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Abstract.

The r e g i o n  o f  t h e  i o n o s p h e r e  s i t u a t e d  above t h e  B l a y e r  

p eak  and be low  t h e  F l a y e r  i s  d i f f i c u l t  t o  i n v e s t i g a t e  u s i n g  

c o n v e n t i o n a l  g round  b a sed  t e c h n i q u e s ,  c o n s e q u e n t l y  our  

knowledge  o f  t h i s  r e g i o n  i s  l i m i t e d .  The e x i s t e n c e  o f  a 

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

t h e  so c a l l e d  ' v a l l e y ' , has  b e e n  p o s t u l a t e d ,  b u t  d i r e c t  

g round  b a s e d  o b s e r v a t i o n s  o f  t h e  r e g i o n  a r e  r a r e  s i n c e  t h e  

fo rm  o f  t h e  i o n i z a t i o n  d i s t r i b u t i o n  makes such  o b s e r v a t i o n s  

d i f f i c u l t  by  v i r t u e  o f  t h e  l a r g e  a b s o r p t i o n  and g roup  r e ­

t a r d a t i o n  p ro d u c e d .  An a t t e m p t  has  been  made i n  t h i s  s t u d y  

t o  c o n s t r u c t  r e p r e s e n t a t i v e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s  f rom  

a c o n s i d e r a t i o n  o f  t h e  f i n e  s t r u c t u r e  o b s e r v e d  on i o n o s p h e r i c  

so u n d in g  r e c o r d s  and o f  t h e  v a r i a t i o n  o f  th e  a b s o r p t i o n  and 

v i r t u a l  h e i g h t  o f  a f i x e d  f r e q u e n c y  d u r i n g  t h e  g rowth  o f  t h e  

i o n o s p h e r e  be low  200 km f o l l o w i n g  t h e  s u n r i s e .

A com pu te r  programme b a s e d  upon t h e  p o ly n o m ia l  r e d u c t i o n  

method i s  d e s c r i b e d  f o r  t h e  c o m p u t a t i o n  o f  monoton ie  e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n s  f ro m  v e r t i c a l  so un d in g  o b s e r v a t i o n s  of  

v i r t u a l  h e i g h t .  The phase  i n t e g r a l  t e c h n i q u e  was a d o p te d  i n  

t h e  d e v e lo p m e n t  o f  a second  com puter  programme f o r  t h e  c a l ­

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

r e f l e c t e d  t h r o u g h o u t  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  S p e c i a l  

r e f e r e n c e  was made t o  t h e  r e s u l t s  o b t a i n e d  f o r  f r e q u e n c i e s  

r e f l e c t e d  n e a r  t h e  E l a y e r  p e ak  and t h e  v a l i d i t y  o f  t h i s  

a n a l y s i s  i n  t h i s  r e g i o n  o f  h i g h  d e v i a t i v e  a b s o r p t i o n  and group  

r e t a r d a t i o n  i s  d i s c u s s e d .  A t t e n t i o n  i s  drawn t o  t h e  l a r g e  

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



I X

above 120 km and an a t t e m p t  h a s  be en  made t o  c o n s t r u c t  a 

s u i t a b l e  h e i g h t  v a r i a t i o n  o f  t h i s  p a r a m e t e r  f o r  u s e  i n  t h e  

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

R o u t i n e  i o n o s p h e r i c  s o u n d in g s  were made h o u r l y  over  an  

e x t e n d e d  p e r i o d  and augmented w i t h  c o n t i n u o u s  so u n d in g s  on a 

number o f  s e l e c t e d  days  b e tw een  F e b r u a r y  and Ju n e  1969.  Also 

on 42 days  d u r i n g  t h i s  p e r i o d ,  m easurem ents  o f  a b s o r p t i o n  and 

v i r t u a l  h e i g h t  were c a r r i e d  o u t  on a f i x e d  f r e q u e n c y  f o r  

s e v e r a l  h o u r s  f o l l o w i n g  t h e  s u n r i s e .

The v a r i a t i o n s  o f  a b s o r p t i o n  w i t h  t im e  and v i r t u a l  h e i g h t  

w i t h  t im e  and f r e q u e n c y  were computed f rom  t h e  e l e c t r o n  

d e n s i t y  p r o f i l e s  o b t a i n e d  f ro m  3 in d e p e n d e n t  s o u r c e s

( a )  T h e o r e t i c a l  p o s t  s u n r i s e  p r o f i l e s  c o n s t r u c t e d  by 

B o u rn e ,  S e t t y and Sm i th ,

( b )  Monotonie  p r o f i l e s  computed f ro m  L e i c e s t e r  lonograms

( c )  P r o f i l e s  o b s e r v e d  by a Thomson S c a t t e r  t e c h n i q u e  a t  

R .R .E .  M alvern .

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  compared d i r e c t l y  w i t h

t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  and c o m p u t a t i o n s  o f  t h e  v a r i a t i o n

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

From a s y n o p t i c  s t u d y  o f  t h e  c u sp  f e a t u r e s  o b se rv e d  on

i o n o s p h e r i c  s o u n d in g s  i t  i s  fo u nd  t h a t  complex cusp  s t r u c t u r e

a round  f  £  i s  a r e g u l a r  phenomenon a t  L e i c e s t e r  o c c u r r i n g  

t h r o u g h o u t  t h e  day  b u t  showing some d e c r e a s e  i n  o c c u r r e n c e  

f r e q u e n c y  to w a rd s  noon.  The dev e lo p m en t  o f  t h i s  s t r u c t u r e  can  

be r e p r e s e n t e d  by an  e x p r e s s i o n  o f  t h e  fo rm

f c u s p  = A CO s ^ X



where d i f f e r e n t  cusp  f e a t u r e s  t a k e  d i f f e r i n g  v a l u e s  o f  t h e  

c o n s t a n t  A.

The c o m p a r iso n s  made i n  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  

p o l y n o m i a l  r e d u c t i o n  t e c h n i q u e  p ro d u c e s  monotonie  e l e c t r o n  

d e n s i t y  p r o f i l e s  which  s a t i s f a c t o r i l y  r e p r e s e n t  c o n d i t i o n s  when 

o n l y  t h e  v i r t u a l  h e i g h t  i s  c o n s i d e r e d  b u t  a r e  n o t  c a p a b l e  o f  

p r o d u c i n g  c a l c u l a t e d  a b s o r p t i o n  v a l u e s  t o  t h e  same d e g r e e  o f  

a c c u r a c y .  The v i r t u a l  h e i g h t  and a b s o r p t i o n  v a l u e s  computed 

f ro m  t h e  Thomson S c a t t e r  p r o f i l e s  a r e  i n  good ag re em e n t  w i t h  

e x p e r i m e n t a l  o b s e r v a t i o n s  o f  t h e s e  p a r a m e t e r s  a t  L e i c e s t e r .  

T hese  p r o f i l e s  a r e  t h e r e f o r e  c o n s i d e r e d  t o  a c c u r a t e l y  

r e p r e s e n t  t h e  s t r u c t u r e  o f  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  

The e x i s t e n c e  o f  t h e  s m a l l  u n d u l a t i o n s ,  a s  e v i d e n t  i n  t h e s e  

p r o f i l e s ,  i s  shown t o  a c c o u n t  f o r  t h e  m u l t i - c u s p  phenomenon 

and v a r i o u s  o b s e r v a t i o n s  c o n c e r n in g  t h e  v a r i a b i l i t y  and e x t e n t  

o f  su ch  s t r u c t u r e s  a r e  d e s c r i b e d .  I n  a d d i t i o n ,  t h e s e  com­

p a r i s o n s  have  i n d i c a t e d  some in a d e q u a c y  i n  t h e  g row th  t h e o r y  

employed i n  t h e  d e r i v a t i o n  o f  t h e  B o u rn e ,  B e t t y  and S m i th  

p r o f i l e s .

As a r e s u l t  o f  com par ing  t h e  v a r i a t i o n  w i t h  f r e q u e n c y  o f  

b o t h  t h e  v i r t u a l  h e i g h t  and a b s o r p t i o n  i t  h a s  b e en  shown 

e x p e r i m e n t a l l y  and s u p p o r t e d  t h e o r e t i c a l l y  t h a t
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i n d i c a t i n g  t h a t  a b s o r p t i o n  e s p e c i a l l y  i n  t h e  d e v i a t i v e  r e g i o n  

may be a more s e n s i t i v e  p a r a m e t e r  t o  p r o f i l e  f i n e  s t r u c t u r e .

I t  i s  a n t i c i p a t e d ' t h e r e f o r e  t h a t  sweep f r e q u e n c y  a b s o r p t i o n  

so u nd in g  may i n d i c a t e  more c l e a r l y  s h o r t  t e r ra  p e r t u r b a t i o n s  i n
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t h e  e l e c t r o n  d e n s i t y  p r o f i l e .  I n  Appendix l a  p r e l i m i n a r y  

f e a s i b i l i t y  s t u d y  o f  t h i s  t e c h n i q u e  i s  r e p o r t e d  and a new 

method f o r  a b s o r p t i o n  so u n d in g  i s  b r i e f l y  o u t l i n e d .



C h a p te r  1

I n t r o d u c t i o n

1.1 H i s t o r i c a l

The f i r s t  p o s t u l a t i o n  o f  t h e  e x i s t e n c e  o f  an  i o n i z e d  

l a y e r  i n  t h e  u p pe r  a tm o s p h e r e ,  l a t e r  c a l l e d  t h e  ’i o n o s p h e r e ’ 

by  W a tso n -W at t ,  i s  a t t r i b u t e d  t o  B a l f o u r  S t e w a r t  ( 1 8 7 8 ) ,  who 

in v o k ed  such  a  l a y e r  t o  e x p l a i n  t h e  d i u r n a l  v a r i a t i o n s  o f  t h e  

e a r t h ’ s m ag n e t ic  f i e l d .  I t  h a s  b e e n  s u g g e s t e d ,  how ever ,  t h a t  

F a r a d a y  ( 1 8 3 2 ) ,  Gauss ( 1 8 3 9 ) ,  and Lord K e l v i n  (186O),  

i n d e p e n d e n t l y  made s i m i l a r  p o s t u l a t i o n s  a t  much e a r l i e r  

d a t e s  ( K a i s e r  1962 ; C ha lm ers  1 9 6 2 ) .  The c o n c e p t  o f  an  i o n i z e d  

l a y e r  i n  t h e  u p p e r  a tm o sp h e re  was n o t  u t i l i z e d  i n  c o n n e c t i o n  

w i t h  t h e  p r o p a g a t i o n  o f  r a d i o  waves u n t i l  K e n n e l l y  ( 1 9 0 2 ) ,  and 

H e a v i s i d e  ( 1 9 0 2 ) ,  s u g g e s t e d  such  a phenomenon t o  e x p l a i n  t h e  

n e c e s s a r y  b en d in g  o f  r a d i o  waves t r a n s m i t t e d  by  Marconi be tw een  

E ng land  and t h e  U n i t e d  S t a t e s  o f  A m erica  i n  1 9 0 1 . H e a v i s i d e  

f u r t h e r  s u g g e s t e d  t h a t  t h e  l a y e r  c o n t a i n e d  p o s i t i v e  and 

n e g a t i v e  i o n s  p ro d uced  by  t h e  i o n i z i n g  a c t i o n  o f  s o l a r  r a d i a ­

t i o n  upon  t h e  c o n s t i t u e n t s  o f  t h e  i o n o s p h e r e  a ro u n d  80 km.

T h i s  t h e o r y  was n o t  r e a d i l y  a c c e p t e d  by many p r i n c i p a l  

p h y s i c i s t s  o f  t h e  t i m e ,  who f a v o u r e d  a d i f f r a c t i o n  t h e o r y  

expounded by  W atson i n  1 9 1 9 « I n  p a r t i c u l a r ,  Sommerfeld  

c a r r i e d  o u t  e x t e n s i v e  c a l c u l a t i o n s  o f  s i g n a l  s t r e n g t h  which  

were l a t e r  shown e x p e r i m e n t a l l y  t o  be to o  low f o r  e ac h  c a s e  

c o n s i d e r e d .



The a c t u a l  manner i n  which  t h e  c h a rg e d  p a r t i c l e s  a f f e c t  

t h e  p r o p a g a t i o n  o f  r a d i o  waves t h r o u g h  an i o n i z e d  medium was 

f i r s t  i n v e s t i g a t e d  by  E c c l e s  ( 1 9 1 2 ) ,  who assumed t h a t  t h e  

medium a c t e d  as  a c o n d u c t o r  and t h a t  t h e  e f f e c t i v e  c h a r g e s  

were  t h o s e  c a r r i e d  by  i o n s  o f  a to m ic  m ass .  Larmor ( 1 9 2 4 ) ,  

m o d i f i e d  t h i s  t h e o r y  by  r e p l a c i n g  t h e  c o n c e p t  o f  a s h a r p  con­

d u c t i n g  r e f l e c t o r  by a  d i e l e c t r i c  medium which  r e t u r n e d  r a y s  

t o  t h e  e a r t h  by  g r a d u a l  r e f r a c t i o n .  T h is  work l a i d  t h e  

f o u n d a t i o n  on which  A p p l e to n  and B a r n e t t  ( 1 9 2 5 ) ,  N i c h o l s  and 

S c h e l l a n g  ( 1 9 2 5 ) ,  and L a s s e n  ( 1 9 2 7 ) ,  worked t o  a p p l y  t h e  

p r i n c i p l e s  o f  r a y  t h e o r y  a s  s e t  down by Drude ( 1 9 0 2 ) ,  and 

L o r e n t z  ( 1 9 0 9 ) .  The c u l m i n a t i o n  o f  t h i s  e f f o r t  was t h e  

f o r m u l a t i o n  o f  t h e  m a g n e to - i o n i c  t h e o r y  o f  r a d i o  wave p r o p a ­

g a t i o n  which was f i r s t  o u t l i n e d  by  A p p l e t o n  ( 1 9 2 7 ) ,  and l a t e r  

p r e s e n t e d  i n  d e t a i l  by  H a r t r e e  ( 1 9 3 1 ) ,  and A p p l e to n  ( 1 9 3 2 ) .

The e a r l y  t h e o r e t i c a l  c o n s i d e r a t i o n s  r e m a in e d  w i t h o u t  

e x p e r i m e n t a l  s u p p o r t  u n t i l ,  i n  1924 , A p p l e to n  and B a r n e t t  

( 1 9 2 5 ) ,  o b t a i n e d  c o n c l u s i v e  e v id e n c e  o f  t h e  e x i s t e n c e  o f  an  

i o n o s p h e r e  f ro m  a wave i n t e r f e r e n c e  e x p e r i m e n t .  T h is  was 

q u i c k l y  f o l l o w e d  by  t h e  e x p e r im e n t s  o f  B r e i t  and Tuve ( 1 9 2 5 ) ,  

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

The s t u d y  o f  t h e  p h y s i c a l  and c h e m ic a l  p r o p e r t i e s  o f  t h e  

i o n o s p h e r e  was s t a r t e d  i n  1 9 3 1 , by  Chapman. He was t h e  f i r s t  

a u th o r  t o  c o n s i d e r  t h e  f o r m a t i o n  o f  t h e  i o n i z e d  l a y e r s  i n  t h e  

upp e r  a tm o s p h e r e ,  and showed t h a t  by  t a k i n g  a p a r t i c u l a r  

a tm o s p h e r i c  c o n s t i t u e n t  and i r r a d i a t i n g  i t  w i t h  m onochrom atic  

i o n i z i n g  r a d i a t i o n ,  t h e  i o n i z i n g  r a t e  was a maximum a t  a 

s p e c i f i c  a l t i t u d e .  The f o r m u l a t i o n  o f  t h e  Chapman t h e o r y  

p r o v id e d  a b a s i s  f o r  l a t e r  t h e o r e t i c a l  m o d e l l in g  o f  t h e  

i o n o s p h e r e .



Thus,  w i t h  t h e  deve lopm ent  o f  t h e  A p p l e t o n - H a r t r e e  and 

t h e  Chapman t h e o r i e s ,  and w i t h  t h e  e x p e r i m e n t a t i o n  o f  B r e i t  

and Tuve,  t h e  f o u n d a t i o n s  were l a i d  f o r  t h e  f u r t h e r  d e t a i l e d  

s t u d y  of  t h e  i o n o s p h e r e .

1 . 2 . F o r m a t i o n  o f  t h e  I o n o s p h e r e

The f o r m a t i o n  o f  i o n i z a t i o n  i n  t h e  u p p e r  a tm o sp h e re  i s  a 

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

t u e n t s  by  s o l a r  r a d i a t i o n .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  

c o n s i d e r  b o t h  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  atoms and 

m o l e c u l e s  p r e s e n t  i n  t h e  r e g i o n  and t h e i r  r e a c t i o n s  t o  v a r i o u s  

w a v e l e n g th s  i n  t h e  s o l a r  sp e c t r u m .  I t  h a s  b e e n  shown by 

Chapman t h a t  t h e  i n c i d e n c e  o f  m onochrom atic  i o n i z i n g  r a d i a t i o n  

on a s i n g l e  c o n s t i t u e n t  e x p o n e n t i a l  a tm o sp h e re  w i l l  p r o d u c e  an 

i o n  d i s t r i b u t i o n  which  h a s  a  c h a r a c t e r i s t i c  s h a p e ,  showing a 

s i n g l e  maximum, f i g u r e  1 . 1 .  The e x t e n s i o n  o f  t h i s  t r e a t m e n t  t o  

an  a tm o sp h e re  h a v in g  many c o n s t i t u e n t s ,  i r r a d i a t e d  by  many 

d i f f e r e n t  w a v e l e n g t h s ,  g i v e s  r i s e  t o  a complex i o n  d i s t r i b u ­

t i o n  which  may e x h i b i t  many maxima.

The n e u t r a l  a tm o sp h e re  a t  g round  l e v e l  c o n s i s t s  c h i e f l y  

o f  a  m ix t u r e  o f  e i g h t  g a s e s ,  o f  which  o n l y  two a r e  i n  p r o p o r ­

t i o n s  which  w a r r a n t  c o n s i d e r a t i o n ;  t h e s e  a r e  m o l e c u l a r  oxygen 

and m o le c u l a r  n i t r o g e n .  From t h e  low er  b o u n d a ry  o f  t h e  i o n o ­

s p h e r e ,  u s u a l l y  t a k e n  a s  $0 km, up t o  100 km a s t a t e  o f  

t h o r o u g h  m ix ing  i s  assumed t h r o u g h o u t ,  and w h i l e  p r e s s u r e  

d e c r e a s e s  s t e a d i l y  f ro m  ground  l e v e l  t h e  a tm o s p h e r i c  compo­

s i t i o n  o f  f o u r  p a r t s  m o le c u l a r  n i t r o g e n  t o  one p a r t  m o le c u l a r  

oxygen r e m a in s  u n c h an g e d .  Minor c o n s t i t u e n t s  c an  p l a y  a p a r t  

i n  t h e  i o n i z a t i o n  r e a c t i o n s  i n  t h i s  r e g i o n ,  and N i c o l e t  ( 1 9 4 7 ) ,
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h a s  d i s c u s s e d  t h e  r o l e  o f  n i t r i c  o x id e  i n  t h e  a b s o r p t i o n  o f  

Lyman c/ r a d i a t i o n  be low  1 00 km. Above 1 00 km t h e  assumed 

s t a t e  o f  t h o r o u g h  m ix ing  no l o n g e r  a p p l i e s ,  and a to m ic  oxygen 

' \  becomefmore i m p o r t a n t ,  a s  i n d i c a t e d  i n  f i g u r e  1 . 2 .

The s o l a r  s p e c t r u m  i s  r e p r e s e n t e d  i n  t e r m s  o f  t h e  h e i g h t  

a t  which  a  p a r t i c u l a r  r a d i a t i o n  i s  a b s o r b e d  by a f a c t o r  Ve, 
p l o t t e d  a g a i n s t  w a v e le n g th ,  i n  f i g u r e  1 . 3 * The c o n s t i t u e n t s  

i o n i z e d  by v a r i o u s  r e g i o n s  o f  t h i s  s p e c t r u m  a r e  a l s o  shown i n  

t h e  f i g u r e .

I n  t h e  upp e r  r e g i o n s  o f  t h e  i o n o s p h e r e ,  above 120 km, 

t h e  p r i m a r y  i o n s  a r e  0*̂  and nJ w h ich ,  by  c h a r g e  e x c h a n g e ,  l e a d  

t o  a s t a t e  i n  which 0" ,̂ 0^ and NO'*’ i o n s  p r e d o m i n a t e ,  g i v i n g  

r i s e  t o  t h e  h i g h e s t  i o n  d e n s i t y  i n  t h e  i o n o s p h e r e .  T h is  

b ro a d  maximum and th e  s u r r o u n d i n g  r e g i o n ,  f rom  a p p r o x i m a t e l y  

140 t o  1 ,0 0 0  km, i s  r e f e r r e d  t o  a s  t h e  F r e g i o n .  The com­

b i n a t i o n  o f  t h e  v a r i o u s  i o n  d i s t r i b u t i o n s  shown i n  f i g u r e

1 . 4 . may g iv e  r i s e  t o  a s u b s i d i a r y  maximum or  i n f l e c t i o n  i n  

t h e  t o t a l  i o n  d i s t r i b u t i o n ;  t h i s  i s  c a l l e d  t h e  F̂  l a y e r ,  

w h i l e  t h e  h i g h e r  maximum i s  d e s i g n a t e d  F ^ .

The E r e g i o n ,  b e tw ee n  90 and 120 km, c l o s e l y  f o l l o w s  

t h e  p r e d i c t i o n s  o f  t h e  Chapman t h e o r y ,  and i s  p ro d u ce d  by  t h e  

a c t i o n  o f  X - r a y s  i n  t h e  r a n g e  10 t o  200  A, and t h e  E .U.V. i n  

t h e  r a n g e  1 ,0 0 0  t o  1 ,$ 0 0  upon  m o l e c u l a r  oxygen and 

n i t r o g e n ,  w i t h  a to m ic  oxygen becoming i m p o r t a n t  h i g h e r  i n  t h e  

r e g i o n .  The p re d o m in a n t  i o n s  p ro d u c e d  a r e  0^ ,  NO"** and O'*” 

a l t h o u g h  mass s p e c t r o s c o p i c  s t u d y  h a s  shown t h e  p r e s e n c e  o f  

many minor i o n s ,  which  a r e  b e l i e v e d  t o  p l a y  an  i m p o r t a n t  p a r t  

i n  t h e  anomalous phenomena o b s e r v e d  i n  t h e  r e g i o n .
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The r e m a in i n g  h e i g h t  r a n g e ,  $0 t o  90  km, i s  r e f e r r e d  t o  a s  

t h e  D r e g i o n ,  and h a s  b e e n  shown, by Deeks (1 9 6 6 ) ,  t o  have  a 

complex s t r u c t u r e  o f t e n  e x h i b i t i n g  two maxima. T h is  c o m p l e x i t y  

i s  a r e s u l t  o f  combined e f f e c t s  o f  s h o r t  X - r a y s ,  Lymati o< and 

cosmic r a y s ,  i n  t h i s  r e g i o n  o f  h i g h  p a r t i c l e  d e n s i t y .

The c o n c e n t r a t i o n  o f  p o s i t i v e  i o n s  can  be t a k e n  a s  a 

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

r e g i o n s  o f  t h e  i o n o s p h e r e .  However, i n  t h e  h i g h  n e u t r a l  

d e n s i t y  o f  t h e  D r e g i o n ,  t h e  l o s s  o f  e l e c t r o n s  t o  fo rm  n e g a ­

t i v e  i o n s  i s  c o n s i d e r a b l e .  The complex i n t e r a c t i o n s  o f  

e l e c t r o n s  and i o n s  h a s  b een  t r e a t e d  i n  d e t a i l  b y  Donahue 

( 1 9 6 6 ) ,  w h i l e  N i c o l e t  and A iken  ( 1 9 6 0 ) ,  c o n s i d e r e d  t h e  i o n ­

i z a t i o n  o f  t h e  p r i n c i p a l  c o n s t i t u e n t s  by  s o l a r  r a d i a t i o n  o f  

v a r i o u s  w a v e l e n g th s .

1 . 3 .  V a r i a t i o n s  i n  t h e  Q u ie t  Io n o s p h e r e

The e f f e c t s  o f  s o l a r  r a d i a t i o n  i n  f o rm in g  i o n i z e d  l a y e r s  

i n  t h e  i o n o s p h e r e  have  b e en  d i s c u s s e d  and i t  i s  now n e c e s s a r y  

t o  c o n s i d e r  t h e  c h an g e s  which a r e  o b s e r v e d  i n  t h e s e  l a y e r s  as  

t h e  d e n s i t y  o f  i o n i z i n g  r a d i a t i o n  v a r i e s  w i t h  t h e  d i u r n a l ,  

s e a s o n a l  and s u n s p o t  c y c l e s .  These  v a r i a t i o n s  a r e  w i d e l y  

d i f f e r e n t  f rom  l a y e r  t o  l a y e r ,  so  t h a t  i t  i s  c o n v e n i e n t  t o  

c o n s i d e r  each  one s e p a r a t e l y .

1 . 3 . 1 .  D R e g io n

S i n c e  t h e  D r e g i o n  i s  t h e  l o w e s t  p a r t  o f  t h e  i o n i z e d  

a tm o sp h e re  t h e  n e u t r a l  g a s  d e n s i t y  h a s  i t s  g r e a t e s t  v a l u e ,  

e x c e e d in g  t h e  e l e c t r o n  d e n s i t y  by a f a c t o r  o f  1 0 *̂  . Con-
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s e q u e n t l y ,  t h e  r e a c t i o n s  o f  t h e  r e g i o n  a r e  s t r o n g l y  i n f l u e n c e d  

by  t h e  p r e s e n c e  o f  n e u t r a l  a toms and m o le c u l e s .  I n  p a r t i c u l a r ,  

t h e  v e r y  h i g h  f r e q u e n c y  o f  e l e c t r o n  c o l l i s i o n s  w i t h  t h e s e  

n e u t r a l  p a r t i c l e s  p r o d u c e s  e x c e s s i v e  a b s o r p t i o n  o f  medium 

f r e q u e n c y  r a d i o  waves ,  t h u s  making d i r e c t  so u nd in g  v e r y  

d i f f i c u l t .  A l t e r n a t i v e  i n d i r e c t  methods  o f  o b s e r v a t i o n  have  

b een  d e v e lo p e d  and w i d e l y  u s e d ,  b u t  t h i s  s t i l l  r e m a in s  t h e  

l e a s t  w e l l  d e f i n e d  r e g i o n  o f  t h e  i o n o s p h e r e .

O b s e r v a t i o n s  of  t h e  p h ase  v a r i a t i o n  o f  low f r e q u e n c y  

r a d i o  waves t r a n s m i t t e d  over  p a t h s  o f  v a r y i n g  l e n g t h s  have  

i n d i c a t e d  t h a t  t h e  D r e g i o n  sh o u ld  be f u r t h e r  s u b d i v i d e d  t o  

g i v e  a lo w er  C l a y e r .  T h is  r e g i o n  i s  due t o  cosmic  r a d i a t i o n  

which  would r e m a in  r e a s o n a b l y  c o n s t a n t  t h r o u g h o u t  t h e  whole  

day ,  g i v i n g  r i s e  t o  t h e  c o n s t a n t  p h a s e  d i f f e r e n c e  shown i n  

f i g u r e  1 . 5 ( a ) .  I t  h a s  a l s o  b een  s u g g e s t e d  t h a t  t h e  a t t a c h m e n t  

o f  e l e c t r o n s  t o  n e u t r a l  a toms p r o d u c e s  a  r a p i d  f a l l  i n  e l e c t r o n  

d e n s i t y  a t  s u n s e t ,  and t h a t  p h o to d e ta c h m e n t  a t  s u n r i s e  r e s u l t s  

i n  t h e  s w i f t  r i s e  i n  e l e c t r o n  d e n s i t y .

D e c r e a s in g  t h e  p a t h  l e n g t h  o f  t h e  low f r e q u e n c y  t r a n s ­

m i s s i o n s  i n c r e a s e s  t h e  a p p a r e n t  h e i g h t  o f  r e f l e c t i o n  and t h e  

d i u r n a l  p h a se  v a r i a t i o n  i n d i c a t e s  a smooth z e n i t h  a n g l e  

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

T h is  t y p e  o f  v a r i a t i o n ,  a s  p r e d i c t e d  f o r  a Chapman l a y e r  

p r e d o m i n a t e s  t h r o u g h  t h e  u p p e r  D and E r e g i o n s .  The s u n s p o t  

c y c l e  v a r i a t i o n  i n  t h e  D r e g i o n  i s  more complex s i n c e  i t  i s  

p ro d u ce d  by t h e  i n t e r p l a y  o f  two m echanism s.  F i r s t l y ,  Lyman 

cC r a d i a t i o n  v a r i e s  v e r y  l i t t l e  o v e r  t h e  s u n s p o t  c y c l e ,  and 

t h u s  g i v e s  an  a lm o s t  c o n s t a n t  s o u r c e  o f  i o n i z a t i o n  t h r o u g h o u t  

t h e  c y c l e .  Super im posed  upon t h i s  i s  t h e  v a r i a t i o n  i n  X - r a y
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f l u x  w hich  may change by  two o r  more o r d e r s  o f  m ag n i tu d e  

d u r i n g  t h e  s u n s p o t  c y c l e .

The s e a s o n a l  v a r i a t i o n  o f  t h e  r e g i o n  a l s o  shows marked 

d i f f e r e n c e s  f rom  t h a t  e x p e c te d  f rom  a C h ap m a n - l ik e  l a y e r .  

T y p i c a l  s e a s o n a l  p r o f i l e s  a r e  shown i n  f i g u r e  1 . 6 . T h ese  show 

a marked v a r i a t i o n ,  p a r t i c u l a r l y  a ro u n d  65 km, i n  w h ich  t h e  

e l e c t r o n  d e n s i t y  i n c r e a s e s  n o r m a l ly  u n t i l  midsummer, b u t  t h e n  

r e m a in s  r o u g h l y  c o n s t a n t  u n t i l  t h e  e q u in o x ,  when a r a p i d  change  

t a k e s  p l a c e  l e a d i n g  t o  minimum c o n d i t i o n s  i n  November. T h i s  

anomalous b e h a v io u r  h as  b e en  c a l l e d  t h e  'November e f f e c t '  and 

h a s ,  a s  y e t ,  no s a t i s f a c t o r y  e x p l a n a t i o n .  The s o l u t i o n s  t o  

t h i s  anomaly  and t o  t h e  w i n t e r  anomaly  a r e  e x p e c t e d  t o  come 

f rom  s t u d i e s  o f  t h e  i n t e r a c t i o n  o f  m e t e o r o l o g i c a l  e f f e c t s  i n  

t h e  s t r a t o s p h e r e  and t h e  lower  D r e g i o n .

1 .3 * 2 .  E R e g io n

The E r e g i o n  i s  t h e  most ' w e l l  b e h a v e d '  p a r t  o f  t h e  i o n ­

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

f a i r l y  a c c u r a t e l y  f rom  Chapman t h e o r y .  However, su p e r im p o s e d  

upon t h e s e  t r e n d s  a r e  o b s e rv e d  s e v e r a l  minor  i r r e g u l a r i t i e s .  

Among t h e s e  t h e  a p p e a r a n c e  o f  t h i n ,  h i g h l y  d e n se  l a y e r s ,  

c o l l e c t i v e l y  c a l l e d  S p o r a d i c  E l a y e r s ,  h a s  r e c e i v e d  most  

a t t e n t i o n  (W hitehead  1 9 7 0 ) .  These l a y e r s  p l a y  an  i m p o r t a n t  

p a r t  i n  o b s e r v a t i o n s  o f  t h e  E l a y e r ,  an d ,  a s  y e t ,  d e f y  

p r e d i c t i o n  and have  no c o m p le te  e x p l a n a t i o n .  The most r e c e n t  

t h e o r y  o f  t h e i r  p r o d u c t i o n  i s  t h e  Wind S h ea r  t h e o r y ,  by  which  

an  a c c u m u l a t i o n  o f  e l e c t r o n s  i s  t h o u g h t  t o  be p ro d u c e d  i n  a 

r e g i o n  where  two o p p o s in g  wind sy s te m s  come i n t o  c o n t a c t  

(A xford  and Cunnold 1 9 6 6 ) .  R o c k e t  p r o f i l e s  show a n o t h e r  o f
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t h e s e  minor phenomena, t h e  e x i s t e n c e  o f  a l a r g e  number of  

minor maxima a t  t h e  l a y e r  p e ak .  The l a r g e s t  o f  t h e s e  maxima 

a r e  o f t e n  o b se rv e d  on t h e  r e c o r d s  o f  g round  b a se d  so u n d in g  

equ ipm ent  a s  m u l t i p l e  cusp  s t r u c t u r e s ^  A d e t a i l e d  s t u d y  of  

b o t h  t h e  d i u r n a l  and s e a s o n a l  v a r i a t i o n s  o f  t h i s  f i n e  

s t r u c t u r e  h a s  b een  u n d e r t a k e n ,  and i s  d i s c u s s e d  f u l l y  i n  

C h a p te r  7 *

The b a s i c  v a r i a t i o n s  o f  t h e  E r e g i o n  a r e  u s u a l l y  

o b s e r v e d  and i l l u s t r a t e d  i n  t e rm s  o f  t h e  h i g h e s t  f r e q u e n c y  

r e f l e c t e d  f ro m  t h e  E l a y e r ,  t h e  c r i t i c a l  f r e q u e n c y ,  f ^ E .

