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ABSTRACT 

A computer program has been constructed which calculates a 

model for geomagnetically trapped particle shells and the 

associated kinematic parameters. Included is the calculation 

of longitude-dependent drift velocities and bounce paths. 

This document explains the methods used in constructing the 

program as well as the input and output of the code. 
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SECTION I 

INTRODUCTION 

The d e t a i l e d  s t u d y  of t i m e  and l o n g i t u d e  dependence of e n e r g e t i c  p a r t i c l e  

f l u x e s  i n j e c t e d  a t  low a l t i t u d e s  i n t o  geomagnet ica l ly  t r apped  o r b i t s  r e q u i r e s  an 

a c c u r a t e  d e s c r i p t i o n  of t h e  geometry of t h e  magnetic s h e l l s  popula ted  by t h e s e  

p a r t i c l e s ,  as w e l l  as t h e  de t e rmina t ion  of t h e  l o n g i t u d e  dependence of a l l  

i n t e r v e n i n g  k i n e t i c  v a r i a b l e s ,  such as d r i f t  v e l o c i t i e s  and bounce p e r i o d s .  

For p a r t i c l e s  m i r r o r i n g  a t  low a l t i t u d e s  i n  t h e  South American Anomaly, 

where i n t e r a c t i o n s  w i t h  t h e  atmosphere are t h e  dominant p rocesses  governing 

p a r t i c l e  d i f f u s i o n  and loss, changes of a few k i l o m e t e r s  i n  a l t i t u d e  of magnetic 

s h e l l s  may induce  q u i t e  a p p r e c i a b l e  changes i n  t h e  numer ica l  r e s u l t s  of t h e o r e t i -  

cal  d i f f u s i o n  and l o s s  c a l c u l a t i o n s .  Cons iderable  accuracy  is  t h e r e f o r e  r e q u i r e d .  

Of cour se ,  t h e r e  w i l l  always be a " n a t u r a l "  l i m i t a t i o n  imposed by t h e  degree  of 

accu racy  i n  t h e  geomagnetic f i e l d  d e s c r i p t i o n .  

less c o n t r o l l a b l e  sou rces  of e r r o r s ,  bo th  s y s t e m a t i c  and random, which are 

i n h e r e n t  t o  t h e  numer ica l  methods used i n  s h e l l  geometry and p a r t i c l e  k inemat i c s  

computa t ions ,  and which must be  reduced t o  a minimum. 

I 
However, t h e r e  are o t h e r  more o r  

I 

P a r t i c l e  s h e l l  c a l c u l a t i o n s  r e q u i r e  l eng thy  computations,  c o n s i s t i n g  mainly 

of f i e l d  l i n e  t r a c i n g s ,  c a l c u l a t i o n s  of t h e  second a d i a b a t i c  i n v a r i a n t ,  and 

s e a r c h  f o r  B-L p o i n t s .  This l a s t  p rocedure ,  i n  p a r t i c u l a r ,  i s  t h e  most c r i t i c a l  

one f o r  t h e  geometr ic  de te rmina t ion  of a p a r t i c l e  s h e l l ,  and i s  where t h e  problem 

of p r e c i s i o n  i s  most a c u t e .  Furthermore,  e x a c t  de t e rmina t ion  of d r i f t  v e l o c i t i e s  

and bounce p e r i o d s ,  and t h e i r  l ong i tude  dependence, a l s o  i m p l i e s  l eng thy  compu- 

t a t i o n s .  A l l  t h i s  makes t h e  problem of speed a most c r i t i c a l  one. 

I n  t h e  p r e s e n t  pape r ,  a computer code is desc r ibed  which meets t o  some 

degree  a l l  t h e s e  requi rements  of accuracy  and speed,  f u r n i s h i n g  complete i n f o r -  

mation about p a r t i c l e  s h e l l s ,  d r i f t  v e l o c i t i e s ,  and bounce p e r i o d s ,  and which i s  

f l e x i b l e  enough t o  be  e a s i l y  used under va ry ing  i n i t i a l  c o n d i t i o n s  o r  output  

requi rements .  

1 
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SECTION I1 

PARTICLE SHELL GEOMETRY 

A charged p a r t i c l e  moves i n  a time independent ,  t r a p p i n g  magnet ic  f i e l d  con- 

s e r v i n g  two i n v a r i a n t s  ( r e f e r e n c e s  1 and 2 ) :  t h e  m i r r o r  p o i n t  f i e l d  i n t e n s i t y  

B,, and t h e  v a l u e  of t h e  i n t e g r a l  I between con juga te  m i r r o r  p o i n t s ;  i . e . ,  

Bm = cons t .  ( l a )  

I =Id- ds = cons t .  

To each p o i n t  i n  space,  a p a i r  of v a l u e s ,  Bm and I ,  can b e  a t t a c h e d ,  such t h a t  

a p a r t i c l e  mi r ro r ing  t h e r e  has  t h e  v a l u e  I f o r  t h e  i n t e g r a l  ( equa t ion  l b ) ,  Bm 

be ing  t h e  f i e l d  i n t e n s i t y  a t  t h a t  p o i n t .  I n  a . t r a p p i n g  f i e l d  c o n f i g u r a t i o n ,  
/ 

l i k e  t h e  geomagnetic f i e l d ,  w e  can trac,e c o n s t a n t  I and cons t an t  B s u r f a c e s  
I ( s e e  s k e t c h  i n  f i g u r e  1 ) .  A g iven  p a r t i c l e  w i l l  t h e r e f o r e  always s p i r a l  a long  

t h e  f i e l d  l i n e s  pass ing  through t h e  ring-shaped i n t e r s e c t i o n s  of such a p a i r  of 

I Bm, I s u r f a c e s ,  mi r ro r ing  on t h e  i n t e r s e c t i o n  and d r i f t i n g  i n  azimuth. * 
SHELL OF FIELD LI 

CONSTANT 6 SURFACE 

CONSTANT I SURFACE 

E 

N ES 

Figure 1. Geometric D e f i n i t i o n  of a P a r t i c l e  S h e l l .  

2 

J 
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A 
McIlwain ( r e f e r e n c e  2) has shown t h a t ,  i n  t h e  real  geomagnetic f i e l d ,  

az imutha l  asymmetry i s  sma l l  enough s o  t h a t ,  t o  a f a i r  approximation,  p a r t i c l e s  

i n i t i a l l y  m i r r o r i n g  on a common f i e l d  l i n e  w i l l  always s p i r a l  a long  t h e  same 

f i e l d  l i n e s  a t  o t h e r  l o n g i t u d e s ,  i r r e s p e c t i v e  of t h e i r  i n i t i a l  mi r ro r  p o i n t s  (o r  

e q u a t o r i a l  p i t c h  a n g l e s ) .  

s h e l l .  

same v a l u e  f o r  a l l  p o i n t s  a long  a given f i e l d  l i n e ,  and, t h e r e f o r e ,  f o r  a l l  f i e l d  

l i n e s  be longing  t o  t h e  s h e l l  generated by p a r t i c l e s  mi r ro r ing  on t h e  i n i t i a l  l i n e .  

This  parameter  i d e n t i f i e s  t h i s  s h e l l ,  and is taken  a s  i t s  p rope r  geometr ic  l a b e l .  

P h y s i c a l l y ,  i t  g ives  t h e  average  d i s t a n c e  i n  e a r t h  r a d i i  of t h e  e q u a t o r i a l  (mini- 

mum B) p o i n t s  of t h e  s h e l l  t o  t h e  geomagnetic c e n t e r .  

I n  o the r  words,  they w i l l  popula te  one and the  same 

McIlwain has  found a r e l a t i o n  L = L(I,Bm) such t h a t  i t  has  n e a r l y  t h e  

When t h e r e  is  a s t r o n g  azimuthal  asymmetry, as i n  t h e  o u t e r  magnetosphere 

( r e f e r e n c e  31,  t h i s  s h e l l  "degeneracy" is  removed ( r e f e r e n c e s  4 and 5 ) ,  and 

p a r t i c l e s  i n i t i a l l y  m i r r o r i n g  on the same f i e l d  l i n e  w i l l  popu la t e  d i f f e r e n t  

s h e l l s  ( s h e l l  s p l i t t i n g )  according t o  t h e i r  d i f f e r e n t  m i r r o r  p o i n t s  o r  e q u a t o r i a l  

p i t c h  ang le s .  This s h e l l  s p l i t t i n g ,  of cour se ,  a l s o  does occur  i n  t h e  i n n e r  

magnetosphere; however, i t  amounts t o  only  a few k i lome te r s  a t  t h e  equa to r ,  f o r  

L-she l l s  of t h e  o r d e r  of 1.2.  Never the less ,  fo l lowing  t h e  d i s c u s s i o n  above, 

such a d i f f e r e n c e  of a few k i lometers  may be of importance t o  mechanisms of 

a tmospher ic  i n t e r a c t i o n s ,  where i t  may .compete wi th  t h e  scale h e i g h t  of a tmospheric  

d e n s i t y .  S p e c i a l  c a r e  must be taken ,  t h e r e f o r e ,  when a pa r t i c l e  s h e l l  i s  t o  be  

de f ined  f o r  a tmospheric  s c a t t e r  s t u d i e s .  For i n s t a n c e ,  i f  one i s  i n t e r e s t e d  i n  

t h e  e v o l u t i o n  of a group of p a r t i c l e s  m i r r o r i n g  f a r  away from t h e  equa to r ,  i . e . ,  

a t  h igh  B-values o r  low a l t i t u d e s  i n  t h e  Anomaly, t h e  f i e l d  l i n e s  on which t h e s e  

p a r t i c l e s  w i l l  m i r r o r  must be  def ined  by the  proper  Bm, L ( o r  Bm, I )  r i n g ,  and 

not, f o r  example, by t h e  e q u a t o r i a l  r i n g  of t h e  corresponding L-she l l .  

f e r e n c e s  which r e s u l t  from pick ing  s h e l l s  by t h e i r  e q u a t o r i a l  p o i n t s  i n s t e a d  of 

some h i g h e r  B-value p o i n t s  may be  a s  much as 10-20 k i lome te r s  i n  t h e  r eg ion  of 

t h e  Anomaly. The corresponding d i f f e r e n c e s  i n  t h e  l o n g i t u d e  dependence of d r i f t  

v e l o c i t i e s  and bounce p e r i o d s  are, pe rcen tage  w i s e ,  even h i g h e r  ( 6  t o  10 pe rcen t  

f o r  L = 1 .25) ;  f i n a l l y ,  t h e  e q u a t o r i a l  B v a l u e  of a s h e l l  picked a t  a h igh  B va lue  

becomes q u i t e  apprec i ab ly  longitude-dependent (up t o  6 t o  7 percen t  f o r  L = 1.25), 

as does t h e  e q u a t o r i a l  p i t c h  angle  of a given p a r t i c l e  (a l though t h i s  is  cons t an t  

on a d i p o l e  s h e l l ) .  

The d i f -  

3 



Most of t h e  long i tude  v a r i a t i o n s  occur  i n  t h e  South American Anomaly 

( r e f e r e n c e  6 ) ,  where most of t h e  a tmospher ic  i n t e r a c t i o n s  a l s o  t a k e  p l a c e .  

Unfo r tuna te ly ,  t h i s  i s  t h e  r eg ion  where t h e  h i g h e r  m u l t i p o l e s  of t h e  f i e l d  expan- 

s i o n  are f e l t  most i n t e n s e l y ,  be ing  t h e r e f o r e  more exposed t o  t h e  s y s t e m a t i c  e r r o r s  

i n  t h e  p a r t i c u l a r  f i e l d  d e s c r i p t i o n  used. 

4 
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SECTION 111 

c 

DETERMINATION OF PARTICLE SHELLS AND KINEMATIC PARAMETERS 

The fo l lowing  procedure w a s  adopted i n  t h e  computer code t o  determine a 

g iven  L-she l l .  F i r s t ,  a convenient B-value w a s  chosen, which w a s  cen te red  i n  

t h e  B reg ion  t o  be  explored .  I n  gene ra l ,  f o r  t h e  s tudy  of a tmospheric  i n t e r a c t i o n s  

of t rapped  p a r t i c l e s ,  i t  is  recommended t o  t a k e  a B v a l u e  such t h a t  t h e  correspond- 

i n g  sou the rn  B-L r i n g  d i p s  t o  about 250 t o  300 k i lome te r s  i n  t h e  Anomaly ( f o r  

L = 1.25, choose B = 0.22) .  

The main numerical  problem then is  t o  f i n d  a p o i n t  of p r e f i x e d  B and L 

v a l u e s ,  a t  any given longi tude .  An i t e r a t i o n  method must b e  used,  f o r  i n  t h e  

case of a nondipole  expansion the re  i s  no known a n a l y t i c a l  expres s ion  of L as a 

f u n c t i o n  of space  (nor  as a n  expansion i n  terms of t h e  Gauss c o e f f i c i e n t s ) .  The 

de te rmina t ion  of L ( o r ,  r ea l ly ,  I) always impl i e s  an i n t e g r a t i o n  along the  f i e l d  

l i n e ;  t h e r e f o r e ,  t h i s  is t h e  c r i t i c a l  p a r t  of t h e  e n t i r e  program w i t h  regard  t o  

speed  and accuracy.  

Once a B-L p o i n t  i s  determined a t  a given l o n g i t u d e ,  in format ion  about t h e  

f i e l d  l i n e  going through i t  m u s t  b e  provided.  

t e r i n g  problems, t h i s  f i e l d  l ine must be t r a c e d  t o  t h e  i n t e r s e c t i o n  wi th  a p r e f i x e d  

a l t i t u d e  level,  say  100 k i lome te r s ,  below which no t r a p p i n g  is p o s s i b l e .  

Coordina tes  of p o i n t s  of t h i s  f i e l d  l i n e  may be needed e i t h e r  a t  a p r e f i x e d  mesh 

of B-values, o r  a t  p r e f i x e d  a l t i t u d e s  on t h e  lower end of t h e  f i e l d  l i n e  (and 

t h e i r  con juga te  p o i n t s  on t h e  o t h e r  s i d e ) .  

d i f f e r e n t  l ong i tudes  u n t i l  a g r i d  of f i e l d  l i n e s  of t h e  s h e l l  i s  completed around 

t h e  world.  The p r e s e n t  code w a s  designed t o  provide  t h i s  in format ion .  

For p a r t i c u l a r  a tmospheric  s c a t -  

A l l  t h i s  is  u s u a l l y  wanted a t  many 

A s  t o  t h e  d r i f t  v e l o c i t y  and bounce pe r iod  c a l c u l a t i o n s ,  t h e  fo l lowing  

procedures  were adopted.  

d r i f t  v e l o c i t y  uo  w a s  given by Northrop and Teller ( r e f e r e n c e  7 ) .  

d i f f e r e n t  n o t a t i o n ,  w e  have 

The most g e n e r a l  expres s ion  f o r  t h e  average  e q u a t o r i a l  

Using a s l i g h t l y  
/ 

V I  

'b 

m*v 0 - - . -  - 
u o  e - B o  

where m is  t h e  p a r t i c l e ' s  mass, e i t s  e l e c t r i c  cha rge ,  and v i t s  v e l o c i t y .  B i s  

t h e  f i e l d  i n t e n s i t y  a t  t h e  e q u a t o r i a l  p o i n t  of t h e  s h e l l ,  and V I i s  t h e  g r a d i e n t  
0 

0 
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of I (equa t ion  l b )  c a l c u l a t e d  f o r  a f i x e d  m i r r o r  p o i n t  f i e l d  B . 
r e c t i f i e d  p a t h  of  t he  p a r t i c l e  between m i r r o r  p o i n t s :  

Sb i s  t h e  m 

'b =JJ* 
m 

For t h e  angu la r  e q u a t o r i a l  d r i f t  v e l o c i t y  $I w e  have 
0, 

where a$/ax is  computed a long  t h e  e q u a t o r i a l  r i n g  (dx is  t h e  element  of arc of 

t h i s  r i n g ) .  I n  t h e  real geomagnetic f i e l d ,  a l l  q u a n t i t i e s  B V I ,  and S are 

l o n g i t u d e  dependent.  

which d ive rges  a t  t h e  l i m i t s  o f  i n t e g r a t i o n ) ,  one can e a s i l y  show, by t a k i n g  t h e  

d e r i v a t i v e  of equat ion  ( l b )  w i t h  r e s p e c t  t o  Bm, t h a t  

0' 0 b 
Though Sb is  de f ined  by an i n t e g r a t i o n  (wi th  an i n t e g r a n d  

a 1  Sb = I + 2 B m ~  
m 

( 4 )  

The d e r i v a t i v e  i s  t o  b e  t a k e n  a long  a g iven  f i e l d  l i n e .  This r e l a t i o n  i s  f a r  

more convenient  f o r  computa t iona l  purposes  t h a n  t h e  i n t e g r a l  expres s ion  f o r  S b '  

For  p a r t i c l e s  mi r ro r ing  on a g iven  f i e l d  l i n e ,  d r i f t  v e l o c i t i e s  and bounce 

p a t h s  depend on t h e i r  m i r r o r  p o i n t s .  It w a s  found t h a t ,  w i t h i n  t h e  degree of 

accuracy  wanted, t h i s  dependence can always be  expres sed  i n  t h e  form 

(5)  
u / = d(L,@) + CJ (L,$)[l -e] 

/ o  u 
-. 

/ 

provided  t h a t  B /B is  g r e a t e r  than  about 0.5. The c o e f f i c i e n t s  d ,  , u , and u 

are a l l  longi tude-dependent .  However, t h e i r  l o n g i t u d e  averages  are remarkably 

c l o s e  t o  t h e  corresponding d i p o l e  v a l u e s  ( r e f e r e n c e  8).  Care must b e  taken  i n  

i n t e r p r e t i n g  d and p as d r i f t  and bounce p a t h  va lues  f o r  p a r t i c l e s  m i r r o r i n g  c l o s e  

o m  , u  S 

t o  t h e  equa to r .  I f  t h e  f i e l d  l i n e s  of t h e  s h e l l  f o r  which t h e  q u a n t i t i e s  i n  

equa t ion  ( 5 )  are computed are p icked  a t  a p o i n t  w i th  a h igh  B va lue ,  d and p would 

- n o t  r e p r e s e n t  e x a c t l y  t h e  d r i f t  and bounce parameters  of e q u a t o r i a l - p a r t i c l e s ,  

because t h e s e ,  even f o r  t h e  same L v a l u e ,  would be  d r i f t i n g  a long  a s l i g h t l y  d i f -  

f e r e n t  s h e l l .  This  s l i g h t  d i f f e r e n c e  i n  a l t i t u d e  may r e s u l t  i n  q u i t e  cons ide rab le  

l o n g i t u d e  v a r i a t i o n s  of u0 and S b' 
I 

6 I ~ ~~ 
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. 
SECTION I V  

EXPLANATION OF THE PROGRAM 

I n  what fo l lows ,  t h e  computer code w i l l  be b r i e f l y  desc r ibed  i n  a l o g i c a l  

o r d e r ,  s t a r t i n g  w i t h  t h e  key subrou t ine ,  r a t h e r  than w i t h  t h e  main program. 

A l i s t i n g  i s  g iven  i n  t h e  appendix. 

1. SEARCH 

Subrou t ine  SEARCH p rov ides  t h e  founda t ion  f o r  t h e  e n t i r e  program. It c o n s i s t s  

of an i t e r a t i o n  p rocess  which f i n d s  a p o i n t  P w i t h  a p r e f i x e d  B and L v a l u e  a t  a 

s p e c i f i e d  long i tude .  I n  a d d i t i o n ,  t h i s  s u b r o u t i n e  g i v e s  d e t a i l e d  in fo rma t ion  

about t h e  f i e l d  l i n e  which p a s s e s  through t h e  p o i n t  P. Inpu t  f o r  t h e  s u b r o u t i n e  

are t h e  g e o d e t i c  c o o r d i n a t e s  of the s t a r t i n g  p o i n t  f o r  t h e  i t e r a t i o n  p r o c e s s ,  t h e  

s p e c i f i e d  B and L v a l u e s ,  and t h e  p re f ixed  t o l e r a n c e s  f o r  each of B and L. Outputs 

are t h e  g e o d e t i c  c o o r d i n a t e s  of t h e  d e s i r e d  B-L p o i n t ,  and t h e  g e o c e n t r i c  coord i -  

n a t e s  of a series of p o i n t s  a long  the  f i e l d  l i n e  between t h e  p o i n t  P and i t s  

con juga te .  The e n t i r e  c a l c u l a t i o n  i s  done i n  g e o c e n t r i c  c o o r d i n a t e s .  

There are two b a s i c  p rocesses  i n  t h i s  s u b r o u t i n e :  one varies a l t i t u d e  

s e a r c h i n g  a long  a c o n s t a n t  l a t i t u d e  and l o n g i t u d e  l i n e  f o r  a p o i n t  of g iven  B;  

t h e  o t h e r  s e a r c h e s  a long  a n e a r l y  c o n s t a n t  B l i n e  i n  a g iven  mer id ian  p l a n e  f o r  

a p o i n t  of p r e f i x e d  L. The f i r s t  of t h e s e  p rocesses  is very  f a s t ;  it i n v o l v e s  

on ly  c a l l i n g  t h e  s u b r o u t i n e  NEWMAG which computes t h e  i n t e n s i t y  of t h e  magnetic 

f i e l d  a t  each p o i n t .  

t h e  u s e  of s u b r o u t i n e  INVAR, which traces a f i e l d  l i n e  through each p o i n t  a t  

which i t  is  c a l l e d .  The program was c o n s t r u c t e d  i n  such a manner as t o  minimize 

t h e  number of t i m e s  I N V A R  i s  used. 

