI. THE FUNCTION IS SAT B
C ALSO REPRESENTABLE BY THE POWER SERIES SAT 9
C SAT 10
C SAIIX)w I + XI(3FACT) + X**2/fSFACT) * X**3/17FACTI +*o $. At it
C SAT 12
C LANGUAGE - FORTRAN IV 1360. REFERENCE M4ANUAL C26-6SIS-4) SAT 13
C SAT 14
C AUTHOR - A*O*PtERCE. M.I.T.. JULY*1966 SAl Is
C SAT 16
C ---- CALLING SEQUENCE---- SAT 17
C SAl 16
C SAIIANY 0*4 ARGUMFNTI MAY RE USED IN ARITHMETIC EXPRESSIONS SAT 19
C SAT 20
C ---- EXTERNAL SUBROUTINES REQUIRED---- SAT 21
C SAl 22
r NO EXTERNAL SUBROUTINES ARE REQUIRED SAT 23
C SAT' 24
C ----ARGUMENT LIST---- SAl 25
C SAT 26
C X R*4 NO iNp SAT 27
C SAl R*4 NO OUT SAT 26
C SAT 29
C No COMMON STORAGE Is USED SAT 30
C SAT 31
C ---- PROGRAM FOLLOWS BELOW---- SAl 32
C SAT 33

FUNCTION SAIX SAT 34
C SAT 35

I IFf ABSIXI *GTo I.E-1 00G TO 9 SAT 36
C SAT 3?
C ABS4X) IS SO SMALL THAT SAl IS VIRTUALLY 1.0 SAT 38

SAtuI.0 SAT 39
RETURN SAT 40

C SAI 41
C CONTINUING FROM I SAT 42

9 YOSORTIABSIXII SAl 43
tItXI 10.10911 SAT 44

C SAT 4S
C X IS LESS THAN 0. SAl 46

10 SAtu5IM(Yl/Y SAT 47
RETURN SAT 46

C SAT 49
C X IS POSITIVE. SAT' SINH(I/Y. SAT 50

It ESEXPIY* SAT 51
SAIwO.S*E-1./E) /Y SAT 52
RETURN SAT 53
END SAT 54

PROGRAM1
SAT

PAGE
Ti
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C SOURCE iSUsROUTINE) 8115/66 SACE I
C SRCE 2SC SliCE 3

SC --- ABSTRACT -- SCE 4

C $ACE 5

C TITLE - SOURCE SRCE 6
C EVALUATION OF FOURIER TRANSFORM OF NEAR FIELD ACOUSTIC RESPONSE SRCE 7
C TO EXPLOSIVE SOURCE SRCE a
c SRCE 9
C SOURCE COMPUTES THE FOURIER TRANSFORM OF THE NEAR FIELD SACE 10
C PRESSURF. AT I KH FROM A I KT EXPLOSION AT SEA LEVEL. THE SACE 11
C AMBIENT PRESSURE IS ASSURED TO SE .E6 nVNESICM**2 AND SRCE 12
C THE TINE LAPSE FROM TIE ZERO 13 NEGLECTED AN EMPIRICAL SRCE 13
C FORMULA FOR THIS PRESSURE IS SACe 1
C SRCE is
C F(T) a PAS I (1 O *T AS EXPf "II TAS I T AT* 0 SACE 16
C SRCE 26
C E 0 T T* , 0 SRCE 27
C SACE 19
C AIETH AS I 134,6E+31 EE 6NC MANL YES-CN**2 SRC! 20
c AND TAS a 0,48 SEC •SRCE 21

C SRCE 22
C THEREFORE ITS FOURIER T ,ANSFORM IS ,SRCE 23
C SRCE 24
CFTIONEGAI• -t * 0MEGA * PAS / (ITAS --- U OAEGA)E-2 SRCE 2
c SRCE 26
C WHERE I A-LL0*Es SRCE 2
C SACE 28
C LANGUAGE - FORTRAN4 IV (3609 REFERENCE MANUAL C26-6515-41 SRCE 29

C SACE 30
C AUTHORS - AOPtECE AND JePOSFY9 MoloTst AUGUST91960 SAC! 31
C SRCE 32
C SAC! 33
C .NPTSUSAGE--- SAC! 34
C SRCE 35C SURROUTINE PHASE IS CALLED SRCE 315

C SRCE 37

C FOERTRAN AJSAGE SAC! 3
C SACE 39
C CALI SO0URCE (OMEGAsFTMAGq FTPHSE 90MAG*DPHSE) SR(;E 40O
cSACE 41

C INPUTS SRCE 42
C SRCE 43
C OMEGA ANGULAR FREQUENCT (RAD|ANSSEC)I SRCE 44
C R*4 SAC! 45
C SRCE 46
C AUTPUTS SRCE 53
C SRCE 48
C FTMAG DAGNITUDE OF FTIOMEGAI DEFINED ABOVE IN SURROUTN ABSTRA SRCE 4
C R*4 IAOYNES/CM**21 f fkAO/SEC I SACE 50
C SRCE 57
C FTPHS PHASE OF FT(OMEGAI DEFINED ABOVE IN SUBROUTINE ABSTRACT SACE SB
C A4 SRADIAS) SAC! 93
C SRCE 54
c. ONAG DERIVATIVE OF FTMAG WITH RESPECT TO OMEGA fI DYNES/CN**21 SACE 99
C R*4 I IRAD/SEC)**2 )SACE 46

C SACE 61
C OPHSE DERIVATIVE OF F LHSE WITH REECT TO OEOEGA W-AD -A- SAC! 6o
C R*4 SEC) I SRCS 59

C SACE 60
C SRCE 61
C ---- PROGRAM FOLLOWS BELOW-.... SRCE 62
C SRCE 63
C SRCE 64

SUBROUTINE SOURCEIONGAtFTMAGFTPHSEDMAG.OPHSEI SACf 65
C WE ASSUME INVERSE A DEPENDENCE SRCE 66 PROGRAM

PASs134,45E311*O*I 41.61) SRCE 67 SnURCE
C PAS IS IN DYNESICM*2 SACE 68
C THIS IS THE PEAK CVERPRESSURE AT 1 KM SRC! 69 PAGE

TASsO.48 SAC! 70 72
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C TAS IS THE LLENGTN OF THE POSITIVE PHASE SACE 71
ONOI.0/l$ASCE 72

fEMNONf4qEA**2*OO*2SC!
FTMAW.AM'NEGAIOENOM SACE T4

ONAGPASENII2.0*PAS*0NEGA*2/0EN0i4**2 RE7
CALL P4HASECONOONEGA.XPHI)SC!7

C PI S N!ANCTAN Of OMEGAIONO SAC! 7?

FTPHSF'-3.14I592?/2*02*O*P HI SAC! E I
OPHSE*2*00 NO IENOM AE7

C THE ofAIVATIVE OF THE ACTAN IS 1./tt.**21 SAC! so
RETURN SACE S2

ENOSC!8

PROGRAM
SOURCE

PAGE

-277-



C fS 7U TIN19/68 SPCT I

r SPCT 2
C SPCT 3
C ---- ABSTRACT---- SPCT 4
C SPcT 5
C TITLE - SUSPCT SPCT 6
C EVALUATION OF SUSPICION INDEX OF ELEMENT IN,Mi OF MDTRIX INMODE SPCT 7
C SPCT a
C SUSPCT EVALUATES THE SUSPICION INOEX, ISUS9 OF THE ELEMEN SPCT 9
C IN ROW N. COLUMN 1 OF THE MATRIX INMODE I INtM) MUST BE SPCT 10
f AN INTERIOR ELEMENTI. THE NEIGHBORS OF (N9M) ARE DEFINED SPCT It
C TO RE TPE EIGHT ELEMENTS WHICH FORM THE THREE BY THREE SPCT 12
C ELEMENT SQUARE WHICH HAS (NMI AT ITS CENTER. THEY ARE SPCT 13
C NUMBERED FROM ONE TO NINE BEGINNING IN THE UPPER LEFT AND SPCT 14
C PROCEEDING CLOCKWISE (NO. I AND NO. 9 ARE SAME ELEMENT). SPCT 15
C EACH ELEMENT OF MATRIX INMODE MUST HAVE ONE OF THREE SPCT 16
C VALUFS. -to to OR So (NM) IS NOT SUSPICIOUS AND ISUS or SPCT 17
C 0 IF ANY ONE OF THE FOLLOWING CONDITIONS HOL.OR SPCT 18
C SPCT 19
C 1. ELEMENT INM) ' 5 SPCT 20
C 2. ANY OF ITS NEIGHBORS w 5 SPCT 21
C ". NOWHERE IN THE 3X3 ARRAY PF IN.M) AND ITS NEIGH- SPCT 22
C BORS DOES THERE APPEAR TO BE A DISPERSION CURVE SPCT 23
C WITH POSITIVE SLOPE SPCT 24
C SPCT 25
C. OTHERWISE ISUS IS SET EQUAL TO THE NUMBER OF THE QUADRANT SPCT 26
C IN WHICH THE POSITIVE SLOPE APPEARS. THE QUADRANTS ARE SPCT 27
c NUMBERED BEGINNING IN 7HE UPPER LEFT AND PROCEDING CLOCK- SPCT 28
C WISE. SPCT ?9
C SPCT 30
f LANGUAGE - FORTRAN IV (360. REFERENCE MANUAL C26-6515-41 SPCT 31
C SPCT 3?
C AUTHOJRS - A.C.PIERCE ANO J.POSEY, M.I.T*. JUNE,1960 SPCT 33
C SPCT 14
C ---- USAGE---- SPCT 35
c SPCT 36
C Nr. FnRTRAN SUBROUTINES ARE CALLED SPCI 37
C SPCT 39
C FORTRAN USAGE SPCT 39
(. CALL %USPCTINM.NROWINMOEISUSl SPCT 40
C SPCT 41
C INPUTS SPCT 42
C SFCT 43
C N ROW NUMBER OF ELEMENT UNDER CONSIDERATION (MAY NOT BE SPCT 44
C 1*4 FIRST OR LAST ROW$ SPCT 45
C SPCT 46
C m COLUMN NUMBER OF ELEMENT UNDER CONSIDERAION (MAY NOT BE SPCT 47
C 1*4 FIRST OR LAST COLUMN) SPCT 48
C SPCT 49
C NROW TITAL NUMBER OF ROWS IN INMODE SPCT SO
C 1*4 . SPCT 51
C SPCT S2
C INMODE MATRIX UNDER CONSIDERATION STORED IN VECTOR FORM. COLUMN SPCT 53
C 14410) AFTER COLUMN. EACH ELEMENT MUST RE -19 1, OR S. SPCT 54
C SPCT Ss
C OUTPUTS SPCT 56
C SPCT 57
C ISUS SUSPICION INDEX OF ELEMENT (N.M), SEE ABSTRACT ABOVE FOR SPCT S8
C I4 DEFINITION. SPCT S9
C SPCT 60
C SPCT £,1
C --- EXAMPLES---- SPCT 62
C SPCT 63
C CALLING PROreRAM SPCT 64
C SPCT 65
C OIMFNSION INNDDEI) SPCT 66 PROGRAM
C INMtofE '-1-1 to to -1. to 1 t- I SPCT 67 SUSPCT
C CALL SUSPCTi2.2v3,INMOOE.iSUSi SPCT 66
C WRITf 16,200) ISUS SPCT 69 PAGE
C 200 FIORMAT (10H EXAMPLE 1.6X. 6HISUS '.12) SPCT 70 74
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t IMUME -1. -to I* to -19 -to to Is I SPCT 71
C CALL SUSPC1I?2@31NNODE9ISUSO SPCT 72

c 0o FORMAT (IOH EXAMPLE 7,6X. 6HISUS mo1tl PT?