D i u r n a l  p l o t s  o f  t h i s  p a r a m e te r  show a dependence  on t h e  

z e n i t h  a n g l e

= A CoS ^ .
The ex p on en t  f o r  a t r u e  Chapman l a y e r  would be i ,  and d e p a r t ­

u r e s  f ro m  t h i s  v a l u e  a r e  a t t r i b u t e d  t o  t h e  h e i g h t  v a r i a t i o n  o f  

s c a l e  h e i g h t  and r e c o m b i n a t i o n  c o e f f i c i e n t .  T hese  d i u r n a l  

p l o t s  f u r t h e r  show t h e  g row th  and d e c a y  o f  t h e  E l a y e r  t o  be  

a lm o s t  sy m m e t r i c a l  a b o u t  noon,  w i t h  a s l i g h t  o f f s e t  o f  a b o u t  

t w e n t y  m in u te s  a f t e r  noo n ,  i n d i c a t i n g  a r a p i d  r e c o m b i n a t i o n  

r a t e  f o r  e l e c t r o n s  i n  t h e  r e g i o n .  The e x t e n t  o f  s o l a r  c o n t r o l  

and t h e  h i g h  r a t e  o f  r e c o m b i n a t i o n  a r e  f u r t h e r  i l l u s t r a t e d  i n  

f i g u r e  1 . 7 ,  where f^E  i s  p l o t t e d  f o r  t h e  p a r t i a l  e c l i p s e  day  o f  

t h e  2 0 t h  May, 1966. The o b s e r v a t i o n s  t a k e n  i n  L e i c e s t e r  show 

c l e a r l y  t h e  s y m m e t r i c a l  d e cay  i n  f^ E  d u r i n g  t h e  p a r t i a l  

e c l i p s e .  At n i g h t  t h e  e l e c t r o n  d e n s i t y  i n  t h e  E r e g i o n  f a l l s  

be low t h a t  d e t e c t a b l e  by  most g round  b a se d  r a d i o  so un d ing  

equ ipm en t  d e s ig n e d  f o r  E r e g i o n  o b s e r v a t i o n .  However,  r o c k e t  

m easu rem en ts  a t  n i g h t  h ave  d e t e c t e d  a r e s i d u a l  E l a y e r  w i t h  

an  e l e c t r o n  d e n s i t y  o f  t h e  o r d e r  o f  10 e l e c t r o n s / c . c .  Thus
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(a ) Mean o f 5 normal days
(b ) P a r t i a l  e c lip se  day, 20th May 1966 

(maximum phase 0930)



t h e  c r i t i c a l  f r e q u e n c y  f a l l s  f rom  a ro u n d  3*5 MHz a t  noon,  

t o  a p p r o x i m a t e l y  0 . 3  MHz a t  m id n i g h t .

The s e a s o n a l  and s o l a r  c y c l e  v a r i a t i o n s  f u r t h e r  u n d e r ­

l i n e  t h e  i m p o r t a n c e  o f  s o l a r  c o n t r o l  i n  t h i s  r e g i o n ;  t h e  

s e a s o n a l  v a r i a t i o n  show ing ,  i n  t e m p e r a t e  l a t i t u d e s ,  a  change 

i n  f  oB f ro m  a p p r o x i m a t e l y  4 , 0  MHz i n  summer, t o  a p p r o x i ­

m a t e l y  3 . 0  MHz i n  w i n t e r .  A c o m p re h en s iv e  s t u d y  o f  t h i s  

r e g i o n  and i t s  v a r i a t i o n s  was p u b l i s h e d  by  R o b in s o n  ( 19^ 0 ) ,  

and h i s  work and some r e c e n t  t h e o r i e s  w i l l  be d i s c u s s e d  l a t e r .

1.3.3* g Region

T h i s  r e g i o n  o f  t h e  i o n o s p h e r e  i n c l u d e s  a l l  i o n i z a t i o n  

above a b o u t  1^0  km , a l t h o u g h  t h e  a r b i t r a r y  u p p e r  l i m i t  o f

1 ,0 0 0  km i s  o f t e n  im p osed .  The e l e c t r o n  d e n s i t y  r i s e s  t o  

t h e  o v e r a l l  i o n i z a t i o n  maximum o f  t h e  i o n o s p h e r e  s i t u a t e d  

b e tw ee n  2 50  and 500 km. , and t h e n  d e c a y s  e x p o n e n t i a l l y  w i t h  

i n c r e a s i n g  h e i g h t .  B e tw een  1 40 km and t h i s  maximum a  su b ­

s i d i a r y  maximum o r  i n f l e c t i o n  i s  o f t e n  o b s e r v e d  w h ich  i s  d e s ­

i g n a t e d  t h e  Fj l a y e r ,  and which  i t  i s  c o n v e n i e n t  t o  c o n s i d e r  

s e p a r a t e l y .

The Fj l a y e r ,  l i k e  t h e  E l a y e r  be low  i t ,  e x h i b i t s  

s t r o n g  s o l a r  c o n t r o l  and Chapman -  l i k e  d i u r n a l  and s e a s o n a l  

v a r i a t i o n s .  A t t e m p ts  t o  d e r i v e  a  cos  X  l aw  f o r  t h e  l a y e r  

e x h i b i t  a  d i f f e r e n c e  b e tw een  t h e  two l a y e r s  i n  t h a t  t h e  

v a l u e  o f  n  f o r  t h e  F̂  l a y e r  v a r i e s  w i t h  s e a s o n  and l a t i t u d e ,  

and h a s  a  n u m e r i c a l  v a l u e  g r e a t e r  t h a n  f o u r .  T h ese  d e p a r t ­

u r e s  f ro m  C hapm a n - l ik e  b e h a v i o u r  a r e  due t o  t h e  i n f l u e n c e  o f

t h e  f a r  more v a r i a b l e  F l a y e r  ab o v e .  The F l a y e r  i s  o n l y* 1
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o b s e r v e d  when t h e  maximum i s  s m a l l  and a t  t h e  t o p  o f  i t s  

h e i g h t  r a n g e .  For  exam ple ,  a t  n i g h t  when t h e  F^ l a y e r  

d i m i n i s h e s  and l o s e s  h e i g h t ,  t h e  F̂  l a y e r  i s  a b s o r b e d  i n t o  i t  

t o  fo rm  a  s i n g l e  n o c t u r n a l  F l a y e r .  T h i s  i n f l u e n c e  i s  

f u r t h e r  i l l u s t r a t e d  by  t h e  s e a s o n a l  and s u n s p o t  v a r i a t i o n s  o f  

t h e  l a y e r .  At t e m p e r a t e  l a t i t u d e s  d u r i n g  s o l a r  minimum 

c o n d i t i o n s  f^F^ h a s  a maximum a ro u n d  3*7 MHz. i n  w i n t e r ,  

i n c r e a s i n g  t o  4.1  MHz i n  summer, w h i l e  t h e  d i u r n a l  v a r i a t i o n  

e x h i b i t s  r e a s o n a b l e  symmetry a ro u hd  noon .  However, a t  s u n ­

s p o t  maximum, when t h e  F l a y e r  i s  much e n h a n c e d ,  f^^F  ̂ shows 

d i u r n a l  asymmetry ,  (maximum one h o u r  a f t e r  n o o n ) ,  and an  

i n c r e a s e  f ro m  5*1 MHz i n  summer t o  a v a l u e  i n  t h e  r e g i o n  o f

6 . 0  MHz i n  w i n t e r .  T h i s  l a s t  f i g u r e  i s  b a s e d  on a v e r y  few  

o b s e r v a t i o n s  s i n c e  a  s e p a r a t e  F^ l a y e r  i s  r a r e l y  o b s e r v e d  i n  

w i n t e r  a t  s o l a r  maximum.

The F^ l a y e r ,  t o  which  t h e  a n o m a l i e s  i n  F^ l a y e r  a r e  

a t t r i b u t e d ,  i s  more complex and no s i m p le  model  c a n  be  

employed t o  p r e d i c t  i t s  b e h a v i o u r .  The d i u r n a l  v a r i a t i o n  

shows a  r e g u l a r  p a t t e r n  d u r i n g  d a y l i g h t  h o u r s ,  h a v in g  a 

maximum j u s t  a f t e r  noon  i n  t e m p e r a t e  l a t i t u d e s .  However,  a t  

n i g h t ,  two minima i n  c r i t i c a l  f r e q u e n c y  c a n  o f t e n  be  d e t e c t e d .  

The c o m p l e x i t y  i s  more marked when c o n s i d e r i n g  t h e  s e a s o n a l  

v a r i a t i o n .  T h i s  d epends  s t r o n g l y  upo n  t h e  epoch  o f  t h e  s o l a r  

c y c l e ,  g i v i n g  a n  a lm o s t  i n v a r i a n t  mean d a i l y  maximum of  

a ro u n d  5 MHz a t  s u n s p o t  minimum, w h i l e  a t  s u n s p o t  maximum 

t h e  v a r i a t i o n  i s  f ro m  a ro u n d  8 . 0  MHz i n  summer t o  1 2 . 0  MHz 

i n  w i n t e r .

The day  t o  day  f l u c t u a t i o n s  i n  t h e  v a l u e  o f  f^ F̂  a r e  

a l s o  c o n s i d e r a b l e  d u r i n g  s o l a r  maximum, s u g g e s t i n g  t h e
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e x i s t e n c e  o f  h i g h l y  e n e r g e t i c  movements w i t h i n  t h e  F r e g i o n .  

Such movements have r e c e i v e d  e x t e n s i v e  s tu d y ,  a s  hav e  t h e  

many a n o m a lie s  i n  F r e g i o n  b e h a v io u r ,  b u t  a s  y e t  no s i n g l e  

t h e o r y  c a n  e x p l a i n  a l l  a s p e c t s  o f  F r e g i o n  m orphology;

1 . 4 .  S tu d y  o f  t he  Io n o s p h e re

1 . 4 . 1 .  T h e o r e t i c a l

T h e o r e t i c a l  s t u d i e s  o f  t h e  io n o s p h e r e  can  be d iv id e d  

i n t o  two m ain  c a t e g o r i e s .  The f i r s t  s e t s  o u t  t o  d e r i v e  m odels 

o f  t h e  io n o s p h e r e  by  c o n s i d e r i n g  t h e  i n t e r a c t i o n  o f  i o n i z i n g  

p a r t i c l e s  and r a d i a t i o n s  w i th  t h e  n e u t r a l  a tm o s p h e re .  The 

s tu d y  o f  r a d i o  wave p r o p a g a t io n  t h r o u g h  t h e  i o n i z e d  l a y e r s  

c o n s t i t u t e s  t h e  second  c a t e g o r y .

The Chapman t h e o r y  fo rm s a b a s i s  f o r  a  l a r g e  number o f  

m o d e l l in g  t e c h n i q u e s ,  nam ely , t h o s e  w hich  a t t e m p t  t o  r e p r e s e n t  

t h e  e l e c t r o n  d i s t r i b u t i o n  w i th  h e i g h t  i n  te rm s  o f  t h e  s o l a r  

r a d i a t i o n  and i o n  c h e m is t r y .  O b s e r v a t io n s  o f  t h e  s o l a r  

sp e c t ru m  u n d e r  q u i e t  and d i s t u r b e d  c o n d i t i o n s  and d i r e c t  

sam p lin g  o f  t h e  a tm o s p h e r ic  c o m p o s i t io n  have  e n a b le d  many 

w o rk e rs  t o  d e r i v e  m odels o f  t h e  e l e c t r o n  d i s t r i b u t i o n  u n d e r  a  

v a r i e t y  o f  d i f f e r e n t  c o n d i t i o n s .  T h is  work h a s  b e e n  d i s c u s s e d  

i n  d e t a i l  by  N i c o le t  and A iken  ( i 9 6 0 ) ,  and D o n e l le y  (19&7)" 

The d i s t r i b u t i o n  o f  e l e c t r o n  c o l l i s i o n a l  f r e q u e n c y  w i t h  

h e i g h t  h a s  a l s o  b e en  m o d e lled  by  c o n s i d e r i n g  t h e  a tm o s p h e r ic  

c o m p o s i t io n  and t h e  g a s ,  i o n  and e l e c t r o n  t e m p e r a t u r e s  i n  

t h e  io n o s p h e r e  (T h rane  and P i g g o t t  1 9 ^ 6 ) .  T h is  secon d  g roup  

o f  m o d e l l in g  t e c h n iq u e s  i s  d i s c u s s e d  i n  C h a p te r s  2 and 3*

I n  a d d i t i o n  t o  t h e s e  two m ain g ro u p s  many p ro b lem s i n v o lv i n g
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i r r e g u l a r  phenomena have  b e en  t r e a t e d  by  t h e  i n t r o d u c t i o n  o f  

s p e c i a l i s e d  m o d e ls ,  an  exam ple o f  w h ich  i s  t h e  Wind S h e a r  

t h e o r y  o f  t h e  S p o ra d ic  E l a y e r .

The t h e o r e t i c a l  s tu d y  o f  r a d i o  wave p r o p a g a t io n  th r o u g h  

t h e  i o n o s p h e r e  i s  b a s e d  upon  two t y p e s  o f  dev e lo p m en t f r o m  

t h e  e l e c t r o - m a g n e t i c  t h e o r y ,  a s  f o r m u la te d  i n  M a x w e ll 's  

e q u a t i o n s ,  and t h e  c o n s t i t u t i v e  r e l a t i o n s  o f  a  d i e l e c t r i c  

medium s i t u a t e d  i n  a  m ag n e tic  f i e l d .  The f i r s t  a p p ro a c h ,  t h e  

r a y  t h e o r y ,  a t t e m p t s  t o  d e s c r i b e  th e  c h a r a c t e r i s t i c s  o f  a  wave 

i n  t e rm s  o f  i t s  r e f r a c t i v e  in d e x ,  wave p o l a r i z a t i o n  and 

a b s o r p t i o n  i n d e x .  The two c h a r a c t e r i s t i c  waves w hich  a r e  

p r o p a g a te d ,  t h e  o r d i n a r y  and e x t r a o r d i n a r y  r a y s ,  a r e  f u r t h e r  

assum ed t o  t r a v e l  i n d e p e n d e n t l y  th r o u g h  t h e  medium w i th  no 

i n t e r c h a n g e  o f  e n e rg y  b e tw ee n  them . I n h e r e n t  i n  t h i s  t h e o r y  

i s  t h e  a s s u m p t io n  t h a t  t h e  p r o p e r t i e s  o f  t h e  medium a r e  con­

s t a n t  o r  v a r y  v e r y  l i t t l e  i n  th e  sp a c e  o f  one w a v e le n g th .

T h u s ,  a t  low f r e q u e n c i e s ,  o r  i n  r e g i o n s  where t h e  medium 

v a r i e s  v e r y  r a p i d l y ,  t h e  r a y  t h e o r y  b r e a k s  down and ' t h e  more 

co m p le te  wave t h e o r y  m ust be a p p l i e d .  T h is  second  a p p ro a c h  

r e q u i r e s  t h a t  M a x w e ll 's  e q u a t io n s  be  em ployed and s o l u t i o n s  

f o r  t h e  wave f i e l d s  fo u n d  a t  e ach  p o i n t  i n  s p a c e .  At medium 

and h ig h  f r e q u e n c i e s  t h e  wave t h e o r y  h a s  t h e  m ajo r  d i s ­

a d v a n ta g e  t h a t  t h e  c o m p u ta t io n s  become e x c e e d in g ly  lo n g  a s  

many w a v e le n g th s  a r e  i n v o lv e d  i n  t h e  p r o p a g a t io n  p a th .

The wave t h e o r y  h a s  b e en  d e s c r i b e d  i n  d e t a i l  by  P i t t e w a y  

(19& 5), and i t s  a p p l i c a t i o n  t o  t h e  p r o p a g a t i o n  o f  v e r y  low 

f r e q u e n c y  r a d i o  waves i n  t h e  e a r t h - i o n o s p h e r e  w aveguide  h a s  

b e e n  e x t e n s i v e l y  d i s c u s s e d  by  W ait (1 9 6 2 ) .  I n  t h e  work w hich  

f o l lo w s  t h e  r a y  t h e o r y  w i l l  be  em ployed and i t s  a p p l i c a t i o n s
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to propagation problems i s  discussed in  Chapters 2 and 3*

1 . 4 . 2 .  E x p e r im e n ta l

The e x p e r im e n ta l  s t u d y  o f  t h e  i o n o s p h e r e  can  be con­

v e n i e n t l y  t r e a t e d  i n  two s e c t i o n s  d i f f e r e n t i a t i n g  b e tw een  

g round  b a s e d  e x p e r im e n ts  and d i r e c t  sam p lin g  e x p e r im e n ts  

c a r r i e d  o u t  by r o c k e t s  and s a t e l l i t e s .

( a )  Ground B ased  E x p e r im e n ts

The m ost common e x p e r im e n t  c a r r i e d  o u t  on  a r o u t i n e  

b a s i s  i s  t h e  so u n d in g  o f  t h e  i o n o s p h e r e  by  means o f  

r e p e t i t i v e  p u l s e s  o f  r a d i o  e n e rg y  o f  c o n t i n u o u s l y  v a r y in g  

f r e q u e n c y  i n  t h e  r a n g e  I to 2o MHz:. T h is  t e c h n iq u e  g i v e s  an  

i n d i c a t i o n ,  th r o u g h  t h e  v a r i a t i o n  o f  t h e  r e t a r d a t i o n  o f  t h e  

r e f l e c t e d  p u l s e s  w i th  f r e q u e n c y ,  o f  t h e  d i s t r i b u t i o n  o f  

e l e c t r o n  d e n s i t y  above a b o u t  1 00 km. A s i m i l a r  t e c h n iq u e  

em ploy ing  f i x e d  f r e q u e n c y  M^F. and H .F . p u l s e s  h a s  b e en  

w id e ly  u s e d  i n  t h e  s t u d y  o f  r a d i o  wave a b s o r p t i o n  and p h a se  

p a t h  i n  t h e  io no sph ere®  The u s e  o f  p u l s e s  i n  t h e  m easu re ­

ment o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  i s  d i s c u s s e d  i n  d e t a i l  

i n  l a t e r  C h a p te r s .

R e g io n s  be low  1 00 km have  c o m p a r a t i v e ly  s m a l l  e l e c t r o n  

d e n s i t i e s  and h i g h  m o le c u la r  d e n s i t i e s  and a l t h o u g h  p u l s e  

so u n d in g  a t  f r e q u e n c i e s  be low  1 MHz h av e  b e e n  c a r r i e d  o u t  i t  

r e q u i r e s  v e r y  h ig h  power t r a n s m i t t e r s  t o  o b t a i n  w o rk a b le  echo  

a m p l i tu d e s  a t  t h e s e  low f r e q u e n c i e s .  However, two t e c h n i q u e s  

i n v o lv i n g  medium f r e q u e n c y  p u l s e  t r a n s m i s s i o n s  have  b e e n  

d e v e lo p e d  f o r  o b s e r v a t i o n s  o f  t h e  D reg ion®  T hese  a r e  t h e  

c r o s s  m o d u la t io n  e x p e r im e n t  d e s c r i b e d  by  F e j e r  (1955), a M
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t h e  p a r t i a l  r e f l e c t i o n  e x p e r im e n t  due to  G ardner and Pawsey 

( 1 9 5 3 ) ,  w hich  g i v e s  e s t i m a t e s  o f  b o th  t h e  e l e c t r o n  d e n s i t y  

and t h e  c o l l i s i o n a l  f r e q u e n c y  a t  h e i g h t s  be low  100 km

The t e c h n iq u e s  m en tio n ed  so  f a r  a r e  c o n c e rn e d  w i th  

v e r t i c a l  i n c i d e n c e  p r o p a g a t io n  o r  t h e  i n t e r a c t i o n  o f  two 

s i g n a l s  i n  a  v e r y  r e s t r i c t e d  r e g i o n  and g iv e  r e s u l t s  w hich  

a r e  r e l e v a n t  t o  a  f a i r l y  w e l l  d e f in e d  p o i n t  i n  t h e  io n o s p h e r e .  

However, t h e  p r e d i c t i o n  o f  t h e  p e rfo rm a n c e  o f  h ig h  f r e q u e n c y  

co m m u n ica tio n  c i r c u i t s  i s  s t u d i e d  more s a t i s f a c t o r i l y  by  

o b s e r v a t i o n s  t a k e n  a lo n g  t h e  p a th  o f  t h e  p ro p o se d  c i r c u i t .

Thus t h e  soun d in g  t e c h n iq u e  h a s  b e e n  e x te n d e d  t o  g iv e  

o b l iq u e  i n c i d e n c e  io n o g ram s w hich  g iv e  a  d i r e c t  o b s e r v a t i o n  

o f  t h e  lo w e s t  and h i g h e s t  u s a b l e  f r e q u e n c y  a s  w e l l  a s  t h e  mode 

s t r u c t u r e  on a p a r t i c u l a r  com m unica tions  c i r c u i t .  A f u r t h e r  

d e v e lo p m en t i n  o b l iq u e  sou nd ing  i s  t h e  C h irp  sy s te m  d e s c r i b e d  

by  Fenw ick  and B a r r y  (1965)* H e re ,  a  c o n t in u o u s  wave, w hich  

i s  c o n t i n u o u s l y  v a r y in g  i n  f r e q u e n c y ,  i s  t r a n s m i t t e d ,  and  t h e  

d e l a y  t im e  i s  m easured  by  com paring  t h e  f r e q u e n c y  o f  t h e  

r e t u r n e d  wave w i th  t h a t  o f  t h e  t r a n s m i t t e d  wave. As w e l l  a s  

t h e s e  so u n d in g  t e c h n iq u e s  t h e  m o n i to r in g  o f  f i x e d  f r e q u e n c y  

c o n t in u o u s  wave t r a n s m i s s i o n s  c a n  g iv e  e s t i m a t e s  o f  t h e  

f l u c t u a t i o n s  i n  h e i g h t  o f  a p a r t i c u l a r  e l e c t r o n  d e n s i t y  v a lu e  

a t  a  re m o te  p o i n t  i n  t h e  i o n o s p h e r e .  S i m i l a r  m o n i to r in g  o f  

l e v e l s  i n  t h e  D r e g i o n  can  be u n d e r t a k e n  by  o b s e rv in g  t h e  

d i u r n a l  v a r i a t i o n  o f  t h e  p h a se  and a m p l i tu d e  o f  v e r y  low  

f r e q u e n c y  t r a n s m i s s i o n s  w hich  a r e  r e f l e c t e d  fro m  t h i s  

r e g i o n  o f  t h e  i o n o s p h e r e .

The t e c h n iq u e  o f  b ack  s c a t t e r  so u n d in g  (Shearm an 1956) 

d i f f e r s  f rom  t h e  sy s te m s  o u t l i n e d  above i n  t h a t  a l t h o u g h  i t
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observes r e f l e c t io n s  from  an ob lique p a th  bo th  th e  t r a n s m it te r  and 

re c e iv e r  a re  s i tu a te d  a t  the  same p o in t .  By th i s  tech n iq u e  a h ig h  energy 

ra d a r  p u lse  can be used  to  s tu d y  th e  b eh av io u r o f th e  Sporad ic  E la y e r  

w ith in  th e  ra d iu s  of about 1 ,000 km by v i r tu e  o f th e  energy  re tu rn e d  

along th e  o r ig in a l  p a th  by back s c a t t e r  from  th e  ground. A f u r th e r  

a p p l ic a t io n  o f h ig h  energy  rada'^ techn ique was d e s r ib e d  by Gordon (1958), 

to  d e te c t  th e  in c o h e re n t s c a t te r in g  o f ra d io  waves by f r e e  e le c tro n s  in  

th e  io n o sp h e re . Some o b se rv a tio n s  made by  th i s  tech n iq u e  a t  R .R .E ., 

M alvern, have been employed i n  th e  d is c u s s io n  in c o rp o ra te d  in  C hapters 

7 and 8 , and th e  tech n iq u e  i s  th e re fo re  d isc u sse d  in  some d e t a i l  below .

A s in g le  f r e e  e le c t r o n  s c a t t e r s  some o f th e  energy a s s o c ia te d  w ith  

an in c id e n t  ra d io  wave, and the  e f f e c t  can be d e sr ib ed  in  term s o f a 

s c a t te r in g  c o e f f ic ie n t  o r c ro s s - s e c t io n .  Thus, each  e le c t ro n  in  an 

io n iz e d  medium c o n ta in in g  many e le c tro n s  s c a t t e r s  some o f th e  energy  

a s s o c ia te d  w ith  a  ra d io  wave p ropaga ted  th rough  th e  medium. The 

s c a t te r e d  waves w i l l  have coherence, l im i te d  coherence o r incoherence  

depending on c o n d itio n s  o f w avelength and geom etry. Coherent s c a t te r in g  

i s  th e  case o f r e f r a c t io n  o f a ra d io  wave by th e  ionosphere  and l im i te d  

coherence, where th e  s c a t te r e d  waves a re  co h eren t from l im i te d  volumes 

on ly , corresponds to  th e  phenomena o f io n o sp h e ric  back and forw ard  

s c a t t e r .  When com plete incoherence  occurs th e  e f f e c t  i s  u s u a lly  

r e f e r r e d  to  as "Thomson s c a t t e r "  s in c e  s c a t te r in g  from a s in g le  e le c tro n  

was f i r s t  p re d ic te d  by Thomson e a r ly  th i s  c e n tu ry .

In  th e  ion o sp h ere  th e  e le c tro n s  have th erm al v e lo c i t i e s ,  co nse­

q u e n tly  th e  fre q u e n c ie s  o f th e  s c a t te r e d  waves d i f f e r  from  th a t  o f  th e  

in c id e n t  wave due to  Doppler e f f e c t s .  The w id th  o f th e  frequency  

spectrum  o f th e  s c a t te r e l  s ig n a ls  e s s e n t i a l l y  p ro v id es  a measure o f 

th e  io n  te m p e ra tu re . In co h e ren t s c a t t e r  o f ra d io  waves from the  

ionosphere  may be used  to  determ ine th e  e le c t r o n  d e n s i ty  and tem p era tu re  

as a fu n c tio n  o f h e ig h t "well above the  F -re g io n  peak , which i s  th e  

upper l im i t  f o r  c o n v en tio n a l ground based  sounding .
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The mechanism of sc a tte r in g  has been ex tensively  discussed in  

the l i te r a tu r e  (F eje r, 1961; Dougherty and Farley , I960; W aldteufel, 

1965) and i t  is  s u f f ic ie n t here to  quote a sim p lified  equation giving 

the received s ig n a l-to -n o ise  power r a t i o ,^  , fo r  a v e r t ic a l ly  looking 

radar system:

R̂ TB
Here i s  the peak transm itted  power, A i s  the e ffec tiv e  area of 

the receiving a e r ia l ,  i s  the e le c tro n ■concentration , R i s  the range (the 

same as the h e ig h t, h, in  th is  case), T i s  the system noise tem perature,

B is  the receiver bandwidth, Z i s  the pulse du ra tion , cr-is the sca tte rin g  

c ro ss-sec tio n  per e lec tro n  and K i s  a constan t. For the normal mode of 

s c a tte r in g , in  which the s ig n a l spectrum i s  broadened by an m ount 

c h a ra c te r is tic  .of the thermal v e lo c itie s  of the ions,

where i s  the Thomson e lec tro n  s c a tte r in g  c ro ss-sec tio n  and T , T.e e 1
are the e lec tro n  and ion tem peratures re sp ec tiv e ly .

Equation 1.3 holds tru e  (Buneman, 1962) as long as

"Xq »  4 -"7 /^  1.1;

where i s  the radar wavelength a n d \^  i s  the Debye length  in  the plasma, 

proportional to  (T^/N^)^, IVhen 4 ^%^ , a s ig n if ic a n t proportion

of the sca tte re d  power o rig in a te s  from the c la s s ic a l  Thomson process, 

with a sp ec tra l spread corresponding to  the thermal v e lo c itie s  of the 

e lec tro n s  ra th e r than the ions. Although in  th is  case (T= ra th e r  

than as in  equation 1 .3, the s ig n a l to  noise r a t io  i s  degraded because 

of the broader bandwidth. This s i tu a tio n , which occurs both a t  low heights
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in  the  D -region, and a t  g re a t h e ig h ts  around 2000 km, determ im s the  reg io n  

o f the ionosphere from which i t  i s  p o ss ib le  to  g e t u s e fu l  in fo rm atio n  by the  

in co h eren t s c a t te r in g  technique fo r  a  given I t  i s  assumed th a t  the

occurrence o f c o l l i s io n s  between e le c tro n s  and heavy p a r t i c le s  has no e f f e c t  

on CT.

The form of the  spectrum  depends p rim arily  upon the  r a t i o  T^/T^, 

a lthough Evans (1969) has in d ic a te d  th a t  o th e r  ionospheric  param eters such as 

io n  com position, v e r t i c a l  d r i f t  and the  frequency o f  c o l l i s io n s  can be deduced 

from the  spectrum  shap e . The spectrum  h a lf  w idth fo r  i s  a fu n c tio n

o f the  io n  tem perature  w hich, in  co n ju n c tio n  w ith  the  tem perature r a t i o ,  y ie ld s  

a  value fo r  the e le c tro n  tem perature  and a lso  the  mean s c a t te r in g  c ro ss  s e c tio n  

fo r  the  medium.

One fu r th e r  c o n s id e ra tio n  o f the  form o f  the  s c a t te r in g  medium i n t r o ­

duces an upper l im i t  to  th e  range o f u s e fu l w aveleng ths. Local f lu c tu a tio n s  

in  e le c tro n  d en s ity  and hence d ie le c t r i c  c o n s ta n t w i l l  le ad  to  a  fu r th e r  

coheren t component in  the  s c a t te re d  s ig n a l .  This w i l l  be u n d e tec tab le  i f  the  

in c id e n t w avelength i s  l e s s  than  L /10 , where L i s  th e  sca le  s iz e  fo r  weak 

i r r e g u l a r i t i e s . Thus an upper l im i t  i s  s e t  upon the  w avelength o f approxim ately 

one m eter.

The d a ta  employed in  th i s  study  was recorded  a t  Malvern (J.S .H ey e t  a l . ,  

1968) by means o f a te n  megawatt pu lsed  ra d a r ,  o p e ra tin g  a t  a  frequency o f  

400 MHz. The s p e c t r a l  a n a ly s is  o f the s c a t te re d  s ig n a l  a t  v a rio u s  in te r v a ls  

in  time fo llow ing  the i n i t i a l  p u lse  g iv es  a  s e r ie s  o f DoppLer s p e c tra  from 

which the  v a r ia t io n  o f  e le c tro n  and io n  tem peratu res and mean s c a t te r in g  

c ro ss  s e c tio n  w ith  h e ig h t can be deduced by comparison w ith  spectrum  shapes 

computed from model p lasm as. A r e l a t iv e  e le c tro n  d i s t r ib u t io n  w ith  h e ig h t 

may then  be computed from th e  t o t a l  rece iv ed  s ig n a l  in  each spectrum  and the  

s c a t te r in g  c ro ss  s e c t io n .  Independent o b serv a tio n s  o f th e  F la y e r  p e n e tra tio n
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frequency provide an abso lu te  measurement o f the e le c tro n  density  to  which 

the r e la t iv e  d is t r ib u t io n  may be f i t t e d .  Thus ro u tin e  observations o f the 

tem perature and e le c tro n  d en sity  d is t r ib u t io n s  in  the ionosphere between 

100 and 1,000 km can be made. Several s im ila r  methods fo r  the  observations 

o f so -c a lle d  "Thomson s c a t te r "  are  reviewed by Evans (1969).

A fu r th e r  group of experim ents which use e i th e r  n a tu ra l sources 

of rad io  energy o r sources ou ts id e  the ionosphere give a  measure o f the t o t a l  

e le c tro n  con ten t o f the ionosphere . The m onitoring of atm ospherics and 

w h is t le r s ,  cosmic rad io  no ise  and the r o t i a t io n  o f the  plane of p o la r iz a t io n , 

Faraday ro ta t io n ,  o f  transm issions from s a t e l l i t e s  may be included in  th is  

group.

(b) D irec t Sampling

The development o f so p h is tic a te d  ro ck e t and s a t e l l i t e  techniques 

in  the  l a s t  tw en ty -five  y ears  has enabled a  la rg e r  number o f d i r e c t  sampling 

experim ents to  be undertaken . Apart from the measurement o f p ressu re  

and tem perature v a r ia tio n s  w ith  h e ig h t, such param eters as the  conductiv ity  

o f the plasma have been measured (Booker and Smith, 1970). The measurement 

o f e le c tro n  d en sity  and ion com position have been ex ten siv e ly  c a r r ie d  in  ro ck e ts  

by means o f the Langmuir probe and I-lass Spectroscope tech n iq u es . F u rther —
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more, many ground b a se d  e x p e r im e n ts  have  b e en  m o d if ie d  and 

c a r r i e d  o u t I n  a r t i f i c i a l  s a t e l l i t e s  g iv in g ,  among o th e r  

m easurem ents , so u n d in g s  o f  t h e  io n o s p h e re  from  above and con­

t in u o u s  m o n i to r in g  o f  s o l a r  a c t i v i t y  (E c c le s  and K ing , 197 0 ) .

1 . 5 . P roposed  I n v e s t i g a t i o n

The p h y s i c a l  p r o p e r t i e s  o f  th e  no rm al E and F l a y e r s  and 

t h e i r  e f f e c t s  on r a d i o  wave p r o p a g a t io n  have been  e x t e n s i v e l y  

s t u d i e d ;  however th e  t r a n s i t i o n  r e g i o n  be tw een  t h e s e  l a y e r s ,  

110 t o  170 km, h as  r e c e i v e d  l i t t l e  a t t e n t i o n .  The p re s e n c e  

o f  low e l e c t r o n  d e n s i t y  g r a d i e n t s  o r  r e e n t r a n t  f e a t u r e s  I n  t h e  

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  p ro duce  h ig h  a b s o r p t io n  and 

group r e t a r d a t i o n ,  t h u s  r e n d e r in g  ground  b a sed  e x p e r im e n ta l  

I n v e s t i g a t i o n  d i f f i c u l t  and c o m p l ic a t in g  t h e  a n a l y s i s  o f  t h e  

o b s e r v a t i o n s .  F u r th e rm o re  i n  th e s e  so c a l l e d  'cusp*  r e g i o n s  

t h e  s im p le  a p p ro x im a t io n s  t o  t h e  m a g n e to - io n ic  t h e o r y  b r e a k  

down and a more e l a b o r a t e  a n a l y s i s  becomes n e c e s s a r y .  I n  t h i s  

s tu d y  a d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  a b s o r p t io n  and v i r t u a l  

h e ig h t  o f  r e f l e c t i o n  o f  r a d i o  wave p u l s e s  r e f l e c t e d  i n  t h i s  

r e g i o n  o f  l a r g e  group  r e t a r d a t i o n  h a s  been  u n d e r ta k e n  i n  

o rd e r  t o  d e te rm in e  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  a t  t h e s e  

h e i g h t s ,  and t o  i n v e s t i g a t e  th e  b e h a v io u r  o f  r a d i o  waves i n  

such a r e g i o n .

E x p e r im e n ta l  o b s e r v a t io n s  o f  v e r t i c a l  in c id e n c e  

a b s o r p t io n  and v i r t u a l  h e ig h t  a r e  made on a f i x e d  f r e q u e n c y  

which i s  r e f l e c t e d  from  th e  F r e g i o n  s h o r t l y  a f t e r  s u n r i s e  

and from  th e  E r e g i o n  l a t e r  i n  t h e  m orn ing . Thus I t  i s  

p o s s i b l e ,  u s in g  a  s i n g l e  f r e q u e n c y ,  t o  m easure t h e s e  p a r a ­

m ete rs  a s  t h e  r a d i o  wave r e f l e c t i o n  l e v e l  t r a v e r s e s  t h e  

t r a n s i t i o n  r e g i o n .  T hese  o b s e r v a t io n s  a r e  augmented by
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ionospheric sounding in  the frequency range 1.5 to 7 .0  MHz 
both on an hourly routine basis and at three minute intervals 

on selected days.

