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APPENDIX E. ERRATA FOR HARPA REPORT

HARPA: A versatile Three~Dimensional Hamiltonian Ray-Tracing Program for
Acoustic Waves in the Atmosphere Above Irregular Terrain" by R. Michael
Jones, J. P. Riley, and T. M. Georges

2 February 1987
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Page
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Page

Page

Page

Page

Page

xi: change line 12 to:
Table 7.23 Definitions of the parameters in common block /HDRC/....157

21: Following "The profile:” circle the units "km" in the columns
labeled z; and éi.

31 and 199: At mid-page, change “stop frequency stepping” to “"stop

elevation-angle stepping,” and change W30, W31, and W32 to w278, w279,
and W280, respectively,

33 and 221: Change the Model Check Number from 3.0 to 2.0.

50: Change "Phase path, km" to Phase time, sec” and “Group path, km"
to "Pulse travel time, sec.”

59: 1In Table 4.1, change "NPABS" to "NPABSR".
69: Change the last two lines to read:
*%* Format type 1 implies format number A (see Table 5.3).

*** Format type 2 implies format number l, 2, or 3 (see Table 5.3).

79: Change description followiﬁg W(21) to read "Set = | to stop eleva-
tion-angle increment when the ray goes out of bounds."

94-98: Add the following to the captions for Figures 6.1 through 6.5:
"Circled block numbers correspond to program statement numbers.,"”

98: Change the comment near the lower branch of the "Test Mode™ block
to read: "MODE = 4 and Yi L * 07,

101: In the last sentence of Section 6.4 change the table mentioned
from Table 7.9 to Table 7.17.

102: 1In the second line of the first full paragraph change the equation
mentioned from Eq. (4.1) to Eq. (6.30).

126 and 128: Change the captions so that the parenthetical expressions

following ANWNL and AWWNL begin~"(Acoustic, No Winds..." and "(Acoustic,
With Winds...").

127: Change the name of PROGRAM NITIAL to PROGRAM RAYTRC in the second
block down.
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Page 136: Change the first note in the caption of Figure 7.10 to read: "*
See Equation (6.83) to estimate the time of nearest closest approach to

the specified surface.”

Page 155: Add the variable names NDEVGRP and NDEVBIN to Table 7.19.

Page 158: Replace Table 7.23 by:

Table 7.23--Definitions of the parameters in common block /HDRC/

Position in Variable Definitiom

common name

1 INITID Character string for user name and
phone number identifier for graphics
output

2 DAT Character string for the date of the

computer run

3 TOD Character string for the time of day

of the computer run

100

Page 168: 1In line 9, replace PGRKPH with PGRPH.
In line 11, replace 3g/d6 by dg/d¢.

Page 222: Change the Model Check Number from 2.0 to 3.0.

Make the following changes in both the source-code listing (Appendix D) and

in the program itself: . .

Page 251: Following the line "UCON 30" in LOGICAL FUNCTION UCON, insert the

line: IF(CONV.EQ.-1.0) CONV = 1.0/EARTHR

Page 251: Replace line "UCON 38" in LOGICAL FUNCTION UCON by:
CNVV(1,3) = -1.0

Page 36l: Replace line "TTANH554" in SUBROUTINE TTANH5 by:
ZIM1 = Z0

Page 395: Replace line "RVERT 21" in SUBROUTINE RVERT by:
DATA RECORR/3.0/

Add the following routine:

FUNCTION ITOC(N)

RETURN 7 CHARACTER STRING REPRESENTATION OF INTEGER N

IF NUMBER IS TOO LARGE OR SMALL USE FLOATING POINT FORMAT
CHARACTER ITOC*7

IF(N.LT.-9999.0R.N.GT.99999) GO TO 100

IToCc="' !
WRITE(ITOC,'(I7)',ERR=100) N
RETURN

WRITE (ITOC, ' (2PG7.0) ') FLOAT(N)
END
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UCON305

UCON380

TTANH554

RVERT21

ITOC0020
ITOC0030
ITOC0040
ITOCO0050
ITOCO0060
ITOCO0070
ITOC0080
ITOC00S0
ITOCO100
ITOCOll0



http://cires.colorado.edu/~mjones/raytracing/harpa/errata

Appendix E. Errata (17 Sep 1986) for HARPA report

3 June 2004: See the six additional errata at the end.

"HARPA: A versatile three-dimensional Hamiltonian ray~tracing program for
acoustic waves in the atmosphere above irregular terrain", by R. Michael
Jones, J. P. Riley, and T. M. Georges, NOAA special report, August 1986

Documentation errata
On the "form to specify input data" on pages 31 and 199, "stop

frequency stepping" should be changed to "stop elevation angle stepping, "

and W30, W31, and W32 should be changed to W278, W279, and w280,
respectively.

The model check number in the "Form to specify input data for
receiver-surface model RTERR on pages 33 and 221 should be 2.0 instead of
3.0

The last two lines on page 69 should read:

*** Format type 1 implies format number A (see Table 5.3).
*** Format type 2 implies format number 1, 2, or 3 (see Table 5.3).

The figure captions for Figures 6.1 through 6.5 on pages 94 through 98
should have the following added:

Circled block numbers correspond to program statement numbers.

In Figure 6.5 on page 98, the lower branch on "Test mode." should
read:

MODE = 4

and y is not = 0

i, 1
The last sentence in Section 6.4 on page 101 should refer to Table

7.17 instead of 7.9.

The second line of the first full paragraph on page 102 should refer
to equation (6.30) rather than (4.1).

The first note in the caption to Figure 7.10 on page 136 should read:
* See Equation (6.83) to estimate the time of the nearest closest

approach to the specified surface.

The model check number in the "Form to specify input data for
receiver-surface model RVERT on page 222 should be 3.0 instead of 2.0
(plus at least 3 more errata that Tom Georges knows about)

Program errata (17 September 1986)
Following line "UCON 30" in LOGICAL FUNCTION UCON on page 251, insert the

line:
IF(CONV.EQ.-1.0) CONV = 1.0/EARTHR UCON305

1of2 17-Jun-05 5:00 PM
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http://cires.colorado.edu/~mjones/raytracing/harpa/errata

Line "UCON 38" in LOGICAL FUNCTION UCON on page 251 should be replaced by:
CNVV(1,3) = -1.0 UCON380

Line "RVERT 21" in SUBROUTINE RVERT on page 3395 should be replaced by:

DATA RECORR/3.0/ RVERTZ21
NOTICE: The HARPO report (Appendix E, pp 449-450) has a later (2 February
1987) and more complete errata for the HARPA report.

Except for the following errata:
Documentation errata
3 June 2004:
The calculation of absorption in the sample printout and sample raysets on
pages 177 through 196 is incorrect. The correct values are in the files
dinp.sam and punch.sam
29 October 2003:
page 200: The sentence "Superimpose these raypath plots on the graph of
the previous runset:" should read "Superimpose these raypath plots on the
graph cof the next runset:"
3 June 2004:
The model check number in the "Form to specify input data for
receiver-surface model RTERR on page 221 should be 2.0 instead of 3.0
Program errata
17 December 2002:
page 329: The variable OWI in line ANWWL 70 in SUBROUTINE ANWWL should be OW.
6 May 2003:
page 332: The variable OW in line AWWWL 76 in SUBROUTINE AWWWL should be OWI.
17 October 2003:

page 344: Line WGAUSS18 in SUBROUTINE WGAUSS2 should be

DATA RECOGU/8B.0/ WGAUSS18

17-Tin NS 5-:00 PM
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HARPA -- A VERSATILE THREE-DIMENSIONAL
HAMILTONIAN RAY-TRACING PROGRAM FOR ACOUSTIC WAVES
IN THE ATMOSPHERE ABOVE IRREGULAR TERRAIN

R. Michael Jones, J. P. Riley, and T. M. Georges

ABSTRACT

HARPA stands for Hamiltonian Acoustic Ray-tracing Program for the
Atmosphere. This FORTRAN computer program traces the three-dimensional
paths of acoustic rays through model atmospheres by numerically
integrating Hamilton's equations, which are a differential expression
of Fermat's principle. The user specifies an atmospheric model by
writing closed-form formulas for its three-dimensional wind and tem-
perature (or sound-speed) distribution, and by defining the height of
the reflecting terrain as a function of geographic latitude and longi-
tude. Some general-purpose models are provided, or users can easily

design their own.

Because it uses continuous models, the Hamiltonian method avoids
the false caustics and discontinuous raypath properties encountered in
conventional ray-tracing methods, which use layers or cells where each
acoustic-raypath segment can be computed in closed form. Furthermore,
computational speed can be traded for accuracy, without changing the
model of the medium, by specifying the maximum allowable integration

error per step.

In addition to computing the geometry of each raypath, the progranm
can calculate pulse travel time, phase time, Doppler shift (if the
medium varies in time), absorption, and geometrical path length.
Amplitude is not explicitly computed, but the contributions by absorp-
tion, reflection losses, and focusing are separately available for each
ray. Only geometrical effects are accounted for; that is, no diffrac-
tion or partial-reflection corrections are applied. The program prints

out a step-by-step account of each ray's progress, and it can plot the



projection of a set of rays on any vertical plane or on the ground.
Furthermore, it can output each ray's properties in machine-readable

form for further processing (amplitude calculations, for example).

This report describes the ray-tracing equations and the structure
of the program and provides complete instructions for using it,
illustrated by a sample case. The program is modular and can be
adapted to model propagation through other media by changing the
routine that defines the medium's dispersion relation.



PART I: WHAT THIS RAY-TRACING PROGRAM CAN DO

1. Introduction to Hamiltonian Ray Tracing

1.1 Rationale

Many practical problems in atmospheric acoustics submit to a straightfor-
ward application of geometrical acoustics, or ray theory. No other propaga-
tion-modeling tool provides such an intuitive and graphic portrayal of the
paths that acoustic energy follows through inhomogeneous media. Even in
situations where ray theory does not strictly apply, a picture of the acoustic
raypaths often provides a useful first look at the way the waves and the
medium interact, and it gives insight into where higher order computations
are required. Some calculations cannot be easily made in any other way, for
example, computing multipath pulse travel time or showing which parts of the

medium affect each pulse arrival.

Yet most of the ray-tracing computer programs in common use fail to take
full advantage of the power of geometrical acoustics. Many are essentially
automated versions of graphical techniques that patch together closed-form
raypath solutions for layers or cells with simple refractive-index gradients
(Roberts, 1974; Cornyn, 1873). In such models, gradient discontinuities at
cell boundaries can introduce false caustics and cause discontinuous behavior
of ray properties as launch angle varies (Pederson, 1961). Furthermore, it is
difficult to extend such models to three-dimensional media, to account for

winds, and to compute reflections from complicated terrain models.

This report describes a general-purpose atmospheric acoustic ray-tracing

program called HARPA -- for Hamiltonian Acoustic Ray-tracing Program for the

Atmosphere -- that we have designed to overcome these limitations. It com-
putes acoustic raypaths by numerically integrating Hamilton's equations, which
are a differential expression of Fermat's principle. The user defines an
atmospheric model by writing closed-form expressions for its temperature (or
sound-speed) and wind distribution in three dimensions, and by defining the
terrain height as a function of latitude and longitude. Several simple but
generally useful models with user-definable parameters are described in this
report; users can pattern their own models after them.

_3_



HARPA is the companion to a similar program we have developed for the
ocean, known as HARPO. The main differences between the two programs are in
the models available for the two media, in provisions for reflections from an
upper boundary (in the ocean case), and in the program module that describes
the media dispersion relations. HARPO is documented in a separate report
(Jones et al., 1986) .

1.2 What Is Ray Tracing?

Although ray tracing has a long history, many people outside the field do
not know what ray tracing is or what it can do. In ray theory, waves are
treated like particles (photons of light, phonons of sound) that travel along
geometric trajectories called rays. In material media, the particles travel
at a speed determined by the medium's "refractive index." Gradients in
refractive index bend rays, giving rise to the problem of computing ray tra-
jectories through a known spatial distribution of refractive index. Ray

tracing is any method, graphical or numerical, for solving that problen.

Originally, lensmakers used ray tracing to find out how light rays travel
through optical systems. They used graphical techniques based on Snell's law
to compute the bending that light rays suffer when they encounter abrupt
changes in refractive index, as at the surface of a lens. By constructing
bundles of such rays, lensmakers could simulate the magnification, reduction,

and focusing of their lens designs without actually building thenm.

Modern ray-tracing applications, whether acoustic or electromagnetic,
serve basically the same function: they allow one to simulate the propagation
of waves through media whose refractive-index structure varies in a compli-
cated way, without actually performing the physical measurement. Modern ray-
tracing computations are usually performed by programs written for digital
computers that can graphically display the results of their computations in

various informative ways.

Today's ray-tracing programs do much more thah compute the bending of rays
as they cross interfaces; they can model media whose refractive index varies
continuously in space and even with time. 1In dissipative media, they

integrate absorption along the raypath. They can also integrate phase and

-4



pulse travel time, as well as wave amplitude. In time-varying media, they can
integrate the rate of change of phase, or Doppler shift. Some programs
(including HARPA) produce machine-readable output so that the results of many
raypath computations can be processed by other programs to display field |

observables, such as amplitude.

The most advanced applications of ray-tracing computer programs have.been
to the fields of ionospheric radio propagation, seismic wave propagation, and
the propagation of acoustic or sound waves in the ocean and the atmosphere.

In the Hamiltonian formalism, the ray-tracing equations for acoustic, seismic,
and electromagnetic waves are identical. General-purpose programs can thus be
constructed in which only the modules that describe the wave dispersion rela-
tion and how the medium varies in space need be changed to go from one kind of

ray-tracing program to another.

1.3 What Approximations Are Involved in Ray Tracing?

Solving a wave equation with arbitrary boundary conditions is still an
impractical task, even for the most modern computers. Therefore, practical
problems in wave propagation are often solved by making simplifying approxima-
tions to the wave equation. Examples of such approximations are the
parabolic-equation (P.E.) method (Tappert, 1977), normal-mode theory (Tolstoy
and Clay, 1966; Pierce, 1965), fast-field methods for numerical integration of
the wave equation in range-independent environments (Raspet et al., 1985), and

ray theory.

Ray theory, sometimes called the WKB or eikonal method, results from
making a high-frequency approximation in the solution of arbitrary elliptic or
hyperbolic partial differential equations (Budden, 1961). Ray tracing is
related to the "method of characteristics” for solving such equations because
the raypaths are the bi-characteristic rays of the differential equations in
the infinite frequency, infinite wave-number limits. In some fields, ray
tracing is called the "shooting method" because (as with shooting a gun) the
location of the end point is found by trial and error while the initial con-

ditions of a ray are varied.

In the case of the wave equation, the approximation gives rise to the

fields of geometrical acoustics or geometrical optics, which are concerned
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with the trajectories of bundles of acoustic or electromagnetic energy
radiated in infinitesimal angular beams. Such rays experience no diffraction
but produce sharp shadow boundaries when they encounter solid objects. Ray
theory can be extended to include the effects of diffraction, for example, by
using the Geometrical Theory of Diffraction (GTD) (Keller, 1962).

In ray theory, one assumes conservation of energy within a bundle of rays
called a flux tube so that wave intensity is inversely proportional to the
cross-sectional area of the flux tube. When that cross-sectional area becomes
zZzero, ray theory predicts infinite energy density. At such "caustics," higher
order corrections to ray theory can give more accurate field estimates when
needed. For example, the field near a surface caustic can be calculated in

terms of Airy functions (Ludwig, 1966; White and Pedersen, 1981).

Without such corrections, ray tracing accounts only for refraction by
large-scale gradients in the medium and not for diffraction and scattering by
changes in the medium over scales that are small compared to a Fresnel zone.
Even so, ray theory provides a useful first look at many complicated propa-
gation problems and gives a kind of graphical insight lacking in other propa-

gation models.

1.4 When Should You Use Ray Tracing?

Ray tracing is best suited to modeling acoustic propagation in environ-
ments where the medium's refractive index can be described deterministically
in one, two, or three dimensions, and where changes in refractive index are
small in the WKB sense (roughly speaking, within an acoustic Fresnel zone).
(This means that ray models are most accurate at high frequencies.) 1In such
environments, ray tracing gives accurate information about the geometrical
paths followed by acoustic rays (energy), about shadow boundaries and reflec-
tions from surfaces, and about phase, intensity, pulse travel time, absorption

and Doppler shift (for time-varying media) integrated along those paths.

In environments where multiple rays reach a receiver location of interest,
additional computations, external to the ray tracing, may be required to com-
bine field information from muitiple rays. When the number of multipath rays

becomes large, alternative formulations of the problem (P.E. or normal-mode
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theory, for example) are more appropriate for continuous-wave amplitude calcu-
lations. For pulse transmissions, ray theory is useful for describing the
distinct geometric paths corresponding to each pulse arrival and for computing

multipath travel times.

In situations where the applicability of ray theory is doubtful, a raypath
picture can tell which regions must be treated with higher order methods, such
as GTD or the Airy-function approximation to the field near a caustic.
Furthermore, there are standard formulas to estimate how close to a caustic

amplitude calculations are accurate (Budden, 1961; 1972).

Even when ray calculations of one wave quantity become inaccurate, they
can give useful estimates of others. For example, when amplitude estimates
break down (as at surface caustics), other information, such as travel time or
phase, may still be reliable and can be tracked through caustics. Further-
more, Budden (1961, pp. 325-326) shows that the ray-computed phase must be

advanced by 90° every time a ray passes through a line caustic.

1.5 What Is Hamiltonian Ray Tracing?

An alternative to cellular methods requires the medium to be modeled as a
continuous three-dimensional function with continuous gradients and computes
each raypath by numerically integrating Hamilton's equations with a different
set of initial conditions. This method has been called Hamiltonian ray
tracing. Hamilton's equations are the same for all kinds of wave propagation;
only the definition of the Hamiltonian varies when going from one wave type to

another.

Although Hamilton's equations are more familiar in mechanics, they have a
long history of application to more general problems, including wave propaga-
tion. There, the point of view is that in a high-frequency limit, waves
behave like particles and travel along rays, according to equations that
exactly parallel those governing changes of position and momentum in mechani-
cal systems (Lighthill, 1978, Sec. 4.5). Two steps show that integrating

Hamilton's equations can lead to approximate solutions of a wave equation:

(1) The first step is to show that solutions to the wave equation are related
to paths that satisfy a particular stationary principle, usually called
_7_



Fermat's principle. There are at least two standard methods for demonstrating

that relation.

(a) First is the method of characteristics (see, for example, Courant and
Hilbert, 1962; Garabedian, 1964), in which the solution is related to initial-
value data chosen on some appropriate surface. Specifying a surface and
constructing a solution requires first constructing the characteristic sur-
faces that are wave fronts of the wave. These characteristic surfaces can be
constructed by first constructing bi-characteristic rays that satisfy a sta-
tionary principle. The bi-characteristic rays are the same as the geometrical
raypaths whenever all terms in the wave equation are proportional to a deriva-
tive of the wave function, or in the limit of infinite frequency and wave

number.

(b) Second is the path-integral method (see, for example, Feynman and Hibbs,
1965), in which a solution to the wave equation is constructed as an integral
over all possible paths (not just raypaths) that connect the source and
observer. Making a saddlepoint (or stationary phase) approximation to the
path integral finds the paths that contribute most to the path integral. Such
paths are those for which the action (phase) is stationary for variations of

the path; that is, they satisfy Fermat's principle.

(2) The second step is to show that Hamilton's equations can be integrated to
construct paths that satisfy a variational principle, such as Fermat's prin-
ciple. This is done in standard texts (for example, Lighthill, 1978). First,
the variational principle is expressed as an integral of a Lagrangian along
the path (specified in terms of generalized coordinates, qi). This determines
the form of the Lagrangian for the problem, which for the wave equation is
usually some simple function of the phase refractive index. Then the genera-
lized momenta p; are defined, which for the wave equation correspond to com-
ponents ki of the wave number vector. Then a Hamiltonian H(qi,pi) is
constructed from the Lagrangian. For the wave equation, the Hamiltonian is
usually a function that gives the dispersion relation for the wave in question
when it is set to zero. Integrating Hamilton's equations then gives a path

that satisfies the variational (Fermat's) principle.

In Cartestian coordinates, Hamilton's equations take the particularly
simple form (Lighthill, 1978)
_8_.



— === . —=-= i=1t03 , (1.1)

where T is a parameter (sometimes proportional to time) whose physical meaning
depends on the how the Hamiltonian, H, is defined, ki are the wave-number com-
ponents, and x; are the coordinates of a point on the raypath. Transforming
to spherical polar coordinates complicates the equations considerably. The

full set of equations for spherical coordinates can be found in Chapter 6.

To solve (1.1) for the raypath, one chooses initial values for the six

quantities X;

of six total differential equations. For acoustic waves in the atmosphere,

and ki and performs a numerical integration of the system (1.1)
the Hamiltonian (which is constant along a raypath) is defined as
-+ = 2 2 2
H(xi, kj) = [w - k-V(xi)] - C (xi) k =0, (1.2)

where V(xi) is the wind field, C(xi) is the sound-speed field, and w is the

angular wave frequency (V and C may also depend on time). Thus, the effects
of a three-dimensional vector-wind field are automatically included in the

definition of the Hamiltonian.

There is an alternative to Hamilton's equations for a differential form of
the ray equation, namely the eikonal equation (see, for example, Garabedian,
1964, p. 166; Felsen and Marcuvitz, 1973, p. 126). The eikonal equation is
derived by first assuming an approximate solution to the wave equation in
terms of an asymptotic series. Substituting the asymptotic series into the
wave equation leads to the eikonal equation, which determines the raypaths,
and a transport equation, which determines an approximate solution to the wave
equation. The eikonal equation is equivalent to Hamilton's equations for
determining the raypath. The transport equation is equivalent to methods men-

tioned above for determining an approximate solution to the wave equation.

In addition to allowing continuous three-dimensional models of the
refractive-index field and two-dimensional models of reflecting surfaces,
Hamiltonian ray tracing by numerical integration permits the user to trade
computing speed for accuracy by specifying the maximum allowed integration

error per step. In other words, you can have a fast but crude ray trace or a



slower and more accurate one. The program automatically adjusts the integra-
tion step length along the raypath to keep the error within specified bounds.
In regions where the refractive index varies quickly, small steps are
required, but in regions where it varies slowly, large steps save computation.
If the quantity being integrated varies monotonically along the raypath, the
specified relative accuracy will be preserved in integrated quantities, such

as travel time.

1.6 What This Program Does

HARPA computes the paths of acoustic rays, one at a time, through a
user-defined model of the atmosphere, given initial conditions that include
the source location (latitude, longitude, and height above the ground), wave
frequency, direction of transmission (elevation and azimuth), the receiver-
surface model, and the maximum number of hops (intersections with the receiver
surface). The input data specification forms in Chapter 2 illustrate the

generality of acceptable input.

The mechanics of the raypath calculation have been completely separated
from the modeling of the medium (sound-speed, wind velocity,_and terrain
models). This allows the user to select models from those we have developed
or to develop new models simply by writing new (or altering existing)

subroutines to define those models.

The modular structure of the program allows the user to extend the program
easily to other types of geophysical ray tracing (underwater acoustics, for
example) simply by substituting new subroutines for defining the Hamiltonian

and the model of the medium.

The method for inputting data into the program is easy to learn. The user
simply specifies the magnitude and units of the elements of an Input Data
File which correspond to physical or mathematical quantities that tell the
program what models to use, what rays to trace, and in what form to present
its results. We provide input parameter forms for making sure that all the

required quantities are specified.

At the user's option, HARPA produces three kinds of output: (1) The
printout reproduces the input data set and gives detailed information about
_10_



each raypath computed, in columnar form, with each line corresponding to a
"snapshot"” of the ray's progress after a specified number of integration

steps. (2) Computer-readable output permits further processing of raypath

data by supplementary programs, without recomputing the raypaths. (3) The

raypath plots show projections of any part of the raypaths on any vertical

plane or on any part of the ground, with any desired magnification. These

plots give the user a quick view of the raypath geometries.

Chapter 2 illustrates more fully what the program does by going through

the setup and execution of a representative application.

1.7 What This Program Does Not Do

HARPA's computations lie entirely within the scope of geometrical
acoustics (ray theory). It applies no corrections for diffraction or partial

reflections. The atmospheric model must be deterministic, not stochastic.

There are no provisions built into HARPA for explicit computations of
acoustic amplitude. This would normally be done with a supplementary program
that processes HARPA's machine-readable output. Total amplitude at a receiver
would be computed by combining flux-tube focusing, reflection losses, and
absorption, and the user would normally decide whether to add coherently or
incoherently the contributions of multipath rays. Because there are so many
ways to compute amplitude, we think it is best to keep the various factors

separate and let the users combine them however they wish.

Because the numerical integration of Hamilton's equations requires media
models with continuous gradients, HARPA cannot presently handle refraction at
discontinuities of refractive index or its gradients. If such discontinuities
are included in a model, the integration routine will attempt to handle them
by taking extremely small steps when a ray encounters a discontinuity, and the
results may not be reliable. In general, one can approximate discontinuous
functions with continuous functions to any desired accuracy, and HARPA will
adjust its step length to accommodate them. Our algorithms for reflecting
rays from arbitrary terrain surfaces could be generalized to compute refrac-

tion at discontinuities in refractive index.
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HARPA is not currently equipped to model penetration of rays into the
ground or to account for partial reflections from subsurface layers. However,
the user can specify a complex (to account for phase and amplitude) ground-
reflection coefficient that is a function of frequency and angle of incidence.
Since reflection coefficients do not affect the raypaths, their effects can

be added after raypath calculations.

HARPA cannot directly compute the raypaths that connect a specified source
and receiver. To find such "eigenrays," one usually launches a fan of rays at
small increments in elevation and/or azimuth angle and linearly interpolates
for the rays that reach the desired receiver location (range, azimuth and
height). We have developed an eigenray program that processes the "rayset"
output of HARPA, interpolating in elevation angle only, and that will be docu-
mented elsewhere. Some shortcuts for finding three-dimensional eigenrays when

azimuthal deflections are small are described by Georges et al. (1986).

HARPA makes no checks to see if atmospheric models satisfy physical con-
servation laws and boundary conditions, or that wind and temperature models
are geostrophically consistent. (Accurate raypaths can be computed through
physically impossible models.) Therefore, users should make their models as

physically realistic as their application demands.

1.8 History of the Program

HARPA has a long history of development. We started by learning from the
programs of Dudziak (1961) and Croft and Gregory (1963). Jones (1966) docu-
mented our first version of a three-dimensional ray-tracing program for radio
waves in the ionosphere, which included anisotropy caused by the earth's
magnetic field. Jones (1968) documented improvements in the original program.
Georges (1971) converted the ionospheric radio program to trace raypaths for
acoustic-gravity waves in an atmosphere with winds and changed the ray-tracing
equations into Hamiltonian form. Jones and Stephenson (1975) documented
further significant improvements in the ionospheric program. Jones et al.
(1982) documented a Hamiltonian acoustic ray-tracing program for an atmosphere

over a spherical earth,.

Through its history, HARPA and its predecessors have found application in
the propagation of radio waves through the ionosphere (Georges, 1967; 1970:
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Georges and Stephenson, 1968; Stephenson and Georges, 1969), acoustic propaga-
tion through the atmosphere (Georges, 1972; Georges and Beasley, 1977) and
acoustic propagation in the ocean (Georges et al., 1986; Jones et al., 1984).
In extending the utility of ray theory, Jones (1970) has treated ray propaga-
tion in lossy media (ray tracing in complex space), bending of rays in randonm,
inhomogeneous media (Jones, 1981a), and the frequency shift suffered by pulses
propagating in dispersive media (Jones, 1981b). Jones (1983) has also sur-

veyed existing techniques for underwater acoustic ray tracing.

HARPA combines the improvements made by Jones and Stephenson with the
acoustic-wave capability and atmospheric models developed by Georges.
Although it does not include the capability for tracing acoustic-gravity-wave
raypaths, it includes modularity features that make it easier to convert the
program to trace rays in other media. It also includes algorithms developed
by Jones (1982) for reflecting rays from arbitrary terrain surfaces. In addi-
tion, we have developed real-time graphics routines and facilitated operation

from time-share graphics terminals as that technology has advanced.

1.9 Scope of This Report

This report documents only the ray-tracing program HARPA, its supporting
subroutines, and its various forms of input and output. The main intent of
this report is to show what HARPA can do and to explain how to use it. We
illustrate its capabilities with a comprehensive sample case. We also show

how to extend and modify the program to the user's specific needs.

Not documented here are supplementary programs that we have designed to
plot properties of the atmospheric models and to process the computer-
readable output of HARPA. Examples of such programs are packages to plot
range vs. elevation angle of transmission, range vs. travel time, and ampli-
tude calculations (Jones et al., 1984). We have not documented here our
programs for editing input to HARPA or our procedure files for running it on
our computer. Nevertheless, the package documented here is self-contained and
has everything needed to compute and display raypaths through arbitrary three-

dimensional model atmospheres.

Figure 1.1 shows an organization chart of HARPA in relation to its sup-

porting modules. The dotted line encloses the portion documented in this
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report. Separate reports will document the remaining modules, which are the

same for both HARPA and HARPO.
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Figure 1.1. Relation of HARPA to its inputs and outputs, as well as its sup-
porting and supplementary programs. The dashed line shows the scope of this

report.
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2. A Sample Run lllustrating an Application of HARPA

A sample case serves several purposes: it introduces new users to the
capabilities of the program in terms of physical models they can understand;
it shows new users how to set up and run the program and what output to
expect; and it provides a comprehensive test case to exercise the program and
make sure everything works on a new machine. New users should run the sample
case (provided with the program) first and make sure that the program's output
is identical to that shown in this report. Varying the input parameters, one
by one, from the sample case is an instructive way to explore the program's
capabilities.

The usual procedure for defining models is to fill out "order forms"
corresponding to the wind, sound speed, temperature, molecular weight,
viscosity/conductivity and terrain models you want to use, then create an
"Input Data File" from the information on the order forms. Models can be
selected from the general-purpose ones we have created, or you can design your
own. The following pages show filled-out forms for the models used by the
sample case; blank order forms for all our models are supplied in Appendix B.
Using these forms is recommended, even for advanced users, because they make
sure that you specify all the required model parameters. They also help you

keep track of the models you create.

2.1 The Atmospheric Model for the Sample Case

The atmospheric model described here is designed more to exercise features
of the program than to represent any physically realistic situation. It com-
bines a three-dimensional wind and temperature field with a terrain model con-
taining a Lorentzian-shaped ridge. The sample case also includes a simple
absorption model based on models of atmospheric viscosity and thermal conduc-
tivity.

Refer now to the FORM TO SPECIFY AN ATMOSPHERIC MODEL (Figure 2.1). This
form is filled in with the names of all the subroutines required to specify

the atmospheric model, for the sample case, including the terrain model,
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viscosity/ conductivity model and receiver-surface model. Data-set ID numbers
uniquely identify the particular set of parameter values used by each
subroutine for the sample case. The entire set of models and parameters that
constitute the atmospheric model for the sample case is also given a unique ID
numbef, which is S03. The references to W followed by numbers in these forms

correspond to specific input data parameters, as described in Section 5.3.

The first subroutine name on this form specifies the acoustic-wave disper-
sion relation to be used. In the sample case, we specify AWWWL, which means
"Acoustic, With Winds, With Losses." This means that we will use a model
atmosphere with winds and will calculate acoustic absorption. More efficient
versions of the dispersion relation should be selected when wind or absorption
models are not used. The remaining subroutine names filled in on this form

refer to the atmospheric model subroutines, to be discussed next.

Refer next to the FORM TO SPECIFY INPUT DATA FOR WIND VELOCITY MODEL
ULOGZ2 (Pigure 2.2). This wind-field model represents a wind profile for the
atmospheric boundary layer, neglecting Coriolis forces. The wind has only an
eastward component whose magnitude depends only on height above the terrain

surface, according to the formula given on the ULOGZ2 order form.

ULOGZ2 requires the user to specify three parameters, Zg Ug, and k. For
the sample case, we choose k=0.35, z3=1.0 km, and u,=5.0 m/s. The resulting
profile of wind speed is shown in Figure 2.1a. (The program that provided
this plot is part of a set of peripheral programs that will be documented in
another report.) Because we use no wind-perturbation model, we select the
do-nothing wind-perturbation NPWIND.

Refer next to the FORM TO SPECIFY SOUND-SPEED MODEL GAMRTDM (Figure 2.3).
We use this sound-speed model because we want to specify a background tem-
perature distribution instead of a sound-speed model directly. GAMRTDM
requires no input parameters, but it requires a molecular weight model,

discussed next.

Refer next to the FORM TO SPECIFY INPUT DATA FOR ATMOSPHERIC MOLECULAR
WEIGHT MODEL MCONST (Figure 2.4). For the sample case, we select the simplest
possible model, namely a constant value of 29. Molecular weight is required

to convert temperature to sound speed when temperature models are specified.
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FORM TO SPECIFY AN ATMOSPHERIC MODEL
(including terrain model)

Name GEORGES RB3 x6439

Atmospheric ID (3 characters) 903

Coordinates of the north pole of the computational coordinate system:

North geographic latitude:
East geographic longitude:

Models:

Dispersion relation

Wind velocity
Wind-velocity perturbation
Sound speed

Sound-speed perturbation
Temperature

Temperature perturbation
Molecular weight

Terrain

Terrain perturbation
Viscosity/conductivity
Viscosity/conductivity perturbation
Pressure

Pressure perturbation
Receiver surface¥*

Plot~annotation model*

Date

2-10-36

940 _ rad, km,(W24)

O__ rad, km, deg (W25)
Subroutine
Name Data set ID
AWWW L
ULOGZ 2 3.0 (W102)
NPWIND 0.0 (wW127)
GAMRTDM 0.0 (W152)
cBLoB2 2.0 (W117)
TTANHS 1.0 (W202)
TBLoB=2 A0 (wW227)
MCoNsST _29.0  (w2s2)
GLORENZ A-0  (W302)
NEPTERR 0.0 (ws27)
MUARDC [.O0__(w502)
NPABSR 0-0  (ws27)
PEXP [.O __(ws552)
NPPRES 00 (ws57)
TE
FULANN

*The receiver-surface model and plot-annotation model are not considered part

of the atmospheric ID

Figure 2.1. Sample of completed form to specify an atmospheric model
(including terrain model).



FORM TO SPECIFY INPUT DATA
FOR WIND-VELOCITY MODEL ULOGZ2

A logarithmic wind profile of the atmospheric boundary layer neglecting

Coriolis forces. The eastward wind is given by

x tn Z £
ll‘p = k n z or z > zoe
0
g £ <
u¢ = K Z e or z zoe ,

0
where z = G(r,0,¢) is determined by the terrain model and is the height above

or some kind of distance from the terrain, depending on the terrain model,
and r is the radial coordinate of the ray point.
Specify--

the model check for ULOGZ2 = 6.0 (W100)

the input data-format code = (wW101)

an input data-set identification number = 3.0 (W102)

an 80-character description of the wind velocity profile:

LOG ARITHMIC EASTWARD WIND PROFILE, J¥= .SM/i, 2d= | km

the reference wind speed, u' = 5 km/s, (W103)
von Karman's constant, k = » 35 (W104) (.35 recommended)

the roughness height, zg = l km (W105)

OTHER MODELS REQUIRED: Any wind-perturbation model. Use NPWIND if no
perturbation is desired.

(uw = —u*2 is the surface stress at the ground.)

Figure 2.2. Sample of completed form to specify input data
for wind-velocity model ULOGZ2.

-18-



FORM TO SPECIFY
SOUND-SPEED MODEL GAMRTDM

This model specifies sound speed in terms of a background temperature

model using

where ¥y = 1.4, R is the universal gas constant, T is the absolute temperature
in Kelvins, and M(r,0,¢) is a model of the mean molecular weight of the
atmosphere. See Sec. 6.3 for further description of this model.

Specify --

The model check for GAMRTDM = 1.0 (W150)

OTHER MODELS REQUIRED: Any background temperature model; any molecular
weight model.

Figure 2.3. Sample of completed form to specify
sound-speed model GAMRTDM.
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FORM TO SPECIFY INPUT DATA FOR
ATMOSPHERIC MOLECULAR-WEIGHT MODEL MCONST

A constant molecular weight (independent of height, longitude, latitude,

and time)
Specify--
the model check for MCONST = 1.0 (W250)
the input data-format code = (W251)
an input data-set identification number = 29 (w252)

an 80-character description of the molecular weight:

MOLECULAR WEIVGHT = 29

the value of the constant molecular weight, M = 29 (W253)

OTHER MODELS REQUIRED: none.

Figure 2.?. Sample of completed form to specify input data for
atmospheric molecular-weight model MCONST.
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FORM TO SPECIFY INPUT DATA FOR
TEMPERATURE MODEL TTANHS5

This model represents the temperature profile by a sequence of linear

segments that are smoothly joined by hyperbolic functions:

(z—zi)
cosh
c n c - C ] c
1 i+l i i n+1
T= To 2 (z—zo) * z 61 (____E___—) In Z.,-Z 2 (z—zo)
i=1 i "o
cosh ( 5 )
i
n c -C zZ-Z
dT i+l i i
a;- = c1 Z (-—-?;-—-) {tanh ( 3 ) + 1|
i=1 i
¢y = (T1 - T )Mz - 21—1)

Z =r - re, where ro is the Earth radius, and r is the radial coordinate of

the ray point.
approximately zj km, in which dT/dz changes from cj to cj.1-

Thus, 6i is the half-thickness of a region centered at

Start by

drawing a profile using linear segments and get T1 and zy from the corners.