Cr TAB4LES OFINMODE EAPESPCT~~ 77

C PRI PENTEAMLEOUTC 7
C SPCT so

3 SPCT 8

CSPC T 92
C SKCT 91

C SPCT 95

C INFnSINTP9)lUf().NOEI SPCT 95
C SPCT 86
cELEMENTE I.I OFIMOES aCEN SPCT 8

j
3  EXML ISUS 0 SPCT 101

C SKT 102

FICNS. )RTR SPCT 10

C SPCT 102

f PI) NMOIN)NRWc-) SPC T 106
SUBROUTINME ((M-0)*v'NROWo4N1)IS) SPCT 194

C AIABLE) DIMNSIONFIN)OFINO SPCT 961
IPSIN fOOE1I(N-OINRO,INMOOlIl SPCT 97L

c PI) NOEINl*RW(,) SPCY 112
CEEMTMe) O INMODN-ISN WIN.) SYT 113

IPPIS). NMO0fM-2*NROWfN.O SPCT 114

NM *- 0 SPCT 101

toCNIU SPCT 119
C IF IC S HE NITE IF NIOTPUS HICOU EAL *5S SPCT 103

C SPCT 121
C tPIF IOESANN NEIGHBOR eN IS EBSALT ABOV FONERN G SCHUSE) SPCT 126

illsM.T.1 RETUff-ZR Wl-1 SPCT 123
tP11 SPCT 124

C P(1 II NFIGHB I I MH ONL *NF OD A Tn .5A4-1TERNEGBO21 SPCT 125
CIHBOR4 OE INOT AG-lREEWTH INTHNSU SPCT 126

ISUM *w IABSI ICEN* IPPIOi* IPPI4I SPCT 112
I IPPI3.Q5 AO SU1E3)IU. SPCT 126

IF (NX.GT0 RETi N SPCT 129
10 0a 0 119SPCT 110

5IPPIIABSEIPP1I.ICEN))/ SPCT 114
C0 CONT I INEIGBRIARE IHIE'I S0I HYSGE SPCY 119

C TO REAC TH IS PO NT NIHR WICEQORANY OFISNIG+5 OUDB SPCT 133
C SPCT 134

CIF R THANI NEQ 0EIGHBO IPEQUA TO +5 THEN IPS) .E 1 SPCT 136POGA
IF N o1 RETURN SPCT 123SSC

c F PI)*O AO PI)*O )RTR SPCT 124

ISUM au AS CN+IP2 P(1 SPCT 1392 AG

IF MA 0PI? ETUR.N. PI)*O1 EUN SPCT 129
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IF( INPIS) .10. 1 9AND. 19944 *EQ. 01 RETURN SPCT 141
ISUS v S S9CT 142
191 19945) .10. 0 .AND* IPP(4) 1 * ANO. 1PP91) *EO* It SPCT 143

I RETURN 0PC 144 9(6 1.01RTR
191 19914 .10. 0*N*IP6 Eo0 EUNSC 4
ISUM a 4 S9CT 146
T1 199(4) .*0. 0 *AND* IPP(71 of** 11 RETURN SPCT 14?
194 tPP(71 .10. I eAkOe 19946) .10. 0) RETURN S9CT 140
ISUS - 0 S9CT 149
RETURN SPCT 150
END SPCT 151

PROG RAM
SUSPCT

PAGE
76
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C TABLE (SUORMITtNEI 7/19/68 TASL I
c TAIL 2
f TAIL 3
C TAL---- ABSTRACT---- TAIL 4

C TITLE -TABLE TAIL 6
c GENERATION OF SUSPICIONLESS TABLE OF NORMAL MODE DISPERSION TABL 7
c fUNCTION SIGNS TASL 8
c TAIL 9
C TAWLS CALLS SUBROUTINE MFOUT TO CONSTRUCT THE MATRIX OF TAIL 10
C NORVAL MODE DISPERSION FUNCTION SIGNS INMOOE fSTORED IN TAIL It
C VECTORN PORN COLUMN AFTER COLUMN) FOR REGION IN FREQUENCY- TAIL 12
C PHASE VELOCITY PLANE IOMI.LE.OMEGA.LE.0N2.AND.VI.LE.VP.LE TAIL 13
C *V216 SUBROUTINE SUSPCT IS CaLLED TO EVALUATE THE SUSPI- TAIL 14
C CION INDEX ,ISUS9 OF EACH INTERIOR ELE14ENT IN TilE MATRIX TAIL 1S
C SCANNING FROM LEFT TO RIGHT, TOP TO BOTTOM. IF ISUS .ME. TAIL 16
C. 0 *INMODE IS ALTERED AS FOLLOWS. TABL 17
C ISUS-1 ROW AODED ABOVE SUSPICIOUS ELFMENT AND COLUM4N TAIL 18
C ADDED TO ITS LEFT TAOL. 19
c *7 COLUMN ADDED TO RIGHT OF SUSPICIOUS ELEMENT TAIL 20
r AND ROW ADDED ABOVE IT TAIL 21
C *3 ROW ADDED BELOW SUSPICIOUS ELEMENT AND COLUMN TAIL 22
C ADDED TO ITS RIGHT TAIL 23
r *4 COLUMN ADDED TO LEFT OF SUSPICIOUS ELEMENT TAIL 24
c AND ROW ADDED BELCW IT TAIL 25
C W)WEVER * NEITHER THE MNMER OF ROWS NYP NOR THE NUMBER OF TAIL 26
C COLUMNS NON WILL BE INCREASED BEYOND 100a IF ISUS CALLS TAIL 27
C FOR AN ADDITIONAL ROW WHEN NYP a 100 , THE MESSAGE TAIL 28
c 4NVP a 100 N a XX N4 a XXI WILL BE PRINTED. TAIL 29
C N is ROW ND. OF SUSPICIOUS ELEMENT* N IS COLUMN NO. IF TAIL 30
C ISUS CALLS FOR ADDITION OF A COLUMN WHEN NON a 1009 THE TAIL 31
C MESSAGE INON a 100 N a XX 14 a XXI IS PRINTE TAIL 32
C WHEN INPODE HAS BEEN EXPANDED SCANNING IS RESUMED AT THE TAIL 33
C ELEMENT IN NEW MATRIX WITH SAME ROW AND COLUMN NOS. AS TAIL 34
C THOSE OF SUSPICIOUS ELEM4ENT IN OLD MATRIX. IF "OPT Is TARL 15
C POSITIVE INMODE WILL BE PRINTED AS IT IS PETURNEo F-ROM TAIL 36
C MPOIJT AND IN ITS FINAL FORM. TAIL 37
C TAIL 31
C LANGUAGE - FORTRAN IV 1160. REFERENCE MANUAL. C28-6515-41 TAIL 39
f TAIL 40
C AUTHOR - JoW9POSEY9 M.I.T.. JUNEs196A TAIL 41
C TAIL 42
C TAIL 43
C ---- USAGE---- TAIL 44
C TAIL 45
C SURPOUTINFS MPUJT.'ISPCT.LNGTHN.WIOENNMOFN ARE CALLED IN TABLE. TAIL 46
C TAIL 47
C FORTRAN USAGE TAIL 48
c CALL TAILEIONI.0M7,tVIV2,NnOMNVPTHETKONVINMODENOPT) TAIL 49
c TAIL 50
c INPUTS TAIL 51
C TAIL 52
C (101 MINIMUM VALUE OF FREQUENCY TO BE CONSIDERED* TAIL 53
C R$4 TAIL 54
C OM2 MAXIMUM VALUE CF FREQUENY TO ME CONSIDERED TAIL 55
C R04 TAIL S6
C Vt MINIMUM VALUE OF PHASF VELOCITY TO BE CONSIDERED TAIL 57
C R04 TAIL 58
c V2 MAXIMUM VALUE OF PHASE VELOCITY TO BE CONSICERED TAIL 59
C 004 TARL AD
C Mo" INITIAL NO, OF FREQUENCTFS TO RF CONSIDERED TAIL 61
C 1*4 TASL 62
C NVP INITIAL NO. OF PHASE VELOCITIES TO BF CONSIDERED TAIL 63
C 1*4 TAIL 64
c THETK PHASF VFLOCITY D)IRFCTION (RADIANS) TAIL 65
r :;4 TAIL 66 PROGRAM
c MOP PRINT OUT OPTION. IF NrIOT x -1. NO PRINT. IF NOPT It1 TAIL 6? TAKLE
C 1*4. INNOOE IS PRINTED IN ITS INITIAL FORM (GENERATED IY MPOUT TAIL 68
c AND IN ITS FINAL FORM. TAIL 69 PAGE
C TAIL 70 77
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SC OUTPUTS TAIL 71

C TABL 72
C NOM TOTAL NO. OF FREQUENCIES CONSIDERED TABL 73
C 1*4 TABL 74
C NVP TOTAL NO. OF PHASE VELOCITIES CONSIDERED TABL 75
C 1*4 TASL 76
C ON VECTOR WHOSE ELEMENTS ARE THE VALUES OF ANGULAR FREQUENCY TAIL 77
C R*41DI CORRESPONDING TO THE COLUMNS OF THE INMODE MATRIX TAIL 7e
C TABL 79
C v VECTOR WHOSE ELEMENTS ARE THE VALUES OF PHASE VELOCITY TAIL 80
C R*41D1 CORRFSPONOING TO THE ROWS OF THE INNODE MATRIX TAIL 81
r TABL 82
C INNODE EACH ELEMENT OF THIS MATRIX CORRESPONDS TO A POINT IN THE TABL 83
C I*4101 FREQUENCY (ON) - PHASE VELOCITY (VI PLANE. IF THE NORMAL TAIL 64
C MODE DISPERSION FUNCTION (FPPI IS POSITIVE AT THAT POINT. TABL 85
C THE ELEMENT IS +1. IF FPP IS NEGATIVE, THE ELEMENT IS -19 TABL 6
C IF FPP DOES NOT EXIST* THE ELEMENT IS S. INMODE HAS NVP TABL 87
C ROWS AND NOM COLUMNS. MATRIX IS STORED AS A VECTOR, TABL I8
C COLUMN AFTER COLUMN. TABL 19
C TAIL 90
C TABL 91
C -EXAMPLE---- TABL 92
C TABL 93
C LET INRODE * -1.5,S,1,-1,-1,-1,l.1,-1t-1.1,1.l.1 TAIL 94
C WITH NO u NVP a 4 TABL 95
C AND ON * 1.0,1.5,2.0.2.5 THETK 3.14159 TAIL 96
C V * 1.0,2.0,3.0,4.0 TAIL 97
C (VALUES NT CORRECT, FOR ILLUSTRATION ONLY TABL 91
C TABL 99
C THEN THE TABL% WILL BE PRINTED AS FOLLOWS. TABL 100
C TAIL 101
C VPHASE NORMAL MODE DISPERSION FUNCTION SIGN TABL 102
t 1.00000 -+* TAIL 103
C 2,0000 X-*+ TAIL 104
C 3.00000 X--+ TABL 105
C 4.00000 X--+ TAIL 106
C TABL 107
C OMEGA 1234 TABL 10
C PHASE VFLOCITY DIRECTION IS 90OODEGREES TAIL 109
C TABL 110
C OfGA. TABL Ill
C 0.IO000oE 01 0.1000E 01 0.20000E 01 0.25000E 01 TABL 112
C TABL 113
c TABL 114
C ---- PROGRAM FOLLOWS BELOW--- TABL 115
C TABL 116C TABL 117

