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FOREWORD

This document is the first scientific report on AFGL Contrac t

F1c1o25_lb_C_O2ub . The work dc scribed herein represents the comp letion

of the following contrac t items :

a , Modify the electron density routine of the. existing ~, -D

ray trac ing program to accept a standardized trough wal l

profile along an arbitrar y smoorh curve g iven in geographic

coordinates

b , Using the trough wall mode l provid ed by LIB, compute the

effects of to 5 troug h wall confi gurations describing

median conditions , and moderate and extreme deviations

the reof, on frequencies in the ‘
~ to 1. MHz range . A

minimum of four boresights for a narrow beam antenna will

be selected for the computations . The range/azimuth

errors and the relative energy density of the propagated

beam in the landing area will be determined and shown as

a function of boresight , frequency, and chosen trough waLl

model,

Use was made herein of work performe d unde r AFCRL Contracts Fl ’u2t-7~ -

C-u’ ,~J’( and Fl ’c2H-7u-C-eu,~
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1. Introduction

The presence of the auroral oval with its sharp horizontal

gradients especiall y in the region of the poleward F-layer

trough wall causes large azimuthal deviations from the great

circle path for radio waves in the HF band. It furthermore

drasticall y changes the range of a ray to its landing point , if

compared with a case of a homogeneous , horizontall y stratified

ionosp here . For the case of an 0TH backscatter situation this

results in both range and azimuth errors of the detected targe t

unless corrections for the effect of the gradients are included

in the targe t reg istration process. Using the AFGL three-

d imens ional ray trac ing computer program (Langworth y and Barrett ,

1 ‘75), various cross-sections derived from a new trough wal l  model

have been simulated and backscatter results have been tabulated

to give an indication of antici pated deviation in ground range and

azimuth. The Dower with which these signals may be returned

relative to  signals not experiencing effects of gradients associated

with the edge of the auroral oval has also been determined.

The data used to simulate the trough wall throug hout this

report is based on a mode l derived frari Alouette topside ionograms .

— 1 —
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2. Ionospheric Mode l

In order to determine the magnitude of range and az imuth

errors , which an 0TH system will experience if operating in the

vicinity of the poleward F-layer trough wall , ~D ray tracing technique was

appli2d toa r~wn~~~lof the trough wall (Pike , l ila). The location

of the equatorward edge of the poleward trough wall is specified

by a series of points in the geographic coordinate system . These

points are then converted to the dipolar geomagne t ic system for

use with the ray trace program . The location of the trough wall

is assumed to be composed of the great circle segments which

connect the input points Variations in the plasma frequency

in the horizontal direction then become a func t ion of the distance

from the trough wall. Distance is taken to be positive north

of the wall base and negative for points to the south, The

trough wall used for the current stud y is shown in Figure 1.

Details of the computer program which produces the coordinates

for the troug h wall , program WALL , are given in Appendix A.

The parameters which vary with the distance from the troug h

wall are the F-layer and E-layer maximum electron density values ,

These value s are given in term s of critical frequenc ies ( f o E/ - o F ,  =

max imum plasma frequency of the respective layer) or in N max

(electrons/cm for the respective layer maximum ), where the two

terms are related by the formula:

N max = l2~00, fo~e

The foE value varies from 0.1 Mlix south of the troug h wall to 2.5

MHz north of the trough wall; the height of the maximum electron

density (h max ) is assumed to be l,-~ km. The lioF, values north and

south of the troug h wall are input quantities to the ray trace

program as is the width (or steepness ) of the wall.

Var i it ion across the troug h wall is taken to be linear in

the square 0! the p lasma frequenc y which is equivalent to a l inear

variation in the electron dens itv . The height of the F.1 layer

m a x i m u m  is L I k E n  t o  he c o n s tan t  a t  ~5U km. Electron density variation

ic ro~~’ t h ~ tr, u~~h w i l l  is given in Figure 0.

-
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- p lasma f r e q u en c y

I I n p u L  to  r ay  t r a c e

Ii~put t o r a V t r a~~~~~~~~~~ l~~~~~~~~~~~~~~~~~~~~~~~
_ _  

t O F
~ m:x

d i s t  ,in ~ o p e r p ~ n c1i cu1.~r to  ~ il l
I p u t  t o  in deg re es
ray  t i a c e

Fi gure ~ . V a r i a t i o n  of  t o E  . in i  t o F  a c r o s s  t h e  T r o u g h 0,il. 1

Here foF~ is the foF. (in MHa ) at the b o t t o m  of th e  t r o u g h
iii in

and foF is the foF. at the top of the t r o u g h .  W is th emax
width of the troug h wall in degrees.

The various troug h wall ruode lsexamined in this stud y are

listc d in Table 1. They were derived from a troug h wall mode l

determined by Pike (1 la) from Alouett e topside ionograms .

Tab l e  I . Troug h W a l l  Models  Used

t o F~ -ma x mi. n 0
Troug h i n  MHz in MHz in degrees

I 
~~
. 1 1. ‘-; 0~~’-

II  ~ .ll l.~ ”

UI - - . 1. 3...

IV 
~ -~~~:‘

- l .  1 l 0~

V . - . a l . . i 0 . 0’

- 13~~ 

- - .~~~~~~- -— - ~~~~~~~ - -— - -- — , -
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Model I is the median model, II and III are derived from

the upper and lower quartiles of the mode l gradient , while

models IV (most shallow trough), and V (steepest and widest troug h

wall ) are extreme s determined from the model.