Then select &6, to round the corners.

The final profile will not go through

i
(Ti' zl).
Specify-—-
the model check for TTANH5 = 7.0 (W200)
the input data-format code = (W201)
an input data-set identification number = 1,0 (W202)

an 80-character description of the model with parameters:
U.S. STANDARD ATMOSPHERE 1962 TEMPERATURE PROFILE

and the profile values:

the number of points in the profile -2 = n = 4
the profile: i zZ Ti -2
(km,m) (°K) (km,m)
o © 238 e
/ 15 190.9 IO'
2 52 320 7.2
] O
- 1451 So
q | 62
1586 o
5 300

OTHER MODELS REQUIRED:

Figure 2.5.

Any temperature-perturbation model.
no perturbations are desired.

Use NPTEMP if
FUNCTION ALCOSH.

Sample of completed form to specify input data for

temperature model TTANHS.
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200

a b
£ £
-l ] -l 1
£ 2
° 0.00 0?02 0.‘04 o.loa 0.‘00 6.10 ° Q 5(;0 lDIOO
Wind Speed (km/sec) Temperature (degs K)
4
E
<,
£3f 1
K
Figure 2.6. Profiles of background (a)
eastward wind speed, (b) temperature,
and (c) sound speed used in the sample
case. The program for plotting these
profiles is not supplied with HARPA but
is part of a set of supplementary
_ ) ) ) ) ) programs documented elsewhere.

0.2 0.3 0.4 0.5 0.8 07 0.8
Sound Speed (km/sec)

Refer next to the FORM TO SPECIFY INPUT DATA FOR TEMPERATURE MODEL TTANHS5
(Figure 2.5). This "background" temperature model is a continuous approxima-
tion to the 1962 U.S. Standard Atmosphere (USSA) temperature profile (valley,
1965). The model's parameters, shown on the TTANHS form, have been selected
to give a smooth representation of the USSA profile, which actually has
"corners.” Figures 2.6b and 2.6c show the resulting temperature and sound-

speed profiles. TTANH5 is a very flexible model that can be used to match
virtually any temperature profile with linear segments that join smoothly.

-22~
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Superimposed on the height-dependent background temperature model (TTANH5)
are two "perturbations.” One is expressed as a temperature perturbation
(TBLOB2), and the other is expressed as a sound-speed perturbation (CBLOB2).

Refer now to the FORM TO SPECIFY INPUT DATA FOR ATMOSPHERIC TEMPERATURE-
PERTURBATION MODEL TBLOB2 (Figure 2.7). This temperature-perturbation model
is in general a three-dimensional blob with Gaussian cross sections in all
three dimensions, centered at any latitude, longitude, and height. The for-

mula is given on the TBLOB2 order form.

For the sample case, we suppress the vertical temperature dependence (by
setting wz=0), making the perturbation a vertical cylinder with Gaussian cross
sections in the two horizontal dimensions. For the sample case, we locate the
cylinder at longitude 50 km east and latitude 105 km north, and set its E-W
(zonal) Gaussian width at 25 km and its N-S (meridional) width at 50 km. Its
maximum fractional temperature perturbation is 0.5 (50%). Notice that the
form allows us to specify some of the model parameters in various units (such
as latitude in kilometers); the program will automatically convert to the

units (radians, in this example) it uses for computations.

Refer next to the FORM TO SPECIFY INPUT DATA FOR SOUND-SPEED PERTURBATION
MODEL CBLOB2 (Figure 2.8). This sound-speed perturbation model is of the same
form as TBLOB2, and its formula is shown on the CBLOB2 order from. For the
sample case, we center a 50% increase in sound speed at 125 km height, longi-
tude 250 km east, and latitude 335 km north. The Gaussian widths are 25 km in
height, 50 km N-S, and 25 km E-W.

Figure 2.9 shows sound-speed contours in a horizontal slice at 125 km
height, and Figure 2.10 shows sound-speed contours in a vertical slice near
the centers of the two perturbations. (The contour-plotting routine is also

part of the supplementary program set.)

The final part of the atmospheric model specifies the method used to com-
pute acoustic absorption parameters required by the dispersion-relation
subroutine AWWWL. In the sample case, we use a viscosity/conductivity

subroutine called MUARDC, which requires a model of pressure.
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FORM TO SPECIFY INPUT DATA FOR
ATMOSPHERIC TEMPERATURE-PERTURBATION MODEL TBLOB2

An increase (or decrease) in temperature in a localized region that

decays in a Gaussian manner in all three spatial directions.

z-z_ 2 0-6_ 2 -0 2
AR e B

4

T (r,0.¢) = T, (r.0,9) {1 +a exp [-(

To(r,8,4) is the temperature specified by a temperature model. (r,0,¢) are
the coordinates of the ray point in an Earth-centered spherical polar coor-

dinate system. 05 = n/2 - Ay and z = r - re, where ro is the Earth radius.
Specify--

the model check for subroutine TBLOB2 = 2.0 (w225)
the input data-format code = (W226)
an input data-set identification number = 2.0 (W227)

an 80-character description for the temperature-perturbation model, in-
cluding description of parameter values:

50% CYLINDR(CAL INCREASE |vTEMPERATURE AT 105 KM N., 105 KM W

the strength of the increase (or decrease), A = .5 (w228)

the height of maximum effect, z4 = {00 km (W229) ’

the latitude of maximum effect, Ay = 0S5 rad, deg, @N '(W230)
the longitude of maximum effect, ¢, = — (05 rad, deg,@{)E (W231)
the Gaussian width in height of the effect, W, = (@) km (W232)*
the meridional width of the effect, Wo = __50 _ rad, deg, (km) (W233)%
the zonal width of the effect, W¢ = a5 rad, deg, @(W234)*

OTHER MODELS REQUIRED: none.

Setting Wz, Wg, or Wg = zero results in no space variation in that direc-
tion.

Figure 2.7. Sample of completed form to specify input data for
atmospheric temperature perturbation model TBLOB2.
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FORM TO SPECIFY INPUT DATA FOR SOUND-SPEED
PERTURBATION MODEL CBLOB2

An increase (or decrease) in sound speed in a localized region that
decays in a Gaussian manner in all three spatial directions.
z-z 2 -0 2 b-¢ 2
2 2 0 0 0
¢ (r.0.0) =c® (r.0.9) (1+aexe (- (52 - (52 - (=2 })

z 6 ¢
Coa(r,9,¢) is the square of the sound speed specified by a sound-speed model.

(r,0,¢) are the coordinates of the ray point in an Earth-centered spherical

polar-coordinate system. 65 = m/2 - Ao and z = r - re, where ro is the Earth

radius.

Specify--
the model check for subroutine CBLOB2 = 2.0 (W175)
the input data-format code = (W176)
an input data-set identification number = 2-0 (W177)

an 80-character description for the sound-speed perturbation model, in-
cluding description of parameter values:

50% INCREASE \N Sa. SOUND SPEEQ AT 125 KM HT, 335 KM I, (35 kM€

the strength of the fractional increase (or decrease), A = 0.5 (W178)
the height of maximum effect, z, = 15 km (W179)

the latitude of maximum effect, Ay = 335 rad, deg.N (W180)
the longitude of maximum effect, bg = [AS rad, deg, @E (wis1)
the Gaussian width in height of the effect, Wy = 25 km (W182)*
the meridional width of the effect, Wg = __ 50 rad, deg, (km) (W183)*
the zonal width of the effect, Wy = 25 rad, deg,@ (W184)*

OTHER MODELS REQUIRED: none.

* Setting Wy, Wy, or W¢ = zero results in no space variation in that direc-
tion.

Figure 2.8. Sample of completed form to specify input data
for sound-speed perturbation model CBLOB2.
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400

200

e e

—200

CROSS RANGE AT SEA LEVEL (km)

—-400

100 300 500 ( 700)
—2.70 DEG E. RANGE AT SEA LEVEL (km) 2.70 DEG E.
—.90 DEG N. 4,50 DEG N.

Figure 2.9. A plan view of the sound-speed contours in a
horizontal slice through the sample-case atmospheric model at
an altitude of 125 km above sea level. The contours show the
perturbations caused by TBLOB2 (left) and CBLOB2 (right).

The horizontal line across the center of the plot corresponds
to the line L-R in Figure 2.18.

700

600 |

500

400 |

HEIGHT (km)

300 |

200

100

0 =

0 100 200 300 400 500 600 700 800

—2.70 DEG E. RANGE AT SEA LEVEL (km) 270 DEG E.
~.90 DEG N. 4.50 DEG N.

Figure 2.10. Sound-speed contours in a vertical slice through
the sample-case model, showing the perturbations caused by
models TBLOB2 (left) and CBLOB2 (right) to an otherwise hori-
zontally stratified atmosphere. The plane of the figure
corresponds to the line L-R in Figure 2.18.
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Refer next to the FORM TO SPECIFY INPUT DATA FOR VISCOSITY/CONDUCTIVITY
MODEL MUARDC (Figure 2.11). This model gives a formula (shown on the form)
devised by the Air Research and Development Command (ARDC) (NOAA et al., 19786)
for atmospheric viscosity and thermal conductivity. 1Its variable parameters
are viscosity constant (B), Sutherland's constant (S), and Prandtl number
(Pn). For the sample case, 8 = 1.45 x 10_6. S = 110.4, and Pn='733'

Refer next to the FORM TO SPECIFY INPUT DATA FOR PRESSURE MODEL PEXP
(Figure 2.12). This model specifies an exponential decrease of pressure with
height. The variable parameters are the pressure P, at sea level (in Newtons
per square meter) and the pressure scale height H (in kilometers). For the

sample case, Py = 1.01328 x 105. and H=8.5 km.

Refer next to the FORM TO SPECIFY INPUT DATA FOR TERRAIN MODEL GLORENZ
(Figure 2.13). This terrain model superimposes a Lorentzian-shaped ridge on a
spherical earth. The ridge, defined by the formula on the GLORENZ order form,
runs along a latitude line chosen to be the equator for the sample case. The
half width of the ridge is 30 km, and its height is 2 km.

This completes the specification of the atmosphere (and terrain) model for
the sample case. Now we specify what raypaths we want to calculate through
this model.

2.2 The Ray-Tracing Order Form for the Sample Case

Refer now to the FORM TO SPECIFY INPUT DATA FOR A THREE-DIMENSIONAL
RAYPATH CALCULATION (Figure 2.14). The form has been filled out with the
values for the sample case. We want to transmit rays from a height 13 km
above the earth's surface (as specified in the terrain model), at a latitude
of 200 km north, and longitude of zero. The acoustic frequency is 0.05 Hz
(infrasound), with no stepping in frequency. The azimuth angle of trans-
mission is 45° (northeastward), with no stepping in azimuth. The elevation
angle is stepped from -20° to +140° in steps of 5°. (If azimuth and frequency
stepping were used, elevation-angle stepping would be performed first, then

azimuth angle, then freguency.)

We want to keep track of ray intersections with a receiver surface 5 km

above the terrain, and we want to stop tracing rays that go above 500 km alti-
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FORM TO SPECIFY INPUT DATA FOR
VISCOSITY/CONDUCTIVITY MODEL MUARDC
This subroutine calculates the atmospheric molecular viscosity using the
ARDC formula for viscosity and calculates atmospheric thermal conductivity
from the value of viscosity using a Prandtl number specified by the user.

This model is used only to calculate acoustic absorption when either AWWWL or
ANWWL is used.

The ARDC formula for viscosity is (U.S. Standard Atmosphere, 1976,

p. 19, NOAA, NASA, USAF, U.S. Government Printing Office, Washington, D.C.,

October 1976)

T3/2

u=8 /(S+T) ,

where T is the atmospheric temperature in Kelvins.

The atmospheric thermal conductivity using the Prandtl approximation

(e.g., Francis Weston Sears, Thermodynamics, Addison-Wesley, 1956, pPp. 267-9)
is

K =7 Ru/((y-1)M Pr),

where 7y is the ratio specific heats = 1.4,

R is the universal gas constant,

and M is the mean atmospheric molecular weight.
Specify -~-

the model check for subroutine MUARDC = 1.0 (W500)
the input data-format code = (W501)
an input data-set identification number = 1.0 (W502)

an 80-character description for the absorption model, including descrip-
tion of parameter values:

ARDC viscosiTy /TreRmaL CoNpueTIviTy MoDEL

the viscosity constant, 8 =l#5§xlo'L kg g1 a7l g1/2 (W503)
(1.458 x 1078 1 -1 g-1/2 suggested)

kg s  m " K
Sutherland's constant, S = o.4 Kelvins (W504)
(110.4 Kelvins suggested)

Prandtl number, Pr = 7133 (W505) (0.733 suggested)
OTHER MODELS REQUIRED: Any atmospheric temperature model and any atmospheric
molecular weight model.

Figure 2.11. Sample of completed form to specify input data for

viscosity/conductivity model MUARDC.
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FORM TO SPECIFY INPUT DATA FOR
PRESSURE MODEL PEXP

This model is used only to calculate absorption when elther AWWWL or

ANWWL is used. The pressure is given by

P = P, exp(-z/H),

where z is the height above sea level.

Specify --
the model check for subroutine PEXP = 1.0 (W550)
the input data-format code = (W551)
an input data-set identification number = |.O (W552)

an 80-character description for the pressure model, including descrip-
tion of parameter values:

EXPONENTiAL PRESSURE MopEL, SCALE HEIGHT = §.5 KM

the pressure at sea level, Pgp = 10132 %. Newt:ons/m2 (W553)

(1.01328 x 105 Newtons/m2 suggested)

the pressure scale height, H = .5 g:§2 m (W554)

OTHER MODELS REQUIRED: Any pressure-perturbation model. Use NPPRES if no
perturbation is desired.

Figure 2.12. Sample of completed form to specify
input data for pressure model PEXP.
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FORM TO SPECIFY INPUT DATA FOR
TERRAIN MODEL GLORENZ

An east-west Lorentzian-shaped ridge.

g(r,0,¢) = h - z ,

where h

r‘re,,

N
]

zo/(1 + ((0-645)/40)2) + z

BD
90="/2‘A°,
and re is the radius of the Earth.
Specify--
the model check number for GLORENZ = 4.0 (W300)
the input data-format code number = (W301)
the input data-set identification number = 2.0 (wW302)

an 80-character description of the model including parameters:

RIDGE 2-KmM WIGH, 30-KMm WiDE ALoNG EQUATOR

the height of the ridge, z, = 2 éﬁﬂ m (W303)
the latitude of the ridge center, Ag = 0 rad, deg, km (W304)
the half-width of the ridge, A0 = 30 rad, deg.@ (W305)

base of the ridge (negative if below sea level) z_ = O m, km (W306)

B

OTHER MODELS REQUIRED: Any terrain-perturbation model. Use NPTERR if no

perturbation is desired.

Figure 2.13. Sample of completed form to specify
input data for terrain model GLORENZ.
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FORM TO SPECIFY INPUT DATA FOR A
THREE-DIMENSIONAL RAYPATH CALCULATION

Atmospheric ID (3 characters) $o3

Name
Date 2-10-86

Title (77 characters) SAMPLE CASE FoR HARPA DOCUMENTATION

Transmitter: Height

13 (km) nm, ft (W3)

- above terrain
above sea level

Latitude 200 rad, deg, km (W4)

Longitude ¢ _rad, deg, km (W5)

Frequency, initial .05 rad/s, Hz, s (WT7)
final (W8)
step (W9)

Azimuth angle, initial 45 rad, clockwise of north (Wil)
final (Wi2)
step (W13)

Elevation angle, initial —20 rad, (W15)

final 4o (W16)
step 5 (W17)

Receiver: Height

Distance from origin
Latitude of origin
Longitude of origin

Stop frequency stepping
when ray goes out of bounds
Maximum height
Minimum height
Maximum range
Maximum number of hops
Maximum number of steps per hop
Maximum allowable error per step

Additional calculations:
Phase path
Absorption
Doppler shift
Path length

Printout:

Computer readable output (raysets):

Diagnostic printing:
Suppress all printout

Figure 2.14.

Every

5 (EE) nm, ft (W20)

above sea level (rcvr model RHORIZ)
above terrain (rcvr model RTERR)

rad, deg, km (W30) (rcvr model RVERT)
rad, deg, km (W31) (rcvr model RVERT)
rad, deg, km (W32) (rcvr model RVERT)

[t

QO (W21 = 1,)
Soo _km (W26)

=1 km (W27)
[000 km (W28)

3 (w22)

(oo (W23)
(0% _(W42)

= 1. to integrate

= 2. to integrate and print
2 (W57)
A (W58)

(W59)
L (W60)

S0 steps of the ray trace (WT71)
{ (W72

(W73 =
(W74

H
Ll
v e
St

Sample of completed form to specify input data for a

three-dimensional raypath calculation.
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tude, 1 km below the terrain (all rays should reflect from the terrain sur-
face, however), or beyond 1000-km range. We want to stop the ray trace after

3 hops, a hop being defined as an intersection with the receiver surface.

Because we have selected a receiver surface at a fixed height above the
terrain, we also fill out the FORM TO SPECIFY INPUT DATA FOR RECEIVER-SURFACE
MODEL RTERR, as shown in Figure 2.15.

We set the maximum number of steps per hop to 1000 (usually a large number
that we don't expect to be exceeded under normal conditions but which guards
against accidents). We set the maximum allowable integration error per step
to 10—6, which means that integrated quantities (that vary monotonically) are
computed with at least that relative accuracy. We want to integrate and print
phase path, path length, and absorption, but not to calculate Doppler shift
(zero for the sample case, which has no time-dependent models). The printed
output will display the raypath status every 50th step, in addition to
printing at special events, such as reflections, apogees (turnovers), and

perigees. Machine-readable "raysets" will also be produced.

2.3 Rayplot Order Form for the Sample Case

Two kinds of raypath plots are available and are specified for the sample
case on the FORM TO SPECIFY INPUT PARAMETERS FOR PLOTTING A PROJECTION OF THE
RAYPATH (Figures 2.16 and 2.17). The same form is used twice: once for a pro-
Jection of raypaths on a vertical plane and once for a projection on a hori-

zontal plane.

The vertical plane is specified by the geographic coordinates of its left
and right edges and the height above ground of the bottom of the graph. In
the sample case, we want the left edge to be at latitude -100 km (south) and
longitude -300 km (west); the right edge is to be at latitude 500 km (north),
longitude 300 km (east). Thus, the plane of the vertical projection coincides
with the plane of initial ray transmission. The bottom of the graph is to be
at ground level. We specify tick marks every 100 km, and we want registration
marks (the top of the graph) at 300 km height.

The horizontal projection plane is specified by the location of the cen-
ters of its left and right edges. For the sample case, we select the left and

-32-



FORM TO SPECIFY INPUT DATA
FOR RECEIVER-SURFACE MODEL RTERR

A receiver-surface model in which the receiver surface is a fixed height

above the terrain surface.

f(r,8,¢) = g(r,0,¢) + Zp

of 3dg 3f _3g f _ 3g
ar ar ' 36 3 ' 3p 3¢’

where g(r,0,¢) and its derivatives are specified in common block /GG/ by the

terrain model.

Specify-- 2O
the model check number for subroutine RTERR = ~870° (W275)
the input data-format code number = (w216)

an 80-character description of the model including parameters:

RECEIVER SURERCE & KM _ABOVE TERRAIN

the height of the receiver surface above the terrain, zg = _.5 km (W20)

OTHER MODELS REQUIRED: Any terrain model.

Figure 2.15. Sample of completed form to specify input data
for receiver-surface model RTERR.
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FORM TO SPECIFY INPUT PARAMETERS FOR PLOTTING A
PROJECTION OF THE RAYPATH

Model ID:__So3

Plot directly during raypath calculations v or

plot from precomputed raypaths

in disk file

Normal or apogee plots: Normal ¥~ (W80=0

Plot apogees only (W80=1.

Projection:

Vertical plane, polar plot, rectangular expansion i (wsi=1
Horizontal plane, lateral expansion (W81=2

Vertical plane, polar plot, radial expansion (W81=3

Vertical plane, rectangular plot (We1=4

Superimpose these raypath plots on the graph of the previous runset:
Yes {W81 negative.)

No v/ (W81 positive.)

Vertical or lateral expansion factor / (wW82)

Coordinates of the left edge of the graph:

Latitude = -—{00O (rad, deg.north (Ws3)
Longitude = _—300  (rad, deg, east (ws4)

Coordinates of the right edge of the graph:

Latitude = 500  (rad, deg, north (W85)

Longitude = 300 (rad, deg, @ east (W86)
Distance between horizontal tick marks = 100 rad, deg.(W87)
Height above sea level of bottom of graph = 4] km (W88)
Height above sea level of top of graph = 300  km (W89)

Distance between vertical tick marks = [0O0 _km (W96)

Figure 2.16. Sample of completed form to specify input parameters
for plotting a projection of the raypath.
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FORM TO SPECIFY INPUT PARAMETERS FOR PLOTTING A
PROJECTION OF THE RAYPATH

Model ID: So3

Plot directly during raypath calculations v or

plot from precomputed raypaths

in disk file

Normal or apogee plots: Normal ~ (W80=0
Plot apogees only (ws0=1

Projection:
Vertical plane, polar plot, reétangular expansion (W81=1.
Horizontal plane, lateral expansion Ll (W81=2
Vertical plane, polar plot, radial expansion (wWw81=3
Vertical plane, rectangular plot (W81=4

Superimpose these raypath plots on the graph of the previous runset:

Yes (W81 negative.)
No [ (W81 positive.)
Vertical or lateral expansion factor 3 (ws2)

Coordinates of the left edge of the graph:
Latitude = _—j00O (rad, deg, @north (wW83)
Longitude = — 30O  (rad, deg, east (W84)
Coordinates of thg right edge of the graph:
Latitude = 500 (rad, deg, north (W85)

Longitude = 300 (rad, deg, @ east (W86)

Distance between horizontal tick marks = {00 rad, deg.<::>(ws7)

Height above sea level of bottom of graph = km (W88)
Height above sea level of top of graph = km (W89)
Distance between vertical tick marks = km (W96)

Figure 2.17. Sample of completed form to specify input parameters
for plotting a projection of the raypath.
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right edges of the horizontal plot to coincide with the coordinates of the
left and right edges of the vertical plot, as specified above.

Figure 2.18 shows a plan view of the region of the earth's surface near
latitude zero, longitude zero, including the transmitter location, the ray-
launch azimuth, the locations of the centers of the CBLOB2 and TBLOB2 pertur-
bations, the ridge along the equator, and the locations of the left and right
edges of the two plot projections.

500 km N R

[

Transmission plane and
plot-projection plane

Trangmitter
TBLOB2

500 km W } } ©0.0) t $ ——-— A
4 Ridge on terrain

——-——-y-
Wwind direction

1
500 km S

Figure 2.18. Plan view of the major features of the sample-
case model, the transmitter location, the transmission direc-
tion, and the plot-projection plane.

2.4 Setting Up the Input Data File (W Array) for the Sample Case

Now that we have defined all the parameters needed to specify the
atmospheric model, the raypaths desired, as well as the printed, plotted and
machine-readable output, we can look at the form in which these input data are
communicated to HARPA. To run HARPA, you have to create a file like the one
shown for the sample case in Figure 2.19. (Such a file for the sample case
comes with the program.) HARPA reads this file into an array named W(n),
where n, the array subscript, is the first value on each line (columns 1-3),
and W(n) is the second value on each line (columns 4-17).



The values of n corresponding to each input parameter are indicated on
each of the input parameter forms we have just looked at. You will notice
that not all values of n are listed in the input table for the sample case;
those not explicitly defined in the Input Data File assume an initial value
that is usually (but not always) zero. The initialization scheme is explained
in Section 5.3.1.

Besides the values of n and W(n), the figure contains in columns 18-24
provisions for unit conversion on input, that is, for entering data in various
units. For example, the notation AN KM means that angular data has been
entered in kilometers and will be converted to radians by‘the program. For
W(3), the height of the transmitter, a T in column 17 converts the height
specified to height above the terrain model. Finally, in columns 25-80,

descriptive comments identify the data for easy data entry.

There are special values of n (such as zero or negative values) that con-
tain instructions for reading what follows. They will be described in detail
in Chapter 5. A negative number in columns 1-3 indicates that tabular or text
data follow. A zero in columns 1-3 indicates the end of tabular data or the
end of a "run set,”" the name we give to the input data for a set of ray calcu-
lations. For example, the rays for one run set will all appear on a single
rayplot. A new run set is necessary to create different plots or to change
model parameters. In Figure 2.19, new run sets start with the lines that begin
with "S03." For the sample case, each of the two run sets generates a dif-
ferent plot projection of the raypaths through the same atmospheric model.
Only the W values that change from the previous run set need be specified; the

others remain unchanged.

For now, you need only be aware of this tabular procedure for entering
data into HARPA; it would also be instructive to verify that the values
entered into the order forms for the sample case correspond to the entries in
the W(n) Input Data File.

When you run the program with this input data set, three kinds of output
will be produced: a step-by-step printed account of each ray's progress,
plots of the raypaths on vertical and horizontal planes, and machine-readable

data, including "raysets."
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col. col. col. col.
1-3 4-17 18-24 25-80
n W(n) UNITS DESCRIPTION
GEORGES RB3 X6437
S03-1 SAMPLE CASE FOR HARPA DOCUMENTATION REV. 2-10-86
1 6370. EARTH RADIUS, KM (6370.)
3 13. TTRANSMITTER HEIGHT, KM (T=ABOVE TERRAIN)
4 200. AN KM N. TRANSMITTER LATITUDE, KM
5 0. AN KM E. TRANSMITTER LONGITUDE, KM
7 .05 FQ HZ INITIAL FREQUENCY, HZ
11 45, AN DG INITIAL AZIMUTH ANGLE, DEG
15 ~20. AN DG INITIAL ELEVATION ANGLE, DEG
16 140. AN DG FINAL ELEVATION ANGLE, DEG
17 5. AN DG STEP IN ELEVATION ANGLE, DEG
20 5. RECEIVER HEIGHT, KM
22 3. MAXIMUM NUMBER OF HOPS (1.0)
23 1000. MAXIMUM NUMBER OF STEPS PER HOP (1000.)
26 500. MAXIMUM RAY HEIGHT, KM (500.)
27 -1. MINIMUM RAY HEIGHT, KM
28 1000. MAXIMUM RANGE, KM
29 0000100. DO: EIGRAY/RNG-TIM/RNG-ELV/NEW—PROJ/RAYTRC/CONT/PROF
33 999.999 MAXIMUM ABSORPTION, DB (999.999)
42 1.0E-6 SINGLE-STEP INTEGRATION ERROR (1.0E-4)
44 .1 INITIAL INTEGRATION STEP SIZE, KM (1.0)
57 2. PHASE PATH (0=NO; 1=INTEGRATE; 2=INTEGRATE/PRINT)
58 2. ABSORPTION (0=NO; 1=INTEGRATE; 2=INTEGRATE/PRINT)
60 2. PATH LENGTH (0=NO; 1=INTEGRATE; 2=INTEGRATE/PRINT)
71 50. NUMBER OF INTEGRATION STEPS PER PRINT ({1.E31]
72 1. OUTPUT RAYSETS (1=YES; 0=NO)
73 0. DIAGNOSTIC PRINTOUT (1=YES; 0=NO)
74 0. PRINT RAY STEPS (0O=YES; 1=NO)
75 .15 FULANN LETTER HEIGHT [0.15 IN}
76 0. BINARY RAY OUTPUT (1=YES; 0=NO)
77 57. LINES PER PAGE IN PRINTOUT (66.)
81 1. RAYPLOT PROJECTION (1=VERT; 2=HORIZ) PLANE
82 1. PLOT-EXPANSION FACTOR [1.0]
83 =100. AN KM N. LATITUDE OF LEFT PLOT EDGE, KM
84 =300. AN KM E. LONGITUDE OF LEFT PLOT EDGE, KM
85 500. AN KM N. LATITUDE OF RIGHT PLOT EDGE, KM
86 300. AN KM E. LONGITUDE OF RIGHT PLOT EDGE, KM
87 100. AN KM DISTANCE BETWEEN TIC MARKS, KM
88 0. HEIGHT ABOVE SEA LEVEL OF BOTTOM OF GRAPH, KM
89 300. HEIGHT ABOVE SEA LEVEL OF TOP OF GRAPH, KM
96 100. DISTANCE BETWEEN VERTICAL TIC MARKS, KM
100 6. ULOGZ2 WIND MODEL CHECK NUMBER
102 3. BACKGROUND WIND DATA SET ID
103 5. IN M REFERENCE WIND SPEED, M/S
104 35 VON KARMAN'S CONSTANT
105 1. ROUGHNESS HEIGHT, KM
150 1. GAMRTDM SOUND SPEED MODEL CHECK NUMBER
175 2. CBLOB2 MODEL CHECK NUMBER
177 2. SOUND SPEED PERTURBATION DATA SET ID
178 .5 FRACTIONAL INCREASE OF SQUARED SOUND SPEED
Figure 2.19. Input Data File for the sample case.
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179 125. HEIGHT OF MAXIMUM INCREASE, KM

180 335. AN KM N. LATITUDE OF MAXIMUM INCREASE, KM
181 125. AN KM E. LONGITUDE OF MAXIMUM INCREASE, KM
182 25, GAUSSIAN WIDTH IN HEIGHT OF INCREASE, KM
183 50. AN KM N-S WIDTH OF THE INCREASE, KM
184 25. AN KM E-W WIDTH OF THE INCREASE, KM
200 7. TTANH5 TEMPERATURE MODEL CHECK NUMBER
202 1. BACKGROUND TEMPERATURE DATA SET ID
225 2. TBLOB2 MODEL CHECK NUMBER
227 2. TEMPERATURE PERTURBATION DATA SET ID
228 .5 FRACTIONAL TEMPERATURE INCREASE
229 0. HEIGHT OF MAXTMUM INCREASE, KM
230 105. AN KM N. LATITUDE OF MAXIMUM INCREASE, KM
231 =105, AN KM E. LONGITUDE OF MAXIMUM INCREASE, KM
232 0. GAUSSIAN WIDTH IN HEIGHT OF INCREASE, KM
233 50. AN KM N-S WIDTH OF THE INCREASE, KM
234 25. AN KM E-W WIDTH OF THE INCREASE, KM
250 1. MCONST MOLECULAR WEIGHT MODEL CHECK NUMBER
252 29, MOLECULAR WEIGHT DATA SET ID
253 29, MOLECULAR WEIGHT
275 2. RTERR RECEIVER MODEL CHECK NUMBER
300 4, GLORENZ TERRAIN MODEL CHECK NUMBER
302 2. TERRAIN MODEL DATA SET ID
303 2. HEIGHT OF THE RIDGE, KM
304 0. N. LATITUDE OF THE RIDGE CENTER
305 30. AN KM HALF-WIDTH OF THE RIDGE, KM
325 0. NPTERR NO TERRAIN PERTURBATION
500 1. MUARDC VISC/COND MODEL CHECK NUMBER
502 1. VISC/COND MODEL DATA SET 1D
503 1.458E-06 VISCOSITY COEFFICIENT BETA
504 110.4 SUTHERLAND'S CONSTANT, KELVINS
505 733 PRANDTL NUMBER
525 0. NPABS NO VISC/COND PERTURBATION
550 1. PEXP PRESSURE MODEL CHECK NUMBER
552 1. BACKGROUND PRESSURE MODEL DATA SET ID
553 101328. PRESSURE AT SEA LEVEL, N/SQ.M.
554 8.5 PRESSURE SCALE HEIGHT, KM
575 0. NPPRES NO PRESSURE PERTURBATION
-1 DATA SUBSET FOR BACKGROUND WIND MODEL
A LOGARITHMIC EASTWARD WIND PROFILE, U*=.5 M/S, 20=1 KM
0 RETURN TO W ARRAY DATA SET
-2 DATA SUBSET FOR WIND PERTURBATION MODEL
A NO WIND PERTURBATION
0 RETURN TO W ARRAY DATA SET
=3 DATA SUBSET FOR BACKGROUND SOUND-SPEED MODEL
A SOUND SPEED IN TERMS OF TEMPERATURE MODEL
0 RETURN TO W ARRAY DATA SET
-4 DATA SUBSET FOR SOUND-SPEED PERTURBATION MODEL
A 50% INCREASE IN SQ. SOUND SPEED AT 125KM HT, 335KM N, 125KM E
0 RETURN TO W ARRAY DATA SET
=5 DATA SUBSET FOR TEMPERATURE MODEL

A U.S. STANDARD ATMOSPHERE 1962 TEMPERATURE PROFILE
3 999.0

LN KM LN KM
0. 288.000 0.

Figure 2.19. Input Data File (continued).
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15.0000 190.500 10.0000

52.0000 320.000 7.50000
95.0000 191.000 10.0000
165.0000 1451.000 50.0000
300.0000 1586.000 0.
999.0000
0 RETURN TO W ARRAY DATA SET
-6 DATA SUBSET FOR TEMPERATURE PERTURBATION MODEL
A 50% CYLINDRICAL INCREASE IN TEMPERATURE AT 105KM N., 105 KM W
0 RETURN TO W ARRAY DATA SET :
-7 DATA SUBSET FOR MOLECULAR WEIGHT MODEL
A MOLECULAR WEIGHT = 29
0 RETURN TO W ARRAY DATA SET
-8 DATA SUBSET FOR RECEIVER SURFACE MODEL
A RECEIVER SURFACE 5 KM ABOVE TERRAIN
0 RETURN TO W ARRAY DATA SET
-9 DATA SUBSET FOR TERRAIN MODEL
A RIDGE 2-KM HIGH, 30-~KM WIDE ALONG EQUATOR
0 RETURN TO W ARRAY DATA SET
~-10 DATA SUBSET FOR TERRAIN PERTURBATION MODEL
A NO TERRAIN PERTURBATION
0 RETURN TO W ARRAY DATA SET
=17 DATA SUBSET FOR VISC/COND MODEL
A ARDC VISCOSITY AND THERMAL CONDUCTIVITY MODEL
0 RETURN TO W ARRAY DATA SET
-18 DATA SUBSET FOR VISC/COND PERTURBATION MODEL
A NO VISCOSITY/CONDUCTIVITY PERTURBATION
0 RETURN TO W ARRAY DATA SET
-19 DATA SUBSET FOR BACKGROUND PRESSURE MODEL
A EXPONENTIAL PRESSURE MODEL, SCALE HEIGHT = 8.5 KM
0 RETURN TO W ARRAY DATA SET
=20 DATA SUBSET FOR PRESSURE PERTURBATION MODEL
A NO PRESSURE PERTURBATION
0 RETURN TO W ARRAY DATA SET
0 kkkkkkkkk%x END OF RUN SET NUMBER 1 hkkkkkkikhks
803-~-2 SAMPLE CASE FOR HARPA DOCUMENTATION REV. 2-10-86
71 0. NUMBER OF INTEGRATION STEPS PER PRINT
72 0. OUTPUT RAYSETS (1=YES; 0=NO)
73 1. DIAGNOSTIC PRINTOUT (1=YES; 0=NO)
8l 2. RAYPLOT PROJECTION (1=VERT; 2=HORIZ) PLANE
82 3. PLOT-EXPANSION FACTOR
0 *kkkkikkk* END OF RUN SET NUMBER 2 kkkkikkhhkk

Figure 2.19. Input Data File (continued).
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2.5 Printed Output for the Sample Case

Appendix A shows the complete printed output, or "printout," for the
sample case. Sections 2.5.1 and 2.5.2 define the terms and quantities used in

the printout.

Page 1 of the printout contains the program title block and a 1ist of all
the models used for the first run set. The model list includes subroutine
names, a number identifying the set of parameters defining that particular

model, and comments describing each model.

Pages 2-4 of the printout reproduce the Input Data File for run set

number 1.

Page 5 of the printout is a list of n and W(n) for all nonzero W(n). The
values of W(n) have been converted to the units used by the program; for
example, angles (like latitude and longitude) input in kilometers have been
converted to radians. The standard set of units used by the program are:
angles in radians, distances in kilometers, and frequency in radians per

second.

Pages 6-10 of the printout are in a columnar format that gives a step-by-
step account of each ray's progress, with each line showing important raypath
quantities at user-specified intervals along the raypath. The meanings of the
quantities printed out are explained in Section 2.5.1. The user can specify
how often along the ray a line is printed (we specified every 50 integration
steps). In addition, a line is printed out every time a ray experiences a
"gspecial event," such as a ground reflection, a turnover (apogee) or turnunder
(perigee), crosses the receiver height, or a few other events. Section 2.5.2

explains the exact meanings of all the special events.

Each ray calculation terminates when one of the termination conditions is
met, such as the maximum number of hops, maximum range, or maximum number of
integration steps, whichever occurs first. In the sample case, all of the
rays terminate either because they reached the maximum number of hops spec-
ified (3) or because the absorption reached the maximum specified. At the
end of each ray calculation, the printout shows how much CPU time was used for
that ray computation (2.009 s, in this case).
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Look at page 1 of the printout in Appendix A. Verify that the models
indicated at the bottom of the page coincide with those we specified as input.
Verify that the wave frequency and initial azimuth and elevation angles on
page 6 are what we want. Look down the first (ERROR) column of the tabular
printout (page 6) and verify that none of the numbers in this column exceeds
the maximum allowable single-step integration error, W(42), which for the
sample case is 10_6. This means that the numerical integration is proceeding

correctly.