SUBROUTINF TABLEI(I0MOM2,VtV2,NOMNVPtTHETKOMVINMOOENOPT) TABL 118
C TABL 119

DIMENSION OMI1OO ,V(IOO),INMODEIO0OOI)DORNI10O),KORNIIOO) TABL 120
COMMON IMAXCIIIOO)VXIIIOOi)VYI| OOIIHI(100I TABL 121

c TAIL 122
C MPOUT IS CALLED TO PRODUCE INMODE MATRIX AND ON AND V VECTORS. TABL 123

CALL MPOUT(N1,OM2,VIV2,NOMtNVPINMDDEOMV,THETKI TABL 124
C TABL 125
C IPLAG a I INDICATES FIRST TIME THROUGH WRITE PROCEDURE TABL 126

IFLAG a I TABL 127
C TABL 128
C INMOOE IS PRINTED IF NOPT IS POSITIVE TAIL 129

IF (NOPT.GE.O) GO TO 123 TABL 130
5 IFLAG a 0 TABL 131

NOPERUO TA5L 132
C MOPER IS THE NUMBER OF EXPANSION OPFRATIONS PERFORMED IN THE PRESENT TASL 133
C SCAN OF THE MATRIX. THUS, NOPER IS THE NUMBER OF SUSPICIOUS POINTS TABL 134
C FOUND IN T4E PRESENT SCAN, TABL 135
C TABL 136 PROGRAM
C BEGIN SCANNING OF INTERIOR ELEMENTS OF INPODE IN UPPER LEFT CORNER TABL 137 TABLE

N a 2 TABL 138
M a 2 TABL 139 PAGE

1o CALL SUSPCTINMNVPINMODE, ISUS) TAIL 140 78
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C list1
C POINT INhM1 IS SUSPICIOUS IF ISUS.*E.0 T44L i *4

IF(ISUS*NEO1 GO TO 60 TAIL 14s
C TAIL t4'4
C CHECK FOR ENO OF ROW TAIL 145

20 IF IM.LT.INO0-1I) GO TO 30 TAIL 146
C TAIL 147
C CHECK FOR LAST ROW TAIL 148

IF (N#LTeINVP-111 GO TO 40 TAIL 149
GO TO 121 TAIL IS0

TAIL 151
C MOVE ONE COLUMN TO RIGHT TAIL 152

30 14 a M+1 TAIL 153
GO TO to TAIL 154

C TAIL 155
C ADVANCE ONE ROW AND START AT COLUMN TWO TAIL 156

40 N NI TAIL 157
M 2 TAIL 158
GO TO 1o TAIL 159

C TAIL 160
C CHECK FOR MAXIMUM VALUE OF NVP TASL 161

60 IFINVP*LT.tOO) GO TO 62 TAIL 162
61 FORMAT 124H MVP - 100 9 ,13,SH K u*I3) TAIL 163

WRITE (6.61) Nth TABL 164
GO TO 20 TAIL 165

62 TFINOM *LT. 100) GO TO TO TAIL 166
63 FORMAT(24HNOM * 100 N9I3S ON No,13) TAIL 167
64 WAITE(6,631 NeM TAIL 168

GD TO 20 TAIL 169
TO IFIISUS .NE. 1) GO TO 75 TAIL 170

C TAIL 171
C ADO ROW ABOVE SUSPICIOUS POINT TAIL 172

NluN-1 TAIL 173
C TAIL 174
C ADO A COLUMN TO LEFT OF SUSPICIOUS POINT TAIL 175

MlN-l TAIL 176
GO To 100 TAIL 177

75 SFI1SUS .N1. 21 GO TO 80 TAIL 178
C TAIL 179
C ADO A COLUMN TO RIGHT OF SUSPICIOUS POINT TAIL 160

MIsM TAIL 181
C TAIL 142
C ADD ROW ABOVE SUSPICIOUS POINT TAIL 163

NMIN-1 TAIL 184
GO TO 0 TAIL 195

O0 IFIISUS *NE* 3) GO TO O5 TAIL 186
C TAIL 167
C ADO A COLUMN TO RIGHT OF SUSPICIOUS POINT TAIL 188

MlaM TAIL 129
C TAIL 190
C ADD ROW SELOW SUSPICIOUS POINT TAIL 191

MIN * TAIL 192
GO TO 100 TAIL 193

C TAIL 194
C ADD ROW BELOW SUSPICIOUS POINT TAIL 195

a5 NlN TAIL 196
C TAIL 197

ADD A COLUMN TO LEFT OF SUSPICIOUS POINT TAIL 196
MLIM-1 TAIL 199

tO0 CONTINUE TAIL 200
CALL LNGTHNIOM.VINMODE.NOP.NVP.NVPP.NIt.1THETKI TAIL 201
CALL WIOENIOMV.INNODE.NOfNONPNVPPNlolTHETKI TAIL 202
NVP"NVPP TAIL 203
NONmNOMP TAIL 204
NOPE~sNOP0 1 TAIL 205
GO TO 10 TAIL 206 PROGRAM

121 CONTINUE TAIL 207 TABLE
IFINOPER if 0 ,AND. NVP *LT. 100 ,ANO, NON *LT. 100) GO TO S TAIL 208

C TAIL 209 PAGE
C 00 NOT PRINT INMOOE IF NOPT IS NEGATIVE TAIL 210 79
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IFINOPT *LT. 01 RCTUDN TAAL 211
c TAAL 212
C LABELING TAAL 213

127 FORkmAT Ie1N1VPHSF96X#164NOoIAAL MO1DE DISPERSION FUNCTION SIGN/$ TABL 214
17'3 WRITF 1691771 TABL 215

rn 133 11.#NvP TAAL 216
00n 126 Jv.lNOM TAIL 217
IF IN Of(-)VPI1 1269125v124 TAIL 218

124 CONTINUF TAAL 219
C TAAL 220
C if INmont - S. ORN iHx TM~l 221

DATA QI/1HY/ TAAL 222
OORNIJl - 01 TARL 273
rGn TO 127 TAAL 224

12S CnNTINIIF TAAL 225
C TAAL 2)6
C IF INMOO)E - 1. OAIRN wIH+ TAAL 227

DATA 02/110/ TAAL 228
DOnRNtJl v 07 TAAL 229
GO Tfl 127 TAIL 230

126 CrNTINUF TAAL 231
CTAAL 232

C IF INMOOF a -1. OORN I"- TAAL 233
DATA WIN11-/ TAAL 234
WYIRNtjI - 03 TAAL 235

127 CONTINUF TAIL 236
124 CONTINUF TAAL 237

C TAAL 238
C PRINT SOW I OF TABLE TAAL 239

WAITF (6.I101V11 l.IOORNIjI. Jsl.Nnmj TAIL 24C
13fl rI()tIAT(IH *FA.5.lX,ln0lAI) TAIL 241
133 CnNTINtIF TAAL 242

310 a In) TAAL 241
00 Iifl S*I.NO0M TAIL 244

c TAAL 245
C MIMAEP rOLUMNS TAAL 246

1150 KORNIJ) v "Ont1.,30) TAIL 247
WRITF 46,2131 (KORNIJI, J-100OM1 TAAL 248

71 FORMAT (6,400MFGAthX910011) TAIL 249
c TAIL 250
C CONVERT THEYK FRflm OAOIANS Tn nEGIFFS TAIL 251

X - THFTK*1Ro/3.14I5
0m TAAL 252

WRITE I'4,4I31 X TAIL 253
411 FnR'4AT 11H4 *11X.27HP4Ae.F VFLOCITY OIRFCTIOIN ISvF4.3v TAAL 254

1 AHOEGRFES I TARL 255
WRITE 16,513) TAIL 256

511i vORmAT I ItHbOnFrA -I TAIL 257
CTAAL 258

C LIS.T VALUFS OF ONFGA WHICH CORRFSPnND Tr) C'LUMNS 'IF TABLE TAIL 259
WRITE 1696ill I00MlI),1s1.NCI) TAIL 260

613 FOQMAT .f IN S5E14.S) TA61. 261
r TAbL 262
C IF SUSPICION ELIMINATION HAS NIT PEEN PF*FnRMF~o REGIN 17 AT THIS TIME TAAL 263

IF(IFLAGF0.11 GO TO s TAIL 264
RFTURN TAIL 265
FN 0 TAAL 766

PRnGRAY
TABLE

PAGE
Ito
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C TABPRT (SUBRnUTINEI 7/31/64 TBPQ I
C TBPR 2
C ---- ABSTRACT---- TBPR 3
C TOPR 4
C TITLF TARPRT TAPP 5
c PROIGRAM TO PRINT OUT LISTS OF FREQUENCY, PHASF VELOCITY. TAPP 6
C AMPLITUDE. ANC PHASE FOR EACH GUIDED MCIDE EXCITED BY A NUCLEAR TBPR 7
C EXPLOSION OF GIVEN YIELD. THE SIMULTANEOUS LISTING OF FREQUENC TAP a
C AND PHASE VELOCITY REPRESENTS THE DISPERSION CURVE FOR THE TBPR 9
C GUIDED MODE. THE QUANTITIES AMPLTO AND PHASE DEPEND ON SOURCE TBPR 10
C AND OBSERVER HEIGHTS AS WELL AS THE MODEL ATMOSPHERE* HOWEVER, TBPP 11
C THE LATTER INFORMATION IS NOT LISTED BY TABPRT AND IS PRESUMED TBPR 12
c TO BE LISTED BY ANOTHER SUPROUTINE. THE SUBROUTINE TABPRT TBPR 13
C SHOULD NOT BE CALLED UNTIL ALL THE QUAN4TITIES TO BE LISTED TBPR 14
C HAVE BEEN COMPUTED AND SlOIPED IN THE MACHINE. NORMALLY, TfiPR lb
C ATMOS. TABLE. ALLMON, PAmPnE, AND PPAMP WOULD BE CALLED BEFORE TRPR 16
C TABPRT. TBPR 17
C TBPR to
C LANGUAGE - FORTRAN IV 4360, RFERENCE MANUAL C2B-6515-4) TBPR 19
C AUTHORS - A.D*PIERCE AND J.PDSEY9 M.I.T.. JULYs196B TBPR 20
C TBPR 21
r ---- CALLIN SEQUENCE---- TBPR 22
C TAPP 23
C DIMFNSIIN KST(1).KFINtIIIOMMOD(II)VPNODII),AMPLTDIIhPHASQ(1I TBPR 24
C THE SUBROUTINE USES VARIABLE DIMENSIOlNING. THE TRUE DIMENSIONS MUST TBPR 25
C BE GIVEN IN THE PROGRAM WHICH DEFINES THESE QUANTITIES. SEE THE TBPR ;P6
C DIMENSION STATEMENTS IN THE MAIN PROGRAM. TBPR 27
C CALL TARRTIYIELnO.MFND.KSTKFIN.OMMOO.VPMOD.AM4PLTDPHASQ) TBPR 28
C TBPR 29
C NO EXTERNAL SUBROUTINES ARE REQUIRED TAPP 3D
c TAP 31
C ---- ARGUMENT LIST---- TBPR 32
C TBPR 33
C YIELD Re'. NO INP TBPR 34
C MOEND 1*4 ND INP TBPR 35
C KST 104 VAR INP TBPR 36
C KEIN 1*4 VAR IMP TBPR 37
C OMMOD R*4 VAR INP TBPR 38
C VPMno R*4 VAR IMP TBPR 39
C ANRLTD R*4 VAR IMP TBPR 40
C PHASO R*4 VAR IMP TBPR 41
C TOPR 42'
C NO COMMON STORAGE USEO TBPP 43
C TSPR 44
. ---- INPUTS---- TBPR 45
e. TBPR 46
c YIELD *ENERGY YIELD OF EXPLOSION IN EQUIVALENT KILOTONS fKTI TAPR 4?
C OF TNT. I KT 2 492XI1O)**19 ERGS& TBP 48fC MOEND =NUMBER OF NORMAL MODES FOUND TBPk 49
C. KSTfNI 'IHOEX OF FIRST TABULATED POINT IN N-TH MODE TAPP SD
C KFININY 'INDEX OF LAST TABULATED POINT IN N-TN MOE. IN TBPR 51
C GENERAL, KFtNINI'KST(N#11-1. TBPR 52
C OMMODINI 'ARRAY STORING ANGULAR FREQUENCY ORDINATE IRAD/SEC) OF TPFR 43
C POINTS ON DISPERSION CURVES. THE NMODE MOE IS STORE TBPR 54
c FOR N BETWEEN KST(NMOE) AND KFININODE. TAPP 55
c VPMOD(N) 'ARRAY STORING PHASE VELOCITY nOINATE IKMSFC) OF TBPR 56
C POINTS ON DISPERSION CURVES. THE NMOnE MODE IS STORE TAPP ST
C. FOR N BETWEEN KST(NMODEI AND KEININNODE). TBPR 58
C AMPLTO(N) 'AMPLITUDE FACTOR REPRESENTING TOTAL MAGNITUDE nF TAPR 59
c FOURIER TRANSFOPM OF THE CONTRIBUTION TO THE WAVEFORM TBPR 60
C FROM A SINGLE GUIDED MOE AT FREQU-NCY OMMODIN). TBPR 61
C ITS UNITS SHOULD BE IDYNES/CM*$210 fKM**f1/21)*SEC. TBPR 62
C IT REPRESENTS THE AMPLITUDE OF NMODE-TH MODE IF N IS TBPR 63
C BETWEEN KST(NMOOE) AND MEIN(NMODElt INCLUSIVE, FOR TRPR 64
C PRECISE DEFINITION. SEE SUBROUTINE PPAMP. TAPR 65
C PHASQ(N) 'PHASE LAG IN RADIANS AT FREQUENCY OMMODINI FOR THE TAPP 66 PROGRAM
C NMODE-TH MODE WHEN N IS BETWEEN KST(NMDE AND TAPR 67 TABPRY
C KFIN(NMODEl, INCLUSIVE. THE INTEGRAND IS UNDERSTOOD TAPP 68
C TO HAVE THF FORM AMPLTO*COSIOMMODS(TIME-DISTANCE/VPMO TAPP 6q PAGE
c +PAS) FOR A PRECISE DEFINITION. SEE SUBROUTINE TAPP 70 al
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C PPAPTO7P* 71
T PPR 12