The second process  i s  much more complicated and i n v o l v e s  

F igu re  2 shows a s i m p l i f i e d  flow c h a r t  f o r  s u b r o u t i n e  SEARCH. Geomet r i ca l ly ,  

t h e  procedure  used is  as fo l lows  ( s e e  f i g u r e  3 ) :  

t h e  program i terates t h e  a l t i t u d e  t o  a p o i n t  S where t h e  p r e f i x e d  B-value ( c a l l e d  

SB) is  reached with.in a p r e f i x e d ,  g r o s s  t o l e r a n c e  d e s i g n a t e d  by ERRB. 

i s  then  determined f o r  t h i s  p o i n t  S. I f  i t  is  not  e q u a l  t o  t h e  p r e f i x e d  L-value 

( c a l l e d  SL) w i t h i n  t h e  t o l e r a n c e  des igna ted  by ERRL, t h e  l a t i t u d e  i s  changed by 

a small, p r e f i x e d  amount DV i n  t h e  c o r r e c t  d i r e c t i o n .  

p o i n t  T i s  found w i t h  t h e  p r e f i x e d  B-value; L i s  c a l c u l a t e d  a t  t h e  p o i n t  T. 

s t a r t i n g  at  t h e  i n p u t  p o i n t  P, 

The L v a l u e  

A t  t h i s  new l a t i t u d e ,  a 

7 
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Figure  3. I t e r a t i o n  Procedure Followed i n  Subrout ine  SEARCH. 
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P o i n t s  S and T l i e ,  approximate ly ,  on a cons t an t  B l i n e  i n  t h e  mer id ian  p l ane .  

A l i n e a r  e x t r a p o l a t i o n  is then  used t o  f i n d  t h e  p o i n t  on t h i s  l i n e  which would 

have t h e  s p e c i f i e d  va lue  SL. Th i s  e x t r a p o l a t i o n  i s  made as though t h e  L-dependence 

were l i n e a r  a long  t h e  cons t an t  B l i n e .  This  e x t r a p o l a t e d  p o i n t  P'  i s  now t aken  as 

a second approximation and i s  used as t h e  s t a r t i n g  p o i n t  of t h e  nex t  i t e r a t i o n  

cyc le .  I f  t h e  new p o i n t ' P '  i s  c l o s e  enought0 t h e  p o i n t s  S and T ,  t h e  s t e p  s i z e  

i n  l a t i t u d e  i s  reduced by one-tenth.  The i t e r a t i o n  is  cont inued  u n t i l  a p o i n t  

i s  found which l i e s  i n  t h e  i n t e r v a l  SBLERRB and SLLERRL. When t h i s  i s  accomplished,  

a l l  t o l e r a n c e s  are reduced two o r d e r s  of magnitude and t h e  e n t i r e  procedure  i s  

r epea ted  u n t i l  a poin t  is found whose B and L v a l u e s  a g r e e  wi th  t h e  p r e f i x e d  ones 

w i t h i n  t h e  new, reduced t o l e r a n c e  i n t e r v a l s .  

To avoid  t h e  p o s s i b i l i t y  of i n f i n i t e  c y c l i n g  i n  case t h e  t o l e r a n c e s  were 

t o o  s m a l l ,  a c u t o f f  i s  in t roduced  and a d i a g n o s t i c  i s  p r i n t e d .  The p rocess  i s  

begun a g a i n  a t  a s l i g h t l y  d i f f e r e n t  v a l u e  of SB ( s e e  s e c t i o n  I V , l l ) .  

It should  b e  noted t h a t  t h e  i n p u t  c o o r d i n a t e s  of t h e  s t a r t i n g  p o i n t  P 

determine t h e  long i tude  of t h e  d e s i r e d  B-L p o i n t  as w e l l  as t h e  hemisphere i n  

which i t  w i l l  l i e .  Indeed,  t h e  v a l u e  of t h e  l o n g i t u d e  i s  neve r  changed i n  t h i s  

sub rou t ine .  It i s  recommended, i n  g e n e r a l ,  t h a t  t h e  i n i t i a l  guess  o r  s t a r t i n g  

p o i n t  f o r  t h e  i t e r a t i o n  p rocess  should  n o t  d i f f e r  i n  l a t i t u d e  by more than  10 o r  

1 5  degrees  from t h e  real B-L p o i n t .  This  may be  accomplished by c o n s u l t i n g  t h e  

u s u a l  B-L maps ( r e f e r e n c e s  9 and l o ) .  

2 .  INVAR,  START, LINES, INTEG,  CARMEL, AND NEWMAG 

This  group of sub rou t ines  i s  s l i g h t l y  modif ied and implemented v e r s i o n s  of 

McIlwain's program INVAR ( r e f e r e n c e  11 ) .  The i r  purpose i s  t o  t r a c e  a f i e l d  l i n e  

(START, LINES, and NEWMAG) and t o  determine t h e  second i n v a r i a n t  ( equa t ion  ( l b ) )  

(INTEG) and t h e  a s s o c i a t e d  L-value (CARMEL). I n p u t  f o r  INVAR is  a po in t  P i n  

space  g iven  by geocen t r i c  coord ina te s ;  o u t p u t  are t h e  B and L v a l u e s  a t  P and 

t h e  g e o c e n t r i c  coord ina te s  of a sequence of p o i n t s  a long  t h e  f i e l d  l i n e  beginning  

a t  P and p rogres s ing  t o  i t s  conjugate .  

INVAR c o n t r o l s  the res t  of t h e  above - l i s t ed  programs. When c a l l e d  from INVAR,  

s u b r o u t i n e  START p icks  t h e  f i r s t  t h r e e  p o i n t s  of a sequence a long  t h e  f i e l d  l i n e  

which are such  t h a t  the  second p o i n t  i s  P and t h e  B-value of t h e  t h r e e  are i n  

dec reas ing  o rde r .  LINES i s  a t r a c i n g  r o u t i n e  which con t inues  t h e  sequence of 

p o i n t s  a long  t h e  f i e l d  l i n e  i n  t h e  d i r e c t i o n  de f ined  by START. This  sequence 

p rogres ses  t o  t h e  f i r s t  p o i n t  f o r  which t h e  B-value e q u a l s  o r  exceeds t h a t  a t  P. 

10 
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. 
The a r c  l eng th  between consecut ive  p o i n t s  i n  the  sequence i s ,  i n  g e n e r a l ,  a l i n e a r  

f u n c t i o n  of t h e  g e o c e n t r i c  a l t i t u d e  of t h e  two p o i n t s ,  i n i t i a l l y  being d i r e c t l y  

c o n t r o l l e d  by t h e  p r e f i x e d  v a l u e  of t h e  parameter  c a l l e d  ERR. 

t h e  a r c  l e n g t h  keeps doubl ing u n t i l  an e r r o r  c o n t r o l  (dependent on ERR) l e v e l s  i t  

o f f  a t  a v a l u e  which i s  u s u a l l y  e ight  o r  t en  t i m e s  g r e a t e r  than  t h e  i n i t i a l  va lue .  

The r e s u l t  is  speed and accuracy at t h e  expense of a nonconstant  and sometimes 

u n p r e d i c t a b l e  c e l l  s i z e .  

During t h e  t r a c i n g ,  

U 

INTEG and CARMEL are s t r a i g h t f o r w a r d  programs which were l e f t  i n t a c t  from 

McIlwain's code. NEWMAG i s  a l s o  p r a c t i c a l l y  unchanged; i t  c o n t a i n s  t h e  l a tes t  

Cain e t  a l .  ( r e f e r e n c e  12)  f i e l d  c o e f f i c i e n t s  ( t r u n c a t e d  t o  48)  wi th  an o p t i o n  f o r  

January  1960 o r  November 1966. 

3. EQUAT 

This s u b r o u t i n e  traces a f i e l d  l i n e  from a g iven  p o i n t  t o  t h e  geomagnetic 

equa to r ,  i .e . ,  t o  t h e  p o i n t  on t h e  f i e l d  l i n e  wi th  minimum B-value. Usual ly ,  

t h e  s t a r t i n g  p o i n t  is  one de f ined  i n  a previous  INVAR c a l l  and is a l r eady  c l o s e  

t o  t h e  equator .  This  s t a r t i n g  poin t  is c a l l e d  VNEAR i n  the  program. EQUAT i s  

always used f o r  a more a c c u r a t e  de te rmina t ion  of the e q u a t o r i a l  p o i n t  and is  

c a l l e d  w i t h  a much smaller v a l u e  of ERR t h a n  t h e  one used i n  t h e  o r i g i n a l  f i e l d  

t r a c i n g .  

passed  t o  ensure  h i g h e s t  p r e c i s i o n .  

When c a l l e d  from EQUAT, t h e  ce l l -doubl ing  mechanism i n  LINES i s  by- 

4.  BESECT 

This  s u b r o u t i n e  o p e r a t e s  s i m i l a r l y  t o  EQUAT, b u t  traces a f i e l d  l i n e  downwards, 

i .e.,  i n  t h e  d i r e c t i o n  oppos i t e  t o  t h e  d i r e c t i o n  of t h e  e q u a t o r i a l  p o i n t ,  u n t i l  

a p r e f i x e d  B-value is  reached.  

5. INSECT 

This  s u b r o u t i n e  t r a c e s  a f i e l d  l i n e  from a g iven  p o i n t  downwards t o  t h e  i n t e r -  

s e c t i o n  w i t h  a geode t i c  a l t i t u d e .  

used f o r  t h e  de t e rmina t ion  of geomagnet ical ly  conjugate  p o i n t s .  

It  should  b e  noted  t h a t  t h i s  sub rou t ine  can be  

A l l  o p e r a t i o n s  mentioned i n  connection wi th  s u b r o u t i n e s  EQUAT, BESECT, and 

INSECT a r e  a c t u a l l y  executed by START, LINES, and NEWMAG. Informat ion  about t h e  

p a r t i c u l a r  t ype  of t r a c i n g  wanted 

i s  def ined  t o  be  0 i n  INVAR, 1 i n  

is t r a n s f e r r e d  by a parameter  c a l l e d  MMM which 

EQUAT, 2 i n  BESECT, and 3 i n  INSECT. 

11 
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6. BLRING 

Th i s  s u b r o u t i n e  f i n d s  t h e  B-L p o i n t  f o r  a given l o n g i t u d e ,  g i v e s  t h e  g e o c e n t r i c  

coord ina te s  of a sequence of p o i n t s  a long  t h e  f i e l d  l i n e  between t h i s  p o i n t  and 

i t s  con juga te ,  and computes a l l  geometr ic  f a c t o r s  r e q u i r e d  f o r  t h e  de t e rmina t ion  

of t h e  long i tude  and B dependence of t h e  p a r t i c l e  d r i f t  v e l o c i t y  and t h e  bounce 

pe r iod .  

To accomplish t h i s ,  t h e  s u b r o u t i n e  a c t u a l l y  de te rmines  f o u r  f i e l d  l i n e s  m ,  n ,  

0 ,  and p going through t h e  p o i n t s  M ,  N ,  0, and P l a b e l e d  M(B',L + 6L),  N(B' ,L) ,  

O(B,L + 6L),  and P(B,L), where B '  < B and 6L << L ( s e e  f i g u r e  4 ) .  

P is  t h e  t r u e  B-L r ing  p o i n t ;  t h e  o t h e r  t h r e e  a r e  needed i n  t h e  c a l c u l a t i o n  of 

t h e  d r i f t  and bounce f a c t o r s  g iven  i n  equa t ions  ( 2 ) ,  ( 4 ) ,  and (5) .  The procedure 

is  as fo l lows:  f o r  a g iven  l o n g i t u d e ,  t h e  f i e l d  l i n e  through t h e  p o i n t  M i s  

determined by c a l l i n g  SEARCH and EQUAT. Then t h e  f i e l d  l i n e  through t h e  p o i n t  N 

i s  determined,  as wel l  as t h e  v a l u e  of a I / a B ,  by c a l l i n g  INVAR a t  a p o i n t  of t h e  

f i e l d  l i n e  very  c l o s e  t o  N. Exac t ly  t h e  same procedure  i s  r epea ted  f o r  t h e  p a i r  

of p o i n t s  0 and P. 

superposed . )  The g rad ien t  of t h e  second i n v a r i a n t  i s  then  computed f o r  t h e  p a i r s  

of f i e l d  l i n e s  m,n and o ,p .  A c o r r e c t i o n  f o r  t h e  l o n g i t u d e  displacement  of t h e  

e q u a t o r i a l  p o i n t  a t  t h e  two d i f f e r e n t  L s h e l l s  i s  made t o  o b t a i n  a b e t t e r  estimate 

of t h e  pe rpend icu la r  d i s t a n c e  between t h e  e q u a t o r i a l  r i n g s  of t h e  two s h e l l s  L 

and L + 6L. F i n a l l y ,  t h e  geomagnetic q u a n t i t i e s  appear ing  i n  equa t ions  ( 2 )  and 

( 4 )  are c a l c u l a t e d  f o r  t h e  B-values B and B ' ,  and t h e  f a c t o r s  d ,  p ,  a 

g i v i n g  t h e  m i r r o r  dependence ( 5 ) ,  from these .  

The l a s t  p o i n t  

r L  (Of cour se ,  t h e  f i e l d  l i n e  p a i r s  m,o and n , p  w i l l  b e  a lmost  

.+- 

and u 
/ y S '  

This  s u b r o u t i n e  completes t h e  f i e l d  l i n e  t r a c i n g  done i n  BLRING down t o  p o i n t  

R a t  a p r e f i x e d  geode t i c  a l t i t u d e  level  c a l l e d  ALTO i n  one hemisphere ( s e e  f i g u r e  

5 ) .  
con juga te  t o  R ( i . e . ,  which has  t h e  same B-value). 

! 
I n  t h e  o t h e r  hemisphere,  i t  con t inues  t h e  t r a c i n g  t o  t h e  p o i n t  C which i s  

A f t e r  c a l l i n g  BLRING, t h e  f i r s t  o p e r a t i o n  i n  TRACE i s  t o  i n s e r t  t h e  e q u a t o r i a l  

p o i n t  which has  been a c c u r a t e l y  determined i n  EQUAT. 

of t h e  f i e l d  l i n e  t r a c e d  i n  BLRING, TRACE chooses t h e  one,  s ay  P ,  w i th  t h e  lowes t  

a l t i t u d e  and traces t h e  f i e l d  l i n e  from t h e r e  on downwards by c a l l i n g  INSECT. 

S p e c i a l  p r o v i s i o n  i s  made f o r  t h e  case t h a t  t h e  lower of P and Q should  f a l l  below 

ALTO. Subrout ine  BESECT i s  then  c a l l e d  a t  t h e  p o i n t  Q a t  t h e  o t h e r  end of t h e  

f i e l d  l i n e .  The f i e l d  l i n e  i s  then  t r a c e d  t o  a p o i n t  C where t h e  f i e l d  i n t e n s i t y  

I f  P and Q are t h e  end p o i n t s  

12 
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M (B',L+8L) . 

M 

F i g u r e  4. P a i r s  of F i e l d L i n e s  Traced f o r  t h e  Computation 
of D r i f t  Veloc i ty  'and Bounce Path.  

C 

INSECT 

A L T O ' ( I O 0  k m  L E V E L )  
R 

Figure  5 .  P o r t i o n s  of t h e  F i e l d  Line Assembled by Subrout ine  Trace.  
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is  t h e  same as a t  R. I n  some cases, t h e  p o i n t  C may f a l l  below ALTO; i n  t h a t  

c a s e ,  t h e  p o i n t s  from which INSECT and BESECT t r a c e  are r e v e r s e d ,  and t h e  e n t i r e  

procedure  is  repeated.  

I n  TRACE, a l l  f i e l d  l i n e  p o i n t  c o o r d i n a t e s  are conver ted  i n t o  g e o d e t i c  

c o o r d i n a t e s .  A flow c h a r t  f o r  t h i s  s u b r o u t i n e  i s  g iven  i n  f i g u r e  6 .  

This s u b r o u t i n e  can  b e  modi f ied  conven ien t ly  t o  o b t a i n  t r a c i n g  of t h e  f i e l d  

l i n e  t o  t h e  ALTO l e v e l  i n  both  t h e  n o r t h e r n  and t h e  s o u t h e r n  hemisphere 

( r e f e r e n c e  1 4 ) .  

8. SHELL 

SHELL i s  t h e  f i r s t  s u b r o u t i n e  i n  t h e  program and has  f i v e  primary purposes :  

(1) read  d a t a  and i n i t i a l i z e  t h e  necessa ry  pa rame te r s ,  (2 )  s e r i a l i z e  t h e  t h r e e  

p o r t i o n s  of the f i e l d  l i n e  d a t a  ob ta ined  i n  TRACE, (3 )  d e f i n e  t h e  sequence i n  B 

( c a l l e d  t h e  X-mesh) a t  which t h e  f i e l d  l i n e  d a t a  i s  d e s i r e d ,  ( 4 )  i n t e r p o l a t e  t h e  

f i e l d  l i n e  d a t a  onto t h i s  X-mesh, and (5) a f t e r  e d i t i n g  t h e  r e s u l t s ,  advance i n  

l o n g i t u d e  t o  t h e  next f i e l d  l i n e  u n t i l  t h e  s h e l l  i s  completed. 

Data which are read i n t o  t h e  program are t h e  B-L c o o r d i n a t e s  ( c a l l e d  SB and 

SL, r e s p e c t i v e l y )  of t h e  p o i n t  through which t h e  f i e l d  l i n e s  of t h e  s h e l l  a r e  t o  

b e  t r a c e d ,  t h e  a l t i t u d e ,  l a t i t u d e ,  and l o n g i t u d e  of  t h e  p o i n t  used as t h e  s t a r t i n g  

p o i n t  i n  t h e  i t e r a t i o n  technique  of subrout . ine SEARCH, t h e  s t e p  i n  l o n g i t u d e  

between s u c c e s s i v e  f i e l d  l i n e s ,  t h e  frequency of p r i n t i n g  a d e t a i l e d  e d i t ,  and 

t h e  c o n t r o l s  f o r  t h e  B-mesh t o  b e  used. 

be  found i n  s e c t i o n  I V ,  10. 

A f u l l  e x p l a n a t i o n  of t h e  i n p u t  d a t a  may 

Subrou t ine  TRACE is c a l l e d  and t h e  f i e l d  l i n e  geometry is  computed. 

i n  t h i s  geometry a r e  t h e  t h r e e  sequences of p o i n t s  a long  t h r e e  d i s t i n c t  p o r t i o n s  

of t h e  f i e l d  l i n e  (see f i g u r e  5).  These t h r e e  sequences do n o t  advance i n  t h e  

same d i r e c t i o n  along the f i e l d  l i n e .  Subrout ine  SHELL r e a r r a n g e s  t h e s e  t h r e e  

sequences of p o i n t s  i n t o  one monotonic sequence from p o i n t  R t o  p o i n t  C. 

Inc luded  

Two o p t i o n s  f o r  t h e  X-mesh are provided .  One d e f i n e s  a mesh of p r e f i x e d  

B-values, e q u a l l y  spaced. The o t h e r ,  though more complicated i n  concept ion ,  i s  

s p e c i f i c a l l y  designed f o r  s t u d i e s  of l o n g i t u d e  dependence of t r apped  p a r t i c l e s  

i n t e r a c t i n g  w i t h  the atmosphere. I n  t h i s  o p t i o n ,  t h e  X-mesh i s  de f ined  i n  such 

a way as t o  g i v e  B-values which correspond t o  p o i n t s  of p r e f i x e d  a l t i t u d e s ,  

roughly p r o p o r t i o n a l  t o  t h e  scale h e i g h t ,  on t h e  lower p o r t i o n  of t h e  f i e l d  l i n e  

( p o r t i o n  E-P-R i n  f i g u r e  5). However, due t o  t h e  l o n g i t u d e  dependence of t h e  

14 
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Figure 6 .  Flowchart for TRACE. 
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s h e l l  geometry, n o t  a l l  p o i n t s  of t h e  mesh can be f i x e d  i n  t h i s  way. Some mesh 

p o i n t s  have t o  b e  def ined  i n  a d i f f e r e n t  manner. I n  t h e  p r e s e n t  code, t h i s  i s  

done as fo l lows :  t he  f i r s t  mesh p o i n t  is always t h e  e q u a t o r i a l  p o i n t . *  The t h i r d  

through t w e l f t h  p o i n t s  have p r e f i x e d ,  l o n g i t u d i n a l l y  independent  B-values which 

are conven ien t ly  arranged as a f u n c t i o n  of t h e  s h e l l  parameter  L ;  t h e  second p o i n t  

i s  i n s e r t e d  accord ing  t o  t h e  a c t u a l  v a l u e  of t h e  e q u a t o r i a l  p o i n t .  For t h e  

s e c t i o n  of t h e  X-mesh w i t h  p r e f i x e d  a l t i t u d e s ,  t h e  u s e r  can select  t h e  number of 

p o i n t s  and t h e  maximum and minimum a l t i t u d e s  between which t h e s e  p o i n t s  should  be  

p laced .  A l l  remaining mesh p o i n t s  w i l l  b e  f i l l e d  i n  between t h e  t w e l f t h  p o i n t  

and t h e  h i g h e s t  of the  p r e f i x e d  a l t i t u d e  p o i n t s  ( s e e  f i g u r e  7 ) .  This  l a t t e r  

s e c t i o n  of  t h e  mesh v a r i e s  w i t h  long i tude ;  i t s  p o i n t s  have an  acco rd ion - l ike  

behav io r ,  expanding and c o n t r a c t i n g  a s  a f u n c t i o n  of l ong i tude .  The t o t a l  number 

of mesh p o i n t s  is  cons t an t  f o r  t h e  e n t i r e  s h e l l .  S p e c i a l  care should  b e  t aken  

t o  avoid  t o o  b i g ,  sudden changes i n  s t e p  s i z e .  It  should  b e  noted  t h a t ,  f o r  

a tmospher ic  s c a t t e r i n g  problems, a change i n  s t e p  s i z e  i s  less harmful  i f  i t  

occur s  a t  h i g h e r  a l t i t u d e s .  