The a n a l y s i s  o f  th e  e x p e r im e n ta l  r e s u l t s  has  n e c e s s i ­

t a t e d  th e  u se  o f  computer methods f o r  th e  r e d u c t io n  o f  i o n -  

ogram d a ta  to  e l e c t r o n  d e n s i t y  p r o f i l e s .  The p r o f i l e s  th u s  

d e r iv e d  a re  compared w i th  th o s e  o b ta in e d  from  o th e r  so u rc e s  

and th e  growth o f  th e  t r a n s i t i o n  r e g i o n  a f t e r  s u n r i s e  i s  d i s ­

cussed  i n  te rm s o f  t h e s e  d i s t r i b u t i o n s .

R ecen t advances i n  th e  a p p l i c a t i o n  o f  t h e  m ag n e to - io n ic  

th e o r y  and computer te c h n iq u e s  have en ab led  c a l c u l a t i o n s  o f 

th e  a b s o r p t io n  and v i r t u a l  h e ig h t  o f  r a d i o  waves, r e f l e c t e d  

i n  a  r e g i o n  o f  h ig h  group r e t a r d a t i o n ,  to  be u n d e r ta k e n .  The 

'p h a se  i n t e g r a l '  a n a l y s i s  i s  adop ted  f o r  t h e  co m p u ta t io n  o f  

th e s e  p a ra m e te rs  from  th e  v a r io u s  io n o s p h e r ic  models d e s c r ib e d  

and by com parison  w i th  t h e  e x p e r im e n ta l  o b s e r v a t io n s  an 

e s t im a te  o f  th e  v a l i d i t y  o f  t h e s e  r e s u l t s  i s  o b ta in e d .



A p p l i c a t i o n s  o f  t h e  Ray  T heory

2 .1  . R ay T heo ry

The t h e o r e t i c a l  work w hich  f o l l o w s  i s  b a se d  u p o n  t h e  

p r i n c i p l e s  o f  t h e  m a g n e to - io n ic  r a y  t h e o r y  sum m arized b y  t h e  

A p p l e to n - E a r t r e e  fo rm u la

2.1 .1

I n  w hich  t h e  p o s i t i v e  s i g n  r e f e r s  

t o  t h e  o r d i n a r y  wave and t h e  n e g a t i v e  s i g n  to  t h e  e x t r a o r d i n ­

a r y  wave. The d e v e lo p m e n ts  f rom  t h i s  fo rm u la  t o  s u i t  t h e  

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

f o l lo w in g  s e c t i o n s  and i n  C h a p te r  3 .

2 . 2 .  C a l c u l a t i o n  o f  T ru e  H e ig h t

A r e p r e s e n t a t i v e  model o f  t h e  e l e c t r o n  d e n s i t y  d i s t r i ­

b u t i o n  w i th  h e i g h t  i s  a  fu n d a m e n ta l  r e q u i r e m e n t  o f  many 

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

o f  a s im p le  m odel, su c h  a s  t h a t  d e s c r i b e d  by  Chapman (1931) 

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

a p p ro a c h ,  b u t  i n  o t h e r s  a  more q u a n t i t a t i v e  d e s c r i p t i o n  o f  

t h e  d i s t r i b u t i o n  e x i s t i n g  a t  a p a r t i c u l a r  t im e  becom es 

n e c e s s a r y .  R e g u la r  v e r t i c a l  i n c i d e n c e  p u l s e  so u n d in g  o f  t h e
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I o n o s p h e r e  a t  many l o c a t i o n s  th r o u g h o u t  t h e  w o rld  p r o v i d e s  a  

r e a d y  s o u r c e  o f  v i r t u a l  h e i g h t  d a t a  f ro m  w hich  h i g h l y  l o c a l i s e d  

e l e c t r o n  d e n s i t y - h e i g h t  d i s t r i b u t i o n s  can  be o b t a i n e d .

The v i r t u a l  h e i g h t  o f  r e f l e c t i o n  o f  a r a d i o  wave 

i n c i d e n t  n o rm a l ly  upon  t h e  io n o s p h e r e  i s  a  d o u b le  v a lu e d  

f u n c t i o n  o f  t h e  so und ing  f r e q u e n c y ;  t h e  two v a l u e s  r e p r e s e n t ­

in g  an  o r d i n a r y  and a n  e x t r a o r d i n a r y  r a y .  The r e a l  and 

v i r t u a l  h e i g h t s  a r e  r e l a t e d  by t h e  i n t e g r a l  e q u a t io n

2 .2 . 1 .

i n  w hich  th e  g roup  r e f r a c t i v e  i n d e x ,  jjl , may be  c o n s i d e r e d  a  

f u n c t i o n  o f  t h e  so und ing  f r e q u e n c y ,  f ,  and t h e  p lasm a  

f r e q u e n c y ,  f^ , w h i le  t h e  g y ro  f r e q u e n c y ,  f ^ , and t h e  d ip  

a n g le ,  S' , c an  be  c o n s id e r e d  c o n s t a n t  and t h e  e f f e c t  o f  t h e  

c o l l i s i o n  f r e q u e n c y ,  "9 , c a n  be n e g l e c t e d  ( T i t h e r i d g e ,  19&1b). 

The i n v e r s i o n  o f  t h i s  e q u a t io n  t o  g iv e  e l e c t r o n  d e n s i t y  a s  a  

f u n c t i o n  o f  h e i g h t  f ro m  t h e  iono g ram  d a t a  h a s  b e en  i n v e s t i ­

g a te d  by  many w o rk e rs  and t h e  v a r i o u s  a n a l y s e s  w hich  h av e  b e en  

e v o lv e d  w i l l  be  d i s c u s s e d  b r i e f l y  i n  t h i s  s e c t i o n .

The f i r s t  t e c h n iq u e  f o r  t h e  a n a l y s i s  o f  v i r t u a l  h e i g h t  

d a t a  was an  i n d i r e c t  c o m p a r iso n  m ethod d e s c r i b e d  by  R a t c l i f f e  

(11951 ) .  T h is  w id e ly  f o l lo w e d  sy s te m  r e q u i r e s  t h e  m a tch in g  o f  

v i r t u a l  h e i g h t  p r o f i l e s  d e r i v e d  fro m  a  s e r i e s  o f  model 

e l e c t r o n  d i s t r i b u t i o n s  to  t h e  o b s e rv e d  p r o f i l e .  The f i r s t  

d i r e c t  a n a l y s i s  o f  v i r t u a l  h e i g h t  d a t a  was d e s c r i b e d  by  

K elso  (1952), and t h i s  was l a t e r  m o d if ie d  by  S h in n  (1953), t o  

a l lo w  f o r  t h e  e f f e c t  o f  t h e  e a r t h ' s  m a g n e tic  f i e l d .  T hese  

a u th o r s  d e s c r i b e d  a  m anual method by  w hich  t h e  r e a l  h e i g h t  o f  

r e f l e c t i o n  a t  a  f r e q u e n c y ,  f^ , c o u ld  be e x p re s s e d  a s  t h e  mean
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o f  a  f i x e d  number o f  v i r t u a l  h e i g h t s  s c a l e d  a t  a  s e r i e s  o f  

f r e q u e n c i e s ,  f^ . The S h in n -K e lso  c o e f f i c i e n t s  d e f i n e  t h e  

s c a l i n g  p o i n t s  i n  te rm s  o f  t h e  r a t i o s  f^ / f ^  , f i v e  o r  t e n  te rm s  

b e in g  u s e d  dep en d in g  on  t h e  a c c u r a c y  r e q u i r e d  i n  t h e  e l e c t r o n  

d e n s i t y  p r o f i l e .

The ' f i v e  p o in t*  and ' t e n  p o i n t ' m anual m ethods g i v e  an  

i n d i c a t i o n  o f  t h e  h e i g h t  o f  t h e  maximum and o f  t h e  t h i c k n e s s  

o f  t h e  o b se rv e d  l a y e r ,  b u t  v e r y  l i t t l e  s t r u c t u r a l  d e t a i l .  

C o n s i d e r a t i o n  o f  t h i s  p o i n t  l e d  W rig h t  and Sm ith  (19&7), t o  

s u g g e s t  a  c l a s s i f i c a t i o n  o f  r e d u c t i o n  m ethods i n t o  two g r o u p s ,  

t h o s e  t e c h n iq u e s  w hich  g iv e  a  d i s t r i b u t i o n  r e p r e s e n t i n g  o n ly  

p a r t  o f  t h e  co m p le te  p r o f i l e ,  and t h o s e  more s o p h i s t i c a t e d  

a n a l y s e s  w hich  a t t e m p t  t o  g iv e  a  d i s t r i b u t i o n  s a t i s f y i n g  t h e  

w hole  r a n g e  o f  t h e  v e r t i c a l  so u n d in g  d a t a .  The f i r s t  g ro u p  

o f  a n a l y s e s ,  i n  w hich  W rig h t  and S m ith  i n c l u d e d  t h e  o r i g i n a l  

m anual m e th o d s , h a s  t h e  m ajor a d v a n ta g e  t h a t  f ro m  a  l i m i t e d  

amount o f  s c a l i n g  t h e  g r o s s  f e a t u r e s  o f  t h e  l a y e r s  c a n  be  

c a l c u l a t e d .  W ith  t h e  g ro w th  o f  i n t e r e s t  i n  th e  i o n o s p h e r e  

th r o u g h o u t  t h e  w o r ld ,  t h e  o u tp u t  o f  v i r t u a l  h e i g h t  d a t a  h a s  

r e a c h e d  such  a  l e v e l  t h a t  o n ly  a  s m a l l  p r o p o r t i o n  c a n  be 

f u l l y  a n a ly s e d  by  t h e  more complex m ethods o f  t h e  se co n d  

g ro u p .  T h is  h a s  e n c o u ra g e d  S c h m e r l in g  (19&7) and T i t h e r i d g e  

( 1967b ) ,  t o  d e v e lo p  r a p i d  m anual m ethods f o r  r o u t i n e  u s e  i n  

d e r i v i n g  t h e  h e i g h t  o f  t h e  p eak s  o f  d i f f e r e n t  l a y e r s ,  t h e  

s c a l e  h e i g h t  a t  t h e  p e a k ,  and th e  t o t a l  number o f  e l e c t r o n s  

b e lo w  t h e  p e a k .

The f i r s t  a n a l y s i s  i n  t h e  seco nd  g ro u p  to  be g e n e r a l l y  

a c c e p te d  a s  g iv in g  a p r a c t i c a l  s o l u t i o n  t o  e q u a t io n  2 . 2 .1  , 

was t h a t  d e s c r i b e d  by  Budden (1955), and d e v e lo p e d  a s  a
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com puter  a n a l y s i s  by  Thomas, H a s e lg ro v e  and R o b b in s  (1 9 5 8 ) .  

T h is  m ethod , w hich was p r e s e n te d  t o g e t h e r  w i th  com puting  

d e t a i l s  by  Thomas and V ic k e r s  (1 9 5 9 ) ,  r e p r e s e n t s  t h e  i o n ­

o s p h e r e  i n  te rm s  o f  a  s e r i e s  o f  h o r i z o n t a l  l a m in a ,  and l e a d s  

t o  a  s e r i e s  o f  s o - c a l l e d  ' l a m i n a t i o n  m e th o d s ' w h ich  con­

s t i t u t e  t h e  m a j o r i t y  o f  t h e  c o m p le te  a n a l y s e s  i n  u s e  t o d a y .

The l a m i n a t i o n  m ethods f i r s t  assum e t h a t  t h e  v i r t u a l  

h e i g h t  a t  any  p o i n t  i n  t h e  io n o s p h e r e  c a n  be e x p re s s e d  a s  t h e  

sum o f  t h e  i n d i v i d u a l  e f f e c t s  o f  many h o r i z o n t a l  la m in a  

be low  t h i s  p o i n t .  The c o e f f i c i e n t s  i n  su ch  a sum w i l l  depend 

upon  t h e  p lasm a  f r e q u e n c y  i n  each  la m in a ,  and u p on  t h e  

e x p lo r in g  f r e q u e n c y ,  a s  w e l l  a s  u p on  t h e  g eo m ag n e tic  p a r a ­

m e te r s  a t  t h e  p a r t i c u l a r  l o c a t i o n  i n  t h e  i o n o s p h e r e .  T hese  

c o e f f i c i e n t s  a r e  c o n v e n i e n t l y  e x p r e s s e d  i n  m a t r ix  fo rm , and 

by  i n v e r s i o n  o f  t h i s  m a t r ix  a  v a lu e  f o r  t h e  r e a l  h e i g h t  may 

be r e p r e s e n t e d  i n  te rm s  o f  wave r e t a r d a t i o n  e x p e r i e n c e d  i n  

eac h  l a m in a .  I n  c a l c u l a t i n g  t h e  m a t r ix  te rm s  a  d i s t r i b u t i o n  

o f  e l e c t r o n  d e n s i t y  w i t h i n  t h e  la m in a  must be  assum ed , and 

t h i s  i s  t h e  p o i n t  a t  w hich  modern d e v e lo p m e n ts  have  d e v i a t e d  

from  S u d d e n 's  o r i g i n a l  a n a l y s i s .

The c h o ic e  o f  a n  a n a l y t i c  d i s t r i b u t i o n  w hich  c l o s e l y  

r e s e m b le s  t h a t  o f  t h e  e l e c t r o n s  i n  t h e  la m in a  w i l l  e i t h e r  

r e s u l t  i n  a more a c c u r a t e  a n a l y s i s  o r  i n  th e  u s e  o f  fe w e r  

la m in a  and h ence  fe w e r  s c a l i n g  p o i n t s  t o  o b t a i n  a r e q u i r e d  

a c c u r a c y .  The d i s t r i b u t i o n  can  be e x p re s s e d  a s  a  d i f f e r e n t ­

i a l  e q u a t i o n  o f  any  o r d e r  (P a u l  19&0),

~ JV = c o n s t a n t  2 . 2 . 2 .d (p
w here (j> i s  any

s i n g l e  v a lu e d  d i f f e r e n t i a b l e  f u n c t i o n  o f  th e  e l e c t r o n  d e n s i t y ,
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S u d d e n 's  method assum es n  e q u a l  t o  o n e ,  and i s  t h u s  a  f i r s t  

o r d e r  m ethod , i n  w hich  t h e  f u n c t i o n  = N^. O th e r  f i r s t  

o r d e r  m ethods have  b e e n  d e s c r i b e d  by  K ing (1 9 6 0 ) ,  and by  

F i t z e n r e i t e r  and B lum le  (1 9 6 4 ) ,  b o th  em ploy ing  t h e  f u n c t i o n

i> = log

W rig h t  and S m ith  (1 9 6 ? )  have  c o n c lu d e d  t h a t  a l t h o u g h  t h e  

f u n c t i o n  ^  g iv e s  t h e  b e s t  a n a l y t i c a l  f i t  a t  t h e  p e a k  o f  

a  l a y e r ,  t h e  most s a t i s f a c t o r y  f u n c t i o n  th ro u g h o u t  t h e  

p r o f i l e  i s  ^  = N.

I n  c o n s i d e r i n g  h ig h e r  o r d e r  m ethods P a u l  ( I 9 6 0 ) ,  and P a u l  

and W rig h t  ( 1 9 6 3 ) ,  c o n c lu d e d  t h a t  a  se co n d  o r d e r  a s s u m p t io n  

i s  optimum f o r  t h e  a n a l y s i s ,  s i n c e  i t  n o t  o n ly  overcom es t h e  

e x c e s s  w e ig h t in g  p ro d u ce d  by t h e  u p p e r  p a r t  o f  t h e  la m in a  by  

g iv in g  an  in d e p e n d e n t  v a lu e  t o

<i U

a t  r e f l e c t i o n ,  b u t  a l s o  

p ro d u c e s  a  b e t t e r  a p p ro x im a t io n  t o  t h e  t r u e  d i s t r i b u t i o n  

r e g a r d l e s s  o f  t h e  l o c a l  c u r v a t u r e  o f  t h e  p r o f i l e .  The m ajor 

d i s a d v a n t a g e s  o f  su ch  m ethods a r e  t h a t  t h e y  demand a  f r e e  

c h o ic e  o f  s c a l i n g  i n t e r v a l  and two s e t s  o f  c o e f f i c i e n t s ,  and 

a r e  t h u s  o n ly  o f  u s e  where l a r g e ,  h ig h  sp e e d  co m p u te rs  a r e  

a v a i l a b l e . A

An a l t e r n a t i v e  t o  t h e  l a m i n a t i o n  method was t h a t  

d e s c r i b e d  by  T i t h e r i d g e  (1 9 5 9 a ) ,  i n  w h ich  t h e  r e a l  h e i g h t  

p r o f i l e  was r e p r e s e n t e d  by  a  p o ly n o m ia l  whose c o e f f i c i e n t s  

c o u ld  be d e te rm in e d  by  t h e  s o l u t i o n  o f  s e v e r a l  s im u l t a n e o u s  

e q u a t io n s  fo rm ed  fro m  e q u a t io n  2 . 2 . 1 .  T h is  a p p ro a c h  was 

l a t e r  m o d if ie d  by  T i t h e r i d g e  ( 1 9 6 l a ) ,  so t h a t  o n ly  a  segm ent
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o f  t h e  p r o f i l e  was d e s c r i b e d  by any  p a r t i c u l a r  p o ly n o m ia l ,  

t h u s  overcom ing  t h e  c o m p le x i ty  and i n a c c u r a c y  in v o lv e d  i n  

f i n d i n g  a  s i n g l e  p o ly n o m ia l  r e p r e s e n t i n g  th e  whole p r o f i l e .  

T h is  p ro c e d u r e  h a s  b e en  a d o p te d  i n  t h e  p r e s e n t  s t u d y  s i n c e  

i t s  s c a l i n g  and com puting  r e q u i r e m e n t s  s u i t e d  t h o s e  a v a i l a b l e  

and i t  i s  d e s c r i b e d  i n  more d e t a i l  i n  C h a p te r  3*

2 . 3 '  C o r r e c t i o n  o f  R e a l  H e ig h t  P r o f i l e s

The a n a l y s e s  d i s c u s s e d  above a l l  depend upon  t h e  

i n v e r s i o n  o f  e q u a t i o n  2 .2 .1  and h e n ce  t h e  a s s u m p t io n  t h a t  t h e  

f u n c t i o n ,   ̂ i s  s i n g l e  v a lu e d  w hich  i n  t u r n  r e q u i r e s  a  mono­

t o n i e  s o l u t i o n  t o  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  I t  h a s ,  

h o w ever ,  b e e n  s u g g e s te d  t h a t  t h e  io n o g ram  cu sp  fo rm ed  a t  t h e  

c r i t i c a l  f r e q u e n c y  o f  t h e  E l a y e r  may be i n d i c a t i v e  o f  a  

d i s t i n c t  maximum i n  t h e  d i s t r i b u t i o n  above w hich  a  r e e n t r a n t  

r e g i o n  may e x i s t .  Such a  f e a t u r e  h a s  come t o  be  c a l l e d  t h e  

'v a l l e y *  and s e v e r a l  w o rk e rs  (D a v ie s  and Saha 1962 , P a u l  and 

W rig h t  1 9 6 3 ) h av e  f o l lo w e d  an  a p p ro a c h  d e s c r i b e d  by  

T i t h e r i d g e  (1 9 5 9 ) ,  by  w hich  th e  e x t r a o r d i n a r y  io n o g ram  t r a c e  

c a n  be  u se d  t o  a d j u s t  t h e  p r o f i l e  sh ap e  i n  t h i s  ' v a l l e y '  

r e g i o n .  D a v ie s  and Saha (1962) have  gone f u r t h e r  i n  a d o p t in g  

a  t e c h n iq u e  d e s c r i b e d  by  Manning (194 9 )  and have  r e p r e s e n t e d  

t h e  v a l l e y  s t r u c t u r e  by  an  e q u i v a l e n t  s i n g l e  v a lu e d  d i s t r i ­

b u t i o n  p ro d u c in g  i d e n t i c a l  g roup  r e t a r d a t i o n  c u r v e s .  The 

e l e c t r o n  d e n s i t y  p r o f i l e s  o b t a in e d  by  t h i s  method w ere  l a t e r  

shown n o t  t o  be  u n iq u e  (Saha  1964) b u t  t o  f a l l  i n t o  a  f a m i l y  

o f  such  c u rv e s  r e p r e s e n t i n g  t h e  same v i r t u a l  h e i g h t  d a t a .

T h is  a m b ig u i ty  h a s  b e en  d i s c u s s e d  f u r t h e r  by  P a u l  ( 1 9 6 6 ) ,  

who h a s  a t t e m p t e d ,  by  t h e  u s e  o f  p h a se  h e i g h t  d a t a ,  t o  

o b t a i n  a  u n iq u e  'v a l l e y *  p r o f i l e .  However, he c o n c lu d e s
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t h a t  a l t h o u g h  t h i s  a p p ro a c h  g iv e s  a  lo w e r  l i m i t  to  t h e  v a l l e y  

w id th  i t  c a n n o t  d e f i n e  e x a c t l y  t h e  e l e c t r o n  d i s t r i b u t i o n  i n  

t h e  r e g i o n .

An a s s o c i a t e d  p ro b lem  i s  t h a t  c o n c e rn e d  w i th  t h e  e f f e c t  

o f  i o n i z a t i o n  e x i s t i n g  below  t h e  r e f l e c t i o n  l e v e l  o f  t h e  

minimum o b se rv e d  f r e q u e n c y ,  f ^ ^ ^ ,  on t h e  io n o g ra m s .  T h is  

i o n i z a t i o n  w hich  i s  u n o b se rv e d  by  t h e  medium f r e q u e n c y  io n o -  

sonde c a n  a g a i n  be a c c o u n te d  f o r  by  th e  e x t r a o r d i n a r y  r a y  

a n a l y s i s .  lo n g  ( 1 9 6 2 ) h a s  com pensa ted  f o r  t h i s  i o n i z a t i o n  by  

i n t r o d u c i n g  a s l a b  o f  c o n s t a n t  e l e c t r o n  d e n s i t y  b e lo w  t h e  

^m in  r e f l e c t i o n  h e i g h t ,  w h i le  S a n a ta n i  and  S h i r k e  (1 9 6 6 )  u s e d  

a  com puter  t o  e x t r a p o l a t e  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  be low  

fj^in* T hese  c o r r e c t i o n  p r o c e d u r e s  h av e  b e en  em ployed t o  

e s t i m a t e  t h e  e x t e n t  o f  t h e  n o c t u r n a l  E l a y e r  s i n c e  b o t h  t h e  

o r d i n a r y  and e x t r a o r d i n a r y  waves a r e  s t r o n g l y  r e f l e c t e d  by  

t h e  F l a y e r  a t  n i g h t .  However th e  e x t r a o r d i n a r y  E r e g i o n  

t r a c e  i s  h e a v i l y  a t t e n u a t e d  d u r in g  t h e  d a y  t h u s  r e n d e r i n g  t h i s  

ty p e  o f  a n a l y s i s  i m p r a c t i c a b l e  i n  many c a s e s .

The c o r r e c t i o n  a n a l y s e s  d i s c u s s e d  above  r e q u i r e  t h a t  t h e  

o r d i n a r y  and e x t r a o r d i n a r y  t r a c e s  c a n  be r e c o n s t r u c t e d  fro m  

t h e  a d j u s t e d  e l e c t r o n  d e n s i t y  h e i g h t  p r o f i l e .  T h is  r e c o n ­

s t r u c t i o n  c a n  be made d i r e c t l y  f ro m  e q u a t i o n  2 . 2 . 1 , and 

p r o v i s i o n  f o r  i t  h a s  b e en  made i n  many io n o g ram  r e d u c t i o n  

m ethods ( T i t h e r i d g e  1 9 5 9 b ) .  I n  t h e  p r e s e n t  s tu d y  t h e  p h a se  

i n t e g r a l  a n a l y s i s  o u t l i n e d  by A ltm an (1 9 6 5 )  i s  u s e d  and i s  

d i s c u s s e d  i n  d e t a i l  i n  C h a p te r  3 .

The r e g i o n  above t h e  E l a y e r  maximum h a s  b e e n  r e f e r r e d  

t o  a s  t h e  v a l l e y ,  and th e  work o f  t h e  a u t h o r s  m en t io n e d  h a s
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e n t a i l e d  t h e  r e p r e s e n t a t i o n  o f  t h e  e l e c t r o n  d i s t r i b u t i o n  i n  

t h i s  r e g i o n  by  a  s i n g l e  w e l l  d e f i n e d  minimum. However, 

v e r t i c a l  i n c i d e n c e  io nog ram s v e r y  r a r e l y  show a  s im p le  

s t r u c t u r e  i n  t h i s  r e g i o n  and th e  e x i s t e n c e  o f  r a p i d  g r a d i e n t  

ch an g es  a r e  i n d i c a t e d  by d i r e c t  r o c k e t  o b s e r v a t i o n s  (S m ith  

1 9 6 6 ) ,  S in c e  i t  i s  common to  o b s e rv e  s e v e r a l  c u sp s  on i o n o ­

grams r e p r e s e n t i n g  m u l t i p l e  minima o r  i n f l e c t i o n s  i n  t h i s  

r e g i o n  i t  w i l l  be  r e f e r r e d  t o  i n  t h i s  s tu d y  a s  t h e  E-F 

t r a n s i t i o n  r e g i o n ,  and some o b s e r v a t i o n s  o f  i t s  f i n e  s t r u c t u r e  

w i l l  be d i s c u s s e d  i n  d e t a i l  i n  C h a p te r  7*

2 . 4 .  C a l c u l a t i o n  o f  A b s o r p t io n

The m a g n e to - io n ic  t h e o r y  d e f i n e s  t h e  a t t e n u a t i o n  o f  a 

r a d i o  wave i n  t e rm s  o f  t h e  a b s o r p t i o n  in d e x  k  w hich  i s  r e l a t e d  

t o  t h e  r e f r a c t i v e  in d e x  i n  t h e  f o l lo w in g  e q u a t i o n : -

n = — i —  2 .4 .1  .J u?

Many w o rk e rs  have  i n v e s t i g a t e d  t h e  p r o p e r t i e s  o f  t h e  

A p p le to n - H a r t r e e  f o rm u la  w i th  a  v iew  t o  c a l c u l a t i n g  t h e  t o t a l  

a b s o r p t i o n  o f  t h e  r a y  a lo n g  i t s  p a th  to  a  r e f l e c t i o n  l e v e l .

The work o f  A p p le to n  ( 1 9 3 7 ) ,  and l a t e r  t h a t  o f  J a e g e r  (1 9 4 7 ) ,  

i s  o u t s t a n d i n g ,  s i n c e  i t  f o r m u la te d  th e  c o n c e p t  o f  D e v ia t iv e  

and N o n - d p v ia t iv e  a b s o r p t i o n .  T h e i r  w ork , i n c o r p o r a t i n g  t h e  

q u a s i - l o n g i t u d i n a l  and q u a s i - t r a n s v e r s e  m a g n e tic  f i e l d  

a p p ro x im a t io n s  s u g g e s te d  by Booker ( 1 9 3 5 ) ,  was b a s e d  on t h e  

a s s u m p t io n  t h a t  t h e  t o t a l  a b s o r p t i o n  c o u ld  be  c o n s i d e r e d  a s  

a  c o m b in a t io n  o f  t h e  c o n t r i b u t i o n s  f ro m  two s p e c i a l  c a s e s .  

F i r s t l y ,  t h e  c o n t r i b u t i o n  f ro m  t h a t  r e g i o n  o f  t h e  p a th  where 

t h e  r e f r a c t i v e  in d e x  c o u ld  be  c o n s id e r e d  e q u a l  t o  u n i t y ,  non-
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d e v i a t i v e  a b s o r p t i o n ,  and s e c o n d ly ,  t h a t  f ro m  t h e  r e g i o n  n e a r  

r e f l e c t i o n  where th e  r e f r a c t i v e  in d e x  i s  s u f f i c i e n t l y  s m a l l  

f o r  i t s  v a r i a t i o n  w i th  f r e q u e n c y  t o  s i g n i f i c a n t l y  a f f e c t  t h e  

a b s o r p t i o n  in d e x ,  d e v i a t i v e  a b s o r p t i o n .  T h is  t e c h n iq u e  h a s  

b e e n  u s e d  by  many w o rk e rs  i n  t h e i r  i n v e s t i g a t i o n s  o f  i o n o ­

s p h e r i c  a b s o r p t i o n  ( P i g g o t t  1953 , P i g g o t t ,  Beynon a n d  Brown 

1 9 5 7 ) .  Two p rob lem s e n c o u n te re d  by  t h i s  a p p ro a c h ,  t h e  

v a l i d i t y  o f  th e  Booker a p p ro x im a t io n s  t o  l o n g i t u d i n a l  o r  

t r a n s v e r s e  p r o p a g a t io n  i n  t h e  e a r t h ' s  m a g n e tic  f i e l d  and  th e  

i n f i n i t e  v a l u e  o f  t h e  a b s o r p t i o n  in d e x  a t  t h e  r e f l e c t i o n  

l e v e l ,  hav e  b e e n  s t u d i e d  by  s e v e r a l  w o rk e rs  (W h itehead  1952 , 

195 6 ; H ib b e rd  1 9 ^ 2 ) ,  and many m o d i f i c a t i o n s  have b e e n  made 

to  t h e  o r i g i n a l  A p p le to n  f o r m u l a t i o n .

A d i r e c t  n u m e r ic a l  method o f  c a l c u l a t i o n  was g i v e n  by  

B a i l e y  and S o m e rv i l l e  (1 9 3 8 ) ,  and more r e c e n t l y ,  T i t h e r i d g e  

( 1961b ,  1967b )  h a s  p ro p o se d  a method by  w hich  t h e  a b s o r p t i o n  

in d e x  m igh t be  e f f e c t i v e l y  i n t e g r a t e d ,  f o r  t h e  d e v i a t i v e  

c o n d i t i o n ,  t o  a  complex r e f l e c t i o n  p o i n t  w hich  more n e a r l y  

r e p r e s e n t s  t h e  p r o p a g a t io n  c o n d i t i o n s  when e l e c t r o n  c o l l i s i o n s  

a r e  i n c l u d e d .  By t h i s  new a p p ro a c h  an  e x p r e s s i o n  f o r  an  

e q u i v a l e n t  a b s o r p t i o n  in d e x  k^ , f o r  t h e  c a s e  w here t h e  

c o l l i s i o n  f r e q u e n c y  i s  z e r o ,  i s ^ o b t a i n e d  and i n t e g r a t e d  t o  

t h e  c o r r e s p o n d in g  r e a l  r e f l e c t i o n  h e i g h t .  T i t h e r i d g e  h a s  

shown t h a t ,  f o r  a  s h a r p  l i n e a r  l a y e r ,  t h e  a d d i t i o n a l  a b s o r p ­

t i o n  p ro d u ce d  by  i n t e g r a t i o n  o f  t h e  e q u i v a l e n t  a b s o r p t i o n  

in d e x  i s  e q u a l  t o  t h a t  p ro d u ced  by i n t e g r a t i n g  th e  i n d e x  k 

i n t o  t h e  complex h e i g h t  p l a n e ,  t o  a  h ig h  d e g re e  o f  a c c u r a c y .

The a p p l i c a t i o n  o f  t h e  p h ase  i n t e g r a l  t e c h n iq u e  by  

Budden ( 1 9 6 1 ) and Cooper (1 9 6 4 ) ,  l e a d s  t o  a  d i r e c t  c a l c u l a t i o n
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o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  o f  th e  io n o s p h e r e  by  c o m p a r iso n  

o f  t h e  a m p l i tu d e s  o f  u p g o in g  and downcoming w aves . T h is  

m ethod i s  d i s c u s s e d  s e p a r a t e l y  i n  t h e  n e x t  s e c t i o n .

2 . 5 . R ia s e  I n t e g r a l  % t h o d

The a p p l i c a t i o n  o f  t h e  p h ase  i n t e g r a l  method t o  t h e  

s o l u t i o n  o f  th e  p ro b lem  o f  r a d i o  p r o p a g a t io n  i n  t h e  i o n o s p h e r e  

was f i r s t  s u g g e s te d  by  E c k e r s l e y  (1 9 3 1 , 1 932a , b ) .  T h is  

s u g g e s t i o n  was t a k e n  up  by  Budden (19&1) ,  who d e s c r i b e d  f u l l y  

t h e  u s e  o f  t h e  method t o  d e te rm in e  r e f l e c t i o n  p a r a m e te r s  i n  

i o n i z e d  l a y e r s .  F o l lo w in g  upon  t h i s  work Cooper (19&1 ) 

a p p l i e d  t h e  t e c h n iq u e  d i r e c t l y  t o  a  number o f  l a y e r  m odels 

and showed, by  assum ing  a c o n s t a n t  c o l l i s i o n a l  f r e q u e n c y  

th r o u g h o u t  t h e  l a y e r ,  t h a t  m e a n in g fu l  p r o p a g a t io n  p a r a m e te r s  

c o u ld  be  o b t a i n e d .  T h is  work was f u r t h e r  e x te n d e d  by  Budden 

and Cooper ( 19 6 2 ) ,  who showed, by c o m p a r iso n  w i th  f u l l  wave 

r e s u l t s ,  t h a t  t h e  u s e  o f  t h e  p h a se  i n t e g r a l  method gave 

a c c u r a t e  r e s u l t s  p r o v id e d  t h a t  t h e  i o n o s p h e r i c  p r o f i l e  con­

t a i n e d  no g r a d i e n t  d i s c o n t i n u i t i e s .  F u r t h e r  g e n e r a l i s a t i o n  

o f  t h e  method to  a c c o u n t  f o r  th e  v a r i a t i o n  o f  c o l l i s i o n a l  

f r e q u e n c y  w i th  h e i g h t  was made by  C ooper ( 1 9 6 4 ) ,  and a 

c o m p le te  a n a l y s i s  was p r e s e n t e d  w i th  some com puting  d e t a i l s  

by  A ltm an (1 9 6 5 ) .  T h is  l a t e r  work and  th e  m a th e m a t ic a l  t r e a t ­

ment w i l l  be  d i s c u s s e d  i n  C h a p te r  3*

2 . 6 . C o l l i  s i o n a l  F re q u e n c y

The p r o p a g a t io n  o f  a  r a d i o  wave i n  a m a g n e to - io n ic  

medium r e s u l t s  i n  t h e  e l e c t r o n s  and i o n s  assum ing  an  o r d e r e d .
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o s c i l l a t o r y  m o tio n  i n  a d d i t i o n  t o  t h e i r  random t h e r m a l  m o tio n .  