C --- OITUT~--TRPR 73
C 7BPS 74
C PPINTOUT. THF ONLY FUNCTION OF TARPRT IS TO PRINT OUT RESULTS. TBpR 75
c TARR ?6
C ---- eXAHPLF---- rsPm 77

C THF O)UTPUT FORMAT is ILLUSTRATED RELOW. Top* 79
c TBPS 80
C mNDE TAPULATION FOP Yu 100.00 KILOTONS TOP% 61

C TBPS 63
C TSPR 64

C TBPS 86

C OMEGA VPHSF AMPLTO PHASF TSPR A?

C.00100 0*334?6 -7*01342F 2r) -3972139 Tap* 69
C.00700 0.24372 -8902394F 20 -4.56026 TAPA 90

C TUPR 91
C TARR 92
c TORO 93
C "nOF 2 TARR 94
C TORO 95
C OP4FGA VPHSE AMPLTO PHASE TAPP 96
C TOPS 97
C .00000 0.S5296 -7.95321F 10 -2.40796 ToPR 96
C 9ft0200 0.48371 -1.23108E 11 -2.30524 TBSS 99

CTOSS 100
C FTC. TOPS 101
C TOPS 102
c ---- PROGRAM FOLLOWS BELOW---- Top* 103

c TSPR 104
C UOSn6iTINF TrABPRTIYlFLnMDFNDtKSTKFINOWN0DVPMnO0,AMPLTDPHAS a TOPN 105

C TARR 106
C VARIARLE DI4ENSIONING IS USED TOPS 107

DIMFNSION KSTt1IKFIN(1htommnnil),VPM(O(1IANPLT0I1),PHASE1I TAPR 106
C TARR 109

WRITE 169111 YIELD TORN 110
it FORMAT I PIS *14 25Xt2214mnnF TABULATION FOR YsF9.7,94 KILOTCNS) TAPR III

CTOPS 112
C ',TART OF OUTER 00 tnOP TOPS 113

DM 50 IIlM0FNO TAPP 114

WRITE (60211 II TBPR 116
21 FOSMNAT(114 /,'/s1H 94X* SNMOOE oil/* IS4 .9X.5HOMFGA*995'IVPHSE,99X 7BPS 117
I 6HAmPLTD.AKSHPHASE/ TOR 1

CTRR 119
KlK5T1 Ill T6PR 120
K2uKFIN(II TOPS 121

C 7PS 12?
C START OF INNER DC LOCP 7APS 123

DO 50 JSK1.K7 TAPP 124
C TNPS 125

010 WRITE 16,51) OmmcDIjhVPMnOIJIANP0LTOIJ),PHASOIJ) 7BPS 126
51 FORMATI 114 94X*F14*59FI4.'S*IP('PI49590PPlt4o) TBPR 127

C END OF LnOPS TORO 126
C TARA 129

RETURN YBPRt 130
END TBPS 131

PROGRAM
TASPT

PAGE
6?
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r T'4PT -SJAROIJTINFI 71191A TP4PT I
C TMPT 2
C TMPT 3
C ---- ARSTRACT---- TOOT A

C ~ TILE 2;;:S::SOF OENSOU Dy;TGRPOAL 6
C CALCU t ATIDN AND PLOTTING nr FAO-FIELD TPA'45IENT RESPONSE TO A TRPT ?

r QS0FSUC IN THE ATMI)SPHERE TRT
rTOOT q

CTH RESPONSE S CALCULATE S FOUN TIM TINSTEGNDATN INTERVAL YMPT 10

C (KSTDEL THEREA4nFT NTIL~ TEN DII14 R NCHD SCTE ) VALU TMPT 16

C IOPT DETERMINES WHAT WILL FIE CALCULATED, PRINTED AND TROT 17
C PLOnTTED. (SEE INPUT LIST FOR POSSIRLE IOPT VALUES*) THE TOPT 18
C RESULTS ARE TARULATE9 IN THE PRINTOUT ANn GRAPHED RY THE TMPT 19
c CALCOMP PLOTTER. TROT 10
C TMPT 21
C LANGUAGE - FORTRAN IV (360. REFERENCE MANUAL C28-6515-4I TMPT 2?
C AUTHOR -J.W.POSEY9 M.I.T.. JIJNEq196A YMPT 23

(C TOOT 24
r TMPT 25
r ----USACPE---- TMiPT 26
C TOOT 27
C FORTRAN SUBROUTINE AKl IS CALLED) TMPT 21
C l'NPT 29
C CAICOMP PLOTTERt SUARUTINES PLOTI# AWIlSls NUNSRI# SYMBL59 AND TMPT 30
C SCLGPH APE CALLED TO WRITE THE CALCOMP TAPE. SUBROUTINE NEWPIT T1NPT It

*C MUST HAVE SEEN CALLED PRIOR TO CALLING TMPT. AND ENOPI.? MUST SF TMPT 32
t CALLED AFTER RFTURNING FROM TMPT. (SEE MAIN PROGRAM$ TMPT 1!
C TMPT 34
C FORTRAN USAGE TMPT 35
C CALL TM4PT(TFIRST.TEND.*DELTTRnSsMofrFNn.KSTKFIlNIMNODVPMODAMPLTO) TMPT 36
C I 9PHASQ.IO3PTl TMiPT 37

C TMPT 38
C INPUTS TMPT 39
C TM4PT 40
C TFIRST TIME AT WHICH TABULATION AND PLCTTIN4 OF RESPONSE IS TO TMPT A1
C R*A BPOIN ISEC) T04PT 42
C TM4PT 43
C TEND TIME AT WHICH *ARULATICIN AND PLOTTINrG OF RFSPOnSF IS TO) TMPT 44
C QRA END (oLE9(TFIRST+5400.)l (SEC) TMPT 45
C TMPT 46
C DELT? TIME INTERVAL RETWEEN SUCCESSIVE CALCUPLATICNS CF THE T14PT 47
C R*4 RESPONSE I.GF.(ITND-TFIRSTI/1D0I) (SEC) TmPT 48e
C TMOT 49
C ROSS DISTANCE OF THE ORSEPR')R FROM THE ItnURCE OF THE DISTUR- TMPT so
C 5*4 RANCE fKN) TMPT St
C TMPT 52
C 0ODN NURSgER rF MODES FOUjND ILE.IO) TMPT 53
r 1*4 TPPT 54
C TP4PT 55
C KST FtEMFNT N OF THIS VECTOR IS NUNER OF OMMOD ELEMENT WHICH TMPT 16
r IW4fn) IS FIRST FREQUJENCY CONSIDERED FOR MODE N TMPT S7
f TMPT 56
C KFIN ELEMENT N 'nF THIS VECTOR IS NUMSER OF OMMSD ELEMENT WHICH TMP! S9
C 1*4fD) IS iAST FREQUENCY CONSIDEREDFORn fa'fE N TM4PT 60
C TM4PT 61
C OMMODn ELEMEFNTS OF THIS VECTOR NUNRERED KST(N) THROUGH KFININ) TMPT 62
r R*4101 ARE THE VALIFS OF FREQUENCY OIN INCREASING ORDER) FOR TMPT 63
C WHICH THE CORPvFSPflNOING MnnE N PHASE VELOCITIES HAVE REEN YMPT 54
C DETERMINED TMPT 65
C TPPT 66 PROGRAM
c VPMOD VFCTf1a OP PHASF VFtOCITIFT, WHICH CORRESPOND TOi THE FRE- TMPT 67 TMPT
c R*4(D) 011FNC IFS OiF *JFTop flmqf TmPT AS
C TMPT 6q PAGO

*C AMPLYDf VAtluS 11F AMOLITUnE fUNCTION IN AKl INTEGRAL (ELEMENTS TMPT 7C RI
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r. *e4101 CORESPOD DIRECTIY TO ELEMENTS OF 004MOD) IOYNtSlCM**2I TOOT it
C THAT 72
C OHASO TERM IN ARGUMENT Of CfOS IN AK! INTEOAL WHIlCH IS tNOEPEN- TMAT 73
C f*41 DENT OPF TIME ANM IITANCF fROBSI TMPT 74
C TOOT 75
C TORT COMPUTATION AND PRINT O3PTION INDICATnR TMAT ?6
C 104 - .... I CALCULATE, PRINT AND PLOT M4OE NO. TOOT OWL~ TROT 77
C a it CALCULATE, PRINT AND PLOT ALL MODES AS WELL AS THE THAT 78
r, TOTAL RESPONSE TMAT 79
r a 12 CALCULATE ALL HOOPS. PRINT A14D PLOT TOTAL RESPONSE TH4PT 0O
C ONLY THAT I
C IMPT 12
r OUTPUTS TOPT 63
C THAT 54
C THE ONLY OUTPUTS ARF THE PRINTOIUTS AND PLOTS CALLED FOR NY IOPT. THAT It5
C ALL GRAPHS ARE DRAWN Tn THE SAME SCALE THE PRESSURE SCALE IS TOAT 46
C OETERMINED NY THE MAXIMUM AMPLITUDE OP THE TOTAL PRESSURE# AND THE TMPT A7
C TIMEF SCALP IS 600 SEC PEA INCH. PRESSURF IS EXPRESSED IN OYNES/CM* TMPT 88
C TOPT 49
C TM4Py 90
C ---- PROGRAM FOLLOWS RELOW---- THAT 91
C YMPT 92
C THAT 91