9 .  SPLINE and YSPLN 

. 
* 

These subrou t ines  p rov ide  a ve ry  f a s t  and a c c u r a t e  i n t e r p o l a t i o n  scheme 

( r e f e r e n c e  13 ) .  

L e t  (x i ,y i ) ,  i=1 ,2 ,  ..., n b e  a sequence of number p a i r s  having t h e  p r o p e r t y  

t h a t  x1 < x2 < ... < x , Subrou t ines  SPLINE and YSPLN determine  a f u n c t i o n  f 

d e f i n e d  on t h e  number i n t e r v a l  [x l , xn ]  such t h a t  f ( x i )  = yi and ,  on t h e  i n t e r v a l  

[ X ~ - ~ , X ~ ] ,  t h e  f u n c t i o n  f i s  a cub ic  polynomial.  

t ives  f '  and f "  e x i s t s  and is cont inuous  on [x l ,xn ] .  

sequence x ,  t h e  sequence y ,  and t h e  number of p o i n t s  i n  t h e s e  sequences.  SPLINE 

r e t u r n s  t h e  sequence Y2DOT which i s  f "  e v a l u a t e d  a t  each v a l u e  of x 

a number, sub rou t ine  YSPLN e v a l u a t e s  f ( z ) .  Inpu t  f o r  YSPLN i s  t h e  sequence x ,  t h e  

sequence y ,  t h e  number of p o i n t s ,  t h e  sequence Y2DOT, and t h e  number z .  Subrout ine  

YSPLN f i n d s  a n  i n t e g e r  j such t h a t  xj-l  < z ~x 

t h e  c u b i c  equa t ion  d e f i n i n g  f on t h e  i n t e r v a l  [x  x 1 .  

n 

Moreover, each of t h e  de r iva -  

Inpu t  f o r  SPLINE i s  t h e  

I f  z i s  i' 

and then  de termines  f ( z )  by u s i n g  
j 

j -1 '  j 

* 
Remember t h a t  i n  the r e a l  f i e l d ,  t h e  B-value a t  t h e  e q u a t o r  of a s h e l l  de f ined  
by a B-L r i n g  o f f  the  equa to r  depends on t h e  long i tude .  
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-- 
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Figure  7. D e f i n i t i o n  of t he  X-mesh When A l t i t u d e s  a r e  P re f ixed .  

10.  DATA 

Below i s  a l is t  of t h e  i n p u t  d a t a  t o g e t h e r  w i t h  a b r i e f  e x p l a n a t i o n  of t h e i r  

f u n c t i o n s  and l i m i t a t i o n s :  

SB, SL The f i e l d  l i n e  which is  t o  b e  t r a c e d  s h a l l  go through a p o i n t  whose 

f i e l d  i n t e n s i t y  i s  SB and s h a l l  belong t o  t h e  s h e l l  f o r  which t h e  

McIlwain parameter  has t h e  v a l u e  SL. The u n i t s  f o r  SB a r e  gauss  and 

t h e  u n i t s  f o r  SL a r e  Earth r a d i i .  I n  p r i n c i p l e  t h e r e  are no restric- 

t i o n s  f o r  t h e  v a l u e s  of SB and SL, excep t  t h a t  t h e  SB-SL p o i n t  should  

l i e  above t h e  a l t i t u d e  of ALTO. Of cour se ,  beyond a v a l u e  of about  

5 f o r  SL, e x t e r n a l  sources  of t h e  f i e l d  must be  t aken  i n t o  cons idera-  

t i o n ,  and s h e l l  s p l i t t i n g  i n v a l i d a t e s  t h e  e n t i r e  program ( s e e  s e c t i o n  

1 1 ) .  

ALT, FLAT, 
FLONG These are t h e  geode t i c  c o o r d i n a t e s  of a p o i n t ,  i n  k i lome te r s  and 

degrees ,  r e s p e c t i v e l y .  The p o s i t i v e  d i r e c t i o n  f o r  l ong i tude  i s  e a s t  

of Greenwich. Subrout ine SEARCH w i l l  u s e  t h i s  p o i n t  as t h e  i n i t i a l  

v a l u e  i n  t h e  i t e r a t i o n  t echn ique  t o  f i n d  a p o i n t  i n  t h e  mer id ian  FLONG 

f o r  which B = SB and L = SL. The v a l u e  of FLAT determines  t h e  

1 7  
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SLONGl ,  
SLONG2, 
SLONG3 , 
SLONG4 

DLONGl , 
DLONG2, 
DLONG3 

NPR 

MESHB 

B I N ,  DELB 

I N T l  , INT2 
ALT 1, ALT2 

hemisphere i n  which t h e  B-L p o i n t  s h a l l  l i e .  It was found t h a t ,  i n  

view of t h e  c o n s i d e r a b l e  f i e l d  d i s t o r t i o n s  i n  t h e  South American 

Anomaly, i t  i s  convenient  t o  d e f i n e  t h e  L- she l l s  by t h e  B-L r i n g  p o i n t s  

i n  t h e  Northern hemisphere.  FLAT should  have a b s o l u t e  v a l u e  d i f f e r e n t  

from 90 degrees ;  It should  a l s o  b e  more than  5 t o  10 degrees  away from 

t h e  geomagnetic equa to r .  I n  g e n e r a l ,  i t  should  no t  d i f f e r  by more 

t h a n  10 t o  15 degrees  from t h e  rea l  SB-SL p o i n t .  S tandard  B-L maps 

( r e f e r e n c e  9 and 10) can a i d  t h e  u s e r  of t h e  programer i n  s e l e c t i n g  

t h e  i n i t i a l  v a l u e  of ALT and FLAT. 

These a r e  t h e  l o n g i t u d e s  a t  which t h e  l o n g i t u d e  s t e p  s i z e  i s  changed. 

These a r e  t h e  increments  f o r  t h e  l o n g i t u d e  s t e p  i n  degrees .  A f t e r  t h e  

geometry f o r  a f i e l d  l i n e  i s  c a l c u l a t e d ,  t h e  new f i e l d  l i n e  i s  deter- 

mined by changing t h e  va lue  of FLONG. 

DLONGl  between SLONG2 and SLONG3, DLONG2 i n  t h e  r eg ion  between SLONGl 

and SLONG2 and between SLONG3 and SLONG4, and DLONG3 e lsewhere .  

The increment  f o r  FLONG i s  

NPR i s  a p o s i t i v e  i n t e g e r  which c o n t r o l s  t h e  frequency of p r i n t i n g .  

D e t a i l e d  e d i t  i s  given every  NPR f i e l d  l i n e s  of t h e  s h e l l .  

MESHB is used as a c o n t r o l  f o r  t h e  cho ice  of mesh of B-values t o  be  

used.  I f  MESHB = 1 , t h e  mesh a t  which t h e  f i e l d  l i n e  d a t a  are  t o  b e  

i n t e r p o l a t e d  i s  g iven  as B-values of p r e f i x e d  a l t i t u d e  p o i n t s  a t  one 

end of t h e  f i e l d  l i n e .  I f  MESHB = 0 ,  t h e n  t h e  mesh i s  p r e f i x e d  w i t h  

a cons t an t  s t e p  s i z e  i n  B. 

I f  MESHB = 0 ,  then  t h e  mesh of p r e f i x e d  B-values beg ins  a t  B I N ,  i . e . ,  

X(1) = B I N .  Furthermore,  t h e  s t e p  s i z e  f o r  t h i s  mesh i s  DELB. Of 

cour se ,  B I N  must n o t  be  s o  l a r g e  t h a t  t h e  p o i n t  on t h e  f i e l d  l i n e  

w i t h  B-value e q u a l  t o  B I N  i s  below ALTO, n o r  so  s m a l l  t h a t  B I N  + 99* 

DELB i s  less t h a n  t h e  e q u a t o r i a l  va lue .  Care must be  taken  t o  ensu re  

t h a t  these l a t t e r  r e s t r i c t i o n s  are t r u e  f o r  a l l  l o n g i t u d e s .  

I f  MESHB = 1, t h e n  t h e  a l t i t u d e s  of t h e  p o i n t s  whose f i e l d  i n t e n s i t i e s  

are X(INT1) and X(INT2) on t h e  lower end of t h e  f i e l d  l i n e  are  A L T l  

and ALT2 k i l o m e t e r s ,  r e s p e c t i v e l y .  I N T l  must n o t  b e  g r e a t e r  t han  
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100, which i s  t h e  dimension of X, H ,  etc.  INT2 should  n o t  be  less 

than  1 2  f o r  X ( j ) ,  j = 3 , 4 ,  ..., 12 is  p r e f i x e d  i n  B.  ALTl i s  t h e  a l t i -  

t u d e  of t h e  lowest  po in t  on t h e  f i e l d  l i n e .  It can  b e  e q u a l  t o ,  bu t  

neve r  less t h a n ,  ALTO. ALT2 should be  chosen s o  t h a t  t h e  v a r i a t i o n s  

of t h e  X-mesh s i z e  should b e  as s m a l l  as p o s s i b l e  ( s e e  f i g u r e  7 ) .  

11. DIAGNOSTICS 

Below i s  a l i s t  of  t h e  p o s s i b l e  d i a g n o s t i c s  fol lowed by an exp lana t ion  of 

why they  were p r i n t e d  : 

SORRY, BUT I CANNOT FIND THAT POINT I N  ICHECK 

I f  t h i s  d i a g n o s t i c  is  g iven ,  then s u b r o u t i n e  SEARCH h a s  completed 15  i tera-  

t i o n s  t r y i n g  t o  f i n d  t h e  p o i n t  at long i tude  FLONG w i t h  L v a l u e  SL and B v a l u e  SB. 

I n  t h e  p r i n t o u t ,  t h e  d i a g n o s t i c  is fol lowed by t h e  number of i t e r a t i o n s  performed 

t o  f i n d  t h e  c o r r e c t  v a l u e  of L ,  the  number of i t e r a t i o n s  performed t o  f i n d  t h e  

c o r r e c t  v a l u e  of B y  t h e  a l t i t u d e ,  l a t i t u d e ,  and l o n g i t u d e  of t h e  p o i n t  a t  which 

t h e  i t e r a t i o n  p r o c e s s  began,  and the d e s i r e d  B , L  va lue .  The program chooses a 

new v a l u e  f o r  B ;  namely, SB becomes SB + .005, and t h e  s e a r c h  p rocess  beg ins  

aga in .  

There are t h r e e  pr imary reasons why t h i s  d i a g n o s t i c  can be  g iven .  The f i r s t  

i s  t h a t  an e r r o r  was made by t h e  user :  t h e  i n i t i a l  v a l u e  f o r  t h e  a l t i t u d e ,  l a t i -  

t ude ,  and l o n g i t u d e  (ALT, FLAT, FLONG) of t h e  d e s i r e d  B , L  p o i n t  (SB,SL) w a s  t oo  

f a r  from t h e  c o r r e c t  va lue .  The usua l  B,L maps can be  consu l t ed  t o  prevent  t h i s  

p r ob l e m .  

The second r eason  t h a t  t h i s  d i a g n o s t i c  can occur  appea r s  t o  be  caused by an  

i n h e r e n t  e r r o r  i n  INVAR. 

t h e  s u r f a c e  of t h e  e a r t h .  To c a l c u l a t e  t h e  v a l u e  of L a t  P ,  INVAR uses  s u b r o u t i n e  

LINES t o  trace t h e  f i e l d  l i n e  from P t o  t h e  p o i n t  P ' .  

s e c t i o n  I V Y  b y  LINES beg ins  a t  P and de termines  a sequence of p o i n t s  a long  t h e  

f i e l d  l i n e  through P u n t i l  some poin t  of t h e  sequence h a s  a B-value a t  l e a s t  as 

l a r g e  as t h a t  of P.  However, t h e  geometr ic  f i e l d  expansion used i n  LINES i s  

s t r i c t l y  v a l i d  o n l y . f o r  p o i n t s  above t h e  s u r f a c e  of t h e  e a r t h ,  and a p e c u l i a r  

behav io r  must b e  expec ted  i n  a forced  t r a c i n g  w e l l  below sea l e v e l .  

which such p e c u l i a r  behav io r  w a s  found t o  a f f e c t  t h e  c a l c u l a t e d  v a l u e  of L i s  

shown i n  f i g u r e  8. When f i e l d  l i n e s  are  t r a c e d  from t h i s  European r e g i o n ,  one 

f i n d s  a B-dependence a long  t h e  f i e l d  l i n e  as ske tched  i n  f i g u r e  9 .  

r e a l i z e d ,  t hen ,  t h a t  whenever I (or L) is computed i n  INVAR f o r  t h i s  f i e l d  l i n e ,  

Take a po in t  P whose con juga te  p o i n t  P '  l i e s  below 

A s  h a s  been d e s c r i b e d  i n  

A r eg ion  f o r  

It  i s  qu ick ly  

19 
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I P 

ARC LENGTH 
Figure  9.  Sketch of B-dependence Along F i e l d  Lines  

Traced from the  Area Shown i n  F igu re  8. 

o n l y  t h e  s e c t i o n  between M and N y i e l d s  c o r r e c t  v a l u e s  of L .  The v a l u e  of L a t  

M may d i f f e r  by as much as 3.5 pe rcen t  from t h a t  of a p o i n t  on t h e  same f i e l d  

l i n e ,  b u t  a t  a s l i g h t l y  h i g h e r  B va lue .  It i s  e a s i l y  seen t h a t  t h e  p o i n t s  

i t e r a t e d  by t h e  technique  used i n  SEARCH may f a i l  t o  converge t o  a p o i n t  w i th  

t h e  c o r r e c t  v a l u e  of L because  of  t h e  d i s c o n t i n u i t y .  There,  an i n h e r e n t l y  inco r -  

rect v a l u e  of L may b e  computed. 

The t h i r d  reason  why i t  i s  p o s s i b l e  f o r  t h i s  d i a g n o s t i c  t o  occur  i s  t h a t  t h e  

t o l e r a n c e  ERRL may b e  changed t o  a v a l u e  too  small w i t h  r e s p e c t  t o  ERR ( o r  ERR 

may b e  i n c r e a s e d  t o  a v a l u e  t o o  b i g ) .  I n  t h i s  case, t h e  i t e r a t e d  p o i n t s  may 

n e v e r  f a l l  i n  t h e  i n t e r v a l  SLkERRL. 

SORRY, BUT I CANNOT FIND THAT POINT I N  MCHECK 

I f  t h i s  d i a g n o s t i c  i s  g iven  i n  t h e  o u t p u t ,  t h e n  s u b r o u t i n e  SEARCH has  completed 

15 i t e r a t i o n s  t r y i n g  t o  f i n d  t h e  po in t  a t  l o n g i t u d e  FLONG w i t h  B-value SB. It i s  

n o t  expec ted  t h a t  t h i s  d i a g n o s t i c  w i l l  e v e r  occur  f o r  t h e  geomagnetic f i e l d  w i t h i n  

t h e  magnetosphere;  i t  is programmed i n t o  t h e  s u b r o u t i n e  t o  p reven t  any p o s s i b i l i t y  

of  an  i n f i n i t e  i t e r a t i o n .  The p r i n t o u t  which fo l lows  t h e  d i a g n o s t i c ,  as w e l l  a s  

t h e  a c t i o n  t aken  by t h e  program a f t e r  p r i n t i n g  t h e  d i a g n o s t i c ,  i s  e x a c t l y  t h e  

same as t h a t  desc r ibed  i n  t h e  d i s c u s s i o n  above. 

2 1  
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INCREASE OF ERR I N  EQUAT, o r  
INCREASE OF ERR I N  BESECT, o r  
INCREASE OF ERR I N  INSECT, o r  
INCREASE OF ERR I N  INVAR 

This  d i a g n o s t i c  is  g iven  i f ,  a f t e r  c a l l i n g  LINES f o r  t h e  s u b r o u t i n e  i n d i c a t e d  

i n  t h e  d i a g n o s t i c ,  more t h a n  200 p o i n t s  are found i n  t h e  t r a c i n g  of t h e  f i e l d  l i n e .  

The d i a g n o s t i c  is  followed by t h e  i n c r e a s e d  v a l u e  of ERR which w i l l  be  used i n  t h e  

r eca l l  of LINES. I f ,  a f t e r  i n c r e a s i n g  ERR and r e c a l l i n g  LINES,  i t  i s  found t h a t  

less t h a n  200 p o i n t s  were r e q u i r e d  t o  complete t h e  s e c t i o n  of t h e  f i e l d  l i n e  t race 

i n  q u e s t i o n ,  t h e  program w i l l  reset ERR t o  i t s  o r i g i n a l  sma l l  v a l u e  and proceed.  

This  check on t h e  number of p o i n t s  pe rmi t t ed  i n  t h e  t race i s  necessa ry  t o  p reven t  

an  over f low of t h e  dimension of B ,  VN1, VN2, VN3, BX, e tc .  S ince  ERR c o n t r o l s  

t h e  maximum s t e p  s i z e  of t h e  arc l e n g t h  a long  t h e  f i e l d  l i n e ,  then  an  i n c r e a s e  

of ERR w i l l  a l l ow a larger  s t e p  s i z e  and,  consequent ly ,  a smaller number of 

p o i n t s  i n  t h e  de t e rmina t ion  of t h e  f i e l d  l i n e .  

X SHOULD BE INCREASING I N  SPLINE 

I f  t h i s  d i a g n o s t i c  i s  g iven ,  t h e n  t h e  independent  v a r i a b l e  sequence wi th  

which t h e  i n t e r p o l a t i o n  s u b r o u t i n e  SPLINE is  c a l l e d  is  n o t  a n  i n c r e a s i n g  sequence.  

Fol lowing t h e  d i a g n o s t i c  i s  a l i s t  of t h e  p a i r  of sequences X and Y--the inde-  

pendent v a r i a b l e  and t h e  dependent v a r i a b l e .  The s u b r o u t i n e  con t inues  i t s  ca lcu-  

l a t i o n  b u t  t h e  r e s u l t s  i n  t h e  neighborhood of  t h e  s e c t i o n  where t h e  v a l u e s  of X 

a r e  n o t  i n c r e a s i n g  w i l l  l i k e l y  n o t  b e  c o r r e c t .  I t  i s  ve ry  u n l i k e l y  t h a t  t h i s  

d i a g n o s t i c  w i l l  ever b e  g iven  when SPLINE i s  used as a s u b r o u t i n e  t o  SHELL. The 

check i s  inc luded  mostly f o r  u s e r s  of SPLINE i n  o t h e r  i n t e r p o l a t i o n  problems. 

INCREASE THE DIMENSION OF ALL DIMENSIONED VARIABLES I N  SPLINE AND YSPLN 

This d i a g n o s t i c  occur s  i f  t h e  number of p o i n t s  i n  t h e  sequence X i s  g r e a t e r  

t h a n  t h e  maximum dimension of t h e  dimensioned v a r i a b l e s  i n  t h e s e  two s u b r o u t i n e s .  

The program w i l l  s t op  and the  u s e r  must i n c r e a s e  t h e  dimension of X ,  Y ,  D ,  P ,  E ,  

A, B ,  and Y2DOT i n  sub rou t ines  SPLINE and YSPLN. They are p resen ted  i n  t h i s  

document as dimensioned 400 p l a c e s  merely t o  save on s t o r a g e  requi rements .  

AT LEAST FOUR POINTS ARE NEEDED I N  THIS ROUTINE 

The t echn ique  used i n  SPLINE r e q u i r e s  a t  l eas t  f o u r  p o i n t s .  I f  t h e r e  are 

n o t  f o u r  v a l u e s  of the independent  v a r i a b l e ,  t h e  program s t o p s .  Should t h i s  

d i a g n o s t i c  occur ,  t h e  u s e r  can e i t h e r  dec rease  t h e  v a l u e  of ALTO o r  dec rease  t h e  

v a l u e  of ERR. I n  e i t h e r  c a s e ,  t h e  number of p o i n t s  a long  t h e  f i e l d  l i n e  w i l l  

i n c r e a s e .  

22 
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PROGRAM HALT I N  SUBROUTINE YSPLN----SEARCH L I S T  CONTAINS LESS THAN TWO POINTS 

The t echn ique  used i n  YSPLN r e q u i r e s  a t  l e a s t  two p o i n t s .  S ince  a c a l l  of 

t h i s  s u b r o u t i n e  l o g i c a l l y  fo l lows  a c a l l  of S P L I N E ,  t h e  d i a g n o s t i c  should  never 

occur  and i s  inc luded  only f o r  l o g i c a l  completeness.  
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SECTION V 

RESULTS 

Tables  I a n d I I s h o w  t y p i c a l  p r i n t o u t s  f o r  t h e  L = 1.25 s h e l l .  I n  t h e  f i r s t  

t a b l e ,  t h e  X-mesh was one of p r e f i x e d  B-value; i n  t h e  second t a b l e ,  t h e  X-mesh w a s  

d e f i n e d  acco rd ing  t o  p r e f i x e d  a l t i t u d e s  ( s e e  s e c t i o n  I V , S ) .  

Computer t i m e  f o r  a complete run  around t h e  wor ld ,  d e f i n i n g  72 f i e l d  l i n e s  

on t h e  s h e l l ,  w a s  2.56 minutes  on a Cont ro l  Data Corpora t ion  6600 computer,  and 

roughly f o u r  t i m e s  more on an  I B M  7094, f o r  L = 1.25. 

c a l c u l a t i o n  of d r i f t  v e l o c i t y  and bounce p e r i o d  t a k e s  0.73 minute  on t h e  CDC 6600. 