Look at the first entries in the ELEVATION columns and verify that the ray
starts at the correct height above the terrain (13.00 km in this case), as
well as the correct height above sea level (slightly more than 13 km in this
case, because of the terrain model). The RANGE column should begin with zero
range from the transmitter and indicate the range from the transmitter with

successive steps.

A general idea of the sequence of events along this ray can be read in the
EVENT column. These notations mark the special events along the raypath,
which cause printout regardless of the step number. Reading down this column,
we see that this ray begins at the transmitter (XMTR), then crosses the
receiver (RCVR) height at 5 km altitude above the terrain, then reflects from
the ground (GRND REF), passes through the receiver (RCVR) height once again,
then executes an APOGEE, or turnover, and stops when it reaches the receiver
height (RCVR) a third time. The ray stopped because we specified a maximum of
three hops, or intersections with the receiver height (MAX HOPS).

The numbers in the AZIMUTH DEVIATION columns indicate that the ray
deviates from the azimuth of transmission because of the wind. The ELEVATION
ANGLE columns show changes in the local wave-normal direction and the eleva-

tion of the ray point measured from the transmitter.

PULSE TIME gives the time for a pulse or wave packet to reach that point,
and PHASE TIME gives the time for a wave phase front to reach that point. The
wave phase can be derived from PHASE TIME by multiplying by the wave frequency
in appropriate units (cycles per second to get wave phase in cycles, etc.) and
removing the integer part. The PATH LENGTH gives the physical length of the
ray path.
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The second run set shown in the sample-case printout uses the same initial
ray conditions, but it changes the rayplot to a horizontal projection, and it
adds diagnostic printout that can be useful for studying the details of

terrain or receiver-surface intersections.
2.5.1 Definitions of Quantities Listed in Printout (Appendix A)

AZIMUTH ANGLE OF TRANSMISSION -~ Azimuth angle (degrees clockwise from
north) of the initial ray-launch direction.

ELEVATION ANGLE OF TRANSMISSION -- Elevation angle (degrees upward) be-

tween the initial ray-launch direction and local horizontal at the
transmitter.

TRANSMITTER LATITUDE -- East latitude of the transmitter in geographic
coordinates.

TRANSMITTER LONGITUDE -- North longitude of the transmitter in geographic
coordinates.

FREQUENCY -- Acoustic wave frequency in hertz.
SINGLE-STEP ERROR -- Maximum allowable single-step integration error.
ERROR -- Normalized difference between the wave number k computed by
numerical integration and k computed from the dispersion relation
[Eq. (6.32)].
EVENT -- Nature of special event along the raypath (see Sec. 2.5.2).
HEIGHT -- Height of the ray point above sea level (or above the terrain).

RANGE —- Great-circle distance, measured at sea level between the trans-
mitter and the ray point.

AZIMUTH DEVIATION (XMTR) -- Azimuth angle of the direction of transmission
in degrees clockwise from the great circle between the transmitter
and the ray point.

AZIMUTH DEVIATION (LOCAL) -- Azimuth angle of the wave normal in degrees
clockwise from the great circle between the transmitter and the ray
point.

ELEVATION (XMTR) -- Elevation angle (degrees) of the ray point from local
horizontal at the transmitter.

ELEVATION (LOCAL) -- Elevation angle (degrees) of the wave normal from the
local horizontal at the ray point.

PULSE TIME -- The time (seconds) required for a wave packet (pulse) to
travel from the transmitter to the ray point (Sec. 6.1).

-43-



PHASE TIME -~ The time (seconds) required for a wave front to travel from
the transmitter to the ray point (Sec. 6.1.1).

ABSORPTION -- Decrease in acoustic intensity (dB) from the transmitter to
the ray point caused by atmospheric dissipation only (Sec. 6.1.2).

PATH LENGTH -- Geometric length of the ray path (kilometers) from the
transmitter to the ray point (Sec. 6.1.3).

2.5.2 Meanings of Special Events Along a Raypath

XMTR -- Ray is at the transmitter.

RCVR -- Ray is at the receiver surface.

GRND REF -- Ray has reflected from the terrain surface.

APOGEE -- Ray has passed through a maximum in height.

PERIGEE -- Ray has passed through a minimum in height.

WAVE REV -- Vertical, southward, or eastward component of the wave vector
has changed sign.

MAX LAT -- Ray has passed through a maximum (or minimum) in latitude.
MAX LONG -- Ray has passed through a maximum (or minimum) in longitude.
EXTINC -- Absorption has exceeded the maximum allowable.

MAX HOP -- Ray has executed the requested number of hops
(receiver-surface crossings).

MAX RANG -- Ray has exceeded the maximum allowable ground range.

MAX HT -- Ray has exceeded the maximum allowable height.

MIN HT -- Ray has gone below the minimum allowable height.

MIN DIST -- Ray has made a closest approach to the receiver surface.
ADDITIONAL EVENTS IN DIAGNOSTIC PRINTOUT

BACK UPO -- At call to subroutine BACKUP.

BACK UP1 -~ Before each numerical integration step in subroutine BACKUP.

GRAZE 0 -- At call to ENTRY point GRAZE in subroutine BACKUP.

GRAZE 1 -- Before each numerical integration step after ENTRY point GRAZE.

BACK UP2 -- After unsuccessfully trying to find a closest approach to

the receiver surface.
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BACK UP3 -- Before each numerical integration step after BACK UP2.

2.6 Rayplots for the Sample Case

We requested two rayplots, a projection on a vertical plane and a projec-
tion on a horizontal plane. These two plots are shown in Figures 2.20 and
2.21. Because we selected the FULANN (full annotation) option in W(75), we
have produced a plot with publication-quality lettering. This capability
requires the DISSPLA plotting package.

Rayplots are often the most useful output from a ray-tracing program, par-
ticularly when the medium is complicated. Depending on the user's plotting
and display facilities, rayplots can be produced on paper, microfilm, or video

displays.

Because the atmospheric and terrain models used in the sample case cause
the acoustic raypaths to behave in complicated ways, a few features of the two
rayplot projections call for some explanation. Figure 2.18 shows how the
planes of these plots are related to the transmitter location and the features
of the atmospheric and terrain models. The letters L and R show the locations
of the left and right edges of the two plots; the line connecting the L and R
represents the plane of the vertical projection (Figure 2.20) as well as the

line across the center of the horizontal projection (Figure 2.21).

The two rayplots show the gross refracting features of this atmospheric
model, namely that the temperature gradient bends upgoing rays back toward the
ground, and that the eastward wind deflects rays generally downwind. The wind
direction is to the right in Figure 2.20 (though not in the plane of the plot)
and is down and to the right in Figure 2.21. In the absence of wind, the rays
shown in Figure 2.21 would all be coplanar and so would appear as a single
straight, horizontal line in that projection, and the plot of Figure 2.20
would exhibit left-right symmetry. By comparing corresponding rays in Figures
2.20 and 2.21, one can get a rough three-dimensional perspective of the

raypaths.

The effects of the ridge in the terrain model are not evident in the
scales of these plots because the ridge is only 2 km high. The peak of the
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1 SAMPLE CASE FOR HARPA DOCUMENTATION REV. 2-10-86
MODEL = S03 ,FREQ = .050 HZ, AZ = 45.000 DEG

EL = -20.00 DEG TO 140.00 DEG, STEP = 5.00 DEG

XMTR HT = 13.04 KM ,LAT = 1.80 DEG, LONG = .00 DEG

ACOUSTIC WAVE *** WITH WIND ****** WITH LOSSES MODELS
ULOGZ2 3.0
NPWIND 0
GAMRTDM .0
CBLOB2 2.0
TTANH5 1.0
TBLOB2 2.0
MCONST 29.0
GLORENZ 2.0
NPTERR .
MUARDC 1.0
NPABSR .0
PEXP 1.0
NPPRES .0

300 RTERR .0

£

Z

P 200

jout

&

o 100

x

0

0 100 200 300 400 500 600 700 ggg
-270 DEG E. ~ RANGE AT SEA LEVEL (km) 540 ppg B

-.90 DEG N. 4.50 DEG N. 86/03/21. 17.34

Figure 2.20. Projection of the rays of the sample case onto
the vertical plane shown in Figure 2.18.

2 SAMPLE CASE FOR HARPA DOCUMENTATION REV.2-10-86
MODEL = S03 ,FREQ = .050 HZ, AZ = 45.000 DEG

EL = -20.00 DEG TO 140.00 DEG, STEP = 5.00 DEG

XMTR HT = 13.04 KM ,LAT = 1.80 DEG, LONG = .00 DEG

ACOUSTIC WAVE *** WITH WIND ****** WITH LOSSES MODELS

ULOGZ2 3.

0
NPWIND 0
100 | 1 GAMRTDM
CBLOB2 2.0
TTANHS 1.0
TBLOB2 2.0
MCONST 29.0
GLORENZ 2.0
NPTERR .0
MUARDC 1.0
NPABSR .0
PEXP 1.0
NPPRES .0
RTERR 0

[«

-100 |

CROSS RANGE AT SEA LEVEL (km)

100 200 300 400 500 600 700 800
—2.70 DEG E. RANGE AT SEA LEVEL (km) 2.70 DEG E.

Figure 2.21. Projection of the rays of the sample case onto a
horizontal plane whose axis (the horizontal line across the
middle of the plot) is shown in Figure 2.18.
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ridge intersects the plane of the vertical projection at about 300 km to the
left of the transmitter, and rays launched between about 120 and 130 deg ele-
vation reflect from the terrain near the peak of the ridge. They can be
observed in detail by launching a dense fan of rays between 120 and 130 deg
elevation and magnifying the vertical-projection plot in the vicinity of the
ridge. This could be done with just a few modifications of the Input Data
File and will be left as an exercise for the user.

2.7 Machine-Readable Output for the Sample Case

HARPA produces two kinds of machine-readable output. One form is called
"rayspts," which summarize in compressed form some useful ray parameters at
eaqh/special event (as defined above) along the raypath. The other form of
nééhine—readable output is called "binary raypath data," which permits a
complete reconstruction of the raypaths by a supplementary processing program.
When stored in machine-readable form (punched cards, magnetic tape, disk
files), raysets (as a file named PUNCH) and binary raypath data (as a file
named TAPE6) form the input to supplementary processing programs and extend
the utility of ray-tracing calculations. Examples are supplementary programs
to plot model profiles and contours, to compute amplitude, to plot range ver-
sus elevation angle of transmission and range versus travel time, as well as
programs that interpolate in elevation angle to estimate eigenrays that reach
a specified range. These supplementary capabilities will be documented in

another report.

Figure 2.22 shows a portion of the printout of the raysets for the sample
case. The complete rayset ocutput for the sample case is given in Appendix A.
Each ray begins with a "transmitter rayset,” the lines beginning with "s03"
in the example. Additional 80-column lines are produced whenever a ray
reflects from the terrain surface or crosses the receiver height and at the
end of each ray trace. Because of the way hops are counted, two identical
raysets are produced each time a ray executes a closest approach to the

receiver height.

The compressed rayset format is generally meant to be read by machines,

not humans, so it can be rather difficult to inspect for information.
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S03-1 SAMPLE CASE FOR HARPA DOCUMENTATION REV.9-23-85

uLoGZ2 3.0 NPWIND .0 GAMMA RT .0 CBLOB2 2.0

TTANHS 1.0 TBLOB2 2.0 MCONST 29.0 NO MODL .0

PEXP ; .g NPPRES '3 I;UAR%C 1.8 NSABSRL '8 Model

GLORENZ .0 NPTERR . TER .0 NO MOD ) ' e :
LOGARITHMIC EASTWARD WIND PROFILE - Idegtlflcatlm
50% INCREASE IN_SQUARED SOUND SPEED AT 125KM HT, 335kM N, 125kM g. | Header
U.S. STANDARD ATMOSPHERE 1962 TEMPERATURE PROFILE
0% CYLINDRICAL INCREASE IN TEMPERATURE AT 105KM N., 105 KM W.
MOLECULAR WEIGHT = 29 1

RIDGE 2-KM HIGH6 30-KM WIDE ALONG EQUATOR

Figure 2.22.
elevation-angle increment of 20°.

Rayset output for the first run set o

Receiver Raysets
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— S03 130440 1799 0 50000 3142 4500000 -2000000 0 0371
50367 294887 -3840 -3838-12169 9196124 9196123 0 0 0 01
313 563108 -2735 -2735 10693 17228767 17228768 0 0 0 026
50270 831414 -2343 -2340 12148 25260761 25260764 0 0 0 0 2R
50112 3073288 -4374 -4375-12129 94307633 94307634 0 0 0 03R
— S03 130440 1799 0 50000 3142 4500000 0 0 037
130453 2250470 -4938 -4939 -3 68990961 68990962 0 0 0 O01M
130453 2250470 -4938 -4939 -3 68990961 68990962 0 0 0 0O2M -
130423 4501421 -4932 -4941 -1 137987009 137987013 0 0 0 03M
— S03 130440 1799 0 50000 3142 4500000 2000000 0 037
50170 1946869 -5322 -5324-12129 59828119 59828103 0 0 0 O1R
152 2215510 -4860 -4863 10665 67882811 67882797 0 0 0 02G[
50137 2484283 -4498 -4500 12121 75937724 75937711 0 0 0 O2R
50070 4727741 -4790 -4799-12126 145006034 145006027 0 0 0 O3R
—S03 130640 1799 0 50000 3142 4500000 4000000 ¢ 0371
50103 3741414 -9536 -4137-35775 117807866 117807837 3 0 0 01
101 3814687 -9488 -4092 34998 120425195 120425167 3 0 0 026
50099 3887966 -9442 -4046 35772 123042513 123042487 3 0 0 02Rr
50043 7937415-10564 -5185-35793 249875267 249875381 6 0 0 O03R
—S03 130440 1799 ] 50000 3142 4500000 . 6000000 0 037
50104 3788921-10259 -3574-59417 113854747 113854834 840 0 0 O01R
103 3820800-10249 -3572 58548 115617591 115617680 840 0 0 002G
50102 3852681-10240 -3563 59414 117380431 117380523 840 0 0 02R[™
50049 7425637-11689 -5024-59423 230295002 230295121 1573 0 0 O03R
—-S03 130440 1799 0 50000 3142 4500000 8000000 0 037
2245590  880081-14390-14394 64191 50090000 50089965999999 0 0 0 1EH
—SQ03 130440 1799 0 50000 3142 4500000 10000000 0 037
2238850 451046208869 28867 65050 49890000 49889964599999 1] 0 01EH
—S03 130440 1799 0 50000 3142 4500000 12000000 0 037
53003 2990950200125 978-57476 115367955 115368106 2511 0 0 O 1R
2797 3023605200153 553 54429 117198670 117198821 2511 0 0 02G6] ]
52607 3056827200187 580 56842 119028620 119028770 2511 0 0 O2Rr
50134 5991692205807 6198-56730 234573129 234573354 3731 0 0 O03R
—S03 130440 1799 0 50000 3142 4500000 14000000 0 037
58098 2555846202632 -6592-36018 108393614 108393701 11 0 0 01R
6338 2633761202904 -6666 28584 111287389 111287482 1 0 0 002G}
55009 2713368203173 -6406 33954 114170553 114170650 1 0 0 O2R
50143 5658781212816 3229-33478 231386220 231386499 18 0 0 03Rr
Transmitter Raysets

f the sample case, using an



However, since this is occasionally necessary, Figures 2.23 and 2.24 provide
the key for reading rayset printouts.

Notice that the last 3 columns preceding the hop identifier in the

receiver raysets contain all zeroes for the sample case. The first of these

columns is for Doppler shift, which is zero because we did not use a time-
varying model atmosphere.

The transverse polarization is always zero for pure

acoustic waves, but is nonzero for acoustic-gravity waves (Jones et al., 1982,
Sec. 4.1).
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Figure 2.23.

Col.
Col.

Col.

Col.

Col.

Col.

Col.

Col.

Col.

Col.
Col.

Col.

absorption code:
tion; 2 = no wind, with absorption; 3 = with wind, with absorption and

A = decimal point.

80 --
78-79

. 74-77

69-73

54-63

44-53

35-43

26-34

20-25

1l4-19

Type of rayset; T = transmitter
-~ Maximum number of hops

-- Imaginary part
Wave polarization at transmitter
-~ Real part

Elevation angle of transmission, deg

-- Azimuth angle of transmission, deg clockwise from N,

-~ Frequency, rad/sec

-~ Height of receiver above ground, km

-- Longitude of transmitter, deg

-- Latitude of transmitter, deg

5-13 -- Height of transmitter above ground, km
4 -- Wind/absorption code

1-3 == Model identification

Definitions and format for a transmitter rayset. *Wind/
0 = no wind, no absorption; 1 = with wind, no absorp-
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Card~image column

80

Col. 80 -- Type of rayset#
Col. 78-79 -- Hop number"

[:———-Col. 74-79 -~ Imaginary part

o I Wave polarization
“'Ec Col. 69-73 -- Real part
. e
‘L Col. 63-68 -- Doppler shift, Hz
o d
\o'::-<
EH Col. 57-62 -- Absorption, dB
N
Kl
:ln
o 18
m‘ﬂ
o Col. 47-56 -- Phase path, km
O
cQ
10
o 8"
Q‘.n
:N- Col. 37-46 -- Group path, km
iy
St
i
ol Col. 31-36 -- Elevation angle of arrival, deg
o
[y
o
] .
Do Col. 25-30 -- At ray point , .
A Azimuth of wave normal, deg clockwise
* 9 e from great circle between transmitter
Q.o and ray point
e Col. 19-24 -- At transmitter
"o
Tar
.
.~
S-;m Col. 10-18 -~ Ground range between transmitter and receiver, km
-
Dok
- Col. 1-9 -- Height of ray above sea level, km

Figure 2.24. Definitions and format for a receiver rayset. * Type of
rayset: G = ground reflection: M = closest approach to receiver height; P
= penetrated range or height limit; R = at receiver height; § = maximum
number of steps; E = extinction; F = exceeded maximum range; U = exceeded
maximum height; D = went below minimum height; A = decimal point.
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PART Il: HOW TO USE THIS PROGRAM

3. How to Get This Program Running on Your Computer

This chapter explains how to get the FORTRAN source code off the distribu-
tion tape and onto your computer, and how to get as far as running the sample
case. It also deals with the machine-dependent aspects of running HARPA and

suggests ways to deal with different computing environments.

3.1 How To Get a Copy of the Program

The FORTRAN source code for the version of HARPA documented in this report
and the Input Data File for the sample case are available on magnetic tape.
For ordering information, contact the authors at the Wave Propagation
Laboratory, Propagation Studies Program Area, 325 Broadway, Boulder, Colorado
80303.

The format of the distribution tape is 0.5 in x 1200 ft, 9 track, 1600 bpi,
ASCII character set, block size 1600 bytes, logical record length 80 bytes, no
parity.

3.2 ANSI-FORTRAN 77 Compatibility

HARPA was designed to run on a Control Data Corp. (CDC) CYBER 700-800 series
with a CDC FORTRAN 77 compiler. It should compile with any FORTRAN compiler
that adheres to the ANSI FORTRAN 77 standard, including microcomputer FORTRAN
compilers that claim such compatibility.

To ensure portability, we have made many changes in portions of the program
that were written before the ANSI standard was established. However, where such
changes would have been arduous, and where de facto standards that exist on many
systems permit deviations from the ANSI standard, we have retained some non-ANSI

code. Following are some exceptions to the ANSI standard:

(1) Some variable and subroutine names have seven characters (six is the ANSI

standard).
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(2) Some alphanumeric characters are stored eight characters per word in

numeric (not character) variables and are output using A8 format.

(3) Some machine-dependent constants are entered in nonstandard format (see
the following section).

(4) Sometimes a function is called as though it were a subroutine.
(5) Some real variables are EQUIVALENCEd to integer variables.

(6) In some models and other subroutines, data statements are used to ini-
tialize variables contained in labeled-common blocks. For systems that do not
permit this, such data statements must be put into separate BLOCK DATA modules.
Sequence numbers in the source-code listing identify such statements.

3.2.1 Machine- and System-Dependent Code

We have tried to consolidate any machine- or operating-system-dependent
code into two subroutines to make it easier to identify and adapt to new
environments.

Before attempting to run HARPA, the user must modify SUBROUTINE DFCNST,
which defines machine-dependent constants. The version supplied on the distri-
bution tape is for the CYBER 700-800 series with NOS 2x. Instructions for
modifying this routine for several popular machines are included as comments in
SUBROUTINE DFCNST (Appendix D).

Another subroutine, DFSYS, contains some operating-system-dependent func-
tions, such as clock and date functions and system-dependent I/0. Users should
also check DFSYS and make changes appropriate to their own operating systems.

3.2.2 Word Length

Some problems may arise with machines that have word lengths shorter than
the 60-bit word used in our CYBER 840. The numerical integration subroutine
(RKAM1) uses double-precision arithmetic to accumulate numerically integrated
quantities, but this is almost certainly not necessary with a 60-bit word for
ordinary precision requirements. We have not investigated what errors might
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occur if less precision were used. We recommend testing the precision on a dif-
ferent machine by running the sample case for smaller and smaller values of the

single-step integration error, W(42), and verifying that the error value in the

first column of the printout maintains at least the accuracy specified by W(42).
The level where that accuracy first breaks down is probably the precision limit

imposed by the computer's word length.

3.2.3 Execution Speed

For many applications, HARPA runs fast enough on our CYBER 840 to allow vir-
tually interactive (machine load permitting) ray tracing using a graphics ter-
minal for editing program input and for viewing graphical output. Although
HARPA may compile and run on smaller machines, its speed may be so slow that
interactive ray tracing may no longer be practical. The run times shown on the
printout (Appendix A) for the sample case (at the end of each ray) allow you to
compare run times between your computer and ours. Tests on a CRAY XMP-48 indi-
cate a factor of 7 speedup over a CYBER 840.

3.2.4 Graphics

The graphics programs included with HARPA were designed to run on the CYBER
700-800 series computer and use the DISSPLA graphics package (by ISSCO, Inc.) and
a CDC 250 Microfilm Potting Unit. However, HARPA will run regardless of the
plotting facilities you have. :

If you have DISSPLA, you can produce the graphic output by running the
supplementary program DDSPLA, supplied as File 6 of the distribution tape. This
program reads a graphics metafile called TAPE5, which HARPA produces when plots
are requested (see Fig. C1).

If you don't have DISSPLA, you can still run HARPA and get the printed and
machine-readable outputs, but you won't get any graphics output. Just ignore
the TAPE5 file. If you have other graphics devices, you can modify the
DD-prefix plotting routines to drive them. PROGRAM DDALT (file 7 of the distri-
bution tape) provides a framework for inserting custom plot-command calls. The
functions of these routines and further details about the CDC 250 plot package
and the DISSPLA interface are given in Appendix C.
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3.3 Unpacking the Program Tape and File Organization

The distribution tape contains the seven files listed in Section 3.3.1.
Section 7.1 gives a list of the programs and subroutines on the distribution
tape. Normally, you would transfer all tape files to punched cards or permanent

disk files, depending on which medium you will use to run the program.

Although HARPA continues to evolve, the source code on the distribution tape
will always correspond exactly with the version described in this report.
Updates and errata will be documented separately and included in a dated update
tape file.

3.3.1 Files on the HARPA Distribution Tape

File #:

1. FORTRAN source code for the Sample Case, including its models, ready
to compile, with common and data blocks included.

2. Input Data File for the Sample Case.

3. FORTRAN source code for the "Ray-tracing Core" programs, including
plotting (graphics-write) routines.

4. FORTRAN source code for four dispersion-relation routines.
5. FORTRAN source code for all atmospheric-model routines.

6. FORTRAN source code for program DDSPLA for reading the Graphics Output
File (TAPE5) for users with DISSPLA.

7. FORTRAN source code for program DDALT, a skeleton routine for reading the
Graphics Output File (TAPE5), allowing users to insert plotting modules
for their own plotting systenm.

3.3.2 Setting Up a Run Module

A run module is the subset of programs that you submit to your computer to
run a particular application, along with the job-control commands your computer
needs to compile and/or run a program. Files 1 and 2 of the distribution tape
constitute the run module (minus the job-control cards) for the sample case. It
consists of a core of routines (Sec. 7.1.1) that must always be present to trace
rays, and a set of selectable routines (Secs. 7.1.2 and 7.1.3) that describe the
particular model (those for the sample case in this example). Figure 3.1 shows

a representative run module.
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Job-control statements for your computer

Ray-tracing core

One dispersion-relation routine

Selected atmospheric- model routines

Input data file

Figure 3.1. Configuration of a run module, assembled from
parts consisting either of disk-file modules or punched-card
decks.

The selectable part of the run module means that you select only the routi-
nes that describe the model you want to use. The run module must contain one

and only one (with exceptions noted) of the following kinds of model routines:

dispersion-relation routine

background sound-speed model

background wind model (if you use dispersion models AWWWL or AWWNL)
background terrain model

perturbation sound-speed model (NPSPEED does nothing)

e P P M 8 D

perturbation wind model (NPWIND does nothing) (if you use dispersion
models AWWWL or AWWNL)
perturbation terrain model (NPTERR does nothing)

a receiver-surface model.

In addition, you need any other models that are called by any of the above
routines, for example, background and temperature-perturbation models called by
a sound-speed model (such as GAMRTDM). If you are using a version of the
dispersion-relation routine that includes absorption (AWWWL or ANWWL), you will
also need models for viscosity/thermal conductivity and pressure, or whatever
other parameters it requires. Look at the bottom of the model input parameter

forms (Appendix B) to see what other models a given model needs.
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3.3.3 If You Are Using Cards To Input Data

If you have no permanent disk storage on your computer, you can load a pre-
viously compiled version of HARPA (if you don't change the program itself) into
your computer from tape each time you want to run it, and have it read the Input
Data File from punched cards. For each run, you have to edit the Input Data
File (Deck) by punching new cards for the data you change from a previous run.
The Input Data File is arranged in an 80-column format with one input parameter
per card so that the deck is easy to edit if you have the contents of the cards
interpreted (printed across the card tops).

3.3.4 If You Are Using Permanent Disk Files

It is far more convenient to store both the program and the Input Data File
in permanent disk files. A run module (Fig. 3.1) can be constructed by a
batch or procedure program that selects the appropriate routines from the HARPA
"library." Procedure (or batch) programs also simplify the manipulation of
HARPA input and output, but because they depend on the operating system you use,

you will generally have to write your own procedures.
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4. How to Construct An Atmospheric Model

The easy way to set up an atmospheric model is to select from a general-
purpose set of models we have designed (Table 4.1) and choose the model param-
eters that fit your needs. This requires no programming whatsoever and we
encourage that choice whenever possible. Alternatively, you can design your own
atmospheric models by writing a FORTRAN subroutine that defines the atmospheric
property and its spatial derivatives in a form that is compatible with the rest
of the program. This chapter describes both ways.

4.1 Choosing From the Available Atmospheric Models

We have designed some generic atmospheric models that can be adapted to
represent common atmospheric structures simply by selecting the appropriate
model and its parameters in the Input Data File. They are closed-form
expressions for an atmospheric property as a function of geographic latitude,
longitude, and height; some accept inpuf parameters in tabular form. There are
models for wind, sound-speed and temperature fields, viscosity and thermal con-
ductivity, pressure, molecular weight and terrain surfaces. Though not strictly
considered part of the atmospheric model, three models for the receiver surface

are also provided. All of these models are described in Appendix B.

Most of the models come in two kinds, "background" and "perturbation."
Perturbation models generally superimpose more structure on a background model.
Table 4.1 lists the atmospheric models that come with HARPA. To run HARPA, you
always have to specify one background model and one perturbation model for each

required atmospheric property, even if the perturbation is a do-nothing version.

To put together an atmospheric model from the subroutines we have supplied,
first copy the FORM TO SPECIFY AN ATMOSPHERIC MODEL from Appendix B and fill in
the name of a model you want to use for each atmospheric parameter, selecting
from the choices listed in Table 4.1. Full mathematical descriptloﬁs of each
model can be found in Appendix B on the order form listed under the model name,
and FORTRAN listings for the model subroutines can be found in Appendix D. For
now, leave off the numbers of the Data Set ID column until you have selected

the models' parameters.
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Table 4.1--Available atmospheric models

Start
Model of W array Model
type parameter check Subroutine
number block number name Description
1. 100 Background wind models:

1. WL INEAR Constant upward and northerly
wind, linear easterly wind pro-
file

6. ULOGZ2 Logarmithmic atmospheric boundary
layer profile

9. VVORTX3 Vertical, cylindrical wind vortex

8. WGAUSS2 Localized (Gaussian) zonal wind
field

5. WTIDE Zonal and meridional profiles
that are harmonic in time and
height and are in quadrature

2. 125 Wind-perturbation models:

0. NPWIND Do-nothing version

Sougd—speed models:
3. 150 1. GAMRTDM C” = YRT/M

2. CSTANH Profile with linear segments

joined by hyperbolic functions
4. 175 Sound-speed perturbation models:

0. NPSPEED Do-nothing version

2. CBLOB2 Localized (Gaussian) temperature
perturbation

5. 200 Background temperature models:

0. NTEMP Do-nothing temperature model

1. TLINEAR Linear temperature profile

6. TTABLE Tabular temperature profile with
cubic interpolation between
points _

7. TTANHS Profile with linear segments
joined by hyperbolic functions

6. 225 Temperature-perturbation models:

0. NPTEMP Do-nothing version

2. TBLOB2 Localized (Gaussian) temperature
perturbation

7. 250 Molecular weight models:
1. MCONST Constant molecular weight
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Table 4.1——Availabie atmospheric models (continued)

Start
Model of W array Model
type parameter check Subroutine
number block number name Description
8. 275 Receiver-surface models:
1. RHORIZ A sphere concentric with the earth
2. RTERR A fixed height above the terrain
3. RVERT A vertical surface at a specified
fixed range from a specified
geographic point
9. 300 Terrain models:
1. GHORIZ A sphere concentric with the earth
3. GTANH A profile of linear segments
joined by hyperbolic functions
4. GLORENZ An east-west Lorentzian-shaped
ridge
10. 325 Terrain perturbations:
0. NPTERR Do-nothing version
17. 500 Viscosity/thermal conductivity:
1. MUARDC ARDC viscosity model,
Prandt]l number for thermal
conductivity
18. 525 Viscosity/conductivity perturbation:
0. NPABS Do-nothing version
19. 560 Atmospheric pressure:
1. PEXP Exponential profile
20. 575 Pressure perturbation:
0. NPPRES Do-nothing version

Next, select and copy the blank Input Parameter Forms from Appendix B for

the models you have selected and fill in the values of the variable parameters

that you want.

Next transfer the input parameters to a new Input Data File,

either constructing one from scratch, according to the format shown in Figure

2.5, or modifying an old one.

parameters are removed.)

(If you use

an old one, make sure that unused

Remember to assign an input data-set identification

number (F7.3 FORMAT), which uniquely identifies that set of input parameters
for each model, and to assign an Atmospheric Identification (ID) for the entire
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set of models. Put these ID numbers on the FORM TO SPECIFY AN ATMOSPHERIC MODEL

and save all these forms as a record of the models you have defined.

Here are a few guidelines for selecting models. If you want a model with no
temperature variation, use TLINEAR and set the gradient to zero. If you want a
model with no wind, use no wind model and select a dispersion-relation routine
with no wind (ANWNL or ANWWL). 1If you specify any temperature model, you have
to use model GAMRTDM, which simply converts temperature to sound speed. If you
want to specify a sound-speed field only (such as CSTANH), don't use any tem-
perature model, in which case you don't need GAMRTDM. You can also specify a
background model in terms of temperature or sound speed (but not both), and per-
turbations in terms of temperature or sound speed or both (as in the sample
case). If you want no perturbation model for wind speed, temperature, sound
speed, or terrain, use the corresponding do-nothing perturbation models NPTEMP,
NPWIND, NPSPEED, or NPTERR.

If you are storing HARPA on a permanent disk file, you have to select only
the subroutines that define your atmospheric model (and the correct dispersion-
relation routine) and assemble them into a separate "run module" (Section
3.3.2). If you are storing the programs on punched cards, you should select and
submit only the decks for the model subroutines you want to use. It is con-
venient to think of HARPA as consisting of a core of ray-tracing routines that
are always used, and a set of selectable model-related routines from which you
select the ones appropriate to the models you want. The specific routines that
fall into each category are listed in Chapter 7.

4.1.1 Model Check Numbers

To guard against accidentally selecting the wrong model subroutine for a run
module, each model is assigned a permanent Model Check Number, which is entered
on each model input data form (Appendix B). If a model subroutine is selected
whose Check Number does not match that specified in the Input Data File, then
the program will stop and give an error message.

Another number, called the Input Data Format Code, is not now being used or
checked, but may be used in the future.
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4.1.2 Tabular Input to Models

Some models, like TTANH5 and TTABLE, can accept so many input parameters
that it is inconvenient to specify each one as a separate line in the Input Data
File, so a general provision has been made for entering data in tabular form.
The use of TTANHS in the sample case is an example. Tabular data are entered
into the Input Data File in a special format illustrated by Figure 2.19 and
described fully in Chapter 5.

4.2 Designing Your Own Models

HARPA will accept any atmospheric model specification that provides the
desired atmospheric property as a function of the earth-centered spherical-polar
coordinates r,0,¢ and time t, as well as its spatial and temporal derivatives.
There are three important considerations in writing model subroutines: (a) All
spatial derivatives must be not only continuous but also analytically consistent
with the formulas for the atmospheric property itself; any errors or approxima-
tions in those calculations will result in larger-than-desired integration
errors, as displayed in the first column of the ray-tracing printout. (b) The
input data for the models must come from the part of the W array assigned to
that type of model (Table 4.1) and from the tabular-input common blocks assigned
to those models (Table 4.2). (c) The output from the atmospheric model must go
to the appropriate data-output common block (Table 4.3). Because the model
routines are called many times, efficient programming here pays off in execution

efficiency.

If you want a new model of wind, temperature, or sound speed that depends
only on height, you would normally design a new background model. If you want a
three-dimensional model, you could use one of the background models we have
supplied and design a new perturbation model. Conceivably, you could design
both a new background and a new perturbation model, but the safe way to proceed

is to do one at a time.

Those designing a new model should pattern their subroutine after a similar
one that comes with HARPA. We will use the model TTANHS (Fig. 4.1), as an
example and discuss its structure in detail to illustrate how to write a model
subroutine. In the following paragraphs, general statements will be followed in
square brackets by the specific examples from TTANHS.
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Table 4.2--Allocation of common blocks for tabular input
to the various atmospheric models¥*

Common block name Atmospheric model
A /B1/ Wind velocity

/B2/ Perturbation to the wind
velocity

/B3/ Sound speed

/B4/ Perturbations to the sound
speed

/B5/ Temperature

/B6/ Perturbations to the temperature

/B7/ Molecular weight

/B8/ Receiver surface

/B9/ Terrain

/B10/ Terrain perturbation

/B17/ Viscosity/thermal conductivity

/B18/ Viscosity/conductivity perturbation

/B19/ Pressure

/B20/ Pressure perturbation

* 1In the first 31 elements of each of these common blocks, each atmospheric
model indicates the structure of the rest of the common block. Subroutine
READW1 stores input data that it reads starting in element 32 of the common
block.
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Table 4.3--Allocation of common blocks for output from the
various atmospheric models

Common block Location of description Atmospheric model
name (table number)
/uu/ v 7.10 Wind velocity
/CC/ 7.11 Sound speed
/TT/ 7.12 ‘ Temperature
/MM/ 7.13 Molecular weight
/RR/ 7.14 Receiver surface
/GG/ 7.15 Terrain
/AA/ 7.16 Viscosity/thermal

conductivity

/PP/ 7.17 Atmospheric pressure

There are no restrictions on naming models, but it is useful to assign a
name that suggests the model's function. [TTANH5 is the fifth temperature model
that used TANH functions to smooth temperature profiles with linear segments.
Square brackets enclose examples of parameters for the TTANH5 routine.] Each
model subroutine has two entry points whose standard names are given in
Table 4.4. These names must be used when designing new subroutines. The first
entry point [ENTRY IPTEMP], whose name begins with an "I," is for initialization
after new input data have been read in, and that entry point is called the first
time the program enters the subroutine. The second entry point [ENTRY TEMP]
enters the routine for subsequent computations of the atmospheric parameter ([T]
and its time and space derivatives [PTT, PTR, PTTH, PTPH] according to the for-

mulas given on the model order from.

The input to each subroutine (geographic coordinates r,0,¢) is through
blank common, and output [temperature and its derivatives]} is through the
labeled common blocks [/TT/], named for each kind of model and listed in
Table 4.3. If you need more input parameters than will fit in the assigned
block of the Input Data Table [200-224], then you should use a tabular input
format, which uses the labeled common blocks [B5] listed in Table 4.2. Tabular
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SUBROUTINE TTANHS

TEMPERATURE PROFILE REPRESENTED BY A SEQUENCE OF LINEAR SEGMENTS
SMOOTHLY JOINED BY HYPERBOLIC FUNCTIONS. PARAMETERS ARE INDPUT
AS TABULAR DATA WITH SLOPES COMPUTED FROM TEMPERATURE DATA.
REFERENCE TEMPERATURE TO IS READ FROM TABULAR DATA.