The vertical variation of the p lasma frequency is broken

into two segments . Up to the E-layer max imum at ii , km., it is

composed of a Chapman layer with a scale hei ght of l~ km. From

120 km. to 350 km. the variation is sine squared in the square of

the plasma frequency, i.e.

= f
a 

+ (f’ - f~~) 
. sin

2
H

max

where H = 
h

_
h-h 

17’ h-it., .

maxF maxE

h is the height in km.

Samp le vertical profiles are given in Figure . 1)etails on

the electron density mode l , subroutine BCHA P, are given in Appendix B.

The sine squared segment from lOo to 05u km. was used because
it was felt that this is a more realistic presentation of the

polar ionosphere . This approach made the model less sensitive to

variation in the height of the F.. layer than it would be in a

Chapman model. Detailed comparisons of the two models are given

in Section , .l. A sketch of the two types of profiles is given in

Figure

S i n e  Sq u a r e d  C h apma n

I ~~~~~~~~
, 

-

‘
_ _

Fi gure . . Cotnp .ir ison of Sine Squared and Chapman Vertical Prof Lies

- o  - 

~~- — - —- - ‘  - ‘  -- - ‘ - -



I

,~~. Disp lays Used

Since the quantity which the 0TH backscatter system yields

as an indication of targe t range is the group delay, the group

delay must then be converted to ground range . As a possibl e

mode l for determining ground range from group path length , the

sine squared mode l with an F-layer maximum of 3.0 MHz at ~5a km

and an E-laye r max imum of 0.1 MHz at loo km. was used. The curve

of group path versus ground range for a transmission frequency

of  5 MHz is g iven  in Figure 5.

To get a measure of the deviation in azimuth angle and error

in ground range caused by the trough wall mode l, ray trac ing

results from the disturbed models previousl y described were compared

with results from the horizontall y stratified 
~ 
MHz model described

above , (
~ 

MHz was considered a reasonable choice , since it is

well within the range of foFO values to the north of the pole-

ward wall mode l , as shown under foFO in Table 1. It also
max

is a reasonable value ,, if the standard ITS-7.’ foF~ map would be

considered the basis for the computation of radar range.) The

comparison of range and azimuth results for computations using

the realistic and the horizontall y stratified models was made

for several frequencies (0 to 9 MHz), a selected azimuth range

of transmissions (2u .~
° to .- , 

° East of North in the geograp hic

coordinate system), and for elevation angle from 0
0 

to a maximum
(I

of ‘a

The procedure for computing range errors was to conside r as a

refe rence the range versus group path derive d from the o MHz model
as given in Figure 5. For instance , for a transmission frequency of

MHz , an elevation ang le of 5°, and an azimuth angle of :0 , 5
0

, the model

referred to is Trough I gave a group path length of u - km. and a ground

range of ~. km. The 5w MHz standard mode l would y ield a ground range

n t  0 o km. for a group path length of 1~’0. km. meaning that the ground

range ot the targe t determined from a horizontall y stratified model was

actuall y ~u 
V km. longe r than the actual ground range . Thus the range 

. . 
~~~~~~~.  .
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error , which would be observed if a realistic mode l were not

available and radar range computations were based on a (reasonable )

.5 MHz stratified model , would be +20’) km.

A similar procedure was followe d in estimating the power

difference for the return from a targe t whose path was influenced

by the trough against that of a target that was observed via a

o MHz horizontally stratified ionosphere (outside the trough wall),

using the .5 MHz standard ionosphere T1~ powe r level los3 was computed

as a function of group path length as shown in Figure tO. The power

leve l for any given trough mode l, frequency, elevation , and azimuth

angle was then compare d against the standard according to its group

path length . In this way it was determined whether the target

would appear stronger or weaker as a result of trough bend ing, and

by how much , Details on the power calculations are given in

Section /)~0~

o , 1  Comparison of Sine Squared Versus Chapman Profile

Before using the ~~.L) MHz s ine squared layer with its

F ma x imu m at ~50 km. as the standard for determining the ground

ran .,~e and  powe r as a function of group path , the curves were

also co-’iputed for foF. = 2.5 and 05 MHz (Fi gures 7 and l o)  and

for the .0 ~5l~ case with the maximum at /-a. and OUu km. (F i gures 0

and 11).

When the value 0 1 f o F ~ was va r i ed , the sk ip distance varied

considerabl y as could be expected , but the ground range derived from

a given g r V u : aath varie d by less than 50 km with the change of foF0

from 2., to .5 MHz . The power values for a given group path length

varied by ~ dB for values away from the skip distance .

When the heig ht of the F layer maximum was varied for the case

of 1 .L) MHz, the ski p distance varied little. The ground range for a

g iven group nath varied by less than 30 km in most areas and the

powe r loss varied by less than 2 dB for elevation angles below the

ski p elevation angles . 

- . -  -. 
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To c ii~anithe results derived from the sine squared mode l with those

f rom a Chanman layer mode l , rays were traced throug h a 3.0 MHz Chapman

layer w ith scale height of b7.5 km and with the maximum at heights o f

yX .  . -‘*‘ , and , km.

‘the variation of ground range for a given group path was in the

order of 1 . km over the three models (Fi gure 
~

), three t imes as

sensitive to a h . km change in h as the sine squared layer.max
The case for the maximum at 

~~~~~~ 
km closel y followe d the 5.0 MHz sine

squared standard which was used. The power loss variation for a

given groun n~1tI) varied by as much as B dB and was considerabl y

d i t t ’ r e n t  in ,lpnearance from the sine squared curve s (Fi gure l,j.