T rac ing  of a g iven  B-L r i n g ,  w i thou t  any a d d i t i o n a l  i n fo rma t ion  o t h e r  t h a n  g i v i n g  

t h e  c o o r d i n a t e s  of t h e  B-L p o i n t  on 72 d i f f e r e n t  l o n g i t u d e s  around t h e  wor ld ,  

r e q u i r e s  only  20 seconds on t h e  6600, f o r  L = 1.25.  A l l  t h e s e  computer t i m e s  

i n c r e a s e  w i t h  i n c r e a s i n g  L. 

The same r u n ,  w i thou t  t h e  

I n  f i g u r e s  1 0  and 11 t h e  l o n g i t u d e  dependence of a n g u l a r  d r i f t  v e l o c i t i e s  

and bounce p a t h s ,  r e s p e c t i v e l y ,  is  shown, f o r  L = 1 .25  and B = 0.18 and 0.22. 

No t i ce  t h a t  t h e  bounce p a t h  (and,  t h e r e f o r e ,  t h e  bounce pe r iod )  varies cons ider -  

a b l y  less w i t h  long i tude  t h a n  does t h e  d r i f t  v e l o c i t y .  This  i s  t o  b e  expec ted  

acco rd ing  t o  expres s ion  ( 4 ) ,  i n  which I and B are i n v a r i a n t ,  and shou ld  va ry  

o n l y  a l i t t l e  w i t h  longi tude .  
m 

When t h e  curves i n  f i g u r e s  10 and 11 are t o  b e  compared w i t h  t h o s e  p r e v i o u s l y  

c a l c u l a t e d ,  one h a s  t o  b e a r  i n  mind t h a t  l o n g i t u d e  dependence of d r i f t  v e l o c i t i e s  

and bounce p a t h s  depends ve ry  c r i t i c a l l y  on how t h e  s h e l l  w a s  o r i g i n a l l y  de f ined .  

The c o r r e c t  c a l c u l a t i o n  r e q u i r e s  p i c k i n g  t h e  L-she l l  a t  p r e c i s e l y  t h e  B p o i n t s  

f o r  which t h e s e  q u a n t i t i e s  are t o  be  determined.  
m 
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APPENDIX I 

PROGRAM DICTIONARY 

In  t h i s  appendix,  some of the most impor tan t  v a r i a b l e s  are d e f i n e d  f o r  t h e  

p r i n c i p a l  s u b r o u t i n e s .  

XVariab l e  DICTIONARY FOR SHELL I Units 

ALTO 

ALT1 

ABX arc l e n g t h  t o  t h e  preceding  p o i n t  i n  t h e  mesh a long  

t h e  f i e l d  l ine.  

ALT i n i t i a l  a l t i t u d e  va lue  f o r  t h e  i t e r a t i o n  p rocess  

used by s u b r o u t i n e  SEARCH. A f t e r  TRACE i s  c a l l e d ,  ALT 

i s  t h e  a l t i t u d e  of the B-L p o i n t  through which t h e  

f i e l d  l i n e  h a s  been t r aced  and w i l l  be  used as t h e  

i n i t i a l  v a l u e  f o r  t h e  i t e r a t i o n  a t  t h e  n e x t  f i e l d  

l i n e .  

minimum a l t i t u d e  l e v e l  t o  which t h e  f i e l d  l i n e  w i l l  

b e  t r a c e d .  

a l t i t u d e  of t h e  lowest p o i n t  i n  t h e  p r e f i x e d  a l t i -  

t u d e  s e c t i o n  of t h e  f i e l d  l i n e .  This is  used on ly  

i n  case MESHB = 1. 

a l t i t u d e  of t h e  h i g h e s t  p o i n t  i n  t h e  p r e f i x e d  a l t i -  

tude  s e c t i o n  of t h e  f i e l d  l i n e .  This i s  used only 

i n  case MESHB = 1. 

ALT 2 

B I N  B-value of t h e  f irst  p o i n t  of t h e  sequence of pre-  

f i x e d  B ' s .  This  is used on ly  i n  c a s e  MESHB = 0. 

BX B-value of t h e  sequence of  p o i n t s  a long  t h e  f i e l d  

l i n e .  

CLONG l o n g i t u d e  of t h e  po in t  on t h e  f i e l d  l i n e  a t  ALTO km. 

DARC arc l e n g t h  between s u c c e s s i v e  p o i n t s  a long  t h e  

f i e l d  l i n e .  DARC(j,l) i s  computed i n  BLRING, 

DARC(j,2) i n  INSECT, and DARC(j,3) i n  BESECT. 

B-value of p o i n t s  along t h e  f i e l d  l i n e .  

DB(j ,2) ,  and DB(j,3) a r e  c a l c u l a t e d  i n  BLRING, 

INSECT, and BESECT, r e s p e c t i v e l y .  

D B ( j , l ) ,  DB 

e a r t h  r a d i i  

km 

km 

km 

km 

gauss  

gauss  

deg rees  

e a r t h  r a d i i  

gauss 
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DELB 

DEQ 

DH 

DLAT 

DLONG 

DLONGl 

DLONG2 

DLONG3 

DPHIDX 

DRIFT 

EALT 
ELAT 

ELONG 
ENC 

ERR 
ERRB 
ERRL 
EVN 
FLAT 

increment in B-value for the sequence of prefixed 

B's. 

distance between the equatorial points of succes- 

sive field lines. 
altitude of points along the field line. 

calculation is done in the same order as that of 

DARC and DB. 
latitude of points along the field line. 

lation is done in the same order as that of DARC 
and DB. 
longitude of points along the field line. 

calculation is done in the same order as that of 
DARC and DB. 
increment in longitude in the region containing 

the anomaly for the SB-SL point through which the 
field line is to be traced. 

same as DLONGl except the region is outside the 

anomaly, but still not far from it. 
same as DLONGl except the region is away from the 

anomaly. 

change of equatorial longitude per unit equatorial 

distance . 
see dictionary for BLRING. 
altitude of the equatorial point. 
latitude of the equatorial point. 
longitude of the equatorial point. 
increment for the X mesh for the small region of 
prefixed B (approximately X(3) through X(12)). 
This is used only in case MESHB = 1. 
see dictionary for SEARCH. 
see dictionary for SEARCH. 
see dictionary for SEARCH. 
geocentric coordinates of the equatorial point. 
initial value of latitude for the iteration 

used by SEARCH. 

This is used only in case MESHB = 0. 

The 

The calcu- 

The 

See definition of ALT. 
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earth radii 

km 

degrees 

degrees 

degrees 

&gtees 

degrees 

radian/ 
earth radii 

km 
degrees 
degrees 
gauss 

degrees 



AFWL-TR-66-78 

FLAX 

FLONG 

n o x  ' 

H 

HXN 

HXP 

I N T l  

INT 2 

JLAST 

T T T D  
cl W L  

U S E  

KEQ 

LATN 

LINE 

LONGN 

MESHB 

NPR 

S 

SB 

l a t i t u d e  of t h e  sequence of p o i n t s  along t h e  f i e l d  

l i n e .  

l o n g i t u d e  of t h e  B-L po in t  through which t h e  f i e l d  

is  t o  be traced. 

l o n g i t u d e  of t h e  sequence of p o i n t s  a long  t h e  f i e l d  

l i n e .  

p r e f i x e d  a l t i t u d e  sequence. 

a l t i t u d e  of p o i n t s  i n  t h e  f i n a l  X-mesh f o r  which t h e  

a r c  l e n g t h  t o  t h e  equator  has  been de f ined  t o  be 

n e g a t i v e  . 
a l t i t u d e  of p o i n t s  i n  t h e  f i n a l  X-mesh f o r  which t h e  

a r c  l e n g t h  t o  t h e  equator  has  been de f ined  t o  be  

p o s i t i v e .  

number of p o i n t s  i n  the X-mesh i f  MESHB = 1. 

s u b s c r i p t  f o r  t h e  h ighes t  p o i n t  i n  t h e  s e c t i o n  of 

p r e f i x e d  a l t i t u d e  s e c t i o n  of t h e  X-mesh. 

number of p o i n t s  i n  the sequences BX, HBX, FLAT, 

n O X ,  ABX, and S. 

(JUP(1) - 1) i s  t h e  number of p o i n t s  c a l c u l a t e d  by 

BLRING; (JUP(2) - 1) i s  t h e  number of p o i n t s  ca lcu-  

l a t e d  by INSECT; and (JUP(3) - 1) is t h e  number of 

p o i n t s  c a l c u l a t e d  by BESECT. 

see d i c t i o n a r y  f o r  TRACE. 

s u b s c r i p t  f o r  t h e  e q u a t o r i a l  p o i n t .  

l a t i t u d e  of p o i n t s  i n  t h e  f i n a l  X-mesh f o r  which t h e  

t h e  arc l e n g t h  t o  the  equa to r  has  been d e f i n e d  t o  be  

p o s i t i v e  . 
number of f i e l d  l i n e  c a l c u l a t i o n s  completed. 

l o n g i t u d e  of t h e  p o i n t s  i n d i c a t e d  i n  t h e  d e f i n i t i o n  

of LATP . 
c o n t r o l  f o r  t h e  type  of X-mesh t o  be used ( s e e  

s e c t i o n  IV,8). 
e d i t  c o n t r o l .  De ta i l ed  p r i n t i n g  occur s  every  NPR 

c y c l e s .  

a r c  l e n g t h  from t h e  e q u a t o r i a l  p o i n t  t o  a p o i n t  i n  

t h e  sequence a long  the f i e l d  l i n e .  

B-value of t h e  p o i n t  th rough which t h e  f i e l d  l i n e  

w i l l  be t r a c e d .  

deg rees  

deg rees  

deg rees  

km 

km 

km 

degrees  

deg rees  

e a r t h  r a d i i  

gauss  
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SFLONG 

SL 

SLONGl, 
SLONG2, 
etc.  

SLOPE 

SXN 

SXP 

X 

ALT 

BALT 

BO 

BCONJ 

CLONG 

DARC 

DB 

DH 

DLONG 

DLAT 

DRIFT 

EALT 

EB 

ERR 

EVN 

FLAT 

FLONG 

JNEAR 

JUP 

USE 

KEQ 

PATH 

l o n o t u d e  of t h e  p o i n t  through which t h e  i n i t i a l  

f i e l d  l i n e  w a s  t r a c e d .  

L v a l u e  of t h e  s h e l l  t o  be determined. 

l o n g i t u d e  a t  which t h e  l o n g i t u d e  s t e p  s i z e  changes.  

see d i c t i o n a r y  f o r  BLRING. 

arc l eng th  t o  t h e  equa to r  of p o i n t s  i n  t h e  X-mesh 

as i n d i c a t e d  i n  t h e  d e f i n i t i o n  of LATN. 

a r c  l eng th  t o  t h e  equa to r  of p o i n t s  i n  t h e  X-mesh 

as i n d i c a t e d  i n  t h e  d e f i n i t i o n  of LATP. 

B-value of p o i n t s  i n  t h e  f i n a l  mesh. 

DICTIONARY FOR TRACE 

see d i c t i o n a r y  f o r  SHELL. 

a l t i t u d e  of t h e  last  p o i n t  c a l c u l a t e d  i n  BESECT. 

The B-value on t h e  f i e l d  l i n e  a t  t h i s  a l t i t u d e  w i l l  

e q u a l  o r  b e  s l i g h t l y  h ighe r  t han  BO. 

B-value on t h e  f i e l d  l i n e  a t  t h e  ALTO km level. 

B-value t o  which BESECT must trace. 

l o n g i t u d e  of t h e  lowes t  p o i n t  i n  t h e  f i n a l  X-mesh. 

see d i c t i o n a r y  f o r  SHELL. 

see d i c t i o n a r y  f o r  SHELL. 

see d i c t i o n a r y  f o r  SHELL. 

see d i c t i o n a r y  f o r  SHELL. 

see d i c t i o n a r y  f o r  SHELL. 

see d i c t i o n a r y  f o r  BLRING. 

a l t i t u d e  of  t h e  e q u a t o r i a l  p o i n t .  

B-value of t h e  e q u a t o r i a l  p o i n t .  

see d i c t i o n a r y  f o r  SEARCH. 

g e o d e t i c  c o o r d i n a t e s  of t h e  e q u a t o r i a l  p o i n t .  

see d i c t i o n a r y  f o r  SEARCH. 

see d i c t i o n a r y  f o r  SEARCH. 

see d i c t i o n a r y  f o r  BLRING. 

see d i c t i o n a r y  f o r  SHELL. 

t h i s  has  v a l u e  1 o r  2 depending on which end of 

t h e  f i e l d  l i n e  is  lower i n  t h e  t r a c i n g  of BLRING. 

see d i c t i o n a r y  f o r  SHELL. 

see d i c t i o n a r y  f o r  BLRING. 
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RUM 

SB 

S L  

SLnPE 

VCONJ 

VLAST 

VNEAR 
v N 1  

vN2 

vN3  

VSAVE 

ALT 

ARC 

BB 

BZERO 

CORR 

DRIFT 

EB 

ERR 

EALT 

FLAT 

FLONG 

J U  

geodetic coordinates of the point at which BESECT 

begins to trace the field line. 

see dictionary for SEARCH. 

see dictionary for SEARCH. 

see dictionary for BLRING. 

after the call of INSECT, this is the geodetic 

coordinates of the intersection of the field 

line with ALTO. 

geodetic coordinates of the last point in the 

section of the field line traced in SEARCH. 

see dictionary for BLRING. 

geodetic altitude of points in the section of 
field line traced in the last call of L I N E S .  

geodetic latitude of points in the section of the 

field line traced in the last call of L I N E S .  

geodetic longitude of points in the section of the 

field line traced in the last call of LINES.  

geodetic coordinates of the first point in the 
sect-oil of the field l ine c,,,-d 1,. CUADPU 

L L a C c u  u y  UYAL\VII. 

DICTIONARY FOR BLRING 

see dictionary for SEARCH. 

arc length between consecutive points of the 

field line. 

see dictionary for SEARCH. 

equatorial field intensity for a pure dipole at the 
given L-shell. 

longitude correction for a parallel displacement 

of field lines. 
drift factor--see SLOPE. 

equatorial B-value. 
see dictionary for SEARCH. 

altitude of the equatorial point. 

see dictionary for SEARCH. 

see dictionary for SEARCH. 

(JU - 1) is the total number of points in the field 
as traced by BLRING. 

see vNEAR. 

earth radii 

co-latitude 

radians 

earth radii 

gauss 

r ad i ans 

gauss 

km 
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PATH 

PSLOPE 

SB 

SL 

SLOPE 

VINEAR 

VN1 

VSAVE 

ALT 

BB 

BP 

BR 

BT 

B 1  

B2 

DV 

ERR 

ERRI? 

ERRL 

~ 

r e c t i f i e d  t r a j e c t o r y  of a p a r t i c l e  from one m i r r o r  e a r t h  r a d i i  

p o i n t  t o  i t s  con juga te .  

f a c t o r  which g i v e s  t h e  B-dependence of PATH i n  t h e  

expres s ion  (5 ) .  

see d i c t i o n a r y  f o r  SEARCH. 

see d i c t i o n a r y  f o r  SEARCH. 

f a c t o r  which g i v e s  t h e  B-dependence of t h e  d r i f t  

v e l o c i t y  i n  t h e  expres s ion  (5) .  

d r i f t  v e l o c i t y  i n  cm/sec, see comment ca rds .  

when determined i n  SEARCH, VNEAR i s  t h e  g e o d e t i c  

coord ina te s  of t h e  f i r s t  p o i n t  i n  t h e  f i e l d  l i n e  

t r a c i n g  f o r  which B i n c r e a s e s  a g a i n ,  i . e . ,  VNEAR 

i s  t h e  geode t i c  c o o r d i n a t e s  of t h e  f i r s t  p o i n t  

a f t e r  t h e  e q u a t o r i a l  p o i n t .  JNEAR - 1 i s  t h e  

number of p o i n t s  between t h e  o r i g i n  of t h e  

t r a c i n g  and VNEAR. 

VNEAR i s  t h e  g e o c e n t r i c  c o o r d i n a t e s  of t h e  equa- 

t o r i a l  p o i n t .  

see d i c t i o n a r y  f o r  SEARCH. 

see d i c t i o n a r y  f o r  SEARCH. 

To o b t a i n  t h e  

When determined i n  EQUAT, 

DICTIONARY FOR SEARCH 

g e o d e t i c  a l t i t u d e  of t h e  i n i t i a l  p o i n t  i n  t h e  

i t e r a t i o n  process--becomes t h e  g e o d e t i c  a l t i t u d e  

of t h e  SB-SL p o i n t .  

magnitude of t h e  geomagnetic f i e l d  i n t e n s i t y .  

east  component of t h e  geomagnetic f i e l d .  

r a d i a l  component of t h e  geomagnetic f i e l d .  

s o u t h  component of t h e  geomagnetic f i e l d .  

f i e l d  i n t e n s i t y  a t  p o i n t  T ( s e e  f i g u r e  3 ) .  

f i e l d  i n t e n s i t y  a t  p o i n t  S ( s e e  f i g u r e  3).  

i n i t i a l  increment i n  l a t i t u d e .  

c o n t r o l  parameter f o r  t h e  s t e p  s i z e  i n  l i n e  

t r a c i n g .  

r e l a t ive  g r o s s  t o l e r a n c e  i n  B ;  f i n a l  t o l e r a n c e  

i s  1 /20  of t h e  i n i t i a l  va lue .  

re la t ive  g r o s s  t o l e r a n c e  i n  L; f i n a l  t o l e r a n c e  

i s  1/100 of t h e  i n i t i a l  v a l u e .  
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FLAT g e o d e t i c  l a t i t u d e  of t h e  i n i t i a l  s t a r t i n g  p o i n t  i n  

t h e  i t e r a t i o n  process--becomes t h e  g e o d e t i c  l a t i -  

t ude  of t h e  SB-SL po in t .  

FLONG geode t i c  l ong i tude  of t h e  i n i t i a l  p o i n t  i n  t h e  

i t e r a t i o n  p rocess .  

J U P  ( J U P  - 1) is  t h e  t o t a l  number of p o i n t s  i n  t h e  

f i e l d  l i n e  t r a c i n g .  

SB p re f ixed  B-Value of t he  p o i n t  sought  i n  SEARCH. 

SL prefi .xed L-value of the  p o i n t  sought  i n  SEARCH. 

gauss  

e a r t h  r a d i i  
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APPENDIX I1 

PROGRAM LISTING 
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c 
c 
i 
C 

c 
c 
i. 

i. 

C 

c 
(3 

I L 

I I 

i.. 

c 
r 
L 

L ., 
i 

C 
I- 

5 -  
F 

.. 
c 
C 

40 



- 
L 

C 

1 

C 
C 
C 
2 

5 

C 

C 
C 

r L 

C 
C 

D E F I N E  P R E F I X E D  X-MESH A 58 
A 59 

R E A D  (5 .54 )  M E S H O I B I N I D E L B  A 60 
I F  ( M E % H E . E Q * I  1 GO TO 2 A 6 1  
X ( 1  ) = B I N  A 62 
DO 1 J = 2 t 1 0 0  A 63 
X ( J ) = X ( J - l ) + D E L B  A 64 
GO TO 4 A 65 

A 66 
D E F I N E  P R E F I X E D  A L T I T U D E  MESH 4 67 

A 68 
R E A D  (5.55) I N T l t I N T 2  A 69 
P E A D  (5.52) A L T l r A L T 2  A 70 
E N T  1 = I N T  1 A 71 
E N T 2 =  I N T 2  A 72 
W R I T E  (6952)  E N T l q E N T 2  A 73 
W R I T E  (6.52) A L T l . A L T 2  A 74 
J M I N = l  A 75 
JMAX= I N T  1 A 76 
E = A L O G ( A L T l / A L T 2 ) / A L O G ( E N T l / E N T 2 )  A 77 
E N = - E  A 78 
A = A L T 2 * E N T E + + E N  A 79 
DO 3 I = I N T E q I N T l  A 80 
F I = I  A 81 
H ( I ) = A * F I * * E  A 82 

A 83 
D E F I N E  F I E L D  L I N E  GEOMETRY A 84 

A 85 

1 ~ J U P ~ D R I F T t C L O N G ~ S L O P E ~ E V N ~ D L O N G t D L A T ~ P A T H t P S L O P E ~  A 87 
I F  ( L I N E . E Q . 0 )  GO TO 5 A 88 
D R = A B S ( E V N l ( l ) - E V N ( l ) )  A 89 
D T H E = A B S ( E V N 1 ( 2 ) - E V N ( 2 ) )  A 90 

A 9 1  DPHI=ABS(EVN1(3)-EVN(3)1 
R O = ( E V N 1  ( l ) + E V N ( l ) ) * O . 5  0 92 
S I T = A B S ( S I N ( ( E V N l ( 2 ) + E V N ( 2 ) ) + 0 . 5 ) )  A 93 
S S Q = S I T + S I T  A 94 
DEQ=SQRT(DR+DR+RO+RO+(DTHE+DTHE*DTHE+DPHI*DPHI*SSQ)) A 95 
D P H I D X = D P H I / D E Q  A 96 
CONT I NUE A 07 
S I T = A B S I S I N ( E V N ( 2 ) ) )  A 98 
S S O = S I T + S I T  A 09 
OER=(6356o912+SSQ*(2lo3677tolO8*SS~~~/637lo2 A 100 
A E R = E V N ( l ) - O E R  A 1 0 1  
E A L T = A E R * 6 3 7 1 . 2  A 1 0 2  
E L A T = Q O . - E V N ( 2 ) * 5 7 0 2 9 5 7 7 9 5  A 1 0 3  
E L O N G = E V N ( 3 ) * 5 7 . 2 9 5 7 7 9 5  A 104 
I F  ( E L O N G o G T o 1 8 0 o )  E L O N G = E L O N G - 3 6 0 o  A 1 0 5  
IF ( E L O N G o L T . - 1 8 0 . )  E L O N G = E L O N G + 3 6 0 .  A 1 0 6  