DIMENSION C(20), TM(19), Z(19), DL(19)

COMMON DECK "RKAM" INSERTED HERE

REAL KR, KTH, KPH

COMMON/ /R, TH, PH, KR, KTH, KPH, RKVARS (14) , TPULSE , CSTEP, DRDT (20)
COMMON DECK "TT" INSERTED HERE

REAL MODT

COMMON/TT/MODT (4) , T,PTT,PTR, PTTH, PTPH

COMMON DECK "WW" INSERTED HERE

PARAMETER (NWARSZ=1000)

COMMON/WW/ID(10) ,MAXW, W (NWARSZ)

REAL MAXSTP,MAXERR,INTYP,LLAT,LLON

EQUIVALENCE (EARTHR,W(1)), (RAY,W(2)), (XMTRH,W(3)), (TLAT,W(4)),
1 (TLON,W(S)),(OW,W(G)),(FBEG,W(7)),(FEND:W(B)),(FSTEP:W(9)),
2 (AZ1,W(10)), (AZBEG,W(11)), (AZEND,W(12)), (AZSTEP,W(13)),

3 (BETA,W(14)), (ELBEG,W(15)), (ELEND,W(16)), (ELSTEP,W(17)),
8 (RCVRH,W(20)),

4 (ONLY,W(21)), (HOP,W(22)), (MAXSTP,W(23)), (PLAT,W(24)), (PLON, W(25) ) CHW2

5, (HMAX,W(26)), (RAYFNC,W(29)), (EXTINC,W(33)),

6 (HMIN,W(27)), (RGMAX,W(28)),

8 (INTYP,W(41)), (MAXERR,W(42)), (ERATIO,W(43)),

6 (STEP1,W(44)), (STPMAX,W(45)), (STPMIN,W(46)), (FACTR,W(47)),
7 (SKIP,W(71)), (RAYSET,W(72)), (PRTSRP,W(74)), (KITLET,W(75))
9 , (BINRAY,W(76)), (PAGLN,W(77)), (PLT,W(81)), (PFACTR,W(82)),
1 (LLAT,W(83)), (LLON,W(84)), (RLAT,W(85)), (RLON,W(86))
2,(TIC,W(87)),(HB,W(88)), (HT,W(89)), (TICV,W(96))

REAL MMODEL,MFORM,MID

WIND 100-124
EQUIVALENCE (W(100),UMODEL), (W(101),UFORM), (W(102),UID)

DELTA WIND 125-149
EQUIVALENCE (W(125),DUMODEL), (W(126),DUFORM), (W(127),DUID)

SOUND SPEED 150-174
EQUIVALENCE (W(150),CMODEL), (W(151),CFORM), (W(152),CID)
EQUIVALENCE (W(153),REFC)

DELTA SOUND SPEED 175-199
EQUIVALENCE (W(175),DCMODEL), (W(176),DCFORM), (W(177) ,DCID)

TEMPERATURE 200-224
EQUIVALENCE (W(200),TMODEL), (W(201),TFORM), (W(202),TID)

DELTA TEMPERATURE 225-249
EQUIVALENCE (W(225),DTMODEL), (W(226),DTFORM), (W(227) ,DTID)

MOLECULAR  250-274
EQUIVALENCE (W(250),MMODEL), (W(251),MFORM), (W(252) ,MID)

RECEIVER HEIGHT 275-299
EQUIVALENCE (W(275),RMODEL), (W(276) ,RFORM), (W(277) ,RID)

Figure 4.1. Listing for model temperature subroutine TTANH5.
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TTANH5 9
TTANH510
TTANH511
TTANH512
TTANH513
TTANH514
RKAMCOM2
RKAMCOM4
RKAMCOMS5
CTT 2
CTT 4
CTT 5
CWW 2
CWW1l 3
CWW1 4
CWW2 2
CWw2 3
CWW2 4
CWw2 5
CWW2 6
CWw2 7
8
CWw2 9
CWw2 10
Cww2 11
CWw2 12
Cwwz 13
CWw2 14
CWw2 15
CWwW2 16
CWW3 2
CWW3
CWw3 4
CWW3 5
CWw3 6
CWW3 7
CWW3 8
CWW3 9
CWW3 10
CWw3 11
CWWw3 12
CWW3 13
CWW3 14
CWW3 15
CWW3 16
CWwW3 17
CWW3 18
CWW3 19
CWW3 20
CWW3 21
CWW3 22
CWW3 23
CWW3 24
CWW3 25
CWW3 26
CWW3 27



00 [eKe! (X!

[eXe}

N 00 00 o0 (9]

N oo 0o 0O 0

TOPOGRAPHY  300-324
EQUIVALENCE (W(300),GMODEL), (W(301),GFORM), (W(302),GID)

DELTA TOPOGRAPHY  325-349
EQUIVALENCE (W(325),GUMODEL), (W(326),GUFORM), (W(327),GUID)

UPPER SURFACE TOPOGRAPHY  350-374
EQUIVALENCE (W(350),SMODEL), (W(351),SFORM), (W(352),SID)
PLOT ENHANCEMENTS CONTROL PARAMETERS

EQUIVALENCE (W(490) ,XFQMDL), (W(491) ,YFQMDL)
ABSORPTION 500-524

EQUIVALENCE (W(500),AMODEL), (W(501) ,AFORM), (W(502),AID)

DELTA ABSORPTION 525-549
EQUIVALENCE (W(525),DAMODEL), (W(526) ,DAFORM), (W(527) ,DAID)

PRESSURE 550~574
EQUIVALENCE (W(550),PMODEL), (W(551) ,PFORM), (W(552),PID)

DELTA PRESSURE 575-599
EQUIVALENCE (W(575),DPMODEL), (W(576) ,DPFORM), (W(577) ,DPID)

COMMON DECK "BS" INSERTED HERE

INTEGER TMX,TNTBL,TITBL, TFRMTBL,IDST (10)
COMMON/BS/TMX, TNTBL (10) , TITBL(10) , TFRMTBL(10) , TGP (262)
EQUIVALENCE (TGP,IDST), (ANT,TGP(11))

EQUIVALENCE (20,TGP(12)), (TM, TGP (33))
EQUIVALENCE (2,TGP(13)),(C,TGP(32)), (DL, TGP(53))

DATA RECOGT,N/7.0,0/
DATA ANT/0.0/

DATA TMX/2/

DATA TNTBL/1,11,72,7*0/
DATA TITBL/1,20,8%0/
DATA TFRMTBL/1,2,8%0/

COSH (X) = (EXP (X) + 1. / (EXP (X))) / 2.

ENTRY ITEMP

CALL IPTEMP

IF HAD PREVIOUS CALL BUT NOTHING THIS TIME, EXIT NOW
RETAINING PREVIOUS TABULAR DATA COUNT

IF(N.GT.0 .AND. ANT.EQ.0.0) RETURN

IF(RECOGT .NE. TMODEL)

1 CALL RERROR('TEMP ', '"WRNG MODEL', RECOGT)

MODT (1) =7HTTANH5
MODT (2) =TID

N=(ANT+1)/3 - 2

IF(N.LE.O)
1 CALL RERROR('TTANHS', 'BAD N VALUE',FLOAT(N))

CWW3 28
CWW3 29
CWW3 30
CWW3 31
CWW3 32
CWW3 33
CWW3 34
CWW3 35
CWW3 386
CWw3 37
CWW3 38
CWW3 39
CWW3 40
CWW3 41
CWW3 42
CWW3 43
CWW3 44
CWW3 45
CWW3 46
CWW3 47
CWW3 48

CWW3 49
CWW3 50
CWW3 51
CB5 2
CBS 4
CBS 5
CB5 6
TTANH519
TTANH520
TTANH521
TTANH522
TNHSBL 2
TNH5BL 3
TNH5BL 4
TNHSBL 5
TNHSBL 6
TTANH525
TTANH526
TTANH527
TTANH528
TTANH529
TTANH530
TTANH531
TTANH532
TTANH533
TTANH534
TTANHS35
TTANH536
TTANH537
TTANH538
TTANH539
TTANH540
TTANH541
TTANH542
TTANH543
TTANH544
TTANH545
TTANHS546

Figure 4.1. Listing for model temprature subroutine TTANH5 (continued).
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[eNoNe!

1

2

ANT=0.0

CONVERT 'T' ARRAY INPUT (OVERLAYS 'C' ARRAY) TO 'C' ARRAY

TO=C(1)

TIM1=TO

ZIM1=0.0

NP1=N+1

DO 10 I=1,NPl
TI=TM(I)
ZI=Z (I)
C(I)=(TI-TIM1)/(ZI-ZIM1)
TIM1=TT
Z2IM1=21

RETURN

ENTRY TEMP
H = R - EARTHR
SUM = 0.

LOOP TO SUM OVER ALL COEFFICIENTS

USE SPECIAL FUNCTION 'ALCOSH' WHICH ALLOWS FOR LARGE ARGUMENTS.
DO1TI=1,N

SUM = SUM + DL(I) * (C(I + 1) = C(I)) / 2. *(ALCOSH((H - Z
1(I)) / DL(I)) - ALCOSH((Z(I)-2Z0) / DL(I)))

T =TO + SUM + (C(1) + C(N + 1)) * (H - Z0) * 0.5

SUM = o.

DO 2I=1, N

SUM = SUM + (C(I + 1) - C(I)) / 2. * (1. + TANH ((H - z(I)) /DL
1 (1)))

PTT=0.0

PTR = C(1) + SUM

PTTH=0.0

PTPH=0.0

CALL PTEMP
RETURN
END

TTANH547
TTANH548
TTANH549
TTANH550
TTANH551
TTANH552
TTANH553
TTANH554
TTANH555
TTANH556
TTANHS557
TTANH558
TTANH559
TTANH560
TTANH561
TTANH562
TTANH563
TTANH564
TTANH565
TTANH566
TTANHS567
TTANH568
TTANH569
TTANH570
TTANH571
TTANH572
TTANH573
TTANHS74
TTANH575
TTANH576
TTANHS577
TTANHS578
TTANHS579
TTANH580
TTANH581
TTANH582
TTANH583
TTANH584
TTANH585
TTANH586

Figure 4.1. Listing for model temperature subroutine TTANHS (continued).
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Table 4.4--Assignment of entry point names and input parameter
blocks in the W array for the atmospheric models

Atmospheric model Entry point names Input parameter
block in the W array

Wind WINDR, IWINDR 100-124
Wind perturbation PWINDR, IPWINDR 125-149
Sound-speed SPEED, ISPEED 150-174
Sound speed perturbation PSPEED, IPSPEED 175-199
Temperature TEMP, ITEMP 200-224
Temperature perturbation PTEMP, IPTEMP 225-249
Molecular weight MOLWT, IMOLWT 250-274
Receiver surface RECVR, IRECVR 275-299
Terrain TOPOG, ITOPOG 300-324
Terrain perturbation PTOPOG, IPTOPOG 325-349
Viscosity/thermal conductivity ABSRP, IABSRP 500-524
Viscosity/thermal con-

ductivity perturbation PABSRP, IPABSRP 525-549
Pressure PRES, IPRES 550-574
Pressure perturbation PPRES, IPPRES 575-599

data are read into this common. block from the Input Data File according to the
format described in Chapter 5 and illustrated near the end of Figure 2.19 for

the sample case.

4.2.1 How To Write an Atmospheric Model Subroutine So It Can Receive
Tabular Data Read Into Common Blocks by READW1
If you want to write an atmospheric model subroutine that uses tabular input
data, then you have to observe some special precautions. In what follows,
general statements are exemplified in square brackets for the case of the tem-
perature subroutine TTANHS. You can use this example as a guide in developing

new model subroutines that use tabular data.
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Tabular [temperature] data are read into a model-related common block
[/B5/] by READW1. Table 4.3 gives the names of the common blocks associated
with the different model types. The format of the tabular input data can be
selected by the user and is determined by a code [3] in columns 1-3 of the
Input Data File (see Figure 2.19). [In the case of TTANH5, a three-column
format makes sense because there are three input parameters]. READW1
interprets this code according to the formats listed in Table 5.4. The model
subroutine [TTANH5] must tell READW1 how it wants the tabular input data
stored in the common block [B5] in an array [TGP]. It does so by setting (in
DATA statements) the values in variable TMX and in arrays TNTBL, TITBL and
TFRMTBL for tenperatdre models (or corresponding names for other model types,
in which the first letter is different). The model variables [Z0,TM,C,DL] are
EQUIVALENCEd to elements of a GP (for general-purpose) array [called TGP for
temperature models]. Table 4.5 defines the structure of common block /B5/,
which transmits these variables between READW1 and TTANH5, and it explains how
to set the data-block parameters.

4.2.2 Designing Your Own Terrain Models

A terrain model specifies a function g(r,0,¢) such that g=0 on the terrain,
g>0 above the terrain, and g<0 below the terrain. To be an allowed model, g
must be continuous through second derivatives. A subroutine for a terrain model
must calculate g, its three first derivatives, and its six second derivatives
for any values of r,0,¢. All of our present terrain models define g to be the
height above the terrain, but more general definitions are allowed to handle
cliffs, overhangs, and caves. To design a simple model with a few parameters,
follow the example of SUBROUTINE GLORENZ. To design a more elaborate model
that needs tabular input data, follow the example of SUBROUTINE GTANH.
Source-Code listings for these models are in Appendix D.
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Table 4.5--Definitions of the parameters in common block /B5/*

Position Variable Definition

common name

1 TMX Maximum number of data blocks in /B5/
2-11 TNTBL An array that contains the beginning

location of data blocks within the
common block

2 TNTBL(1) Beginning location (in TGP array) of
data block 1

3 TNTBL(2) Beginning location (in TGP array) of
data block 2

4 TNTBL(3) Beginning location (in TGP array) of
data block 3**

12-21 TITBL An array that contains the iteration
(or cycle) length of the data in
the data blocks within the common
block (if there is more than one
array in the data block, then this
is the dimension of the arrays)

12 TITBL(1) Cycle length of data block 1
13 TITBL(2) Cycle length of data block 2
22-31 TFRMTBL An array that contains the input

format numbers for the data blocks
within the common block

22 TFRMTBL(1) Format type*** for data block 1
23 TFRMTBL(2) Format type**#* for data block 2
32- TGP An array containing TMX number of

data blocks for tabular input
data for atmospheric models

* The values of the first 31 elements in /B5/ define the block structure for
the array TGP, and they are defined in the atmospheric models and used in the
data read-in routines READW and READW1. The common blocks /B1/, /B2/, /B3/,
/B4/, /B8/, and /B7/ have the same structure as /B5/, but have different names
for the variables.

** (Only two data blocks are now available to use; however, the beginning
location of the first data block not used must be specified to indicate the
length of the last data block used.

**%* Format type 1 implies format number 1 (see Table 5.3).
Format type 2 implies format numbers 2, 3, or 4 (see Table 5.3).
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5. How to Specify the Input Data
and Set Up an Input Data File

To give HARPA an atmospheric model and to tell it what rays to trace, you
have to construct an Input Data File, like the one shown in Figure 5.1 (same as
Figure 2.19, reproduced here for the user's convenience) for the sample case. An
Input Data File may contain one or more "run sets," each of which can specify a
different atmospheric model, different plotting modes, or different initial ray
conditions, but which will all be executed as a single computer run. The sample
case contains two run sets. After the first run set, only the parameters whose

values differ from those specified in the preceding run set need be specified.

After setting up an Input Data File, you run HARPA by combining it with
other ray-tracing modules to form a "run module," as explained in Section 3.3.2.
All the necessary modules to run the sample case are contained in Files 1 and 2
of the distribution tape (Sec. 3.3.1).

5.1 Editing the Input Data File

Because HARPA contains no built-in way to construct or edit an Input Data
File, you have to use an editor of your own to do so. We have designed a spe-
cialized editor, called WMOD, for this purpose. It not only permits editing the
Input Data File, but it also sets up a "run module" that includes job-
submission procedures for our computer. This program, which could run on a

local microcomputer, will be documented in another report.

The Input Data File can take the form of either a deck of punched cards or a
disk file to be read by HARPA. Some suggestions for those using punched cards
are given in Section 3.3.3. Henceforth, we will assume that the Input Data File
will be created as a disk file. There are no formal differences between the two

methods, however.

Rather than start from scratch, we recommend that you modify an existing
Input Data File. After you have run the sample case and have verified that its
output agrees with that given in Appendix A, you can modify the Input Data File

for the sample case to make the raypath calculations you want.
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col col. col. col.
1-3 4-17 18-24 25-80
n W(n) UNITS DESCRIPTION
GEORGES RB3 X6437
S03-1 SAMPLE CASE FOR HARPA DOCUMENTATION REV. 2-10-86
1 6370. EARTH RADIUS, KM (6370.)
3 13. TTRANSMITTER HEIGHT, KM (T=ABOVE TERRAIN)
4 200. AN KM N. TRANSMITTER LATITUDE, KM
5 0. AN KM E. TRANSMITTER LONGITUDE, KM
7 .05 FQ HZ INITIAL FREQUENCY, HZ
11 45 AN DG INITIAL AZIMUTH ANGLE, DEG
15 -20. AN DG INITIAL ELEVATION ANGLE, DEG
16 140. AN DG FINAL ELEVATION ANGLE, DEG
17 5. AN DG STEP IN ELEVATION ANGLE, DEG
20 5. RECEIVER HEIGHT, KM
22 3. MAXTMUM NUMBER OF HOPS (1.0)
23 1000. MAXIMUM NUMBER OF STEPS PER HOP (1000.)
26 500. MAXTMUM RAY HEIGHT, KM (500.)
27 =1. MINIMUM RAY HEIGHT, KM
28 1000. MAXIMUM RANGE, KM
29 0000100. DO: EIGRAY/RNG-TIM/RNG—ELV/NEW-PROJ/RAYTRC/CONT/PROF
33 999.999 MAXIMUM ABSORPTION, DB (999.999)
42 1.0E-6 SINGLE-STEP INTEGRATION ERROR (1.0E-4)
44 .1 INITIAL INTEGRATION STEP SIZE, KM (1.0)
57 2. PHASE PATH (0=NO; 1=INTEGRATE; 2=INTEGRATE/PRINT)
58 2. ABSORPTION (0=NO; 1=INTEGRATE: 2=INTEGRATE/PRINT)
60 2. PATH LENGTH (0=NO; 1=INTEGRATE: 2=INTEGRATE/PRINT)
71 50. NUMBER OF INTEGRATION STEPS PER PRINT [1.E31]
72 1. OUTPUT RAYSETS (1=YES; 0=NO)
73 0. DIAGNOSTIC PRINTOUT (1=YES; 0=NO)
74 0. PRINT RAY STEPS (0=YES; 1=NO)
75 .15 FULANN LETTER HEIGHT [0.15 IN]
76 0. BINARY RAY OUTPUT (1=YES; 0=NO)
77 57. LINES PER PAGE IN PRINTOUT (66.)
81 1. RAYPLOT PROJECTION (1=VERT; 2=HORIZ) PLANE
82 1. PLOT-EXPANSION FACTOR [1.0]
83 -100. AN KM N. LATITUDE OF LEFT PLOT EDGE, KM
84 ~300. AN KM E. LONGITUDE OF LEFT PLOT EDGE, KM
85 500 AN KM N. LATITUDE OF RIGHT PLOT EDGE, KM
86 300. AN KM E. LONGITUDE OF RIGHT PLOT EDGE, KM
87 100. AN KM DISTANCE BETWEEN TIC MARKS, KM
88 0. HEIGHT ABOVE SEA LEVEL OF BOTTOM OF GRAPH, KM
89 300. HEIGHT ABOVE SEA LEVEL OF TOP OF GRAPH, KM
96 100. DISTANCE BETWEEN VERTICAL TIC MARKS, KM
100 6. ULOGZ2 WIND MODEL CHECK NUMBER
102 3. BACKGROUND WIND DATA SET ID
103 5. IN M REFERENCE WIND SPEED, M/S
104 .35 VON KARMAN'S CONSTANT
105 1. ROUGHNESS HEIGHT, KM
150 1. GAMRTDM SOUND SPEED MODEL CHECK NUMBER
175 2. CBLOB2 MODEL CHECK NUMBER
177 2. SOUND SPEED PERTURBATION DATA SET ID
178 .5 FRACTIONAL INCREASE OF SQUARED SOUND SPEED
Figure 65.1. Input Data File (W array) for the sample case.
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179 125. HEIGHT OF MAXIMUM INCREASE, KM
180 335. AN KM N. LATITUDE OF MAXIMUM INCREASE, KM
181 125. AN KM E. LONGITUDE OF MAXIMUM INCREASE, KM
182 25. GAUSSIAN WIDTH IN HEIGHT OF INCREASE, KM
183 50. AN KM N-S WIDTH OF THE INCREASE, KM
184 25. AN KM E-W WIDTH OF THE INCREASE, KM
200 7. TTANHS TEMPERATURE MODEL CHECK NUMBER
202 1. BACKGROUND TEMPERATURE DATA SET ID
225 2. TBLOB2 MODEL CHECK NUMBER
227 2. TEMPERATURE PERTURBATION DATA SET ID
228 .5 FRACTIONAL TEMPERATURE INCREASE
229 0. HEIGHT OF MAXIMUM INCREASE, KM
230 105. AN KM N. LATITUDE OF MAXIMUM INCREASE, KM
231 -105. AN KM E. LONGITUDE OF MAXIMUM INCREASE, KM
232 0. GAUSSIAN WIDTH IN HEIGHT OF INCREASE, KM
233 50. AN KM N-S WIDTH OF THE INCREASE, KM
234 25. AN KM E-W WIDTH OF THE INCREASE, XM
250 1l. MCONST MOLECULAR WEIGHT MODEL CHECK NUMBER
252 29. MOLECULAR WEIGHT DATA SET ID
283 29. MOLECULAR WEIGHT
275 2. RTERR RECEIVER MODEL CHECK NUMBER
300 4. GLORENZ TERRAIN MODEL CHECK NUMBER
302 2. TERRAIN MODEL DATA SET ID
303 2. HEIGHT OF THE RIDGE, KM
304 0. N. LATITUDE OF THE RIDGE CENTER
305 30. AN KM HALF-WIDTH OF THE RIDGE, KM
325 0. NPTERR NO TERRAIN PERTURBATION
500 1. MUARDC VISC/COND MODEL CHECK NUMBER
502 1. VISC/COND MODEL DATA SET ID
503 1.458E-06 VISCOSITY COEFFICIENT BETA
504 110.4 SUTHERLAND'S CONSTANT, KELVINS
505 .733 PRANDTL NUMBER
525 0. NPABS NO VISC/COND PERTURBATION
550 1. PEXP PRESSURE MODEL CHECK NUMBER
552 1. BACKGROUND PRESSURE MODEL DATA SET ID
553 101328. PRESSURE AT SEA LEVEL, N/SQ.M.
554 8.5 PRESSURE SCALE HEIGHT, KM
575 0. NPPRES NO PRESSURE PERTURBATION
-1 DATA SUBSET FOR BACKGROUND WIND MODEL
A LOGARITHMIC EASTWARD WIND PROFILE, U*=.5 M/S, Z0=1 KM
0 RETURN TO W ARRAY DATA SET
-2 DATA SUBSET FOR WIND PERTURBATION MODEL
A NO WIND PERTURBATION
o] RETURN TO W ARRAY DATA SET
-3 DATA SUBSET FOR BACKGROUND SOUND-SPEED MODEL
A SOUND SPEED IN TERMS OF TEMPERATURE MODEL
0 RETURN TO W ARRAY DATA SET
-4 DATA SUBSET FOR SOUND-SPEED PERTURBATION MODEL
A 50% INCREASE IN SQ. SOUND SPEED AT 125KM HT, 335KM N, 125KM E
0 RETURN TO W ARRAY DATA SET
-5 DATA SUBSET FOR TEMPERATURE MODEL
A U.S. STANDARD ATMOSPHERE 1962 TEMPERATURE PROFILE
3 999.0
LN KM LN KM

0.

288.000 0.

Figure 5.1. Input Data File (W array) for the sample case (continued).
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15.
52.
95.
165.
300.
999.
0
-6
A
0
-7
A
0
-8
A
0
=9
A
0
-10
A
0
~-17
A
0
~-18
A
0
=19
A
0
=20
A
0
0
503-2
71
72
73
8l
82
0

0000 190.500 10.0000
0000 320.000 7.50000
0000 191.000 10.0000
0000 1451.000 50.0000
0000 1586.000 0.

0000

RETURN TO W ARRAY DATA SET
DATA SUBSET FOR TEMPERATURE PERTURBATION MODEL
50% CYLINDRICAL INCREASE IN TEMPERATURE AT 105KM N., 105 KM W
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR MOLECULAR WEIGHT MODEL
MOLECULAR WEIGHT = 29
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR RECEIVER SURFACE MODEL
RECEIVER SURFACE 5 KM ABOVE TERRAIN
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR TERRAIN MODEL
RIDGE 2-KM HIGH, 30-KM WIDE ALONG EQUATOR
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR TERRAIN PERTURBATION MODEL
NO TERRAIN PERTURBATION
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR VISC/COND MODEL
ARDC VISCOSITY AND THERMAL CONDUCTIVITY MODEL
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR VISC/COND PERTURBATION MODEL
NO VISCOSITY/CONDUCTIVITY PERTURBATION
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR BACKGROUND PRESSURE MODEL
EXPONENTIAL PRESSURE MODEL, SCALE HEIGHT = 8.5 KM
RETURN TO W ARRAY DATA SET
DATA SUBSET FOR PRESSURE PERTURBATION MODEL
NO PRESSURE PERTURBATION
RETURN TO W ARRAY DATA SET
kkkkkkkkk* END OF RUN SET NUMBER 1 tk&kkkhhdhik

SAMPLE CASE FOR HARPA DOCUMENTATION REV. 2-10-86
0. NUMBER OF INTEGRATION STEPS PER PRINT
0. OUTPUT RAYSETS (1=YES; 0=NO)
1. DIAGNOSTIC PRINTOUT (1=YES; 0=NO)
2. RAYPLOT PROJECTION (1=VERT; 2=HORIZ) PLANE
3. PLOT-EXPANSION FACTOR

kkkkkkkkkx END OF RUN SET NUMBER 2 #kkkkhkhkik

Figure 5.1. Input Data File (W array) for the sample case (continued).

The
the for
sample

format

best way to be sure you have input all the required data is to fill out
ms for specifying all the model and ray parameters, as discussed for the
case in Chapter 2. Then translate the data from those forms into the

of the Input Data File. We provide blank forms for all models and proce-

dures in Appendix B.
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5.2 Input Data Formats

The Input Data File is read by a FORTRAN program and so must conform to pre-
cise format specifications. Originally, the Input Data File consisted of a deck
of 80-column punched cards, with one input parameter per card, so the data for-
mat is still specified in terms of data fields in card-image columns, even
though cards are no longer used. Figure 5.1 for the sample case is an example

of the proper format.

Looking at Figure 5.1 you will notice that the first part of the file con-
sists of a series of lines that begin with a positive integer. Each of these
lines specifies an element of a Data Input Array, W(n). This format goes as far
as the line that begins with 575. At the line beginning with -1, the data
format changes to accept tabular input data. First, we will explain how to
specify data to be read into W(n); then we will explain how to enter data in the

tabular format.

5.8 Specifying the W-Array Input

The W-array input format consists of a single 80-column line with four data

fields: n, W(n), unit conversion characters, and a description field.

The first three card-image columns contain the first data field in I3 format
and specify the index, n, of the array W(n). The value of n must be between 0
and 999, and if there are fewer than three digits, the entry must be right-
justified, or else trailing zeroes will be appended to fill out the three
columns. If two or more lines begin with the same value of n, the last one pre-

vails.

The second field, columns 4-17, contains the value of W(n) in E14.7 format.
The value can be entered in either E or F format, but if the E format is used,
the exponent must be right-justified within the 14 spaces, or else zeroes will

be appended.

The third field, columns 18-24, contains characters that tell the program to
convert the units of the data, as input, to units used by the program. The
present choices available for input in this field are given in Table 5.1; the

characters must be input in exactly the columnar format shown.
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Table 5.1--Units conversion on input

Units of Value stored by
input value* Meaning Conversion needed read-in routine
AN RD Angle in radians None Vi
AN DG Angle in degrees degs to radians V1 n/180%%

or deg/s to rad/s
AN KM Central earth km to rad Vi/r kK
e
angle in kilometers
LN KM Length in kilometers None V1
LN M Length in meters m to km v1/1ooo
LN NM Length in nmi to km 1.852 Vi
nautical miles
LN FT Length in feet ft to km 3.048006096 x 10~ % v,
FQ HZ Frequency in hertz Hz to rad/s 2nVi
FQ S8 Frequency ex- Period in s 21r/V1
pressed as a to frequency in
period in seconds rad/s
TH*%x Transmitter height Add terrain height Vj
relative to terrain to transmitter (also, a flag
instead of sea height is set)****x
level
. The five characters listed are to be put in card-image columns 18

through 22 of the W-array input value to be converted, or put above the
data-input column of tabular input. For three-column tabular input,
for example, the five characters should be in columns 1-13, 14-26 and
27-39. The five characters are automatically put in the appropriate
place when using the WMOD editor.

*x% V1 is the input value.

abdd is the radius of the earth. The current value of W(1) in the W
n

r
afray is used for this conversion.

**%%  Applies only for input to W(3) (transmitter height). The "T" must be
put in card-image column 24.

*¥#x%% At the start of each ray, the status of the flag is checked. If the
flag is set, then the terrain height at the longitude and latitude of
the transmitter is added to the transmitter height. For general
terrain models, the terrain height at a given longitude and latitude
can only be estimated. For all of the presently available terrain
models, the estimate gives an exact result, however, because ag/or is
constant.
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The fourth field (columns 25-80) contains descriptive comments, which aid
the user in setting up the table. These comments are optional and arbitrary as
far as HARPA is concerned, but for n 2 100 and divisible by 25, the first word
in the comment field is read when WMOD is used for editing and must be a valid
model name. This convention will be described in a report about the supplemen-
tary programs. Where practical, the comments should describe the function of
all acceptable values of the parameter, not just the present value, so that the
comment would not have to be changed when the parameter is changed. We have
included nonzero initial values in the comment field, where applicable. To make
it easier to see the model groupings, we have adopted the convention of

indenting the comments that describe model parameters.

5.3.1 Initialization of the Input Data Parameters

Before reading the Input Data File, the program initializes all of the input
parameters, W(n). Most are set to zero, but a few are given nonzero initial
values that correspond to common usage. An example is the latitude of north
pole of the computational coordinate system, W(24), which usually has a value of
n/2. Section 5.3.2 denotes those nonzero initial values by parentheses.

These initial values can be overridden by the Input Data File (including a
value of zero), but if no value is specified for a W(n) in the Input Data
File, then its initial value prevails.

In addition, some initial values are given "zero-override" priority, which
means that W(n) éssunes its nonzero initial value if no value is input, but also
if a zero is input. This zero override operates when a zero value would produce
meaningless results or cause difficulty in program execution. An example is the
plot expansion factor, W(82). Section 5.3.2 denotes by square brackets the

nonzero initial values that override zero.

To help the user keep track of the unit conversions and initializations, all
nonzero W(n) values, in the units actually used by HARPA, are listed at the
beginning of the printout (Appendix A). In the examples given above, if W(24)
were given a value of zero in the Input Data File, no value would be printed for
W(24). On the other hand, if W(82) is given a zero value in the Input Data
File, a message is printed indicating "INPUT OVERRIDDEN," and the non-zero

override value is printed.
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5.3.2 Explanation of the Input Data Parameters

Because HARPA has evolved from ray-tracing programs for other media, some
values of the input parameter index, n, are not used in HARPA, but may be used
in other versions of the program. As far as possible, n is assigned con-
sistently among the different versions, and blocks of n are assigned to groups

of related parameters.

A list is given next of all the parameters used by HARPA, with a description
of their meanings and idiosyncrasies. Those with nonzero initial values need
not be entered in the Input Data File, if the value is what you want. If no
initial value is indicated, a zero will be assigned if you leave it out of the
Input Data File. The default units given in parentheses are those which are
assumed if no unit conversions are put into columns 18-24. Also included in the
table is the FORTRAN name (where one exists) assigned (in EQUIVALENCE state-
ments) to each variable in the program. Those iabeled "not used" can be
assigned to additional input parameters, but those labeled "used by other

programs” or "used internally" should not be used.

W(1) EARTHR (6370.) -- Radius (kilometers) of the earth. Can be set to a
very large value for a "flat-earth" approximation.

W(2) RAY -- Used by other programs.

W(3) XMTRH -- Height (kilometers) of the transmitter (source) above sea level.
If there is a T in column 24, it is the height above the terrain.

W(4) TLAT -- North geographic latitude (radians) of the transmitter. Can be
entered in kilometers (or degrees) by putting AN KM (or AN DG) beginning
in column 18. :

W(5) TLON -- East geographic longitude (radians) of the transmitter. Can be
entered in kilometers (or degrees) by putting AN KM (or AN DG) beginning
in column 18.

W(6) OW -- Used internally.

W(7) FBEG -- Initial acoustic wave frequency (rad/s). Can be entered in Hz
(or period in seconds) by putting FQ HZ (or FQ S) beginning in column 18.

W(8) FEND -- Final frequency (rad/s). Can be entered in Hz (or period in
seconds) by putting FQ HZ (or FQ S) beginning in column 18.

W(9) FSTEP -- Step in frequency (rad/s). Can be entered in Hz (or period in
seconds) by putting FQ HZ (or FQ §S) beginning in col 18. Set = 0 for no
stepping.
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W(10) AZ1 -~ Used internally.

W(11) AZBEG -- 1Initial azimuth angle (radians east of north) of transmission.
Can be entered in degrees by putting AN DG beginning in column 18.

W(12) AZEND -- Final azimuth angle (radians east of north) of transmission.
Can be entered in degrees by putting AN DG beginning in column 18.

W(13) AZSTEP -~ Step in azimuth angle (radians east of north) of transmission.
Can be entered in degrees by putting AN DG beginning in column 18. Set =0
for no stepping.

W(14) BETA -- Used internally.

W(15) ELBEG -- Initial elevation angle (radians above horizontal) of transmis-
sion. Can be entered in degrees by putting AN DG beginning in column 18.

W(16) ELEND —~ Final elevation angle (radians above horizontal) of transmission.
Can be entered in degrees by putting AN DG beginning in column 18.

W(17) ELSTEP -- Step in elevation angle (radians) of transmission. Can be
entered in degrees by putting AN DG beginning in column 18. Set = 0 for no
stepping.

W(18)-W(19) —- Not used.
W(20) RCVRH -- Height (kilometers) above sea level of the receiver surface

when model RHORIZ is used; height of the receiver surface above the terrain
when model RTERR is used.

W(21) ONLY -- Set = 0 to stop frequency increment when ray goes out of bounds
(applies only when elevation and azimuth angles are not stepped).

W(22) HOP -- Maximum number of ray hops (intersections with or closest
approaches to the receiver surface); ray calculation stops when reached,
printing MAX HOPS. Closest approaches count as two hops.

W(23) MAXSTP (1000.) -- Maximum number of integration steps per hop; ray
calculation stops when reached, printing STEP MAX.

W(24) PLAT (m/2) -- Geographic latitude (radians) of the north pole of the
computational coordinate system.

W(25) PLON -- Geographic longitude (radians) of the north pole of the com-
putational coordinate systen.

W(26) HMAX (500.) -- Maximum ray height (kilometers) above sea level; ray
calculation stops if exceeded, printing MAX HT.

W(27) HMIN -- Minimum ray height (kilometers) above sea level; calculation
stops if ray goes below this height, printing MIN HT.

W(28) RGMAX -- Maximum ground range (kilometers at sea level) of the ray from
the transmitter; ray calculation stops if exceeded, printing MAX RANG.
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W(29) RAYFNC -- A set of seven binary digits to select execution of HARPA and
supplementary programs. To run HARPA, use 100. Setting = 0 is the same
as all ones and will run HARPA.

W(30)-W(32) Used by other programs.

W(33) EXTINC (999.999) ~- Maximum absorption (dB); ray calculation stops if
value exceeded, printing EXTINC. Set = 0 for no maximum.

W(34)-W(40) -- Not used.

W(41) INTYP (3.): Integration type:

= 1 for Runge-Kutta integration without error checking;

= 2 for Adams-Moulton integration without error checking;

= 3 for Adams-Moulton integration with relative-error checking;
4 for Adams-Moulton integration with absolute-error checking.

W(42) MAXERR (1.E-4) -- Maximum allowable integration error per step. RKAM
routine decreases step size to achieve this error.

W(43) ERATIO (50.) [50.] -- Ratio of maximum to minimum single-step inte-
gration error; RKAM increases step size when error is smaller that
W(42) by this factor.

W(44) STEP1 (1.0) -- Initial integration step size (seconds).

W(45) STPMAX (100.) -- Maximum integration step size (seconds).

W(46) STPMIN (1.E-8) -- Minimum integration step size (seconds).

W(47) FACTR (.5) [0.5] -- Factor multiplying integration step size when de-
creasing step size.

W(48)-W(56) Not used.

W(57) -- Phase-time integration: 0 to not integrate; 1 to integrate:; 2 to
integrate and print.

W(58) -- Absorption integration: 0 to not integrate; 1 to integrate; 2 to
integrate and print.

W(59) -- Doppler shift integration: 0 to not integrate; 1 to integrate; 2
to integrate and print.

W(60) ~- Path-length integration: 0 to not integrate; 1 to integrate; 2 to
integrate and print.

W(61)-W(70) -- Assigned to future integration options.

W(71) SKIP -- [1.E31] Number of integration steps between printed lines. Set =
1 to print every step; = 0 to suppress periodic printing.