SIINROUTINE TMPTlTFIRT#TEND*OELTTROSS. TMPT 94
I MDND.KSTKFINoHMnoDVAMOD.AMPLTDAHASQ, OIT THAT 95

C THPT 96
DIMENSION KSTI1Oh*KINi1~OIOMOIOOI0,VAHODIIDOO),*AMPLTD( 1001. THAT 97
I AHASOIlOO).IT110011.TDlTINTIIOOI~hTNtNTI1O,100l11YI1O0l) TRP? 95

r THAT 99
C YAX Is VECTOR OPf ITEFRAL CONSTANTS. ELEMENT N IS THE EIGHT SPACE LABE THAT 100
4. FOR IMP PRESSqURE AXIS ON THE GRAPH OP THE MODE N RESPONSF, TOPT 101

DOIINLE PRECISION4 YAXI 101 THAT 102
DATA YAXIOH MOE I *ON MO)DE 2 90H HOOF 3 98N MODE 4 9PH MODE 5 THATY 103

1 AN MOI)F & 9NH "ME 7 98H MODE S *AN MOE 9 *NH MODE 101 THAT 104
IPIIOAT .Ng. III no TO 4 THAT 105
WRITE (4921 THAT 106

2 FORMAT fIHI* 40X.2)mT&BULATION OP RESPONSESMI THAPT 107
WRITE (6911 THAT ION

3 PORMAT (IN *20X,4HTIHE,12X.SHT.OTAL,11X 26'MOOE 1*10X.96HMOOF 291019 THAT 105
I 6HHO 3.lOXs6HMO 491OX969H00F 5/1 IMPT 110

4 IPIIPTeEO12) WRITE4697931 THAT III
753 PORMAT 4III4X940HTA9ULATIG4 OF ACOUSTIC PRESSURE RESAO)NSFII/1H , THAT 112

1 4NX.IOHTIMP IECl.0X*IHP IDYNES/CM**?h//I THAT 113
C THAT 114
C L IS NUMN8EP OP TIMES At WH4ICH RESPONSE IS TC NP CALCULATPD THAT 115

L m ITEND -TEIRSTI f DELYT + I TOOT 116
C THAT 117

f SlIP IS THE LENGTH4 OP THE TIME AXIS IN INCHES THAT 118
SIZE *CTEND - MOIST I 1 600.0 THAT 119

C THAPT 120
C PRESET ALL RESPONE VALUIES Tn 0.0 THAT 121

So 7 KeLs THAT 122
TOTINT4KI a 0.0 THAT 123
o 7 Nal.to THATY 124

? THINTINeMI a 0.0 THAT 12S
C THAT 126
C SfT UP TAALF OPF TIMES NEGINNING AT ?FIRST AND TAKING VALUES OPF TIME AT THAT 127
C INtPAVALS OP DtELY UNTIL TEND IS PACHED THAT 126

9 O 10 ITwI*I THAT 129
10 TIlT) a TFPAST + IIT-IINDELTT IM4P? 110

CTHAT 131
RFAEIN SFT UP TA CALCULATE MODE I RESPONSE T140T 132

ft a T14PT 133
C. THAT 114
C IF IDPTeLEelD CAICULATE ONLY MnDE lOP? RESPONSE THAT 115

If 1IOPT.LF*lOI N a IOPT THAT 136 PROGRAM
11 MOST a KSTINI + I THAT 147 THAT

NrOPH v KFIN4NI THAT 136
C TOP? 11% PAGE
C THE MODE N RFPnPNSE IS POUJND POR ALL VALUES OP T NEPONE NEXT HIDE IS THAT 140 44
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r C)NtsIOFRF0 IMPY 142

A? a AMPLTn(KSTINil TOW? 145
s2uOmIoIKoftsTiNi IivpoOIKS?1t4))-PHASQIKSTIN)IRORIS TMP? 146
SLOW'II1T) 1*n5 TMP? 147
OIOoLF*SLow-I*O/vPM0lnScT(rNl IMP? 148
P942attIss*OOMODIKSTIN I.OlDOLE.PHASOi(SI IN)IIIosSI TOPT 149

CIRIGCOSIP14TOOMP 130STRIG2USInP42I IP? 151C. I~SI(I2 
TMPT 152

C IMP INTEGRAL (IF IAMPLTO * COS1OMEGA * IT - RONSIVP) + PHAS01) OVER THE IMP? 153
CINTERVAL PROM OMMODIKSTINII TO 0M1t140I)WIN41 IS FotJnO BY SUMMING THE TMP? 154
CINTPGRALS FRnM OMMOOihNO-lI TO nMMnoINOM) FOR NON FROM KSTII) TO IMP? 15

C KFIN(N) TO 5
no s0 MOM a NOST.NOFN IMP? IS?
Alt £2 IMP? is$

PHI aPH? IMP? 159
CTRIGIaCTRIG2 IMP? 160
STRIGInSTR IG? IMP? 161
SluS? IMP? 162
A? 0 AMPLTDIOM)04 IMP? 163
S2.nflMM~nIlh/vP~o(NOM)-PHASOI~#4l/flRS IMP? 164
DInLEwLOW-1.0IVPMOOINnMI IMP? 165
PH2sRORS*IOMMOOIV4OMI*OIOOLFPHASOINOM)IRNOSI IMP? 166
OMEG18OMMOOINOM-11 IMP? 16?
OMEG26oMMoolNOM) TMPT 166
DELPHaROnS * I SI!' * I nMEG - OMEGI I -I SP %I I I IMP? 16q
CALL AMII40MEO1,OMFGAA1A2,CVR(G1.SIRItG1,CI!.1G2,TRtG29 IMP? 170
I C)ELPH@AMIINII IMP? 171

50 ?NINIINI?) a TNINI(NeI) * AK!!%T IMP? 172
T MP? 173

C PRESSURE is FO'Z,. It) I I / SORI(ROS) I*I VALUE Of OMEGA INTEGRAL I IMP? 174
%1 ININTIN9tT) a IlIORT(ROSS11 * NINN.II IMP? 175

c IP? 176
C IF IOPTeLE*10 ALL THAI IS OFQUESIF0 15 THF MODE lOPT RESPONSE, WHICH IMP? 1?7
C HAS JUST REEN CALCULATED IMP? 176

If (IOPI.LP*101 GO Tn 101 TMP? 179
r IMO? 160
C INCOEASF MODE NlIMAFll RY ONE IMP? 161

N a N 1 MP? 142
r IMP? 163
C If N IS GREATERA THAN MOFN0, ALL MODAL RESPONSES HAVE KFEN DETERMINED IMP? 184

IF IN.LEMOFNDI Go y 11 TOOIMP 165
C TMO? 16
C FnR EACH TIME IN T %E? TOTAL PRESSURE EQUAL To SUM4 OF MODAL PRESURES IMP? 187

all 60 II.L TMP? 166
on s3 No a 1,1405140 IP? 169

53 TOTINII a TOTINT4IT) + TN~INI9TO IMP? 190
IFIIOPIr.FO. III GO T0 i5 IP? 191

C T MP? 192
C WRIIS TIME AN!) CORRESPONDING TOTAL ACOUSTIC RESPONSE IDYNES/CMS*02 IMP? 193

WRITE 46.54) TlII).IOIINII) IMP? 194
54 FORMAT IIH o49X9F9.I.1OXF12e2) IMP? 195

T MP? 106
C, WHEN tOPIF0,12 ONLY TOTAL RMiPONSE IS PRINTED IMP? 197

IF fIIPT*FO.1?) GO TO 59 IMP? 196
r IMP? 199
C WHEN InPT.M.11l ALL mOnAL PESPONS~e# APF ALS PRINIFO IMP? 700

S11 Mm a 04INOIMDFNO.95) IMP? 201
WRITE 469S71 IT,TIlTI.TnTINT'lITI(rNINTIN.IT),NalMM)1 IMP? 202

57 FORMAT 41H *iKtt4,IOK.F9.1,').r1?.,,4X.Fl24XF1?2,4XF12.2, IMP? 203
14XF12*?.4XqFl?.?) IMP? 204

s4 CONTINUE IMP? 205
60 CONTINUE IMP? 206 PROGRAM

IP tmnFlNf .IF. li nR. YOP? *N . 11 ) GO TO 65 IMP? 207 IMP?
W*IYF (fi.61) IMP? '06

61 FORmtAT (IIH9O.?X.ATIMF,1?X,5,4T~rALlI~X.6HMOO)E 69l0K,6HmoOE 7910X, IMP? 209 ;)AGF
I &HMnnf flo'lnX96MflflF qI,xM00E 10/1 IMP? 210 as
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n 63 IT'1.L TPPT 211

63WRITE 469M 17.1t),tlTOTINTIIT),ITNINTiN.ITI.N.6,wnpND T14PT 212
C TOPT 213

6s CONTINUE TNPT 214
66 CALL PLOT142*..39-31 TPT 21s

stzP. aTtt-TimmI40. TOPT 216
if 11OPTOLF910) Go TO 107 IMP? 217
CALL TOOTUWN,..0UIOOK HM?2s
LINN - ANtIumn stZ5 * 15.0 TROT 219
UNIN v ANIt4IfUMI**-25.I T"Pt 220
0? ASIUMINI IMP? 221

C TOOT 222
C IF IIPTe!@.12 PLOT ONLY THE TOTAL ACOUSTIC RESPONSE TNPT 223

IF IOPTfe@.21 40 Tn 70 TNPT 224
C TROT 22S
C DRAW PRESSURF AXIS TPPT 226

CALL P1.O71IO*.O..11 TMPT 227
ASC aMOFTO TOPT 226
CALL PLTIIARc sO.,2 TMPT 229
On 69 NsI9PDFNn T"PT 230
DO A? JuIs. TMPT 231

AT VIJ) a -1 * IT"1406) TMPT 232
66 CALL PLOTI(I..O..-31 TROT 233

CTOOT 214
C PLOT ACOUSTIC RESPONSE (nYNFSICWRS21 OF NODE N VERSUS TIME ISICI TOOT 239

69 CALL SCLGPHIY.TLO..lO..OYtII),600.I TNPT 236
C TNPT 237

?0 on 73 Jut.L. TPPT 238
73 YIJI a (-I) * TOTINTIJI TMRT 239

f TMPT 240
C DRAW PNPSSURF AXIS TMPT 241

79 CALL PLOTIMO..O.31 IP? 242
CALL PLO'If3e*O.21 TPPT 243
CALL PLO'I11.19O.-41 TOPT 244
CALL NUM%*I4*9.-e19.19.OY#ISO.,0) TPPT 249
CALL SYAI.1.4.-*I9*.1ICRORARS PER INCH1,160%*181 TNPT 246
CALL AXTII.5.oS9* tsv,1Ev9qO.,rI1I600093.I TMPT 247
CALL SY""LS(1*692*,.15,*TIMF ISFCOO99099101 TPPT 246
CALL SCLGPNIYTLO..1,O..DYTIII,600.I TMPT 249
CALL PLOTIIA.,-*39-3) TMPT 290
nnf TO 200 TNPT 251

C TMPT 292
C PRINT HISTORY Of MODE TOPT nNLY YMP? 293

101 WRITP (6.10?) fOPT TNPT 2S4
10? FORMAT 1H"194SX#194TARULATION OP OnE 9129 9H RESPONSEIN 946W. THPT 255

I IONT104F I'tFC19X*ISHP IDYNFSIC140*21/1) TMPT 296
0n 103 I7*1.L TNPT 297

103 WRITE 16,104) TIITITNINTf1OPT#IT) TNPT 296
104 FORMA4T tIN v49X#F9*19I6XsF12.2) Tr.PT 259

Go TO 66 TRPT 260
C TRPT 261
C IF IOPT*LT.11 PLOT ONLY ACOUSTIC CESPONSF OF "OOE I'nPT T"PT 262

107 oil 106 JuI.L YMPT 263
108 YfIJc 4-1) * TNINTf£IOPTJ1 T04PT 264

CTMPT 269
C OFTERNINE SCALE FOR PRESSURF AXIS WNFN IOPT.LT*11 TMFT 266

III CALL OXOVlIYL92*vUMINqflY9ND9KI TMPT 26?
U04IN aAINTIUMIN/M5 * 29.0 TNPT 268
UNIN m ANINIIUININt-295.1 TMPT 269
DY a ABSUNIN) TMPT 270
Go TO Tq TMPT 271

C TUPT 27?
200 RFTURN TMPT 273

PND TUPT 274

PRG0R AMP
ramP?