A 107  
E Q U A T O R I A L  D R I F T  V E L O C I T Y  I N  D E G R E E S  P E R  SECOND I S  G I V E N  BY A 1 0 8  
D R I F T  V E L O C I T Y  ( I N  CM/SEC) * D P H I D X  A 1 0 0  

A 1 1 0  

lSLOPEtPATH*PSLOPE~DPHIDX A 112 
A 1 1 3  

ARRANGE I N  ORDER A L L  P O R T I O N S  O F  F I E L D  LINE A 1 1 4  

C A L L  T R A C E  ( D B I D A R C I D H I K E Q ~ A L T ~ F L A T ~ F L O ~ G . € R R * E R R B ~ E R R L * S B ~ S L ~ K A S E  A 86 

W R I T E  (6.57) F L O N G ~ S L ~ S B I A L T ~ F L A T , E A L T I E L A T ~ E L A T ~ ~ L O N G ~ D B ( K E Q ~ ~ ) ~ @ R I F T I  A 1 1 1  



c 

6 

7 

R 

9 

1 3  

1 1  

12 

1 3  

1 4  

A B X ( l ) = P a O  
I F  ( J U P ( 2 ) o E Q . O )  GO T O  10 
J E N D = J U P ( E ) - l  
DO 6 J z E t J E N D  
JJ=E-J+JUP(E) 
J M l = J - I  
B X (  J M 1  ) = D R (  J J t 2 )  
F L O X ( J ' v l l ) = D L O N G ( J J * 2 )  
F L A X ( J V l ) = D L A T ( J J + 2 )  
H B X ( J M l ) = D H ( J J , 2 )  
A B X ( J ) = D A R C ( J J * 2 )  
IF ( K A ~ E . E Q . ~ )  GO TC a 
J E N D = J U P ( l ) - l  
DO 7 J z 2 9 J E N D  
JPJ=JUP(2) -3+J  
B X ( J P J ) = D B ( J * l )  
F L A X ( J P J ) = D L A f ( J * l )  
F L O X ( J P J ) = D L O N G ( J * l )  
H B X ( J P J ) = D H ( J t l )  
A B X ( J P J + l ) = D A R C ( J + l r l )  
K E Q = J U p ( 2 ) - 3 + K E Q  
GO T O  1 4  
J E N D = J U P ( l ) - l  
DO 9 J z 2 t J E N D  
JPJ= JUP ( 2 )  -3+ J 
J J = Z - J + J U P ( l )  
B X ( J P J ) = D B ( J J t l )  
F L A X ( J P J ) = D L A T ( J J g l )  
F L O X ( J P J ) = D L O N t ( J J * l )  
H B X ( J P J ) = D H ( J J + l )  
A B X ( J P J + l ) = D A R C ( J J * l )  
K E Q = J U D ( l ) + J U P ( 2 ) - 1 - K E Q  
GO T O  1 4  
I F  (KASE.EQ.2 )  GO T O  1 2  
J E N D = J U P ( l ) - l  
DO 1 1  J z 2 q J E N D  
J M 1  = J - 1  
B X ( J M l ) = D B ( J t l )  
F L A X ( J M l ) = D L A T ( J * l )  
F L O X ( J M l ) = D L O N G ( J * l )  
H B X ( J M l ) = D H ( J * l )  
A B X ( J ) = D A R C ( J + l + l )  
K E Q Z K E O -  1 
GO T O  1 4  
J E N D = J U P ( l ) - l  
D O  1 3  Jr2rJEND 
J J = J U P ( l ) - J + 2  
J M l = J - 1  
B X (  J M 1  )=De( JJI 1 )  
F L A X ( J M l ) = D L A T ( J J I l )  
F L O X (  J M l  ) = D L C N G (  JJal 1 
H P X ( J Y l ) = D H ( J J * l )  
A B X ( J ) = D A R C ( J J s l )  
K E O = J U P ( l ) + l - K E Q  

J E N D = J U P ( 3 ) - 1  
I F  ( J U P ( 3 ) a E Q . O )  GO T O  1 6  

A 1 1 5  
A 1 1 6  
A 1 1 7  
A 1 1 8  
A 1 1 9  
A 1 2 @  
A 1 2 1  
A 1 2 2  
A 1 2 3  
A 1 2 4  
A 1 2 5  
A 1 2 6  
A 1 2 7  
A 1 2 8  
A 129 
A 1 3 0  
A 1 3 1  
A 1 3 2  
A 1 3 3  
A 1 3 4  
A 1 3 5  
A 1 3 6  
A 1 3 7  
A 1 3 8  
A 1 3 9  
A 1 4 0  
A 1 4 1  
A 1 4 2  
A 1 4 3  
A 1 4 4  
A 1 4 5  
A 1 4 6  
A 1 4 7  
A 1 4 8  
A 1 4 9  
A 1 5 0  
A 1 '51 
A 1 5 2  
A 1 5 3  
A 1 5 4  
A 1 5 5  
A 1 5 6  
A 1 5 7  
A 1 5 8  
A 1 5 0  
A 1 6 0  
A 1 6 1  
A 1 6 2  
A 1 6 3  
A 1 6 4  
A 1 6 5  
A 1 6 6  
P 1 6 7  
A 1 6 8  
A 1 6 0  
A 1 7 0  
A 1 7 1  
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15 

16 

17 

18 

19 
C 
C 
C 

20 

21 

22 

23 

24 

DO 15 J=Z*JEND 
JPJ=JUP(l)+JUP(2)-5+J 
IF (JUP(2)oEQ.O) JPJ=JPJ+2 
RX(JPJ)=DR(Jt3) 
FLOX(JPJ)=DLONG(J*3) 
FLAX(JPJ)=DLAT(J*3) 
HBX(JPJ)=DH(Jt3) 
ABX(JPJ+l )=DARC(J+lt3) 
JLAST=JUP(l)+JUP(2)+JUP(3)-5 
IF (JUP(2)eEQ.O) JLAST=JLAST+E 
JU= JUP ( 3 1 
BX(JLAST)=DB(JU*3) 
FLOX(JLAST)=DLONG(JU*3) 
FLAX(JLAST)=DLAT(JU*3) 
HBX(JLAST)=DH(JU*3) 
GO TO 17 
JLAST=JUP(l)-l 

JU=2 
IF (JUP(2)mNEeO) JLAST=JLAST+JUP(2)-2 

IF (KASE.EQ.1) JU=JUP(l) 
RX(JLAqT)=DB(JU*l) 
FLOX(JLAST)=DLONG(JUtl) 
HBX(JLAST)=DH(JU*l) 
FLAX(JLAST)=DLAT(JUtl) 
CONT 1 NUE 
S(KEQ)=OeO 
IENDZKEO-1 
DO 18 I=lrIEND 
I I =KEQ-I 
S(II)=S(II+l)-ABX(II+l) 
I END= JLAST- 1 
DO 19 IzKEQtIEND 
S(I+l)=S(I)+ABX(I+l) 

DEFINE X-MESH IN CASE OF PREFIXED ALTITUDES (MESHBoEQel) 

IF (MESHB.EQ.0) GO TO 28 
I STAR=3 
FSTAR=ISTAR 
ENC=e002*SL*SL*SL/(1~25+1.25+1.25*le25) 
IF ( B X ( K E Q ) . L T . ( e 3 1 1 6 5 3 / ( S L * S L * S L ) + F S T A R * E N C ) )  GO TO 21 
ISTAR=ISTAR+I 
FSTAR=FSTAR+Ie 
GO TO 20 
X(l)=BX(KEQ) 
DO 22 I=ISTAR*lZ 
EI=I 
X( I )=.311653/(SL*SL*SL)+EI*ENC 
ISMl=ISTAR-1 
F I  S= I SVl 
DEL=(X(ISTAR)-X(l))/FIS 
DO 23 1=2tISM1 
X(I)=x(I-l)+DEL 
CALL SPLINE (HBXtBXtY2DOT*KEQ) 
DO 24 J=INTZt100 
CALL YSPLN ( H B X I B X ~ K E Q I Y ~ D O T * H ( J ) ~ X ( J ) )  
I STAR= 12 

A 172 
A 173 
A 174 
A 175 
A 176 
A 177 
A 178 
A 179 
P le0 
A 1 8 1  
A 182 
A 183 
A 184 
A 185 
A 186 
A 1P7 
A 188 
A 189 
A 190 
A 1 9 1  
A 192 
A 193 
A 194 
A 195 
A 106 
A 197 
A 198 
A 199 
A 200 
A 201 
A 202 
A 203 
A 204 
A 205 
A 206 
A 207 
A 208 
A 209 
CI 210 
A 211 
A 212 
A 213 
A 214 
A 215 
A 216 
A 217 
A 218 
a 219 
A 220 
A 221 
A 222 
A 223 
A 224 
A 225 
A 226 
A 227 
A 228 



25 

26 

27 

r 
L 

C 
C 
C 
28 

29 

30 

3 1  

32 
33 
C 
C 
C 

34 

35 
36 

37 

38 

39 

40 

I F  ( X ( I S T A R ) e L T * X ( r N T 2 ) )  GO T O  26 
I S T A R Z I S T A R - 1  
I F  ( I S T A R . G T . 0 )  GO T O  25 
S T O P  
N z I N T 2 - I S T A R  
EN=N 
D E L = ( X ( I N T 2 ) - X ( I S T A R ) ) / E N  
L I M I T = I N T 2 - 2  
DO 27 I = I S T A R t L I M I T  
x ( I + l ) = X ( I ) + D E L  
GO T O  33 

D E T E R M I N E  T H E  BOUNDS O F  T H E  X - M E S H  C O M P A T I B L E  W I T H  A V A I L A B L E  
P O I N T 5  O N  T H E  F I E L D  L I N E S I I N  C A S E  O F  P R E F I X E D  X-MESH (ME5HB.EQ.O)  

DO 29 J = l r l O O  
I F  ( B X ( K E Q ) e L T a X ( J ) )  GO T O  30 
C O N T  I NU€ 
W R I T E  (6958) 
S T O P  
J M I N = J  
DO 3 1  J - J M I N I ~ O O  
I F  ( B X ( J L A S T ) m L T . X ( J ) )  GO T O  32 
C O N T  I NUE 
J V A X =  1 0  1 
J M A X =  J- 1 
C O N T  I NUE 

I N T E R P O L A T E  A L T I T U D E S  AND ARC L E N G T H S  O N T O  X M E S H  

A 223 
A 230 
P 2 3 1  
A 232 
A 233 
A 234 
A 235 
A 236 
A 237 
A 238 
A 239 
A 240 
A 2 4 1  
A 242 
A 343 
A 244 
A 245 
A 246 
A 247 
A 248 
P 249 
A 250 
A 2 5 1  
A 252 
A 253 
A 254 
A 255 
A 256 
A 257 
A 258 

I F  ~ ~ ~ F L O X ~ 1 ~ ~ L E ~ 1 0 0 ~ ~ ~ A N D . o . G f . 2 5 O ~ ~ ~ ~ O R ~ ~  ( F L O X ( l ) . G T .  A 259 
1 2 5 0 ~ ) . A N D ~ ( F L O X ( J L A S T ) . L E . 1 0 0 . ) ) ) )  GO T O  34 A 260 

GO T O  36 A 2 6 1  
DO 35 I z l r J L A S T  A 262 

A 263 
C O N T I N U E  A 264 
CONT I NUE A 265 
K E Q 1 - K E Q - 1  A 266 
DO 37 I r l t K E Q l  A 267 
I I =KEO-1 A 268 
S K N ( ! ) = S ( I I )  A 269 
B K N ( I ) = B X ( I I )  A 270 

A 2 7 1  C A L L  SPLINE ( B K N I S K N I Y ~ D O T I K E Q ~ )  
JJ= J M  I N  A 272 
IF (bbSD.GT.0) ' 1  JJ=2 A 273 
DO 3b J=JJ* J M A ~  A 274 
C A L L  Y S P L N  ( B K N I S K N I K E O ~ ~ Y ~ D O T I X ( J ) I S X N ( J ) )  A 275 
C O N T  I NUE A 276 
N P T S = I E N D + l - K E O  A 277 
D O  39 Jt 1 r N P T S  A 278 
J K  1 = J + K E Q  A 279 
S K N ( J I ' S ( J K 1 )  A 280 

A 2 8 1  
C A L L  SPLINE ( B K N I S K N I Y ~ D O T I N P T S )  A 282 
D O  40 J z J J q J M A X  A 283 
C A L L  Y S P L N  ( B K N I S K N I N P T S I Y ~ D O T I X ( J ) I S X P ( J ) )  A 284 
N P T S = I E N D + l  .A 285  

I F  ( F L O X ( I ) e G T a 1 8 0 . )  F L O X ( I ) = F L O X ( I ) - 3 6 0 *  

B K N ( J ) = B x ( J K l  1 

, 



. 

4 1  

42 

43 
C 
C 
C 
C 
c 

44 

45 

46 

C 
L 

C 

47 

48 

4 9  

50 

5 1  
C 
52 

C A L L  S P L  I NE ( S H B X  t Y 2 D O T  9 N P T S  A 236 
DO 4 1  J = J M I Y * J W A X  A 287 
C A L L  Y S P L N  ( S a H B X * N P T S t Y 2 D O T * S X N ( J )  * H X N ( J ) )  A 208 
C A L L  Y S P L N  ( S * H B X I N P T S ~ Y ~ D O T I S X P ( J ) . H X P ( J ) )  A 289 
C A L L  S P L I N E  ( S I F L A X I Y ~ D O T I N P T S )  A 290 
DO 42 J = J Y I N * J M A X  D. 2 9 1  
C A L L  Y S P L N  ( S r F L A X * N P T S t Y 2 D O T e S X N ( J ) * L A T N ( J ) )  A 292 
C A L L  Y S P L N  ( S , F L A X * N P T S ~ Y ~ D O T I S X P ( J ) ~ L A T P ( J ) )  A 233 
C A L L  S P L  I NE ( S IFLOX 9 Y E D O T  . N P T S )  A 294 
DO 43 J z J M I N e J M A X  A 295 

A 296 C A L L  Y C P L N  ( S * F L O X * N P T S t Y 2 D O T * S X N ( J )  t L O N G N ( J ) )  
C A L L  Y S P L N  ( S I F L O X I N P T S + Y ~ D O T * ~ X P ( J )  q L O N G P ( J ) )  A 297 

A 238 
A 299 

O U T P U T  - - C O O R D I N A T E S  O F  X-MESH P O I N T S  A L O N G  THE N O R T H  AND T H E  A 300  
S O U T H  P O R T I O N S  O F  T H E  F I E L D  L I N E  A 3 0 1  

A 302  
DO 44  J = J M I N t J M A X  A 303  
I F  ( L O N G N ( J ) . G T . l H O . )  L O N G N ( J ) = L O N G N ( J ) - 3 6 0 .  A 304  
I F  ( L O N G P ( J ) * G T . l A O *  1 L O N G P ( J ) = L O N G P ( J ) - 3 6 0 .  A 305 
iF ( L O N G N ( J ) * L T . - 1 8 0 . )  L O N G N ( J ) = L O N G N ( J ) + 3 6 0 .  A 306 
I F  ( L O N G P ( J ) ~ L T * - l B O o )  L O N G P ( J ) = L O Y C P ( J ) + 3 6 0 .  A 307 
S X N ( J ) = A B S ( S X N ( J ) ) + 6 3 7 1 * 2  A 308 
S X P ( J ) = S X P ( J ) * 6 3 7 1 . 2  A 309 
I F  ( L A T N  ( J M A X  1 .LT n L A T P  ( J M A X )  1 GO T O  45 A 3 1 0  
I F  ( M O D ( L I N E , N P R ) o E Q o O )  W R I T E  (6 .59)  (I*X(I).HXN(I).HXP(I)*SXN(I). A 3 1 1  

lSXP(I)tLATN(I)tLATP(I)~LONGN( I)tLONGP(I)tI=JMINtJMAX) A 3 1 2  
GO T O  4 6  A 3 1 3  

lSXN(I)*LATP(I).LATN(I)*LONGP( I ) . L O N G N ( I ) ~ I = J Y I N I J M A X )  A 3 1 5  
CONT I NUE A 3 1 6  
D R I F T = D R I F T * P A T H  A 3 1 7  
P H I  = E V N (  3 ) A 318 
B A C K S P A C E  1 0  A 3 1 3  

1 ~ H X P ~ I ~ ~ S X N ~ I ~ t S X P ~ I ~ ~ I ~ J M I N ~ J M A X ~  A 3 2 1  
E N D  F I L E  1 0  A 322 

A 323 
I N I T I A L I 7 E  F O R  T H E  N E X T  L I N E  A 324 

A 325 
DO 4 7  I = l r 3  A 326 
E V N l  ( I  ) = E V I \ l (  I )  A 327 
I F  ( ( F L O N G . L T * S L O N G ~ ) . O R . ( F L O N G O G T . S L O N G ~ ) )  GO T O  48 A 328 
F L O N G = F L O N G + D L O N G l  A 329 
I F  ( A R S ( F L 0 N G - S F L O N G ) * L T . O )  GO T O  4 1  A 330 
GO T O  5n A 3 3 1  

A 332 I F  ( ( F L O N G ~ L T o S L O N G l ) o O R ~ ~ F L O N G ~ G T ~ S L O N G 4 )  1 GO T O  49  
F L O N G = F L O N G + D L O N G Z  4 333 
I F  ( A B S ( F L O N G - S F L O N G ) o L T * ( D L O N G 2 * . 9 9 ) )  GO T O  5 1  A 234 

GO T O  50  A 335 
A 336 F L O N G = F L O N G + D L O N G 3  

I F  ( A B S ( F L O N G - S F L O W G ) e L T o ( D L O N G 3 * . 9 9 ) )  GO T O  5 1  A 337 
L I N E = L I N E + l  A 3-78 
GO T O  4 A 33" 
CONT I NCJE A 340 

A 3 4 1  
F O R M A T  ( 3 F 1 0 0 4 r I 1 0 )  A 342 

I F  ( M O D ( L I N E * N P R ) . E Q * O )  W R I T E  (6.59) ( I I X ( I ) * H X P ( I ) ~ H X N ( I ) * S X P ( I ) ~  A 3 1 4  

W R I T E  ( 1 0 )  S L I F L O N G I L I N E ~ S L O P E ~ D R I F T ~ C L O N G ~ D P H ~ D X ~ P H I ~ ~ X ~ I ~ ~ H X N ~ I ~  A 320 

45 



5 3  F O P M A T  ( 4F 1 0 . 2  1 
44 F O R V A T  ( I l r l q 2 F l C . 3 )  
5 4  F O D M A T  ( 2 I l n )  
55 F n Q M A T  ( - ' F 1 0 . 2 . 5 F 1 0 * 5 )  
57 EOQMAT ( / / l X B H A T  L O N G = . F 8 * 2 , 1 X * 3 4 H T H E  C 0 3 R D I N A T f S  O F  T H E  P O I N T  A T  

1 L = . F 6 . 2 . 1 X , 7 H A N D  B = * F 7 . 4 . l X t 9 k I A R E  A L T  = q F 1 @ . 2 * 1 X t 9 H A N D  L A T  =,F6.2 
2 / 1 X . S l H T H F  E Q U A T O R I A L  P O I N T  O F  T H E  F I E L D  L I N E  I S  A T  E A L T  = , F 1 0 . 2 , 1  
3 Y q 6 H E L A T  = , F 6 * 2 . 1 X . 7 H E L O N G  = t F B a 2 r l X t 1 5 H A N D  H A S  8 V A L U E * F 7 . 4 / 1 X . 3 2  
4 H T H E  D R I F T  P A R A M E T E R S  A R E  D R I F T  = * F 7 * 3 * 2 X * 7 H S L O P E  = * F 7 * 3 8 2 X * b H F A T ! i  
5 = * F A . 3 r Z X q 8 H P S L O P E  = * F ~ * ~ , ~ X ~ ~ H D P H I D X  = * E 1 2 * 3 * / / / )  

F O  C C Q V A T  (?'OH CHOOSE A N O T H E R  M E S H )  
4 0  F O R M A T  ( S X e l l H M E S H  P O I N T S I ~ ~ X ~ ~ ~ H A L T I T U @ F S ( K M ) ~ ~ X ~ ~ ~ H A R C  L E N G T H  F R  

1 0 M  E Q U A T O R ( K M ) ~ 7 X ~ 9 H L A T I T U D E S t l 5 X t l O " G I T U D ~ ~ / / 7 X ~ 7 H ( G A U S ~ ) ~ l O X ~  
~ ~ H N O R T H I ~ X I ~ H S O U T H , ~ ~ X . ~ H N O R T H . ~ X * ~ H ~ O U T H * ~ X . ~ H N O R T H , ~ X ~ H S O U T H , ~ X ,  
3 5 H N O R T H q 6 X * S H S O U T H / / (  I 4 , F 1 0 ~ 5 r 4 X * 2 F 1 2 . 1 ~ 4 X ~ 2 F l ~ . l ~ 4 X ~ 2 F l ~ . 2 ~ 4 X . ~ F l  
4 1  * 2 )  ) 

E N D  

C 
C 
C 
C 
C 
C 

C 
I C 

1 

2 
C 

T P I S  C~CJ9ROCITINF C O V F L E T E S  T R A C I N G  O F  T H E  F I E L D  L I N E  DEFINED 
I N  RLRINC, .  T O  T H k  D L T I T U D E  L E V E L  G I V E N  H Y  A L T O .  A N D  T O  I T S  
C O N J U G A T E  P O I N T  ( W H E R E  T H E  S A M E  5 - V A L U E  I S  A T T A I N E D  I N  T H E  
@ P P O C I T E  H F V I S P H E R E ) .  T H E  H E M I t P H F R E  I N  W H I C H  T R A C I N G  T O  A L T O  I 4  
P E R F O R V F D .  IS C E L E C T E D  S O  T H A T  T H E  A L T I T U D E  OF T H E  C O N J U G A T E  
P O I N T  IS  G R E A T E R  T H A N  A L T O  