VW(72) RAYSET -- Write machine-readable raysets to file PUNCH —- 1 = ves; 0 = no.
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W(73) PCNTRW -- Add diagnostic printout lines: 1 = yes; 0 = no.

W(74) PRTSRP -- Produce normal printout every W(71) steps -- 0 = yes; 1 = no.
Also produces printout at special events.

W(75) HITLET [.15] -- Height (inches on our plotter) of lettering on graphs.
"FULANN" in description field activates publication-quality lettering on
graphs when read by WMOD. Any other comment in description field produces
draft-quality lettering.

W(76) BINRAY —- Write binary raypath description to file TAPE6 -- 1 = yes;
0 = no.

W(77) PAGLIN (66.) -- Page length (lines) for printout,
W(78)-W(79) -- Not used.
W(80) APOG, PRIGEE -- 0 for normal rayplots; 1 for apogee plots.

W(81) PLT: Rayplot projection:

1 = vertical plane, polar projection, rectangular expansion;
2 = horizontal plane, lateral expansion;

3 = vertical plane, polar plot, radial expansion;

4 = vertical plane, rectangular plot.

Make negative to superimpose plot on that from previous runset.
W(82) PFACTW [1.] -- Vertical or lateral expansion factor for rayplot.

W(83) LLAT -- North latitude (radians) of left edge of plot. To enter in
degrees (kilometers) put AN DG (AN KM) beginning in column 18.

W(84) LLON -- East longitude (radians) of left edge of plot. To enter in
degrees (kilometers) put AN DG (AN KM) beginning in column 18.

W(85) RLAT -- North latitude (radians) of right edge of plot. To enter in
degrees (kilometers) put AN DG (AN KM) beginning in column 18.

W(86) RLON -- East longitude (radians) of right edge of plot. To enter in
degrees (kilometers) put AN DG (AN KM) beginning in column 18.

W(87) TIC -- Distance (radians) between tick marks on horizontal axis of plot.
To enter in kilometers, put AN KM beginning in column 18,

W(88) HB -- Height (kilometers) of the bottom of the graph above sea level.

W(89) HT -- Height (kilometers) of the top of the graph above sea level.

W(90)-W(95) -- Used by other programs.

W(96) TICV -- Distance (kilometers) between tick marks on vertical axis of
plot. Notice that the default units are kilometers for the vertical ticks

and radians for the horizontal ticks.

W(97)-W(99) —- Used by other programs.

~-81-



W(100) UMODEL -- Check number for background wind model.
W(101) UFORM -- format code for background wind model.
W(102) UID -- Data-set ID for background wind model.

W(103)-W(124) -- Parameters for background wind model.

W(125) DUMODEL -- Check number for perturbation wind model.
W(126) DUFORM -- Format code for perturbation wind model.
W(127) DUID -- Data-set perturbation wind model.

W(128) W(149) -~ Parameters for perturbation wind model.

W(150) CMODEL -- Check number for background sound speed model.
W(151) CFORM -- Format code for background sound speed model.
W(152) CID -- Data-set ID for background sound speed model.

W(153) W(174) -- Parameters for background sound speed model.

W(175) DCMODEL -- Check number for perturbation sound speed model.
W(176) DCFORM -- Format code for perturbation sound speed model.
W(177) DCID -- Data-set for perturbation sound speed model.

W(178) W(199) -- Parameters for perturbation sound speed model.

W(200) TMODEL -- Check number for background temperature model.
W(201) TFORM -- Format code for background temperature model.
W(202) TID -- Data-set ID for background temperature model.

W(203) W(224) -- Parameters for background temperature model.

W(225) DTMODEL -- Check number for perturbation temperature model.
W(226) DTFORM -- Format code for perturbation temperature model.
W(227) DTID -- Data-set ID for perturbation temperature model.

W(228) W(249) -- Parameters for perturbation temperature model.
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W(250)
W(251)
W(252)

W(253)

W(275)
w(276)
W(277)

W(278)

W(300)
W(301)
W(302)

W(303)

W(325)
W(326)
W(327)

W(328)

wW(400)

W(500)
W(501)
W(502)

w(503)

w(525)
w(526)

W(527)

MMODEL -- Check number for molecular weight model.

MFORM -- Format code for molecular weight model.

MID -- Data-set ID for molecular weight model.

W(274) -- Parameters for molecular weight model.
RMODEL -- Check number for receiver surface model.
RFORM -- Format code for receiver surface model.

RID -- Data-set ID for receiver surface model.

W(299) —- Parameters for receiver surface model.
GMODEL -- Check number for background terrain model.
GFORM -- Format code for background terrain model.
GID -- Data-set ID for background terrain model.
W(324) -- Parameters for background terrain model.
DGMODEL -- Check number for perturbation terrain model.
DGFORM -- Format code for perturbation terrain model.
DGID -- Data-set ID for perturbation terrain model.
W(349) ~- Parameters for perturbation terrain model.
W(500) Parameters for supplementary programs.

AMODEL -- Check number for viscosity/conductivity model.
AFORM -- Format code for viscosity/conductivity model.
AID -- Data-set ID for viscosity/conductivity model.

W(524) -- Parameters for viscosity/conductivity model.

DAMODEL -- Check number for perturbation viscosity/conductivity model.
DAFORM -- Format code for perturbation viscosity/conductivity model.

DAID -- Data-set ID for perturbation viscosity/conductivity model.
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W(528) W(549) -- Parameters for perturbation viscosity/conductivity model.

W(550) PMODEL -- Check number for background pressure model.
W(551) PFORM -- Format code for background pressure model.
W(552) PID -- Data-set ID for background pressure model.

W(553) W(574) ~-- Parameters for background pressure model.

W(575) DPMODEL -- Check number for perturbation pressure model.
W(576) DPFORM -- Format code for perturbation pressure model.
W(577) DPID -- Data-set ID for perturbation pressure model.

W(578) W(599) -- Parameters for perturbation pressure model.

W(600) W(999) -- Assigned to future atmospheric models

8.4 Specifying Tabular Input

In addition to providing values to the W(n) array, the Input Data File lets
you enter tabular data to be used by atmospheric model subroutines. In the
following discussion, refer to the Input Data File for the sample case (Fig.
5.1) for examples of tabular data.

5.4.1 Changing to the Tabular Format

When the sign of the W-array index n is read (in columns 1-8), it is checked
for a valid negative value, which signals a change in the format of the data to
follow. Any valid negative value selects a corresponding "input common block"
that has been dedicated to a particular model subroutine. Table 5.2 shows which
values select which common blocks. The line in Figure 5.1 that begins with -1
and has the comment "ENTER DATA SUBSET FOR BACKGROUND WIND MODEL" is an example
selecting common block /Bl/ to receive data. Because this line must conform to

the W-array format, comments must begin after column 24.
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Table 5.2--Description of the identifying numbers in the first
three columns of the Input Data File

Code
number

Prefix for common-
block variables*

Description

1-999

-10

-17

DU

DC

DT

DG

DV

PR

DP

Input to elements 1-999 of the W array as de-
scribed in Table 4.4 and Section 5.3.2

Signals start of tabular input to

/B1/ (wind velocity) (see Table 4.

Signals start of tabular input to
/B2/ (perturbation wind velocity)

Signals start of tabular input to
/B3/ (sound speed)

Signals start of tabular input to
/B4/ (perturbation sound speed)

Signals start of tabular input to
/B5/ (temperature)

Signals start of tabular input to
/B6/ (perturbation temperature)

Signals start of tabular input to
/B7/ (molecular weight)

Signals start of tabular input to
/B8/ (receiver surface)

Signals start of tabular input to
/B9/ (terrain)

Signals start of tabular input to
/B10/ (terrain perturbation)

Signals start of tabular input to
/B17/ (viscosity/conductivity)

Signals start of tabular input to

common block

2)

common block

common block

common block

common block

common block

common block

common block

common block

common block

common block

common block

/B18/ (viscosity/conductivity perturbation)

Signals start of tabular input to
/B19/ (pressure)

Signals start of tabular input to
/B20/ (pressure perturbation)

common block

common block

Signals end of tabular input to one of the
above common blocks, or if that is not appro-

priate, end of the input data

See Table 4.5.
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$.4.2 The Format Line

The line following the negative value of n begins with an integer that
specifies the format of the data to follow. The formats are numbered according
to the method shown in Table 5.3.

Format A is alphanumeric and lets you enter descriptive comments on the
rest of the line that begins with the format number. That comment is reproduced
at the beginning of the program printout. The comment "LOGARITHMIC EASTWARD WIND
PROFILE" in Figure 5.1 is an example.

Formats 1, 2, and 3 specify 1, 2, and 3 columns, respectively, of floating-
point numbers. If formats 1, 2, or 3 are selected, then columns 4-16 of the
format line must contain an end-of-data terminator, such as 999.0 in the sample
case. The rest of the format line can contain comments describing the tabular
data.

5.4.3 The Units Line

The line following the format line is a line containing unit-conversion spe-
cifications for the columnar data to follow. The conversion specifications
follow the conventions described in Table 5.1. The 5 characters must be placed
in the same 13-character columns as the tabular data to be converted with the
extra condition that at least one space must separate adjacent conversion speci-

fications.

5.4.4 The Data Lines

Any number of data lines can follow the format line. They must contain
numeric data in the format specified in the format line and must be terminated
with the number given in the format line as specifying end-of-data. Data values
are read until the terminator is encountered. The data following the "U.S.
STANDARD ATMOSPHERE 1962 TEMPERATURE PROFILE" comment in Figure 5.1 is an
example of 3-column data entry (format 3) into the common block /B5/, which con-
tains data used by temperature model TTANH5. If the number of data values read
in exceeds the maximum allocated in the model subroutine, an error will occur

and the program will stop.
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Table 5.3--Tabular input data formats available*®

Format Data Format Data read Cycle Number Number
number block length of of
columns arrays in
data block
0 1 13 Indicates end of NA NA NA
data read into the
common block
A 1 13,10A8 Format number, ** 1 NA 1
alphanumeric data
that describe the
atmospheric model
1 1 I3,G13.6 Format number, ¥*¥ Equals 1 Usually 1
G13.6 terminator data read dimension
consecutively into of arrays
the data block in data
spaced by the cycle block
length
last G13.6 Terminator indicates
end of data for this
data block
2 1 13,G613.6 Format number, **¥ Equals 2 Usually 2
2- 2G13.6 terminator data read dimension
consecutively into of arrays
the data block in data
spaced by the cycle block
length
last 2G13.6 Terminator indicates
end of data for this
data block
3 1 13,G13.6 Format number,h *** Equals 3 Usually 3
2- 3G13.6 terminator data read dimension
consecutively into of arrays
the data block in data
spaced by the cycle block
length
last 3G13.6 Terminator indicates

end of data for this
data block

* Except for format A, the structure of the data block is a single variable
(whose value will be set equal to the number of data values read in to the

This structure must be set up
in the subroutines that define the atmospheric model in question.

data block) followed by the data block arrays.

*%

*¥%* Format numbers 1 through 6 imply the data will go into data block 2.

maximum number of columns is now 6.
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5.4.5 The Return Line

After the end-of-data number signifies the end of tabular input, you will

usually put a line beginning with a 0 in column 3 to return to the W-array data
format.
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PART Ill: HOW THE PROGRAM WORKS

6. The Ray-Tracing Equations

6.1 Hamilton's Equations in Spherical Polar Coordinates

HARPA calculates raypaths by numerically integrating Hamilton's equa-
tions. Lighthill (1965, 1978) gives Hamilton's equations in four dimensions
(three spatial and one temporal) for Cartesian coordinates. Haselgrove
(1954) gives Hamilton's equations in three dimensions for spherical polar
coordinates, a more useful coordinate system for geophysical media.
Combining the two gives Hamilton's equations in four dimensions in which the
three spatial coordinates are earth-centered spherical polar (see Table 6.1
for a definition of the symbols):

%_Ir;=g_£__ (6.1)
r
.g_g.=%gﬂ_9, (8.2)
ar = et sk (6.8)
%;E=—g—l:+keg—g+k¢sin0%$, (6.5)
g;ﬁ = % - %g - kg %% + k¢ r cosé g?) , (6.6)
::" “ o (-5 - ky 3100 55 - k, ¢ coss ) | (6.7)
%.:3%_2 . (6.8)

The variables r, 6, ¢ are the (Earth-centered) spherical polar coordinates of
a point on the raypath; kyp, kg, and k¢ are the local Cartesian components of
the propagation vector (a vector whose magnitude,
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Table 6.1--The more important symbols and their definitions

A In Section 6.1.2, absorption in dB
C Sound speed
Cref A reference sound speed (= .344 km/s)
Wave frequency (in Hz)
Af Frequency shift of a wave due to a time-varying medium
H Hamiltonian
kr., kg, k¢ Components of the propagation vector in the r, 6, ¢

directions--a vector normal to the wave front having
a magnitude 2n/A = w/v

Kdisp Complex wave number determined by the dispersion relation
Mean molecular atmospheric weight (the average is over
molecular constituents)

P Phase path length, phase of the wave divided by the
reference wave number (2n/Ao = W/Cpef)

P! Group path length = Cpert

p Atmospheric pressure

R Gas constant = 8.31436 x 10~3 kg (kg mole)~! km2 s-2 k-1

r, 6, ¢ Spherical polar coordinates of a raypath point

s Geometric raypath length

T Atmospheric temperature

t Time of travel of a wave packet (in some cases, used to
express the time dependence of the propagation medium)

\" Wind velocity

Vr, Vg, Vo Components of the wind velocity in the r, 6, ¢ direction

v Wave phase velocity

Y = 1.4, the ratio of specific heat at constant pressure
to that at constant density

0 Colatitude in spherical polar coordinates

A Wavelength

Ao = (2m/w)Cref Reference wavelength

Atmospheric density

Independent variable in Hamilton's equations

(no physical significance)

¢ Longitgdg in spherical polar coordinates

Q = W - k*V, the intrinsic wave frequency, the wave fre-
quency as seen by an observer moving with the medium

-~

o = 2nf Radian wave frequency
Aw = 2mAf Radian frequency shift
2 2 2
k = //kr + k6 + k¢ = 2n/A (6.9)

is the wave number, and that points in the wave normal direction) in the r,
0, and ¢ directions; t is time--in (6.4) it is the propagation time of a
wave packet; in (6.8) it expresses the variation with time of a time-varying
medium; T is a parameter whose value depends on the choice of the Hamil-

tonian H. Section 6.4 explains how the Hamiltonian is defined.
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For actual calculation, HARPA uses group path P' = Cpef t (where Cpep is
a standard reference speed) as the independent variable because the deriva-
tives with respect to P' are independent of the choice of Hamiltonian,
allowing the program to switch Hamiltonians in the middle of a path. This
choice automatically causes the program to take smaller steps in real path
length where the calculations are more critical, as when refractive index
varies rapidly. These equations are obtained by dividing (6.1) through (6.8)
by Cref times (6.4):

Q.r__-__l_fu_/_aﬁ (6.10)
P’ T T ¢ 3H/3w ' :
ef
o ,  OH/3kg (6.11)
[ ’ *
dp rC . 9H/3w
do__ _ 1 378k (6.12)
dp' rC sind dH/dw ’ '
ref
Me 1 owoer g0 o de (6.13)
dP' ~ C H/dw 6 dP’ ¢ dp' ’ '
ref
deg 1 1 am/ae dr do_
T (E;;; 3700~ Ko apT * k¢ r cosé dP') , (6.14)
dk,, 1 1 3H/3¢ dr de
@' " T sind (Cref aH/aw ~ Np 3100 jp7 T Ky ¥ 0088 gp7) . (6.15)
d(Af) 1 dAw _1 dw _ _ 1 3H/3t (6.16)
dP' ~ 2mn dP'  2m dP' 2m 3H/dw :

Equation (6.16) for the frequency shift of a wave propagating through a
time-varying medium follows directly from Hamilton's equations (6.4) and
(6.8). An alternative derivation is given by Bennett (1967). Large fre-
quency shifts should be accumulated along the raypath and the shifted fre-
quency used in calculations at each point on the raypath. Equations (6.1)
through (6.8) imply that all eight dependent variables vary along the path,
and that at each point on the path the instantaneous value of all parameters
(including frequency) is used in further evaluations of the equations.
However, the time variation of the atmosphere due to natural causes is so
slow that the resulting frequency shifts have negligible effect on the propa-
gation. For this reason, HARPA calculates frequency shift to compare with
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frequency-shift measurements, but does not adjust the frequency of the wave

used in the propagation calculations.

The first six differential equations, (6.10) through (6.15), are always
integrated. By setting W(59), the user can choose whether to have the
program integrate (6.16) to calculate the frequency shift.

6.1.1 Phase Path

Three other quantities can be calculated by integration along the ray-
path. The phase path P (phase divided by the reference wave number 2r/Ag =
w/Cref) is calculated by integrating

c
dP__ Crer dr . de_ d¢
apT = w (k. gpr * kg T gpT * ky T 8106 555
aH 3H aH
kr 3k * Ko 3k * Ky 3
--1 S 8 2 (6.17)
® dH/dw ’ ) )

6.1.2 Absorption

If the absorption per wavelength is small (as it must be for this type
of ray tracing to be valid), then an approximate formula can be integrated to
give the absorption in decibels:

2
da 10 o mag (kg ) gp
= - ]
dp’ loge 10 Cref k2 + k2 + k2 dapP
r 6 (1]
dH JH dH
2 k. 3~ + ky 50— + k, 2
_ 10 imag (kdlgp) r akr 6 ake ¢ 3 " (6. 18)
loge 10 k2 + k2 + k2 Cref oH/dw
r 6 )]

where kdisp is the (complex) wave number determined by the dispersion rela-
tion. If you want to include the effects of absorption from some independent
formula for absorption, then you can add that as a new equation to HAMLTN.
The appropriate equation would be

[J— '
dA/dpP o)/cref a/kreal dp/dp' , (6.19)
where a is an absorption in dB/km, and A will be the absorption in dB.
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6.1.3 Path Length

The geometrical path length of the ray can be calculated by integrating

) ) 2 ke ()

/()+()+()

Crof | au/awl

(6.20)

The user can choose to integrate ahd print frequency shift, phase time,
absorption, or path length using Equations (6.16), (6.17), (6.18), or (6.20)
by setting the appropriate values of W(59), W(57), W(58), W(60), respec-
tively, in the Input Data File (Figure 2.19).

The user can add differential equations to the program by modifying
HAMLTN, the subroutine that evaluates Hamilton's equations.

The Hamiltonian and its derivatives are calculated by one of the ver-
sions of dispersion-relation subroutine (with entry point DISPER), which also
calculates kqjgp?.

6.2 Numerical Integration

Subroutines RKAM and RKAM1 integrate the differential equations numeri-
cally using an Adams-Moulton predictor-corrector method with a Runge-Kutta
starter. RKAM1 was adapted from a program in the CDC CO-OP library called
RKAMSUB, written by G. J. Lastman and dated March 1964. The program executes
one integration step by one of four methods the user can specify using W(41).
The subroutine is called once for each advance of the independent variable.
The flow charts of Figures 6.1 through 6.5 show how the integration routine

works.

Usually, RKAM1 is run in mode 3, that is, Adams-Moulton integration with
relative-error checking. The user can trade execution time for accuracy by
varying the single-step integration error, W(42). RKAM1 will increase or
decrease the step length to maintain the specified error. Table 6.2 gives an
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SUBROUTINE
RKAM
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pipline
?

Increment pipeline
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Yes

[

Integration step.
(Call RKAM1)
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method

RETURN

Starting Set pipe line
integration pointer to
? beginning.

Search pipeline for
first step beyond
previous step.

At

end of

pipline
?

No

::' GED

Get ray point values
from pipeline.

Yes

|

RETURN

Figure 6.1. Flow chart for subroutine RKAM. The term "pipeline"
refers to the sequence of four consecutive integration steps kept by
the Adams-Moulton integration method.
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Figure 6.2.
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Flow chart for subroutine RKAM1.
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Figure 6.4. Flow chart for the Adams-Moulton integration method.
The four starting values needed for this method are supplied by
the Runge-Kutta method.
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Figure 6.5. Flow chart for the single-step error analysis. The symbol E
represents the maximum single-step error, and E, E, h, and h represent the
maximum and minimum acceptable single-step error and the maximum and minimum

mesh size, respectively.
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Table 6.2--Run time vs. accuracy

Maximum integration Run time Range error
error, W(42) (s)

107° 9.9 <1077
1078 7.1 <1077
1077 4.5 1 x 1077
1078 3.3 1 x 1078
107° 2.3 6 x 1078
1074 1.7 1.7 x 1074
1073 1.2 5;7 x 1073

Note: Data obtained using model OT2; elevation angle = 4.46°; range = 1000
km; computer: CYBER 750.

idea of how the tradeoff works for a single ray calculation using the ocean
version, HARPO and a model of the ocean sound channel described by Georges
et al. (198s6).

The user can vary other parameters, W(43) - W(47), that control the way
RKAM1 adjusts its step length and controls errors (see Sec. 5.3.2), but the
initial values assigned in the sample case have been found to work best for
most cases met in practice. If the scale of the model differs greatly from
the sample case, the initial step length, W(44), should be adjusted.

6.3 The Atmospheric Sound-Speed Model (Subroutine GAMRTDM)

Atmospheric sound-speed models can be specified either directly as
C(r,0,¢,t), or they can call models of other atmospheric variables such as
temperature T(r,0,¢,t) using a connecting definition of C(T). One choice we
provide assumes that the atmosphere is a perfect gas with the equation of

state
p = 2%2 , (6.21)

where p is the pressure, p is the density,
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R = 8.31436 x 10 ° kg (kg mole) ! km? g2 g1 (6.22)

is the universal gas constant, T is the absolute temperature in Kelvins, and
M = M(r,o0,¢) (6.23)
is the mean molecular weight of the atmosphere.

The square of the sound speed is

c2 - 151 . (6.24)
where
Yy =1.4 (6.25)

is the ratio of the specific heat at constant pressure to the specific heat
at constant density. Subroutine GAMRTDM implements Equation (6.24) in HARPA.

The temperature and its gradients are provided as a function of t,r,0,¢9
by one of the atmospheric temperature-model subroutines. The molecular
weight and its gradients are provided as a function of t, r,9,¢ by the mole-
cular weight model subroutine. The average molecular weight generally
decreases with height because the relative constituency of the atmosphere
varies with height. The main effect is from the increase in the fraction of
mono-atomic molecules with height. Although the height variation of molecu-
lar weight varies with season and time of day as the atmosphere expands and
contracts, it can be accurately modeled as a function of the atmospheric
pressure (Jones and Georges, 1976). The only molecular weight model included

in the present models treats it as a constant, however.

The gradients of the square of the sound speed are as follows.

N

%%E -c? & %% -1 %%) : (6.29)
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Table 7.11 shows how the output from the sound-speed model subroutine is

organized in common block /CC/.

6.4 Acoustic Dispersion Relations

HARPA gains versatility without sacrificing speed by having several ver-
sions of some of the subroutines. For example, the four versions of the
dispersion relation subroutine allow the user to decide in making up a run
module (Section 3.3.2) whether to include or ignore winds and absorption.

{(If there are no winds (or absorption) in the calculation, it is much cheaper
to leave them out of the equations than it is to make the calculations with

zero wind, or zero absorption).

The input to the dispersion-relation subroutine is through blank common
and common blocks /UU/, /CC/, /TT/, and /MM/. Output is through common block
/RIN/. The dispersion-relation subroutine is called through the entry point

DISPER. The subroutine names are used only for user identification.

HARPA has four versions of the dispersion-relation subroutine.

(1) ANWNL - Acoustic waves, No Winds, No Losses

(2) AWWNL - Acoustic waves, With Winds, No Losses
(3) ANWWL - Acoustic waves, No Winds, With Losses
(4) AWWWL - Acoustic Waves, With Winds, With Losses

All of these versions calculate a Hamiltonian and its derivatives and the
square of the wave number that satisfies the dispersion relation. All of the
above variables and some others are in the common block /RIN/ (described in
Table 7.9), which has all of the output from the dispersion-relation subrou-
tines.

6.4.1 ANWNL - Acoustic, No Winds, No Losses

The dispersion relation for pure acoustic waves is
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n

2 2

kK = k 2
r

+ kg + k. =

¢ (6.30)

C%JS

where C(t,r,0,¢) is the speed of sound (provided by one of the sound-speed

model subroutines).

At the beginning of the numerical integration, the magnitude of K is
automatically set by the program so that the dispersion relation (4.1) is
satisfied. During the numerical integration, the components of k are allowed
to vary according to Hamilton's equations. Because of integration errors,

there will be slight differences between k2 and

n

2 w
kdisp = , (6.31)
C
the value it would have according to the dispersion relation. As a check on
the accuracy of the numerical integration and on the consistency of the

equations, the quantity

-1 (6.32)
kdisp

is printed at each step of the raypath calculation. It is possible, however,
for ERROR to exceed somewhat the maximum allowable single-step integration
error (W42) because k does not vary monotonically along the raypath. ERROR
serves mainly as a check that the integration is proceeding correctly and
that there are no errors in computing derivatives in the model subroutines.
If ERROR is generally smaller than W(42), then integrated quantities that
vary monotonically (like travel time) will be computed with the accuracy
given by W(42).

We use the following form of the dispersion relation for the Hamiltonian:

2 2 2 2, 2
H(t,r,6.¢,w,kr,k6,k¢) =W - (kr + ke + k¢) c™(t,r,6,9) . (6.33)

The partial derivatives of the Hamiltonian are
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3N 2 3c

Tl (6.34)
2

3K 2 3c

ar - K 3¢ (6.35)
2

3 2 ac

Y k EY) (6.36)

3N 2 ac?

W2 (6.37)

3H

% . 2 (6.38)

aH_ 2

- =-2ck, (6.39)

r

). S

kg~ 2C ke (6.40)

). S

T 2 ¢% Ky (6.41)

3N 2 2
kep = -2 ¢® k% . (6.42)

6.4.2 AWWNL - Acoustic, With Winds, No Losses

The dispersion relation for pure acoustic waves in terms of the sound
speed in the presence of winds is

Q2

-tk -0, (6.43)
where

(6.44)

and

@ =w-KV=u0- krvr - keve - k¢V¢ (6.45)
is the intrinsic frequency of the wave (the freguency seen by an observer
moving with the wind). V(t,r,9,¢) is the wind velocity (provided by a wind-

velocity model subroutine).

At the beginning of the numerical integration, the magnitude of k is set
by the program so that the dispersion relation (6.43) is satisfied. During
the numerical integration, the components of k are allowed to vary according
to Hamilton's equations. Because of integration errors, there will be slight

differences between K2 and
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2 w2

kdisp =

=53 (6.46)
kev )
K

the value it would have according to the dispersion relation. Notice that

(c +

KeV krvr + kev6 + k¢V¢
k

VkE + kG + ki

(6.47)

is independent of the magnitude of E, as it should be.

As a check on the accuracy of the numerical integration and on the con-
sistency of the equations, the quantity in (6.32) is printed at each step of
the raypath calculation.

We use the following form of the dispersion relation for the Hamil-

toﬁian:

H(t,r,9,¢.w,kr.k9.k¢) =

Qz(t,r,9,¢,w,kr,ke,k¢) - (k:+k:+k;) c2(t,r,0,4), (6.48)

where the intrinsic frequency Q is given by (6.45)

The partial derivatives of the Hamiltonian are as follows.

2
oH _ o 20 2 ac?
3t = 2 g - K° o (6.49)
aH g 2 ac?
ar = W - K 3F (6.50)
ﬂ_zngg_kzaiz (6.51)
a0 - %% 39 a6 :
ﬂ_znﬂ_kzﬁ (6.52)
a0 - %% 3¢ Y .
aH
5 = 20 (6.53)
3H 2
ak_ " " 2(V, + C” k) (6.54)
aH 2
ak, " 2(Vy + C” k) (6.55)
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3H 2
B = - 2y + ¥ k) (6.56)
¢
3 . 8H_ 3H 8 _ 2 202
K 3k = Ky B * Ko o * kg gic - - 2(%keV + cZ i) (6.57)
r [ [
where

av av av

L1 X _ 9 9

at - " K 3t T Ko 3T " K 3t (6.58)
av av av

M _ _r _ -9 -9

ar - X ar " Kear " Ko ar (6.59)
av av av

- T _ -8 _ _9

0 - "X 38 " Ko 38 " Ky 30 (6.60)

M _ _x Mo K Vo K Al (6.61)

3¢ r a¢ e 3 ¢ 3¢ )

6.4.3 ANWWL - Acoustic, No Winds, With Losses and
AWWWL - Acoustic, With Winds, With Losses

Propagation losses for acoustic waves in the atmosphere occur when vis-
cosity and thermal conductivity are included in the Navier-Stokes equations
that describe fluid dynamics. The acoustic wave dispersion relation that
results gives a complex wave number. The imaginary part of that wave number
leads to absorption as explained in Section 6.1.2.

2 2 ‘

If the imaginary part of the wave number is small (kinag << kreal) (as it
must be for ordinary ray tracing such as described here to be valid), then we
can neglect the effect of viscosity and thermal conductivity on the real part
of the wave number so that the raypaths will be unaffected by viscosity and

thermal conductivity.

Within this assumption, we can approximate (the sguare of) the imaginary
part of the acoustic wave number for propagation through a perfect gas as
(Gossard and Hooke, 1975, pp. 230-233)

2

kimag

= - Q/(YP) [4/3u + (v-1)2 M/(¥R) K] kiea (6.62)

1 ’
where ¥ = 1.4 is the ratio of specific heat at constant pressure to that at
constant density, P is the atmospheric pressure, M is the viscosity, M is the

-105-



atmospheric mean molecular weight, R is the universal gas constant, and k is
the thermal conductivity.

Whenever you use a dispersion relation with losses (ANWWL or AWWWL), you
have to supply models for P, u, k and M. We provide one model for M and k
(MUARDC), one for P (PEXP), and one for M (MCONST) .

6.5 Reflecting Rays From Irregular Terrain

This section describes the method HARPA uses to find the intersections of
a ray with any terrain surface and to compute the correct reflected ray, even
in an anisotropic medium (an atmosphere with winds). A more detailed
discussion of terrain-reflection algorithms is given in the report by Jones
(1982). Essentially the same methods are used to detect receiver-surface

crossings.

6.5.1 Detecting Ray Intersections With the Terrain

Detecting that the ray has crossed the terrain surface is straightforward
for the simple case shown in Figure 6.6. Figure 6.7 shows a more difficult
example in which the ray crosses the terrain surface twice. It is difficult to
distinguish such a raypath from the example in Figure 6.8, knowing only the
raypath coordinates and ray directions between the integration steps (shown by
dots in Figures 6.7 and 6.8). A further difficulty is that iteration of the
numerical integration in Figure 6.7 might lead to finding the wrong intersec-
tion with the surface of discontinuity, a problem shared by the example in
Figure 6.9,

Although infrequent, the difficulties illustrated in Figures 6.7, 6.8 and
6.9 occur often enough that any useful algorithm must be able to handle thenm.
These difficult cases obviously occur more often when large integration steps
are used. This section derives algorithms that can handle these difficult
cases in addition to the straightforward cases. Figure 6.10 illustrates cases
that HARPA's intersection algorithm will not correctly handle unless step

length is decreased or the terrain model is made smoother.

HARPA accepts only terrain models whose surface is smooth and whose slope

and curvature are continuous. Thus, wedge-shaped surfaces, for example, are
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Figure 6.6. Three steps in calculating the intersection and reflection of a
ray at a terrain surface: (a) recognition that the ray has crossed the terrain
surface (numbers indicate successive positions of the ray after each integra-
tion step; the raypath is curved because the atmosphere is inhomogeneous); (b)
iteration by numerical integration to find the intersection of the ray with the
terrain surface; and (c) computation of the reflected ray ready to start
numerical integration in a new direction in the atmosphere. The same algorithm
could be used to compute ray refraction at discontinuities of refractive index.

not allowed. Not only are diffraction effects important at such edges, but
some of the algorithms developed in this report may not work properly for sur-
faces with edges. In addition, the algorithms used by HARPA may not always

properly handle surfaces that contain caves or tunnels.

At each integration step in the raypath calculation, we assume that the

following information is available:

(1) The position of the ray point (r, 6, ¢) in spherical polar (Earth-

centered) coordinates,

(2) The local Cartesian components (k,, kg, k¢) of the wave vector (a vector
pointing in the wave-normal direction and normalized so that the magnitude

equals the wave number),

(3) The accumulated group time delay, t, of the ray, (which is also the inde-

pendent variable for the numerical integration), and
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terrain
ray path /

Figure 6.7. A ray crossing a terrain or receiver surface and crossing back
again between integration steps. An algorithm that checked only to see if the
ray at point 2 was in a different medium than point 1 would miss the intersec-
tions.

ray path
/;+ 2
surface of
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Figure 6.8. A ray that nearly intersects a terrain or receiver surfce. A use-
ful intersection algorithm must be able to distinguish this case from the one
depicted in figure 6.7.

surface of
ray path -y terrain

7

Figure 6.9. A ray crossing a terrain or receiver surface and ending closer to
a second intersection. A useful algorithm must step backward and find the
first intersection. HARPA will correctly handle the three cases on this page.
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b

Figure 6.10. Examples of terrain (or receiver-surface) encounters
that HARPA's intersection algorithm will not correctly handle. Step
length must be decreased, or the terrain model must be smoothed.

(4) The derivatives

r = dr/dt (6.
6 = do/dt (6.
¢ = dop/dt (6.
kr = dk /dt (6.
ko ® dkg/dt (6.
1'<¢ = dky/dt . (6.

We assume also that the values of any of these variables can be saved from
one step to the next for comparison. In particular, we make the following
approximations,
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L B
b4

(r(t,) - r(t)))/t, - t,) (6.69)
0 = (e(tz) - e(tl))/(t2 - tl) (6.70)
o = (8(ty) - d(t))/(t, - t,) , (6.71)

which allow us to estimate the curvature of ray. In using these algorithms,
it would probably be useful to incorporate a test of the validity of the above
approximations by evaluating both sides of (6.69) - (6.71), but HARPA does not
do that.

The simplest method for predicting whether an extension of the raypath
from a point will intersect the terrain surface (or the receiver surface) is to
extend the ray in a straight line and see if it meets the terrain when the sur-
face is extended as a plane by using the local slope. However, whenever the
curvature of the ray and the terrain are small enough for that approximation to
be useful, the ray would probably eventually go below the terrain on one of the
integration steps, and the prediction from the simplest algorithm would not be

needed.

Because we want an algorithm sophisticated enough to estimate the time of
nearest intersection (if one occurs) in cases like those in Figures 6.7 or 6.8,
we should include at least the local curvature in any approximations. Also,
because it would be difficult to deal with a higher order approximation, a
quadratic approximation to both the ray and the terrain seems to be the best

compromise.

In addition, when searching for an intersection with the terrain (or
receiver) surface, the intersection must be in the correct direction. In the
case of the terrain, the intersection will always be into the ground. 1In the
case of the receiver surface, the correct direction of crossing will alternate
from one crossing to the next, but for each crossing, the direction will be
known. For the purposes of the present development, it is useful to define a
parameter S that is equal to +1 if the wanted crossing is upward and -1 if the
wanted crossing is downward. Thus, the value of S will always be -1 for a

terrain crossing.
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6.5.2 The Surface Model

HARPA expresses an arbitrary model of a terrain or receiver surface in the

form
f(r, 6, ¢) =0 . (6.72)

Because f is zero only on the surface, it always has one sign on one side of
the surface and the opposite sign on the other side. Let us call the side of
the surface that is underground the inside and the other side the outside.
Then we can arbitrarily require that f be positive outside of the surface and
negative inside the surface. We can similarly designate an inside and an out-

side for the receiver surface and make the same requirement on f.
Thus, we have
f(r, 6, ¢) >0 (6.73)
outside the surface and
f(r, 6, ¢) < O (6.74)

inside the surface. The time derivative of f (which indicates the rate that

the ray is moving away from the surface) is

f = £, ro+ £, 0+f, ¢ (6.75)

¢
where a subscript indicates a partial derivative with respect to the subscript.

The time derivative of (6.75) is

. . ' . .2 -2 .2 .. Ly LY
f = fr r + f9 6 + f¢ ¢ + frr r + fea 8 + f¢¢¢ + 21're rée + 2fr¢ r¢ + 2f9¢ 6¢.
(6.76)
Assuming that (6.76) is nearly constant locally, we have
f=f +f(t-t)+2f (t-t)> (6.77)
1 1 1 21 1 '

where the subscript 1 refers to the values at the time tl. We want to find the
value of t for which the ray intersects the surface, that is, where £ = 0. Let

tc be the value for which £ = 0. Then
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2

. 1
0 = f1 + fl(tc - tl) * 3 fl(tc -t (6.78)

1)
For simplicity, let us drop the subscript 1 in (6.78), but remember that f and
t without subscripts refer to the integration step on the raypath where we are
trying to estimate the time tc where the ray will intersect the surface. Then
(6.78) becomes
0=f+f(t_ -t)+3fet -1)2 . (6.79)
c 2 c

The solution of (6.79), for which the ray is crossing from inside to out-

side when S = +1 and crossing from outside to inside when S = -1, is
-f+sV % 2r ¢
t -t= . (6.80)
c f

Within the approximation made here, the ray will intersect the surface if

2 20850 (6.81)

but will make a closest approach to the surface if

2 _20f<o0. (6.82)

In the latter case, we can estimate the time tp at which f is a minimunm.

t -t=-%

L. (6.83)
P £

This is close to the time when the ray makes a closest approach to the surface.
If the second derivative in (6.76) is very small, then the formula in (6.80)
may be impractical. In that case, the solution

t -t = - 2f (6.84)

c
f+8SYV fz -2f f

is more useful. The advantage of (6.84) is that it is uniformly valid as f

‘approaches zero.