Again the ~~
. .\) km case most strongly resembled the sine squared

St ,ind ard

The chosen sine squared model thus produces results which are

less sensitive to h or foF~ changes than those derived from amax
Ct i,i i:uan mode l

:~~
‘ Power Loss Calculat ions

Powe r loss calcul ations were for backscattered power returned

I ron ground reflect ions for the area cove re d b y a beam 10 
in

elevation and 10 in azimuth.

The power returned . P .  is g iven by :

- P
P = 

. ~~~~~~~~~~~~~ - c7-_ 
. _.~L_

r /

p t

w h e r e P i s  the t r a n s m i t t e d  p o w e r .

The q u a n t i t y  u s e d  is the power loss  iii db is actuall y

P - P
h log 1 ( j -~ ) = I log 1 ~

—
~

-)  + log 1 -
~ç~

- + iO log
1~~~ 

+ L log
1~~

(—~~ )

whe n - A is thc wave length in km.

is the ray spreading

~~ is the backscatter cross-sect ion

is the pulse width (So km. was used )

is the rms group path devi ation.

_ _ _ _ _ _  ~~~~~~~~ ‘ - ~~~~~~-‘.-- .
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O t h e r  power  loss f a c t o r s  w h i c h  a re  not  i n c l u d e d at the  p r e sen t

t ime are : absorption . transmitter and receiver gain . Absorption

was  not considered in these model computations , sinc e it would not

impact differentl y on rays propagated via a disturbed or a smooth

i onosp here . The t r a n s m i t t e r  and receiver antenna patterns may be

readil y imposed as a funct ion of frequency, azimuth , and elevation

on the  r e su l t s  r e p o r t e d  in Se c t i o n  ~-i-~ A more d e t a i l e d  d i s c u s s i o n
of ’ t he c o m p u t a t i o n  of  b a c k s c a tt e r  and spread losses  may be found

in C h a p t e r  IV of RAI )C-TR- ’i- .

— 17 -
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Sf~ n 1 I t c a l ) t  Obs e r vat  ions

Rays  w e r e  t r a c e d  t h r o u g h the  t r o u g h models  g i v e n  in Tab le  I
and t h e  power  d i f f e r e n c e s , r a n g e e r ro r s , and a z i m u t h  d ev i a t  ions

were  c o m p u t e d .  T r a n sm i s s i o n  fr e q u en c i e s  used  were  ~~. 5. e. 7.

B. and ) MHz . It was f o u n d . I o n  the models used , that rays

esca ped fo r  most e l e v a t i o n  ang les for  f re q u e n c  los g r ca t  r t h a n

MI t: . Troug h IV . the  model  w i t h  the  w e a k e s t  g r a d i e n t  and l O \ / C S L

f o F ~ pol~’w ard of the t r o u g h w a l l , a lso gave poor r e s u l t s  f o r  1 r -

q u e n c i c s  of 5 and o MHz . Rays were  t r a c e d  e v e r y  deg ree in

e l ev a t i o n  f r o m  0 to 0,~
° and f o r  a z i m u t h  ang les f r o m  ~o 

to

in t he g e o g r a p h i c  c o o r d i n a t e  sy s t e m .  The h ypo t h e t i c a l  t rans-

mi t t e r  was l o c a t e d  dt -.o .. ‘ M geog r ap h ic  l a t i t u d e  and u7 .  °W
geograp h i c  l on g i t u d e.  The di po lar  geomagne t ic pole was assumed
l o c a t e d  at ~o. - - N l a t i t u d e  and 

~ 5.7’ 
i °w long i t u de .  Az i m u t h

ang les of V+l 0 and g r e a t e r  wL ’l’ e u n a f f e c t e d  by th~ t r oug h w a l l

U si n g T r oug h Models II  ( w e a k e s t  g ra d i e n t , l o w e r  q u a r t i l e ) ,  I

(m e d i a n )  and I ll  ( s tr o n g e s t  g r a d i e n t , u p p e r  q u a r t i l e ) .  the  e f f e c t s

of  an i n c r e a s e  in t h e  t r o u g h w a l l  s t eep n e s s  on f o c us i n g  a n d  d e fo c u s i n g

c a n  be s hown . Fi gu re 1— a , b . and c shows the difference of the

b a ck s c a t t e r power d e r i v e d  f r o m  the realistic troug h wall model and

t h a t  de r i v e d  f r o m  the  h o r i z o n t a l ly  s t r a t i f i e d  o MH z model as a

f u n c t ion of e l e v . t t i o n  ang le and a z i m u t h  ang le of the  l a u n c h e d  n v .

In  g e ne r a l . t h e  ‘ower compared  t o  the ~, MHz s t a n d a r d  ionosp here  is

e n h a n c e d  over  a w i d e  I- .~g i o n  f o r  Trough  I I  w h i l e  t h i s  en h a n c e d  r e g i o n

become s i n c r e ls i ng l y n a r r ow  in az i m u t h  as t h e  t r o u g h w a l l  s te e p e n s  to

T r o u g h I I I  and at) e v e r  i n c re a s i n g  ar e a  o f  powe r d e g r a d a t i o n  appears

a l t h o ug h  m u s t  r e l a t i v e  losses  i r e  less  t h a n  1. dB.