A p p le to n  and Chapman (1 93 2 )  have  d i s c u s s e d  t h e  e f f e c t  o f  

c o l l i s i o n s  b e tw een  t h e  c o n s t i t u e n t  p a r t i c l e s  o f  t h e  medium 

u p o n  t h i s  m o tio n ,  and h av e  shown t h e  a t t e n u a t i o n  o f  t h e  wave, 

and t h e  r e f r a c t i v e  in d e x  o f  t h e  medium t o  be  f u n c t i o n s  o f  t h e  

c o l l i s i o n a l  f r e q u e n c y  o f  t h e s e  p a r t i c l e s .  T hese  a u t h o r s  have  

a l s o  shown t h a t  o n ly  t h e  e l e c t r o n  c o l l i s i o n s  a r e  s i g n i f i c a n t  

i n  E and  F r e g i o n s .  The dependence  o f  p r o p a g a t io n  p a r a m e te r s  

upon  t h e  c o l l i s i o n  f r e q u e n c y  i s  em bodied i n  th e  A p p le to n -  

H a r t r e e  e q u a t io n  (2 .1  ) and was a c c o u n te d  f o r  i n  te rm s  o f  a 

r e t a r d i n g  f o r c e  mVy, p r o p o r t i o n a l  t o  t h e  e l e c t r o n  v e l o c i t y  v  

and an  e f f e c t i v e  c o l l i s i o n  f r e q u e n c y  9 .  T h is  e f f e c t i v e  

c o l l i s i o n  f r e q u e n c y  was assum ed t o  be  c o n s t a n t  f o r  a l l  

e l e c t r o n s ,  u n t i l  t h e  work o f  P h e lp s  and Pack (19 59 )  showed 

i t s  dependence  upon  t h e  e l e c t r o n  v e l o c i t y .  The m o d i f i c a t i o n  

o f  t h e  m a g n e to - io n ic  t h e o r y  t o  i n c l u d e  t h i s  d ep en d en ce  and 

t h e  d i s t r i b u t i o n  o f  e l e c t r o n  v e l o c i t y  was u n d e r t a k e n  by  Sen 

and W y lle r  ( i 9 6 0 ) .  T h e i r  r e s u l t s ,  w h ich  have  b e e n  d e r i v e d  by  

Budden (1 9 6 5 ) ,  by a l e s s  complex m a th e m a t ic a l  a p p ro a c h ,  

demand t h e  u s e  o f  a  m o d if ie d  c o l l i s i o n a l  f r e q u e n c y  i n  t h e  

o r i g i n a l  A p p le to n - H a r t r e e  f o rm u la .

A secon d  p ro b lem  in v o lv e d  i n  e s t a b l i s h i n g  a  c o l l i s i o n s !  

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

d i r e c t  m easurem ent o f  t h i s  p a ra m e te r  i s  d i f f i c u l t  and  

o b se rv e d  v a lu e s  d i f f e r  w id e ly .  F i g .  8 . 8 . 1 . S e v e r a l  w o rk e rs  

have  t h e r e f o r e  f o r m u la te d  c o l l i s i o n a l  f r e q u e n c y  p r o f i l e s  from  

t h e  known p a ra m e te r s  o f  t h e  io n o s p h e r e .  T h u s , u s in g  t h e  

a n a l y s i s  d e v e lo p e d  b y  Chapman and Cow ling  (1 9 3 9 ) ,  and C ow ling  

(1 9 4 5 ) ,  N i c o l e t  (1 9 5 3 , 1959) d e r iv e d  e x p r e s s io n s  f o r  e l e c t r o n
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c o l l i s i o n s  w i th  b o th  n e u t r a l  m o le c u le s  and c h a rg e d  p a r t i c l e s .  

T h ran e  and  P i g g o t t  (1 9 6 6 ) ,  have  sum m arized t h e s e  t h e o r e t i c a l  

s t u d i e s  a n d ,  n e g l e c t i n g  t h e  c o l l i s i o n s  w i th  c h a rg e d  

p a r t i c l e s ,  have  d e r i v e d  f ro m  t h e  U.8* S ta n d a rd  A tm osphere  

(S i s s e n w in e  e t  a l .  1962) a  p r o f i l e  f o r  c o l l i s i o n s  i n  t h e  D 

and E r e g i o n s  w hich  a g r e e s  w e l l  w i th  e x p e r im e n ta l  o b s e r v a ­

t i o n s .  T hese  c a l c u l a t i o n s  and t h e  im p o r ta n c e  o f  c h a rg e d  

p a r t i c l e s  c o l l i s i o n s  above t h e  E l a y e r  maximum w i l l  be  

d i s c u s s e d  i n  C h a p te r  3 .
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GhaptG&_3

The a p p l i c a t i o n  o f  t h e  m a g n e to - io n ic  t h e o r y ,  a s  d e s c r i b e d  

by  t h e  â p p l e t o n - H a r t r e e  fo r m u la ,  t o  r a d i o  wave p r o p a g a t i o n  i n  

t h e  e a r t h ' s  io n o s p h e re  h a s  b e en  d i s c u s s e d  i n  d e t a i l  by  

R a t c l i f f e  (1 959 )  and Sudden (19^1 )o I n  t h i s  c h a p t e r  t h e  

c a l c u l a t i o n  o f  th e  r e a l  h e i g h t  o f  r e f l e c t i o n  o f  a  wave and 

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

a d d i t i o n ,  th e  c o m p u ta t io n  o f  e l e c t r o n  c o l l i s i o n  f r e q u e n c y  

f ro m  k i n e t i c  c o n s i d e r a t i o n s  o f  th e  a tm o s p h e r ic  c o n d i t i o n s  i s  

d i s c u s s e d  a s  a  p r e l i m i n a r y  t o  th e  c a l c u l a t i o n  o f  t h e  a b s o r p ­

t i o n .

3*1" M a g n e to - io n ic  T heo ry

The A p p le to n - H a r t r e e  e q u a t io n  ( e q u a t i o n  2 .1  . 1 ) may be 

u s e d  t o  d e r i v e  e x p r e s s io n s  f o r  b o th  t h e  t o t a l  a b s o r p t i o n  and 

t h e  v i r t u a l  h e ig h t  o f  r e f l e c t i o n  o f  a  p u l s e  o f  r a d i o  w aves .

I f  t h e  complex r e f r a c t i v e  in d e x  d e f i n e d  by  e q u a t i o n  2*1.1  i s  

e x p re s s e d  a s  t h e  sum o f  a r e a l  and a n  im a g in a ry  p a r t

. /V’

a  wave i n c i d e n t  on t h e  medium o f  th e  fo rm

E  = E , e,p [ i w ( t  -  

c a n  be e x p r e s s e d  by  s u b s t i t u t i o n  a s

E = E o*'' p



31

The ex p o n en t o f  t h e  a t t e n u a t i o n  t e r m  may be w r i t t e n  i n  t h e  

fo rm

—  = =  —  Icz
c

where k i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  w h ich  c an  

th u s  be e q u a te d

^  =  If

and th e  r e f r a c t i v e  in d e x  e x p r e s s e d  a s

n =  u  — } ks.
I la

Hence by  s e p a r a t i o n  o f  r e a l  and im a g in a r y  p a r t s  t h e  a b s o r p ­

t i o n  c o e f f i c i e n t  o f  t h e  wave may be w r i t t e n  i n  te rm s  o f  t h e  

A p p le to n - H a r t r e e  e q u a t i o n .  Many fo rm s  o f  t h i s  e q u a t i o n  

have b e e n  d e s c r i b e d  f o r  c o n d i t i o n s  u n d e r  w hich  t h e  quan­

t i t i e s  Yy o r  Yj_ c an  be c o n s id e r e d  z e r o  and th e  a p p ro x im a te  

c a s e s  w here t h e  r e a l  p a r t  o f  t h e  r e f r a c t i v e  in d e x  i s  con­

s i d e r e d  u n i t y  o r  v e r y  much l e s s  t h a n  o n e .  T hese  c a s e s  

have  b e e n  t r e a t e d  by R a t c l i f f e  (1 959 )  and t h e  p u b l i s h e d  

fo rm s o f  t h e  e x p r e s s io n s  have b e en  r e v ie w e d  and com pared  by 

M urty (19& 4).

The second  p a ra m e te r  w i th  w hich  t h i s  s t u d y  i s  c o n c e rn e d  

i s  t h e  g ro u p  r e t a r d a t i o n  o f  t h e  wave a lo n g  i t s  p a t h  t o  

r e f l e c t i o n .  I t  h a s  b e en  shown by S udden  (19&1) t h a t  t h e  

g ro u p  r e f r a c t i v e  in d e x  o f  a p u l s e  o f  r a d i o  waves may be  

r e l a t e d  t o  t h e  p h a se  r e f r a c t i v e  i n d e x  by  t h e  r e l a t i o n s h i p

=  3 . 1 . 1 '

and th e  f i e l d  o f  t h e  r e f l e c t e d  wave r e a c h i n g  t h e  

g roun d  h a v in g  b e e n  r e f l e c t e d  a t  a  h e i g h t  z * ( f )  i s
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E ( 4  =

,+•« K(^) - ,

F( f )  exp ^zsri -f ( t  - y
“W7

w here F ( f )  i s  th e  F o u r i e r  t r a n s f o r m  o f  th e  p u l s e .  I f  now 

t h e  c o n d i t i o n  t h a t  t h e  e x p o n e n t ,o r  p h a se  t e r m , s h a l l  n o t  

v a r y  w i th  f r e q u e n c y  i s  im p o sed , t h e n  th e  e q u a t io n

r[K ^  -  -I- dr)] 3 *1 .2

i s  o b ta in e d  f o r  t h e  p re d o m in a n t  f r e q u e n c y  f  ̂ . The q u a n t i t y  

f  i s  t h e  t im e  t a k e n  f o r  t h e  p u l s e  t o  t r a v e l  t o  i t s  r e f l e c ­

t i o n  h e i g h t  and b a ck  t o  t h e  g ro u n d , and an  e q u i v a l e n t  o r  

v i r t u a l  h e ig h t  may t h u s  be d e f in e d  a s

=  2 3 - 1 .3

F u r t h e r  f ro m  e q u a t io n  3 * 1 °2 . 

C T = =  2 Jz  4-

f-p.
and s i n c e ^ ( z ^ )  i s  z e r o  and f i n i t e  e x c e p t  when t h e

f r e q u e n c y  i s  c l o s e  t o  t h e  p e n e t r a t i o n  f r e q u e n c y  o f  a  l a y e r ,  

t h e  e x p r e s s i o n

r 3 .1 .5 .

c an  be o b ta in e d  by s u b s t i t u t i o n  o f  

e x p r e s s io n s  3 *1 . 1 * and 3*1.4*  i n  3*1.3® Thus t h e  v i r t u a l  

h e i g h t  o f  r e f l e c t i o n  o f  a  p u l s e  c a n  be e x p re s s e d  i n  t e rm s  o f  

t h e  p a r a m e te r s  o f  t h e  A p p le to n - H a r t r e e  e q u a t io n ,  2 .1  .1 .

3®2* C a l c u l a t i o n  o f  C o l l i s i o n a l  F re q u e n c y

The a p p l i c a t i o n  o f  t h e  A p p le to n - H a r t r e e  e x p r e s s i o n  t o
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t h e  c a l c u l a t i o n  o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  h a s  b e en  

d i s c u s s e d  b r i e f l y  above i n  i t s  g e n e r a l  fo rm  c o n ta in i n g  t h e  

p a ra m e te r  Z  and h e n ce  th e  e f f e c t  o f  t h e  f r e q u e n c y  o f  c o l l i ­

s i o n s  b e tw e e n  e l e c t r o n s  and t h e  o t h e r  p a r t i c l e s  w hich  fo rm  t h e  

i o n o s p h e r e .  F u r th e rm o re  t h e  a b s o r p t i o n  o f  a  wave h a s  b e e n  

shown t o  depend  d i r e c t l y  upon  t h e  im a g in a r y  p a r t  o f  t h e  r e ­

f r a c t i v e  in d e x  and t h u s  v e r y  s t r o n g l y  u pon  t h e  c o l l i s i o n a l  

f r e q u e n c y .

F o l lo w in g  s u n r i s e ,  t h e  r e f l e c t i o n  o f  f r e q u e n c i e s  i n  t h e  

r a n g e  1 .5  t o  2 .5  MHz may t a k e  p l a c e  a t  h e i g h t s  above  150 km 

and i t  i s  t h e r e f o r e  n e c e s s a r y  t o  c o n s i d e r  a  r e g i o n  o f  th e  

i o n o s p h e r e  w here  n o t  o n ly  c o l l i s i o n s  w i th  m o le c u la r  oxygen 

and n i t r o g e n  a r e  e x p e r i e n c e d  (T h ran e  and P i g g o t t  1 9 6 6 ) b u t  

a l s o  t h o s e  w i th  a to m ic  oxygen and p o s i t i v e  i o n s .  T hrane  and 

P i g g o t t  have  d e r iv e d  t h e  e x p r e s s i o n

-7 u ,\  _  -810 7 . \o t<Te 3 . 2 . 1 .

f o r  t h e  c o l l i s i o n a l  

f r e q u e n c y  o f  e l e c t r o n s  w i th  e n e rg y  kT f ro m  th e  o b s e r v a t i o n s  

o f  Pack  and P h e lp s  ( 1 9 6 1 ) and P h e lp s  ( 196O) and f o l l o w in g  t h e  

t h e o r e t i c a l  a p p ro a c h  d e s c r i b e d  by  N i c o l e t  (1 9 5 9 ) .  The 

a d d i t i o n  o f  a  te rm  f o r  e l e c t r o n - i o n  c o l l i s i o n s  h a s  b e e n  d i s ­

c u s se d  b y  T hrane  and P i g g o t t  and h a s  th e  fo rm

= a  +  b N i l ;

The c o n s t a n t s  a  and b have  b e e n  com puted by f i t t i n g  t h i s  

f o rm u la  t o  t h e  l a b o r a t o r y  r e s u l t s  o b t a i n e d  b y  A n d e rso n  and 

G o l d s t e i n  (1955) and may be f u r t h e r  s i m p l i f i e d  assum ing  th e  

s lo w ly  v a r y in g  l o g a r i t h m i c  te rm  t o  be c o n s t a n t  g i v in g

17. =  3 .2 .2 .
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The c o l l i s i o n  r a t e  w i th  a to m ic  oxygen h a s  b e e n  c o n s id e r e d  

by  K l e in  and B ru e c k n e r  (1958) and t h e i r  r e s u l t s  have  b e e n  

a d o p te d  b y  S h k a ro f s k y  (19&1 ) t o  o b t a i n  t h e  e x p r e s s io n

^  =  3 7 . lo”  ̂ n (o) W X  3 . 2 . 3 .

The dependence  o f  th e  c o l l i s i o n a l  f r e q u e n c y  w i th  a to m ic  oxy­

g e n , , upon  t h e  s q u a re  r o o t  o f  t h e  a b s o l u t e  t e m p e r a t u r e ,

T  , i s  d e r i v e d  f ro m  a n  o b s e r v a t i o n  made by K le in  and, B ru e ck n e r  

t h a t  t h e  c o l l i s i o n  c r o s s  s e c t i o n  o f  a to m ic  oxygen was i n ­

d e p e n d e n t  o f  t h e  e l e c t r o n  v e l o c i t y  w h ich  i n  t u r n  dep en ds  on 

i T ) \

Thus by f o l lo w in g  t h e  p r a c t i c e  o f  p r e v io u s  w o rk e rs  an  

e x p r e s s i o n  f o r  t h e  t o t a l  m o n o e n e rg e t ic  c o l l i s i o n  f r e q u e n c y  was 

o b t a i n e d .  I t  h a s  however b e en  p o i n t e d  o u t  by many a u th o r s  

(Sen  and W y lle r  i 9 6 0 , S h k a ro f s k y  1 9 6 1 , Budden 196$) t h a t  c a r e  

must be t a k e n  i n  t h e  s u b s t i t u t i o n  o f  t h e o r e t i c a l l y  d e r i v e d  

v a lu e s  o f  c o l l i s i o n a l  f r e q u e n c y  i n t o  t h e  A p p le to n - H a r t r e e  

e q u a t i o n .  By a l lo w in g  t h e  e l e c t r o n s  t o  have  a  M ax w e llian  d i s ­

t r i b u t i o n  o f  v e l o c i t y ,  Sen and W y lle r  ( i 9 6 0 ) have  d e s c r i b e d  a 

g e n e r a l i s e d  fo rm  o f  th e  A pp le t o n - H a r t r e e  e q u a t i o n  i n  w hich  an  

e f f e c t i v e  c o l l i s i o n a l  f r e q u e n c y  i s  a d o p te d  i n  p l a c e  o f  t h e  

m o n o e n e rg e t ic  f r e q u e n c y  g iv e n  by  t h e  e x p r e s s io n s  ab o v e .  They 

f u r t h e r  r e l a t e d  t h e  two q u a n t i t i e s  by  t h e  f o rm u la

■>̂ff =  2-5

f o r  c o n d i t i o n s  where od or co„

I n  t h e  p r e s e n t  s tu d y  t h e  c o l l i s i o n a l  f r e q u e n c y  p r o f i l e  

h a s  b e e n  computed f o r  e a c h  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  i n  

t u r n  f ro m  th e  e x p r e s s i o n s  3 . 2 . 1 ,  3 . 2 . 2  and 3 . 2 . 3 . The
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n e u t r a l  a tm o s p h e r ic  d a t a  h a s  b e en  t a k e n  from  t h e  C o sp a r  I n t e r ­

n a t i o n a l  R e f e r e n c e  A tm osphere  1965* The mean s o l a r  1 0 .7  cm
-22

r a d i o  wave f l u x  f o r  J a n u a r y  t o  May 19&9 was 1 56 x 10  W/m^.Hz

and t h e  model f o r  s o l a r  a c t i v i t y  r e p r e s e n t e d  by a  f l u x  o f  
*̂22 2.175 % 10 W/m .Hz was adopted. This model provided the con­

stitu en t d en sities and the neutral gas temperature which was 

increased by a factor of 1*37 to give an estimated electron  

temperature. This factor was derived from the observations of 

Spence and Brace (1965) who have published both neutral gas and 

electron temperature variations with height. It has however 

been pointed out by many workers (Bauer et a l. 1964, Sagalyn 

and Smiddy 1964, Oya and Aso 1968) that the electron tempera­

ture in  the upper E region and above may vary appreciably from 

day to day and since no measure of these changes could be made 

during the study i t  was accepted that an appreciable error 

might ex is t  in  the f in a l  estimation of the c o ll is io n a l fr e ­

quencies above 100 km.

The e f f e c t  o f  t h e  a d d i t i o n  o f  t h e  a to m ic  oxygen  and i o n  

c o l l i s i o n  com ponents i s  i l l u s t r a t e d  by  t h e  c o l l i s i o n a l  f r e -  

q u e n c y -h e ig h t  p r o f i l e s  r e p r e s e n t e d  i n  f i g u r e  3 . 2 . 1 . T h ese  

p r o f i l e s  have  b e e n  d e r i v e d  fro m  a  t h e o r e t i c a l  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  d e s c r i b e d  by  Bourne B e t t y  and Sm ith  (1 9 6 4 )  f o r  

c o n d i t i o n s  i n  t h e  E-F t r a n s i t i o n  r e g i o n ,  1 10 -17 0  km, one h our 

a f t e r  s u n r i s e .  The t h r e e  c u rv e s  r e p r e s e n t  ( a )  m o le c u la r  

c o l l i s i o n s  o n ly ,  (b )  m o le c u la r  and a to m ic  c o l l i s i o n s ,  and ( c )  

t h e  t o t a l  c o l l i s i o n a l  f r e q u e n c y  i n c l u d i n g  t h e  e l e c t r o n - i o n  

c o l l i s i o n s .  T hese  marked d i f f e r e n c e s  i n  t h e  c o l l i s i o n a l  f r e ­

quency  have  b e e n  com pared w i th  t h e  v a l u e s  g iv e n  by  o t h e r  w o rk e rs  

i n  s e c t i o n  8 , 3 . 1 , w h ich  a l s o  i n c l u d e s  a d i s c u s s i o n  o f  t h e i r
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e f f e c t  u pon  th e  a b s o r p t i o n  and v i r t u a l  h e i g h t  o f  r e f l e c t i o n  

o f  a r a d i o  wave p u l s e .

3 . 3 . The C a l c u l a t i o n  o f  A bsorp t i o n  and V i r t u a l  h e i g h t  by  
th e  P hase  I n t e g r a l  method

The a b s o r p t i o n  c o e f f i c i e n t ,  k ,  c an  be e x p re s s e d  i n  te rm s  

o f  t h e  im a g in a ry  p a r t  o f  t h e  com plex r e f r a c t i v e  in d e x  d e f in e d  

by e q u a t i o n  2 . 1 .1 . ( s e c t i o n  3 . I ) .  T h us , i f  th e  v a r i a t i o n  o f  

t h e  p a ra m e te r s  X, Y and Z a r e  known w i th  r e s p e c t  t o  h e i g h t  

th e  t o t a l  a b s o r p t i o n  s u f f e r e d  by  t h e  p u l s e  can  be w r i t t e n  a s

L =  2  kds
Jo

w here h^ i s  t h e  r e f l e c t i o n  h e ig h t  and d s  i s  an  e le m e n t  o f  th e  

r a y  p a t h .  However two d i f f i c u l t i e s  a r i s e ;  f i r s t l y ,  k  t e n d s  

t o  i n f i n i t y  a s  t h e  r e f l e c t i o n  p o i n t  i s  a p p ro a ch e d  and s e c o n d ly ,  

t h e  r e f l e c t i o n  h e i g h t ,  i o S o  t h e  l e v e l  a t  w hich  t h e  r e f r a c t i v e  

in d e x  becomes z e r o ,  may n o t  l i e  on t h e  r e a l  h e i g h t  a x i s  s i n c e  

th e  r e f r a c t i v e  in d e x  i s  a complex q u a n t i t y .  I n  s im p le  r a y  

t h e o r y  t h e  r e f l e c t i o n  h e i g h t  i s  c o n s id e r e d  r e a l  and t h e  p a th  

i n t o  th e  com plex p l a n e  n e g l e c t e d .  T h is  n e c e s s i t a t e s  a p p r o x i ­

m a t io n s  t o  t h e  i n t e g r a l  o f  k  i n  t h e  l a s t  e lem ent o f  t h e  p a th  

t o  r e f l e c t i o n ,  commonly c a l l e d  t h e  l a s t  ' s l a b ' .  The a p p r o x i ­

m a t io n  n e a r  t h e  r e f l e c t i o n  l e v e l  h a s  b e en  i n v e s t i g a t e d  by  

many w o rk e rs  and many fo rm s o f  th e  s im p le  r a y  t h e o r y  h av e  been  

d e s c r i b e d  and a r e  r e v ie w e d  by M urty ( 19 6 4 ) .

In  o r d e r  to  a c c o u n t  c o m p le te ly  f o r  t h e  p a th  o f  t h e  r a y

i n t o  t h e  im a g in a ry  h e i g h t  p la n e  n e a r  th e  r e f l e c t i o n  p o i n t ,  

Budden (1961 ) h a s  a p p l i e d  t h e  p h a se  i n t e g r a l  method t o  t h e

r e g i o n  o f  t h e  i o n o s p h e r e  where t h e  p h y s i c a l  c o n d i t i o n s
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u n d e rg o  l i t t l e  change i n  th e  sp a c e  o f  one w a v e le n g th  o f  t h e  

p r o p a g a t in g  wave. Budden h a s  d i s c u s s e d  i n  d e t a i l  how t h e  

W,K.B. a p p ro x im a te  s o l u t i o n s  o f  t h e  wave e q u a t io n

^ + k * E = 0  3 . 3 . 1 .

c a n  be u se d  t o  g iv e  an  e x p r e s s i o n  f o r  t h e  r e f l e c t i o n  c o e f f i ­

c i e n t  m easu red  a t  t h e  g round

P =  i 2-i 3 . 3 . 2 .

i n  w hich  t h e  e x p o n e n t  w i th o u t  

t h e  u n i t  v e c t o r  i  i s  th e  p h a se  i n t e g r a l .  The e v a l u a t i o n  o f  

t h e  p h a se  i n t e g r a l  r e q u i r e s  t h e  i n t e g r a t i o n  o f  t h e  com plex  

r e f r a c t i v e  in d e x  t o  i t s  z e r o  i n  t h e  complex p la n e  d e f i n e d  by  

t h e  complex r e f l e c t i o n  h e i g h t  . S in c e  t h e  r e f r a c t i v e  in d e x  

i s  m u l t i v a l u e d  t h e r e  w i l l  be s e v e r a l  p o i n t s  a t  w hich  i t  

becomes z e r o  and th e  f i r s t  r e q u i r e m e n t  o f  th e  p h a se  i n t e g r a l  

a n a l y s i s  i s  t h e  l o c a t i o n  o f  t h e s e  so  c a l l e d  b ra n c h  p o i n t s .

By i n s p e c t i o n  o f  e q u a t io n  2 .1  .1 . t h e s e  r e f l e c t i o n  b r a n c h  

p o i n t s  o c c u r  when

3 . 3 . 3 .

f o r  t h e  o r d i n a r y  r a y  and

X  =  1 ^  Y — 3»3*^*

f o r  t h e  e x t r a o r d i n a r y  r a y .  F u r t h e r  c o u p l in g  b ra n c h  p o i n t s  

a r e  l o c a t e d  a t  t h e  h e i g h t  i n  t h e  com plex p la n e  w here  t h e  

o r d i n a r y  and e x t r a o r d i n a r y  r e f r a c t i v e  i n d i c e s  a r e  e q u a l .

T hese  p o i n t s  a r e  l o c a t e d  w here  t h e  s q u a re  r o o t  t e rm  i n  e q u a t io n

2 . 1 . 1 .

4  sin &  4-Y  cos &  (1 —
becomes z e r o .

3 . 3 . 5 .
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I n t r o d u c i n g  t h e  c r i t i c a l  v a lu e  =  Y
ScosG"

t h i s  e x p r e s s i o n  becomes

Zg 4- 0  — %  — t =  0  3*3*6*

w hich  i s  s a t i s f i e d  when

X =  1 + i ( ± Z < . - Z )  3 . 3 . 7 .

t h u s  d e f i n i n g  two c o u p l in g  p o i n t s .

The one i n c o r p o r a t i n g  t h e  minus s i g n  i s  i g n o r e d  a s  i t  l i e s  

f u r t h e r  f ro m  t h e  r e a l  a x i s  and h ence  h a s  l e s s  p h y s i c a l  s i g n i ­

f i c a n c e .  I n  t h i s  c o u p l in g  r e g i o n  i n t e r c h a n g e  may t a k e  p l a c e  

b e tw ee n  t h e  o r d i n a r y  and e x t r a o r d i n a r y  modes, g i v in g  r i s e  t o  

an  ^ i n i t i a l  o rd in a ry *  r a y  w hich  w i l l  be r e f l e c t e d  a t  t h e  

u p p e r  e x t r a o r d i n a r y  r e f l e c t i o n  h e i g h t .  For th e  r a d i o  waves 

r e f l e c t e d  i n  th e  E r e g i o n  i s  g e n e r a l l y  more t h a n  70  x Z  

so t h a t  t h e  t h r e e  c o n to u r s  r e p r e s e n t e d  i n  f i g u r e  3*3*1 a r e  

c o n s id e r e d  t o  be p h y s i c a l l y  s i g n i f i c a n t .

F o l lo w in g  t h e  t e c h n iq u e  d e s c r i b e d  by  A ltm an (1 96 5 )  t h e  

b ra n c h  p o i n t s  were l o c a t e d  by assum ing  t h a t  t h e  X and Z h e i g h t  

p r o f i l e s  have th e  fo rm

X .  X. e""""

Z  =  Z , e - ‘‘*

i n  t h e  p r o x im i ty  o f  t h e  b r a n c h  

p o i n t s .  The v a lu e s  o f  X@, , a  and b w ere  o b t a i n e d  a t  th e

p o i n t s  X = l o r X = l + Y b y  l i n e a r  i n t e r p o l a t i o n  b e tw ee n  t h e  

d a t a  p o i n t s  o f  t h e  lo g  X and lo g  Z p r o f i l e s .  S u b s t i t u t i o n  o f  

t h e  e x p r e s s io n s  3*3*6 i n t o  e q u a t io n s  3*3*3 , 3*3*^ and 3*3*7, 

f o r  t h e  b ra n c h  p o i n t s ,  g iv e  t h e  c o o r d i n a t e s  o f  t h e  r e f l e c t i o n  

p o i n t s  a s
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:^T= ô: log
COS 1 1

C o s (a + b 3 y ^ -  b
_ — ^ 0

3 . 3 . 9 .

and t h e  c o u p l in g  p o i n t  a s

C osby^ — S!n b y ^ I t Z g  CoS b

C e S ^ + b ) “  b  3 X c  CoS Cljg —
3 . 3 . 1 0 ,

w here  X* and a r e  g iv e n  v a lu e s  a p p r o p r i a t e  t o  th e  v a r i o u s  

b ra n c h  p o i n t s .  Z^ f o r  t h e  c o u p l in g  p o i n t  i s  t a k e n  a s  t h e  

v a l u e  o f  Z a t  t h e  l e v e l  X = 1 . The t r i g o n o m e t r i c a l  f u n c t i o n s  

i n  e q u a t io n s  3 . 3 *9 . a r e  t a k e n  to  be i n  th e  f i r s t  q u a d ra n t  so 

t h a t  t a k e s  t h e  n e c e s s a r y  n e g a t i v e  v a l u e .  I n  t h i s  s tu d y  Z^ 

i s  a lw ay s  g r e a t e r  t h a n  Z and y  ̂ i s  assum ed p o s i t i v e  i n  

e q u a t io n s  3 * 3 .1 0 .  The y c o o r d i n a t e s  i n  e q u a t io n s  3*3*9 and 

3 .3*10 have  b e en  l o c a t e d  by f i n d i n g  t h e  z e r o s  o f  t h e  e x p r e s s ­

i o n s  i n v o lv i n g  y o n ly .  T h is  h a s  been  done by  s t e p p i n g  y^ 

away f ro m  th e  r e a l  a x i s  i n  f i x e d  s t e p s  u n t i l  t h e  f u n c t i o n

CoS CoS 3.3*11

ch an g es  s i g n  and t h e  z e r o  was t h e n  l o c a t e d  w i t h i n  a  g iv e n  s t e p  

i n  by  s t e p  h a l v i n g .  F u r t h e r  a c c u r a c y  o f  l o c a t i o n  was 

o b ta in e d  by  N ew ton’ s method^ i n  w hich  t h e  t o l e r a n c e  was s e t  a t
— lo

1 0 km. C o o r d in a t e s  x^ and were computed and s t o r e d  a lo n g  

w i th  t h e  c o u p l in g  c o o r d i n a t e s  o b t a in e d  f ro m  e q u a t io n  3 *3 *R)by 

t h e  same i t e r a t i o n  m ethod .

A  p h a se  i n t e g r a l  e x p r e s s io n  f o r  t h e  t o t a l  a b s o r p t i o n  o f  

a  r a d i o  wave can  be  o b ta in e d  d i r e c t l y  f ro m  e q u a t io n  3 . 3 . 2  a s

L = - 2 k / f  |n  <1= 3-3.12
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i n  w h ic h  i j  "<u3 o f  t.ne r e f l e c t i o n  p o i n t s  d e f i n e d  by  c o o r d ­

i n a t e s  7^ .  The i n t e g r a t i o n  was c a r r i  o u t  a lo n g  t h e  r e a l

a x i s  t o  ' i ie  / a l u a  x ^  and t b e n  p e r p o n d l c u n i r l y  i n t o  t h e  complex  

p l a n e  t o  . I n  a l l  c a l c u l a t i o n s  t n e  i n i t i a l  s t e p  f ro m  t h e  

b a s e  o f  t h e  i o n o s p h e r e  was t a k e n  a s  1 kn and t h i s  was p r o g r e s s ­

i v e l y  d ; e r e a s a d  t o  a l o w e r  l i m i t  o f  1 l a t e r  i n  t h e  r e a l  

d i r e c t i o n  ana * / lO  m e t e r  i n  t h e  i m a g i n a r y  d i r e c t i o n .  U i t h i n  

e a c h  s t e p  a 3 p o i n t  S i m p s o n ' s  r u l e  was u s  t o  e v a l u a t e  t h e  

i n t e g r a l ,  k s i m i l a r  a n a l y s i s  was c a r r i  en out t o  o b t a i n  t h e  

v i r t u a l  h ^ ig h u  f ro m  t h e  e x p r e s s i o n

f n di 3 . 3 . 1 3 .

. 0 g r a d i e n t  was

d e t e r m i n e d  ce tw een  two a d j a c e n t  f renuen-*  e s ,  f  and f  + h f ,  

where  A f  was s e t  a t  3 GO Hz.