In HARPA, different formulas are used in different circumstances: state-
ment 501 in TRACE uses (6.84) to estimate tc. Subroutine BACKUP uses

t o=t - £/f (6.85)
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when it is stepping to an intersection. Subroutine BACKUP uses (6.83) to step
to a closest approach. When BACKUP has tried to step to a closest appréach and
fails after 10 tries, it tries to find an intersection. In that case, it uses
(6.80) to give a first estimate for tc' then uses (6.85) for iterating.
Statement 30 in TRACE uses (6.83) to estimate the time of closest approach.

See Section 7.3 for flow charts of these functions.

6.5.3 Reflecting the Ray From the Terrain Surface

Once the intersection with the terrain has been found, the ray must be
properly reflected. For an isotropic medium, this is straightforward. The
algorithm must first project the wave vector into two components parallel to
the surface and the component perpendicular to the surface. It then changes

sign on the component perpendicular to the surface.

An anisotropic medium (such as an atmosphere with wind) is more difficult.
The two components parallel to the surface remain unchanged, as before, but the
component perpendicular to the surface must be changed so that the dispersion
relation is satisfied. Although this principle is the same for all media, the
solution depends on the dispersion relation. At this point, we must specialize
to the particular medium of interest, namely, acoustic waves in the presence of
winds.

We need to first separate the wave vector k into components perpendicqlar
and parallel to the surface. Let n be a unit vector pointing out of the sur-

face. Then the component of K normal to the surface is

1?1 = (ken) n (6.87)

and the part parallel to the surface is

-+

K“ =k-(ke+n)n . (6.88)

The dispersion relation for acoustic waves in the presence of winds is

A (6.89)
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where Q8 w- Kkev (6.90)

is the intrinsic frequency, w is the wave frequency, and Vv is the wind

velocity.

With the help of (6.90), we can separate (6.89) as follows:

- - K oV - K"-U)z + c2 kl2 + c2 k"2 -0 . (6.91)

We want to solve (6.91) for kl' assuming E" to be known. We can rewrite
{(6.89) as

(c® - v,?) k229 v, K, -92+Pri-0, (6.92)
where

2 =0 - K”-G (6.93)
and

;l = (3-3) n , v, = Ven (6.94)

is the component of wind normal to the surface. The quadratic formula gives
the solution to (6.92) as

2 2 .2 2
- Q" vy tC /,ﬂ" - kﬂ (C” -v.%)

k, = = . (6.95)

e

One solution of (6.95) should be the normal component of k for the inci-
dent wave, the other the normal component of K for the reflected wave. To con-
vert from the incident wave to the reflected wave, it is necessary simply to
change the sign of

Q v
k1 + —5!——i—5 . (6.96)
c - vl

To do this, we can use (6.87) and (6.88) to write

- -

K =K - (Kem)n + (Rem)n . (6.97)

This is equivalent to
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- - - -+ > Q"Vl - - > > Q"vln
k =k - (ken)n - n + (ken)n + . (6.98)
c?-v? 2 -v?
1 L
Let us assume that (6.98) applies to the incident wave, that is,
n L d
-SSR SR - S I/ S S S T Bl (6.99)
inc inc inc 2 2 inc 2 2"’ )
c - vl c - vl

where the subscript inc signifies the incident wave. To get the wave vector
for the reflected wave, we need only reverse the sign of the last two terms in
(6.99), that is,

(6.100)

where the subscript ref signifies the reflected wave.

To be more explicit, we can write (6.100) in terms of components. We
assume an earth-centered spherical polar-coordinate system (r, 6, ¢). We then

consider Cartesian components of E, (kr' ke. k¢) in the r, 8, and ¢ directions.

We also consider components of n, (np, ng, n¢) in the r, 6, and ¢ directions.
Then (6.100) is equivalent to

2Q. v, n
r

'H) _ L
inc nr 2 2
C -v

-

= k - 2(k (6.101a)

kr ref r inc

2(k, em)n, - ——=——n

kO ref ke inc ~ inc 0 2 2 By (6.101b)

- 2(kinc-n)n

- —_ . (6.101c)
¢ 2 2 ¢

k¢ ref = X inc

One might wonder whether it is realistic to allow a component of the wind
normal (or even parallel) to the surface of the terrain. Rather than debate
this point here, we simply point out that HARPA does not check wind models to
see if they satisfy continuity or physical boundary conditions (in fact, many
of our models don't). This is the responsibility of those who design wind
models, if such conditions are important in their applications. The last term
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in (6.101) guarantees that the dispersion relation will be satisfied for the
reflected wave, even if the wind does not vanish at the surface.

6.5.4 Unit-Normal Directions From the Surface

The previous section requires unit normal directions to the surface.
Because f is a constant along the surface, the gradient of f is in the same
direction as the unit normal. That is

- -~ fe“ 4 -~ -
Ve =f i +—24 +—2 ] 0. (6.102)

r'r ;_ 6 * r sin 0 "0

Taking the ratio of components gives

(6.103)

and
(6.104)

n¢ = fr r sin @ nr ‘

The solution of (6.103), and (6.104), while requiring nf + n2 + n: =1, 1is

0
fr
nr = , (6.105)
2 2
ﬂhfe T
r r2 r2 sin2 e
fe
ne = ’ {6.108)
2 2
f f
r //irz * : * 2 L 2
r r sin 6
f
¢
n, = . .
® (6.107)
. fa2 f¢2
r sin 6 fr + 2 +
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6.6 Coordinate Systems

HARPA uses two different earth-centered spherical polar-coordinate
systems, one geographic and one computational, because it is easier to express
some models in a different coordinate system. Input data for the coordinates
of the transmitter, W(4) and W(5), and input data for the coordinates of the
north pole of the computational coordinate system, W(24) and W(25), are entered
in geographic coordinates. Putting W(25) equal to 0° and W(24) equal to 90°

would superimpose the two north poles and equate the two coordinate systems.

When the two coordinate systems do not coincide, the atmospheric models
calculate wind, sound speed, temperature, and molecular welght in terms of the
computational coordinate system. Dudziak (1961) describes the transformations

between these coordinate systems.
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7. Structure of the Program

This chapter explains how the parts of HARPA work together, including a brief
description of each program subroutine and detailed flow charts of the central
ray-tracing parts. Also included are hierarchical or organization diagrams that
show the calling sequences of the principal ray-tracing operations and details of

the common-block structure and usage.

7.1 Description of the Subroutines

Following is a list of all the programs, subroutines, and functions that
constitute HARPA, that is, the functions inside the dashed lines of Figure 1.1.
They are listed in the order they appear in Files 3, 4, and 5 of the distribution
tape and in the source-code listings of Appendix D. The routines are divided
into a RAY-TRACING "CORE," the set of programs that is always required to do ray
tracing, DISPERSION-RELATION ROUTINES, from which you must select one, and
ATMOSPHERIC MODEL SUBROUTINES, from which you select the routines that correspond
to the atmospheric models you want to use. A more detailed description of the

distribution-tape structure is given in Sec. 3.3.1.

7.1.1 Ray-Tracing Core

PROGRAM RAYTRC -- The main program; sets the initial conditions for each ray and
calls TRACE.

SUBROUTINE DFSYS -- Contains system-dependent functions such as date, time (user
must modify).

SUBROUTINE DFCNST -- Defines machine-dependent constants (user must modify).
SUBROUTINE READW1 -- Reads variable-length tabular data from input data table.
SUBROUTINE GTUNIT -- Interprets units line in tabular input data.

SUBROUTINE SREAD1 -- Handles unassigned labeled-common blocks.

FUNCTION READW -- Reads input data table into W array, converting units.
SUBROUTINE CLEAR -- Sets n elements of an array to zero.

FUNCTION ND2B -- Converts decimal digits to positionally equivalent binary num-
bers when reading W(29).
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FUNCTION UCON -- Provides keyword units conversion for input data.
SUBROUTINE TRACE -- Calculates a raypath for the requested number of hops.
FUNCTION PCROSS -- Tests whether ray crosses a surface.

SUBROUTINE RCROSS -- Estimates point where ray crosses a surface.

SUBROUTINE HAMLTN -- Calculates Hamilton's equations for ray tracing and other
quantities to be integrated.

SUBROUTINE RKAM -- Keeps track of integration steps performed by RKAM1 and makes
them available to calling subroutines.

SUBROUTINE RKAM1 -- Numerically integrates Hamilton's equations.

SUBROUTINE BACKUP -- Moves the ray point to the last intersection with receiver
or terrain surface.

FUNCTION REFLECT -- Computes normal and parallel components of K vector at ground
reflections.

SUBROUTINE FIT -- Computes 3 types of parabolic fit to raypath relative to
terrain.

FUNCTION GET -- Gets the value of the terrain function and its derivatives; calls
the terrain model subroutine if necessary.

FUNCTION GET1 -- Second version of GET to avoid self-calls.

FUNCTION ITEST -- Passes integer values through for variables typed real.
SUBROUTINE CONBLK -- Data-initialization and file-opening service routine.
FUNCTION WCHANGE -- Determines equivalence of two W arrays for producing raysets.
FUNCTION RENORM -- Normalizes a vector to a specified magnitude.

SUBROUTINE SET2 -- Sets n components of vector to a specified single value.

SUBROUTINE PRINTR -- Prints details of the raypath calculation at specified
intervals and produces computer-readable output (raysets).

SUBROUTINE ATMOSHD -- Includes page headings in printout.

SUBROUTINE PUTDES -~ Prints model information on printout header.

FUNCTION NUMSTG -- Converts a numeric value to a string.

SUBROUTINE SFILL -- Fills a string with n specified characters.

FUNCTION STRIM -- Determines position of last nonblank character of a string.

FUNCTION RERR -- Computes for subroutine PRINTR the largest relative integration
error.
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SUBROUTINE RERROR -- Reports error conditions and stops program.
SUBROUTINE STOPIT —- Prints error condition and stops program.

SUBROUTINE PUTKST -- Multiple ENTRY points to produce line-printer output while
accounting for line count, new page, etc.

SUBROUTINE OPNREP -- Increases portability among FORTRAN 77 systems for opening
files with replacement.

SUBROUTINE OVERRD -- Tests for "zero-override" condition in input data
(Sec. 5.3.1).

SUBROUTINE SFILTR -- Filters extraneous characters from plot annotations.
FUNCTION ALCOSH -- Compute log[cosh(x)] and use large-argument approx.

SUBROUTINE GAUSEL -- Calculates coefficients of functions to fit points in
TTABLE.

[PLOTTING ROUTINES]

SUBROUTINE RAYPLT -- Main plotting program; initializes, reads input, plots pro-
jections of rays on a vertical or horizontal plane.

SUBROUTINE PLOT -- XY plotting routine, called by RAYPLT.

SUBROUTINE LABPLT -- Labels rayplots.

[TICK/ANNOTATION ROUTINES]

SUBROUTINE PLTHLB -- Plots horizontal ticks and annotation for rayplot.
SUBROUTINE PLTANH -- Generic horizontal tick annotation.

SUBROUTINE SETXY -- Plot initialization; sets projection parameters.
SUBROUTINE TIKLINE -- Draws straight line with ticks at intervals.
SUBROUTINE PLTANOT -- Puts general annotations on plots.

SUBROUTINE DRAWTKS -- Draws plot boundary, ticks, and labels for horizontal ray
projection.

SUBROUTINE PLTLB -- Puts vertical tick annotations on rayplots.
SUBROUTINE ARCTIC -- Draws curved range axis for rayplot.

BLOCK DATA PLOTBL -- Initializes plot range variables.
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[GRAPHICS WRITE ROUTINES]

SUBROUTINE DDINIT -- Initializes plotting process (writes header line to TAPE5).
SUBROUTINE DDBP -- Sets a vector origin (writes IX,IY to TAPE5).

SUBROUTINE DDVC -- Plots a vector (writes IX,IY for vector end point to TAPES5).

SUBROUTINE DDTEXT -- Writes an array (character string) to TAPE 5 in tabular text
mode.

SUBROUTINE DDTAB -- Sends instruction to TAPE5 that initializes tabular (text)
plotting.

SUBROUTINE DDFR -- Sends instruction to TAPE5 to advance a microfilm frame.

SUBROUTINE DDEND -- Empties plot buffer and releases plotting command file
to microfilm plot queue.

SUBROUTINE DASH -- Sets dashed-line mode; that is, all plotted curves will be
dashed instead of solid after a call to subroutine DASH.

SUBROUTINE RESET('DASH') -- Sets solid-line mode; that is, all plotted curves
will be solid lines after this call.

SUBROUTINE HEIGHT -- If you do not have the DISSPLA* plotting package, load
SUBROUTINE SMPANN instead of SUBROUTINE FULANN, and you can ignore this
routine.

SUBROUTINE MX1ALF -- If you do not have the DISSPLA* plotting package, load
SUBROUTINE SMPANN instad of SUBROUTINE FULANN, and you can ignore this
routine.

SUBROUTINE MX2ALF -- If you do not have the DISSPLA* plotting package, load

SUBROUTINE SMPANN instead of SUBROUTINE FULANN, and you can ignore this
routine.

SUBROUTINE SCMPLX -- If you do not have the DISSPLA* plotting package, load
SUBROUTINE SMPANN instead of SUBROUTINE FULANN, and you can ignore this
routine.

7.1.2 Dispersion Relation Routines

SUBROUTINE ANWNL -- Acoustic wave, no winds, no losses.

SUBROUTINE AWWNL -- Acoustic wave, with wind, no losses.

SUBROUTINE ANWWL -

Acoustic wave, no wind, with losses.

SUBROUTINE AWWWL -

Acoustic wave, with wind, with losses.

* DISSPLA is the proprietary product of ISSCO, Inc.
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7.1.3 Atmospheric Model Subroutines

SUBROUTINE WLINEAR -- Constant upward or northward background wind; linear east-
ward wind profile.

SUBROUTINE WTIDE -- Eastward and northward background wind profiles that are
sinusoidal in height and time and are in time quadrature.

SUBROUTINE ULOGZ2 -- Logarithmic atmospheric boundary-layer profile; eastward
background wind only.

SUBROUTINE VVORTX3 -- Vertical vortex wind perturbation with viscous core and
Gaussian height profile.

SUBROUTINE WGAUSS2 -- Eastward perturbation wind that decays in three dimensions
(jet).

SUBROUTINE NPWIND -- Do-nothing wind perturbation model.

SUBROUTINE GAMRTDM -- Sound-speed model: C2 = y RT/M.

SUBROUTINE CSTANH -- Background sound-speed profile with linear segments joined
smoothly.

SUBROUTINE NPSPEED -- Do-nothing sound-speed-perturbation model.

SUBROUTINE CBLOB2 -- Sound-speed perturbation with Gaussian decay in three dimen-
sions.

SUBROUTINE TLINEAR -- Background linear temperature profile.

SUBROUTINE TTANH5 -- Background height profile of temperature with linear
segments joined smoothly.

SUBROUTINE TTABLE -- Background tabular temperature profiles with cubic inter-
polation between points.

SUBROUTINE NTEMP -- Do-nothing background temperature model.

SUBROUTINE TBLOB2 -- Temperature perturbation with Gaussian decay in three dimen-
sions.

SUBROUTINE NPTEMP -- Do-nothing temperature perturbation model.

SUBROUTINE MCONST -- Constant molecular weight model.
L J

[TERRAIN MODELS]

SUBROUTINE GHORIZ Terrain model at fixed height above sea level.
SUBROUTINE GLORENZ -- Lorentzian-ridge terrain model,

SUBROUTINE GTANH -- 2-D terrain model with a series of linear segments joined
smoothly.
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[ABSORPTION MODELS]

SUBROUTINE NPTERR -- Do-nothing terrain-perturbation model.
SUBROUTINE MUARDC -- ARDC background absorption formula.
SUBROUTINE NPABSR -- Do-nothing absorption-perturbation model.
SUBROUTINE PEXP -- Exponential background pressure profile.

SUBROUTINE NPPRES -- Do-nothing pressure-perturbation model.

[RECEIVER-SURFACE MODELS ]

SUBROUTINE RHORIZ -- Horizontal receiver-surface model.

SUBROUTINE RTERR -- Receiver-surface model at fixed height above terrain.

SUBROUTINE RVERT -- Vertical (conical) receiver surface at a fixed radius from a
specified origin.

[ANNOTATION MODELS]

SUBROUTINE SMPANN -- Initializes plot in draft mode (must be used if you don't
have DISSPLA).

SUBROUTINE FULANN -- Initializes plot in publication-quality mode (requires
DISSPLA).

7.2 HARPA Organization Diagrams

This section contains hierarchical diagrams, Figures 7.1 through 7.4, that
show how the principal subroutines are interrelated by calling sequences. These
diagrams are not flow charts; they show how control passes among the program
modules. Not all subroutines are shown, only the major ones that perform the

ray-tracing function.
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PROGRAM RAYTRC
Calculates the mathematical constants.
Controis data input and page headings.

SUBROUTINE ATMGSHD SUBROUTINE READW
- Reads data into the
ENTRY HEADER1 W array.
Print heading. B
rints a page heading _ [ ENTRY SETW
ENTRY HEADER2 “ | Initializes the W array.
Dage handig s ated = | ENTRY PRINT W
~ | Prints the W array.
SUBROUTINE READW1
Reads tabular data for _—
atmospheric models into
common blocks.
Y
SUBROUTINE RERROR
| SUBROUTINE (anyname)* Prints error messages.

ENTRY DISPER

Evaluates the Hamiltonian

and its derivatives from

the wave dlspersion relation.

ENTRY IDISPER T —

Initialization.

* %

Figure 7.1. Block diagram (not a flow chart) of the ray-tracing pro-
gram showing the relation (hierarchy, what calls what) of the main
program to other subroutines during the initialization stage (immedi-
ately after new input data are read in).

* ANWNL (Acoustic, No Winds, No Losses), AWWNL, With Winds, No Losses),
ANWWL, and AWWWL are the names of the versions of the dispersion-
relation subroutine available.

** Pigure 7.2 shows the continuation of this block diagram.
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Figure 7.2. Continuation of the block diagram of
the ray-tracing program (Fig. 7.1), showing the
relations among the atmospheric model subroutines
during the initialization stage (immediately after
new input data are read in).

* ANWNL (Atmospheric waves, No Winds, No Losses)
AWWNL (Atmospheric waves, With Winds, No
Losses), ANWWL, and AWWWL are the names of the
versions of the dispersion-relation subroutine
available with this version of the program.

*¥* Continued from Figure 7.1.

**

SUBRQUTINE (anyname)*

ENTRY DISPER

Evaluates the Hamiitonian and
its derivatives from the wave
dispersion relation.

SUBROUTINE {anyname)

ENTRY ABSRP

Calculates the viscosity
and thermal conductivity.

ENTRY | ABSRP

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY P ABSRP

Calculates a perturbation
to the viscosity and
thermal conductivity.

ENTRY IP ABSRP

initialization with new
input data.

SUBROUTINE (anyname)

ENTRY PRES

Calculates the pressure
and its gradient.

ENRTY | PRES

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY P PRES

Calcualtes a perturbation
to the pressure and
its gradient.

ENRTY P PRES

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY SPEED
Calculates the (square of
the) sound speed and its
gradient,

ENTRY IDISPER il
Initialization.
SUBROUTINE (anyname) SUBROUTINE (anyname)
ENTRY RECVR ENTRY WINDR
Evaluate receiver Calculates the wind velocity
surface model. and its gradient.
ENTRY IRECVR ENTRY IWINDR
Initialization with Initialization with new
new input data. input data.
SUBROUTINE (anyname) SUBROUTINE (anyname)
ENTRY TOPOG ENTRY PWINDR
Evalulate terrain Calculates a perturbation
model. to the wind velocity and
its gradient.
ENTRY ITOPOG
Initialization with ENTRY IPWINDR
new input data. Initialization with new
input data.
SUBROUTINE (anyname)
SUBROUTINE (anyname)
ENTRY PTOPOG
Evaluate perturbation ENTRY TEMP
terrain model. Calculates the temperature
and its gradient.
ENTRY IPTOPOG
Initialization with ENTRY ITEMP -
new input data. initialization with new
input data.

SUBROUTINE (anyname)

ENTRY PTEMP
Caiculates a perturbation
to the temperature and
its gradient.

ENTRY IPTEMP

Initialization with new i
input data.
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ENTRY ISPEED

Initiatization with new
input data.

SUBROUTINE (anyname)

ENTRY PSPEED

Calculates a perturbation
to the (square of the)
sound speed and its
gradient.

ENTRY IPSPEED

Initialization with new
input data.

SUBROQUTINE {anyname)

ENTRY MOL WT

Calculates the mean molec-
ular weight and its gradient.

ENTRY IMOL WT

Initialization with new
input data.




PROGRAM RAYTRC

Steps frequency, azimuth angle
of transmission, and elevation
angle of transmission.

Sets the initial conditions for
each ray trace.

Y

SUBROUTINE TRACE SUBROUTINE PRINTR
SUBROUTINE RAYPLT Calculates one ray path from the Prints a line describing a
Plots a point of the ray path. initial conditions specified by point on the ray path.

PROGRAM NITIAL for the Outputs raysets.
number of hops requested.

ENTRY ENDPLT

Draws axes and calls for
labeling and termination

Prints column headings.

of plot \
SUBROUTINE RKAM | SUBROUTINE BACK UP
Integrates one step of the | Finds the nearest point
differential equations each where the ray crosses the
time it is called. receiver height.

ENTRY GRAZE

/ Finds the nearest point
where the ray makes a
SUBROUTINE HAMLTN closest approach to the
Evaluates the differential receiver height.

equations to be integrated.

FUNCTION GET _J

SUBROUTINE *
(anyname) ENTRY DOT

ENTRY DISPER

Evaluates the Hamiltonian
and its derivatives from
the wave dispersion relation.

SUBROUTINE (anyname)

ENTRY IDISPER

Initialization. ENTRY TOPOG

Evaluates terrain model.

ENTRY ITOPOG

SUBROUTINE (anyname)

ENTRY RECVR
Evaluates receiver modei.

ENTRY IRECVR

Figure 7.3. Block diagram (not a flow chart) of the ray-tracing program showing

the relations (hierarchy, what calls what) among the main program and the

subroutines during the raypath calculation stage (after the initialization

stage).

¥ ANWWL (Acoustic, No Winds, No Losses) and AWWNL (Acoustic, With Winds, No
Losses), AWWWL and ANWWL are the names of the versions of the dispersion-
relation subroutine.

** Figure 7.4 shows the continuation of the block diagram that shows the
relations among the atmospheric model subroutines.
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Figure 7.4. Continuation of the block diagram of
the ray-tracing program (Fig. 7.3) that shows the
relations (hierarchy, what calls what, a block
diagram is not a flow chart) among the atmospheric
model subroutines during the raypath calculation
stage (after the initialization stage).

ANWNL (Atmospheric waves, No Winds, No Losses)

and AWWNL (Atmospheric waves, With Winds, No

Losses), AWWWL and ANWWL are the names of the

versions of the dispersion-relation subroutine.
** Continued from Figure 7.3.

e

SUBROUTINE (anyname)*

ENTRY DISPER

SUBROQUTINE {(anyname)

ENTRY ABSRP

Calculates the viscosity
and thermai conductivity.

ENTRY | ABSRP

Initialization with new
input data.

SUBROUTINE {anyname)

ENTRY P ABSRP
Calculates a perturbation
to the viscosity and
thermal conductivity.

ENTRY IP ABSRP

Initialization with new
input data.

.| SUBROUTINE (anyname)

ENTRY PRES

Calculates the pressure
and its gradient.

Evaluates the Hamiltonian and
its derivatives from the wave
dispersion relation.

ENTRY IDISPER
Initialization.

SUBROUTINE (anyname)

ENTRY WINDR

Calcuiates the wind velocity
and its gradient.

ENTRY IWINDR

Initialization with new
input data.

SUBROUTINE (anyname)

ENRTY | PRES

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY P PRES

Calcuaites a perturbation
to the pressure and
its gradient.

ENRTY IP PRES

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY PWINDR

Calculates a perturbation
to the wind velocity and
its gradient.

ENTRY IPWINDR

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY TEMP

ENTRY SPEED

Calculates the {square of
the) sound speed and its
gradient.

ENTRY ISPEED

Initialization with new
input data.

SUBROUTINE {(anyname)

Calcuiates the temperature
and its gradient.

ENTRY ITEMP

Initiatization with new
input data.

SUBROUTINE (anyname)

ENTRY PTEMP

Cailculates a perturbation
to the temperature and
its gradient.

ENTRY IPTEMP

initialization with new
input data.
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ENTRY PSPEED

Calcuiates a perturbation
to the (square of the)
sound speed and its
gradient.

ENTRY IPSPEED

Initialization with new
input data.

SUBROUTINE (anyname)

ENTRY MOL WT

Calculates the mean molec-
ular weight and its gradient.

ENTRY IMOL WT

Initiatization with new
input data.




7.3 Flow Charts for Program RAYTRC and Subroutines TRACE and BACKUP

These three routines contain the central logic of the raypath calculations

and so are described in detail in flow-chart form.

This ray-tracing program consists of various subroutines that perform
specific tasks in calculating raypaths. The division of labor makes it easier
to modify the program to solve specific problems. Often it may be necessary to

change only one or two subroutines to convert the program to a different use.

The main program (RAYTRC) sets up the initial conditions (transmitter loca-
tion, wave frequency, and direction of transmission) for each ray trace. In
setting up the initial conditions for each ray trace, the main program (RAYTRC)
steps frequency, azimuth angle of transmission, and elevation angle of
transmission (see Figs. 7.5 and 7.6). Then subroutine TRACE calculates one
raypath for the requested number of crossings of the specified receiver height.
Subroutine TRACE is the heart of the ray-tracing prograx. It is the most
complicated subroutine included, but also the most important to understand. The

flow charts in Figures 7.6 and 7.7 explain how TRACE works.

Subroutine RKAM integrates the differential equations numerically using an
Adams-Moulton predictor-corrector method with a Runge-Kutta starter. Subroutine
HAMLTN evaluates the differential equations to be integrated. Subroutine DISPER
calculates the Hamiltonian and its derivatives, the wave number from the disper-
sion relation, and the wave polarization. (Four versions of subroutine DISPER
are included.) Subroutines WIND, SPEED, TEMP, MOLWT, RECUR, TOPOG, ABSRP, and
PRES calculate the atmospheric wind speed, sound speed, temperature, mean mole-
cular weight, receiver surface, terrain, viscosity/thermal conductivity, and
pressure. Several versions of these eight subroutines are included, and it is
easy to add more. Subroutine BACKUP finds an intersection of the ray with the
receiver surface or with the terrain. The flow charts in Figures 7.8 through
7.10 and Section 6.5 explain how BACKUP works.

Subroutine PRINTR prints information describing the raypath and outputs the
results in computer-readable form (raysets). Subroutine RAYPLT plots the
raypath. The block diagrams in Figures 7.1 through 7.4 show the relationships

among these (and other) subroutines.
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( Enter }

[

Initialization.

,

a4 Read input data and initialize.

Y

I Begin frequency loop.

[

= Begin azimuth angle loop.

Begin elevation angle loop.

.| Initialize the independent variable and the first §
dependent integration variables.

Set RSTART (tell subroutine RKAM to start integration).

[

Control printing of page headings.

*4

Transmitter
in an evanescent
region?

Yes | Print a message that the ray

is in an evanescent region.

Normalize the 3 components of the wave vector
so that the magnitude equals the wave number.

Initialize the rest of the dependent integration
variables.

Have one ray path calculated. *5

JIA L A A Y

abcecd e f

Figure 7.5. Flow chart for program RAYTRC. Circled block numbers correspond
to program statement numbers.

*4 There are no evanescent regions for pure acoustic waves (with no cutoff
frequency).

*5 Subroutine TRACE calculates one raypath.
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Did the ray

penetrate on the first hop? Yes

and
Do we want only non-
penetrating rays?

Last elevation

angle?

*6

Last azimuth

angie?

*6

Oid the ray
penetrate on the first hop?
and
Do we want only non-penetrating rays?

Yes

Figure 7.5.
RAYTRC (continued).

Flow chart for program

"Penetrate" means the ray
exceeded the maximum allowable
height (W26) or the maximum
allowable range (W28) or went
below the minimum allowable
height (W27).

and
Are we asking for oniy one
azimuth angle and one
elevation angle?

Last frequency?

Output a rayset signaling the end of the raysets

for this W array.
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Exit from TRACE.

litialization.

Crossed

receiver surface

enough times
?

No

Handle terrain
crossings.

EX X

Advance the ray one step
by numerical integration.

Downward

crossing of

receiver

surface
?

Closest

approach to

receiver

surface
?

Yes Terrain

crossing
?

Upward
crossing of
receiver
surface
?

Printed output.

Step loop

Plot a raypoint.

To many

Integration
steps
?

No

Printed output.

Exit from TRACE.

Yes

Yes

Yes

Hop loop

Handle crossings of
and closest approaches to
receiver surface.

Printed output.

Exit from TRACE.

Figure 7.6.

statement numbers in subroutine TRACE.
* See Figure 7.7 for details.

xxK
a terrain crossing has occurred.
Subroutine RCROSS handles terrain
crossings.

%k k
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Flow chart for subroutine TRACE.
Circled block numbers correspond to program

Logical function PCROSS estimates whether



Gnd closest approach to receiver surface. ’

C Find crossing of receiver surface. )

!

Local approximation
to the surface.

Isa
crossing

Yes

i

Local approximation
to the surlace.

more likely
?

Estimate time to
closest approach.

!

Step ray to
closest approach.

Found
crossing
instead
?

No

Output.

Crossed

recelver surface

enough times
?

Exit from TRACE.

o

Yes Yes

Increment hop number.
Output.

Estimate lime to
crossing.

i

Step ray to
crossing.

Found
closest approach
instead
?

No

®

Output

Recelver

surface same

as terrain

surface
?

Crossed

receiver surface

enough limes
?

Yes

Exit trom TRACE.

Increment hop number.
Perform ground reflection.

Output.
{

Resaet ray-logic values.

Figure 7.7.

approaches to receiver surface.

Hop loop.

statement numbers in subroutine TRACE.

See Figure 7.8 for details (subroutine BACKUP).

Flow chart showing some details of finding crossings of and closest
Circled block numbers correspond to program

*% See Figure 7.8 for details (entry point GRAZE in subroutine BACKUP).
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ENTRY ENTRY
BACK UP GRAZE
Step ray to estimated time of crossing

or of closest approach.

Entered
from
GRAZE
?

Yes

Is
crossing
in wrong
direction
?

Yes

Step ray 1o nearest
crossing.

®

L2
I Step ray to closest approach. ]

Found
crossing.

stlul?

No

Estimate time to crossing
and advance the ray one
integration step.

f

l Step ray to nearest crossing.

Record that the ray is at a
crossing {THERE = .TRUE.).

*

Reset integration mode and
initial step size.

( RETURN ’

Figure 7.8. Flow chart for subroutine BACKUP. Circled block numbers correspond

to program statement numbers. Entry BACKUP steps the ray to a crossing with a

specified height. Entry GRAZE steps the ray to a point of closest approach to

the specified height. The calling routine (subroutine TRACE) specifies the

height with which the ray is to intersect, the direction of crossing (up or

down), and estimates the time of crossing (group time delay). Asterisks iden-

tify supplementary procedures.

* See Figure 7.9 for details of the algorithm that steps the ray by numerical
integration to the nearest crossing of a specified height.

** See Figure 7.10 for details of the algorithm that steps the ray by numerical
integration to a closest approach to a specified height.
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START

estimate time
to nearest crossing

.

choose step size accordingly

distance

to surface

smail enough ***
and

step size small

enough? ****

successful

diagnostic printing

Y

choose non error-checking initegration mode
set integration start
advance the ray one integration step
set integration start

tried
10 times
yet?

no

Figure 7.9. Flow chart for the algorithm that steps the ray by numerical

integration to a crossing of a specified height. Circled block numbers

correspond to program statement numbers.

* See Equation (6.85) to estimate the time of the nearest crossing of the
specified height.

*% The step size should be no larger than that being used by the numerical
integration routine to maintain accuracy in the error-checking mode.

*k%x 0.5 x 10 4 km.

**%x Small enough to ensure the required accuracy and smaller than the smallest
allowable step size.
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‘ START ’

Estimate time to
nearest apogee or perigee.

t

Choose step size accordingly.

Is dr/8t
small enough*** Yes
and the step size Successful.
small enough**2.
?

Diagnestic printout.

!

Set non error-checking integration mode.
Set integration start.

Advance ray one integration step.

Set integration start.

is ray Yes
convex away from
surface g-
?

Is k,

parallef to

dk,/dt
?

No

Figure 7.10. Flow chart for the algorithm that steps the ray by numerical inte-

gration to a point of closest approach to a specified height. Circled block

numbers correspond to program statement numbers.

* See Equation (6.91) to estimate the time of the nearest crossing of the
specified height. ,

*% The step size should be no larger than that being used by the numerical
1n§8gration routine to maintain accuracy in the error-checking mode.

*%* 10  km/knm.

#%*x Small enough to ensure the required accuracy and smaller than the
smallest allowable step size.
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The listings of most of the subroutines have comments t

hat should help in
understanding how they work.

In addition, Tables 7.1 through 7.40 define the
variables in the common blocks.

Table 7.1--Definitions of the parameters in blank common

Position in Variable Definition
common name
1-20 R ‘ The dependent varjables in the dif-

ferential equations being integrated--
the definitions of the first six are
fixed, but the others may be varied

by the program user

1 R(1) or R r

2 R(2) or TH [¢]

3 R(3) or PH ¢

4 R(4) or KR Kp

5 R(5) or KTH kg

[ R(6) or KPH k¢

7-12 R{7)-R(12) Those variables the user has chosen

or RKVARS(1)- to integrate, taken in the following
RKVARS(6) order:

P -phase path in kilometers

A -absorption in decibels

Af -Doppler shift in hertz

8 -geometrical path length in kilo-

meters
13-20 R(13)-R(20) Reserved for future expansion
21 TPULSE Group path length in kilometers

(the independent variable in the
differential equations)

22 CSTEP Step length in group path
23-42 DRDT The derivatives of the dependent

variables with respect to the inde-
pendent variable TPULSE

R and TPULSE are initialized in program RAYTRC and changed in subroutines
TRACE, RKAM, and BACK UP.

CSTEP is calculated in subroutine RKAM.

DRDT is calculated in subroutine HAMLTN and used in subroutine, RKAM.
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7.4 Common-Block Structure and Usage

We use common blocks instead of calling sequences to pass information be-
tween subroutines and functions because it is faster. This section describes
how those common blocks are organized and which blocks 1link which program modu-

les, and defines the variables in each block.

Table 7.1 defines the variables in blank common. These are mostly the
dependent variables in the numerical integration and their derivatives. Nearly

all of the subprograms use this common block.

Table 7.2 describes the common block /MCONST/, which contains mathematical
constants. Table 7.3 describes the common block /PCONST/, which contains physi-

cal constants.

Many common blocks are used to communicate among the various routines in the
program. Table 7.4 lists those common blocks and shows which routines use those
common blocks. Blank common, common blocks /MCONST/, /PCONST/, /WW/, and the
common blocks listed in Tables 4.2 and 4.3 are not included in Table 7.4. Table
7.5 lists the variable names in these common blocks that are used for input and
output by each routine. Tables 7.6 through 7.32 list all of the variables in

these common blocks and give the meanings of those variables.

Table 7.17 describes common block /RIN/, which contains parameters output by
all of the versions of the dispersion relation subroutines (all of which have
the entry point name DISPER). Tables 7.33 through 7.40 describe the common
blocks /UuU/, /cc/, /TT/, /MM/, /RR/, /GG/, /AA/, and /PP/, which contain the

parameters output by the various atmospheric models.
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Table 7.2--Definitions of the parameters in common block /MCONST/*

Position in Variable Definition
common name

1 PI n

2 PIT2 2n

3 PID2 n/2

4 DEGS 180.0/m

5 RAD 7/180.0

6 ALN10 loge 10

* These parameters are set in program RAYTRC.

Table 7.3--Definitions of the parameters in common block /PCONST/

Position in Variable
COmRON name

Definition

1 CREF

2 RGAS

A reference sound speed (0.344 km/s),
the reference sound speed in air at
20°C, Handbook of Chemistry and

Physics (1954, page 2312), used to
convert group delay time in seconds to
an equivalent group path length in
kilometers, and to convert a phase time
in seconds to an equivalent phase-path
length in kilometers

The gas constant, = 8.31436 x 1073
kg (kg mole)~1 km? s~2 k-1 (this
value of the gas constant gives a
sound speed in km/s)

Y, the ratio of specific heat at
constant pressure to that at constant
density, = 1.4

-139-



Table 7.4.