D I M E N S I O N  V ( 3 ) r  DB(20093). D A R C ( 2 3 0 * 3 ) ,  D H ( 2 0 0 9 3 ) ,  J U P ( 3 ) *  E V N ( 3 )  
D I M E N S I O N  D L O N G ( 2 0 0 . 3 ) .  D L A T ( 2 0 0 . 3 )  
E R n l = 2 . S € - @ 4 * E R R  
E P Q 2 = 2 . 5 E - O 5 * E R R  
Y K = O  
C A L L  B L R I N G  ~ A L T , F L A T . F L O N G . E R R . E R R B . E R R L . S B . ~ L . J ~ P ~ ~ ~ ~ D Q I F T ~ S L O F ~  

~ * A F O I E R ~ E A L T + P A T H ~ P S L O P E )  
JU=JUP( 1 ) 
DO 1 J = l  JU 
D R ( J - l ) = R ( J )  
D A R C ( J v l ) = A B S ( A R C ( J ) )  
D L A T ( J * l ) = 9 0 . - V N 2 ( J ) % 5 7 7 9 5  
D L O N G ( J q l ) = V N 3 ( J ) * 5 7 . 2 9 5 7 7 9 5 7 7 Q 5  
5 1 T = A R C ( S I N ( V N 2 ( J ) ) )  
S S O = S  I T+ I T 

A E R = v N I ( J ) - O E R  

V S A V E ( l ) = V N l ( E )  
V S A V k ( ? ) = V N 2 ( 2 )  
V S A V E ( 3 ) = V N 3 ( 2 )  
VLA'iT( l ) = V N l ( J C J )  
V L A S T ( 2 ) = V N 2 ( J U )  
V L A S T ( 3 ) = V N 3 ( J U )  
D O  2 I = 1 , 3  
F V N (  I ) = V N E A R ( I )  

OER=(6356.9l?+SSQ*(21*3677+.108*SSQ) ) / 6 3 7 1 * 2  

C)H( J ,  1 ) = A E R * 6 3 7 1  - 2  

A 3 4 1  
A 344 
A 345 
A 346 
A 347 
A 3 4 0 .  
A 3.r7 
A -150 
A 3 5 1  
A 352 
A 353 
A 354 
A 355 
A 356 
A 327 
c 358 
A 359- 

0 1  
B E  
3 :4 

i ; 4  
u 5  
L G  

7 
t 3 0  
E 9  
9 10 
d 1 1  
:< 1 L 

5 1 3  
B 1 4  
L3 15 
3 1 6  
u 1 7  
D 1 8  
2 1 9  
3 20 
9 2 1  
3 22 

B 24 
6 25 
13 26 
t3 E 7  
a 26 
d 29 
5 30 
L3 3 1  
Ij -32 
L3 33 
3 34 
D 35  
E? 36 
d 37 
u 3r,  
t? 351 
t3 40  

a 23 



. 
C 
C 
3 

4 

5 

6 

1 3  

1 1  
1 2  

1.7 

JU= JUP ( 1 ) 
DC 4 J = J N E A K ' * J U  
J J = J U P ( I  ) - J + J N F A R + l  
D P ( J J t I ) = D B ( J J - l , l )  
D L 4 T c J J t I  ) = D L A T ( J J - l . l )  
D L O N ~ ( J J , l ) = D L n Y ~ ( J J - l * l )  
D H ( J J * l ) = D H ( J J - l * l )  
U A R C ( J J I ~ ) = D A R C ( J J - ~ I ~ )  
JUP( 1 ) = J I I P (  1 ) + 1  
KEQ= J N F A D  
D k 3 ( J N E A Q r l ) = E B  
D L A T ( J N E A R v 1 ) = 9 G . - V N E A R ( 2 ) * 5 7 2 9 7 7  
U L O N G ( J Y E A R * l ) = V U E A D ( 3 ) ~ ~ 7 . 2 ~ 5 7 7 ~ ~  
D H ( J N C A P I ~ ) = E A L T  
D A R C ( J N E A R l 1  r l ) = A E G  
DARC(JNEAR*l)=DARC(JNEARIl)-AEQ 
GO T O  a 
I F  ( A t Q . t O . ~ A R C ( J N E A R t l ) )  GO T O  7 
A F O = A F O - l ) A R C  ( J N E A R  I 1 ) 

J N F A R = J N F A R - l  
GO T O  3 
I < E Q = J M F 4 R  
GO T O  9 
K E Q Z J N E A R - 1  
C O N T  I 'WE 

'95 

COMPLETF THE T R A C I N G  O F  THE FIKLD L r w  T O  
A N D  Tr) THE C O N J U G A T E  O F  T H I S  P O I N T  (y.!HERE 
A T T A I N E D ) .  

c? 4 1  
h 4' 
6 43 
d 44  

El 4 5  
Y 46 
u 47 
E3 LIB 

5 49 

5 50 
c 5 1  
d 52 
k? 52 
1 54 
I3 '53 
cl 56 
3 57 
P 59 
a 59 
d 60 
3 6 1  
o 6~ 
t 6 3  
fi 6 4  
B 6 5  
B 66 
E 67 
3 68 
p. 

ij 70 
A L T O  ( U S U A L L Y  1 0 0  1%". 5 7 !  
T H €  S A M E  B - V A L U E  IS 3 7L 

4 77 
t: -74 
c! 7- 
b 7 6  

0 77 
E 7'3 
t) 79 
b 8 0  
B c ;  

5 82 
d 93 
3 -74 

3 33 
0 P 6  
Y c17 
3 P 13 
;3 3 7 
L D  
7 :  
F r i L '  

t 7 ;  

i; 94 
L 35 
5 06 
L. r, 7 

47 



i2 98 
3 95) 
5 100 
3 101 
B 102 
b 103 
t3 104 
E 105  
G 100 
b 107 
E3 1 0 2  
d 109 
i! 110 
i 5  1 1 1  
ic 112 
t! 113 
2 114 
u 115 
i: 116 
2. 117 
E. 118 
i? 119 
Y 120 
d 121 
e 122 
I3 123 
L! 124 
3 122- 

48 



1 

2 
3 

S U B R O U T I N E  B L R I N G  ( A L T * F L A T * F L O N G I E R R ~ E R R B * E R R L * S B * S L ~ J U * D R I F T ~ S L O  
l P E * A E Q * E B * E A L T * P A T H ( P S L O P E )  

COMMON B ~ 2 0 0 ~ * V N 1 ~ 2 0 0 ~ * V N 2 ~ 2 O O ~ ~ A R C ~ 2 O O ~ ~ V N E A R ~ 3 ~ ~ V C O N J ~ 3 ~ ~ V L A S T ~ 3  
l ) r V P L A S T ( 3 )  ~ V B 0 ( 3 ) t V S A V E ( 3 ) t B C O N J ~ V O ~ ~ O ~ A L T O ~ M M M ~ J N E A R ~ B N E A R ~ B S A V E  
2 r B R S A V E * B P S A V E * B T S A V E o V N 3 ( 2 O O ) * J S T O P  

D I M E N S I O N  S V B ( 2 O O ) r  S V l ( 2 0 0 ) r  S V 2 ( 2 0 0 ) *  S V 3 ( 2 0 0 )  
D I M E N S I O N  V ( 3 ) r  S A R C ( 2 0 0 )  

T H I S  S U B R O U T I N E  D E F I N E S  T H E  F I E L D  L INE T H R O U G H  A N  S B - S L  P O I N T I T H E  
G R A D I E N T  OF T H E  S E C O N D  I N V A R I A N T -  A N D  T H E  V A R I A T I O N  O F  T H E  D R I F T  
F A C T O R  A L O N G  T H E  F I E L D  L I N E  

E R R l = 2 . 5 E - O 4 * E R R  
I T E S T =  1 
SSB=SB 
BZERO=.311653/(SL+SL*SL) 
S B = ( S B + B Z E R O ) * 0 . 5  
S S L = S L  
S L = S L * 1 . 0 3  
C A L L  S E A R C H  ( A L T ~ F L A T I F L O N G I S B ~ S L ~ V ~ B B I F L I F I ~ E R R I E R R * E R R B * E R R L * J U )  
F I  1 = F I  
V S 1 2 = V S A V E ( 2 )  
C A L L  E Q U A T  (VNEAR(l)rVNEAR(2)tVNEAR(3)*EB*SL*EALT*ERRl*AEQ) 
S L = S S L  
V N l I = V N E A R ( l )  
V N 1 2 = V N E A R ( 2 )  
V N 1 3 = V N E A R ( 3 )  

C l l = V S A V E ( l )  
C l 2 = V S A V E ( 2 )  
C 1 3 = V S A V E ( 3 )  
C 2 1 = V N 1 ( 4 )  
C 2 2 = V N 2 ( 4 )  
C 2 3 = V N 3 ( 4 )  
V S 2 2 = V S A V E ( 2 )  
S I T l = A B S ( S I N ( V S A V E ( 2 ) ) )  
FACT=BPSAVE/(BTSAVE*SITl) 

C A L L  S E A R C H  ( A L T ~ F L A T I F L O N G ~ S B * S L * V * B B * F L * F I * E R R * E R R B * E R R L * J U )  

I F  ( I T E S T . E Q . 1  ) GO TO 3 
I F  ( J S T O P . G T . 0 )  J U S J S T O P  
JS= J N E A R  
DO 2 J r l r J U  
S A R C ( J ) r A R C ( J )  
S V B ( J ) = B ( J )  
S V l ( J ) = V N l ( J )  
S V 2 ( J ) = V N 2 ( J )  
S V J ( J ) = V N 3 ( J )  

V N 2 1 = V N E A R ( l )  
V N 2 2 = V N E A R ( 2 )  
V N 2 3 = V N E A R ( 3 )  

C A L L  E Q U A T  ( V N E A R ( 1 )  r V N E A R ( 2 )  t V N E A R ( 3 ) r E B r S L t E A L T * E R R l * A E Q )  

C A L L  I N V A R  ( C 2 1 r C 2 2 r C 2 3 r E R R l ~ B I N 2 ~ D U M ~ F I 1 2 ~ N O )  
C A L L  I N V A R  ( C 1 1 ~ C 1 2 ~ C 1 3 ~ E R R l ~ B I N l ~ D U M ~ F I I l o N O )  
C O R R = F A C T + ( V S 1 2 - V S 2 2 )  
DPHl=ABS(VNl3-VN23+CORR) 
D T H E = A B S ( V N 2 i ? - V N 1 2 )  
D R = A B S ( V N 2 1 - V N 1 1 )  
S S O = S I T l * S I f l  

c 1  
c 2  
c 3  
c 4  
c 5  
C 6  
c 7  
C 8  
c 9  
c 1 0  
c 1 1  
c 1 2  
C 1 3  
C 1 4  
C 1 5  
C 16 
c 1 7  
c 1 8  
C 1 9  
c 20 
c 21 
c 22 
C 23 
C 24 
C 25 
C 26 
C 27 
c 20 
C 29 
C 30 
C 3 1  
C 32 
c 33 
c 34 
c 35 
C 36 
c 37 
C 38 
c 39 
C 40 
c 4 1  
C 42 
c 43 
c 44 
c 45 
C 46 
c 47 
C 48 
c 49 
C 50 
C 5 1  
C 52 
c 53 
c 54 
c 55 
C 56 
c 57 

49 



4 

C 
C 
C 
C 
C 
c 
L 

L 

c 
C 
C 
C 
c 

5 

D 1 S T = S Q R T ( D R * D R + V N 2 1 * V N 2 l ~ ( D T H E * D T H E + D P H I * ~ P H I ~ t S S Q ) )  
Q Q Q = B Z E R O / S B  
Q Q = B Z E R O / E B  
I F  ( 1 T E S T . E O - E )  GO T O  4 
P A T H l = F I I 1 + 2 ~ * R I N l + ( F I  1 1 - F I  1 2 ) / ( B I N l - R I N E )  
DRIFTl=(FI1-FI)+OQ/(DI~T~PATHl) 
R O O T l = S O R T ( Q Q Q )  
SB=SSR 
I T E S T = 2  
GO T O  1 
PATH=FII1+2.+BIN1+(FIIl-FII2~/~BINl-BIN2~ 
DRIFT=(FIl-FI)+QQ/(DIST*PATH) 
R O O T = S Q R T ( Q Q Q )  
SLOPE=(DRIFT-DRIFTl)/(ROOTl-R@OT) 
DRIFT=3RIFT-SLOPE*(l.-QOOT) 
P S L O P E = ( P A T H - P A T H l ) / ( R O O T 1 - R O O T )  
P A T H = P A T H - P S L O P E * ( l . - R O O T )  

D R I F T  I S  T H E  G E O M E T R I C  F A C T O R  I N  T H E  E Q U A T O R I A L  D R I F T  V E L O C I T Y  
O F  P A R T I C L E S  M I R R O R I N G  A T  T H E  EQUATOR.  D R I F T  F O R  P A R T I C L E S  
M I R R C R I N G  A T  ANY OTHER P O I N T  O F  F I E L D  S T R E N G T H  X I S  O B T A I N E D  
B Y  T H E  E X P R E S S I O N  DQIFT+SLOPE+(1~-SQRT(B~ERO/X) 1. 
T O  O B T A I N  T H E  R E A L  E Q U A T O R I A L  D R I F T  V E L O C I T Y  I N  C M / S E C q  M U L T I P L Y  
D R I F T  r3Y 2.5766 E 05 * ( S L * + 3 )  -!t ( M A S S )  * ( B E T A * * 2 )  * ( G A M M A )  

T H E  R E C T I F I E D  L L N G T H  OF T H E  P A R T I C L E S  T R A J E C T O R Y  B E T W E E N  TWO 
C O N J U G A T E  M I R R O R  P O I k T S  A T  X q  I S  G I V E N  B Y  
P A T H  + PSLOPE*(l.-SQRT(BZERO/X) T O  O B T A I N  R E A L  P A T H  I N  Clklq 
W U L T I P L Y  P A T H  B Y  6 . 3 7 1 2 E  08 

M A S S  I N  E L E C T R O N  M A S S E S +  B E T A  AND GAMMA U S U A L  R E L A T I V I S T I C  F A C T O R  

J N E A R =  J S  
V N E A R ( l ) = V N 2 1  
V N E A R ( 2 ) = V N 2 2  
V N E A R ( 3 ) = V N 2 3  

A R C ( J ) = S A R C ( J )  
B ( J ) = S V R ( J )  
V N l ( J ) = S V l ( J )  
V N 2 ( J ) = S V 2 ( J )  
V N 3 ( J ) = S V 3 ( J )  
R E T U R N  
E N D  

DG 5 J=1 9 JU 

C 5 h  
c 5') 
C 60 
c 61 
C 62  
C 6.3 
c 64 
c 65 
C 66 
C 67 
C 68 
C 69 
C 70 
i 71 
C 72 
i 73 
C 74 
c 75 
i 76 
c 77 
c 78  
c 79 
t 80 
c 8 1  
c 2; 
C 8 3  
C 34 
C 65 
C 66 
c ti7 
C dH 
C 99 
C eo 
c .71 
i "2 
c 93 
c 94 
c 95 
C 96 
c 97  
c 98 
c 39- 
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c 
C 
c 

C. 
c 
c 
C 
c 

- 
I- 

1 

2 

3 

a 

SUBROlJTINE S E A R C H  ( A L T * F L A T I F L O N G * S S * S L * V * B ~ * F L ~ F I ~ E R R * E R R B * E R R L Q J  D 1 
1 U P )  D 2  

COMMON @ ~ 2 O 0 ~ ~ V N 1 ~ 2 0 0 ~ ~ V N 2 ~ 2 0 0 ~ ~ A R C ~ 2 0 0 ~ ~ V N E A R ~ 3 ) ~ V C O N J ~ 3 ~ ~ V L A S T ~ ~  D 3 
l ) t V P L A ~ T ( 3 ) * V B 0 ( 3 ) , V ~ A V E ( 3 ) * B C O N J * V O ~ ~ ~ ~ A L T O ~ M ~ ~ M ~ J N E A R ~ B N E A R ~ B S A V E  D 4 
Z * B R S A V F * B P S A V E * B T S A V € * V N 3 ( 2 O O ) * J S T O P  D 5  

D 6  
T H I S  S U B R O U T I N E  F I N D S  A F I E L D  L I N E  THROUGH A P O I N T  W I T H  A P R E F I X E D  D 7 
i3 AND L VALL’E FOC? A G I V E N  L O N G I T U D E .  
S U B R O U T I N E  IS C A L L E D  WITH A L T - F L A T I F L O N G  A P P R O X I M A T E  S T A R T I N G  
C O O R D l N 4 T E S  W H I C H  S H O U L D  NOT BE TOO F A R  AWAY F R O M  R E A L  8-L P O I N T  

F L A T  D E T E R M I N E S  THE H E M I S P H E R E  O F  T H E  8-L P O I N T  
F L C N G  P E M A  I NS C O N S T A N T  

(E.G. N O T  MORE T H A N  20 D E G R E E S  L A T I T U D E )  

D I M E N S I O N  V ( 3 ) r  V 1 ( 3 ) *  V 2 ( 3 )  
S E R R = E R R  
SERRB=EQRF! 
S E R R L = E R R L  
SSB=SB 
CONT I NUE 
vo=o. 
D V = 0 0 0 2  
MCHECK=O 
I C H E C K = O  
V ( l ) = A L T / 6 3 7 1 0 2  
V ( 2 ) = ( 9 0 . - F L A T ) / 5 7 . 2 9 5 7 7 9 5  
V ( 3 ) = F L O N G / 5 7 0 2 9 5 7 7 9 5  
D C L T = 1 0 5 7 0 8 - 0 ~ 2 0 0 7 + C O S ( V ( 3 ) + 1 . 2 3 9 )  
S I T = A B 5 ( S I N ( V ( E ) ) )  
S S Q = S I T + S I T  

V (  1 ) = V (  1 )+OER 

I CON= 1 
I L I T = l  
D E L V 2 = r ) V  
I C H E C K = I C H E C K + l  

S I T = A 5 S ( S I N ( V ( 2 ) ) )  

O E R = ( 6 3 5 6 ~ Q 1 2 + S S Q + ( 2 1 0 3 6 7 7 + 0 1 0 8 * S S Q )  ) / 6 3 7 1 0 2  

V O = A L T O / 6 3 7 1 o Z + O E R  

I F  ( I C H E C K o G T o 1 5 )  GO TO 12 

C A L L  NEWMAG ( V ( ~ ) ~ S I T ~ V ( ~ I ~ B R I S P ~ B T ~ B B * V ( ~ ) )  
F A C = l . - ( S B - B 8 ) / ( 3 . + S ~ )  
I F  ( F A C . G t o l . 5 )  F A C = I o 5  
I F  ( F A C . L T o 0 . 6 6 6 )  F A C = 0 0 6 6 6  
V ( l ) = V ( l ) + F A C  
v l ( l ) = u ( l )  
v 1 ( 2 ) = v ( 2 )  
V C H E C K = M C H E C K + ~  
I F  ( M C H E C K . G T . 1 5 )  GO T O  1 3  
C A L L  NEWMAG (V(l).SIT,V(3)*BR*BP*BT*BB*V(2)) 
I F  (AB~((BB-SB)/SR)oGToERRB) GO T O  4 
MCHECK=O 

I L I T = 2  
C A L L  I N V A R  ( V ( ~ ) ~ V ( ~ ) ~ V ( ~ ) ~ E R R I B B * F L * F I * ~ U P )  
V 2 ( 1 ) = V ( l )  
v2 ( 2 )  =v ( 2 )  
R 2 = B 9  

I F  ( I L I T o N E . 1 )  GO T O  8 

D 8  
D 9  
D 10 
D 1 1  
D 1 2  
D 1 3  
D 1 4  
D 1 5  
D 1 6  
D 1 7  
D 1 8  
D 1 9  
D 20 
D 2 1  
D 22 
D 23 
D 24 
D 25 
0 26 
D 27 
D 28 
D 29 
D 30 
D 3 1  
D 32 
D 33 
D 34 
D 35 
D 36 
D 37 
D 38 
D 39 
D 40 
D 4 1  
D 42 
D 43 
D 44 
D 45 
D 46  
D 47 
D 48 
D 49 
D 50 
D 5 1  
D 52 
D 53 
D 54 
D 55 
D 56 
D 57 

51 



r 3 

6 

7 

A 

0 

1 n  

C 
C 
c 
C 
C 

1 1  

1 2  

1 3  
1 4  

- 

F L E = F L  
I F  ( A B S (  ( F L - S L ) / S L ) . L E . E R R L )  GO T O  9 

WHEN THE C A L C U L A T I O N  IS C O M P L E T E D 9  A L T  AND F L A T  B E C O M E  F I N A L  

P O I N T  IN G E O C E N T R I C  S Y + T E M  
C O O Q n I N P T E S  O F  T H E  E-L P O I N T .  V S A V E  A R E  C O O R D I N A T E S  O F  S A M E  

A L T = A E R + 6 3 7 1 . 2  
F L A T = 9 n . - V ( 2 ) * 5 7 . 2 0 5 7 7 9 5  
F L O N G = V ( 3 ) * 5 7 * 2 9 5 7 7 q 5  
I F  ( F L O N G . C T . 1 8 0 . )  F L O N G = F L O N G - 3 6 0 .  
I F  ( F L O N G e L T o  ( - 1 8 0 . ) )  F L O N G = F L O N G + 3 6 0 .  
D O  1 1  I = 1 . 3  
V S A V E (  I ) = V (  1 )  
GO T O  1 5  

GO T O  14  
W R I T E  ( 6 - 1 7 )  I C H E C K * M C H E C K I A L T * F L A T * F L O N G * S € ~ * S L  
5 B = S R + . n 0 5  

W R I T E  ( 6 . 1 6 )  ICHECK~MCHECKIALTIFL~T*FLONG*SB+~L 

E R R = S E P R  
F R P Q =  5FDRa 

D gq 
0 59 
P cn 
D 6 1  
r) e2 
3 6 3  
D 64 
- 65 
C 66 
2 67 
2 63 
Ti 69 
C 70 
C 7 1  
D 72 
D 7-1 
0 74 

D 75 
C 7 G  
rl 77 
D 75 
3 73 
D 80 
D 8 1  
3 82 
P s?, 
> q4 

n 

[- Q 5 
I7 P 6  
2 87 
C' Re 
D 89 
3 90 
D 0 1  
D 92 
D 33 
3 44  
D 95 
D 96 
c 97 
c "3 
D 0" 
D 1 0 0  
i: 1 0 1  
i 1 0 2  
D 1 0 3  
13 104 
3 1 0 5  
C, 1 3 6  
D 1 0 7  

c 1 0 9  
2 1 1 0  
D 1 1 1  
0 1 1 2  
L 1 1 3  
P 1 1 4  

r) 1 0 0  
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E R R L = S E R P L  
GO T O  1 

E R R B = S E R R H  
E R R L = S E R Q L  
S B = S S B  
R E T U R N  

1 4  ERR = SFRW 

1 6  F O R M A T  ( 5 1 H  

1 7  FORMAT ( 5 1 H  
1 0 t 5 E 1 5 . 5 )  

1 0 e 5 E 1 5 . 5 )  
END 

D 1 1 5  
D 1 1 6  
D 1 1 7  
D 1 1 8  
D 1 1 9  
D 1 2 0  
D 1 2 1  
D 122 

S O R R Y q B U T  I CANNOT F I N D  T H A T  DAMN P O I N T  I N  I C H E C K / E I l  D 1 2 3  
D 1 2 4  

S O R R Y q B U T  I CANNOT F I N D  T H A T  DAMN P O I N T  I N  M C H E C K / E I l  ?I 1 2 5  
D 1 2 6  
D 1 2 7 -  
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c 
c 
c 
r 
1 -  

1 

,- 3 

3 

4 

'5 

6 

C 
7 

T H I S  C-UHROIJT INE T R A C E S  T H E  F I E L D  L I N E  F R O M  A N  I N I T I A L  P O I N T  
T O  THE POINT OF MINIWJM INTENSITY. 