The a c c u r a c y  o f  t h e  c o m pu te r  pr:. .gram <■ i n  s a t i s f y i n g  t h e  

r e f l e c t i o n  c o n d i t i o n s  3 . 3*3 and 3 - 3 . 3  was found  t o  be h i g h ,  

t h e s e  b e !n c  s a t i s f i e d  t o  9 d e c im a l  p l a c e s ,  n s  a f u r t h e r  t e s t  

o f  t h e  Q r ' ' rnm m e a c o m p a r i s o n  was made b e tw e e n  t h e  r e s u l t s  

o b t a i n e d  b.; t h i s  a n a l y s i s  and t h o s e  f ro m  •> s . i a i i l a r  programme 

d e v e l o p e d  by Thomas ( l 9 6 8 ) .  F o r  t h e  o r d i n a r y  r a y  ( t a b l e  3*3.1  - 

t h e  a g r e e  me it  i s  t o  x n t h i n  k ,k%  and t h i s  o r r o r  was c o n s i d e r e d  

t o  be  duo m a i n l y  t o  t h e  l a r g e  f i x e d  i n t e g r a t i o n  s t e p  l e n g t h  

(2 km) a d c p t e d  by  Thomas.  Some f u r t h e r  a b s o r p t i o n  v a l u e s  

c a l c u l a t e d  by  t h e  L e i c e s t e r  programme f o r  a r a n g e  o f  f i x e d  

i n t e g r a t i o n  s t e p  l e n g t h s  a r e  p r e s e n t e d  i n  t a b ^ e  3 *3 . 2  and 

t h e s e  i l l u s t r a t e  t h e  l a r g e  e r r o r s  which  can  a / ' i s e  i f  t h e  

i n t e g r a t i o n  i s  c a r r i e d  o u t  o v e r  c o a r s e  ; , t e p s  ^ .h roughout  t h e  

a n a l y s i s .  I t  h a s  b e e n  shown by  C ooper  ( 1 9o1 ) t h a t  t h e  

a b s o r p t i o n  v a l u e s  com puted  f o r  an e x p o n e n t i a l  d i s t r i b u t i o n  o f



Frequency
MHt

V ir tu a l H eight
km

A bsorp tion
n epers

a b c a b c

2 .0 105,56618 105.64836 105.43 2.9852377 3.0094086 3.137

2 .4 108.57615 108.53880 108.31 2.6268376 2.7201192 2.705

4 .0 142.71625 143.67296 1.3764977 1.3819695 1.389

4 .3 141.17943 141.13148 1.2212962 1.2483671 1.110

Table 3 .3 .1  Coni;)urison o f com putations made by 3 a n a ly se s
(a) L e ic e s te r  Thase In te g ra l  p rogram ,w ith  d e c re a s in g  s te p

le n g th .
(b) " " " *' ,0.25km s te p  le n g th .
(c )  Thomas(l968) fh ase  I n te g ra l  program ,w ith  2km s te p

le n g th .
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Frequency
MIlz

A bsorp tion
nepers

D ev ia tion

2 .0 Ü.6016 0.002

2 ,5 0.6008 0VOO28

3 .0 0.6003 0.0033

3.5 0.6022 0.0014

4 .0 0.6038 0.0002

4 .3 0.6071 0.0035

5 .0 0.6094 0.0058

Moan 0.6036 0.0027

Table 3,3.3 Absorption in an Exponential
la y e r .
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e le c tro n  d e n s ity  w ith  c o n s ta n t c o l l i s io n  frequency  should  be independent 

o f the  wave frequency . This o b se rv a tio n  i s  borne ou t by th e  values 

co]7iputed by th e  L e ic e s te r  programme and p re se n te d  in  ta b le  3*3*3 to  b e t t e r  

than  ']%•

3 .U R eduction of ionograms by the  Polynom ial Method

The methods a v a ila b le  f o r  th e  re d u c tio n  o f v i r t u a l  h e ig h t d a ta  

to  e le c tro n  d e n s ity -h e ig h t p r o f i l e s  have t>een d iscu ssed  in  s e c tio n  2 .2 .

In  th i s  s tu d y  the  polynom ial method, as d e sc r ib e d  i n i t i a l l y  by 

T ith e r id g e  (1959a), has been employed s in ce  i t  o f f e r s  th e  same degree o f 

accu racy  as th e  lam in a tio n  methods w ith  few er s c a lin g  p o in ts  and hence 

sm a lle r ta b u la te d  m a tr ic e s . This f a c to r  has enab led  a h ig h e r  degree of 

accu racy  to  be o b ta in ed  w ith  th e  l im i te d  com puter c a p a c ity  a v a i la b le .  

T ith e r id g e  (1961 a) has f u r th e r  m odified  th e  a n a ly s is  by l im i t in g  th e  

e x te n t o f th e  reg io n  re p re se n te d  by any p a r t i c u l a r  po lynom ial. D e ta ils  

of the  a n a ly s is  are  d isc u sse d  below.

In  o rd e r to  compute th e  r e a l  h e ig h t o f th e  r e f l e c t i o n  h^ o f a 

frequency  f^  a polynom ial of degree fo u r  i s  re q u ire d  to  re p re se n t th e  

r e a l  h e ig h t p r o f i le  a t  h e ig h ts  h^ g; h^  ̂ and to  reproduce the
I  »

observed v i r t u a l  h e ig h ts ,  h \  ^ , h^ and h^^^ th rough  e q u a tio n  2 .2 .1 .

Thus, by assuming th a t  th e  v i r t u a l  h e ig h t and th e  r e a l  h e ig h t a re

id e n t ic a l  a t  th e  low est frequency  observed  on th e  ionogram and th a t  the

r e a l  h e ig h t o f r e f l e c t io n  has n o t changed in  th e  frequency  in te r v a l  below

t h i s ,  su ccess iv e  r e a l  h e ig h ts  may be c a lc u la te d  by s te p  by s te p  method

along the  frequency  s c a le .

In  co n s id e rin g  th e  c a lc u la t io n  o f hĵ  i t  i s  assumed t h a t  h^ ^

h. - a re  known and th a t  th e  r e a l  h e ig h t p r o f i l e  between plasm a freq u e n c ie s  i — 1
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2 can be re p re se n te d  by th e  polynom ial

3.U.1

Thus h. _ and h. . may be re p re se n te d  asi - c  1—1

^ i- 2  " ( ^ o ^ i   ̂ ( ^ 2 ^ i^ i -2  i - 2

and

Furtherm ore, i f  the  q u a n ti ty   ̂ g d e fin e d  as th e  v i r t u a l  h e ig h t

r e s u l t in g  from the  passage o f a ra d io  wave of frequency  f ^   ̂ through 

io n is a t io n  above th e  l e v e l  h. so th a t1—c j .

H 'i- 1 ,1 .2  = l / ( R - 1 ’ V ^  3 1 . 2 .

th en  from eq u a tio n  3»U«1

H
L

£i-
' 2

' i - 1 , i - 2  ^ S ^ i  l / ^ N  ^  ̂ ^ 3 ^ i  N^‘ N.df.

•jin
+ L(o<^). dfN

'fi'*

I f  th e  " p a r t i a l "  v i r t u a l  h e ig h ts  H '. and H*. . . •« f o r
i , i —2 i + l ,1 -2

fre q u e n c ie s  f^  and f^^^ a re  a ls o  ex p ressed  in  th i s  form  f iv e  sim ultaneous 

e q u a tio n s  a re  produced which may be re p re se n te d  in  th e  m a trix  form  -

h - 2

h - i

K 'i _ l , i . 2 =

H 'l , i - 2

H 'i+ l , i - 2

^ i -2

Î 
2

f ' l _2

i-1
f \ - 2

f ' i _ l

A - 2

i i-1
/ifi'l

n %
A-

y I']

/i'l A'I ji-i
'N

K h

W P i

("^2h

( ° s h

(<x'Pi
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i ; h i c h  may be fu rther abbreviated to

Kj_ = 3 1 .3

Furtherm ore, th e  eq u at on 3.U.1 gives th e  e x p re ss io n

h. = + ( < ) y i  + '  ^ V i R

f o r  th e  r e a l  h e ig h t o f r e f l e c t io n  of a frequency  f ^ .

This may be ex p ressed  in  th e  m a trix  form

h. = E. 3»U*1;1 1 1
2  3  I,

in  which i s  the row m atrix (1 , f ^ .  f  f  f

Thus, by combining equations 3-U-3 and 3*U«ii

h. = [ ? .  G . - ' ' ] H i  j - b - f

from which th e  r e a l  h e ig h t h^ can be computed from th e

q u a n t i t ie s  h^ .j, h^  ̂ and th e  p a r t i a l  v i r t u a l  h e ig h ts  a t  freq u e n c ie s  

f ^ .j, f^  and f  • The p a r t i a l  v i r t u a l  h e ig h ts  d e fin e d  by th e  eq u atio n  

3 .L .2  can be ex p ressed  in  th e  form

■ hj_i

by employing a la m in a tio n  method to  e v a lu a te  the

3 .^ .6

i n t e g r a l .  The h e ig h t h^ i s  th e  r e a l  h e ig h t a t  which th e  a n a ly s is  i s  

begun and i s  assumed eq u a l to  the  observed v i r t u a l  h e ig h t o f th e  low est 

observed  freq u en cy  on th e  ionogram . The mean phase r e f r a c t iv e  index  in  

each  lam ina d e fin e d  by th e  s u b je c t j  can be ex p ressed  in  th e  form

^ J 3 .U .7

ij->
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and t h i s  e x p r e s s i o n  h a s  b e e n  f u r t h e r  s i m p l i f i e d  t o  

— ̂    \ (  f /  \
^  A i - ' ;

f o r  t h e  c a l c u l a t i o n  o f  v a l u e s  up t o  j  = 1 -  3 .

However, f o r  t h e  c a s e  whe. e j = 1 -  1 , t h e  i n t e g r a l  i s  e v a l ­

u a t e d  b y  a  t h r e e  p o i n t  S i m p s o n ' s  r u l e  t e c h n i q u e ,  The 

i n t e g r a l s  i n v o l v e d  i n  t h e  m a t r i x  G- have  b e e n  d e t e r m i n e d  by  

t h e  a p p l i c a t i o n  o f  10 p o i n t  G auss  Q u a d r a t u r e  f o r m u l a  d e s c r i b e d  

by  Lov/an, D a v id s  and  L evenson  ( 1 9 4 2 ) .  The v a l u e s  o f  

and t h e  row m a t r i x  G- have  b e e n  c a l c u l a t e d  f o r  L e i c e s t e r  

a d o p t i n g  t h e  g e o m a g n e t i c  p a r a m e t e r s  I n  t a b l e  3»4 . 1 .  and a 

f r e q u e n c y  r a n g e  o f  1 . 4  t o  1 0 . 0  Wiz i n  0 .2  î ^ z  s t e p s  i n  f*

and f^ and  w ere  s t o r e d  i n  m a tr ix  f o rm  f o r  r o u t i n e  i o n o g r a m

r e d u c t i o n .

3• 5• The v a l i i . i y .

3 . 5.1 . 3 e n s i  t l - '  ty_l,o..

The g e o m a g n e t i c  p a r a m e t e r s  l i s t e d  i n  t a b l e  3*4 .1  h a v e  

b e e n  i n t e r p o l a -ea f r o m  v a lu e s  f o r  S l o u g h  and I n v e r n e s s  t a k e n  

a t  g r o u n d  l e v . n .  T h ese  p aram ete rs  a r e  known t o  v a r y  w i t h  t im e

and a l s o  w i t h  h . - i g h t  above  t h e  g r o u n d .  I n  o r d e r  t o  a s c e r t a i n
— _ •! 

y
w i t h  c h a n g e s  i n  t h e s e  p a r a m e t e r s  t h e  m a t r i c e s  w here  c a l -

t h e  s e n s i t i v i t y  o f  t h e  t a b u l a r e d  v a l u e s  o f  and  F.

Gulated  f o r  s e v e r a l  va lue . ,  of  t h e  g y r o f r e q u e n c y ,  1 . 2 ,  1 . 2 5  

and 1 . 3  MHz and of  th e  d ip  a n g le s ,  6 7 . 5  , 67 ° and 6 6 . 5° .

The r e s u l t i n g  n i n e  p a i r s  o f  m a t r i c e s  w ere  u se d  i n  t h e  

r e d u c t i o n  o f  t h e  t e s t  v i r t u a l  h e i g h t  c u r v e s  A, B and  C o f  

f i g u r e  3 . 5 . 1 • The d e v i a t i c o  e tw e e n  t h e  r e s u l t i n g  e l e c t r o n  

d e n s i t y  p r o f i l e s  f o r  v a r i o u s  o m b i n a t i o n s  o f  t h e  g y r o -



Geographic L a titu d e 52* y {  N

" Longitude 1® 6̂  V

G yro-frequency 1.28 MHz
.0 /

Dip Angle 66 44

Table 3 .4 .1  Geomagnetic and Geographic 
param eters of L e ic e s te r .
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f r e q u e n c y  and d i p  a n g l e  was n e v e r  more t h a n  0 . 2 $ ^  w h i l e  t h e  

c h a n g e s  i n  t h e  two p a r a m e t e r s  w ere  7*7% and 1 . 5 ^  r e s p e c t i v e l y .

Thus t h e  s e n s i t i v i t y  o f  t h e  a n a l y s i s  t o  f l u c t u a t i o n s  i n  t h e  g e o ­

m a g n e t i c  p a ra m e te r s  i s  s m a l l  and t h e  e r r o r  in d u c e d  i n t o  t h e  

a n a l y s i s  by i n a c c u r a c i e s  i n  t h e  e s t i m a t i o n  o f  t h e s e  p a r a m e t e r s  

c a n  be  c o n s i d e r e d  n e g l i g i b l e  when com pared  w i t h  t h e  e r r o r s  

i n v o l v e d  I n  t h e  s c a l i n g  o f  t h e  v i r t u a l  h e i g h t  d a t a  w h ic h  w i l l  be 

d i s c u s s e d  i n  C h a p te r

3 . 5 . 2 . H ie  .i ic a l i l is .

T h i s  s t u d y  i s  c o n c e r n e d  w i t h  t h e  d i s t u r b e d  r e g i o n  a ro u n d  t h e  

p e a k  o f  t h e  E l a y e r  a s  i n d i c a t e d  by  t h e  f i n e  s t r u c t u r e  r e c o r d e d  

on i o n o g r a m s .  The . i a e  o f  t h e  s c a l i n g  i n t e r v a l  i s  t h e r e f o r e  o f  

p a r t i c u l a r  i m p o r t a n c e  i n  r e s p e c t  o f  t h e  a b i l i t y  o f  t h e  r e d u c t i o n  

a n a l y s i s  t o  a c c o u n t  f o r  t h e s e  f i n e  s t r u c t u r e s .  In s e c t i o n  3 . 4  

t h e  s c a l i n g  i n t e r v a l  u s e d  was 0 .2  MHz f o l l o w i n g  t h e  r e c o m m e n d a t io n  

o f  T i t h e r i d g e  ( 1 9 b 1 a ) . However f i g u r e  3*5*3 i l l u s t r a t e s  t h e  

v a r i a t i o n  w h ich  was p r o d u c e d  i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  when 

t h e  t e s t  c u rv e  D. f i g u r e  3*5.2- . was moved a lo n g  t h e  f r e q u e n c y  

s c a l e  b e tw e e n  t h e  two e z t r e m l t i e s  shown i n  t h e  f i g u r e .  The 

v i r t u a l  h e i g h t  c u rv e  was a r r a n g e d  so  t h a t  t h e  c u s p  o c c u r r e d  a t  

1 . 9 , 1 . 9 5 , 2 . 0 ,  2 . 0 5  and 2 .1  MHz and t h e  r e d u c t i o n  a n a l y s i s  was 

c a r r i e d  o u t  f o r  e a c h  c a s e .  The r e s u l t s  i n d i c a t e  t h a t  when t h e  

"usp was p o s i t i o n e d  a t  t h e  s c a l i n g  f r e q u e n c y  o r  b e lo w  i t ,  t h e  

computed  r e a l  h e i g h t s  l a y  on o r  w i t h i n  two k i l o m e t e r s  o f  t h e  

c a s h e d  p r o f i l e .  The lo w e r  d o t t e d  p r o f i l e  was t h e  r e s u l t  o f  

t a k i n g  t h e  c u sp  t o  a f r e q u e n c y  above  t h e  s c a l i n g  p o i n t ,  l i u i s  t h e  

p o s i t i o n  o f  t h e  c u sp  had l i t t l e  e f f e c t  u p on  t h e  r e s u l t i n g  

p r o f i l e  u n l e s s  i t s  p o s i t i o n  was ch an g e d  f r o m  one s i d e  o f  t h e  

s c a l i n g  p o i n t  t o  t h e  o t h e r ,  i n  w h ich  c a s e  t h e  p r o f i l e  was - ~ re a t ly
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FIG,3.5«3 Monotonie profiles resulting from the movement of a cusp feature 
(fig«3*3*2) between the scaling points#
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a l t e r e d .  Thus t o  o b t a i n  a p r o f i l e  w h ich  m igh t  r e p r e s e n t  t h e  

v i r t u a l  h e i g h t  d a t a  a s  c l o s e l y  a s  p o s s i b l e  I t  was c o n s i d e r e d  

t h a t  t h e  cu sp  s t r u c t u r e s  o f  t h e  i o n o g ra m  s h o u l d  be l o c a t e d  a s  

a c c u r a t e l y  a s  p o s s i b l e  by em ploy ing  t h e  s m a l l e s t  p r a c t i c a b l e  

s c a l i n g  i n t e r v a l .  T h i s  was fo u n d  t o  be  0 .0 $  i'€iz. F u r t h e r  

i n t e r p o l a t i o n  b e tw e e n  t h e  f r e q u e n c y  m a rk in g s  o f  t h e  io n o g ra m s  

may e n t a i l  l a r g e  e r r o r s  s i n c e ,  by  v i r t u e  o f  t h e  s e r v o - t u n i n g  

c o n t r o l  sy s te m  em ployed ,  t h e  r e c e i v e r  f r e q u e n c y  i s  g e n e r a l l y  

n o t  a s i m p le  f u n c t i o n  o f  t i m e .  Thus t h e  f r e q u e n c y  mark 

s p a c i n g  on t h e  io n o g ra m s  may be i r r e g u l a r .

I n  r e c o m p u t in g  t h e  m a t r i c e s  f o r  t h e  a n a l y s i s  i t  was 

c o n s i d e r e d  n e c e s s a r y  t o  u s e  a t h r e e  p o i n t  S i m p s o n ' s  R u l e  t o  

e v a l u a t e  t h e  q u a n t i t i e s  i n  t h e  l a s t  s i x  f r e q u e n c y  s t e p s  

where  t h e  p r o x i m i t y  o f  t h e  r e f l e c t i o n  h e i g h t  r e n d e r s  t h e  

s i m p le  l i n e a r  a s s u m p t i o n  i n a d e q u a t e .  The d i f f e r e n c e  b e tw e e n  

t h e  c o e f f i c i e n t s  j c a l c u l a t e d  by  t h e  two methods was 

a p p r o x i m a t e l y  one p e r c e n t  f o r  t h e  s i x t h  c o e f f i c i e n t ,  j  = i  -  7 ,  

and e i g h t  p e r c e n t  f o r  t h e  l a s t  s t e p .  The e l e c t r o n  d e n s i t y  

p r o f i l e  o b t a i n e d  by  t h i s  m o d i f i e d  a n a l y s i s  h a s  b e e n  i n c l u d e d  

i n  f i g u r e  3*5*3* and d e m o n s t r a t e s  c l e a r l y  t h e  i n c r e a s e  i n  

p r o f i l e  d e f i n i t i o n  o b t a i n e d  by t h e  u s e  of t h e  n a r r o w e r  

s c a l i n g  i n t e r v a l .  T h i s  im provement  h a s  b e e n  f u r t h e r  i l l u s ­

t r a t e d  i n  f i g u r e  3*5*^ i n  w hich  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  

two a n a l y s e s  and t h e  t e s t  c u rv e  A have  b e e n  p r e s e n t e d .  The 

two p e a k s  w hich  g i v e  r i s e  t o  t h e  c u s p s  o f  c u r v e  A a r e  

c l e a r l y  d e f i n e d  by t h e  m o d i f i e d  a n a l y s i s  w h i l e  t h e  o r i g i n a l  

c o a r s e  r e d u c t i o n  g i v e s  l i t t l e  o r  no i n d i c a t i o n  o f  t h e s e  

s t r u c t u r e s .
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3 0 - 3 -  C om par ison  w i t h  A n a l y t i c  _Pr.Q,rili

The t h r e e  a n a l y t i c  p r o f i l e s  g i v e n  by t h e  e q u a t i o n s  o f

3 . 5.1 and i l l u s t r a t e d  i n  f i g u r e s  3 *5 ®5 i 3 »5«6 and 3 *5*7 were 

u s e d  t o  t e s t  t h e  v a l i d i t y  o f  t h e  r e d u c t i o n  t e c h n i q u e .

1
L in e a r  l a y e r  f  =  «(. (z  — k j 2 > k .

P a r a b o l i c  l a y e r  f  — f. !" 1 —  ̂ I U - z J  < 0.
r [ a  J

Ç  =  O > 0.
u("2 —k^

E x p o n e n t i a l  l a y e r  =  r  e h >

3 *5.1

I n  e a c h  c a s e  t h e  c o r r e s p o n d i n g  v i r t u a l  h e i g h t  p r o f i l e  was 

c a l c u l a t e d  u s i n g  t h e  e x p r e s s i o n s  f o r  t h e  no f i e l d  c a s e  

d e r i v e d  by  Sudden  (1 9 6 1 ) and t h e s e  p r o f i l e s  were  t h e n  

p r o c e s s e d  by t h e  r e d u c t i o n  a n a l y s i s .

The t e c h n i q u e  d e s c r i b e d  by T i t h e r i d g e  ( 1 9 6 l a )  was u s e d  

to  o b t a i n  t h e  c u r v e s  marked A i n  t h e  f i g u r e s  l i s t e d  a b o v e .

I n  t h i s  a n a l y s i s  t h e  r e a l  and  v i r t u a l  h e i g h t s  a t  a s t a r t i n g  

f r e q u e n c y  o f  1 -5  IHz,  f^ , were  s e t  e q u a l  and t h e  com pu ta ­

t i o n  b egu n  a t  t h e  f r e q u e n c y  -  f  ̂ + A f , w here  Af was t h e  

s t e p  l e n g t h .  I t  was n o te d  t h a t  t h e  r e s u l t i n g  p r o f i l e s  were 

t o o  h i g h  by  3 . 5 , 2 . 0  and  9*0  km f o r  t h e  l i n e a r ,  p a r a b o l i c  

and e x p o n e n t i a l  l a y e r s  r e s p e c t i v e l y  a t  1 . ?  MHz. T h i s  d i s ­

c r e p a n c y  h a s  b e e n  a t t r i b u t e d  c h i e f l y  t o  t h e  n e g l e c t  o f  i o n ­

i s a t i o n  be lo w  t h e  r e f l e c t i o n  l e v e l  o f  t h e  I .5  i S z  w ave.

However t h e  a p p ro x im a t io n s  u s e d  by  B udden i n  c o m p u t in g  v i r t u a l  

h e i g h t s  i n  t h e  a b s e n c e  o f  a  m a g n e t i c  f i e l d  would a l s o  co n ­

t r i b u t e  t o  t h e  poor  a g r e e m e n t .  I n  o r d e r  t o  t a k e  a c c o u n t  o f  

t h e  low l y i n g  i o n i s a t i o n  t h e  s t a r t i n g  a s s u m p t i o n  to  t h e  

a n a l y s i s  h a s  b e e n  m o d i f i e d .
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/  /
The v i r t u a l  h e i g h t  h%_, was assum ed to  be e q u a l  t o  h .

anc t h e  e x t e n t  oi t h e  g ro u p  r e t a r d a t i o n  o f  t h e  w a v e ^ f r e q u e n c y

was e s t i m a t e d .  The b a s e  h e i g h t ,  . was t h e n  s e t  a t  a
f

v a l u e  e q u a l  t o  t h e  r e a l  h e i g h t  h>_, i . e .  h._, minus  t h e  e s t i ­

m ated  g ro u p  r e t a r d a t i o n .  The a n a l y s i s  was t h e n  a p p l i e d  a s  

b e f o r e  s t a r t i n g  a t  t h e  f i r s t  s c a l i n g  p o i n t . Thus f o r  t h e

f r e q u e n c y  f .  t h e  p a r t i a l  v i r t u a l  h e i g h t s
/ (

H  ̂i_2 =  k - ,  - k

t a k e  a n o n - z e r o  v a l u e  and l e a d  t o  a new c o m p u t a t i o n  o f  hj .

F u r t h e r , a t  a f r e q u e n c y  f^+% t h e  v a l u e  o f

i s  m o d i f i e d  by  a d d i t i o n  o f  t h e  t e r m  .(vvi-'W;_,) w h ic h  i s

no l o n g e r  z e r o .

T h i s  m o d i f i e d  a n a l y s i s  was a p p l i e d  t o  t h e  a n a l y t i c  t e s t  

p r o f i l e s  and t h e  r e s u l t i n g  c u r v e s ,  marked B i n  f i g u r e s  3 * 5»5"? 

3 . 1 . 6  and  3 . 5 » 7 . ,  were  o b t a i n e d  and show a g re e m e n t  o v e r  t h e  

f r e q u e n c y  r a n g e  t o  b e t t e r  t h a n  1 km.

3*5*4. Comparison w ith  the l a m i n a t i o n Method

The v i r t u a l  h e i g h t  t e s t  c u r v e s  A and B o f  f i g u r e  3*5*1 

r e p r e s e n t i n g  t y p i c a l  w i n t e r  and summer p r o f i l e s  were  

a n a l y s e d  by  t h e  r e d u c t i o n  a n a l y s i s  d e s c r i b e d  ab ove  and b y  t h e  

L a m i n a t i o n  Method a s  f o r m u l a t e d  b y  Thomas and V i c k e r s  ( 1 9 5 9 ) .  

The r e s u l t i n g  p r o f i l e s  a r e  shown i n  f i g u r e  3*5*8 .  and  t h e  

mean d i f f e r e n c e  h a s  b e e n  c a l c u l a t e d  t o  be 1 f o r  t h e  

w i n t e r ,  1 . 2 #  f o r  t h e  summer p r o f i l e .  F u r t h e r  c o m p a r i s o n  w i t h
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t h e  l a m i n a t i o n  method was o b t a i n e d  by  a n a l y s i n g  t h e  t e s t  d a t a  

p u b l i s h e d  by  Thomas and V f c k e r s  ( 1 9 5 9 ) .  The r e s u l t s  o f  t n e s e  

c o m p u t a t i o n s  a g r e e  w i t h  t h o s e  o b t a i n e d  by Thomas and V i c k e r s  

a s  c a n  be s e e n  f ro m  f i g u r e  3*5»9.  From t h e  o b s e r v a t i o n s  

and c o m p a r i s o n s  made above  i t  i s  c o n c l u d e d  t h a t  t h e  M o d i f i e d  

T i t h e r i d g e  r e d u c t i o n  a n a l y s i s  w i t h  a f r e q u e n c y  s c a l i n g  

i n t e r v a l  o f  0 . 05  p ro d u c e s  a m o n o to n ie  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  r e p r e s e n t a t i v e  o f  t h e  v i r t u a l  h e i g h t  d a t a  w i t h  

an  a c c u r a c y  c o m p a ra b le  w i t h  t h a t  o f  o t h e r  m ethods  a v a i l a b l e  

f o r  u s e  on a s m a l l  c o m p u t e r .

The m o d i f i e d  p o l y n o m i a l  r e d u c t i o n  d i s c u s s e d  i n  d e t a i l  i n  

t n l s  c h a p t e r  h a s  b e e n  employee  a t  l e i c e s t e r  and t h e  e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n s  obDainen f e a u u r ^  i n  m e  c o m p a r a t i v e  

s t u d i e s  d i s c u s s e d  i n  C n a o te r  I n  c o n j u n c t i o n  w i t h  t h e s e  

and o t h e r  e x p e r i m e n t a l  and t h e o r e t i c a l  m o c e l s ,  t h e  p h a s e  

i n t e g r a l  a n a l y s i s  h a s  b e en  e x t e n s i v e l y  u s e d  t o  compute  b o t h  

a b s o r p t i o n  and v i r t u a l  h e i g n t . The r e s u l t s  o f  t h e s e  c a l c u l a ­

t i o n s  a r e  d i s c u s s e d  i n  d e t a i l  i n  C h a p t e r s  7 and 6.
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P r e v io u s  E x p e r im e n ta l  s t u d i e s  o f L a h s D r n t lo p  a n d

viXAi^-al

4 . 1 .  P u l s e  T e c h n iq u e s

A p p l e t o n  ( 19 2 8 ) h a s  r e v i e w e d  t h e  e x p e r i m e n t a l  t e c h ­

n i q u e s  a v a i l a b l e  a t  t h a t  t im e  f o r  t h e  m easurem ent  o f  t h e  

v i r t u a l  h e i g h t  o f  r e f l e c t i o n  o f  r a d i o  waves by  t h e  i o n o s p h e r e .  

T h ese  methods  were  ( i )  t h e  ^ a n g le  o f  i n c i d e n c e *  method d e s ­

c r i b e d  by  A p p l e to n  and B a r n e t t  ( 1 9 2 5 a ) ,  ( t i )  t h e  ' f r e q u e n c y  

c h a n g e '  m ethod ,  A p p l e t o n  and B a r n e t t  (1 9 25 b )  and ( l i i )  t h e  

' g r o u p  r e t a r d a t i o n '  m ethod ,  B r e i t  and  Tuve ( 1 9 2 5 ) ,  The f i r s t  

two t e c h n i q u e s  employed c o n t i n u o u s  r a d i o  waves t r a v e l l i n g  ove r  

h o r i z o n t a l  d i s t a n c e s  o f  t h e  o r d e r  o f  150 km w h e re a s  t h e  t h i r d  

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

waves a lo n g  a n e a r l y  v e r t i c a l  p a t h  t o  t h e  i o n o s p h e r e  and  h a s  

s i n c e  b e e n  c a l l e d  t h e  ' p u l s e '  m ethod ,  A p p l e t o n  and B u i l d e r  

( 1 9 3 2 ) h a v e  d e s c r i b e d  some e x p e r i m e n t s  c a r r i e d  o u t  i n  E ng land  

t o  compare  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  ' f r e q u e n c y  c h a n g e '  

and ' p u l s e '  m e th o d s .  The p u l s e  t e c h n i q u e  d e s c r i b e d  by  t h e s e  

a u t h o r s  and i t s  a p p l i c a t i o n  t o  t h e  m easu rem en t  o f  v i r t u a l  

h e i g h t  h a s  b e e n  w i d e l y  a d o p te d  and  i s  employed i n  t h i s  s t u d y .  

A p p l e t o n  and B u i l d e r  a l s o  commented u p o n  t h e  v a r i a b i l i t y  o f  

t h e  s i z e  o f  t h e  r e f l e c t e d  p u l s e  and f u r t h e r  d e v e lo p m e n t  o f  

t h e i r  t e c h n i q u e  e n a b l e d  many w o r k e r s  t o  m easu re  t h e  t o t a l  

a b s o r p t i o n  o f  a r a d i o  p u l s e  i n  i t s  p a s s a g e  t i i r o u g h  t h e  i o n o ­

s p h e r e  ( P i g g o t t  1 9 5 3 )* I n  d i s c u s s i n g  t h e  l a t e r  d e v e lo p m e n t  

o f  p u l s e  t e c h n i q u e s  i t  i s  c o n v e n i e n t  t o  t r e a t  t h e  o b s e r v a -
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t i o n s  c "  v i r t u a l  h e i g h t  and a b s o r p t i o n  s e p a r a t e l y .

( a )  F u xse  SpundiiiE.

F i g u r e  4 . 1 . 1 . ( a )  i l l u s t r a t e s  a t y p i c a l  fo rm  o f  d i s p l a y  

o b t a i n e d  by  t h e  A p p le to n  and B u i l d e r  (1 91 2 )  t e c h n i q u e  and  

i n d i c a t e s  b o t h  t h e  v i r t u a l  h e i g h t  and a m p l i t u d e  of  e a c h  e c h o .  

However t h e  m easurement  of  v i r t u a l  h e i g h t  a l o n e  i s  more co n ­

v e n i e n t l y  o b t a i n e d  f r o m  t h e  B s c a n  d i s p l a y ,  f i g u r e  4 . 1 . 1 . ( b ) ,  

i p c  1 w h ich  G i l l i l a n d  ( l 9 j 4 )  b a s e d  t h e  f i r s t  a u t o m a t i c  s o u n d e r .  

As t h e  o p e r a t i n g  f r e q u e n c y  of t h e  i n s t r u m e n t  was s t e a d i l y  

i n c r e a s e d ,  p h o t o g r a p h i c  f i l m  was a ra w n  p e r p e n d i c u l a r l y  p a s t  

t h e  t r a c e  t h u s  p r o d u c i n g  a r e c o r d  s i m i l a r  t o  t h a t  i l l u s t r a t e d  

i n  f i g u r e  4 .1  1 ( c ) .  N a i s m i t h  (1 9 33 ,  193&) d e v e l o p e d  a s i m i l a r  

i n s t r u m e n t  w i t h  w h ich  A p p l e to n  and N a i s m l t h  (1 9 35 )  made one of  

t h e  f i r s t  s y n o p t i c  s t u d i e s  o i  t?u.: f e a t u r e s  o f  t h e  v i r t u a l  

h e i g h t  v a r i a t i o n  w i t h  f r e q u e n c y .

Vi r i g h t ,  Knecht  and  D a v ie s  (1 95 7 )  have  r e v i e w e d  t h e  

d e v e lo p m e n t  o f  t h e s e  t e c n n i q u o s  p r i o r  t o  t h e  I .G .Y .  and l i s t  

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

b d s i c  p r i n c i p l e s  o f  t h e  p u l s e  s o u n d in g  t e c h n i q u e .  The U nion  

R a d io  mark I I  i o n o s o n d e  d e s c r i b e d  by  C l a r k e  and Shearm an  (1 9 5 3 )  

h a s  b e e n  u se d  a t  L e i c e s t e r  and w i l l  be  d e s c r i b e d  i n  more 

d e t a i l  i n  C h a p te r  6.  F o l l o w i n g  th e  I.G*Y. s e v e r a l  f u r t h e r  

m o d i f i c a t i o n s  t o  t h e  t e c h n i q u e  have  b e e n  d e s c r i b e d  i n  o r d e r  t o  

Im prove  n o i s e  d i s c r i m i n a t i o n  and to  f a c i l i t a t e  r e c o r d  s c a l i n g  

a s  w e l l  a s  t o  i n c r e a s e  t h e  t r a n s m i t t e d  power and f r e q u e n c y  

r esponse®  T hese  d e v e lo p m e n t s  and t h e  a d a p t a t i o n  o f  so u n d in g  

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

t o p s i d e  s o u n a in g  t o  be c a r r i e d  c u t  h a v e  r e c e n t l y  b e e n
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r e v ie w e d  by  E c o le s  and King (1 9 7 0 ) .  T hese  a u t h o r s  a l s o  

d e s c r i b e  some new so u n d in g  t e c n n i q u e s  w h ich  d e p a r t  f ro m  t h e  

b a s i c  sy s te m  d i s c u s s e d  a b o v e ,  f o r  exam ple  t h e  'C h i r p '  so u n d e r  

d e s c r i b e d  by  F enw ick  and B a r r y  (19&7) and t h e  p u l s e  com­

p r e s s i o n  t e c h n i q u e s  i n v e s t i g a t e d  by  C o l l  and S t o r e y  (1965)*

The f i r s t  a t t e m p t  t o  m easu re  t h e  a m p l i tu d e  o f  r a d i o  

w aves r e f l e c t e d  f ro m  th e  io n o s p h e r e  was made by A p p le to n  and 

R a t c l i f f e  (1930 )  u s i n g  t h e  f r e q u e n c y  ch an g e  m ethod . The 

i n t r o d u c t i o n  o f  t h e  p u l s e  t e c h n i q u e  by A p p le to n  and B u i l d e r  

( 1 9 3 2 ) g r e a t l y  s i m p l i f i e d  t h e  o b s e r v a t i o n s  and made a c c u r a t e  

m e a su re m e n ts  p o s s i b l e .  Many w o rk e rs  (W hite  1 9 33 , W h ite  and 

Brown 193&, B e s t  and R a t c l i f f e ( l 9 3 ^ )  em ployed t h i s  s im p le  

m anual t e c h n iq u e  t o  o b s e r v e  t h e  v a r i a t i o n s  o f  i o n o s p h e r i c  

a b s o r p t i o n  w i th  f r e q u e n c y ,  t im e  and  s e a s o n .  Much o f  t h i s  work 

h a s  b e e n  sum m arised  by  P i g g o t t  (1 9 5 3 )  u M  A p p le to n  and P i g g o t t  

( 1 9 5 4 ) i n  r e p o r t i n g  th e  f i n d i n g s  o f  t h e i r  o b s e r v a t i o n s  o v e r  

two s u n s p o t  c y c l e s .