PAGE
86
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C TOTINT ISURROUTINF1 7127/6A TOT! I
f TOT!1 2
C ---- ABSTRACT---- TOT! 3
C TOT? 4
C TITLE - TOT!*4T TOT! 5
C THIS SIIRPRQINE COMPUTES THE TOTAL INTEGRAL Toy! 6

f TOT! 7

C TO! INT - INTEGRAL OVER Z FROM n TO INFINITY OFl TOT! a
C TOT! 11

r THP ATMOSPHFRE IS ASSUMED TO 6F REPRESENTED IN A MULTILAYFR FOR TOTI 12
C WITH AI9A2s AND) Al CO4STANT IN EACH LAYER* THE INTEGRAL 15 TOT! 13
C EVALIJATFO AS A SUM nF INTEGRAL% OVER INDIVIDUAL LAYERS. TOT! 14

C TnT! IS
C THE FUNCTIONS; F1111 AND F2IZ) ARE CONTINUOUS ACROSS LAVER TOT! 16
r ROUNDARIFS INC SATISFY THE RESIDUAL EQUATIONS TOT! 17

C. ARE CONSTANT IN EACH LAYER. n 2
C T~O~I 2

C THE FUNCTIONS FlIZ AND F2(11 ARE ASSUMED TO SATISFY THE UPPER TOT! 25
C %ociRDAY CnONIlTIO)N THAT ROTH DECREASE EXPONENTIALLY WITH TOT! 26
C INCREASING HEIGHT IN THE UPPFR HALFSPACE9 T4E NORMALIZATION TOT! 27
c OF THE FUNCTIONS IS SUCH THAT AT THE LOWER ROUNOARY 20 OF THE TOT! 28
C UPPER HALF%0ACF n 2

C FIllO)u -SORTIG*A(1921 3 )l3
C Flt?Olu SQRT(G)*IGA11.III 438 TOT! 32
c OI3
C WITH O 3
C OII
c G a SORTIA(191I..2 + A11.2)*Afo.1)P f4) TOT! 36
C O 3
r THE ELEMENTS AII,Jl IN EONS. 01) AND 141 ARE THOSE APPROPRIATE TOT! 38
c TO THE UPPER NALFSPAffo IF G's7 IS NEGATIVF, THE PROGRAP TOT! 39
C RFTOPNe. Le-i. O)THERWISE IT RETURNS. La!. TOT!t 4C
C TOT! 41
C PROGRAM NOTES TnT! 42
C TOT! 41
c THE INTEC.RATTnN OVER THE UPPER HALFSPACE IS PERFORMED BY TOT! 44

rCALLING UPINT. THE INTEGRATIONS OVFR THE LAYERS OF FINIT TOT! 45
rTHICKNESS ARE PEKR4FOE BY CALLINrG ELINT. TOT! 46

C TOT! 47
C THF PARAMETERS AI9A79A3 nEPENO IN GENERAL ON ANGULAR TOT! 4@
C FREQUIENCY OMAEGA. Ht,.I!ZCNVAL WAVENUMOIER COMPONENTS AKX TOT! 49
c AND AMY. SOUND SPEED Co AND WINO VFLOCITY COMPONENTS VX TOT! 50
C 44AD VY. THE FORMUtAS USED ARE CONTROLLED BY THE INPUT TOT! S1
C PARAMETER IT WHICH IS TRANSMIT1TED TO SUSSontTINF USEAS. TOT! 52
C TOT! 51
C THE PARAMETERS DEFINING THE MULTILAYER ATMOSPHERE ARF TOT! 54
C PRFSIIMEO STORsD IN COMMON TOT! 55
C TOT! S6
C LAN!,UAGF - FORTRAN IV 11h0t REFERENCE MANUAL C28-6515-4) TOT! 57
c TOT! 58
C AUTHIR - AeO.PIFRCE9 M.I.T., JLY,1468 TOT! 59
C TOT! fs0
C ---- CALtING SEQUNC---- TOT! 61
C TOT! 62
C SFE S1BROIITINF NAMPOF TOT! hi
r DIMFNSIO)N CI IlOOhoVXIIIOO).VYI(100),HI(100).PHIiIIOO).9PH121100 TOT! 64
c COtMON itoAxecI.wVIVYI.H ITHESE MUST RE IN CnMMnN) TOT! 6S
C CALL TOTINTInmErA,AKX.AKY,IT.LEI*4T,PH!1,PH!?) TOT! 66 PROGRAM
C TO?! 67 Tf3YIHT
C ---- FXTEONAL SURR~njTINIF% REQIIIREn---- TOT! 6A
r ItlT bq PAGE
r AAAAM4MMM,CAI.VSA!.USFASIIPIHT.ELINT,ARRR TOT! 7C P57
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I AAA: AND 8658 AME CALLED By FLINT. TOI?

C IT 74 O M

C !T 14 N O--P U0F T LS-- TOT! 82

r NI 04G *4 100 IMP y 7
I PNIX *4 100 ImP TOT! 6O
C AK * o tPTOT! 65

C COMMON !ACVI.N M TOT! 80
C L 0 o OTTOT! 61
C ZIMA 104 NO OUP TOTT 32
C CIt A 04 too imp TOT! 90
r VM!P 3*4 100 INV TOT! 91

C TOT! $4
C COMMON STRAGE USE TOT! 95

C TOT! 09
C OMEA A#NDA PNY! A!N/E TOT! 9
C ARM R* too COPWNOWAUEP VCT0INK1I1 TT 96
C X 0*Y too COPNPNP WV UURECOIN£I-)TOT! 99

C DEPNNC OP4 AtooA COPUE SES TOT! 101
C "I11! 'VALU too PtAIOTOMP AE TOT! 102
C PI!) VAUOP2ATOTOOPAYR!TOT! 104
C ---X-UE ONPTOE-- LYR IT IIE HCNS TOT! 104

C CMEGA -SONDA SPEE RMC IN !TH LAY/ER TOT! 105
C VRX!i wX COMPONENT OP WAVENMEVELOCT R IKNISC 14I-TMLYE TOT! 900
C VANY! mY COMPONENT OP WINAVELUMBER VITORE IN4 KIO-T1LA TOT! 107
C IT O!! uTMINS TRNMITTE OPTO LA WINUCTOA TOT! 108
cDEEDNEO lA,3CMUEByUES TOT! 109
c P11) OAU -- OF F1 T N- OFLVE TOT! 10
C PPII aAUOFFATRTOOFLVRITOT! 103
C LMA uME OF ATMSPENRN C ONAHETERS UPPER BONDARY THCONEITIO TOT! 112
C CAN1 mOR~ CANNOT RE/ EATIINP!EO. SAESROTEUPN TOT! 113
C MINT1 aINTEGRALONER OF PIOM 0EOCTO !NNIYAS DINE IN THYE TOT! 114
C ABSTRAOYCMOET.O IDVL~T KNSC NI AE TOT! 107
C lt TtKESINK FIT AE TOT! 116
C TOT! 109
C ----PORAPOLLTSSELO--- TOT! 116
C TOT! 119

C TOT! 120

C TOT! 122
C DI-ESIO ANDRA COMMONS STATEMENT TOT! 123

C IE~O !I~V!10.YIO)H!0hM22 TOT! 124
O!NOVNP PH!INIOFAAhPH!2110XN01HI#P12 TOT! 121

C TOT! 127
C COMEUTAION ANP COMNTTEMNTPOSPE !PPC TOT! 126

JIMEAON t flooxcolvt100110,N2 TOT! 129
CCIIJI HIIOO*Ptflo TCOTt 130
VM-VM! IM I) *x*V~~ TOTI 126
VCVIJ TOT! 12
CAL cpUmmOECNTASINFOMEGUPPER..VZVYITALFA.A3 TOT! 123

ja 10AX01TOT! 129
CCHEC PIATV TOT 130 RGA

13!!. *lT.) RTR TOT! 131 TTN

C TOT! 136

r WE OPnOTP THE CONTPIAUTION Al*UINT KY XINT. AS THE COMPUTATION CON- TOT! 139 PACE
C TIMIIES. MINT WILL SUCCESVELY REPRESPNT THE VARIOUS SURTOTALS UNTIL TOT! 140 as
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fC CONTRIBUTITONS PRON ALL THE LAYERS HAVE BEEN ADDED two TOT? 141
XINT=AI*UINT TOt142

C TOTT143
C START OP 00 LOOP TnT? 144#

00 90 tsl.?MAX TOT! 145

JmINAX+t-I TOT[ 146
C COMPUTATION OF CONTRIBUTION PROM J-TH LAYFP OP FINITE THICKNESS* TOT? 146
C THE CUJRRENT VALUES Ft. AND F2 REPRESENT MYE) AND P212) AT TOP OF TOT? 149
C J-TH LAVER. TOT! ISO

CUCIEJ) TOT! 151
VXNVxtfJ) TOT! 152
VY=VY T J I TOT? 153
HmNKIJI TOT? 154
CALL USEASIOMFGA.AKXAKY.C.VX.VY.It.AI.A?.A31 TOT! 155
CALL ELIN4TIOMEGA.AKXAKYC.VX.VY.H.Pl.P2.Al.A2.AINTI TOT! 156
XINTmX!NT+AINT*A3 TOT! 15?