D I M E N S I O N  V ( 3 . 3 ) .  V N ( 3 ) -  V P ( 3 ) *  R l ( 3 ) e  R 2 ( 3 ) ,  R 3 ( 3 )  
E R R  1 =E4D 
MMM= 1 
V ( 1 9 2 ) = D U M 1  
V ( 2  ( 2  ) = D U M 2  
V (  3 9 2  ) = D U M 3  
A R C (  1 )=q. 
DCLT=l.5708-0.2007*COS(V(3~2)+1~239) 
ARC(2)=V(1,2)*~QRT(ERR)*O.3 
I F  ( V ( 2 , 2 ) - D C L T )  2 9 3 9 3  

A R C ( 2 ) = - A R C ( 2 )  
C A L L  S T A R T  ( R I * R ~ , P ~ ~ R I A R C ~ E R R , V )  
DO 4 1 ~ 1 9 3  
V P (  I ) = v (  I * 2 )  
V N ( I ) = V ( I 9 3 )  
C A L L  L I N E S  ( R ~ ~ R ~ ~ R ~ + @ ~ A R C I E R R ~ J I V P ~ V N )  
I F  ( J . L T . 2 0 0 )  GO T O  5 
F Q P = 4 . P F C W  
I d P I T E  ( 6 9 7 )  E R R  
GO T O  1 
E Q R = E R R l  
J U P =  J 
AEQ=C 0 
D O  6 J=3qJUP 
A E O = A E Q + A @ S ( A R C ( J ) )  
E B = B N E A R  
S I T = A B S ( S I N ( V N E A R ( 2 )  ) )  

SSQ=SIT*SIT 

A E R = V N E A R ( l ) - O E R  
E A L T = A E R * 6 3 7 1 . 2  
R E T U R N  

OER=(6356.912+SSQ*(21*3677+.108*SSQ) ) / 6 3 7 1 * 2  

F O R M A T  (28H I ' N C R E A S E  O F  E R R  I N  E Q U A T  T O 9 E 1 6 ~ 4 )  
E N D  

F 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
F 

E 
E 

E 

E 
E 
E 
E 
E 
E 
E 

E 
E 
E 
E 

c 

c - 

c 

c 

1 
2 
3 
4 

5 
6 
7 
€3 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
22 
23 
24 
25 
26 
27 
Et? 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
3e 
39 
40 
4 1  
42 
43- 
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C 
C 
C 
C 

1 

2 
3 

4 

5 

C 
4 

S U H Q O U T I W F  I N S E C T  ( C L O N ; * E Q R * J U P )  F 

COMMON 8 ( 2 0 0 ) r V N 1 ( 2 0 0 ) * V N 2 ( 2 0 0 ) * A R C ( ~ O @ ) * V N E G ~ ( 3 ) r V C O N J ( 3 ) * V L A S T ( ~  F 
1 )  e V P L A C T ( 3 )  r V B O ( 3 )  * V S A V E ( ~ ) * B C O N J ~ V O * ~ O * A L T ~ ~ ~ ~ ~ ' ~ I * J N E A ~ ~ ~ N E A ~ * ~ S A V F  F 
? , B R S A V E * B P S A V E ~ B T ~ A V E 1 V N 3 ( 2 0 0 )  r J S T O P  F 

T H I S  5 U B R O U T I N E  T R A C E S  T H E  F I E L D  L I N E  F R O M  A N  I N I T I A L  P O I N T  F 
DOWNWARDS T O  A P R E F l X E D  ( L O W E R )  A L T I T U D E  F 

F 
D I M E N S I O N  V ( 3 * 3 ) r  V N ( 3 ) r  V P ( 3 ) *  R l ( 3 ) r  R 2 ( 3 ) *  R 3 ( 3 )  F 
ERR 1 = E R R  F 
J = O  c 
S I T = A E C ( C I N ( V C O N J ( 2 ) ) )  c 

S S Q = 5 I T * S I T  F 

O E R = ( 6 3 5 6 . 9 1 2 + S S Q * ( 2 1 . 3 6 7 7 + . 1 0 8 * S S Q ) ) / 6 3 7 1 . 2  F 
A E R = V C O N J ( l ) - O E R  F 
H R = 6 3 7 1 . 2 + A E R  F 
I F  ( H R . L E . A L T 0 )  GO T O  5 F 
MMM=2 F 
V ( l r 2 ) = V C O N J ( l )  F 
V ( 2 * 2 ) = V C O N J ( 2 )  F 
V ( 3 * 2 ) = V C O N J ( 3 )  F 
A R C (  1 )=Om F 
D C L T = 1 . 5 7 0 8 - 0 . 2 0 0 7 * C O S ( V ( 3 . 2 ) + 1 . 2 3 9 )  F 
ARC(2)=V(l*2)*SQRT(ERR)*O.3 F 
I F  ( V ( 2 9 2 1 - D C L T )  3 * 3 * 2  F 
A R C ( Z ? ) = - A R C ( E )  F 
CAL,L  S T A R T  ( R l , R 2 r R 3 * B * A R C * E R R r V )  F 
DO 4 I = l t 3  F 
V P ( I ) = V ( I * 2 )  F 
V N ( I ) = V ( I * 3 )  F 
C A L L  L I N E S  ( R l * R 2 r R 3 * B * A R C r E R R * J , V P I V N )  F 
I F  ( J . L T . 2 0 0 )  GO T O  5 F 
ERR=4.*ERR F 
W R I T E  ( 6 r 6 )  E R R  F 
GO T O  1 F 
E R R Z E R R  1 F 
JUP= J F 
C L O N G = V C O N J ( 3 ) * 5 7 . 2 9 5 7 7 9 5  F 
I F  ( C L O N G . G T . 1 8 0 . )  C L O N G = C L O N G - 3 6 0 *  F 

I F  ( C L O N G . L T * ( - 1 8 0 . )  1 C L O N G = C L O N G + 3 6 0 .  F 
R E T U R N  F 

F 
F O R M A T  ( 2 9 H  I N C R E A S E  O F  ERR I N  I N S E C T  T O r E 1 6 . 4 )  F 
END F 

F 

1 
2 
3 
4 

5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44- 
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S U B R O U T I N E  B E S E C T  ( P U b ’ l * D U M 2 * R U M 3 * 8 A L T I E 4 R , J U P )  
COMMON R ( 2 O O ) * V N 1 ( 2 0 0 ) * V N 2 ( 2 0 n ) . A R C o . V N E A R C ( 2 ~ 0 ) ~ V N E ~ R ( ~ ) * V C O N J ( 3 )  q V L A S T ( 3  

l ) + V P L A ? T ( 3 )  ~ V 9 0 ( 3 ) ~ V S A V E ( 3 ) ~ R C O N J ~ V O ~ ~ O * A L T O ~ M ~ ~ ’ ~ J N E A P ~ ~ N E A R ~ ~ S A V E  
2 * B P S A V E * B P ~ A V E , H T S A V E I V N 3 ( 2 0 0 )  ( J S T O P  

C 
C T H I S  S U B R O U T I N E  T R A C E S  T H E  F I E L D  L I N E  DOWNWARDS F R O M  A N  I N I T I A L  

1 

2 
3 

4 

5 

6 

’ c  
7 

I F  ( J  
E R R = 4  
WR I T E  
GO T O  
VRO ( 2 
V B O (  1 

L T . 2 0 ( ? )  GO T O  6 
KERF? 
( 6 . 7 )  E R R  
1 
= R U M 2  
=RUM 1 

EDR=EnRI 
JUD= J 
S I T = A B ? ( S  N ( V B O ( 2 ) ) )  
SSQ=SIT*S T 

A E R = V B O (  1 -0ER 

R E T U R N  

O E R z ( 6 3 5 6  9 1 2 + S S Q * ( 2 1 ~ 3 6 7 7 + 0 1 0 8 x S S 0 ) ) / 6 3 7 1 . 2  

R A L T = A E R * 6 3 7 1 0 2  

F O R M A T  (29H I N C R E A S E  O F  E R R  I N  BESECT T O q E 1 6 . 4 )  
E N D  

G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 

G 
G 
G 
G 
G 
G 
G 
G 
G 
c 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 

1 

3 
4 

5 
6 
7 
0 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
22 
23 
24 
25 
26 
2 7  
28 
29 
3 0  
3 1  
32 
33 
34 
35 
36 
37 

39 
40 
4 1  
42 
43- 

1 

38 

56 



1 

2 
3 

a 

5 

6 

7 

C 
8 

S U B R O U T I N E  I N V A R  (DUMlrDUM2,DUM3,ERR*BB*FL,FI r J U P )  H 
COMMON B ~ 2 0 0 ~ r V N 1 ~ 2 0 0 ~ ~ V N 2 ~ 2 0 0 ~ ~ A R ~ ~ 2 ~ ~ ~ ~ V N E A R ~ 3 ~ ~ V C O N J ~ 3 ~ ~ V L A S T ~ 3  H 

~ ) ~ V P L A S T ( ~ ) ~ V B O ( ~ ) ~ V S A V E ( ~ ) ~ B C O N J ~ V O ~ P O ~ A L T O ~ M I Y ~ M ~ J N E A R ~ B N E A R ~ B S A V E  H 

H 
~ * ~ R S A V E I B P S A V E I B T S A V E ~ V N ~ ( ~ ~ ~ )  * J S T O P  H 

S U B R O L ' T I N E S  I N V A R * S T A R T * I N T E G E R , C A R M E L a  A N D  NEWMAG A R E  B A S E D  O N  H 
O N  M C I L W A i N S  1 9 6 5  CODE. H 
I N V A R  M U S T  tit CALLED W I T H  G E O C E N T R i C  C G O R D i N A T E S .  H 

MMM I S  A T R A C I N G  C O N T R O L  P A R A M E T E R  D E T E R M I N E D  I N  E Q U A T q I N S E C T *  H 
R E S E C T  A N D  I N V A R .  H 

H 
D I M E N S I O N  V ( 3 * 3 ) *  V N ( 3 ) *  V P ( 3 ) q  B E G ( 2 0 0 ) .  B E N Q ( 2 0 0 ) .  B L O G ( 2 0 0 ) v  E C  H 

l O ( 2 0 0 ) .  R l ( 3 ) .  R 2 ( 3 ) r  R 3 ( 3 )  H 
V ( l e E ) = D U M l  H 
V ( 2 9 2 ) = D U M 2  H 

V ( 3 , 2 ) = D U M 3  H 
ERR 1 = E R R  H 

MMM = 0 H 

A R C (  1 ) = 0 .  H 
DCLT=l.5708-0~2007*COS(V(3~2)+1~239) H 
A R C ( 2 ) = D U M l * S Q R T ( E R R ) x 0 . 3  H 
I F  ( V ( 2 , 2 ) - D C L T )  2 t 3 t 3  H 
A R C ( 2 ) = - A R C ( 2 )  Y 

C A L L  S T A R T  ( R l * R 2 e R 3 * B * A R C q E R R , V )  H 
D O  4 I = l t 3  H 
V P ( I ) = V ( 1 * 2 )  H 
V N ( I ) = V ( I * 3 )  H 

C A L L  L INES ( R ~ * R ~ ~ R ~ I R , A R C ~ E R R , J * V P * V N )  H 
I F  ( J . L T . 2 0 0 )  GO T O  5 H 

E R R = E R R + 4 .  H 
W R I T E  (698) E Q R  H 
GO T O  1 H 
E R R = E R R l  H 
JUP= J H 
DO 6 J = l * J U P  H 
A R C ( J ) = A R S ( A R C ( J ) )  H 
B L O G ( J ) = A L O G ( B ( J ) )  H 
JEP= JUP- 1 H 
D O  7 J = 2 t J E P  H 
A S U M = A R C ( J ) + A R C ( J + l )  H 
D X = B L O G ( J - l ) - B L O G ( J )  H 

D N = A S U M + A R C ( J ) + A R C ( J + l )  H 
B C O = (  ( B L O G ( J - l ) - B L O G ( J + l )  ) + A R C ( J ) * * 2 - D X * A S U M * * 2 ) / D N  H 
CCO=(DX+ARC(J+l)-(BLOG(J)-BLOG(J+l) ) + A R C ( J ) ) / D N  H 
S A = . 7 5 * A R C ( J )  H 

S C = S A + . 2 5 * A S U M  H 

D C O = B L O G ( J - l ) - C C O * S A * S C  H 
E C O ( J ) = B C O + C C O * ( S A + S C )  H 
B E G ( J ) = E X P ( D C O + E C O ( J ) w . S + A R t ( J ) )  H 
B E N D ( J ) = E X P ( D C O + E C O ( J ) * . 5 * ( A S U M + A R C ( J ) ) )  H 
B E C ( J U P ) = R E N D ( J E P )  H 

B E N D ( J U P ) = B ( J U P )  H 
ECO(JUP)=(2.O/ARC(JUP))*ALOG(BEND(JUP)/BEG(JUP)) U 

C A L L  I N T E G  ( A R C * B E G * B E N D , B t J E P * E C O I F L I N T )  H 
C A L L  C A R M E L  ( R ( 2 ) . F L I N T * F L )  q 
F I  =FL I Y T  Y 
a ~ = ~ ( 2 )  H 

H R E T U R N  
H 

H 
F O R M A T  ( 2 8 H  I N C R E A S E  OF ERR I N  I N V A 4  T O a E 1 6 . 4 )  Y 

- 
END 
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1 
._ ? 

3 

4 

5 

6 
7 
8 
9 

1 0  
1 1  

1 2  
1 3  

1 4  
1 5  

1 6  

J S T O P = O  
M=MMM 
F L A G 1  = O  
F L A G 2 = 0  
D E L = O  0 1 
CRE=O. 25 
I F  ( E R R - 0 . 1 5 6 2 5 )  l r 2 . 2  
C R E = ( E R R * * 0 * 3 3 3 3 3 3 3 3 3 )  
A 3 = A R C  ( 3 )  
A A B = A B S  ( A 3  1 
S N A = A 3 / A A B  
A l = A R C (  1 )  
A2=APC.( 2 ) 

V N 1 ( 2 ) = V P ( l )  
V N 2 ( 2 ) = V P ( 2 )  
V N 3 ( 2 ) = V P ( 3 )  
J=3 
I LP= 1 
I S = l  
GO T O  8 
I S = l  
J= J+ 1 
A 0 6 = A 3 * A 3 / 6 . 0  
A R C J = A l + A 2 + A 3  
A D = ( A S U M + A l ) / A A  
B D = A S U M / B B  
CD=A 1 /CC 
D O  7 I = l t 3  
D D = R l (  I ) / A A - R 2 (  
GO T O  ( 5 * 6 ) r  I S  

A 0 6 = A 3 * A 3 / 6 * 0  

SUBROUTINF LINES ( R ~ * R ~ * R ~ ~ B I A R C I E R R I J I V P I V N )  J 1  
COMMON ~ ~ 2 ~ O ~ ~ V N 1 ~ 2 C ) @ ~ r V N 2 ~ 2 ~ 0 ~ r ~ R C ~ 2 0 ~ ~ ~ V N E A R ~ 3 ~ ~ V C O t J J ~ 3 ~ ~ V L A S T ~ 3  J 2 

1 ~ ~ V P L A S T ~ 3 ~ ~ ~ 8 0 ~ 3 ~ t V S A V E ~ 3 ~ ~ ~ C O N J ~ V O ~ B O ~ A L T O ~ M ~ l ~ ~ J N E A R ~ B N E ~ R ~ ~ S A V ~ ~  J 3 
~ , P R S A V E I E P S A V E I B T S A V E * V N ~ ( ~ O O ) * J S T O P  J 4  

I N T E G t R  F L A G l r F L A G 2  J 5  
D I M E N S I O N  R 1 ( 3 ) *  R 2 ( 3 ) *  R 3 ( 3 ) *  V N ( 3 ) r  V P ( 3 ) .  R A ( 3 )  J 6  

J 7  
J 8  
J 9  
J 1 0  
J 1 1  
J 1 2  
J 1 3  
J 1 4  
J 1 5  
J 1 6  
J 1 7  
J 1 8  
J 1 9  
J 20 
J 2 1  
J 22 
J 23 
J 24 
J 25 
J 26 
J 27 
J 28 
J 29 
J 30 
J 3 1  
J 32 
J 33 
J 34 
J 35 
J 36 
J 37 
J 38 
J 39 
J 40 
J d l  

J 42 
J 43 
J 44 
J 45 
J 46 
J 47 
J 48 
J 49 
J 50 

.J  5 1  
J 52 
J 53 
J 54 
J 55 
J 56 
J 57 

C 

R T = R l (  I ) - ( A D + R l  ( I  ) - 9 D + R 2 ( 1 ) + C D + R 3 (  1 ) - D D + A R C J ) + A R C J  

R A ( I ) = Q l ( I )  
R l ( I ) = R 2 ( 1 )  
R 2 ( I ) = R 3 ( 1 )  
P 3 (  I ) = R T  
V P ( I ) = V N ( I )  

V N ( I ) = V P ( I ) + A J + R B A R  
I F  ( V N ( 2 ) )  9 * 1 0 * 1 0  
V N ( 2 ) = - V N ( 2 )  

R E A R = ( R 2 ( I ) + R 3 ( 1 ) ) / 2 . - D D + A 0 6  

I F  ( V N ( 2 ) - 3 . 1 4 1 5 9 2 6 5 3 )  1 2 * 1 2 * 1 1  
V N t 2 ) = 6 . 2 8 3 1 R 5 3 0 7 - V N ( 2 )  
GO T O  1 0  
I F  ( V N ( 3 ) )  1 3 r 1 4 e 1 4  
V N ( 3 ) = V N ( 3 ) + 6 * 2 8 3 1 8 5 3 0 7  
GO T O  1 2  
I F  ( V N ( 3 ) - 6 . 2 8 3 1 8 5 3 0 7 )  1 6 r 1 6 r 1 5  
V N ( 3 ) = V N ( 3 ) - 6 * 2 8 3 1 8 5 3 0 7  
GO T O  1 4  
GO T O  ( 1 7 t 1 8 ) *  I S  

59 



1 7  

1 8  

C 
C 
C 

2 1  

22 
I 

2 3  

24 

2s 

S I T = A B S ( S I N ( V N ( Z ) ) )  J 58 
P R E l = V N ( l )  J 59 
P R E 2 = P R E l * V N ( 2 )  J 60 
P R E 3 = P R E l + S I T * V N ( 3 )  J 6 1  
C A L L  NEWMAG ( V N ~ S I T I V N ( ~ ) ~ B R ~ B T I R P ~ B ( J ) ~ V N ~ )  J 62 
R 3 ( 1 ) = 9 R / B ( J )  J 63 
D N = B ( J ) + V N ( l )  J 64 
R 3 ( 2 ) = R T / D N  J 65 
G 3 ( 3 ) = R P / ( D N * S I T )  J 66 
A S U Y = A 3 + A 2  J 67 
A A =A SUM i t  A 2  J 6A 
B B = A 3 * A 2  J 69 
C C = A S ( J Y + A ?  J 70 
I 5 = 2  J 7 1  
GO T O  4 J 72  
S I T = A B 5 ( S I N ( V N ( 2 ) ) )  J 73 
B(J)=R(J)+((PREl/VN(1))*+3) J 74 

J 75 
WHEN C A L L E D  FROM E Q U A T q A R C  L E N G T H  I S  M A I N T A I N E D  C O N S T A N T  J 76 

J 77 
I F  ( M e C O . 1 )  GO T O  22 J 78 
O R T = . 5 * A R S ( R 3 ( 1 ) ) / ( . l + A B S ( R 3 ( 2 ) ~ V N ( l ) ) )  J 79 
X = ~ A R S ~ V N ~ l ~ - P R E 1 ~ + Q R T Y A R S o + V N ~ l ~ * V N ~ 2 ~ - P R F 2 ~ + A ~ S ~ V N ~ l ~ * S I T * V N ~ ~ ~ - P  J FO 

1 P E 3 )  ) / ( A A B ~ F R R * S ~ P T ( I . + Q R T + O R T )  1 J 8 1  
GO T O  ( 2 2 . 1 9 9 2 2 ) .  ILP J 82 
I F  ( X - 3 . 3 )  22920920  J 8 3  
A 3 = a 3 a ~ . 2 ~ ( A . O + X ) / ( o . e + X )  J €34 

J= J- 1 J €35 
I L P = 3  J e6 
A S U M = A 2 + A l  J e7 
A A = A S U M * A l  J A 8  

C C = A S U M * A 2  J 9 0  
D O  2 1  1 ~ 1 1 3  J 0 1  
V N ( I ) = V P ( I )  J 02 
R 3 ( 1 ) = R 2 ( 1 )  J 9 3  
R 2 ( I ) = R I ( I )  J 94 
R l ( I ) = R A ( I )  J 95 
GO T O  38 J 96 
V N l ( J ) = V N ( l )  J 97 
V N 2 ( J ) = V N ( Z )  J 90 
V N 3 ( J ) = V N ( 3 )  J 9" 
I F  ( M . E Q . 2 )  GO T O  28 J 1 0 0  
I F  ( M . E Q . 3 )  GO T O  30 J 1 9 1  
I F  ( S ( J - l ) o G T . B ( J ) )  GO T O  32 J 1 0 2  
I F  (M.EO.1)  GO T O  24  J 103 
I F  ( F L A r I l  .FQ. 1 ) GO T O  26 J 1 0 4  
F L A G 1  = 1 J 105 
D O  2 3  1 ~ 1 9 3  J 1 0 6  
V N E A R ( I ) = V N ( I )  J 1 0 7  
B N E A Q = R ( J )  J 1 0 3  
J N E A R =  J J 1 0 "  
GO T O  P h  J 1 1 0  
B N E A R = P ( J - l )  J 1 1 1  
DO 25 1 ~ 1 . 3  J l l L i  

V N F A R (  I ) = \ / P (  I )  J 1 1 3  
GO T O  42 J 1 1 4  

R B = A P + A 1  J 89 
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J 129 
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J 1413 
J 1 4 Q  
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J 1 !-;P 

J I Q l -  



1 

7 

- 

4 

c 
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1 1  
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I< 

!< 

I-: 
i< 

I<. 