The m anual p u l s e  a b s o r p t i o n  t e c h n i q u e  r e q u i r e s  th e  con­

t i n u o u s  s e r v i c e s  o f  a s k i l l e d  o p e r a t o r  and  i t  i s  t h e r e f o r e  

i m p r a c t i c a b l e  t o  make o b s e r v a t i o n s  o v e r  a lo n g  p e r i o d  o f  

t im e .  To overcom e t h i s  p ro b lem  J e n k i n s  and R a t c l i f f  (1 9 5 3 )  

have  d e s c r i b e d  a f u l l y  a u to m a t i c  r e c o r d i n g  sy s te m  em ploy ing  

a g a t e d  a m p l i f i e r  i n  c o n j u n c t i o n  w i t h  a c o n s t a n t  g a i n  r e c e i v e r .  

Many m o d i f i c a t i o n s  o f  t h i s  t e c h n i q u e  (Madden 19&7, H en ry  1 9 ^ 6 ) ,  

d e s ig n e d  t o  meet l o c a l  r e q u i r e m e n t s ,  h a v e  b e e n  d i s c u s s e d .  The 

sy s te m  d e v e lo p e d  by  Madden (19&7) h a s  b e e n  u se d  a s  a b a s i s  

f o r  t h e  r e c o r d i n g  eq u ip m en t d e v e lo p e d  a t  l e i c e s t e r  w h ich  i s  

d e s c r i b e d  i n  C h a p te r  6 .



52

4 . 2 .  The e x p e r i m e n t a l  s t u d i e s ,  o f  t h e  r e g u l a r  f e a t u r e s  o f  t h e
i o n o s p h e r e

I n  t h e  A n n a ls  o f  t h e  P i g g o t t ,  Beynon and  Brown and

I x l t t l e  (1 9 5 7 )  h ave  d e s c r i b e d  i n  d e t a i l  t h e  m easurem ent o f  a b s o r p ­

t i o n  and  d i s c u s s e d  t h e  m ain  e x p e r i m e n t a l  and t h e o r e t i c a l  co n ­

c l u s i o n s  draw n by t h e  e a r l y  w o r k e r s .  F u r t h e r  o b s e r v a t i o n s  o f  t h e s e  

r e g u l a r  phenomena h ave  b e e n  d i s c u s s e d  by  B i b l ,  P a u l  and Rawer (19&5)

A p p le to n  and F ig g o t  (1 9 5 4 )  h av e  shown t h a t  t h e  f r e q u e n c y  d e p ­

e n d en c e  o f  t h e  n o n - d e v i a t i v e  a b s o r p t i o n  i s  g iv e n  by  t h e  fo rm u la

and t h e  s o l a r  c y c l e  v a r i a t i o n  by

Cl ( I h J

T h ese  a u t h o r s  h ave  a l s o  fo u n d  t h a t  t h e  d i u r n a l  v a r i a t i o n  o f  

a b s o r p t i o n  can  be r e p r e s e n t e d  by  t h e  e x p r e s s i o n  1 = 0  c o s* ^ ^  , i n  

w h ich  t h e  c o n s t a n t  G may v a r y  w i th  s e a s o n  and m a g n e t ic  a c t i v i t y .

Mich d i s c u s s i o n  o f  t h e s e  e m p i r i c a l  r e l a t i o n s h i p s  h a s  b e e n  u n d e r ­

t a k e n  e s p e c i a l l y  t h a t  d e s c r i b i n g  th e  d i u r n a l  v a r i a t i o n  o f  a b s o r p ­

t i o n .  B i b l ,  P a u l  and Rawer (19&5) h av e  fo u n d  a s e a s o n a l  v a r i a t i o n  

i n  t h e  e x p o n e n t  n and D a v ie s  (19&5) d e m o n s t r a t e s  t h e  l a t i t u d e  

d e p e n d e n c e  o f  n  and a l s o  s u g g e s t  t h a t  t h e  fo rm

L _ =  Ü

b e t t e r  d e s c r i b e s  

c o n d i t i o n s  a t  s u n r i s e  and  s u n s e t .  R e c e n t l y  R a i  (1969  a ,  b )  h a s  

r e v ie w e d  th e  a v a i l a b l e  e s t i m a t e s  o f  n  and h a s  i n v e s t i g a t e d ,  b o th  

e x p e r i m e n t a l l y  and t h e o r e t i c a l l y ,  t h e  d e p e n d e n c e  o f  n o n » d e v i a t i v e  

a b s o r p t i o n  up on  X  and f r e q u e n c y  a t  l a r g e  v a l u e s  o f  t h e  z e n i t h  

a n g l e .
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The r o u t i n e  o b s e r v a t i o n  o f  v i r t u a l  h e i g h t  by  s o u n d in g  

t e c h n i q u e s  h as  p r o v id e d  e x t e n s i v e  w o r ld  w ide  d a t a  f ro m  w h ic h  

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

t h e  l a y e r  p a r a m e te r s  su c h  a s  t h e  E r e g i o n  c r i t i c a l  f r e q u e n c y ,  

fo E , h ave  b e e n  d e r i v e d .  The o b s e r v a t i o n s  o f  A p p le to n  and 

N a i s m i th  (1 935 )  e s t a b l i s h e d  t h e  s t r u c t u r e  o f  t h e  i o n o s p h e r e  

above  1 00 km by  i n d i c a t i n g  two d i s t i n c t  r e f l e c t i n g  r e g i o n s  

r e f e r r e d  t o  a s  t h e  E and F l a y e r s .  T h ese  a u t h o r s  a l s o  

o b s e r v e d  an  i r r e g u l a r  r e f l e c t i n g  r e g i o n  n e a r  100 km w h ic h  t h e y  

c a l l e d  t h e  abno rm al E . F u r t h e r  s t u d i e s  o f  t h e  v i r t u a l  h e i g h t  

v a r i a t i o n  w i th  f r e q u e n c y ,  h  ( f ) ,  w ere  made by  H a l l i d a y  (193&) 

who o b s e r v e d  i r r e g u l a r i t i e s  a ro u n d  f^ E on io n o g ra m s  r e c o r d e d  

m a n u a l ly  a t  noon . R o b in s o n  (1 9 6 0 a )  h a s  d i s c u s s e d  i n  d e t a i l  

o b s e r v a t i o n s  o f  t h e  E r e g i o n  and h a s  com pared  t h e  r e g u l a r  

v a r i a t i o n s  o f  t h i s  l a y e r  w i th  t h o s e  p r e d i c t e d  f o r  a  t h e o r e t i c a l  

l a y e r  b y  Chapman (1931)*  To f a c i l i t a t e  su c h  s t u d i e s  W r i g h t , 

K n ech t and  D a v ie s  (1 9 5 7 )  and l a t e r  P ig g o t  and  Rawer ( I 9 6 l )  

h ave  f o r m u la t e d  sy s te m s  by  w h ich  t h e  i n t e r p r e t a t i o n  o f  i o n o ­

gram s may be f o r m a l i s e d .  The r e s u l t s  o f  s y n o p t i c  s t u d i e s  o f  

io n o g ra m  d a t a  have  shown t h e  E l a y e r  t o  be a w e l l  b e h a v e d  

l a y e r  f o l l o w i n g  c l o s e l y  t h e  p r e d i c t i o n s  o f  t h e  Chapman t h e o r y  

and t h e  F r e g i o n  t o  c o n s i s t  o f  two c l o s e l y  a s s o c i a t e d  l a y e r s ,

Fj and F^ o f  w h ich  t h e  F  ̂ a p p ro x im a te s  t o  t h e  Chapman t h e o r y  

w h i l e  t h e  u p p e r  l a y e r  i s  f a r  l e s s  p r e d i c t a b l e .

4 .3 "  I r r e g u l a r  i o n o s p h e r i c  f e a t u r e s  i n  t h e E~F t r a n s i t i o n  r e g i o n

The s t u d y  o f  t h e  r e g u l a r  f e a t u r e s  o f  t h e  i o n o s p h e r e  

b e tw e e n  110 and 170 km i s  c o m p l ic a te d  by  t h e  o c c u r r e n c e  o f  

s e v e r a l  i r r e g u l a r  phenom ena. The m ost i m p o r t a n t  o f  t h e s e  i s  

t h e  o c c u r r e n c e  o f  S p o r a d ic  E w h ich  was f i r s t  o b s e r v e d  by
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A p p le to n  and N a is m lth  (19 3 5 )  and h a s  r e c e i v e d  much a t t e n t i o n  

s i n c e  (S m ith  and M a t s u s h i t a  1962)0 I n  a d d i t i o n  f u r t h e r  m inor 

f e a t u r e s  o f  t h e  E-F t r a n s i t i o n  r e g i o n  p ro d u c in g  m u l t i p l e  c u sp  

s t r u c t u r e s  upon  io n o g ram s  have  b e e n  o b s e rv e d  o v e r  many y e a r s .  

N a i s m i th  (1 9 3 3 )  o b s e rv e d  a  s i n g l e  i n t e r m e d i a t e  t r a c e  b e tw e e n  

t h e  E and F l a y e r  t r a c e s  o f  t h e  io n o g ra m  w hich  he  d e s i g n a t e d  

t h e  Eg l a y e r .  T hese  o b s e r v a t i o n s  g av e  s u p p o r t  t o  t h e  work o f  

A p p le to n  ( 1 9 3 3 ) who c o n c lu d e d  t h a t  t h e  i n t e r m e d i a t e  l a y e r  was 

a s  t h i c k  a s  t h e  n o rm al  E l a y e r  and  was p ro d u c e d  by  t h e  same 

i o n i s i n g  r a d i a t i o n .  G i l l i l a n d  (1 9 3 5 )  and H a l l i d a y  (1 9 3 6 )  

o b s e r v e d  m u l t i p l e  c u sp  s t r u c t u r e  on  io n o g ra m s  and t h e  work o f  

t h e s e  and  s e v e r a l  o t h e r  a u t h o r s  h a s  b e e n  r e v ie w e d  by  B e ck e r  

and D ie m in g e r  (1 9 5 0 )  who s u g g e s t e d  t h a t  t h e  o c c u r r e n c e  o f  t h e  

Eg s h o u ld  be a d o p te d  a s  a r e g u l a r  phenomenon and  i t s  minimum 

v i r t u a l  h e i g h t  and c r i t i c a l  f r e q u e n c y  be t a b u l a t e d  b y  t h e  

r o u t i n e  so u n d in g  s t a t i o n s .  B eck e r  and  D iem in g er  h a v e  a l s o  

c a r r i e d  o u t  a s y n o p t i c  s t u d y  o f  t h e  o c c u r r e n c e  o f  t h e  E% 

t r a c e  and h ave  fo u n d  i t  to  be a  common f e a t u r e  n e a r  s u n r i s e  

and  s u n s e t  b u t  l e s s  f r e q u e n t  a t  m id d ay . F u r t h e r m o r e ,  t h e s e  

a u t h o r s  c o n c lu d e  t h a t  t h e  Eg l a y e r  h a s  t h e  c h a r a c t e r i s t i c s  o f  

a t h i n  hom ogeneous l a y e r  w h ich  h a s  a c r i t i c a l  f r e q u e n c y  20 0  t o  

300  kHz above t h a t  o f  t h e  no rm al E l a y e r  and w h ich  d e v e lo p s  i n  

a r e g u l a r  f a s h i o n  th r o u g h o u t  t h e  d a y .

W hale  ( 1 9 5 1 ) h a s  commented up on  t h i s  f i n e  s t r u c t u r e  and 

h a s  a t t e m p t e d  by  an  io n o g ram  r e d u c t i o n  a n a l y s i s  t o  o b t a i n  

r e p r e s e n t a t i v e  e l e c t r o n  d e n s i t y  p r o f i l e s  o f  t h e  u p p e r  E r e g i o n  

and E-F t r a n s i t i o n .  T h ese  p r o f i l e s  showed m inor l e d g e s  i n  t h e  

m o n o to n ie  p r o f i l e  t o  w h ich  W hale a t t r i b u t e s  t h e  f i n e  c u sp  

s t r u c t u r e .  A s i m i l a r  s t u d y  was u n d e r t a k e n  by  Minro and 

H e i s l e r  (1 9 5 6 )  i n  t h e  t e m p e r a t e  l a t i t u d e  F r e g i o n  f o l l o w i n g
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the observation of fa s t  moving cusp structures in  the tropical 

F layer by Skinner, Brown and Wright (19$4), Monro and 

H eisler have traced model travellin g  disturbances through the 

F region and illu str a ted  by ca lcu lation  how such structures 

could produce the fa s t  moving cusps observed. However i t  was 

further suggested that the e ffec t of such disturbances would 

be very small in  the E layer.

The observation of fin e  structure and the regular occurrence 

of a prenoon dip in  the development of f̂  B with X  has led  

Appleton and Lyon (1957) to discuss the departures of the B 

layer from the predictions made for a Chapman layer. These 

authors have proposed that a transport term should be included 

in  the continuity equation for the E layer, thus 

^  s  cy(t) — — diy(Nv)

This transport or v er tica l d r ift term has been described by 

Martyn (1947) and attributed to the movement of ion ization  

under the influence of the Sq current system, described by 

Chapman and B arte lls (1940), and of the horizontal component 

of the earth 's magnetic f ie ld .  During experimental studies of 

the e ffe c t  of Sq currents upon f^E, Beynon and Brown (1959) 

and Appleton and Lyon (19&1 ) have noted some ambiguity in  

recording the value of f^E and have attributed th is  to  small 

fluctuations in  the electron density d istrib ution  near the E 

layer peak. Robinson (19&0 b) has continued the work of 

Whale (1951) and Bibl (1951, 1953) in  investigating  the 

perturbations of the electron density d istrib ution  associated  

with these small cusps occurring near fpE. Dieminger (1962) 

has considered the m ultiple cusp irregu lar ity  in  terms of 

the highly complex electron density p ro file s  observed from
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r o c k e t s .  T hese  p r o f i l e s ,  w h ich  may d i f f e r  i n  d e t a i l  b e tw een  

t h e  a s c e n t  and d e s c e n t  o f  t h e  same r o c k e t ,  show many s m a l l  

u n d u l a t i o n s  i n  t h e  p r o f i l e  w hich  D iem inger r e g a r d s  a s  t h e  

r e s u l t  o f  h i g h l y  l o c a l i s e d  r e g i o n s  o f  i n c r e a s e d  i o n i z a t i o n  

w i t h i n  t h e  r e g u l a r  l a y e r .  T h is  i s ,  how ever, i n  c o n t r a d i c t i o n  

t o  t h e  o b s e r v a t i o n s  o f  R o b in so n  (19&0 b ) .  F u r th e r m o r e ,  

D iem in g er  h a s  s t u d i e d  t h e  l i f e t i m e  o f  t h e  io nog ram  f i n e  

s t r u c t u r e  d u r in g  t h e  a f t e r n o o n  and e v e n in g  and h a s  fo u n d  t h a t  

t h e  s u b s i d i a r y  c u sp  s t r u c t u r e s  have  a  f a s t e r  d e ca y  r a t e  t h a n  

d o es  f^ E  and t h a t  h a l f  t h e  c u sp s  o b s e rv e d  have a  l i f e t i m e  o f  

l e s s  t h a n  two m in u te s .

The o b s e r v a t i o n s  o f  B eck e r  and D iem in g er  ( 1 9 5 0 ) ,  d i s ­

c u s s e d  e a r l i e r ,  i n d i c a t e  t h a t  t h e  o c c u r r e n c e  o f  f i n e  s t r u c t u r e  

i s  p a r t i c u l a r l y  n o t i c e a b l e  n e a r  s u n r i s e ,  t h u s  s u g g e s t i n g  t h a t  

t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  be tw een  110 and 170 km a t  

t h i s  t im e  may d e p a r t  m ark e d ly  from  t h a t  p r e d i c t e d  b y  Chapman 

t h e o r y .

The m easu rem en ts  o f  a b s o r p t i o n  d i s c u s s e d  i n  a  p r e v i o u s  

s e c t i o n  hav e  b e e n  made c h i e f l y  a ro u n d  noon , rem o te  f ro m  t h e  

d i s t u r b e d  s u n r i s e  and  s u n s e t  p e r i o d s ,  a l th o u g h  R a i  (19&9 a )  

h a s  d e s c r i b e d  an  e x p e r im e n t  t o  m easure  t h e  a b s o r p t i o n  o f  

f r e q u e n c i e s  r e f l e c t e d  by  t h e  F l a y e r  i n  o rd e r  t o  i n v e s t i g a t e  

t h e  dep en d en ce  o f  t h e  e x p o n en t  n  on t h e  z e n i t h  a n g le  d u r i n g  

s u n r i s e  and s u n s e t .  However a  number o f  s t u d i e s  o f  t h e  sun­

r i s e  and s u n s e t  p e r i o d s  have  been  made u s in g  v i r t u a l  h e i g h t  

d a t a .

The so c a l l e d  ' s u n r i s e  e f f e c t * ,  o b s e r v e d  by  A p p le to n  and 

N a is m i th  (1935) a s  a  m arked i n c r e a s e  i n  t h e  F l a y e r  v i r t u a l  

h e i g h t  some m in u te s  b e f o r e  s u n r i s e ,  h a s  b e en  i n v e s t i g a t e d  and
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B ar a l  (1 95 5 )  h a s  s u g g e s te d  a n  e x p l a n a t i o n  i n  t e r m s  o f  t h e  

dawn l i n e  t i l t  i n  t h e  i s o i o n i c  c o n to u r s .  B ourne B e t t y  and 

S m ith  ( 1 9 6 4 ) have  o b se rv e d  m u l t i p l e  f i n e  s t r u c t u r e  on  io n o ­

gram s a t  A rm adale  and hav e  a t t e m p te d  t o  p r e d i c t  t h e  d e v e lo p ­

ment o f  t h e  E and E-F t r a n s i t i o n  r e g i o n s  f o l lo w in g  t h e  s u n r i s e  

by  com bin ing  a  n i g h t t i m e  E r e g i o n  m odel w i th  a  m o d if ie d  

Chapman developm en t o f  i o n i z a t i o n .  T hese  a u th o r s  h av e  

a d o p te d  s e v e r a l  n i g h t t i m e  m odels o f  t h e  E r e g i o n  e l e c t r o n  

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

h av e  b e e n  u n d e r t a k e n  by  s e v e r a l  w o rk e rs  (W a tts  and Brown 

1 9 5 4 , B e l r o s e  19&3) and  t h e s e  have  b e e n  d i s c u s s e d  b y  Wakai 

( 1 9 6 6 ) .

A lth o u g h  a t t e n t i o n  h a s  b e e n  draw n t o  t h e  e x i s t e n c e  o f  

m inor s t r u c t u r e  i n  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  n e a r  t h e  

E l a y e r  p e ak  and t h e  fo rm  o f  t h e  E-F t r a n s i t i o n  r e g i o n  h a s  

b e e n  d i s c u s s e d  t h e o r e t i c a l l y ,  few  e x p e r im e n ta l  s t u d i e s  have  

b e e n  made o f  t h e s e  r e g i o n s .  T h u s , t h i s  i n v e s t i g a t i o n  h a s  b e e n  

u n d e r t a k e n  i n  an  a t t e m p t  t o  p ro d u ce  e l e c t r o n  d e n s i t y  p r o f i l e s  

c o n s i s t e n t  w i th  b o th  e x p e r im e n ta l  and t h e o r e t i c a l  o b s e r v a t i o n s



False Measurements

5 . 1 . A b s o r p t io n

5 . 1 . 1 . P r i n c i p l e  o f  m easu rem en ts

The a b s o r p t i o n  o f  a  r a d i o  wave i s  a t t r i b u t e d ,  a c c o rd in g  

t o  t h e  m a g n e to - io n ic  t h e o r y ,  t o  t h e  l o s s  o f  e n e rg y  s u f f e r e d  

by  e l e c t r o n s  u n d e rg o in g  c o l l i s i o n s  w i t h  t h e  o th e r  c o n s t i t u e n t  

p a r t i c l e s  o f  t h e  medium and c a n  be e x p re s s e d  i n  t e rm s  o f  an  

a p p a r e n t  r e f l e c t i o n  c o e f f i c i e n t ®  A p p le to n  and R a t c l i f f e  

( 1 9 3 0 ) hav e  d e f in e d  t h i s  c o e f f i c i e n t , ^  , a s  t h e  r a t i o  o f  t h e  

a m p l i tu d e .  I ,  o f  a  wave r e f l e c t e d  once  i n  t h e  io n o s p h e r e  and 

t h a t  w h ich  would have b e en  r e c e i v e d ,  o v e r  t h e  same p a t h ,  i n  

t h e  a b s e n c e  o f  d i s s i p a t i v e  a t t e n u a t io n ®  I f  an  a b s o r p t i o n  

c o e f f i c i e n t ,  k ,  i s  assum ed t h e s e  a m p l i tu d e s  c a n  be  r e l a t e d  by  

t h e  e x p r e s s i o n

_  Y —1<S

5 . 1 .

i n  w hich  s i s  t h e  p a t h  l e n g t h .  In  t h e  i o n o ­

s p h e re  k i s  a  f u n c t i o n  o f  t h e  r e f r a c t i v e  i n d e x ,  t h e  wave 

f r e q u e n c y ,  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  and t h e  e f f e c t i v e  

e l e c t r o n  c o l l i s i o n  f r e q u e n c y  w hich  v a r y  a lo n g  t h e  p a t h  and th e  

r e l a t i o n s h i p  above must t h e r e f o r e  be  e x p re s s e d  a s

I - I . . " ' " '  5 . 2 .

Thus t h e  a p p a r e n t  r e f l e c t i o n  c o e f f i c i e n t  may be e x p r e s s e d  i n  

t h e  fo rm

L  = ~  P “  J 5 . 3 .
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i n  w h ich  n e p e r s  a r e  t h e  u n i t s  o f  t h e  a b s o r p t i o n ,  L. I f

e q u a t i o n  5*3 i s  e x p re s s e d  i n  l o g a r i t h m s  t o  t h e  b a s e  t e n  t h e  

u n i t s  o f  a b s o r p t i o n  a r e  d e c i b e l s  and t h i s  sy s te m  h a s  b e e n

em ployed th r o u g h o u t  t h i s  s t u d y .  The a b s o r p t i o n  L may t h u s  be

d e te rm in e d  e x p e r i m e n t a l l y  by  m easurem ent o f  t h e  q u a n t i t y  lo g  ^  

I n  t h e  a b se n c e  o f  d i s s i p a t i v e  l o s s ,  t h e  a m p l i tu d e .  I ,  

o f  a  wave s u f f e r i n g  a  s i n g l e  i o n o s p h e r i c  r e f l e c t i o n  i s  

r e l a t e d  t o  i t s  v i r t u a l  h e i g h t  o f  r e f l e c t i o n ,  , by  th e  

e x p r e s s i o n

( l k ^ ) ’= G  5 . 4 .

w here  G may be c o n s id e r e d  a s  a c a l i b r a t i o n  

c o n s t a n t .  S i m i l a r l y  when t h e  wave s u f f e r s  a t t e n u a t i o n

5 . 5 .

and t h e  a b s o r p t i o n  may be e x p re s s e d  a s

— lo g   ̂ =  l o g  G  —  l o g  ( i k  5 * 6 .
/

and com puted from  m easurem ents  o f  I ,  h  and t h e  c a l i b r a t i o n  

c o n s t a n t  G.

5 . 1 .2 ,

I n  t h e  p r e v io u s  s e c t i o n  i t  h a s  b e en  shown t h a t  i n  o r d e r  

t o  e s t i m a t e  t h e  i o n o s p h e r i c  a b s o r p t i o n  l o s s  t h e  a m p l i tu d e  and 

t h e  v i r t u a l  h e i g h t  o f  r e f l e c t i o n  o f  a  r a d i o  s i g n a l  r e f l e c t e d  

by  t h e  io n o s p h e r e  must be  m ea su re d .  The d e t e r m i n a t i o n  o f  

v i r t u a l  h e i g h t  I s  d i s c u s s e d  i n  s e c t i o n  5*2 and t h e  v a r i o u s  

t e c h n i q u e s  f o r  t h e  m easurem ent o f  t h e  a m p l i tu d e  o f  p u l s e  

t r a n s m i s s i o n s  a r e  o u t l i n e d  h e r e .

The s c h e m a tic  d iag ra m  shown o v e r l e a f  i l l u s t r a t e s  th e  

fu n d a m e n ta l  r e q u i r e m e n t s  o f  an  a m p l i tu d e  m ea su r in g  sy s te m .
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A e r i a l

^ o u tp u tR .F A t t D e te c ­
t o r

L o ca l
o s c i l l a t o r

In  t h i s  s tu d y  p u l s e s  o f  r a d i o  waves a r e  c o n s id e r e d  

th r o u g h o u t  and t h e  m o d i f i c a t i o n s  n e c e s s a r y  t o  a  communica­

t i o n s  r e c e i v e r  f o r  t h e  r e c e p t i o n  o f  t h i s  fo rm  o f  m o d u la t io n  

a r e  d i s c u s s e d  i n  C h a p te r  6 . The i n c l u s i o n  o f  a n  a t t e n u a t o r  

b e f o r e  t h e  I . E .  a m p l i f i e r s  e n a b le s  t h e  g a i n  o f  th e  sy s te m  t o  

be v a r i e d  e i t h e r  by  s e t  am ounts o r  c o n t i n u o u s l y -  The m odula­

t i o n  e n v e lo p e  i s  p ro d u c e d  by  a d e t e c t o r  s t a g e  i n c o r p o r a t i n g  a  

s u i t a b l e  t im e  c o n s t a n t  and th e  v id e o  o u tp u t  may be d i s p l a y e d  

on an  o s c i l l o s c o p e  i n  t h e  fo rm  o f  an  A -sc a n  o r  p a s s e d  t o  

f u r t h e r  c i r c u i t r y  f o r  a u to m a t ic  m o n i to r in g -

The a m p l i tu d e ,  I ,  o f  th e  r e t u r n e d  echo i s  m easu red  e i t h e r  

by  r e c o r d i n g  t h e  a t t e n u a t o r  s e t t i n g s  a s  t h e y  a r e  v a r i e d  t o  

m a i n t a i n  a  c o n s t a n t  echo  o u tp u t  o r  by  o p e r a t i n g  a t  c o n s t a n t  

g a i n  and r e c o r d i n g  t h e  e x t e n t  o f  t h e  echo  o u t p u t .  The a c c u ra c y  

o f  t h e s e  m easu rem en ts  dep en d s  upon  t h e  s t a b i l i t y  o f  t h e  t r a n s ­

m i t t e r  pow er, a e r i a l  g a i n  and r e c e i v e r  c h a r a c t e r i s t i c s ,  and 

upon  t h e  in d e p e n d e n c e  o f  t h e s e  sy s te m s  t o  t h e  fo rm  o f  t h e  wave 

m o d u la t io n .  P r e c a u t i o n s  must a l s o  b e  t a k e n  t o  e n s u r e  t h a t  

s u f f i c i e n t  o b s e r v a t i o n s  a r e  made t o  overcom e t h e  sa m p lin g  

e r r o r s  d i s c u s s e d  i n  t h e  p r e v io u s  c h a p t e r .

The c o n s t a n t  o u tp u t  t e c h n iq u e  was w id e ly  u se d  i n  e a r l y  

m anual e x p e r im e n t s .  However, t h e  more r e c e n t  deve lop m en t o f  

a u to m a t i c  m o n i to r in g  sy s te m s  h a s  r e s u l t e d  i n  t h e  g e n e r a l



a d o p t i o n  o f  t h e  c o n s t a n t  g a i n  method® A u tom atic  m easurem ent o f  

echo  a m p l i tu d e s  r e q u i r e s  t h a t  th e  r e c e i v e r  sh o u ld  g iv e  an  o u tp u t  

p r o p o r t i o n a l  t o  t h e  i n p u t  ove r  a w ide r a n g e  o f  i n p u t  v o l t a g e s  

and i t  may be n e c e s s a r y  t o  change t h e  g a i n  by  f i x e d  s t e p s  i n  

o r d e r  t o  e x te n d  t h i s  r a n g e .  The m o n i to r in g  o f  t h e  echo  a m p l i tu d e  

i n  su ch  an  a u to m a t ic  sy s te m  i s  d i s c u s s e d  l a t e r  w i th  s p e c i a l  

r e f e r e n c e  t o  t h e  equ ipm en t d e s ig n e d  by  Madden ( 1967)0

The c a l i b r a t i o n  o f  a n  a u to m a t ic  c o n s t a n t  g a i n  sy s te m  i s  

u n d e r t a k e n  i n  two s t a g e s .  F i r s t l y ,  t h e  s t a b i l i t y  o f  t h e  r e c e i v e r  

g a i n  i s  r e g u l a r l y  checked  a g a i n s t  a  s t a n d a r d  s i g n a l  g e n e r a t o r  w h ich  

i s  a l s o  u s e d  t o  o b t a i n  c o n v e r s io n  c o e f f i c i e n t s  f o r  t h e  d i f f e r e n t  

g a i n  s e t t i n g s  em ployed . S e c o n d ly ,  t h e  c a l i b r a t i o n  c o n s t a n t ,  G, 

i s  e s t i m a t e d  by  o b s e rv in g  t h e  a m p l i tu d e  and v i r t u a l  h e i g h t  o f  t h e  

echo r e c e i v e d  a f t e r  a  s i n g l e  r e f l e c t i o n  by  t h e  i o n o s p h e r e  when 

r e f l e c t i o n  c o n d i t i o n s  a r e  such  t h a t  t h e  a b s o r p t i o n  i s  n e g l i g i b l e  

and may be assumed e q u a l  t o  u n i t y .  At t e m p e r a te  l a t i t u d e s  

su ch  c o n d i t i o n s  o c c u r  i n  t h e  e a r l y  m orning h o u rs  when r e f l e c t i o n s  

f ro m  t h e  F r e g i o n  a r e  p a r t i c u l a r l y  s t a b l e  and when e x t e n s i v e  

b l a n k e t i n g  Es o c c u r s  a t  n i g h t .  However, o c c a s io n s  on  w h ich  

s p r e a d  F o r  p a r t i a l  Es r e f l e c t i o n s  a r e  i n  e v id e n c e  must be  

a v o id e d .

$ .1 .3 "  H o n - D la s lp a t l v e  A tt e n u a t i o n

In  a d d i t i o n  t o  t h e  d i s s i p a t i v e  a t t e n u a t i o n  d i s c u s s e d  above 

t h e  a m p l i tu d e  o f  t h e  r e f l e c t e d  r a d i o  wave w i l l  d epend  on  a  

number o f  no n  d i s s i p a t i v e  phenomena su c h  a s

( a )  P o l a r i z a t i o n

( b )  D i s p e r s i o n

( c )  S p a t i a l  a t t e n u a t i o n
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( d )  P a r t i a l  r e f l e c t i o n

( e )  F a d in g

( a )  P o l a r i z a t i o n

The m a g n e to - io n ic  t h e o r y  i n d i c a t e s  t h a t  a  wave o f  

a r b i t r a r y  p o l a r i z a t i o n  i n c i d e n t  on  t h e  io n o s p h e r e  w i l l  p ro d u ce  

two c h a r a c t e r i s t i c  w av es , t h e  o r d i n a r y  and e x t r a o r d i n a r y ,  

w hich  a r e  g e n e r a l l y  p r o p a g a te d  i n d e p e n d e n t l y  th r o u g h  t h e  

medium and r e t u r n  t o  t h e  r e c e i v e r  w i t h  a  s m a l l  t im e  d i f f e r e n c e .  

I f  however t h i s  d i f f e r e n c e  i s  s m a l l  t h e  two com ponents i n t e r ­

f e r e  t o  an  e x t e n t  g o v e rn e d  by  t h e i r  r e l a t i v e  a m p l i tu d e s  and 

p h a s e s  g iv in g  r i s e  t o  t h e  p o l a r i z a t i o n  f a d i n g  e f f e c t .  P i g g o t t  

(1 9 53 )  h a s  p o i n t e d  o u t  t h a t  i n  most c a s e s  t h e  echo  p u l s e s  a r e  

s e p a r a t e d  s u f f i c i e n t l y  e i t h e r  i n  t im e  o r  a m p l i tu d e  t o  g iv e  

s a t i s f a c t o r y  s e p a r a t i o n  o f  t h e  modes. Com plete  s e p a r a t i o n  o f  

t h e  c h a r a c t e r i s t i c  waves c a n  be a c h ie v e d  by  t h e  u s e  o f  a  

p o l a r i z e d  a e r i a l  s y s te m  a s  d e s c r i b e d  by  P h i l l i p s  (1951)*

( b )  D i s p e r s i o n

S in c e  a  p u l s e  o f  r a d i o  waves c o n s i s t s  o f  a  c o m p le te  

sp e c tru m  o f  f r e q u e n c i e s  c e n t r e d  on t h e  wave f r e q u e n c y ,  t h e  

d i s p e r s i v e  p r o p e r t i e s  o f  t h e  t r a n s m i t t e r ,  t h e  io n o s p h e r e  and 

t h e  r e c e i v e r  w i l l  r e s u l t  i n  t h e  d i s t o r t i o n  o f  t h e  p u l s e .  T h is  

d i s t o r t i o n  h a s  b e e n  d i s c u s s e d  i n  d e t a i l  by  Budden (1961 ) and 

i s  overcom e i n  t h e  p r e s e n t  e x p e r im e n t  b y  em ploying  a  p u l s e  

w id th  s u f f i c i e n t  t o  r e n d e r  t h e  a m p l i tu d e  o f  th e  echo  

in d e p e n d e n t  o f  t h e  p u l s e  s h a p e .
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( c )  S ip a t i a l  A t t e n u a t i o n

B r e i t  and  Tuve (192 5 )  have  shown t h a t ,  when t h e  I n v e r s e  

s q u a r e  la w  i s  a p p l i e d  t o  t h e  p a s s a g e  o f  a r a d i o  p u l s e  th r o u g h  

t h e  i o n o s p h e r e ,  t h e  a m p l i tu d e  o f  t h e  wave v a r i e s  i n v e r s e l y  a s  

t h e  a p p a r e n t  p a th  l e n g t h ,  li i n  th e  c a s e  o f  v e r t i c a l  i n c i d e n c e .  