C TOT! 15R
C COMPUTATION OP VI ANC P2 APPROPRIATE TO TOP OP UJ-11-TH LAVER TOT! 159

fl, a PHIIIJ) TOT!1 160
90 F2 a PHIM) TOT? 161

C FND OF On LOOP TOT! 162
C TOT! 163

RETURN TOT? 164
PNO TOT! 165

PROGRAM
TOT! NT

PAGE
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r UPINT ISURROUTINE) 7/25/63 WPIN I
C. U019 21
C ---- ABSTRACT---- Upiw I
c iPIN 4
C TITLE U PINT UPI01 9
C THIS SUBROUTINE COMPUTES AN INTEGRAL OF THEf FORM (PIN 6

C PIN I
C UINT a INTEGRAL OVER ? FROM ZO TO INFINITY OF UPIN I
C UPIN 9
C (A101111) # A2*P?(Z)l**2 III (PIN to
f UPIN It
c IHE FIIHCTlONq F1(Z) AND P2(ZI ARE THE SOLUTIONS OF THE COUPLED UPtN 12
c ORDINARY CIFFERENTIA. EQUATIONS WPIN 13

f UPIN 14
C DPI/Cl a AII*F1 * A12*F? 12A *1WN 1S
C OF210Ol A?1'FI + A22*F2 428 UPIN4 16
C UPIN 1T
C WHERE THE ELEMENTS Of THF MATRIX A ARE INDEPENDENT OF 1. THE UP:N tS
C FUNCTIONS Pli? AND F2(11 ARE SUBJECT TO THE UPPER BOUNDARY UPIN 19
C CONOITInN THAT BOTH DECREASE EXPONENTIALLY WITH INCREASING UPIN 20
C ALTITUD~E* SINCE THE MATRIX A IS COMPUTED RY AAAA9 INSURING UPIN 21
C A12921u-All,1, ROTH SHOUL.D VARY WITH HEIGHT AS EXPI-G*Il-ZOII UPIN 22
C WHFRE UPIN 23
c UPIN 24
C G 8 SOTIAI1.1l*2+AI,2I*AI2,III 43) UPIN 25
C UPIN 26
f IT IS ASSUMED G**2 IS POSITIVE. OTHERWISE Lw-1 IS RETURNED. UPI% 27
C UPIN is
C THE EXPLICIT FOMS ADOPTED FOR Fl AND F2 WHICH SATISFY (2) ARE UPIN 29
C UPIN 30
C Ft a-S@RT(6)*AqIqI.?*XPf-G*qZ-ZOII 14A UPIN 31
c F2 * OTGSGAl.)*X(GI-O(46 UPIN 32
C UPIN 33
C THUS UINI Is GIVEN AY UPIN 34
C UPIN 35
C UINT uII-AI*AII.2)GA2'IG$A11.1))**2)/2.O IS) UPIN 36
C UPIN 37
C LANGUAGF - FORTRAN IV (360. REFERENCE M4ANUAL C28-651S-41 UPIN 38
f UPIN 39
C AUTHOR - A.O.PIEUCE, M.I.T., JtNLY9196B UPIN 40
C ((PIN 41
C ---- CALLING SEQUENCE---- UPIN 42
C UPIN 43
C SEE SUBROUTINE TOTINT UPtN 44
C NO DIMENSION STATEMENTS REQUIRED UPIN 45
C CALL UPINTIOMEGA.AKXAKY.CVXVY.A1,A2,LFiF29,UINTO IPIM 46
C UPIN 47
C ---- EXTERNAL SUBROUTINES REQUIRED---- UPIN 46
c UPIN 49
C AAAA (JPIN so

C UPIN 51
c ---- ARGUMENT LIST---- (JPIN 52
C UPIN 53
C OMEGA R*4 No INP UPIN 54
C ARE R%4 ND IMP *1WN S5
C Axy 0*4 ND INP UPIN 56

C C R*4 NO IMP UPIN S7
C VE R*4 NO INP UPIN 56
C VY R*4 NO IMP UPIN 59
C Al R*4 NO IMP *1WN 60
C A2 R%4 Nn IMP UPIN 61
C L 1*4 NO OUT UPIN 62
C F1 R*4 NO OUt UPIN 63
C F2 R*4 NO OUT UPIN 64
r UINT P*4 NO OUT UPIN 65
C UPIN 66 PR04RAM
f NO COMMON STORACF USEO 1UPIN 6? UPINT
r (JOIN 69
c -- IPt---- U.'IN qi9 PAGE
r UPI" 70 90
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C OMEGA mANgULAR FRFOIJENCY IN RADIANS/SEC UPIN T1
C AK wX COMPONENT OF WAVE NUMBER VECTOR IN KM*(1I UPIN 72

r AKY zY COM4PONFNT OF WAVE NUMBER VECTOR IN KM'*(-11 UPIN 73
r C -SOUND SPEED IN KM/SEC UPIN 74IC yR mX COMPONENT OF WIND VELOCITY IN KM/SEC UPIN 75

C Y Y COMPONENT OF WINO VELOCITY IN KM/SEC UPIN 7
r At mCOEFFICIENT OF F1(2 IN INTZGRANO UPIN 77
C A7 aCCEFFICIENT OF P2(Z) IN INTEGRAND UPIN 78
r UPIN 74
C ---- OUTPUTS---- UPIN SO
r UPtN 81
r L at no -1 DEPENDING ON WHETHER UPPER POUNOARY CO4DITION UPIN 82
C OF FI(Zl.F2IZI DECREASING EXPONENTIALLY WITH TNCRFASI UPIN 63
C HEIGHT CAN ORt CANNOT BE SATISFIED, IT REPRESENTS THE IJPIN 64
C SIGN OF G**2 WHERE G IS DEFINED IN THE ABSTRACT* UPIN 85
r =VALUE OF F1(7 AT BOTTOM4 OF HALFSPACF. DEFINED AS UPIN 86
C -SORTIG)'A(1.?) FROM EON, 14A)e UPIN 67
C F2 SVALUF OF P2(Z) AT ROTTOM4 OF HALFSPACF, DEFINEO AS UPIN as
c SORTIG)..G*Afl-1)) FROM EON. 1441 UPIN 69
C UTNY -THE INTEGRAL DEFINED BY EONS. 11) AND 15) IN THE UPIN 90
C ABSTRACT UPIN 91
C UPIN 92
C IIPIN 93
C ---- PROGRAM FOLLOWS BELOW---- UPIN 94
C UPIN 95
C UPIN 96

SUBROUTINE UPINTIOMEGA.AKXANY.CVXVYAlA2,LFl.P2,UINT) UPIN 97
DIMENSION A(7921 UPIN 96

r UPIN 99
C COMPUTATION nF A MATRIX AND OF xsG**2 UPIN 100

CALL AAAAIOMEGA.AKXAKY*CoVXVYAl UPIN 101
XsA(I .1)**2,A( 1.7)'Al2911 UPIN 102

C CHECK ON SIGN OF X UPIN 103
2 IFf X *GT. 0.0 1 GO TO 3 UPIN 104

C UPIN 105
C X IS NF6ATIVF UPIN 106

La-I UPIN 107
RETURN UPIN 106

C CONTINUING FROM 2 WITH X POSITIVF UPIN 109
3 Lst UPIN Ito
GOSORTINI UPIN Il
GRTmSORT(G) UPIN 112
Flu-GRT*A(1.2) UPIN 113
F2uGRT~fG.AI.1) I UPIN 114

C COMPUTATION OF UTNT UPIN 115
UINTu(-Al*A(1.2)4A2*(G*A(1.1lI*S2/2.O UPTN 116
RETURN UPIN 117
END UPIN 116

PROGRAM
UPINT

PAGE
91
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C USEAS 4SUSROUTINEI 7125168 USEA I

c ---- ANSTRACT- USEA 3
C USIA 4
C TITLE - USEAS USIA S
C THE PURPOSE OF THIS SUBROUT INE IS TO COMPUTE THE NUMBERS Alt A2 USIA 6
C AND A3 WHICH DEPEND ON ANGULAR FREQUENCY OMEGA, HORIZONTAL WAVE USIA 7
C NUMBER COMPONENTS AKX AND AKY. THE SOUND SPEED Cs AND THE WINO USEA 8
f SPEED COMPONENTS VX AND VY. THE INTEGER IT DETERMINES WHICH USIA q
C FORMULAS ARE USED FOR Al, A2, AND £3 ACCORDING TO THE FOLLOWING USEA 10
C TABLE USIA It
C USEA 12
C II71 (All IA21 IA31 USIA 13
C-------------------------------------------------------------------- USA14
C I 1 0 1 USIA 15
C 7 0 1 1 USIA 16
C 3 1 0 6ON*fKOOTV)IIC$*2*K1 USEA 17
C 41 0 somic*0? USIA 18
C S 1 0 VX*SOMIC**2 USIA 19
C 6 1 0 VYRbOMICeb? USIA 20
C 7 GIC -C KSOMEGAIRDN**3 USIA 21
C 8 a/c -C 1.0 .'OM**2 USIA Z2

f9 G/C -C K**2/SOM**3 USIA 23
C to G/C -c VX*K**21SOM**3 USIA 24
C 11 e0/C -C VYOK**21$OM**3 USIA 25
C USIA 26
C HERE UOMwONEGA-KDOTV IS THE DOPPLER SHIFTED ANGULAR FREQUENCY* USIA 2?
C KDGTVOAKX*VX*AKYOVY IS THE DOT PRODUCT Of WAVE NUMBER WITH USIA 28
C THE WIND VELOCITY, AND ItSRTAKX**2*AKY*21 IS T4E M4AGNITUDE USIA 29
r OF THE WAVE NUMBER VECTO~c THE ACCELERATION OF GRAVITY G IS USIA 30
C TAKE" AS .0098 KMISEC0*2 IN THE COMPUTATION. COMPUTED VALUES USIA 31
C SHOULD BE IN KMSEC SYSTEM OF UNITS. USIA 32
C USIA 33
C LANGUAGE - FORTRAN IV (360. REFERENCE MANUAL C28-6515-41 USIA 34
C AUTHOR - AeDePIIRCE, M.I.T., JUNF91966 USIA 35
C USIA 36
C ---- CALLING SEQUENCE---- USEA 31
r USIA 30
C SEE SUBROUTINE TOTINT USIA 39
C NO DIMENSION STATEMENTS ARE REQUIRED USIA 40
C ITS USIA 41
C CALL U5SEASIOMIGAAKXAKYCVXVY.ITASA2,A3I USIA 42
C A1,A2*A3 ARE NOW AVAILABLE FOR FUTURE COMPUTATIONS USIA 43
C USIA 44
C NO EXTERNAL LIBRARY SUBROUTINES ARE REQUIRED USIA 45
C USIA 46
r -ARGUMENT LIST---- USIA 47
C USIA 4S
C OMEGA M*4 MO IMP USIA 44
C LXX *4 ND IMP USIA 50
C ARY R$4 ND IMP USIA St
C C 4 *4 No IMP USIA 52
r Vx R64 ND IMP USI# 33
C WY R*4 ND IMP USIA S4
C IT 1*4 ND INP USIA 55
C At 004 NO OUT USIA 56
C A? A04 ND OUT USIA S7
C Al 0*4 ND OUT USEA so
C USIA $9
C no COMMON STORAGE USED USIA 60
C USIA 61t
C ---- INPUTS---- USIA 62
C USIA 63
C OMEGA sANGULAR FRFQUENCY IN RAD/SEC USIA 64
r AVX wX COMPONENT Of WAVE NUMBER VECTOR IN KN**-I) USIA 65
C AKY aY COMPONENT Of WAVE NUMBER VECTOR IN KM*el-Il USIA 66 PROGRAM
~z C wSOUND SPEED IN KM/SEC USIA 67 USEAS
C vI *I COMPONENT OF WINO VELOCITY IN KM/SEC USIA 68
r WY vY COMPONENT OF WIND VELOCITY IN KM/SEC USIA 69 PAGE
r IT sCONTROL PARAMCTER COR SELECTION OF FORM4ULAS (SEE USEA 70 92
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USEA 71
C.ABSTRACT). IJSEA 72

C---- OUTPUTS---- sA7

C At sPARANETER DEFINED by FORMULAS IN ABSTRACTUSA7

C ? PARAMETFR OEFINE0 by FORMULAS IN ABSTRACT USIA 76

c A3 =PARAN4FTER DEFINED by FORMULAS IN ABSTRACT USFA 78

C 
USEA 7q

C USEA 71
C USIA S2

C uou~N ----PROGRAAxAM FOLLOS BELO----iA~A 
USEA SI

C

C WE ASSIGN VALUFS TO A1,A2,A3 WHICH WILL NOT NECESSARILY BE THEIR EXIT USIA 89

C VALUES. USEA 67

Alm.0 USIA 67

A2*.. USIA 89
Allel.0USIA 90

C fF IT IS to THESE ARE COARCT. HOWEVER. USIA 91
MWIT 40o, It RETURN USIA 92

MFIT .67. 71 Go TO 200 USIA 92

f IT IS 2. THE CuRRENT VALUES ARE 19091. WE CHANGE THE FIRST TWO. USIA 94
USIA 9s

Al .0.0 USIA 96

RETURN USIA 9?