I< 
IK 

K 

I\ 
I( 

I< 
1.: 

I< 

I< 

6 

I\ 

I: 
i< 

i< 

K 

I\ 

I< 
, -  
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0 
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c) 

1 0  
1 1  
1, 
13 
1 4 
15 
1 6  
1 7  
1 0  
1 9  
20 
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21 
25 
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a 
L 

3 
4 

8 

10 

: 1  

12 
13 

i I -  

L 16 
I- 1 7 
L 13 

L 20 
L 21 
i 22 
L 23 
L 24 
L f, 
L 7 5  
i 27 
L 20 
L 29 
L 50 
L 31 
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C 
C 
C 
C 

c 
C 
C 
C 
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' 3  
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SUBROUTINE NEWMAG (RtSf*PHI * D R * G T t B P t b r T H E T )  I4 1 
COMMON R ( 2 0 0 ) ~ V N 1 ( 2 0 0 ) t V N 2 ( 2 0 0 ~ ~ A R C ~ 2 0 0 ~ ~ V N E A R ( 3 ~ ~ V C O N J ( 3 ) t V L A S T ~ 3  14 2 

l ) r V P L A S T ( 3 ) r V B 0 ( 3 ) ~ V S A V E ( 3 ) ( B C O N J , V O ~ B O ~ A L T O a I V 1 M M , J ~ E A R ~ 6 N E A R r B S A V E  M 3 
2tBRSAVEiePSAVE*BTSAVE*VN3(2OO)*JSTOP M 4  
DIMENSION G(7t7) M 5  
CAIN COEF.(SEE H E N D R I C K S ~ C A I N I J G R ~ ~ I ~ J A N  1966tP346. EPOCH 1960 M 6  
GSFC (9-65 - TRUNCATED M 7 
DATAG/G.O* M 0  

C 3*042500E+04* 2.304000E+03r -3*252500E+03* -4.191250€+03* M 9  
C 10795500E+03* -7.218750E+OZr -5e775000E+03* 2.162000€+03* M 10 
C -5.196152€+03* 6*083920€+03* -4*443791E+03* -3.659969E+03~ M 1 1  

C -2.498074E+039 -1.968299E+03* -1.775284E+03* -7*472116E+01* ."I 1 3 
C 1.319663E+03* -4.473296E+02* 1.027740€+02* -6.885860E+02~ M 14 
C 8.241101E+02t 10458926E*02* 2.411003€+03* -8*411659E+02* M 1 5 
C 1.04A716€+03~ -6.274950€+00* 1*856170E+02* -2.004072E+02. M 16 
C 3.403032E+02* 5.456862€+00* -9.149923E+01* -9*299108E+02* M 17 
c 5*459207€+02r 2*440383E+02* -5*612486E+01* 4.560145€+01* 1v1 1 8 
c 0. * 2.268375€+02* -1.5392566+03* -6.077321E+02, M 19 
C 1.473353E+02, 2.792177€+01+ 8.060319€+00* 7.321457€+01 M 20 
C/*J/O/rNMAX/7/ M 21 
GSFC(9-65) FOR NOVae1965 M 22 

C 3.030346E+04* 2.561535E+03* -3*292325€+039 -4.168019€+03* r q  2 3  
C 1.674698E+03* -6.622481E+029 -5*751990€+03~ 2.126600E+03r rq 24 
C -5.2tR415€+03* 6.264570€+03* -4*505827E+03* -3.653971€+03* M 25 

C -2.516355€+039 -1.940594E+03r -l.R4329RE+03r -1*452579€+02* / \ I  27 
C 1.202240E+03* -4*804629E+021 1.456861E+02* -6*825223E+02, M 28 
C 8.302805€+02* 1.569993€+02* 2.287563€+03* -?0823949E+OZr 29 
C 1.083347€+03* -4.576530€+01* 2~096141E+02* -10820821E+02* */ 3 0 
C 3.574717€+02* -4.605592€+01* -2*714477E+02* -1e061405E+03* / V I  5 1 
C 5*986773€+02t 2.283311E+02* -5.943623E+01* 3.897872E+011 r j  3 2  
C 1*372820E+00* 3.829773E+02* -1.548073E+03t -6.959031€+02* !+t 33 
C 1.6"8721€+02* 2.929459E+01* 6a475123E+00* 7.281827€+01 M 34 
C/*J/O/tNMAX/7/ M 35 
P22=ST Pl 36 
P21=SQRT(l.-P22+P22) M 37 
AR=R M 38 
IF (THET-1*570796327) 3*3*2 M 39 
P2 1 =-P2 1 M 40 

M 41 IF ( J )  5t594 
sso=P22*P22 M 42 
AR=AR+(14 .288-SSQ*(21 .3677+ .108*SSQ)  )/6371.2 M 43 
AR= 1 . / A 4  p.1 44 
N= 2 M 45 
DP22=P21 M 46 
SP2=SIN(PHI) M 47 
CP2=COS(PHI) M 48 
DP2 1 =-P22 . M 49 
AOR=AR*AR*AR M 50 
C 2 = G ( 2 9 2 ) * C P 2 + G ( 1 * 2 ) * S P 2  M 51 
BR=-(AOR+AOR)*(G(2rl)*P2l+C2*P22) M 52 
B T = A O R * ( G ( 2 * 1 ) * D P 2 1 + C 2 * D P 2 2 )  M 53 
B P = A O R + ( G ( l r 2 ) ~ C P 2 - C ( 2 * 2 ) + P 2 2  M 54 
IF (NMAX-3) llr6r6 M 55 

M 56 SP3= ( SP2+SP2 *CP2 
CP3=(CP2+SP2)*(CP2-SP2) M 57 

C -1.153091E+03* 3.'377499€+03* -1.766692E+02* -10372650€+03r v, 12 

C -1.264619E+03* 3.517501E+03* -9a593829E+01* -1*369074E+03* .'I 2 6 

64 ' 



. 

. 

p31=P21*P21-0.333333333 
p32=p21*p22 
P33=P2?*P22 
DP31=-P32-P32 
DP32=P?l*P21-P33 
DP33=-DP31 
AOR=AOR*AP 
C2=G(3r2)*CP2+G(le3)*SP2 
C3=G(3*3)*CP3+G(2*3)*SP3 

BT=BT+AOR*(G(3,l)*DP3l+C2*Df’3i+C3*DP33) 
B P = B P - A O R * ( ( G ( 3 , 2 ) i ~ S P 2 - G ( l * 3 ) * C P 2 ) j ~ P 3 2 + 2 . O ~ ~ ( ~ ( 3 * 3 ) * S P 3 - G ( 2 t 3 ) * C P ~ )  

1 *P33) 
C N= 4 

I F  (NMAX-4) 1 1 * 7 * 7  
7 SP4=SP2+CP3+CP2*SP3 

CP4=CP2*CP3-SP2*SP3 
P41=P21+P31-0.26666666*P21 
DP41=P21*DP31+DP21*P31-0~26666666*DP21  
P42=P21*P32-0.200000C!O*P22 
DP42=P21*DP32+DP21*P32-0~20000000~~DP22 
P43=P21*P33 
DP43=P21*DP33+DP21*P33 
P44=P22*P33 
DP44=3*O*P43 
AOR=AOR+AR 
C2=G(4r2)+CP2+G(lr4)*SP2 
C ~ = G ( ~ Q ~ ) * C P ~ + G ( ~ * ~ ) * S P ~  
C 4 = G ( 4 * 4 ) * C P 4 + G ( 3 9 4 ) * S P 4  
B R = B R - 4 . O + A O R + ( G ( 4 ~ 1 ) * P 4 1 + C 2 * P 4 2 + C 3 * P 4 3 + ~ 4 * P 4 4 )  
BT=BT+AOR+(C(4,1)+DP4l+C2*DP42+C3*DP43+C4*DP44) 
BPrBP-AOR+((G(4r2)+SP2-G(l*4)*CP2)*P42+2*O*(G(4*3)*SP3-G(2,4)~~~P3) 

l * P 4 3 + 3 . O * ( G ( 4 t 4 ) * S P 4 - G ( 3 * 4 ) K P 4 4 )  
I F  (NMAX-5) 1 1 t 8 r 8  

CP5=(CP3+SP3)*(CP3-SP3) 
P51=P21+P41-0.25714285*P31 
DP51=P21+DP41+DP21+P41-0~25714285*DP31 
P52=P21*P42-0.22857142*P32 

P53=P21*P43-0*14285714+P33 
DP53=P21*DP43+DP2l+P43-0~14285714*DP33 
P54=P21*P44 
DP54=P21+DP44+DP21*P44 
P55’P22*P44 
DP55=4eO*P54 
AOR=AOR+AR 

8 sP5=(sP3+sP3)*cP3 

DP52=P21*DP42+DP21+P42-0022857142*DP32 

CZ=G(5t2)*tP2+G(lr5)*SP2 
C3=G(5t3)*CP3+G(2r5)*SP3 
C 4 = G ( 5 * 4 ) * C P 4 + G ( 3 * 5 ) * S P 4  
C5=G(5t5)+CP5+G(4t5)*SP5 
B R = B R - 5 . O * A O R * ( G ( 5 t l ) * P ~ l + C 2 * P 5 2 + C 3 * P 5 3 + C 4 * P 5 4 + C 5 * P 5 5 ~  
B T = B T + A O R * ( G ( S t l ) + D P 5 l + C 2 * D P 5 2 + C 3 ~ ~ P 5 3 + C 4 * D P ~ 4 + C ~ * ~ P 5 5 )  
B P = B P - A O R * ( ( G ( 5 t 2 ) + S P 2 - G ( l t 5 ) * C P 2 ) * P 5 2 + 2 . O * ( G ( ~ , 3 ) * S P 3 - ~ ( 2 , 5 ) * C P 3 )  
1+P53+3.O+(G(5t4)+SP4-G(3*5)*CP4)*P54+4.O*(G(5*5)*SP5-G(4*5)*CP~)*P 
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I F  (NMAX-6) l l t 9 * 9  

CP6=CP2+CP5-SP2*SP5 
P6l=P21+P51-0.25396925*P41 
DP61=P21*DP51+DP2l*P51-0~25396825*DP41 
P62=P21+P52-0.23809523*P42 
DP62=P21*DP52+DP2l*P52-0.23809523+DP42 
P63=P21+P53-0~19047619*P43 
DP63=P21*DP53+DP2 l+P53-0~19047619*DP~3  
P64=P21*P54-0~llllllll*P44 
DP6~=P21*DP54+DP21*P54-O~llllllll*DP~4 

9 SP6=SP2wCPS+CP2*SPS 

P65=P21+P55 
DP65=P21+DP55+DP21+P55 
P66=P22+P55 

AOR=AOR+AR 
DP66=5.O*P65 

C2=G(6t2)*CP2+G(1~6)*SP2 
C 3 = G ( 6 + 3 ) + C P 3 + G ( 2 t 6 ) + S P 3  
C 4 = G ( 6 + 4 ) + C P 4 + G ( 3 t 6 ) * S P 4  
C5=G(6+5)+CP5+G(4tb)*SP5 
C 6 = G ( 6 * 6 ) + C P 6 + G ( 5 * 6 ) * S P 6  
BR=BR-6.0*AOR+(G(6.1)*P6l+C2*P62+C3*P63+C4*P64+C5*P65+C6+P66) 
BT=BT+AOR+(G(6~l)*DP6l+C2*DP63+C4*DP~4+C5*DP65+C6*DP66) 
B P = B P - A O R * ( ( G ( 6 r 2 ) * S P 2 - G ( l ~ 6 ) * C P 2 ) ~ P 6 2 + 2 ~ O ~ ( G ( 6 ~ 3 ) * S P 3 - G ~ Z ~ 6 ) * ~ ~ 3 )  

1 + P 6 3 + 3 . O * ( G ( 6 ~ 4 ) + S P 4 - G ( 3 r b ) + C P 4 ) + 3 6 4 + 4 . 0 * ( ~ ( 4 ~ ~ ) * S P 5 - G ( 4 ~ 6 ) * ~ P 5 ) * ~  
2 6 5 + 5 . O * ( G ( 6 r 6 ) * S P 6 - G ( 5 ~ 6 ) + P 6 6 )  
IF (NYAX-7) l l r l O 1 1 0  

CP7=(CP4+SP4)+(CP4-SP4) 
P71=P21+P61-0~2525252S+P51 
DP71=P21*DP61+DP21*P61-0~2525~525*DP!51 
P72=P21+P62-0.24242424*P52 
D P 7 2 = P 2 l * D P 6 2 + D P 2 1 * P 6 2 - 0 0 2 4 2 4 + D P 5 2  
P73=P21+P63-0.21212121*P53 
DP73=P21*DP63+DP21*P63-0~21212121*DP53 
P74=P2l+P64-0~16161616*P54 

13 sP7=(sP4+sP4)+cP4 

DP74~P21+!3P64+DP21+P64-0o16161616*D?54 
P75=P21+P65-0.09090909+P55 
DP75=P21*DP65+DP21*P65-0~09090909~DP~5 
P76=P2 1*P66 
DP76=P2l*DP66+DPZl*P66 
P77=P22*P66 

AOR=AOR+AR 
DP77=60O+P76 

C 2 = C ( 7 r 2 ) + C P E + G ( 1 * 7 ) * S P 2  
C3=G(7rJ)+CP3+Gt2*7)*SP3 
C4 = G ( 7 4 ) +CP4+G ( 3 7 ) +SP4 
C5=G ( 7 9 5 )  *CP5+G (4 9 7 )  +SP5 
C ~ = G ( ~ * ~ ) * C P ~ + G ( ~ Q ~ ) * S P ~  
C 7 = G ( 7 r 7 ) * C P 7 + G ( 6 * 7 ) * S P 7  
BR=BR-7.O*AOR+(G(7~1)*P71+C2*P72+C3*P73+C4*P74+~5*P75+~6*P76+C7*P7 

17)  

1 DP77) 
B T = B T + A O R * ( G ( 7 ~ 1 ) * D P 7 l + C 2 * D P 7 2 + C 3 * D P 7 ~ + C 4 * D P 7 4 + C 5 * D P 7 ~ + C 6 * ~ P 7 6 + ~ 7 *  

BP=BP-AOR*((G(7.2)+SP2-G(l*7)*CP2)*P72+2.O*(G(7*3)~SP3-G(2*7)*~~~) 
1 * P 7 3 + 3 . O * ( G ( 7 ~ 4 ) * S P 4 - G ( 3 ~ 7 ) * C P 4 ) * P 7 4 + 4 . 0 * ( G ( 7 ~ 5 ) * S P 5 - G ( 4 ~ 7 ) * C P ~ ) ~ ~  
275+5.0*( G ( 7 * 6 ) * S P 6 - G ( 5 ~ + ~ P 6 ~ ~ P - / 6 ~ ~ ~ O * ( G ( 7 r 7 ) * S P 7 - G (  6*7)+CP7)"r '77 
3 )  

1 1  BP=BP/P22*1.€-5 
B T = B T * I  .E-5 
BR=BR+ 1 .E-5 
B=SQRT(BR*BR+BT*6T+SP*BP) 
RETURN 
END 
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1 7  

S U B R O U T I N E  Y S P L N  ( X I Y ~ N P T S I Y ~ D O T ~ U N K X ~ U N K ~ )  3 

S P L I N E  I N T k R P O L A T I O N  R O U T I N E  U S I N G  Y 2 D O T  V A L U E S  C A L C U L A T E D  I N  0 
S U B R O U T I N E  S P L I N E .  0 

0 

0 
G I V E N  N P T S  V A L U E S  O F  X ( I N D E P E N D E N T  V A R I A B L E )  AND T H E I R  CORRESPOhr- 0 
D I N G  Y V P L U E S  ( D E P E N D E N T  V A R I A S L E )  AND V A L U E S  O F  T H E  2 N D  D E R I V -  0 
A T I V E  ( Y E D O T )  A T  E A C H  P O I N T *  R O U T I N E  I N T E R P O L A T E S  F O R  Y ( U N K Y )  0 
A T  X=UNKX.  0 

r 

D I M E N S I O N  X ( 4 O C ) q  Y ( 4 0 0 ) .  Y 2 D O T ( 4 0 0 )  

I N T E R P O L A T I O N  I N T E P V A L  S E A R C H  

N B G =  1 
N N D = N P T S  
M n L = N o T S / 2 + 1  
I F  ( N P T S - 2 )  1 9 2 * 2  
W R I T E  ( 6 9 1 8 )  
S T O P  
I F  ( U N K X - X ( M D L ) )  3 9 6 * 8  
I F  ( M D L - N R G - 1 )  4 9 4 9 7  

I F  ( U N K X - X ( N E ! G )  1 5 * 5 + 6  
N K Z N B G - 1  
GO T O  1 3  
N K  = M D L -  1 
GO T O  1 3  
N N D = M D L  
M D L = N B G + ( N N D - N B G ) / E  
GO T O  2 
IF (NND-MDL-1) g 9 9 * 1 2  

N K = M D L  
GO T O  1 3  
N K  = N N D  
GO T O  1 3  
N B G = M D L  
M D L = N B G + ( N N D - - M D L ) / 2  
GO T O  2 
I F  ( N K )  1 5 9 1 4 9 1 5  
NK= 1 
GO T O  1 7  
I F  ( N K - N P T S )  1 7 9 1 6 9 1 7  
N K z N P T S -  1 

I F  ( U N K X - X ( N N D ) )  1 0 * 1 1 9 1 1  

I N T E R P O L A T I O N  FOR U N K Y  

V Q X l = X ( N K + l ) - U N K X  
V R X 2 = U N K X - X ( N K )  
V R Y l = Y ( N K )  
V R Y E = Y ( N K + l )  
D N K = X ( N K + l ) - X ( N K )  
T R M l = Y 2 D O T ( N K ) * V R X 1 + * 3  
TRM2=Y2DOT(NK+l)*VRX2**3 

U N K Y = T R M 3  
T R M l = V R Y l / D N K  

T R M 3 = ( T R M l + T R M 2 ) / ( 6 * 0 * D N K )  
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0 50 T R M 2 = Y 2 D O T ( N K ) * D N K / 6 * 0  
T R M 3 = V R X l * ( T R M l - T R M 2 )  0 59 
U N K Y = U N K Y + T R M 3  0 60 
T R M l = V R Y E / D N K  0 6 1  
T R M 2 = Y 2 D O T ( N K + l ) + D N K / 6 . 0  0 62 
T R M ~ = V R X ~ * ( T R M I - T R M ~ )  0 63 
U N K Y  = U N K Y + T R M 3  0 64 

C C 65 
C T H E  C O M P L E T E  E X P R E S S I O N  FOR U N K Y  IS G I V E N  BY 0 66 
C UNKY=(Y2DOT(NK)+VRX1**3+Y2DOT(NK+l)*VRX2**3)/(6~O~DNK)+VRXl*(VRYl/ 0 67 
C l D N K ~ Y 2 D O T ~ N K ~ * D N K / 6 ~ O ~ + V R X 2 * ~ V R Y 2 / D N K ~ Y 2 D O T ~ N K + l ) * D N K / 6 ~ 0 )  0 68 
C 0 69 
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