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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

Page

Page

Page

Page

Page

Page

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



2 af?

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
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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.
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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 ¥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.

_24_



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.

-30-



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
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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,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 IN