R e l a t i v e  e n h a n c e m e n t  of  powe r is g r ea t e s t  i on  those  a z i m u t h  angles

wher e  t h e  rays  j u s t  g raze  the  t r o u g h wa l l .  This  is in p a r t  due to

the l i l t t h a t  r ay s  heading more directl y into t h e  t r o u g h w a l l  Ir e  b e n t

down It i r l y sharp ly give ing a group p a t h  length w h i c h  is n e a r e r  to the

M Hz ‘; - i ’ d i s t a n c e .  Even  t h o u g h t h e s e  backs catt er si gnals do have

a powe r comparable to the more grazing rays . they show l es s  power

r e L I r n , d it compared with the horizontall y stratified model .

-
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R ay s  which  escape the effects of the troug h wall (those

having azimuth angles greater than approx imatel y 1
0

) experienc e

an apparent enhancement of power if the ~MHz reference model is

used. This occurs because , in fact , these rays travel throug h

a ~ MHz horizontall y stratified ionosp here . In order to eliminate

this false enhancement a ~ MHz re ference is used for these rays

and for rays which may be slig htl y influenced by the trough wall

but which for the most part travel in the 2MHz ionosp here . Thus

f o r  a l l  rays  w i t h  a z i m u t h  angles g r ea t e r  than  
~~~~~ 

the ~ MHz

retcrene ’ is used.

The range and azimuth errors shown in Figures 15 and lo

show a behavior similar to one another in that large range errors

generall y occur for the same azimuth and elevation angles as large

azimuth deviations . Range errors decrease with increas ing wall

steepness mainly due to the fac t that rays are bent more sharp ly

downwards and hence travel less far in a direction tangent ial to

the transmitter. The azimuthal deviat ion also decreases with in-

creasing wall steepness up toapoint althoug h rays are bent sideways

more sharp ly as the steepness increases. This is aga in due to

the fact that rays travel farther after they a r c  bent by a weak trough

wall. However, as the trough wall continues to increase in steepness ,

althoug h rays travel less far after bendin g, they are bent so sharp ly

s ideways that the overall azimuth deviation increases .

This behav ior can be more clearly understood by looking at

the ray paths as a function of range and azimuth from the trans-

mitter which are shown for Troughs II, I, and III in Figures 17,

1’ , and 1) respective ly. The elevation angle in these figures

is 7
0 , For the azimuth angle ~~,°, the azimuth deviations , range

errors , and total ground range are given in Table 2.

- 21 - 
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Table 1/. Comparison of Az imuth Deviations and Range Errors
for  Three Troug h Models  at  E l e v i t  ion Ang le -

Az i m u t h  Ang le - 
~
,
°
. and Frequency -. ‘ MHz .

Az imu th  Range Ground Ground  R e f l e c t i o n
1) e v i a t i on  in E r r o r  in Range in A z i m u t h a l

Model  degrees  km.  km.  Angle

II  - . 0 ‘~~~ .00

1 - 5a ,. 270 ~ l1’ 1. ’ . (

111 
~
). - ~ ,, 1 

~~~
. 5.). 7

The ground r e f l e c t i o n  a z i m u t h a l ang le g iven in Table  is the

azimuth ang le East of N o r t h  geoma g n e t i c  at w h i c h  the ray was

traveling when a ground reflection occurred In this case ,

while the ray for Mode l II was bent to an azimuth ang le less than

~~J l  I . its azimuth deviat ion was greater due to  the  i n c re a s e d

ground range gained (particularl y that gained after o i l  g r e a t

circle bending ) . However , for Model III t h e azimuth ang le to

which the ray was bent was great enoug h that there was an increase

in azimuth deviation over Models II and I even thoug h the ray

went less fi r ,

_ _ _ _  ‘ --



Cone lus ions

For the great m a j o r  i t ’  o f  t he  n ay s e x a m i n e d  the  powe r r e t u r n

I l - on t l i -gets located at their landing points should be great enough

to a l l o w  d e t e c t i o n , i f d e t e c t i o n  at  t h e  same f r e q u e n c y  unde r s m o o t h

ionosp heric condit ions would have been poss ible . The assumpt  ions

mad e abou t  the target ‘s position , ii a t roug h mode l is not c o n s i d e r e d

in s u c h  a d~ t e rmi ni t ion , c ou ld  he o f t  in  range  b y up to  500 km and } . /~

an az imuth )  d e v i a t i o n  of up to  
0 

(the equivalent of ~~[ O km a t  t h e

ranges  we are conS ider  ing) I i  a t r o u g h mode l is co n s i d e r e d , t a r g e t

p o s i t i o n s  a r e  St ill strong ly dependent on t h e  c h o s e n  t r o u g h) w a l l

g r a d i e n t . R a n g e s  v a rr  f rom + 1 . to — 0  km r e l a t i v e  L u  ranges

de r i v e d  f r o m  the  media l )  mode l , if  t he- g r a d i e n t  is c h an g e d Lo the

lower quartile or the upper quartile value resp eeL i~ ’ e ly

There is also a region close to t he  trough wa ll b o u n d a r y  w h e r e

multi—path occurs thus giving ris e- to t ile appc- a r u i c e  01 two t a r g e t s

w h e r e  one a c t u a l ly  e x i s t s ,  

---~~~ 
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PML 152
APPENDIX A

NAME: WALL, rev is ion 0, program, PML 1~ 2
CATEGORY: Preprocess ing program for use with ray-tracing programs

TITLE : Troug h wall preprocess ing program for subro ut ine BCHA P

LANGUAGE : CDC extended For tran - vers ion ~
PROGRA IIMER: B.M. Langworthy, Parke Mathemat ical  Laborator ies , Inc .