11 iT AT.0. 2. WE COMPUTE SOME QUANTITIES FOR FUTURE REFERENCE 
USIA 99

200 AKVOAKX*VW*AKY*Vy USIA tot

AKS0.AK*2*AKYO$? USIA 102

GONsONEGA-ARV USIA 102
AK. SORT IAK SO) 

UI 0

C THE CURRENT VALUES OF A1942943 ARE STILI, 1.0.1. USIA 104

MPIT .40. 31 G0 TO 300 
USIA 109

c 
USIA 108

C IT IS EQUAL TO 3., ONLY A3 NEED BI CHANGED. 
USIA 101

A3.3ONSAKV/ IC**2*AKS USIA 106

c RETURN 
USIA 110

C IT is 4 0R GRIATFP. WE SET A3 TO VALUE AOPPOPRIATE FOR 17.4. USIA III

100 AloORtC*02 
USIA 112

f THE CURRENT VALUES OF Al AND A2 ARE I AND 0 USIA 114

IFIIT *EO. 41 RETUN 
UE 1

MRIT .10. 6) A30VX*A3 
USEA 119
USIA 116

C USEA 119

CIT IS 7 OR LARGER USIA 120
Als.0098/C USIA 121

A20-C IUSIA 122

C THE ONLY QUANTITY WE NEED DETEOMIN' IS A3 
USIA 123

C 
USIA 129

MEIT .67. 7) 40 TO 700 
USIA 128

C IT.? 
USIA 127

A3.AK*nFlWGA/8nM**3 
USEA 127

RE TURN 
USIA 129

C 
USFA 120

700 IFIIT .07.6) GO Tn Roo 
USIA 130

f 17.6 
USIA 132

A3m1 *o/BOPS*2 
USFA 133

RETURN 
USIA 133

C FOR ITa.1,l1 WE NEED THE FAtOR AKSQ/bO"*03 USIA 135

800 A3OAKSOIROO*3 
USIA 136 PROGRAM

MFIT .FQ. 4) RETURN 
USEA 137 USFAS

MFIT .67. 101 Gr TO to~lo USEA 116

C 17.10 
SA19 PG

A3*VXOAI 
USEA 140 q3
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RETURN 
USEA 141USEA 14'

C IT'll IYOU SW 1 )UL -T INPUT IT FOR VALUES OUTSIF RANGF OF I TC 1.) USER 1431000 AlvVYeA3 
USER 144

RETURN 
USEA 145PNO 
USEA 146

USEA1

PAGE
'4
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C WIDE 9
C WIDEN ADDS KW ELEMENTS TO THE VECTOR OF ANGULAR FRFQUENCI WIDE 10
C ON 9 DIVIDING THE INTERVAL BETWEEN OMINII AND OmfNI+1) IN WIDE 1I
C KW*I EQUAL PARTS. FOR EACH NEW ANGULAR FREQUENCY, A NEW WIDE 12
C COLUMN IS ADDED TO THF INMODE MATRIX (DEFINED IN SUBROU- WIDE 13
C TINE MPOUTI. INMOVE IS STORED IN VECTOR FORM, COLUMN AFT WIDE 14
C COLUMN. WIDE 1s
C WIDE 16
C LANGUACP - FORTRAN IV 1160# REFERENCE MANUAL CPA-6515-41 WIDE 17
C WIDE IS
C AUTHORS - A.IP.PIFRCE AND JoPOSFY9 M.I.T., JUNdEs1Q66 WIDE 19
C WIDE 20
C WIDE 21
r ----USAGE---- WIDE 22
C WIDE 23
C DM.VoINMODF MUST RE DIMENSIONED IN CALLING PROGRAM WIDE 24
C THE ONLY SUBROUTINE CALLED IS NMDPN. DESCRIBED ELSEWHERE IN THIS WIDE is
C SERIES WIDE 26
C WIDE 2?
C FORTRAN USAGE WIDE 26
r CALt WIDFN(DM.#V.INMOnENONNOMP.NVP.Nl.KW.THETKI WIUf 29
C WIDE 30
f INPUTS WIDE 31
C WIDE 32
C OM VECTORt WHOn.E ELEMENTS ARF THE VALUES OF ANGULAR FREQUENCY VIDE 33
C R*4Di) CORRFSPONDING TO THF COLUMNS OF MATRIX INMODE. (RAO/SE0t WIDE 14
C WIDE 3S
C V VECTOR WHOSE ELEMENTS ARE THE VALUES OF PHASE VELOCITY WIDE 36
C 4*4(fli CQRESPONDING To Tj - ROWS OF MATRIX INMODE. IKM/1SECI WIDE 37
C WIDE 36
r INMOnE EACH ELEMEEMT OF THIS MATRIX CORRESPONDS TO A POINT IN THE WIDE 39
r 1*4(0 FREQUENCY IOM - PHASE VELOCITY MV PLANE* IF THE NORMAL WIDE 40
r MO DISPERSION FUNCTION (ERR, FOUND BY CALLING SURROUTIM WIDE 41
C NMDFNI IS POSITIVE AT THAT POINT, THE ELEMENT IS *I# IF WIDE 42
C ERP IS NEGATIVE, THE ELEM4ENT IS -1. IF FPP DOES NOT EXIST WI DE 43
C THE ELEMENT IS S. INMODE IS STORED IN VECTOP FORM, COLUM WIDE 44
C AFTE.R COLUMN. WIDE 45

C. WIDE 46
C NON NUMBER OP ELEMENTS IN OM (A0O Nnl. OF COLUMNS IN INMIDEI WIDE 47
c t*4 WHEN WIDEN IS CALLED. WIDE 4B
C NVP NtlMRFP OF FLEMENTS IN V (AND NO. OF ROWS IN INMODE!. WIDE 49
C 1*4 WIDE 50
C WIDE 51
C NI NUNRER Of INMODF COLUMN IM4MEDIATELY LEFT OF SPACE IN WHIC WIDE 52
C t*4 NFW COLUMNS APF Tyo BE ADDED. WIDE 53
C WIDE S4
C KM WIDE SS
C 1*4 NtUMRFP nP rGIUMNS TO ME ADDEC TO INMODE. WIDE 56
C WIDE 57
C THEIK PHASE VELOCITY DIRiECTICN MEASURED COUNTER-CLOKWISE FROM WIDE SR
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C OUTPUiTs WIDE 61
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C AND) INMODE. WIDE 6S
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r 2. THEN 1IPflN RETURN TO CALLING PROGRAM. 00 1.092.092.25,59S2.750 WIDE 71
c 1.0, NOMO v 6, AND INMODE WILL HAVE THREE NEW ROWS CORRESPONDING Tt) WIDE 72
r THE NFW ELEMENTS CF CM& WIDE ?3
C WICE 74
C WIDE 75
r ----PROGRAM FOLLOWS BELOW---- WIDE 76
C WIDE 77
C WIDE 78

SUBROUTINE WInENIoM.oV.INMoDoENnMNoMPNV',NlKWTHETRI WIDE 79
C WIqE Be
C VAPIASLE DIMFENSION146 wine 4i

DfpMFNSIOn nmi11,viI).INMonEIlI WIDE 82
C.omiMN iMAx.CI~lOD).vxitIoo).VVIiooi.mIiooI WIDE 83

CWIDE 84
f INYF*VAL AT WHICP NFW VALUES OF OW ARE BE PLACED SETWFEN nMjII AND WIDE As

*C ONI(Nl*i) IS DETERMINED wine SE,
OELOMuf1MINi*i)-0MINI I1IIKW*II WIDE 87

C WIDE $a
c WMPp is %UMSER OF FLEMF.NY IN EXPANDED OP WIDE 89

NOMPSNOM*KW WIDE 0
r wiDe 91
f NSTART IS THE NJMPep nFl THE ELEMENT IN THE NEW ON WHICH CORRESPONDS TO WIDF 92
f FtFMEN? Nl.I IN TH4E CLO Om vECTOR WIDE 93

4STAR?s~lfI*KW WIDE 94
r WIDE 95
C M1VF ALL ELEMENTS rlF ON SEVOND ELEMENT Ni TO THFIR NEW POSITICNS, REGI WIOF 96
C 40G WITH THE LAST ELEMENT WIDE 97

on 90 NJ*NSTA*T.hnDP wiDe RN
JunOMP-INJ-NTAOT) WIDE 90
JOLnej-xw WIDE 100

r WIDE 101
r MOVE C04N JnO OF INMODE INTO POSITION FOR COLUMN J WIDE 102

ov~tjbsOmIjOL0) WIDE 103
'in 140 I"1.NVP WIDE 104
IJvIJ-I)*NVP*I4VP-IPI # I WIDE 105
tJO)LD'IjnoL-1)*NVp*INV'-Ipl + 1 WIDE 106
INmnDEW IIlwINmnODEI hOLD) WI01E 107

40 CONTINIJ NICE 108

r NTAQT It NUMBER OF FIRST NEW COLUMN WIDE Ile
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r WIDE 112
f NFN) IS NtUNREP OF LAST 4EW CnLUMN WIDE 113

NE ND NI#1(W WIDE 114
C WIDE 115
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OME4GAsnoMi ml I WIDE 117
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OMFC.A - 00M111 WIDE 120
DO 190 Ix1.NVP WIDE 121

C WIDE 122
r II it. NuNRtER OF FLFmENT IN VECTOR REPRESENTATI1N OF INMnoE WHICH IS WIDE 123
C ELFMFNT J1 IN Row I ric INmODE WIDE 124

IJ.I i-I )*NVP*I WIDE 125
VPHCF$VI I) WIDE 126

c WIDE 127
C CALL NMOEN T11 EVALUATE TMF NORMAL mODe DISPERtSION FUNCTION IFPP) WIDE 128

CAlt NH4OFNIOMFGA,VPNSF.THFTK.LEPP,KcI WIDE 129
r WIDE 13C
C If FPP DoPSf NOT FYIST L. a -1 WIDE III

IF( I *FQ. -1 1 Gn TO 1SO wine 132
c WIDE 113
f IF ERR DOES% fXIST I *IAND INPC'OEIIJI *IFPPfAA%(FPP11 WIDE 134

I4*nMDilIJ - I wiDe 131
IF tFPPLF.O.O) INmnnFIIJI1 - -1 WIDE 136 PROGRAM

GO TO I On WIOC 117 WIDEFN
liS 14inMDilIJs WIOF 116
180) Cfn"?INIIF WIDE 130 PAGE
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