—~Common block usage by the core routines

Common
block

oo

azZoaoa

<zooc
© X R
HEOO
TZo>Rwo

QP> 3

MR HARXO
Er0oOoERA

R -]
1
<MmO <X
Torm
rvzZ~m
ot m
aomom
aomr -~
L= Nl ]
ZOo0XKpPr
OOz Z >

tHOZZ >

HEroow> e

zx 2z RN
THrroOg

RAYTRC
CONBLK 0
WCHANGE
RENORM
SET2
ITEST
PUTDES
NUMSTG
SFILL
STRIM
RERR
RERROR
STOPIT
PUTKST
OPENREP
OVERRD
CLEAR
ND2B
DFSYS
DFCNST
UCON
HAMLTN
RKAM
RKAM1
TRACE
PCROSS
RCROSS
BACKUP
REFLECT
FIT
GET
GET1
READW1
READW
PRINTR
ATMOSHD
RAYPLT
PLOT
LABPLT
PLTHLB
PLTANH
SETXY
TIKLINE
PLTANOT
DRAWTKS
PLTLB
ARCTIC
PLOTBL
DDINIT
DDBP
DDVC
DDTEXT
DDTAB
DDFR
DDEND
DASH
RESET
HEIGHT
MX1ALF
MX2ALF
SCMPLX

1

1/0

1/0

1/0 1/0
1/0
1/0 1/0 1/0 1/0
1
0 0 I/0
1/0 1/0
1/0
I/0

/0 0 o0
1/0 0 0

(=]

I
I
0o

1/0

I/0 I

1/0 I o
1/0

I I I

1/0
1/0

0o 0
I 1/01/0

1 I/0 1/0
I 1/0

Notes:

1. "I" signifies that the routine uses information from the common block.

2. "0" signifies that the routine puts information into the common block.

3. Blank common, common blocks /MCONST/, /PCONST/, /WW/, and the common blocks listed

in Tables 4.2 and 4.3 are not included in this table.
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Table 7.5--Input and output variables to routines in common blocks other than
blank common and labeled common blocks /MCONST/, /PCONST/, and /WW/ and other
than the common blocks listed in Tables 4.2 and 4.3

Routine Input parameters Output parameters
common block parameter name common block parameter name
RAYTRC /FLG/ IHOP /HDRC/ DAT
/RIN/ KAY2 /HDRC/ INITID
/FLG/ LINES /FLG/ LINES
/RK/ NEQS /FLG/ NEWWP
/ERR/ NERG /FLG/ NEWWR
/ERR/ NERP /FILEC/ NPLTDP
/ERR/ NERR /FLGP/ NSET
/ERR/ NERT /HDR/ SEC
/RAYDEV/ NRYIND /HDRC/ TOD
/RIN/ OMEGMAX /RK/ RSTART
/RIN/ OMEGMIN
/FLG/ PENET
/RIN/ SGN
DFCNST /CRMACH/ RMACH
READW1 /RAYDEV/ NDEVTMP
/RAYDEV/ NRYIND
READW /B1/-+/B20/ /B1/-+/B20/
/FLG/ LINES
/RAYDEV/ NDEVTMP
/RAYDEV/ NFRMAT
/RAYDEV/ NRYIND
/FLGP/ NSET
UCON /UCONC/ CNVC /UCONV/ CNVV
/UCONV/ CNVV
/UCONC/ PCV
TRACE /TRAC/ D22 /TRAC/ DROLD
/TRAC/ GROUND /RK/ E1MAX
/CRKTIME/ IRKTIME /RK/ E1MIN
/TRAC/ RAD /RK/ E2MAX
/TRAC/ RAD1 /RK/ E2MIN
/TRAC/ - THERE /RK/ FACT
/TRAC/ ZDoT /TRLOCAL/ FDOT
/TRLOCAL/ RSIGN /TRLOCAL/ GDOLD
/TRLOCAL/ HOME /TRLOCAL/ GDOT
/TRLOCAL/ FDOT /TRLOCAL/ GOLD
/TRAC/ GROUND
/TRAC/ HOME
/FLG/ HPUNCH
/FLG/ IHOP
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Table 7.5--(continued)

Routine Input parameters

common block parameter name

Output parameters

common block

parameter name

TRACE

{(continued)

PCROSS /TRAC/ OSMT
/TRAC/ SMT

RCROSS /TRAC/ RAD1
/TRAC/ ZDOT

HAMLTN /RIN/

RKAM /RKAMS/ ALPHA
/RK/ E1MAX
/RKAMS / FvV
/CRKTIME/ IRKTIME
/RKAMS/ MM
/RK/ MODE
/RKR/ NEQS
/RK/ RSTART
/RK/ STEP
/RKAMS / XV
/RKAMS / YU

RKAM1 /RK/ E1MAX
/RK/ EIMIN
/RK/ E2MAX
/RK/ E2MIN
/RK/ FACT
/RK/ MODE
/RK/ NN
/RK/ RSTART
/RK/ SPACE
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/CRKTIME/
/RK/
/TRAC/
/FLG/
/FLG/
/TRAC/
/TRLOCAL/
/RK/

/RK/
/TRAC/
/TRAC/

/TRLOCAL/
/TRLOCAL/
/FLG/
/TRLOCAL/
/RK/

/RK/
/CRKTIME/
/RKAMS/
/RK/

/RK/
/RKAMS/

/RKAMS/
/RKAMS/
/RK/
/RK/
/RKAMS/
/RKAMS/
/RK/
/RKAMS/
/RKAMS/

IRKTIME
MODE
NEWRAY
NEWTRC
PENET
ROLD
RSIGN
RSTART
STEP
THERE
TOLD

FDOT
HOME
HPUNCH
RSIGN
RSTART

E1MAX
IRKTIME
MM
MODE
NEQS

Xv

ALPHA
EPM
EIMIN
FACT
FV

MM
RSTART
XV

YU



Tahle 7.5--(continued)

Routine Input parameters Output parameters
common block parameter name common block parameter name
BACKUP /TRAC/ DROLD /RK/ MODE
/TRAC/ D2z /RK/ RSTART
/RK/ E1MAX /RK/ STEP
/RK/ E2MIN /TRAC/ THERE
/RK/ FACT /TRAC/ TOLD
/RK/ MODE /TRAC/ ZDOoT
/TRAC/ RAD1
REFLECT /FNDER/ NPZPH
/FNDER/ NPZR
/ENDER/ NPZTH
FIT /TRAC/ DROLD /TRAC/ D2Z
/FNDER/ NPZPH /TRAC/ OSMT
/FNDER/ NPZPHPH /TRAC/ RAD
/FNDER/ NPZR /TRAC/ RAD1
/FNDER/ NPZRPH /TRAC/ SMT
/FNDER/ NPZRR /TRAC/ ZDOT
/FNDER/ NPZRTH
/FNDER/ NPZTH
/FNDER/ NPZTHPH
/FNDER/ NPZTHTH
/FNDER/ NZ
/TRAC/ TOLD
GET /CRKTIME/ IRKTIME /FNDER/ NPZPH
/CRKTIME/ RKTIME /FNDER/ NPZPHPH
/CRMACH/ RMACH /FNDER/ NPZR
/FNDER/ NPZRPH
/FNDER/ NPZRR
/ENDER/ NPZRTH
/FNDER/ NPZTH
/FNDER/ NPZTHPH
/FNDER/ NPZTHTH
/FNDER/ NSELECT
/FNDER/ NTIME
/FNDER/ NZ
/CGET/ ZERO
GET1 /CRKTIME/ IRKTIME /CGET/ ZERO
/CRKTIME/ RKTIME
/CRMACH/ RMACH
CONBLK /RAYDEV/ NRYIND /UCONC/ CNVC
/UCONV/ CNVV
/CRKTIME/ IRKTIME
/RIN/ KVECT
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Table 7.5--(continued)

Routine Input parameters Output parameters
common block parameter name common block parameter name
CONBLK /RIN/ LPOLAR
(continued) /RAYCON/ MCONP
/RAYDEV/ NDEVTMP
/RAYDEV/ NFRMAT
/RAYDEV/ NRYIND
/RIN/ OMEGMAX
/RIN/ OMEGMIN
/UCONC/ PCV
/RIN/ POLAR
/RIN/ RAYNAME
/HDRC/ DAT
/HDRC/ INITID
/PROCFL/ LIST
/PROCFL/ PITBL
/PROCFL/ PNTBL
/HDR/ SEC
/HDRC/ TOD
PRINTR /FLG/ HPUNCH /FLG/ LINES
/FLG/ IHOP /ERR/ NERG
/RIN/ KAY2 /ERR/ NERP
/FLG/ LINES /ERR/ NERR
/RK/ NEQS /ERR/ NERT
/FLG/ NTYP /FLG/ NEWWP
/RIN/ POLAR
/RIN/ TYPE
ATMOSHD /HDRC/ DAT /FLG/ LINES
/RINPL/ DISPM /FLG/ NTYP
/FLG/ LINES
/RIN/ MODRIN
/FLGP/ NSET
/RIN/ RAYNAME
/HDRC/ TOD
PUTKST /FLG/ LINES /FLG/ LINES
RAYPLT /FLG/ NEWTRC /PLT/ ALPHA
/FLG/ NEWWR /PLT/ APLT
/FILEC/ NPLTDP /FLG/ NEWTRC
/FLG/ NEWWR
/PLT/ PRESET
/PLT/ RMAX
/PLT/ RMIN
/PLT/ XL
/PLT/ XR
/PLT/ YB
/PLT/ YT
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Table 7.5--(continued)

Routine Input parameters Output parameters
common block parameter name common block parameter name
PLOT /PLT/ ALPHA /DD/ IX
/PLT/ APLT /DD/ 1Y
/PLT/ RESET /PLT/ RESET
/PLT/ RMAX
/PLT/ RMIN
/PLT/ XMAXO
/PLT/ XMINO
/PLT/ YMAXO
/PLT/ YMINO
LABPLT /HDRC/ DAT /DD/ IOR
/RIN/ MODRIN /DD/ IS
/DD/ IT
/DD/ IX
/DD/ 1Y
PLTANH /RAYCON/ MCONP /DD/ IOR
/LABCLT/ PROJCT /DD/ IX
/LABCLT/ RMAX /DD/ IY
/LABCLT/ RMIN
/LABCLT/ THMAX
/LABCLT/ THMIN
SETXY /LABCLT/ PROJCT
/LABCLT/ RMAX
/LABCLT/ RMIN
/LABCLT/ THMAX
/LABCLT/ THMIN
PLOTANOT - /ANNCTC/ ANOTES /DD/ IOR
/ANNCTC/ HNOTES /DD/ IX
/DD/ IX /DD/ IY
/DD/ Iy
/ANNCTL/ LENA
/ANNCTL/ LENHA
/LABCLT/ THMAX
/LABCLT/ THMIN
PLTLB /DD/ IX /DD/ IOR
/DD/ Iy /DD/ IX
/LABCLT/ PROJCT
/LABCLT/ RMAX
/LABCLT/ RMIN
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Table 7.5--(continued)

Routine Input parameters Output parameters
common block parameter name common block parameter name
PLOTBL /KNKN/
/DDLIM/

DDBP /DD/ IX /KNKN/ KNBP
/DD/ 1y /DDLIM/ MNIX
/KNKN/ KNBP /DDLIM/ MNIY
/DDLIM/ MNIX /DDLIM/ MXIX
/DDLIM/ MNIY /DDLIM/ MXIY
/DDLIM/ MXIX
/DDLIM/ MXIY

DDVC /DD/ IX /KNKN/ KNVC
/DD/ IY /DDLIM/ MNIX
/KNKN/ KNVC /DDLIM/ MNIY
/DDLIM/ MNIX /DDLIM/ MXIX
/DDLIM/ MNIY /DDLIM/ MXIY
/DDLIM/ MXIX
/DDLIM/ MXIY

DDTEXT /bb/ IOR /KNKN/ KNDT
/DD/ IX
/DD/ Iy
/KNKN/ KNDT

Table 7.6--Definitions of the parameters in common block /HDR/

Position in Variable Definition

Common name

1 SEC Total elapsed computer calculation
time at end of calculating previous
raypath
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Table 7.7--Definitions of the parameters in common block /UCONC/

Position in ‘Variable Definition
common name
14 PCV List of valid unit types for units

conversion: blank (no conversion),
AN (angle), LN (length), FQ (fre-
quency

5-20 CNVC An array of lists of valid physical
units for each unit type for units
conversion: blank (no conversion),
M (meters), KM (kilometers),

DG (degrees), etc

Table 7.8--Definitions of the parameters in common block /UCONV/

Position in Variable Definition
common name
1-16 CNVV An array of units conversion factors

corresponding to the array CNVC
in common block /UCONC/
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Table 7.9--Definitions of the parameters in common block /RKAMS/

Position in Variable Definition

common name

1-5 Xv Values of independent variable for
5 integration steps

6-85 FV Values of the derivatives of the 20
dependent variables for 4 integration
steps

86-285 YU Values of the 20 dependent variables
for 5 integration steps (in double
precision)

286 EPM The amount by which the independent
variable changed during the previous
call to SUBROUTINE RKAM1

2817 ALPHA Value of the independent variable
at the beginning of the latest
integration step

288 MM Relative integration step number

(varies from 1 to 4)

Table 7.10--Definitions of the parameters in common block /CGET/

Position in Variable Definition
common name
1 ZERO A great circle distance at sea level

corresponding to a central earth
angle that is twice the smallest
floating point variable that can be
stored in one single precision word
in the computer being used
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Table 7.11--Definitions of the parameters in common block /CRMACH/

Position in Variable Definition

common name

1 RMACH(1) Smallest positive magnitude
= B**¥(EMIN-1)

2 RMACH(2) Largest magnitude
= B¥*EMAX*(1-B**(-T))

3 RMACH(3) Smallest relative spacing
= B¥**(-T)

4 RMACH(4) Largest relative spacing
= B¥¥(1-T)

5 RMACH(5) LogloB = Logloz

Notes: B = the number base used by the computer (= 2 for most computers)

T

1

2. the number of bits in the mantissa of a floating point number
3. EMIN = the most negative allowable exponent
4

EMAX = the largest allowable positive exponent

Table 7.12--Definitions of the parameters in common block /CRKTIME/

Position in Variable Definition

common name

1 IRKTIME The number of times that SUBROUTINE
RKAM has been called
(used to compare FTIME or GTIME with
to know whether F or G need to be
updated)

1 RKTIME Floating point name of IRKTIME
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Table 7.13--Definitions of the parameters in common block /TRLOCAL/

Position in Variable Definition

common name

1 RSIGN +1 if next receiver-surface crossing
is going up; -1 if going down

2 HOME .TRUE. if ray is going away from
receiver surface; .FALSE. otherwise

3 FDOT Rate of change of distance of ray
above the receiver surface

4 GDOT Rate of change of distance of ray
above the terrain

5 GOLD Value of G at previous integration
step (= distance of ray above terrain)

6 GDOLD Value of GDOT at previous integration

step
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Table 7.14--Definitions of the parameters in common block /RK/*

Position in Variable Definition

common name

1 N The number of equations being
integrated

2 STEP The initial step in group path in
kilometers

3 MODE Defines type of integration used
(same as W41), see Section 5.3.2

4 E1MAX Maximum allowable single step
error (same as W42)

5 E1MIN Minimum allowable single step
error (= W42/W43)

6 E2MAX Maximum step length (same as W45)

7 E2MIN Minimum step length (same as W46)

8 FACT Factor to use to decrease step

length (same as W47)

9 RSTART Nonzero to initialize numerical inte-
gration, zero to continue integration

* These parameters are calculated in subroutine READW (some are temporarily
reset in subroutine BACKUP) and are used in subroutine RKAM.
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Table 7.15--Definitions of the parameters in common block /TRAC/*

Position in Variable Definition

common name

1 GROUND .TRUE. if the ray is on the surface
of the Earth

2 PERIGE .TRUE. if the ray has just made a
perigee

3 THERE .TRUE. if the ray is at the receiver
height

4 MINDIS .TRUE. if the ray has just made a
closest approach to the receiver
height

5 NEWRAY Not used in this version of the
program

6 SMT An estimation of the vertical distance
to an apogee or perigee of the ray

( OSMT Value of SMT at previous integration
step

8-27 ROLD value of R(1) (=r in r,0,¢ earth-
centered spherical polar coordinate
system) at previous integration step

28-47 DROLD Value of dr/dt at previous integra-
tion step

48 TOLD Value of t (= independent variable
for numerical integration) at previous
integration step

49 ZDOT dZ/dt (= dF/dt or dG/dt, depending
on the situation)

50 D2Z dz/dt? (= d®p/dt? or d%6/dt?,
depending on the situation)

51 RAD (dz/dt)? - 2 z d?z/dt?

52 RAD1 YRAD

%«

These parameters are used for communication between subroutines TRACE

and BACKUP.
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Table 7.16--Definitions of the parameters in common block /FNDER/

Position in
COmmon

Variable

name

Definition

Value

10

11

12

NZ

NPZR

NPZRR

NPZRTH

NPZRPH

NPZTH

NPZPH

NPZTHTH

NPZPHPH

NPZTHPH

NSELECT

NTIME

Relative position of F in
common block /RR/ (or G in
common block /GG/)

Relative position of PFR in
common block /RR/ (or PGR in
common block /GG/)

Relative position of PFRR in
common block /RR/ (or PGRR in
common block /GG/)

Relative position of PFRTH in
common block /RR/ (or PGRTH in
common block /GG/)

Relative position of PFRPH in
common block /RR/ (or PGRPH in
common block /GG/)

Relative position of PFTH in
common block /RR/ (or PGTH in
common block /GG/)

Relative position of PFPH in
common block /RR/ (or PGPH in
common block /GG/)

Relative position of PFTHTH in
common block /RR/ (or PGTHTH in
common block /GG/)

Relative position of PFPHPH in
common block /RR/ (or PGPHPH in
common block /GG/)

Relative position of PFTHPH in
common block /RR/ (or PGTHPH in
common block /GG/)

Relative position of FSELECT in
common block /RR/ (or GSELECT in
common block /GG/)

Relative position of FTIME in
common block /RR/ (or GTIME in
common block /GG/)

10

11
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Table 7.17--Definition of the parameters in common block /RIN/*

Position in Variable Definition

common name
1-8 MODRIN Description of version of DISPER in BCD
9-14 RAYNAME Hollerith names of the characteristic rays

in a birefringent medium (= blank for this
version of the program)

15-17 TYPE = Hollerith ! or 3 if this version of DISPER
includes wind,
= Hollerith 2 or 3 if this version of DISPER
includes losses

18 SPACE TRUE, 1f the ray is in a homogeneous non-
dissipative medium (Unconditionally set to
FALSE in this version of the program)

19 OMEGMIN Minimum frequency for nonevanescent
propagation
(= 0 for this version of the program)
20 OMEGMAX Maximum frequency for nonevanescent
propagation

(not applicable for this version of the
program, set to 0)

21,22 KAY2 kz, square of the complex wave number
23,24 H Hamiltonian (complex)
25,26 PHPT 3H/3t (complex)

27,28 PHPR 3H/3r (complex)

29,30 PHPTH 3H/36 (complex)

31,32 PHPPH 9H/34 (complex)

33,34 PHPOM 9H/ 3w (complex)

35,36 PHPKR 8H/al<r {(complex)
37,38 PHPKTH 3H/3ke (complex)
39,40 PHPKPH aH/ak¢ (complex)
41,42 KPHPK { . aﬂ/aﬁ (complex)

= k_3H/3k H/ok + k
- r+kyd /3 0 A aH/ak¢

43,44 POLAR Characteristic transverse polarization of
the wave (complex)
(= 0 for this version of the program)

45,46 LPOLAR Characteristic longitudinal polarization
of the wave (complex)
(= 1 for this version of the program)

47 SGN = +1 or -1; used for ray tracing in
complex space

* These parameters are calculated in subroutine DISPER and used in subroutine
HAMLTN.

Note: In some subroutines, the real and imaginary parts of the complex
variables have separate names.
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Table 7.18--Definitions of the parameters in common block /ERR/

Position in Variable Definition

common name

1 NERG Index number for the dependent
variable for the integration that
gives G

2 NERR Index number for the dependent

variable for the integration that
gives 3G/dr

3 NERT Index number for the dependent
variable for the integration that
gives 3G/30

4 NERP Index number for the dependent
variable for the integration that
gives 9G/3¢

Table 7.19--Definitions of the parameters in common block /RAYDEV/

Position in Variable - Definition

common name

1 NRYIND Device unit number for input data

2 NDEVTMP Device unit number for temporary
output and input

3 NFRMAT Device unit number for secondary
input file (not used by ray tracing
program)

4 Device unit number for graphics output

5 Device unit number for binary raypath

coordinate output
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Table 7.20--Definitions of the parameters in common block /FLGP/

Position in Variable Definition
common name
1 NSET Runset number

Table 7.21--Definitions of the parameters in common block /RINPL/

Position in Variable Definition
common name
1 DISPM Character string identifier for the

dispersion relation model
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Table 7.22--Definitions of the parameters in common block /FLG/*

Position in Variable
common

Definition

NTYP

NEWWR

NEWWP

PENET

LINES

IHOP

HPUNCH

Wave polarization indicator
(not used in this version of
program)

Set equal to .TRUE. to tell sub-
routine RAYPLT there is a new W
array

Set equal to .TRUE. to tell sub-
routine PRINTR there is a new W
array

Set equal to .TRUE. if the ray left
the allowed region of the atmosphere

Number of lines printed on the cur-
rent page

Hop number (at the beginning of each
ray, subroutine TRACE sets this
parameter to zero so that subroutine
RAYPLT will begin a new line in
plotting the raypath, and subroutine
PRINTR will print column headings
and punch a transmitter rayset)

The height to be output on the ray-
sets

*

The parameters are used to communicate between various subroutines.
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Table 7.23--Definitions of the parameters in common block /RINPL/

Position in Variable Definition
common name
1 DISPM Character string identifier for the

dispersion relation model

Table 7.24--Definitions of the parameters in common block /FILEC/

Position in Variable Definition
common name
1 NPLTDP Set equal to the device unit number

for binary raypath coordinate
output (variable in position 5 of
common block /RAYDEV/) if binary
raypath coordinate output has been
requested, set to zero otherwise

Table 7.25--Definitions of the parameters in common block /PLT/*

Position in Variable Definition
COmRmON name
1 XMINO, XL The x-coordinate of the left side of

the plotting area in kilometers

2 XMAXO, XR The x-coordinate of the right side of
the plotting area in kilometers

3 XMINO,YB The y-coordinate of the bottom of the
plotting area in kilometers

4 XMAXO, YT The y-coordinate of the top of the
plotting area in kilometers

5 RESET Set equal to one whenever the plotting
area is changed

*

These parameters are used for communication between subroutine RAYPLT
and subroutine PLOT.
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Table 7.26--Definitions of the parameters in common block /RAYCON/

Position in Variable Definition
common name
1 MCONP Set to zero for the raytracing

program to indicate that the abscissa

in raypath plots is a central-earth

angle in radians, set non-zero for the

contouring program to indicate that
the abscissa in contour plots is a
great-circle distance in kilometers

Table 7.27--Definitions of the parameters in common block /ANNCTC/

Position in Variable Definition
common name
1-8 ANOTES Character strings to label the

ordinate of raypath plots

9-20 HNOTES Character strings to label the
abscissa of raypath plots

Table 7.28--Definitions of the parameters in common block /ANNCTL/

Position in Variable Definition

CcOommon name

1-4 LENA Lengths of the character strings

' that label the ordinate of raypath

plots

5-7 LENHA Lengths of the character strings
that label the abscissa of raypath
plots
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Table 7.29--Definitions of the parameters in common block /LABCLT/

Position in Variable Definition
COmmON name
1 PROJCT Number that indicates which type
of projection is being used for
raypath plots
2 THMIN 8 . , minimum value of the abscissa
min
of a raypath plot
3 THMAX 0 . maximum value of the abscissa
max
of a raypath plot
4 RMIN r , minimum value of the ordinate
min
of a raypath plot
5 RMAX rmax’ maximum value of the ordinate

of a raypath plot
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Table 7.30--Definitions of the parameters in common block /DD/

Position in Variable Definition

common name

1 IN Intensity
IN = 0 specifies normal intensity
IN = 1 specifies high intensity

2 IOR Orientation
IOR = 0 specifies upright orientation
IOR = 1 specifies rotated orientation
(90° counterclockwise)

3 IT Italics (Font)
IT= 0 specifies non-italic (Roman)
symbols
IT = 1 specifies italic symbols

4 IS Symbol size

6 IcC
7 IX
8 1y

IS = 0 specifies miniature size

IS = 1 specifies small size
I8 = 2 specifies medium size
IS = 3 specifies large size

Symbol case
IC = 0 specifies uppercase
IC = 1 specifies lowercase

Character code, 0-63 (R1 format)
ICC and IC together specify the
symbol plotted

X-coordinate, 0-1023

Y-coordinate, 0-1023
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Table 7.31--Definitions of the parameters in common block /KNKN/

Position in Variable Definition

common name

1 KNBP Number of times SUBROUTINE DDBP was
called

2 KNVC Number of times SUBROUTINE DDVC was
called

3 KNDT Number of times SUBROUTINE DDTEXT was

called

Table 7.32--Definitions of the parameters in common block /DDLIM/

Position in Variable Definition

common name

1 MXIX Maximum value of IX
2 MXIY Maximum value of 1Y
3 MNIX Minimum value of IX
4 MNIY Minimum value of IY
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Table 7.33--Definitions of the parameters in common block /UU/

Position in Variable Definition

common name

1-4 MODU Wind-velocity model and parameter
identification

1 MODU(1) Name of wind-velocity subroutine

2 MODU(2) Wind-velocity parameter identifica-
tion number

3 MODU(3) Name of wind-velocity perturbation
subroutine

4 MODU(4) Wind-velocity perturbation parameter
identification number

5 Y |v], wind speed in km/s

6 PVT alv]sat

7 PVR alv]/ar

8 PVTH alv|/ae

9 PVPH alv]/a¢

10 VR V. upward component of wind velocity

11 PVRT avp/at

12 PVRR av,/dr

13 PVRRTH av,./30

14 PVRPH av./3d

15 VTH Vg, southward component of wind
velocity

16 PVTHT aVg/at

17 PVTHR aVg/ar

18 PVTHTH dVg/30

19 PVTHPH dVg/30

20 VPH V¢, eastward component of wind velocity

21 PVPHT 8V¢/at

22 PVPHR 3V¢/ar

23 PVPHTH 8V¢/39

24 PVPHPH dVy /3¢
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Table 7.34--Definitions of the parameters in common block /CC/

Position in Variable Definition common name
1-4 MODC Sound-speed model and parameter
identification
1 MODC(1) Name of sound-speed subroutine
2 MODC(2) Sound-speed parameter identifica-
tion number
3 MODC(3) Name of sound-speed perturbation
subroutine
4 MODC(4) Sound-speed perturbation parameter
identification number
5 cs €2, square of sound speed in km2/s2
6 PCST ac2/3t
7 PCSR ac2/ar
8 PCSTH ac2/36
9 PCSPH ac2/a3¢
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Table 7.35--Definitions of the parameters in common block /TT/

Position in Variable Definition

common name

1-4 MODT Temperature model and parameter
identification

1 MODT(1) Name of temperature subroutine

2 MODT(2) Temperature parameter identifica-
tion number

3 MODT(3) Name of temperature-perturbation
subroutine

4 MODT (4) Temperature-perturbation-parameter
identification number

5 T T, temperature in kelvins

6 PTT aT/at

7 PTR aT/dr

8 PTTH aT/d0

9 PTPH aT/d¢
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Table 7.36--Definitions of the parameters in common block /MM/

Position in Variable Definition
common name
1-4 MODM Molecular weight model and parameter
identification
MODM(1) Name of molecular weight subroutine

MODM(2) Parameter identification number for
molecular weight model

MODM(3) Unused now

MODM(4) Unused now

M M, mean molecular weight
PMT oM/3t

PMR oM/dr

PMTH oM/00

PMPH oM/
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Table 7.37--Definitions of the parameters in common block /RR/

Position in Variable Definition

common name

1-4 MODREC Receiver-surface model and parameter
identification

1 MODREC(1) Name of receiver-surface subroutine

2 MODREC(2) Parameter identification number for
receiver-surface model

3 MODREC(3) Unused now

4 MODREC(4) Unused now

/

5 F f(r,0,¢) defined in (6.72)-(6.74)

6 PFR aof /ar

7 PFRR a?f/ar?

8 PFRTH a2t /arae

9 PFRPH a’f/arap

10 PFTH af /930

11 PFPH of /3¢

12 PFTHTH a2e/a0°

13 PFPHPH a2t /a¢?

14 PFTHPH azf/898¢

15 FSELECT = "RECEIVER"

16 FTIME An integer that is initialized to

equal -1 at the beginning of each
raypath calculation and is in-
cremented by 1 at each integration
step so that it is possible to
determine whether the variables

in this common block are current
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Table 7.38--Definitions of the parameters in common block /GG/

Position in Variable Definition

common name

1-4 MODG Terrain model and parameter
identification

1 MODG(1) Name of terrain subroutine

2 MODG(2) Terrain-parameter identifica-
tion number

3 MODG(3) Name of terrain-perturbation
subroutine

4 MODG(4) Terrain-perturbation parameter
identification number

5 G g(r,0,¢) defined in the same way
as f(r,0,¢) in (6.72)-(6.74)

6 PGR ag/dr

7 PGRR a2g/ar?

8 PGRTH azg/arae

9 PGRKPH azg/ar8¢

10 PGTH 3g/20

11 PGPH d9g/80
2 2

12 PGTHTH d"g/d6

13 PGPHPH azg/a¢2

14 PGTHPH a2g/200¢

15 GSELECT = "TERRAIN"

16 GTIME An integer that is initialized to

equal -1 at the beginning of each
raypath calculation and is incre-
mented by 1 at each integration step
so that it is possible to determine
whether the variables in this common
block are current
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Table 7.39--Definitions of the parameters in common block /AA/

Position in Variable Definition

COmmOn name

1-4 MODA Viscosity/thermal conductivity model
and parameter identification

1 MODA(1) Name of viscosity/thermal conductivity
subroutine

2 MODA(2) Viscosity/thermal conductivity param-
eter identification number

3 MODA(3) Name of viscosity/thermal conductivity
perturbation subroutine

4 MODA(4) Viscosity/thermal conductivity per-
turbation parameter identification
number

5 MU M, viscosity

6. MUPT du/at

7 MUPR oun/ar

8 MUPTH o/ 96

9 MUPPH ou/ad

10 KAPPA K, thermal conductivity

11 KAPPT dk/at

12 KAPPR oK/dr

13 KAPPTH ax/36

14 KAPPPH ak/ 3¢
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Table 7.40--Definitions of the parameters in common block /PP/

Position in Variable Definition

common name

1-4 MODP Pressure model and parameter
identification

1 MODP(1) Name of pressure subroutine

2 MODP(2) Pressure-parameter identifica-
tion number

3 MODP(3) Name of pressure-perturbation
subroutine

4 MODP(4) Pressure-perturbation parameter
identification number

5 p P, pressure

6 PPT ap/at

7 PPR ap/ar

8 PPTH ap/30

9 PPPH ap/dd
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APPENDIX A: PRINTOUT AND RAYSET LISTING
FOR THE SAMPLE CASE

This appendix contains an abbreviated printout and rayset listing for the
sample case. To save space, we have listed the printout for an elevation-angle
increment of 20° instead of 5°, the increment used to produce the ray plots and
raysets. Users should compare their sample-case output with this printout to be
sure they are identical. The meanings of the printed quantities are explained
in Sections 2.5.1 and 2.5.2, and the meanings of rayset quantities are listed in
Figures 2.9 and 2.10.
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S03-1 SAMPLE CASE FOR HARPA DOCUMENTATION REV. 2-10-86
ULOGZ2 3.0 NPWIND .0 GAMRTDM .0 CBLOB2 2
TTANHS5 1.0 TBLOB2 2.0 MCONST 29.0 NO MODL

PEXP 1.0 NPPRES .0 MUARDC 1.0 NPABSR
GLORENZ 2.0 NPTERR .0 RTERR .0 NO MODL

LOGARITHMIC EASTWARD WIND PROFILE, U*=.5 M/S, Z0=1 KM

NO WIND PERTURBATION

SOUND SPEED IN TERMS OF TEMPERATURE MODEL

50% INCREASE IN SQ. SOUND SPEED AT 125KM HT, 335KM N, 125KM E
U.S. STANDARD ATMOSPHERE 1962 TEMPERATURE PROFILE

50% CYLINDRICAL INCREASE IN TEMPERATURE AT 105KM N., 105 KM W

MOLECULAR WEIGHT = 29

RIDGE 2-KM HIGH, 30-KM WIDE ALONG EQUATOR

§033 130440 1793 0 50000
50367 294887 -3840 =-3838-12169
313 563108 ~2735 =-2735 10693
50270 831414 -2343 =-2340 12148
50112 3073288 =-4374 -4375-12129
S033 130440 1799 0 50000
59174 560059 -3651 =-3649 -11
59174 560059 -3651 -3649 -1l
59185 3248490 =-4500 =-4501 -2
5033 130440 1799 0 50000
95112 406604 -4161 -4160 ~12
95112 406604 -4161 =-4160 =12
95115 2807459 =-4767 -4769 -3
5033 130440 1799 0 50000
119700 256779 -4424 -4424 -14
119700 256779 =4424 -4424 -14
113705 2542307 -4873 -4875 -3
S033 130440 1799 0 50000
130453 2250470 -4938 -4939 -3
130453 2250470 =-4938 -4939 -3
130423 4501421 -4932 -4941 -1
§033 130440 1799 0 50000
119724 2027348 -4988 -4989 =4
119724 2027348 -4988 -4989 -4
119693 4312567 =4949 -4957 -1
§033 130440 1799 0 50000
95149 1993238 -5015 -5017 -4
95149 1993238 =-5015 -5017 -4
95110 4393846 =-4931 =-4939 -1
5033 130440 1799 0 50000
59270 2127216 -4948 -4950 -4
59270 2127216 -4948 =-4950 -4
59192 4814803 -4791 -4801 -1
8033 130440 1799 0 50000
50170 1946869 =-5322 =-5324-12129
152 2215510 -4860 =~4863 10665
50137 2484283 -4498 -~4500 12121

50070 4727741 -4790 =-4799-12126
130440 1799 o] 50000
50164 2044020 -5581 -5584-~19279

154 2198518 =-5299 =-5304 18131
50145 2353069 =-5054 =-5059 19271

S033

3142 4500000 =2000000
9196124 9196123 0
17228767 17228768 0
25260761 25260764 0
94307633 94307634 0
3142 4500000 =1500000
16962526 16962525 o]
16962526 16962525 0
99099938 99099939 0
3142 4500000 =-1000000
12374135 12374135 0
12374135 12374135 0
85924969 85924971 o
3142 4500000 -500000
7831383 7831383 0
7831383 7831383 0
77890316 77890317 0
3142 4500000 0
68990961 68990962 0
68990961 68990962 0
137987009 137987013 0]
3142 4500000 500000
62186567 62186568 0
62186567 62186568 0
132228323 132228325 0
3142 4500000 1000000
61147865 61147865 0
61147865 61147865 0
134683577 134683579 0
3142 4500000 1500000
65140567 65140562 0
65140567 65140562 0
147243522 147243515 0
3142 4500000 2000000
59828119 59828103 0
67882811 67882797 0
75937724 75937711 0
145006034 145006027 0
3142 4500000 2500000
62541213 62541173 0
67332802 67332761 0
72124354 72124310 0]
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50073 4608314 =-5232 -5245-19276

5033 130440 1799 0 50000
50145 2387553 -5803 -5808-25431
139 2499430 -5617 =-5624 24351
50133 2611336 =5446 -5453 25425
50065 5163074 -5562 -5579-25432
5033 130440 1799 o] 50000
50063 5513279 =-7508 -5984-29065
61 5608414 -7434 -5912 28128
50060 5703560 =7363 -5841 29063
615060 10006822 ~-7658 -6166-14096
5033 130440 1799 0 50000
50103 3741414 -9536 -4137-35775
101 3814687 -9488 -4092 34998
50099 3887966 -9442 -4046 35772
50043 7937415-10564 ~-5185-35793
5033 130440 1799 0 50000
50125 3091011 -9743 -3791-44213

123 3145487 -9709 =-3762 43355

50121 3199967 =-9676 =3729 44209

50058 6455868-11160 -5225-44221
5033 130440 1799 0 50000

50135 2885700-10288 -2785-49919

133 2930535-10275 =-2780 49061
50131 2975374-10263 -2768 49914
50065 6062118-12249 =-4762-49923

§033 130440 1799 0 50000
50133 3020692-11403 =-647-53317
131 3060560-11420 =673 52507
50130 3100432-11437 =689 53313
50067 6218924-14191 -3448-53321
S033 130440 1799 0 50000
50104 3788921-10259 -3574-59417
103 3820800-10249 =-3572 58548
50102 3852681-10240 =-3563 59414
50049 7425637-11689 ~5024-59423
§033 130440 1799 0 50000
50057 5821218 -6448 -6098-64257

56 5847356 -6435 ~6089 63372
50056 5873495 -6422 -6077 64256
1684896 10011309 -6189 -5873-18166
8033 130440 1799 0 50000
2195558 1936549 -7763 -7799 30028
5033 130440 1799 0 50000
2225112 1285167-10383-10389 49233
S033 130440 1799 o] 50000
2245590 880081-14390-14394 64191
5033 130440 1799 0 50000
2247730 555666-22417-22421 77477
S033 130440 1799 0 50000
2251046 297077-44996-12280 90000
S033 130440 1799 0 50000
2248568 228757247892 67890 77673
5033 130440 1799 0] 50000
2249996 455105208709 28707 65030

141475510 141475369 0
3142 4500000 3000000
71841724 71841676 0
75461318 75461270 0
79080884 79080835 0
156441221 156441073 0
3142 4500000 3500000
162974268 162974290 2
166149079 166149107 2
169323893 169323927 2
295883893 295883991 5
3142 4500000 4000000
117807866 117807837 3
120425195 120425167 3
123042513 123042487 3
249875267 249875381 7
3142 4500000 4500000
102900551 102900586 6
105086946 105086986 6
107273331 107273377 6
215828181 215828361 16
3142 4500000 5000000
98659438 98659471 15

100647939 100647981 15
102636428 102636484 15
207558128 207558752 40
3142 4500000 5500000
101084059 101084117 56
102978779 102978846 56
104873491 104873569 56

210124746 210125585 115
3142 4500000 6000000
113854747 113854834 912
115617591 115617680 912
117380431 117380523 912

230295002 230295121 1711
3142 4500000 6500000
142399710 142400008183625
144082823 144083135183625
145765935 145766261183625
234725935 234726873365871
3142 4500000 7000000
59050000 59049975999999
3142 4500000 7500000
52810000 52809965999999
3142 4500000 8000000
50090000 50089965999999
3142 4500000 8500000
48650000 48649969999999
3142 4500000 9000000
48250000 48249969999999
3142 4500000 9500000
48650000 48649969999999
3142 4500000 10000000
50050000 50049964999999
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5033 130440 1799 0 50000
2233740 789299196959 16939 51415
S033 130440 1799 0 50000
2208428 1259606191906 8518 36751
5033 130440 1799 0 50000
2124423 2422518195818 -4466 9647
5033 130440 1799 0 50000
53003 2990948200125 978-57476
2797 3023604200153 553 54429
52607 3056826200187 580 56842
50134 5991689205807 6198-56730
S033 130440 1799 0 50000
60949 2479241201442 -6590-49243

9420 2525083201621 -7410 43874
58035 2573712201820 -7226 45970
50205 5082746211925 2861-45468

130440 1799 0 50000
67320 2291697202541-11202-46567
15155 2342259202856-11710 40332

§033

62782 2396807203195~11392 41940
50204 5018625215998 1379-41034
5033 130440 1799 0 50000

66041 2326700202456 -9909-42477

13438 2386724202782-~10342 35491
60892 2450630203127-10017 38011
50180 5222047215158 1990-37119

5033 130440 1799 0 50000

58098 2555846202632 -6592~36018

6338 2633761202904 -6666 28584
55009 2713368203173 -6406 33954
50143 5658781212816 3229-33478

3142 4500000 10500000
52490000 52489964999999
3142 4500000 11000000
57130000 57129972999999
3142 4500000 11500000
71370000 71370035999999

3142 4500000 12000000
115367948 115368064 2352
117198663 117198779 2352
119028614 119028727 2352
234573114 234573255 3512

3142 4500000 12500000

105715988 105716092 185
107849212 107849323 185
109976807 109976925 185
216607576 216608152 214
3142 4500000 13000000
101774969 101775077 44
104050187 104050302 44
106320535 106320655 44
214865783 214866002 58
3142 4500000 13500000
102595360 102595461 18
105091010 105091118 18
107580043 107580156 18
219900993 219901351 26
3142 4500000 14000000
108393614 108393701 1o
111287389 111287482 10
114170553 114170650 10
231386220 231386499 16
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APPENDIX B: BLANK INPUT-PARAMETER FORMS

This

appendix provides blank Input Parameter Forms for all of the

atmospheric models (including terrain and receiver-surface models) that we

have developed for HARPA. The forms describe each model mathematically

list the variable input parameters you have to specify. We recommend re

and

pro-

ducing these forms and filling them out when setting up atmospheric models

for HARPA.