DATE : October 21, 1976

DESCRIPTION

Program WALL ac cep ts coord inates of a path in the geographical
coord inate system which specifies the poleward side of the arctic trough

bottom . It then converts these points to the dipolar geomagnetic system

and computes certain quantities needed in the computation of p lasma

fre quency by ray-trace subroutine BCHAP . These quantities are put out

on a tape or permanent f ile for use by the ray-trace program .

INSTRUCT ION SET

To use program WALL , the following da ta mus t be entered:

Card 1 (Alo)

NAME - This is a 10-character alphanumeric name for the trough
wall. It will be used by subroutine BCHA P as an electron

density subroutine name and will appear on each page of

ray-trace output . This name must be punched in columns

1 through 10.

Card 2 (2FlO.2) GLAT (l), GLON (l)

GLAT(l) is the geographic latitude in degrees of the first point .

GLON(I) is the ge graphic long itude in degrees of the first po int.

GLAT must be punched in columns 1 to 10 and must contain a

decimal point . GLON must be punched in columns 11 to 20 and

must also contain a decimal point .

Car c~ 3 and on

contain subsequent points along the trough wall and data shou ld

be entered in the same manner as on Card 2.

____________  — —  —--—--~~~~—~~~~ —.—~~~-— --.---.--- 
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Output fro~i program WALL includes printed output and an unformatted

tape or permanent file refered to as TAPE6. TAPE6 is described unde r

FILE DESCRIPTIONS . A sample of the printed output is shown in Attachment 1.

For each input point the following imformation is given:

CLAT - the geographic latitude of the point in degrees

GLON - the geograp h ic long itude of the po int in de grees

- the dipolar geomagnetic cola titude in degrees
- the dipolar geomagnetic long itude in degrees

a - the length in degrees of the great circle segment connecting

~~~~ 
) with the next point

- the azimuth angle in degrees of the great circle segment

connecting (& ,j ~ ) with the next point
- one half  the angle in degrees formed by the two great circ1e~
which meet at (O ,f )

The message “TAPEo HAS BEEN WRITTEN ” wil l  appear after the table to

indicate that he program has completed writing TAPEO ,

STORAGE REQUIRED

Program WALL requires ~oO00 octal words of core storage .

ALCOR ITHN

Points inputted in the geographic coordinate system are converted to

points ( 
~ 

( . )  where :

G is the dipolar geomagnetic colatitude of the ~~~ entry

is the dipolar geomagnetic longitude of the ~th entry

Several other quantitie s are computed at this point which are useful for

electron density subroutic~e BCHAP . They are a~ , 
~~

‘ ., and which are

defined and illustrated on the following page .
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Nor th pole
Q

(
~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~ 

- 
.~~

- A

(0. 4,) ~~~~~~~~~~

a . = cos 1
(cos O .cos ~, + s in O.sin~~~, cos ( (~~~ . - 

~1 1 i+l 1 i+l ‘ i+l

cos C!’. - cos (~ - co s a -—l i+l 1 i
1 = cos -sin~~~ Sin a1 1

If i > 1

a - = cos~~~~(c o s~~ - cos~~~, + sin&, sin ~, cos ( ~~~~. - 
~~~~

. ))l~~i i— i i+1 i—i i+l i+1 i — i
cos a - - cos a . cos a

- . . -l l j L  i-i i
~

‘ i = l /~~ cos ( - - )sin a . Sin a .i—l 1

cos& - - cosG - cos a . -

- = cos~~ ( 
i+l 

- 

i l  1~~1- 13]. ~ s1n(~,~~~1
sin 

~

If 
~~~~~ 

> 
~~~~~~ ~

_
i 17 -

If ~ = 1, ~
‘
i =

If i = ~‘E~T or the las t entry , a~ = 1 rad ian, /~. = , and 5i  = -
~~

-.

SPECIAL CAUTIftJ S AND FEATURES

The number of point entries should not exceed uU.

T LM I NP

Execution t ime is .0’~ seconds for 10 points

~1 

. . . -- -~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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ERROR MESSA PES

THERE IS ~O INP UT DATA .
This message will be printed in data cards if point entries are inadvertently

omitted.

SUP,ROUT I N E S

DI C O ORD - The subroutine converts points from the geograp hic to the

dipolar geomagnetic system.

— ‘Cl

The a c c u ra cy  of the t roug h wal l  o u t p u t t e d  b y WALL is dependent on

t h e  a c c u r a c y  and closeness of the input points.

i iLh DESCRIPT IONS WA LL i NPU T , OU TP U T . T APE . = INP U T ,TAPEu )

Pro rar~ WALL writes data onto TAPE6 to describe the trough wall to

subroutine BCHAP . TAPEr. contains the following data in unformatted form .