T h is  i s  n o t  s t r i c t l y  a p p l i c a b l e  i n  t h e  p r e s e n c e  o f  a m ag n e tic  

f i e l d  b u t  t h e  d e p a r t u r e  i s  c o n s id e r e d  t o  be s m a l l  i n  p r a c t i c e .

(d )  P a r t i a l  r e f l e c t i o n

The p a th  o f  a r a d i o  p u l s e  t o  i t s  r e f l e c t i o n  h e i g h t  may 

be i n t e r r u p t e d  by  d e n se  c lo u d s  o f  i o n i s a t i o n  w hich  g iv e  s im u l ­

t a n e o u s  r e f l e c t i o n s  f ro m  a  low er l e v e l .  Thus t h e  d i v i s i o n  o f  

t h e  wave e n e rg y  by  p a r t i a l  r e f l e c t i o n s  fro m  s p o r a d ic  E c lo u d s  

r e n d e r  a c c u r a t e  m easu rem en ts  o f  a b s o r p t i o n  i m p o s s i b l e .

( e )  F a d in g

The f a d i n g  o f  t h e  echo a m p l i tu d e  due t o  t h e  s u p e r p o s i t i o n  

o f  two p u l s e s  h a s  b e e n  d i s c u s s e d  ab o v e .  However f a d i n g  may 

a l s o  r e s u l t  f ro m  random p e r t u r b a t i o n s  and d r i f t s  i n  t h e  

r e f l e c t i n g  s t r a t a  when o n ly  a s i n g l e  echo i s  p r e s e n t .  T h is  

phenonomen e x h i b i t s  t h e  same f a d i n g  p a t t e r n s  a s  t h e  random  

n o i s e  w hich  p o s s e s s  two in d e p e n d e n t  f a d i n g  r a t e s ,  f a s t  f a d i n g  

w i th  a  q u a s i  p e r i o d  o f  1 t o  1 0 s e c s  and s low  f a d i n g  w i t h  a  

p e r i o d  5 -15  m in u te s .  T hese  e f f e c t s  may be e l i m i n a t e d  by  

s u i t a b l e  sam p lin g  t e c h n i q u e s .

5 . I A .  Sam pling

F a d in g  phenomena have  b e en  s t u d i e d  s t a t i s t i c a l l y  by  

McNicol ( 19^ 9 ) and t h e  sam p lin g  t e c h n iq u e s  employed t o
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e l i m i n a t e  them  h av e  b e e n  d i s c u s s e d  i n  d e t a i l  by  Beynon and 

D a v ie s  (195^) and P i g g o t t ,  Beynon, Brown and L i t t l e  (1957)* 

T hese  a u t h o r s  have  shown t h a t  i n  p r a c t i c e  t h e  minimum sam p le , 

g iv in g  r e a s o n a b l e  m in im iz a t io n  o f  f a d i n g  and sa m p lin g  e r r o r s ,  

i s  one i n c o r p o r a t i n g  tw e n ty  in d e p e n d e n t  o b s e r v a t i o n s .  S in c e  

t h e  r e c o r d e d  s i g n a l  a m p l i tu d e s  show a c o r r e l a t i o n  o v e r  t im e  

i n t e r v a l s  co m p arab le  w i th  t h e  f a d i n g  p e r i o d  o n ly  a  l i m i t e d  

number o f  in d e p e n d e n t  o b s e r v a t i o n s  c a n  be o b t a in e d  f ro m  a 

c o n t in u o u s  r e c o r d .  I n  t h e  c a s e  o f  f a s t  f a d in g  t h e  q u a s i ­

p e r i o d  i s  g e n e r a l l y  2 - 6  s e c s  t h u s  g i v in g  b e tw een  t e n  and 

t h i r t y  in d e p e n d e n t  o b s e r v a t i o n s  p e r  m in u te  and i n  c o n seq u e n ce  

a  sa m p lin g  e r r o r  o f  t h e  o r d e r  o f  10^  i n  th e  o u tp u t  o f  an  

a u to m a t i c  i n t e g r a t o r  o p e r a t i n g  f o r  one m in u te .  The a im  o f  

t h e  p r e s e n t  s tu d y  was t o  o b s e rv e  ch an g es  i n  a b s o r p t i o n  h a v in g  

a  p e r i o d  s i m i l a r  t o  t h a t  f o r  s low  f a d i n g .  T h e r e f o r e  t h e  

e f f e c t  o f  f a s t  f a d i n g  was m in im ized  by  t h e  a u to m a t ic  i n t e g r a ­

t i o n  t e c h n iq u e  and f i v e  m in u te  ru n n in g  means o f  t h e  i n t e g r a t e d  

o u tp u t  w ere  em ployed , f o l lo w in g  t h e  reco m m en d a tio n s  made by  

P i g g o t t  (1953) for t h e  s tu d y  o f  s low  f a d i n g .

5 . 2 .  V i r t u a l  h e i g h t

5 . 2 . 1 .  P r i n c i p l e  o f  m easu rem en ts

The v i r t u a l  h e i g h t  o f  r e f l e c t i o n  h a s  b e e n  d e f i n e d  by  t h e  

e x p r e s s i o n

k =

i n  w h ich  r  i s  t h e  t im e  t a k e n  t o  t r a v e l  from  t h e  g ro u n d  t o  

t h e  i o n o s p h e r i c  r e f l e c t i o n  l e v e l  and b a ck  t o  t h e  g ro u n d .  The 

m easurem ent o f  t h i s  s h o r t  t im e  i n t e r v a l  i n  te rm s  o f  t h e  d i s ­

p la c e m e n t  o f  t h e  echo  p u l s e  from  t h e  g round  p u l s e  on a n  A or
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B s c a n  d i s p l a y  ( f i g u r e  4 . 1 , 1 . )  t h u s  c o n s t i t u t e s  a  m easurem ent 

o f  t h e  v i r t u a l  o r  g ro up  h e i g h t .

$ . 2 , 2 .  D i s t o r t i o n

The d i s t o r t i o n  o f  t h e  p u l s e  s h a p e ,  by  v i r t u e  o f  th e  

d i s p e r s i v e  e f f e c t s  o f  t h e  equ ipm en t and t h e  i o n o s p h e r e ,  p l a y s  

an  i m p o r t a n t  p a r t  i n  d e te r m in in g  t h e  a c c u ra c y  t o  w h ich  t h e  

v i r t u a l  h e i g h t  c a n  be e s t i m a t e d ,  Lyon and Mborat (1 9 5 6 )  have 

d i s c u s s e d  t h e  e f f e c t s  o f  t h i s  d i s t o r t i o n  and have  fo u n d  by 

o b s e r v a t i o n  t h a t  t h e  o u tp u t  p u l s e  may be  r e p r e s e n t e d  b y  a 

p u l s e  whose l e a d in g  and t r a i l i n g  ed g es  have  c o n s t a n t  r i s e  

t i m e s .  F i g u r e  5 * 2 .1 .  i l l u s t r a t e s  su c h  a  p u l s e  and a n  a r b i ­

t r a r y  t h r e s h o l d  l e v e l  f o r  th e  e q u ip m e n t .  I t  c a n  be  s e e n  t h a t  

a  n o t i c e a b l e  o v e r e s t i m a t i o n  o f  t h e  v i r t u a l  h e i g h t  w i l l  be  made 

i f  t h e  e f f e c t s  o f  d i s t o r t i o n  a r e  n o t  a c c o u n te d  f o r .  T h is  c a n  

be  a c h ie v e d  by  a p p ly in g  t h e  c o r r e c t i o n  t e c h n iq u e  d e s c r i b e d  by 

Lyon and M oorat and d i s c u s s e d  i n  t h e  f o l lo w in g  s e c t i o n ,

5 . 2 . 3 . Lyon and M jo ra t  C o r r e c t i o n

I n  a d d i t i o n  to  t h e  d i s t o r t i o n  e r r o r  m en tio n ed  above  a 

s m a l l  d e l a y  i s  e x p e r ie n c e d  i n  p u l s e  t r a n s m i t t e r s  b e tw e e n  th e  

t r i g g e r i n g  o f  th e  m o d u la t io n  p u l s e  and t h e  a p p e a ra n c e  o f  t h e  

r a d i o  p u l s e  on th e  a e r i a l s  t h u s  i n t r o d u c i n g  a f u r t h e r  e r r o r  o f  

t h e  o r d e r  o f  2 km i n t o  t h e  e s t i m a t i o n  o f  h ^ .  Lyon and M sorat 

( 1 9 5 6 ) have  shown t h a t  t h e  t o t a l  e r r o r  i n  h  may be e x p r e s s e d  

i n  t h e  fo rm

A = a  -  bw 

w here w i s  t h e  w id th  o f  th e  r e c o r d e d  echo  and 

t h e  c o e f f i c i e n t s  a and b may v a r y  w i th  f r e q u e n c y  and f ro m  one
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FIG.5.2.1 Equivalent pulse shape indicating the 
dependence of pulse delay on the pulse 
width at the recording threshold level*
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I n s t r u m e n t  t o  a n o th e r*  T hese  a u t h o r s  have  d e s c r i b e d  an  e x p e r i ­

ment t o  m easure  t h e  c o e f f i c i e n t s  a  and b when t h e  i o n o s p h e r i c  

d i s t o r t i o n  i s  n e g l e c t e d ,  and c la im  an  a c c u r a c y  o f  +2 km i n  t h e  

a d j u s t e d  B r e g i o n  v i r t u a l  h e i g h t s .  The r e p r e s e n t a t i o n  o f  t h e  

above e x p r e s s i o n  on  a  t r a n s p a r e n t  o v e r l a y  a l lo w s  t h e  c o r r e c t i o n  

t o  be  made d i r e c t l y  d u r in g  t h e  s c a l i n g  o f  iono g ram s and t h i s  

h a s  b e e n  done t h r o u g h o u t  t h i s  s tu d y .



C h a p te r  6 

E x p e r im e n ta l  S t u d i e s

6 . 1 .  Equipm ent

6 . 1 . 1 .  R a d io  lo n o so n d e

C la r k e  and Shearman (1953) have described in  d e t a i l  iono- 

spheric sounding equipment which produces a photographic 

record of v irtu a l height against frequency in  the range 0.6$ 

to  25 MEz. A commonly produced version of th is  instrument, 

the Union Radio lonosonde Mark I I ,  has b e en  used in  Leicester 

throughout the present study,

A sc h e m a tic  d ia g ra m  o f  t h i s  equ ipm en t i s  p r e s e n t e d  i n  

f i g u r e  6 ,1  and a t y p i c a l  r e c o r d  h a s  b e e n  i n c l u d e d  i n  f i g u r e

4 . 1 . 1 .  The t r a n s m i t t e r ,  w h ich  c o v e r s  t h e  f r e q u e n c y  band i n  

f i v e  s t e p p e d  r a n g e s ,  c o n s i s t s  o f  a p u l s e  m o d u la ted  m a s te r  

o s c i l l a t o r  c o u p le d  t o  an  a p e r i o d i c  power a m p l i f i e r .  The 

r e c e i v e r  i s  o f  t h e  s u p e r h e te r o d y n e  ty p e  and i s  t u n e d  s e p a r a t e l y  

f ro m  t h e  t r a n s m i t t e r ,  s y n c h r o n i s a t i o n  b e in g  m a in ta in e d  by  a 

f r e q u e n c y  s e n s i t i v e  s e r v o - s y s te m .  The 1 MHz and 100 kHz 

f r e q u e n c y  m ark in g s  p r e s e n t e d  on t h e  r e c o r d  a r e  d e r i v e d  f ro m  a

1 MHz c r y s t a l  o s c i l l a t o r  by  f r e q u e n c y  d i v i s i o n  and h a rm on ic  

s e l e c t i o n  w i t h i n  t h e  r e c e i v e r .  The c r y s t a l  o u tp u t  i s  f u r t h e r  

d iv id e d  t o  g iv e  n a r ro w  3 kHz p u l s e s  w h ich ,  when su p e r im p o sed  

u pon  t h e  B sc a n  d i s p l a y ,  c o r r e s p o n d  t o  h e i g h t  m a rk in g s  a t  

50 km i n t e r v a l s .  F i n a l l y  a 60 Hz s u p p ly  i s  d e r i v e d  upon  

w h ich  t h e  m a s te r  c lo c k  i s  o p e r a t e d .
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The p u l s e  r e p e t i t i o n  f r e q u e n c y  o f  t h i s  i n s t r u m e n t  i s  

a p p ro x im a te ly  $0 Hz, t h e  t r a n s m i t t e r  m o d u la t in g  p u l s e  b e in g  

lo c k e d  t o  t h e  3 kHz h e i g h t  m arkers*  A t r a n s m i t t e d  p u l s e  

w id th  o f  2 0 0 yAsec was u se d  th r o u g h o u t  t h e  s tu d y  and t h e  power 

s u p p l i e d  t o  t h e  a e r i a l  was a p p ro x im a te ly  1 kw i n  t h e  f r e q u e n c y  

r a n g e  em ployed , 1*5 t o  7 MHz* The a e r i a l  sy s te m  ( f i g u r e  6 . 2 , )  

was s w i tc h e d  a t  3*2 MHz, t h e  lo w er  f r e q u e n c i e s  b e in g  t r a n s ­

m i t t e d  f ro m  a  d e l t a  a e r i a l  lo a d e d  a t  i t s  apex  w i th  600u%_ , and 

t h e  h i g h e r  f r e q u e n c i e s  f ro m  a v e r t i c a l  rhom bic  a g a i n  t o p  

lo a d e d  w i t h  600^ .  A s i m i l a r  a e r i a l  a r r a y ,  c l o s e  t o  t h e  f i r s t  

and i n  a  p a r a l l e l  p l a n e ,  was u s e d  f o r  r e c e i v i n g ,  and b a la n c e d  

t r a n s f o r m e r s  w ere u s e d  t o  m atch  t h e  7 $ ^  i n p u t  im pedance  o f  t h e  

r e c e i v e r  t o  t h e  a e r i a l  im pedance  o f  600*. The r a d i o  f r e q u e n c y  

s t a g e s  o f  t h e  r e c e i v e r  w ere  a d j u s t e d  t o  g iv e  a  c o n s t a n t  

r e s p o n s e  w i th  f r e q u e n c y  i n  two r a n g e s  1 *5=3*2 MHz and 3*2-7  

MHz, and t h e  r e c e i v e r  was tu n e d  so t h a t  an  i n p u t  s i g n a l  o f  

1 ^  V gave  2 cm d e f l e c t i o n  o f  t h e  t r a c e  on t h e  A s c a n  ( f i g u r e  

4*1*1) m o n ito r  a t  maximum ga in*  The d i s p l a y  t im e  b a s e  was 

a r r a n g e d  su c h  t h a t  a  v i r t u a l  h e i g h t  o f  500 km was r e c o r d e d  

a c r o s s  t h e  cam era  f i l m  and p r o v i s i o n  was made t o  e n a b le  t h e  

i n s t r u m e n t  t o  be  s w i tc h e d  a u t o m a t i c a l l y  be tw een  r o u t i n e  and 

c o n t in u o u s  ru n n in g  d u r in g  p r e d e te r m in e d  p e r i o d s  o f  t h e  day .

6 . 1 . 2 .  A1 a b s o r p t i o n  eq u ipm en t

The A1 a b s o r p t i o n  e x p e r im e n t  was a r r a n g e d  so t h a t  a  v e r y  

s t e e p  p a th  was m o n i to re d  f o l lo w in g  t h e  p r a c t i c e  o f  e a r l y  

w o rk e rs  (A p p le to n  and  B u i ld e r  1932)* The t r a n s m i t t i n g  

s t a t i o n  was l o c a t e d  12 km from  t h e  r e c e i v e r  and t h e  a z im u th
o /

o f  t h e  p a t h  was 73 30  e a s t  o f  m a g n e t ic  n o r t h  t h u s  g i v in g  an
e /

a n g le  o f  i n c i d e n c e  i n  t h e  E r e g i o n  o f  a p p r o x im a te ly  3 30 .
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The p r o p a g a t io n  c o n d i t i o n s  a lo n g  t h i s  p a th  w ere compared w i th  

t h o s e  a t  v e r t i c a l  i n c i d e n c e  f o r  a s i n g l e  i o n o s p h e r i c  model by 

com puting  t h e  a b s o r p t i o n  and v i r t u a l  h e i g h t  a t  2 MIz by  th e  

J o n e s  ( 1 9 6 6 ) r a y  t r a c i n g  programmée The d i s c r e p a n c y  was 

fo u n d  t o  be 3 00 m e te r s  i n  t h e  v i r t u a l  h e ig h t  and 0 ,0 1 6 dB i n  

a b s o r p t i o n  r e p r e s e n t i n g  an e r r o r  o f  l e s s  t h a n  0 , 2 ^  i n  eac h  

c a s e .  T h is  e r r o r  may be n e g le c t e d  i n  v iew  o f  t h e  l a r g e r  

e r r o r s  d i s c u s s e d  i n  th e  p r e v io u s  c h a p t e r  and t h i s  12 km p a th  

c a n  be a p p ro x im a te d  t o  v e r t i c a l  i n c i d e n c e  p r o p a g a t io n .

( a )  T r a n s m i t t e r

D iagram s 1 , 2 and 3 p r e s e n t  th e  c i r c u i t s  em ployed i n  t h e  

c o n s t r u c t i o n  o f  t h e  p u l s e  t r a n s m i t t e r  u se d  th ro u g h o u t  t h i s  

s tu d y .  A c r y s t a l  c o n t r o l l e d  P i e r c e  M i l l e r  o s c i l l a t o r  was 

a r r a n g e d  t o  g iv e  maximum o u tp u t  o f  t h e  fu n d a m e n ta l  f r e q u e n c y .  

T h is  c o n t in u o u s  s i g n a l  was t h e n  a m p l i f i e d  by  a tu n e d  p e n to d e  

a m p l i f i e r  s t a g e  (d ia g ra m  1 ) and th e  r e s u l t i n g  700 v peak  t o  

peak  s i g n a l  was a p p l i e d  t o  t h e  p u s h - p u l l  a m p l i f i e r  s t a g e ,  Vg. 

and \  (d ia g ra m  2 ) ,  th r o u g h  t h e  t r a n s f o r m e r  T̂  . T h is  secon d  

a m p l i f i c a t i o n  s t a g e  was o p e ra te d  i n  c l a s s  C by  su p e r im p o s in g  

t h e  o s c i l l a t o r  r . f .  s i g n a l  on to  a m o d u la t io n  p u l s e ,  1 8 0 ^  s e c s  

w id e ,  drawn from  t h e  m ains lo c k e d  m o d u la to r  (d ia g ra m  3 ) and 

a m p l i f i e d  and i n v e r t e d  by  th e  v a lv e s  and » The o u tp u t  

f ro m  t h e  tu n e d  a n o d es  o f  t h i s  s t a g e  was a p p l i e d  t o  a w ide band 

power a m p l i f i c a t i o n  s t a g e  by means o f  a  m a tch in g  t r a n s f o r m e r ,  

Tg .̂ T h is  f i n a l  s t a g e  c o n s i s t e d  o f  a p u s h - p u l l  a m p l i f i e r  

o p e r a t e d  i n  c l a s s  C and was matched t o  t h e  6 0 0 ^  a e r i a l  by 

means o f  a f u r t h e r  m a tc h in g  t r a n s f o r m e r  T ^ . The power s u p p l i e d  

by  t h i s  equ ipm ent i n  a 1 8 0 ^  sec  p u l s e  was e s t im a t e d  t o  be
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a p p ro x im a te ly  5 kw and t h e  p eak  to  peak  v o l t a g e  t o  be  14 kv.

(b )  R e c e iv e r

The r e c e i v e r  u s e d  i n  t h i s  work was a l ia rc o n i  C$2 re m o te  

r e c e i v e r  w i th  th e  i n t e r m e d i a t e  f r e q u e n c y  and d e t e c t o r  s t a g e s  

m o d if ie d  f o r  p u l s e  r e c e p t i o n »  The s t a n d a r d  4?0  kHz i . f *  

t r a n s f o r m e r s  were r e p l a c e d  by s i m i l a r  t r a n s f o r m e r s  i n  w hich  

t h e  c o i l  s p a c in g  had  b e e n  re d u c e d  t r  6 mm th u s  g iv in g  a 

r e c e i v e r  b a n d w id th  o f  20  kHz a t  t h e  3 dB p o in t*  The two i . f .  

a m p l i f i c a t i o n  v a lv e s  (ARP 3 )  were r e p l a c e d  by  c o n s t a n t  yt 

v a l v e s  (EF 80) and t h e  c a th o d e  b y - p a s s  c a p a c i t o r s  and a l l  

d e c o u p l in g  c a p a c i t o r s  were changed t o  f a c i l i t a t e  p u l s e  

r e c e p t i o n .  I n  a d d i t i o n  t h e  d e t e c t o r  s t a g e  was m o d i f ie d  u s in g  

a s o l i d  s t a t e  d io d e  (OA 81 ) and t h e  t im e  c o n s t a n t  o f  t h i s  

c i r c u i t  was a r r a n g e d  t o  be 12yw. sec* In  o r d e r  t o  e n s u r e  g a i n  

s t a b i l i t y  t h e  r e c e i v e r  was o p e r a te d  from  a  s t a b i l i z e d  power 

s u p p ly  and p r o v i s i o n  f o r  f u r t h e r  s t a b i l i z a t i o n  o f  t h e  s c r e e n  

g r i d  s u p p ly  was made*

( c )  M o n ito r in g  System

The m o n i to r in g  sy s te m s  employed i n  t h e  m easurem ent o f 

t h e  a b s o r p t i o n  and v i r t u a l  h e ig h t  w ere  d e v e lo p e d  f ro m  th o s e  

d e s c r i b e d  by  Madden (19&7) and a r e  i l l u s t r a t e d  i n  t h e  schem­

a t i c  d ia g ra m  o f  f i g u r e  6 . 3 . The m easurem ent o f  t h e  echo  

a m p l i tu d e  i s  a c h ie v e d  by  means o f  a g a te d  a m p l i f i e r  i n  w hich  

t h e  s t r o b e  i s  a u t o m a t i c a l l y  lo c k e d  t o  t h e  echo  p u lse *  By t h i s  

a r ra n g e m e n t  t h e  echo  p u l s e  p r e s e n t  i n  th e  r e c e i v e r  v id e o  o u t ­

p u t  i s  u se d  t o  p ro d u c e  th e  s t r o b e  f o r  t h e  a m p l i f i e r ,  t h u s  any  

change i n  t h e  v i r t u a l  h e i g h t  o f  t h e  p u l s e  i s  overcome by  an
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e q u i v a l e n t  movement o f  t h e  s t r o b e .  The a r r a n g e m e n t  o f  th e  

t r a n s m i t t i n g  and r e c e i v i n g  s i t e s  12 km a p a r t  h a s  n e c e s s i t a t e d  

t h e  m o d i f i c a t i o n  o f  t h e  i n i t i a l  t r i g g e r i n g  c i r c u i t s  s i n c e  t h e  

d i r e c t  i n p u t  o f  t h e  t r a n s m i t t e r  m o d u l a t i o n  p u l s e  was n o t  

p o s s i b l e .  The n o m in a l  30 Hz m ains f r e q u e n c y  v a r i e d  b e tw e e n  

t h e  s i t e s ,  and t h e  c i r c u i t s  i l l u s t r a t e d  i n  d i a g r a m  4 w ere  

d e s i g n e d  t o  p r o v i d e  a s i m u l a t e d  t r a n s m i t t e r  m o d u l a t i o n  p u l s e  

f r o m  t h e  r e c e i v e r  v id e o  o u t p u t .

A  m a in s  lo c k e d  t r i g g e r  p u l s e  o f  v a r i a b l e  p h a s e  was 

o b t a i n e d  f ro m  t h e  p h a n t a s t r o n  c i r c u i t  o f  ( d i a g r a m  4 )  and 

was u s e d  t o  p ro d u c e  a w ide  p o s i t i v e  g o in g  p u l s e  ( 1 m sec)  i n

t h e  m o n o s t a b le  c o n s t i t u t e d  by v a l v e s  and Vg- * The a r r a n g e ­

ment o f  v a l v e s  and h a s  been  t a k e n  f ro m  Madden (19&7) and 

l e a d s  t o  t h e  s e l e c t i o n  o f  t h e  g ro u n d  p u l s e  w h ich  i s  r e f o r m e d  

i n  v a l v e s  Vg and and o u t p u t  a s  a t r i g g e r  p u l s e  a t  p o i n t  A. 

The c i r c u i t s  i l l u s t r a t e d  i n  t h e  lo w e r  p o r t i o n  o f  t h e  d i a g r a m  

have  a g a i n  b e en  t a k e n  f ro m  Madden and a r e  u s e d  f o r  t h e  

s e l e c t i o n  o f  t h e  echo p u l s e ,  t h i s  b e in g  o u t p u t  a t  B. The o u t ­

p u t  p u l s e s  a t  A and B a r e  compared d i r e c t l y  by  t h e  Madden 

V i r t u a l  h e i g h t  r e c o r d e r  and  t h e  r e s u l t i n g  o u t p u t  i s  f e d  t o  a 

p e n  r e c o r d e r .  The t r i g g e r  p u l s e  a t  A i s  f u r t h e r  d e la y e d  i n  

t h e  c i r c u i t  o f  and  V̂  ̂ by a l m o s t  2 0 msec and f o r m s  t h e  

s i m u l a t e d  t r a n s m i t t e r  m o d u l a t i o n  p u l s e  f o r  t h e  a b s o r p t i o n  

m o n i t o r  i n  t h e  n e x t  c y c l e  o f  t h e  m ains  v o l t a g e .  Thus t h e  echo 

i s  m a i n t a i n e d  on t h e  n a r r o w  s t r o b e  o f  t h i s  m o n i to r  t h r o u g h o u t  

t h e  o b s e r v i n g  p e r i o d .  The o u t p u t  f r o m  t h e  m o n i to r  was 

i n t e g r a t e d  by means o f  a P h i l b r i c k  o p e r a t i o n a l  a m p l i f i e r ,

P65AU c h a r g i n g  a 1 6 ^  F c a p a c i t o r .  The i n t e g r a t i o n  was 

c a r r i e d  o u t  o v e r  $0 s e c s  and t h e  a c c u m u l a t e d  v o l t a g e  was t h e n  

a l l o w e d  t o  o p e r a t e  a p e n  r e c o r d e r .  The c a p a c i t o r  was f i n a l l y
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s h o r t e d  o u t  b e f o r e  a f u r t h e r  1 m in u te  c y c l e  was beguno

I n  a d d i t i o n  t o  t h e  e l e c t r i c a l  m easurem ent  o f  v i r t u a l  

h e i g h t  t h e  v i d e o  o u t p u t  o f  t h e  r e c e i v e r  was u s e d  t o  p r o d u c e  

a B s c a n  d i s p l a y  w h ich  was photographically r e c o r d e d  d u r i n g  

t h e  o b s e r v i n g  periods. A typical  record, t a k e n  when t h e  

o b s e r v i n g  f r e q u e n c y  was c l o s e  t o  f ^ E ,  i s  shown i n  f i g u r e  6.4.

( d )  A e r i a l s

At b o t h  t h e  t r a n s m i t t i n g  and receiving s i t e s  h a l f w a v e  

f o l d e d  d i p o l e s  l o a d e d  w i t h  6 0 0 ^ a t  t h e  c e n t r e  were  em ployed .  

T hese  a e r i a l s  were  approximately 75m i n  l e n g t h  and s u s p e n d e d  

10 m above  t h e  g r o u n d .  The t r a n s m i t t i n g  a e r i a l  was f e d  by  a 

t r a n s m i s s i o n  l i n e  and t h e  r e c e i v i n g  a e r i a l  was m atched  t o  t h e
— unboiance

75-r?- i n p u t  of  t h e  r e c e i v e r  by  a b a l a n c e ^ t r a n s f o r r a e r . I n  o r d e r  

t o  i n c r e a s e  t h e  s u p p r e s s i o n  o f  t h e  g ro u nd  p u l s e  t h e  a e r i a l s  

were  a r r a n g e d  t o  be p e r p e n d i c u l a r  t o  one  a n o t h e r .

6 . 2 .  O b s e r v a t i o n s

6 . 2 . 1 .  I o n o s o h e r i c  S o u n d in g s

R o u t i n e  h o u r l y  s o u n d i n g s  o f  t h e  i o n o s p h e r e  have  b e e n  

made s i n c e  Ju ne  1966 o f  t h e  f r e q u e n c y  r a n g e  U 5  t o  7 . 0  MHz t o  

a maximum v i r t u a l  h e i g h t  o f  500 km. I n  a d d i t i o n  o n  2 0  d a y s  

b e tw e e n  J a n u a r y  and Ju n e  1969 t h i s  f r e q u e n c y  r a n g e  h a s  b e e n  

sounded  c o n t i n u o u s l y  b e tw e e n  g rou n d  s u n r i s e  and noon  t h u s  

g i v i n g  a n  io n o g ram  r e c o r d  e v e r y  3 m i n u t e s  d u r i n g  t h i s  t i m e .

The c o r r e c t i o n  t e c h n i q u e  d e s c r i b e d  by  Lyon and Moorat (1 9 5 6 )  

d i s c u s s e d  i n  C h a p te r  5 h a s  b e e n  a p p l i e d  i n  t h e  s c a l i n g  o f  

t h e s e  r e c o r d s  g i v i n g  v i r t u a l  h e i g h t  d a t a  t o  a n  a c c u r a c y  o f  

±2 kms.
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6 . 2 . 2 .  A b s o r p t i o n  Measurements

The s t e e p  p r o p a g a t i o n  p a t h ,  d e s c r i b e d  i n  a n  e a r l i e r  

s e c t i o n ,  and t h e  p e r p e n d i c u l a r  a r r a n g e m e n t  o f  t h e  f o l d e d  

d i p o l e  a e r i a l s  d i m i n i s h  t h e  g round  wave s i g n a l  so t h a t  t h e  

r e c o r d e d  ground  p u l s e  i s  com parab le  i n  a m p l i tu d e  t o  t h e  n i g h t ­

t im e  r e f l e c t i o n s .  Hence i t  i s  u n n e c e s s a r y  t o  d e s e n s i t i s e  t h e  -

r e c e i v e r  d u r i n g  r e c e p t i o n  o f  t h e  g round  wave and t h e  g round .........

p u l s e  c a n  be m o n i to re d  d i r e c t l y  a t  any  t im e  a s  a c h ec k  upon  

t h e  g a i n  s t a b i l i t y  o f  t h e  sy s te m .

O b s e r v a t i o n s  o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  were  made 

on a  number o f  days  e ach  week b e tw ee n  F e b r u a r y  and J u n e  19^9 '

f ro m  a  t im e  s h o r t l y  b e f o r e  ground  s u n r i s e  u n t i l  noon .  The 

o p e r a t i n g  f r e q u e n c y  was 2 , 0 5  MHz f o r  m easu rem en ts  made b e f o r e  

t h e  1 5 t h  A p r i l  and was t h e n  changed t o  2 . 2 6 6  MHz f o r  t h e  

r e m a in i n g  o b s e r v a t i o n s .  The r e c e i v e r  g a i n  was m easured  

p e r i o d i c a l l y  and i o n o s p h e r i c  c a l i b r a t i o n s  were c a r r i e d  o u t  a t  

r e g u l a r  i n t e r v a l s  t h r o u g h o u t  t h e  p e r i o d .  Such c a l i b r a t i o n s  

were  made d u r i n g  t h e  e a r l y  morning h o u r s  u s i n g  b o t h  F r e g i o n  

and Es r e f l e c t i o n s  and t h e  c a l i b r a t i o n  c o n s t a n t s  d e r i v e d  were 

fo un d  t o  be c o m p a t i b l e .  A b s o r p t i o n  v a l u e s  i n  dBs were 

o b t a i n e d  by  computer  a n a l y s i s  o f  t h e  i n t e g r a t e d  a m p l i t u d e  o u t ­

p u t  p ro d u c e d  each  m in u te  by  t h e  m o n i t o r i n g  sy s te m .  A f u r t h e r  

f a c i l i t y  o f  t h i s  d a t a  a n a l y s i s  was t h e  p r o v i s i o n  f o r  t h e  

c a l c u l a t i o n  o f  5 and 15 m inu te  r u n n i n g  means o f  a b s o r p t i o n .

6.2.3* Virtual Height

Measurements  o f  v i r t u a l  h e i g h t  were made c o n t i n u o u s l y  as  

a n  i n t e g r a l  p a r t  o f  t h e  a b s o r p t i o n  o b s e r v a t i o n  o f  2 . 0 5  MHz 

and l a t e r  on 2 .2 6 6  MHz employing  b o t h  t h e  e l e c t r o n i c  m o n i to r
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and t h e  p h o t o g r a p h i c  r e c o r d s  d i s c u s s e d  e a r l i e r .  The s e n s i t i ­

v i t y  o f  t h e  e l e c t r o n i c  m o n i to r  was fo u n d  t o  be poor  and s u b j e c t  

t o  i n t e r f e r e n c e  f rom  b r o a d c a s t  and l o c a l  n o i s e  which  d i d  n o t  

d i s r u p t  t h e  p h o t o g r a p h i c  r e c o r d s  t o  t h e  same e x t e n t .  Con­

s e q u e n t l y  t h e  e l e c t r o n i c  m o n i to r  was u s e d  i n  a  q u a l i t a t i v e  

manner t o  a s s i s t  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  p h o t o g r a p h i c  

r e c o r d s .

The p h o t o g r a p h i c  r e c o r d s  were c a l i b r a t e d  a t  r e g u l a r  i n t e r ­

v a l s  a g a i n s t  t h e  3 KHz o u t p u t  o f  a s q u a r e  wave g e n e r a t o r - a n d  

were  s c a l e d  each  m inu te  t h r o u g h o u t  t h e  o b s e r v i n g  p e r i o d .  I n  

t h e  s c a l i n g  p r o c e d u r e  a m o d i f i e d  Lyon and M3 o r a t  (195&) 

c o r r e c t i o n  t e c h n i q u e  was employed t o  a c c o u n t  f o r  t h e  t im e  o f  

f l i g h t  o f  t h e  g round  p u l s e  i n  a d d i t i o n  t o  t h e  no rm al  s o u n d in g  

e r r o r s  a l r e a d y  d i s c u s s e d .