The filled-out forms should then be saved as a record of the

models vou have defined.

The FORTRAN source codes for the corresponding model subroutines are

listed in

forms are

Appendix D under the model name. No forms are given for the do-
nothing versions NTEMP, NPTEMP, NPSPEED, NPTERR, NPPRES, and NPWIND. The
arranged as follows:
Page
3-D RAYPATH CALCULATION. . ...ttt ittt et e e e e e i 199
RAYPATH PLOT PROJECTION. .. .ottt ittt e et e e et et e e 200
ATMOSPHERIC MODELS . . ..ottt ittt et et et e e e e e e e, 201
BACKGROUND CURRENT MODELS
WLINEAR -- A linear profile of u; constant v and w........... 202
WTIDE -- Sinusoidal uw and v profiles..............ccovuv... 203
ULOGZ2 -- A logarithmic u profile......... ..o uiiuunnnnnnin. 204
VVORTX3 -- A vertical vortex with a solid-rotating core...... 205
WGAUSS2 -- A jet of u that decays in three dimensions........ 206
BACKGROUND SOUND-SPEED MODELS
GAMRTDM -- Defines C in terms of temperature................. 207
CSTANH -~ C profile with linear segments smoothly joined..... 208
SOUND-SPEED PERTURBATION MODELS
CBLOB2 -- A blob of C increase that decays in three
dimensions. ........... . e 209
BACKGROUND TEMPERATURE MODELS
TLINEAR -- Linear T profile......... ... nnniin. 210
TTANHS ~- T profile with linear segments smoothly joined..... 211
TTABLE ~- A tabular temperature profile in cubic segments.... 212
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TEMPERATURE PERTURBATION MODELS
TBLOB2 -- A blob of T increase that decays in three
dimensions.................... . 213

MOLECULAR WEIGHT
MCONST -- A constant molecular weight........................ 214

VISCOSITY/CONDUCTIVITY

MUARDC —-- ARDC fOormula...............uuuumumnunnnnnni . 215
PRESSURE
PEXP -- Exponential decrease with constant scale height...... 216

TERRAIN MODELS
GHORIZ -- A horizontal surface at a specified height above sea

Level. ... 217

GLORENZ -- A Lorentzian ridge along a latitude line............... 218

GTANH -- 2-D, linear segments smoothly joined..................... 219

RECEIVER-SURFACE MODELS

RHORIZ -- A surface at a fixed height above sea level............. 220

RTERR -- A surface at a fixed height above the terrain............ 221
RVERT -- A vertical receiver surface at a fixed range from an

OLigin. ... i 222
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FORM TO SPECIFY INPUT DATA FOR A
THREE-DIMENSIONAL RAYPATH CALCULATION

Atmospheric ID (3 characters)

Title (77 characters)

Name
Date

Transmitter: Height

Latitude
Longitude
Frequency, initial
final
step
Azimuth angle, initial
final
step
Elevation angle, initial
final
step

Receiver: Height

Distance from origin
Latitude of origin
Longitude of origin

Stop frequency stepping
when ray goes out of bounds
Maximum height
Minimum height
Maximum range
Maximum number of hops
Maximum number of steps per hop
Maximum allowable error per step

Additional calculations:

Phase path
Absorption
Doppler shift
Path length
Printout: Every
Computer readable output (raysets):

Diagnostic printing:
Suppress all printout

-199-

km, nm, ft (W3)
above terrain
above sea level
rad, deg, km (W4)
rad, deg, km (W5)
rad/s, Hz, s (W7)

(wW8)
(W9)
rad, deg clockwise of north (Wiil)
(W12)
(W13)
rad, deg (W15)
(W16)
(W17)

km, nm, ft (W20)

above sea level (rcvr model RHORIZ)
above terrain (rcvr model RTERR)

rad, deg, km (W30) (rcvr model RVERT)
rad, deg, km (W31) (rcvr model RVERT)
rad, deg, km (W32) (rcvr model RVERT)

(W21 = 1.)
km (W26)
km (W27)
km (W28)
(W22)
(W23)
(W42)

1. to integrate

= 2. to integrate and print
(W57)

(W58)

(W59)

(W60)

steps of the ray trace (W71)

(W72 = 1.)
(W73 = 1.)
(W74 = 1.)



FORM TO SPECIFY INPUT PARAMETERS FOR PLOTTING A
PROJECTION OF THE RAYPATH

Model ID:
Plot directly during raypath calculations , or
plot from precomputed raypaths
in disk file
Normal or apogee plots: Normal
Plot apogees only
Projection:

Vertical plane, polar plot, rectangular expansion
Horizontal plane, lateral expansion
Vertical plane, polar plot, radial expansion
Vertical plane, rectangular plot

Superimpose these raypath plots on the graph of the previous runset:
Yes (W81 negative.)
No (W81 Eositive.)

Vertical or lateral expansion factor

Coordinates of the left edge of the graph:

Latitude

(rad, deg, km) north (W83)

(rad, deg, km) east (W84)

1]

Longitude
Coordinates of the right edge of the graph:

Latitude

(rad, deg, km) north (W85)

Longitude (rad, deg, km) east (W86)

(W80=0.

(W80=1

(W1=1

(wWs1=2.
(W81=3.

(W81=4.

(wWs2)

Distance between horizontal tick marks = rad, deg, km (W87)

Height above sea level of bottom of graph = km (W88)
Height above sea level of top of graph = km (W89)

Distance between vertical tick marks = km (wW96)
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FORM TO SPECIFY AN ATMOSPHERIC MODEL

Name

{(including terrain model)

Date

Atmospheric ID (3 characters)

Coordinates of the north pole of the computational coordinate syéten:

North geographic latitude:

East geographic longitude:

rad, km, deg (W24)

rad, km, deg (W25)

Models:

Subroutine

Name Data set ID
Dispersion relation
Wind velocity (W102)
Wind-velocity perturbation (W127)
Sound speed (W152)
Sound-speed perturbation (W177)
Temperature (W202)
Temperature perturbation (W227)
Molecular weight (W252)
Terrain (W302)
Terrain perturbation (W327)
Viscosity/conductivity (W502)
Viscosity/conductivity perturbation (W527)
Pressure (W552)
Pressure perturbation (W557)

Receiver surface¥*

Plot-annotation model*

*The receiver-surface model and plot-annotation model are not considered part

of the atmospheric ID
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FORM TO SPECIFY INPUT DATA FOR
WIND-VELOCITY MODEL WLINEAR

This subroutine specifies constant radial (upward), zonal (eastward) and

meridional (southward) winds, allowing a linear height gradient of the zonal

component.
Ug = Uggo
du
u, =0 +-—J@ z
¢ ¢o dz
u =0
r ro

zZ = r - re, where re is the Earth radius, and r is the radial coordinate of ray
point,
Specify--

the model check for WLINEAR

il

1.0 (W100)

(W101)

the input data-format code
an input data-set identification number = (W102)

an 80-character description of the wind-velocity profile:

the constant upward wind, Up, = km/s, m/s (W103)
the constant southward wind, Ugy = km/s, m/s (W104)
the ground value of the eastward wind, Upo = km/s, m/s (W105)

the height gradient of ug, dug/dz = km/s/km, m/s/km (W106)

(This subroutine can be used with its input parameters zero when no wind field

is desired.)

OTHER MODELS REQUIRED: Any wind-perturbation model. Use NPWIND if no
perturbation is desired.
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FORM TO SPECIFY INPUT DATA FOR
WIND-VELOCITY MODEL WTIDE
This subroutine represents the wind field of the atmospheric tides by zonal
and meridional height profiles that are sinusoidal and in phase quadrature. The

profiles progress downward with time, giving a corkscrew effect:

=
il

z .t
o = Ug, Sin {an ()‘z + =)}

Uy = Up, COS {en (f; + %)}

Z =T - re, where rg is the Earth radius, and r is the radial coordinate of the

ray point.

Specify--
the model check for WTIDE = 5.0 (W100)
the input data-format code = (W101)

an input data-set identification number = (W102)

an 80-character description of the model, including description of parameter
values:

the amplitude of the meridional component, Uggy = km/s, m/s (W104)
the amplitude of the zonal component, Ugo = km/s, m/s (W103)

the vertical wavelength, Az = km (W105)

the time in wave periods, t/T = (W106)

the wave period, T = sec (W107)

(The Earth's poles should be avoided in ray calculations because discon-
tinuities appear there.)

OTHER MODELS REQUIRED: Any wind-perturbation model. Use NPWIND if no
perturbation is desired.
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FORM TO SPECIFY INPUT DATA
FOR WIND-VELOCITY MODEL ULOGZ2

A logarithmic wind profile of the atmospheric boundary layer neglecting

Coriolis forces. The eastward wind is given by

u, z
u¢ =k 2n p for zZ > zoe
0
u, z
u¢ =k zoe for z £ zoe .

where z = G(r,0,¢9) is determined by the terrain model and is the height above
or some kind of distance from the terrain, depending on the terrain model,

and r is the radial coordinate of the ray point.

Specify--
the model check for UL0OGZ2 = 6.0 (W100)
the input data-format code = (W101)
an input data-set identification number = (w102)

an 80-character description of the wind velocity profile:

the reference wind speed, u = km/s, m/s (W103)

von Kérmén's constant, k

(W104) (.35 recommended)

[}

the roughness height, Ay km (W105)

OTHER MODELS REQUIRED: Any wind-perturbation model. Use NPWIND if no
perturbation is desired.

(uw = -u*2 is the surface stress at the ground.)
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FORM TO SPECIFY INPUT DATA FOR
WIND-VELOCITY MODEL VVORTX3

This subroutine models a vortex with a viscous core and a Gaussian

intensity profile in the vertical. The axis of the vortex is vertical and

may be positioned above any geographic latitude and longitude. The vortex

rotates anticlockwise looking down. The core (inside ro) is essentially a

solid-rotating fluid, while outside rg, lul falls off as the inverse radius.

1.397 R U r 2 2 h - Pyax,?
u _ e 00 (1 _ e—1.26 r /Po )(¢ ~ ¢ )e—[———;—'_—]
0 2 o H
r
1.397 RU r 2, 2 "~ Mpax, 2
u ) € 0 0 (1 _ e—1.26 r /Po )(9 _ 0 )e—[ w ] ,
L 2 o H
r
where 6, = m/2 - Ay and r is the radial distance from the vortex center. The
numerical constants normalize the function so that |U| = U,yatr =r . Re is

the radius of the Earth, 0 is the colatitude, ¢ is the longitude, and h is

the height above sea level.

Specify--

the
the

model check for VVORTX3 = 9.0 (W100)
input data-format code = (W101)

an input data-set identification number = (W102)

an 80-character description of the model, including description of
parameter values:

the
the
the
the
the
the

maximum tangential wind, U, = km/s, m/s (W103)

radius of the vortex core (to u = Ug), g = km (W104)
latitude of the vortex center, Ag = rad, deg, km N (W105)
rad, deg, km E (W106)
Gaussian width in height of the vortex, Wy = km, m (W107)
height of the vortex, hpay = km, m (W108)

longitude of the vortex center, ¢, =

OTHER MODELS REQUIRED: Any wind-perturbation model. Use NPWIND if no

perturbation is desired.
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FORM TO SPECIFY INPUT DATA FOR
WIND-VELOCITY MODEL WGAUSS2
This subroutine specifies a zonal (eastward) wind field whose intensity

decays in a Gaussian manner in all three space dimensions.

z—zo 2 9~60 2 ¢-¢o 2
e " Yo Bl (50) - () - (2

Z =T - re, where ro is the Earth radius, 0, = n/2 - Ao, and r is the radial
coordinate of the ray point. 0 is the colatitude. ¢ is the longitude.
Notice that this wind field does not satisfy continuity if W¢ # 0.
Specify--

the model check for WGAUSS2 = 8.0 (W100)

the input data-format code = (Wi01)

an input data-set identification number = (W102)

an 80-character description of the model, including description.of
parameter values:

the maximum value of ug, Upy = km/s, m/s (W103)

the height where ug, maximizes, z, = km (W107)

the Gaussian width in height of ug, Wy = km (W104)*

the latitude where ug maximizes, Ay = rad, deg, km N (W108)
the meridional width of ugp, Wg = rad, deg, km (W105)*

the longitude where u¢, maximizes, ¢o = rad, deg, km E (W109)

the zonal width of ug, W = rad, deg, km (W106)*

OTHER MODELS REQUIRED: Any wind-perturbation model. Use NPWIND if no
perturbation is desired.

*Setting W,, Wg or W¢ = 0 results in no space variation in that direction.

A
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FORM TO SPECIFY
SOUND-SPEED MODEL GAMRTDM

This model specifies sound speed in terms of a background temperature

model using

where ¥ = 1.4, R is the universal gas constant, T is the absolute temperature
in Kelvins, and M(r,0,¢) is a model of the mean molecular weight of the
atmosphere. See Sec. 6.3 for further description of this model.

Specify --

The model check for GAMRTDM = 1.0 (W150)

OTHER MODELS REQUIRED: Any background temperature model; any molecular
weight model.
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FORM TO SPECIFY INPUT DATA FOR
SOUND-SPEED MODEL CSTANH

This model represents the sound speed (squared) profile by a sequence of

linear segments that are smoothly joined by hyperbolic functions:

(1)
cosh
b n - ) b
2 _ 2 11 1+1 by i n+l
" =C ) + 5 (z z)) + Y 5, (———) m o + = (z-z,)
i=1 i "o
cosh ( )
5,
i
2 n b - b
dc i+1 i i
Fratll _Z (—5—) ({tamn ( ) + 1}
i=1 1

Z =T - re, where ro is the Earth radius, and r is the radial coordinate of
the ray point. Thus, 6i is the half-thickness of a region centered at
approximately zj km, in which dCz/dz changes from bj to bj+1. Start by
drawing a profile with linear segments, and get Ci2 and zi from the corners.

Then select 6 to round the corners. The final profile will not go through

(c ' zi).
Specify—-
the model check for CSTANH = 2.0 (W150)
the input data-format code = (W151)
an input data-set identification number = (W152)

an 80-character description of the model with parameters:

and the profile values:

the number of points in the profile -2 = n

fl

the profile: i Zj Cj 5j
(km,m) (km/s, m/s) (km,m)

OTHER MODELS REQUIRED: Any sound-speed-perturbation model. Use NPSPEED if
no perturbation is desired. FUNCTION ALCOSH.
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FORM TO SPECIFY INPUT DATA FOR SOUND-SPEED
PERTURBATION MODEL CBLOB2

An increase (or decrease) in sound speed in a localized region that

decays in a Gaussian manner in all three spatial directions.

o (r0.0) - 02 (r00) (1 n e - () - (52" - ("’,',:°)2 )

Coz(r,6,¢) is the square of the sound speed specified by a sound-speed model.
(r,0,¢) are the coordinates of the ray point in an Earth-centered spherical

polar-coordinate system. 6, = n/2 - A, and z = r - re, where rpo is the Earth

radius.

Specify--
the model check for subroutine CBLOB2 = 2.0 (W1175)
the input data-format code = (W176)
an input data-set identification number = (W177)

an 80-character description for the sound-speed perturbation model, in-
cluding description of parameter values:

the strength of the fractional increase (or decrease), A = (W178)
the height of maximum effect, Zg = km (W179)

the latitude of maximum effect, Ao = rad, deg, km N (W180)
the longitude of maximum effect, by = rad, deg, km E (W181)
the Gaussian width in height of the effect, W, = km (W182)%

the meridional width of the effect, Wg = rad, deg, km (W183)*

the zonal width of the effect, Wy = rad, deg, km (W184)*

OTHER MODELS REQUIRED: none.

* Setting W,, Wg, or Wy = zero results in no space variation in that direc-
tion.
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FORM TO SPECIFY INPUT DATA FOR
ATMOSPHERIC TEMPERATURE MODEL TLINEAR

This subroutine specifies an atmospheric temperature that increases

linearly with height.

daT
T = To + (dz) z
Z =T - re, where ro is the Earth radius and r is the radial coordinate of

the ray point.

Specify--
the model check for TLINEAR = 1.0 (W200)
the input data-format code = (W201)
an input data-set identification number = (W202)

an 80-character description of the model, including description of
parameter values:

the ground temperature, T, = °K (W203)

the temperature gradient, dT/dz = °K/km (W204)

(set = 0 for isothermal atmosphere)

OTHER MODELS REQUIRED: Any temperature-perturbation model. Use NPTEMP if
no perturbations are desired.
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FORM TO SPECIFY INPUT DATA FOR
TEMPERATURE MODEL TTANH5

This model represents the temperature profile by a sequence of linear

segments that are smoothly joined by hyperbolic functions:

zZ-Z

¢, n Civ1 ~ S cosh ( 611) Cpaq
i+ i n+
T=T,+% (z-z) + .Z oy ( 2 ) tn zZ.-2 v (272
i=1 i o
cosh ( 5 )
i
n ¢ -c z-2
dT i+1 i i
oo 3RO (S8 )
i=1 i
€y = (Ty ~ Ty MV(zy -z, )

Z =TI - re, where ro is the Earth radius, and r is the radial coordinate of
the ray point. Thus, 61 is the half-thickness of a region centered at
approximately zj km, in which dT/dz changes from cj to cj41. Start by
drawing a profile using linear segments and get Ti and z; from the corners.
Then select 6i to round the corners. The final profile will not go through
(Ti' zi).

Specify--
the model check for TTANH5 = 7.0 (W200)
the input data-format code = (W201)
an input data-set identification number = (W202)

an 80-character description of the model with parameters:

and the profile values:
the number of points in the profile -2 = n =

the profile: i Zi Ty 64
(km,m) (°K) (km,m)

OTHER MODELS REQUIRED: Any temperature-perturbation model. Use NPTEMP if
no perturbations are desired. FUNCTION ALCOSH.

-211-



FORM TO SPECIFY INPUT DATA FOR
ATMOSPHERIC TEMPERATURE MODEL TTABLE

This model represents the temperature profile by a sequence of cubic
segments such that the temperature gradient is continuous through each pro-
file point. This is not a cubic spline; the coefficients of the cubic fit in
-each segment depend on only the four nearest profile points.

The coefficients of the cubic are calculated as follows: each set of
tyree successive points in the profile is first fit with a quadratic. The
sjdpe of that quadratic at the middle profile point is then assigned to that
ﬁ??file point. This procedure assigns a slope to every profile point except
t?é first and last. A slope of zero is assigned to the first and last point.
"fBégween each pair of profile points the coefficients of the cubic are chosen
sb'that the curve goes through the two points and matches the assigned slope
at the two points. Those four conditions determine the four coefficients.
Both the temperature and its gradient are continuous throughout the profile,

even at the profile points.

Specify--
the model check number for TTABLE = 6.0 (W200)
the input data-format code = 2.0 (W201)
an input data-set identification number = (W202)

an 80-character description of the profile:

and the profile values:

the number of points in the profile, n =

the profile: height (km) Temperature (K)

OTHER MODELS REQUIRED: Subroutine GAUSEL and any temperature-perturbation
. model. Use NPTEMP if no perturbations are desired.
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FORM TO SPECIFY INPUT DATA FOR
ATMOSPHERIC TEMPERATURE-PERTURBATION MODEL TBLOB2

An increase (or decrease) in temperature in a localized region that

decays in a Gaussian manner in all three spatial directions.

z-z 2 6-6 2 ¢-
T (r.0.0) =T, (r.0.0) {1+2a exp [- (2) - ( w6°) - "

¢ 2
2) 1}

To(r.0,¢) is the temperature specified by a temperature model. (r,0,¢) are
the coordinates of the ray point in an Earth-centered spherical polar coor-

dinate system. 6, = m/2 - Ao and z = r - r,, where ro is the Earth radius.

Specify--
the model check for subroutine TBLOB2 = 2.0 (W225)
the input data-format code = (W226)
an input data-set identification number = (W227)

an 80-character description for the temperature-perturbation model, in-
cluding description of parameter values:

the strength of the increase (or decrease), A = (W228)

the height of maximum effect, Zg = km (W229)

the latitude of maximum effect, Ag = rad, deg, km N (W230)
the longitude of maximum effect, Py = rad, deg, km E (W231)
the Gaussian width in height of the effect, W, = km (W232)*
the meridional width of the effect, Wg = rad, deg, km (W233)*%

the zonal width of the effect, W¢ = rad, deg, km (W234)%*

OTHER MODELS REQUIRED: none.

* Setting W,, Wg, or Wy = zero results in no space variation in that direc-
tion.
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FORM TO SPECIFY INPUT DATA FOR
ATMOSPHERIC MOLECULAR-WEIGHT MODEL MCONST

A constant molecular weight (independent of height, longitude, latitude,

and time)
Specify--
the model check for MCONST = 1.0 (W250)
the input data-format code = (W251)
an input data-set identification number = (wW252)

an 80-character description of the molecular weight:

the value of the constant molecular weight, M = (W253)

OTHER MODELS REQUIRED: none.
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FORM TO SPECIFY INPUT DATA FOR
VISCOSITY/CONDUCTIVITY MODEL MUARDC

This subroutine calculates the atmospheric molecular viscosity using the
ARDC formula for viscosity and calculates atmospheric thermal conductivity
from the value of viscosity using a Prandtl number specified by the user.
This model is used only to calculate acoustic absorption when either AWWWL or
ANWWL is used.

The ARDC formula for viscosity is (U.s. Standard Atmosphere, 1976,
p. 19, NOAA, NASA, USAF, U.S. Government Printing Office, Washington, D.C.,
October 1976)

k=28 T3/2/(S+T) )

where T is the atmospheric temperature in Kelvins.

The atmospheric thermal conductivity using the Prandtl approximation
(e.g., Francis Weston Sears, Thermodynamics, Addison-Wesley, 1956, pp. 267-9)
is

K =7 Ru/((y-1)M Pr),

where vy is the ratio specific heats = 1.4,

R is the universal gas constant,

and M is the mean atmospheric molecular weight.

Specify —-
the model check for subroutine MUARDC = 1.0 (W500)
the input data-format code = (W501)
an input data-set identification number = (W502)

an 80-character description for the absorption model, including descrip-
tion of parameter values:

the viscosity constant, g = kg s m! K
(1.458 x 1078 kg s ! m1 K 1/2

~1/2 (4503

suggested)

Sutherland's constant, S = Kelvins (W504)
(110.4 Kelvins suggested)

Prandtl number, Pr = (W505) (0.733 suggested)

OTHER MODELS REQUIRED: Any atmospheric temperature model and any atmospheric
molecular weight model.
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FORM TO SPECIFY INPUT DATA FOR
PRESSURE MODEL PEXP

This model is used only to calculate absorption when either AWWWL or

ANWWL is used. The pressure is given by
P = P0 exp(-z/H),
where z is the height above sea level.

Specify --
the model check for subroutine PEXP = 1.0 (W550)
the input data-format code = (W551)
an input data-set identification number = (W552)

an 80-character description for the pressure model, including descrip-
tion of parameter values:

the pressure at sea level, Pg = Newtons/m2 (W553)
(1.01328 x 105 Newtons/m2 suggested)

the pressure scale height, H = km, m (W554)

OTHER MODELS REQUIRED: Any pressure-perturbation model. Use NPPRES if no
perturbation is desired.
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FORM TO SPECIFY INPUT DATA FOR
TERRAIN MODEL GHORIZ

A constant-height terrain model, i.e., a sphere concentric with the
Earth.

g(r’e)¢) =h - zO ’

where h=r - re ,

or 1, FY:) 0, 9 0

2 2 2 2 2 2 2 2 2
dg _23g _3g ,Lg_=3_z_,i_g_=__z_,9_g__=_3__g__o

(- %]

ar2 arad o a0drx ord¢ d¢ar 282 a6d¢ 94930 3¢2 ’
and I, is the radius of the Earth.
Specify -~

The model check number for GHORIZ = 1.0 (W300)

The input data-format code number = (W301)

The input data-set identification number = (W302)

an 80-character description of the model including parameters:

The constant terrain height, z, = km, (W303)

OTHER MODELS REQUIRED: Any terrain-perturbation model. Use NPTERR if no
perturbation is desired.
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FORM TO SPECIFY INPUT DATA FOR
TERRAIN MODEL GLORENZ

An east-west Lorentzian-shaped ridge.
g(r,G,(b) =h - z,
h=r - e

zg/(1 + ((6-04)/80)2) + =z

N
L}

B >

90="/2_Ao,

and re is the radius of the Earth.

Specify--

the model check number for GLORENZ = 4.0 (W300)

the input data-format code number = (W301)

the input data-set identification number {W302)

an 80-character description of the model including parameters:

the height of the ridge, zy = km, m (W303)

the latitude of the ridge center, Ag = rad, deg, km (W304)
the half-width of the ridge, A6 = rad, deg, km (W305)

base of the ridge (negative if below sea level) zg = m,km (W306)

OTHER MODELS REQUIRED: Any terrain-perturbation model. Use NPTERR if no
perturbation is desired.

-218-



FORM TO SPECIFY INPUT DATA FOR
TERRAIN MODEL GTANH

This model represents the terrain by a sequence of linear segments that

are smoothly joined by hyperbolic functions:

g(r,0,9) = h - z(6), where

6-6,
c, _ cosh (—) c

z2(0)=z_ + 2 (- -0.) - Z 6, (————= i+1 i) fn °1 + "+1 (6-6,)

i=1 (6,-6,)

cosh ( 5 2

i
L. Z(i” S5 (e (S )+1}
Cy = (zy -z )/(6; - 6; )

h = r - re, where re is the Earth radius, and r is the radial coordinate of
the ray point. 0 = m/2 - Aj. Thus, 6§ is the half-thickness of a region
centered at approximately 0j, in which dz/dé changes from ci to cj+1. Start
by drawing a profile using linear segments, and 6i and z; from the corners.

Then select Gi to round the corners. The final profile will not go through

(91, zi).
Specify--
the model check for GTANH = 3.0 (W300)
the input data-format code = (W301)
an input data-set identification number = (W302)

an 80-character description of the model with parameters:

and the profile values:

\

the number of points in the profile -2 = n =

the profile: i A zZji 64
(rad,deg) (km,m) (rad, deg)

OTHER MODELS REQUIRED: Any terrain-perturbation model. Use NPTERR if no
perturbation is desired. FUNCTION ALCOSH.
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FORM TO SPECIFY INPUT DATA
FOR RECEIVER-SURFACE MODEL RHORIZ

A receiver-surface model that is a horizontal surface (i.e., a sphere

concentric with the Earth).

f(r,0,¢) = h - zp ,

where
h=r - rg
and
re is the Earth radius
af _3f _3F _
at 96 a9
of
ar - 1.0
Specify--
the model check number for subroutine RHORIZ = 1.0 (W2175)
the input data-format code number = (W276)

an 80-character description of the model including parameters:

the receiver surface height, zg = km (W20)

OTHER MODELS REQUIRED: none.
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FORM TO SPECIFY INPUT DATA
FOR RECEIVER-SURFACE MODEL RTERR

A receiver-surface model in which the receiver surface is a fixed height

above the terrain surface.

f(r,0,9) = g(r,0,¢) + Zp

wlm
R O

% af 23g 23 _3g
ar ' 360 3¢ ' 3p ad ’

where g(r,8,¢) and its derivatives are specified in common block /GG/ by the

terrain model.

Specify-- 2.0
the model check number for subroutine RTERR = 36 (W2175)
the input data-format code number = (W2176)

an 80-character description of the model including parameters:

the height of the receiver surface above the terrain, ZR = km (W20)

OTHER MODELS REQUIRED: Any terrain model.
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FORM TO SPECIFY INPUT DATA FOR
RECEIVER-SURFACE MODEL RVERT

A receiver surface that is a vertical (conical) surface a constant

distance from a given origin on the Earth's surface

f(r,0,¢) = sinAo cosf + cosAo sin6 cos(¢—¢o) - cosao
af of
at ~ar - 0
f sinA_ siné + A s6 s{(¢p-¢ )
30 = nA sin cosA  cosé co o
ot = - cosA_sin@ sin(¢d-¢ )
% cosA  siné sin o
Specify-- 3.0

the model check number for subroutine RVERT = 20~ (W2175)
the input data-format code number = (W276)

an 80-character description of the model including parameters:

the distance of the surface from the origin,
ag = rad, deg, km (278)
the latitude of the origin, Ao = rad, deg, km N (W279)

the longitude of the origin, P = rad, deg, km E (W280)

OTHER MODELS REQUIRED: none.

-222-



APPENDIX C: CDC 250 PLOT PACKAGE
AND DISSPLA INTERFACE

This appendix describes the plotting commands used by DDPLOT, our local
microfilm plotting system, and also an interface called DDSPLA to the DISSPLA*
plot package in common use. Figure Cl1 shows the steps necessary to obtain
graphical output from HARPA, if you have DISSPLA. If you do not have DISSPLA
and want graphical output on your own plotting system, you will have to
insert the equivalent instructions used by your system into a skeleton
plotting routine DDALT. This information was taken with permission from
"User's Guide to Cathode-Ray Plotter Subroutines” by L. David Lewis, ESSA
Technical Memorandum ERL TM-ORSSS5, January 1970. The routines used in this
version of HARPA assume DISSPLA version 9.0 and are listed in Appendix D.

The CDC-250 Microfilm Recorder, under control of the NOAA Boulder
CDC-CYBER 750 computer, plots data on the face of a high-resolution cathode

ray tube, which is photographed onto standard size, perforated, 35-mm film.

The plotting area, called a frame, is a square. Plotting positions are
described in rectangular coordinates. Coordinate values are integers in the

range 0 - 1023; (0,0) is the "lower left-hand corner."

Plotting specifications are transmitted to the DDPLOT routines via the
following COMMON.

COMMON/DD/IN,IOE,IT,IS,IC,ICC,IX,IY

The usage of each of the eight variables is listed below, followed by an

explanation of the subroutine calls.

IN Intensity.
IN=0 specifies normal intensity.
IN=1 specifies high intensity.

IOR Orientation
IOR=0 specifies upright orientation.
IOR=1 specifies rotated orientation (90° counter-
clockwise).

*DISSPLA is the proprietary product of ISSCO, Inc.

-223-



IT

IS

IC

I1CC

IX
Iy
CALL DDINIT (N,ID)

ID

CALL DDBP

CALL DDVC

CALL DDTAB

CALL DDTEXT (N,NT)

CALL DDFR

Italics (Font).
IT=0 specifies non-italic (Roman) symbols.
IT=1 specifies italic symbols.

Symbol size.

IS=0 specifies miniature size.
IS=1 specifies small size.
I18=2 specifies medium size.
IS=3 specifies large size.

Symbol case.
IC=0 specifies uppercase.
IC=1 specifies lowercase.

Character code, 0-63 (R1 format).
ICC and IC together specify the symbol plotted.

X~coordinate, 0-1023.
Y-coordinate, 0-1023.
is required to initialize the plotting process.

is a string of characters to identify the person getting
the plot and giving the telephone extension and the place
to deliver the microfilm plot.

is the number of characters in the string "ID."
defines a vector origin in position IX, IY.

plots a vector (straight line), with intensity IN,
from the vector origin defined by the previous DDBP or
DDVC call, to the vector end position at IX, IY. A
single call to DDBP followed by successive calls to
DDVC (with changing IX and 1Y) plots connected
vectors.

initializes tabular plotting.

plots a given array in a tabular mode after initiating
tabular plotting by using DDTAB, as described above. NT
is an array of length N, containing "text" for tabular
plotting. Text consists of character codes, packed eight
per word (A8 Format). Text characters are plotted as
tabular symbols until the command character # (octal code
14, card code 4,8, or the alphabetic shift counterpart of
the = on the keypunch) occurs. The command character is
not plotted. DDTEXT interprets the next character as a
command; after the command is processed, tabular plotting
resumes until # is again encountered. # means end of
text: DDTEXT returns to the calling routine.

causes a frame advance operation. Plotting on the current
frame is completed, and the film advances to the next
frame.
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CALL DDEND empties the plot buffer and releases the plotting command
file to the microfilm plot queue.

DISSPLA CALLS

HARPA calls the following DISSPLA routines directly, rather than through
the DDPLOT package. Therefore, if you want to do plotting with a plotting
package other than DISSPLA, you will have to convert the following DISSPLA

calls to corresponding calls in your plotting package.

CALL DASH sets dashed-line mode. That is, all plotted
curves will be dashed instead of solid.

CALL RESET('DASH') sets solid-line mode. That is, all plotted
curves will be solid lines after this call.

HARPA calls a routine named SETANN. SETANN is an entry point in
SUBROUTINE FULANN and also in SUBROUTINE SMPANN. When running HARPA, you
must make a choice whether to load FULANN or SMPANN. If you do not have the
DISSPLA plotting package, then load SMPANN because it makes no special
characater-generating calls to DISSPLA routines. If you do have the DISSPLA
pldtting package, then load FULANN. SUBROUTINE FULANN calls the following
DISSPLA subroutines directly. If you have the DISSPLA plotting package, then
the manual will explain the meaning of these routines. If you do not have

the DISSPLA plotting package, then load SMPANN, and ignore these routines.

HEIGHT
MX1ALF
MX2ALF

SCMPLX
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Do
you have
DISSPLA*
?

/

/

Load SMPANN
Load SMPANN or FULANN

y
HARPA
TRACE
RAYPLT
PLOT
LABPLT

y

Tick annotation
routines.

/

Graphics write <
routines.

/
Graphics data
file: TAPES

Supplementary
programs.

Do
you have
DISSPLA*

No

Skeleton Supplementary
program DDALT program DDSPLA
Supplied with HARPA,
' | Not supplied with HARPA.
Alternate plotting DISSPLA*
system routines

A

DISSPLA* )
metafile: META

DISSPLA*
post-processor

Microfilm plots

Video
display

Figure C1. An organization chart that shows how graphical output is produced
by a series of programs, some of which are a part of HARPA, and others of
which are either supplied along with HARPA or ar