Record  1 NANE ,NE NT

- an al phanumeric tame for the wall data set

NENT - the number of entry points (< 30)
Record 2 (DCLAT (i), i = l,NENT)

DCLAT - array of dipolar geomagnetic colatitudes in radians

Re cord ~ (DLON (i), i = l,NENT)
DLON - array of dipalar geomagnetic longitudes in radians

Record  —~ (SDA(i), i = l,NENT)
SDA - length of great circle segments connecting points

in radians

Record 5 (BETA (i), i = l,NENT)
BETA - the azimuth angle of the line segment in radians

Record (c,A.’1( i ) ,  ~ =

PAM - one half the ang le between consecutive segments

in radians

_ _ __ _ _ __ _ _ _  . -~~~~
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DECK SETUP

LANWG,T10,CM70000. NO. NAME

FTN.

REQUEST(TAPEI5, *PF)

LGO ,

CATALOG (TAPE6, UT06WALLX3693818, ID=LANGW , RP=999)

7 / 0 / 9
Deck of program WALL and subroutine DICOORD

7 / ~ - /‘ 9
Data cards

o/ 7/ 8/ 9

-
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Attachment_l~. Samp le Output from Program WALL
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APPENDIX B

NAME: BCRA P, revis ion 0, subroutine , PML 151
CATEGORY : Electron density Subroutine for Ray-Tracing Program

TITLE : Double Chapman Layer for Trough Simulation

LANGUAGE : CDC Extended Fortran - version -‘

PROGRAJ~’IER: B.M. Langworthy, I’arke Mathematical Laboratories , Inc.

DATE : October dl , 1970

DESCRI?TION

The electron density model , BCHA P, is a rep lacement for electron density

subrou t ine  CHPTRI {, PML l2c • Whereas in subroutine CE [PTR H , the trough wall

wa s l o c a t e d  along a l ine ol c o n s t a n t  d ipola r  g e om a g n e t i c  co l a t i t u de , s u b r o u t i n e

BCI1A P can  use an arbitrary trough wall orientation. The electrOl) density

mode l is a double Chapman layer with variations as a function of perpendicular

distance from the trough wall. At present the onl y Chapm an layer  pa r ame te r s

which vary are the critical frequenc ies of the two layers. The layer he ight

and thickness of both layers remain l ixed . The location of the trough wall
and other parameters needed b y subroutine BC}fAI’ are supp lied on input TAPEb .

This file is crea t e-I by p rogr e~ WAL L, CML 152.

INSTRUCTION SET

The use of C}IPTRH is similar to that of othe r electron density subroutines

used by the ray-trace program . In the event that the selective load method

desc r ib e d  in P~~~ 121 and AFCRL-TR—7- -0.)l~ is being wed 1 the SLOAD card will be:

SLOAD(BS UBS , BC}L” P , and any desired magnet ic field , collision

frequency, and perturbation subroutines)

No auxiliary subroutines are required by subroutine BCI{AP.

Input require d b y the subroutine is in two forms . F i r s t , the location

of base of the trough wall is define d by c oo r d i n a t e s  iven on TAPEÔ . This

information is exp la ine d In - b - t a i l  unde r  FILE DESCRIPTIONS . For further

information on it , r e f e r  to PM L 1 H d  which  descr ibes  the process of generating

TAPL 6 . The other informat ion required  by Subrouti ne BC}IA P is input to the
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W-array ot the  r ay - t r ace  program . Three locat ions must be defined as

to. low s

W-ar  r ay
l o c a t i o n  Quant i ty

101 F.~MX The maximum plasma f requency  of the F2 layer

in MHz at the top of the trough wall.

l~~ F~~C~ The ma x.~ium plasma f requency  of the F2 layer
in MH z a t  the bottom of the trough.

PMAX The width in radians of the trough wall. If

PMAX is e n t e r e d  in degrees , a “1” must be placed

in co lumn IL of the input card .

Subrout~~ne SCHA P uses the l o l l ow i ng  in1or:i~ t ion  f rom the r ay - t r ace  program :

R ( l )  - r - rad ius  in km.

R(2 )  - - dipolar geomagnetic colatitude in radians .

R( 3 )  - 0 - dipolar geomagnet ic  long itude in radians .

EARTHR - (also w ( 2 ) )  the radius  of the earth in km.

F - (also w ( 3 ) )  the transmission frequency in MHz .

P 1 - (1 -~~
PIT2 -2 iT-~~ constants.
PID2 - i f - i

2

The subrou t ine  then  r e tu rns  the following quantities:

MO DX( l )  - an alphanume r ic identifier which is supplied by TAPE6.

iden t i f y ing the locat ion of the t roug h w a l l .

X - re f rac t iv i ty  due to plasma frequency (dimens ionless) .

PXPR - par t ia l  der ivat ive  of refrac t ivity with respect to the

radius (1km) .

PXPT }1 — p a r t i a l  de r ivative of refractivity with respect to

c o l a t i t u d e  ( / r a d ian ) .

PXPPH - p a r t i a l  d e r i v a t i v e  of refractivity with respect to

long itude ‘/radia n).

HMAX - the maximum height of tha electron density in km.

(This is used to determine when penetration has occurod.)

~ 

- --- - --- - - ~
. — - .
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STiM’A .. REQUIRE [.)

Subrout ine BCHAP requires 700 octal words . When used in the ray-tracing

program w i t h  index of r e f r a c t i o n  AHWFNC and magnet ic  f i e ld  DIPOLY , 50000 octal

words are requ i red .

ALGOP ITUN

The plasma frequency (or electron electron density) mode l given by

ECI1AP can be broken into three separate computational areas :

1) computation of wal l  location parameters ;  2) computation of pe rpend icu la r

d i s t ance  f rom the wal l  and angular  components  r e l a t i v e  to the wal l;  and

~
) computa t ion  of the t roug h wal l  and the vertical profile. The first area

of computa t ion  is per fo rmed  b y program WAL L but  wi l l  be b r i e f l y presented

here since the definition of terms will be needed subsequently.

1) Computat ion of wall  loca t ion  parameters

The great circle segments which give the location of the trough wall are

spec if ie d by the ir endpoints in the dipolar geomagnetic system. The i th

endpoint will be referre d to by (&,~~.) where O is the dipolar magne t ic

colatitude and ~ is the di polar magnetic longitude . The point ((‘,~ )
without subscripts is the point for which the plasma frequency and its

derivat ives are to be computed . The geometry of the situation is given
1 _ t ie ~ -

below .

•.
~~ ~~~~‘ 

+ )

~ ~~~~~
The quantities which will be needed for later computations are :

a~ — the great  c i rc le  p at h  l e n g t h  in radians be tween  po in t s  i and i + 1.
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- the c lockwise  pos i t ive  angle in radians with vertex at point i

between due north and the path connecting points i and i-i-i.

— one half the angle in radians formed by poiI1t.~ i-l , i, and i+l .

Excluding exceptions for end points ,

a . = cos~~~(cos t3 cos~~~. + sin & . s in (~ . cos( ~~~~ . —
1. i i-s-i i+l i+l 1

fcosc~ - - cos t~ .cos a .
i. I

_) _ = cos -—
I

i .sini~~.5in a -
1

cos a - cos a . cos a .—1, i— i i= 1 2 cos1
sin a . sin a.

i— l 1

where cos a
1 

cos& - cos ~~~~ . + sin e. sin ~~~ coS~ ~~~~
. - (~~~ . )

i—i i+l i— l i+1 i+l / i—l

2) Computation of the perpendicular distance from the wall to point (&,Q)
To e l imina te  any amb ig u i t y,  p e r p e n d i c u l a r  d i s t a n c e  from the wall, P, will

be considered positive if the point ( & , ) ) is on the north poleward

s ide of the wal l  and negative it it is on the othe r side . Since all

points  excep t  those l y ing on a g i v e n  g rea t  c i r c l e  w i l l  have at l ea s t

two pe rpend icu la r s  to the g r e a t  c i r c l e , it must be stated that the

perpendicular must occur with the segment of any great circle which

forms a part of tile trough wall. There may also be cases where there is

no such perpendicular due to “k inks ” in the wall where two segments

join. The first problem , then , is that of finding the pr-’rer great

c i rc le  segment .

To f i n d  P , the d i s t a n c e  f rom the curve , and )~
.1
, the ang le w i t h  respec t

to pos i t ive  ( & ,j  ), each segment is t r i e d  beginning  w i t h  i = 1

for the f i r s t  t ime and beg inning with the preceeding i va lue  t h e r e a f t e r .

- -~U 
-

_—_ - - - -_ -.= - - - .
~~~~~~~~ 

—. -- . -
~ 

- .
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I I

-cí

‘

~~~

,
. 

(
~~

* , (
~~.)

j J- .

C d i s t a n c e  f rom ( e ,(1~
) to (O -~ , 

~~~
C = cos (cos~~~~cu s &  + s i nt . s in~~ cos(~~~- q ) )

ang le f rom due nor th  w i t h  v e r t e x  at (~~ ~~~ ~) to (~ ,q )
- 

cos~ — cos(~ . cos C1 1 , ________________________= eos )
sin (~. s in  C

1

Ii and - £ ‘S.. L t h e n  B =~~~~~~. -~~~‘

p is positive 
( 

Reg ion I

proceed to * J
I f  / 

~ 
and (J 

~ 
- ,~ 1 

> ~~~ then t r y  next lowest segment . 3 Reg ion v

“ < and ~ - < ~~~~~~ t hen  B = 
~~ 

~~~‘

P is negative 
( 

Reg ion II

proceed to * J
it ~~~~~<& and - < ~~~~~~~~~~~~~~~ - d • ~~~., then

= 
Region III

proceed to

If ~~~ >~~~ and ~3 I 
- 

~~~~~~~ 

- 2 
~ 

.

~~ 

the n next lowest scgme n~ Reg ion IV

* p sir s~~ (sin B sin C)

d 1
r d i s t a n ce  a long  the  g rea t  c i r c l e  conne c t ing  ~~~~~~~~~ and (O . +~, 

~~i+l~to the perpendicul ar from ( & , 
~~ 

)

_ — - .-,. -
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-1 cos Cd = cos 
(— -1 cos r

If d
1 

> a, the perpendic ular does not fall within the desire d segment
ard the next highest  ( in  i) segment is t r i e d .

If tht. perpendicular  occurs be low the poin t  ( E Y 1,~~~1), the segment is

taken along a constant  l a t it ude  of 
~~l • Hero P - t? and

-l cos Cd. = - cos ( )cos P

To f ind ~~ , the angle between the perpendicular , P, and the positive (9

d i rec t ion , we compute two additional quantitie s . _, -

W t~~~ ~~~~~ 

-

j
~~~~

•

~~~~~~ / 1

/ 
/

(o
~~

) 
~~~ ~~~~~~

. . _
~T~~~~~

->  

~~~

= cos~~~(-  co s(~~~-~~ . )  cos + sin (~~ -~~~ .)sin f3 cos

= cos~~ (sin B cos d
1)

ii 1

~~= - v ;  -
~~~~~

For the reg ion below ( & 1’ ~f l~ ’ ~~ =p

_ _ _ _  _
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~
) Computa t ion  o f the t roug h wall and the vertical prof ile

The trough wall  cur ren t ly in BCHA P var ies  as a function of P, the

perpendicular distance on inputted curve, in the maximum values of

the E- and F- layer. At this time the values of heigh t and layer
width  remain f i xed .  The height of the E- layer is 120 km and its

scale hei ght is 10 km. The he ight of the F- layer is 50 km. The E-

and F- layer variations are given below .

- plasma frequenc y

Input to w(l0 1)
I 

(F2ME)
2

laput to ( F2MN) 2 ~~~~~~~~~~~~~ _-~~- - 6.25MB
2

w (l02) I 
-

I 
-- _ _  _ _

0 
- 

PMAX -
~~~

Input  to
w (1 o~)

Giv en P and 
~ 

from the previous computation we can now compute the

plasma frequency and its derivatives at the point (r , CY , t) ).

h = r - r where r is the radius of the earth.e e

If 70 r <  120,

= f 2 e x p ( l/ 2  (1 - - e
_Z

l ) )  where z 1 = h - 120.

‘ (f 2 ) 
— -~-‘e~~~ - 1

______ 
- p 20’

~~ (f 2
) ~~(f ~ 1) -zP = ______ . exp (l /2(l-z 1 - e 1))

2

~ ( f 2
) ______p 

~~~~~~~~~~ 
cos

C-
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~
i (fe) ~~~f 2

) 
-~‘ ~~~~~~~ sinO sin~~

If l 2 0 < h < 3 5 0 ,

2 2 2 2 . 2f = f + ( f  — f ) sin Hp c1 c2 C 1

~i~I’ 1) - 120.where H = — 
-2 2~0.

~~~~~ 2
) 
‘
~~ 2 

-

~ ~~~~~~~~ - f 2 )sin H cos H230 c2 c1

~~ 
(
~~ ) 

~~~~~ i ~~~~~~~~ 
?(f

~~1)~ - 2

~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
- 

~~~~ )
s].n H

~~ (f 2
) D ( f 2 )p 

~~~~~~ •

~~~~~~ ? P  C

‘
~~(f

2) 
?~

(
~

2)
= 

p 
sin&sjn~~~o P

f
2 = .01 if P< 0
c1 —

= .0l+6.2L~~~— i f o < p < pP maxmax

= u.2~ i f P > p
— max)

~ ~c1 = 6.2~
~~ ~

‘ “max

= (F2MN)2 j f P < 0c2

(F2MN ~ 
2 

+ (F2MX
2 

- F2MN2
) f— of 0 < P < P

max
= (F2~ix)

2 
if  P > P

— max

2~ 
f~~ 

- 
(~~~~2 - F2MN2)

~~~~~~~~~~ ~max

~

—.

~

-- - -- . - - -  - - - - -~~~~~~~~~~~--
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ai’tCIAL CAUTIONS AND FEA TURES

This subroutine as all other electron density subroutines for
RAYTRACEBL assumes that values for Q and ~ are in di polar geomagnetic
or computa t ional  coord ina tes .

If the  number of en t r i e s  from TAPEo exceeds 30, a new dimens ion
statement must be inserted.

T L M I N~

For a large number of rays computed using BCHAP execution time
was abo ut 1 second per ray . This will aproach 1.7 seconds per ra
if only low elevations angles are considered, Timing was done on i-hop
rays at f equenc ies from 5 to 9 MHZ .

ERRO R ~fl~°SAcES

None.

SUBR OUTINES

No nonsystem subroutines are require d .

ACCURACY

The accuracy  of the t rough in BCUA P is dependent  on the closeness
and accuracy  of the  po int s  describing the trough wall on input TAPEL .

FILE DES CRIPT I ON S

BC}!AP reads  d a t a  o f f  ot  TAPI- ;~ du r ing  p rogram i ni t i a l i z a t io n .  TAPE~.
contains the following d~ t in unformatted form generated by WALL(PML 152).
(Symbols in p -i retitIa ~~ s rel er to symbols used in the algorithm or. pages ~~~~
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FILE DESCRIPTIONS (con tinued)

Record 1 M O D X ( l ) ,  NE NT

MODX (l) - an alphanumeric name for the wall data set

NENT - the number of point entries (< 30)

Record 2 (TH(i), i = l,NENT)
TH - array of dipolar geomagne t ic colatitudes in radians (& .)

Record 3 (PH(i), i = 1,NENT)
PH - array of d ipolar geomagnetic longitudes in radians ( 

~

Record ~ (SDA(i), i = l,NENT)
SDA — l eng th  of great  c i rc le  segments connec t ing  po in t s

in radians (a .)

Record ~ ( B E T A ( i ) ,  i = l ,Ni~~T)

BETA - the azimut~i angle of the line segment in radians (~i~ )

Record o ( GA I I ( i ) ,  i = 1,NENT)

CAN — one half the angle between consecutive segmcnts in

radi ans (~ ‘~ )

DECK SETUP

Runs using BC1{A~ would be s imilar  to other ray-trace runs except

tha t a TAPE . must be attached and the SLOAD card given on page 1 should be used

4
.j~