I n i t i a l  o b s e r v a t i o n s  o f  b o t h  a m p l i t u d e  and v i r t u a l  

h e i g h t  were  made on a n i g h t  o f  s t r o n g  s p o r a d i c  E r e f l e c t i o n s  

and t h e  r e s u l t i n g  r e c o r d s  were a n a l y s e d  by t h e  f o l l o w i n g  

p r o c e d u r e .  When t h e  a m p l i t u d e  o f  t h e  f i r s t  and second  Es 

r e f l e c t i o n s  were e q u a l ,  t h e  d e l a y  b e tw e e n  them was t a k e n  t o  be 

a m easu re  o f  t h e  t r u e  v i r t u a l  h e i g h t ,  A t im e  a t  w hich  t h e  

f i r s t  echo  and t h e  g round  p u l s e  have  e q u a l  a m p l i tu d e  was t h e n  

c o n s i d e r e d  and t h e  a s s u m p t io n  was made t h a t  t h e  v i r t u a l  h e i g h t  

o f  t h e  Es r e f l e c t i o n  r em a in e d  c o n s t a n t  t h r o u g h o u t  t h e  o b s e r v a ­

t i o n  p e r i o d ,  a p p r o x i m a t e l y  one h o u r .  The v i r t u a l  h e i g h t  

i n d i c a t e d  by  t h e s e  two p u l s e s  i s  l e s s  t h a n  t h e  t r u e  v i r t u a l  

h e i g h t  by  an  amount h^ ( f i g u r e  6 , 5 ) which  i s  a m easu re  o f  t h e  

t im e  o f  f l i g h t  o f  t h e  g round  p u l s e  o ve r  12 km and t h e  g ro u nd  

p u l s e  d i s t o r t i o n  a t  a p a r t i c u l a r  r e c e i v e r  g a i n  s e t t i n g .

D u r in g  t h e  o b s e r v a t i o n  t h e  w i d t h ,  Wg , and a m p l i t u d e  o f  t h e
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FIG* 6*5 The effect of pulse distortion and ground 
pulse delay on virtual height measurements 
on a steep incidence path*
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ground  p u l s e  r em a in e d  c o n s t a n t  and t h e  d i f f e r e n c e  b e tw e e n  t h e  

' t r u e *  v i r t u a l  h e i g h t ,  h ^ , and t h e  r e c o r d e d  h e i g h t  p l u s  h^  

was p l o t t e d  a g a i n s t  t h e  echo w i d t h ,  w. T h i s  d i f f e r e n c e  

c o n s t i t u t e s  t h e  echo d i s t o r t i o n  c o r r e c t i o n ,  h^ , and may be 

r e p r e s e n t e d  a s  a f u n c t i o n  o f  echo w i d t h  on a t r a n s p a r e n t  

o v e r l a y  f o r  r o u t i n e  s c a l i n g ,  ĥ , w i l l  have  p o s i t i v e  v a l u e s  

when t h e  a p p a r e n t  echo  p u l s e  w i d t h  i s  g r e a t e r  t h a n  t h a t  o f  t h e  

g round  p u l s e .  The a d d i t i o n a l  e r r o r ,  i n t r o d u c e d  when t h e  

r e c e i v e r  g a i n  was ch an g e d ,  was a c c o u n te d  f o r  by a ssu m ing  t h a t  

t h e  d i s t o r t i o n  o f  t h e  g round  p u l s e  t o o k  t h e  same fo rm  a s  t h a t  

o f  t h e  echo and c o r r e c t i o n  v a l u e s ,  h^ , were o b t a i n e d  f o r  e ach  

a t t e n u a t o r  s e t t i n g .  The c o r r e c t i o n  hg w i l l  have  a  n e g a t i v e  

v a l u e  f o r  g a i n  s e t t i n g s  above  t h a t  a t  which  t h e  c o r r e c t i o n  

c u rv e  f o r  h^ was c o n s t r u c t e d .  Thus t h e  f u l l y  c o r r e c t e d  v a l u e

f o r  t h e  v i r t u a l  h e i g h t  w i l l  be g i v e n  by  t h e  e x p r e s s i o n

h = h g -  h^+ hg+ h^

i n  which  hg and h^ a r e  c o n s t a n t s  and h^ can  be o b t a i n e d  f ro m

t h e  echo  w i d t h  by t h e  o v e r l a y  s c a l i n g  g r i d  t e c h n i q u e .



C h a p te r  7

The Dost-sunrlse changes i n  t h e  virtual h e i g h t -  
frequency v a r i a t i o n

7.1 . I n t r o d u c t i o n

The v i r t u a l  h e i g h t  o f  r e f l e c t i o n  and t h e  a b s o r p t i o n  o f  

r a d i o  wave p u l s e s ,  o b s e r v e d  by  means o f  t h e  t e c h n i q u e s  d e s c r i ­

bed i n  C h a p te r  6, w i l l  now be d i s c u s s e d  i n  some d e t a i l .  T h is  

c h a p t e r  i s  d e v o te d  e x c l u s i v e l y  t o  t h e  v a r i a t i o n  o f  v i r t u a l  

h e i g h t  w i t h  f r e q u e n c y  and t h e  d i s c u s s i o n  o f  t h e  s i m u l t a n e o u s  

v i r t u a l  h e i g h t  and a b s o r p t i o n  d a t a  o b s e rv e d  on a s i n g l e  f i x e d  

f r e q u e n c y  w i l l  c o n s t i t u t e  C h a p te r  8 .

F o l l o w i n g  t h e  work o f  H a l l i d a y  (193&), many w o r k e r s  have 

commented upon t h e  c o m p l e x i t i e s  o b s e r v e d  n e a r  t h e  E l a y e r  

c r i t i c a l  f r e q u e n c y  on ionogram s r e c o r d e d  a t  t e m p e r a t e  l a t i ­

t u d e s  and s e v e r a l  a t t e m p t s  have b e en  made t o  s e t  down r u l e s  by 

which  t h i s  c r i t i c a l  f r e q u e n c y  might  be r e c o g n i s e d  and  hence  

r e l i a b l y  t a b u l a t e d  (B ecker  and D iem ing er  1950,  Beynon and 

Brown 1959,  P i g g o t t  and Rawer 19&1) « A s y n o p t i c  s t u d y  o f  t h i s  

f i n e  s t r u c t u r e  has  b e en  u n d e r t a k e n  w i t h  s p e c i a l  r e f e r e n c e  t o  

t h e  g ro w th  o f  t h e  E l a y e r  p e ak  and t h e  S -F  t r a n s i t i o n  r e g i o n  

f o l l o w i n g  t h e  s u n r i s e .  A t h e o r e t i c a l  s t u d y  o f  t h e s e  con ­

d i t i o n s  made by B ourne ,  S e t t y and Sm ith  (1964)  w i l l  be 

r e l a t e d  t o  two i n d e p e n d e n t  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  t h e  

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w i t h  h e i g h t .  T hese  a r e  ( a )  t h e  

p r o f i l e s  computed f rom  v i r t u a l  h e i g h t  d a t a  r e c o r d e d  a t  L e i c ­

e s t e r  and ( b )  t h e  p r o f i l e s  m easured  by T a y lo r  ( 1 9 6 9 ) a t  t h e
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R o y a l  R a d a r  E s t a b l i s h m e n t ,  M alvern ,  by a Thomson s c a t t e r  

e x p e r i m e n t .  The l a t t e r  g roup  o f  p r o f i l e s  w i l l  be r e f e r r e d  t o  

a s  t h e  Thomson s c a t t e r  p r o f i l e s  i n  t h e  f o l l o w i n g  c h a p t e r s .

7 . 2 . O c c u r re n c e  o f  F i n e  S t r u c t u r e  on logogram s

F i g u r e  7 . 2 , 1 .  r e p r e s e n t s  a number o f  t y p i c a l  io n og ram s  

r e c o r d e d  a t  L e i c e s t e r  be tw een  Jun e  1966 and May T96 7 » A l l  

t h e s e  r e c o r d s  show one or more r e g i o n s  o f  h i g h  g roup  r e t a r d a ­

t i o n  w hich  a r e  commonly r e f e r r e d  t o  a s  c u sp s  ( P i g g o t t  and 

Rawer 1 9 6 1 ) and which  may be a s s o c i a t e d  w i t h  i r r e g u l a r i t i e s  

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

s e p a r a t i n g  two o f  t h e s e  cu sp s  w i l l  be r e f e r r e d  t o  a s  an 

i n t e r m e d i a t e  t r a c e  and t h i s  may p o s s i b l y  r e p r e s e n t  a n  i n t e r ­

m e d ia te  l a y e r .  Thus on a t y p i c a l  d a y t im e  ionogram  i n  t h e  

a b se n c e  o f  s p o r a d i c  E, t h e  t r a c e  a t  t h e  l o w e s t  f r e q u e n c i e s  

r e c o r d e d  w i l l  r e p r e s e n t  E r e g i o n  r e f l e c t i o n s  and t h e  t r a c e  

w i l l  be t e r m i n a t e d  by  a c u s p .  T h i s  cusp  may be f o l l o w e d ,  a s  

t h e  f r e q u e n c y  i s  i n c r e a s e d ,  by t h e  F r e g i o n  t r a c e  i f  o n l y  one 

cusp  i s  p r e s e n t  or  by  a s e r i e s  o f  i n t e r m e d i a t e  t r a c e s  

s e p a r a t e d  by  c u s p s .  The p r e s e n c e  o f  s e v e r a l  c u sp s  and i n t e r ­

m e d ia te  t r a c e s ,  c o l l e c t i v e l y  c a l l e d  f i n e  s t r u c t u r e ,  h a s  b e e n  

o b s e r v e d  a s  a r e g u l a r  f e a t u r e  on t h e  L e i c e s t e r  io n o g r a m s ,  

b e in g  most common i n  t h e  e a r l y  morning and l a t e  a f t e r n o o n .

I n  o r d e r  t o  a s s e s s  t h e  e x t e n t  o f  t h e  f i n e  s t r u c t u r e  a 

q u a l i t a t i v e  s c a l e  O- 3  was d e v i s e d  t o  g r a d e  e ach  h a l f  day  

t h r o u g h o u t  t h e  p e r i o d .  T h is  a c t i v i t y  s c a l e  i s  i l l u s t r a t e d  i n  

f i g u r e  7 , 2 . 1 . I n  e s t i m a t i n g  t h e  a c t i v i t y ,  r e c o r d s  d i s p l a y i n g  

s t r o n g  Es were d i s c a r d e d  a s  were days  on  which Es was p r e ­

dom inan t  f o r  an  a p p r e c i a b l e  p a r t  o f  t h e  day .  T h is  p r o c e d u r e
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gave a sample  of  151 p re n o o n  and 181 a f t e r n o o n  p e r i o d s ,  131 

days  h a v in g  an  a c t i v i t y  number f o r  b o t h  p e r i o d s .  Of t h e s e  

d ays  55 showed e q u a l  a c t i v i t y  b e f o r e  and a f t e r  noon,  w h i l e  

t h e  number o f  days h a v in g  g r e a t e r  a c t i v i t y  i n  t h e  m orn ing  o r  

i n  t h e  a f t e r n o o n  were 39 and 37 r e s p e c t i v e l y .  A l th o u g h  a 

l a r g e ,  number o f  days  showed e q u a l  a c t i v i t y  i n  b o t h  p e r i o d s  i t  

c an  be s e e n  f ro m  f i g u r e  7 °2 . 1 . t h a t  t h e  ty p e  o f  s t r u c t u r e  

which  o c c u r s  may d i f f e r  g r e a t l y  b e tw ee n  t h e  morning and t h e  

a f t e r n o o n .  As a f u r t h e r  c o m p a r iso n ,  m o n th ly  mean^ a c t i v i t i e s  

were  computed f o r  b o t h  h a l f  days  and have b e en  p l o t t e d  i n  

f i g u r e  7 . 3 . 1 . The a c t i v i t y  was s e e n  t o  be s u b s t a n t i a l l y  t h e  

same f o r  t h e  p reno o n  and a f t e r n o o n  p e r i o d s ,  t h e  y e a r l y  means 

b e in g  0.7& aud 0 .7 7  r e s p e c t i v e l y .  The number o f  h o u r s  f o r  

which  f i n e  s t r u c t u r e  was o b se rv e d  b e f o r e  and a f t e r  noon  has  

a l s o  b e e n  r e c o r d e d  and t h e  means f o r  t h e  two p e r i o d s  t a k e n  f o r  

t h e  y e a r  were found  t o  be 2 . 9  and 2 . 6  h o u r s  r e s p e c t i v e l y .  

F u r t h e r m o r e ,  on o f  a l l  days  c o n s i d e r e d  f i n e  s t r u c t u r e  was 

p r e s e n t  a t  noon.

The s e a s o n a l  d ep endence  o f  t h i s  phenomenon h a s  b e en  

i n v e s t i g a t e d  by  c o n s i d e r i n g  i n  more d e t a i l  t h e  r e s u l t s  f o r  t h e  

months o f  Jun e  and December 19^6,  March 19&7 and J a n u a r y  19^9* 

The v a r i o u s  cusp  f r e q u e n c i e s  and t h e  minimum v i r t u a l  h e i g h t s  

o f  t h e  i n t e r m e d i a t e  t r a c e s  were r e c o r d e d .  I n  a d d i t i o n  t h e  s i x  

most common cusp  s h a p e s  were i d e n t i f i e d  and a r e  r e p r o d u c e d  i n  

f i g u r e  7 * 2 . 2 .  The d i s t i n g u i s h i n g  f e a t u r e s  o f  t h e s e  c u sp s  and 

t h e  d e s c r i p t i v e  l e t t e r s  a r e  l i s t e d  i n  t a b l e  7 *2 . 1 .

The d a t a  f o r  v a r i o u s  t im e s  o f  t h e  y e a r  p r e s e n t e d  i n  

f i g u r e  7 *2 . 1 . i n d i c a t e s  no marked d i f f e r e n c e  i n  t h e  f i n e  

s t r u c t u r e  p a t t e r n  f rom  s e a s o n  t o  s e a s o n .  T h is  p o i n t  h a s  b e en
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Fr^qtt€itfY

n o »  7*^#2 TVpicaJ ionogram cusp shapes*



Descriptive 
Letter

D is tin g u ish in g  F e a tu re s

VC

Sym metrical f e a tu re .  C le a r ly  d e fin e d  d is c o n t in u i ty  between 
re g io n s  o f comparable group r e ta r d a t io n .

No group r e ta rd a t io n  a t  th e  h igh  frequency  l im i t  o f th e  
lower t r a c e .  Group r e ta rd a t io n  may be e v id e n t on the  h ig h e r  
t r a c e .  C h a ra c te r is t ic  o f E s.

In creased  group r e ta rd a t io n  over a  wide range o f frequency  
w ithou t any d is c o n t in u i ty .

Rapid in c re a se  in  group r e ta rd a t io n  o f th e  upper and lower 
t r a c e s  a re  d isp la c e d  in  frequency . A c e n tr a l  t r a c e  may occur 
a t  a  g re a t  h e ig h t o r may s u f f e r  la rg e  a t te n u a t io n  and hence 
rem ain u n d e te c te d .

A range o f sm all cusps too  c lo s e ly  spaced to  be s a t i s f a c t ­
o r i l y  d is t in g u is h e d  on th e  frequency  s c a le .

Asymmetrical cusp. L i t t l e  group r e ta r d a t io n  on th e  low er 
t r a c e  b u t normal r e ta rd a t io n  i s  e v id e n t on th e  upper t r a c e .  
C h a r a c te r is t ic  o f £2 echo d e sc rib ed  by Becker and 
D iem inger(l950)

Table 7 .2 .1  D e sc rip tiv e  L e t te r s  and D is tin g u ish in g  F e a tu re s  o f s ix
ty p ic a l  Cusp S tru c tu re s .
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c o n f i r m e d  by t h e  more e x t e n s i v e  s t u d y  o f  t h e  s e l e c t e d  months 

m en t io n ed  above .  T a b le  7 . 2 . 2 .  p r e s e n t s  t h e  d i s t r i b u t i o n  

f i g u r e s  f o r  t h e  v a r i o u s  cusp  t y p e s  o b s e r v e d  i n  e a c h  month.

On a v e r a g e  2 . 0 4  c u sp s  o c c u r r e d  on e a c h  ionogram  r e c o r d e d  i n  

summer compared w i t h  1 .9 5  a t  t h e  e q u in o x  and 1 .9 8  i n  w i n t e r .

The c u sp  t y p e  S, which  may be a s s o c i a t e d  w i t h  t h e  e x i s t e n c e  o f  

s p o r a d i c  E,  was more common i n  summer, a c c o u n t i n g  f o r  2 2 . 4 #  o f  

a l l  c u s p s  r e c o r d e d ,  t h a n  i n  w i n t e r ,  when i t s  c o n t r i b u t i o n  

f a l l s  t o  1 1 .4 # .  No s e a s o n a l  t r e n d  was e v i d e n t  i n  t h e  o t h e r  

c u sp  t y p e s ;  t h e  common C ty p e  g i v i n g  63#  and t h e  L t y p e  13# 

o f  t h e  s t r u c t u r e  t h r o u g h o u t  t h e  year*  The VC and W t y p e s  may 

have  l a r g e r  o c c u r r e n c e  p e r c e n t a g e s  t h a n  t h o s e  shown, b u t  t h e i r  

r e c o g n i t i o n  i s  s t r o n g l y  depen d e n t  upon  t h e  r e c o r d  q u a l i t y .

A l th o u g h  t h e  in d e p e n d e n c e  o f  morning and a f t e r n o o n  

t r a c e s  has  been  em p h as ised  i t  has  b e e n  n o te d  t h a t  io n og ram  

i r r e g u l a r i t i e s  a r e  sometimes long l i v e d  and c an  be t r a c e d  

th r o u g h o u t  t h e  day .  For  example ,  t h e  ionogram s f o r  t h e  16t h  

Sep tem ber  196 6 , i l l u s t r a t e d  i n  f i g u r e  7 * 2 . 1 . ,  show a n  i n t e r ­

m e d ia t e  t r a c e  which p e r s i s t e d  f rom  0600 u n t i l  18OO h ours*

The ch an g e s  i n  t h e  shap e  o f  t h e  cusp  a t  t h e  h i g h  f r e q u e n c y  end 

o f  t h i s  t r a c e  a r e  n o t i c e a b l e  and v a r i a t i o n s  o f  t h i s  t y p e  w i l l  

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

t h e  d a t a  o f  f i g u r e  7 *2 . 1 . i n d i c a t e s  t h a t  t h e  u p p e r  and lower 

f r e q u e n c y  l i m i t s  o f  t h e  c u sp  f e a t u r e s  a p p e a r  t o  f o l l o w  t h e  

z e n i t h  a n g le  v a r i a t i o n  p r e d i c t e d  by  t h e  Chapman t h e o r y .  T h is  

o b s e r v a t i o n  h as  b e en  c o n f i rm e d  by t h e  d e t a i l e d  s t u d y  o f  20  days 

b e tw e e n  J a n u a r y  and Ju n e  1969 d u r i n g  which  t h e  io n o s o n d e  was 

r u n  c o n t i n u o u s l y  t h r o u g h o u t  t h e  morning  g i v i n g  an  io n o g ram  

e v e r y  t h r e e  m in u t e s .  On t h e s e  days t h e  f r e q u e n c i e s  o f  a l l  

i n f l e c t i o n s  and c u sp s  a p p e a r i n g  be low t h e  F^ l a y e r  t r a c e  were



Cusp Cusp O ccurrence

Type June
1966

December
1966

March
1967

January
1969

number
re c .

p e rc e n t.
t o t a l

number
re c .

p e rc e n t.
t o t a l

number
re c .

p e rc e n t.
t o t a l

number
re c .

p e rc e n t.
t o t a l

C 232 55,.’ 129 6ù/o 119 75P 63 57fo

S 95 2 2 4 25 118 16 10 11 10

H 44 10-4 12 6 7 4 4 16 14

W 0 1 0 1

VC 1 0 0 0

L 51 12 26 13 3 16 10 19 17

T o ta l cusp 
reco rd 423 196 158 111

T ota l
ionogram
Sample

207 105 81 53

Mean cusps 
per 

Ionogram
2.04 1 .67 1 .95 2.09

Table 7 • 2 . 2  Cusp Occurrence fo r  months r e p re s e n tin g  d i f f e r e n t  seasons.
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n o t e d .  The c u sp  f r e q u e n c i e s  have b e e n  p l o t t e d  a g a i n s t  t im e  i n  

f i g u r e  7 . 2 . 3 . f o r  t h r e e  day s  r e p r e s e n t i n g  t y p i c a l  c o n d i t i o n s  

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

v a r i a t i o n  o f  t h e  E l a y e r  c r i t i c a l  f r e q u e n c y ,  fg E ,  c a l c u l a t e d  f rom  

i t s  o b s e r v e d  v a l u e  a t  noon  and t h e  r e l a t i o n s h i p

( I e ) =  N 7.2.1

i n  w h ich  n  h a s  b e en  s e t  e q u a l  t o  k  t h u s  r e p r e s e n t i n g  a Chapman 

l a y e r .  I n  a l l  s e a s o n s  t h e  f r e q u e n c y  v a r i a t i o n  o f  t h e  f i n e  

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

The a g re e m e n t  i s ,  h o w ev er ,  l e s s  marked i n  t h e  summer months  b u t  

t h i s  may be a t t r i b u t e d  t o  t h e  g r e a t e r  o c c u r r e n c e  o f  s p o r a d i c  E. 

C o n s i d e r a t i o n  o f  t h e  l i f e t i m e  o f  a p a r t i c u l a r  c u sp  i n  f i g u r e  

7 . 2 . 3 , l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  d i s t u r b a n c e  i n  t h e  

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w hich  p r o d u c e s  i t  h a s  a s h o r t e r  l i f e  

i n  summer t h a n  i n  w i n t e r .  A s i n g l e  s t r u c t u r e  can  be f o l l o w e d  fcr  

b e tw e e n  30 and 4 0  m in u te s  i n  summer, 4 0  and 6 0  m in u t e s  a t  t h e  

e q u in o x  and f o r  t i m e s  i n  e x c e s s  o f  one ho u r  i n  w i n t e r .  C o n s i d e r ­

i n g  more c l o s e l y  t h e  r e s u l t s  f o r  t h e  2 6 t h  F e b r u a r y  i n  f i g u r e  

7 . 2 . 3 ( a )  t h e  long  p e r s i s t e n c e  w i n t e r  f e a t u r e s  have b e e n  u s e d  t o  

exam ine  t h e  v a l i d i t y  o f  t h e  Chapman r e l a t i o n s h i p  o f  e q u a t i o n  7 * 2 .1 .  

i n  d e s c r i b i n g  t h e  c o n d i t i o n s  e x i s t i n g  i n  t h e  e a r l y  m o rn in g .  I n  

f i g u r e  7 . 2 . 4 . t h e  l o g a r i t h m s  o f  t h e  v a r i o u s  c u sp  f r e q u e n c i e s ,  

lo g  f^  , have  b e e n  p l o t t e d  a g a i n s t  l o g  ^  c o s ^  i n  o r d e r  t o  

d e t e r m i n e  t h e  e x p o n e n t  n ,  i n  e q u a t i o n  7 . 2 . 1 . ,  f o r  e a c h  numbered 

t r a c e  o f  f i g u r e  7 . 2 . 3 ( a ) .  The Chapman p r e d i c t i o n  w i t h  n e q u a l  t o  

4 h a s  a g a i n  b e e n  s u p e r i m p o s e d .  The v a l u e s  o f  n o b t a i n e d  f o r  eac h  

l i n e  have  a l s o  b e e n  i n c l u d e d  i n  t h e  f i g u r e  and t h o s e  o b t a i n e d  

f ro m  t h e  t r a c e s  1 t o  4 show a mean v a l u e  o f  n  = 5* T h i s  d e v i a t i o n  

f ro m  t h e  C h a p m a n - l ik e  b e h a v i o u r  o f  t h e  r e g i o n  i s  t o  be e x p e c t e d  a s
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t h e  s o l a r  z e n i t h  a n g le  t e n d s  t o  90 • The v a l u e  o f  n  f o r  t r a c e  

5 and t h e  g r a d i e n t  change  of  t r a c e  1 a t  low er  v a l u e s  o f  %  

i n d i c a t e s  t h e  a d ju s tm e n t  o f  t h e  l a y e r  t o  C h ap m an- l ik e  

d e ve lop m en t  to w a rd s  noon,  A  f u r t h e r  n o t a b l e  f e a t u r e  o f  

f i g u r e  7 . 2 . 4 .  i s  t h e  d i s p l a c e m e n t  o f  t h e  l i n e s  i n d i c a t i n g  

d i f f e r e n t  v a l u e s  o f  t h e  c o n s t a n t  A. I t  c an  be c o n c lu d e d  f rom  

t h e s e  o b s e r v a t i o n s  t h a t  t h e  d i s t u r b a n c e s  i n  t h e  e l e c t r o n  

d e n s i t y  p r o f i l e  r e s p o n s i b l e  f o r  t h e  f i n e  s t r u c t u r e  d e v e lo p  i n  

a r e g u l a r  C hapm an - l ik e  manner b u t  w i t h  an i n c r e a s e d  v a l u e  of  

n  t y p i c a l  o f  e a r l y  morning c o n d i t i o n s .  F u r t h e r m o r e  t h e  

v a l u e s  o f  n  a r e  a p p r o x i m a t e l y  the  same f o r  t h e  g ro w th  o f  each  

d i s t u r b a n c e  and o n l y  t h e  v a l u e  o f  t h e  c o e f f i c i e n t  A d i s t i n g ­

u i s h e s  t h e i r  g rowth  p a t t e r n .

C l o s e  i n s p e c t i o n  o f  f i g u r e  7«2 .3°  a l s o  r e v e a l s  t r a c e s  

which do n o t  f o l l o w  t h e  Chapman g ro w th  p a t t e r n .  T h ese  t r a c e s  

may fo rm  complex p a t t e r n s  o f  cusp  d e v e lo p m e n t ,  f o r  example  t h e  

a p p e a r a n c e  o f  t h r e e  c u s p s  a t  t h e  p o i n t  marked Y i n  f i g u r e  

7 . 2 . 3 ( b ) .  These  c o m p l e x i t i e s  can  be e x p l a i n e d  i n  t e r m s  o f  r e ­

d i s t r i b u t i o n  o f  i o n i z a t i o n  i n  th e  r e g i o n  p r o d u c in g  t h e  p a r e n t  

c u sp .  I n  c o n s i d e r i n g  t h e  example  a t  Y, where a s i n g l e  cusp  

was s p l i t  t o  p ro d uce  t h r e e  i n d e p e n d e n t  c u s p s ,  one r i s i n g  i n  

f r e q u e n c y ,  one f a l l i n g  and t h e  t h i r d  f o l l o w i n g  t h e  o r i g i n a l  

g row th  p a t t e r n ,  t h e  p r o f i l e  r e p r e s e n t e d  by t h e  f u l l  l i n e  i n  

f i g u r e  7 " 2 . $ .  h a s  b e en  a d o p te d .  T h i s  p r o f i l e  would o r i g i n a l l y  

p r o d u c e  a s i n g l e  cusp  a t  t h e  p lasma f r e q u e n c y  1 , however r e ­

d i s t r i b u t i o n  o f  i o n i z a t i o n  due t o  two h i g h l y  l o c a l i s e d  

v e r t i c a l  d r i f t s  w i l l  p ro d u c e  t h e  p r o f i l e  i n d i c a t e d  by  t h e  

b r o k e n  l i n e .  The p r o f i l e  t h u s  p ro du ced  w i l l  g i v e  c u s p s  a t  

p lasm a  f r e q u e n c i e s  1 , 2 and 3 . F u r t h e r m o r e  i f  t h e  low er  r e -
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d i s t r i b u t i o n  moves t h e  i o n i z a t i o n  down a t  a f a s t e r  r a t e  t h a n  

i t  i s  p ro d uced  a t  t h i s  h e i g h t ,  t h e  c u sp  2 w i l l  a p p e a r  t o  f a l l  

b a c k  i n  f r e q u e n c y  a s  shown by th e  low er  t r a c e  f ro m  t h e  p o i n t  

Y. The e x t e n t  o f  t h e  r e d i s t r i b u t i o n s  r e q u i r e d  t o  a c h i e v e  t h i s  

e f f e c t  w i l l  be d i s c u s s e d  i n  s e c t i o n  7 . 4 .  and t h e  i m p l i c a t i o n s  

o f  t h i s  e x p l a n a t i o n  w i l l  be c o n s i d e r e d  i n  C h a p te r  9»

Munro and H e i s l e r  (195^)  have d i s c u s s e d  t h e  c u sp  s t r u c t u r e  

o b s e r v e d  i n  t h e  F r e g i o n  and have  s u g g e s t e d  t h e  u s e  of  t r a v e l l ­

in g  waves i n  t h e  i o n o s p h e r e  t o  a c c o u n t  f o r  t h e  phenomenon.

The p a s s a g e  o f  such  a t r a v e l l i n g  d i s t u r b a n c e  f rom  t h e  F,  l a y e r  

i n t o  t h e  2 - F  t r a n s i t i o n  r e g i o n  i s  t h o u g h t  t o  be r e s p o n s i b l e  f o r  

t h e  t r a c e  l a b e l l e d  X i n  f i g u r e  7 » 2 .3 ( b ) o  Only one t r a c e  of  

t h i s  k in d  was o b s e rv e d  i n  t h i s  s t u d y  t h u s  g i v i n g  w e ig h t  t o  

liunro and H e i s l e r ' s  s t a t e m e n t  t h a t  t h e  d i s t u r b a n c e s  which  t h e y  

d e s c r i b e  would have  l i t t l e  e f f e c t  i n  t h e  E r e g i o n .

7 . 3 '  C o r r e l a t i o n  o f  Cu s p  A c t i v i t y .  w i t h _ M agnet ic ,  and S o l a r  
I n d i c e s .

The m on th ly  mean a c t i v i t y  f i g u r e s  t o g e t h e r  w i t h  t h e  

m on th ly  mean v a l u e s  o f ,  ( a )  t h e  h o u r l y  m easurem ents  o f  t h e  

h o r i z o n t a l  and v e r t i c a l  components o f  t h e  e a r t h ’ s m ag n e t ic  

f i e l d  a t  H a r t l a n d ,  (b )  t h e  Z u r i c h  s u n s p o t  numbers  and ( c )  t h e  

f l u x  o f  2800 MHz s o l a r  r a d i o  n o i s e  a r e  p r e s e n t e d  i n  f i g u r e  

7 " 3 ' 1 '  The p a r t i c u l a r l y  h ig h  a c t i v i t y  f i g u r e  f o r  F e b r u a r y  

r e s u l t s  f rom  f o u r  e x c e p t i o n a l l y  a c t i v e  d a y s ,  t h e  l 8 t h ,  1 9 t h ,  

2 0 t h  and 2 1 s t ,  and may be c o n s i d e r e d  a n  anomalous f e a t u r e .

Thus ,  by  o m i t t i n g  t h e  morning v a l u e  f o r  F e b r u a r y  t h e r e  a p p e a r s  

t o  be e v id e n c e  o f  a n e g a t i v e  c o r r e l a t i o n  be tw een  t h e  c u sp  and 

s o l a r  a c t i v i t i e s .  A l e s s  d e t a i l e d  and p u r e l y  q u a l i t a t i v e
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i n s p e c t i o n  o f  r e c o r d s  t a k e n  a t  s u n s p o t  maximum a r e  i n  a g r e e ­

ment w i t h  t h i s  o b s e r v a t i o n .  I t  h a s  b e e n  s u g g e s t e d  by  Morgan 

( 19 66 ) t h a t  t h e r e  may be a n e g a t i v e  c o r r e l a t i o n  b e tw ee n  t h e  

o c c u r r e n c e  of  s p o r a d i c  B and th e  h o r i z o n t a l  component  o f  t h e  

e a r t h ' s  m ag n e t ic  f i e l d .  I n  o r d e r  t o  a s c e r t a i n  w h e th e r  t h e  

c u sp  s t r u c t u r e  on ionogram s i s  a  t r a n s i e n t  o r  a r e g u l a r  f e a t u r e ,  

t h e  p a r a m e t e r s  l i s t e d  above were p l o t t e d  f o r  e a c h  day  f ro m  

J u n e  1966 t o  May 1967* ^  p o r t i o n  o f  t h e  r e s u l t i n g  d i a g r a m  i s

p r e s e n t e d  i n  f i g u r e  i n  which  t h e r e  i s  some e v id e n c e

t h a t  t h e  p e r i o d s  o f  h i g h  cusp  a c t i v i t y  f o l l o w  w i t h i n  a few  

days  o f  h i g h  m ag n e t ic  a c t i v i t y  and low h o r i z o n t a l  m a g n e t i c  

f i e l d ;  c o n d i t i o n s  which  f a v o u r  t h e  f o r m a t i o n  o f  s p o r a d i c  E 

a s  d e s c r i b e d  by  W h itehead  ( 1 9 6 2 ) .  For  exam ple ,  t h e  r e c o r d s  

f o r  t h e  16t h  o f  Sep tem ber  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  

were d o m in a ted  by  an  i n t e r m e d i a t e  t r a c e  and i n s p e c t i o n  o f  t h e  

m ag n e t ic  d a t a  showed t h e  1 5t h  t o  be an  a c t i v e  day  and t o  have  

a  low h o r i z o n t a l  f i e l d  component compared w i t h  t h e  d ays  

a round  i t .  F u r t h e r m o r e ,  i t  h a s  been  n o te d  on s e v e r a l  

s e q u e n c e s  o f  ionogram s t h a t  t h e  c o l l a p s e  o f  i n t e n s e  s p o r a d i c  

E was som etim es  f o l l o w e d  by cusp  a c t i v i t y .  These  o b s e r v a t i o n s  

a r e  s u p p o r t e d  by t h e  f i g u r e s  o f  t a b l e  7 . 3 . I .  I t  c a n  be s e e n  

t h a t  days  o f  low c u sp  a c t i v i t y  a r e  g e n e r a l l y  d ays  o f  ( a )  low 

m a g n e t ic  a c t i v i t y ,  (b )  h i g h  h o r i z o n t a l  m ag n e t ic  f i e l d  and  ( c )  

h i g h  s u n s p o t  number i n  c o n t r a s t  t o  t h e  c o n d i t i o n s  f o r  t h e  

' c u s p '  a c t i v e  d a y s .  T h ere  a r e ,  how ever ,  two days  l i s t e d  which  

do n o t  f i t  i n t o  t h i s  p a t t e r n ,  s u g g e s t i n g  t h a t  a l t h o u g h  t h e  

c o m b i n a t i o n  o f  c o n d i t i o n s  m en t ioned  above  may e f f e c t  t h e  

f o r m a t i o n  o f  f i n e  s t r u c t i a e t h e y  a r e  n o t  t h e  o n l y  c r i t e r i a .

The d a i l y  m eteor  c o u n t s  have a l s o  b e e n  i n c l u d e d  a s  a s o u r c e  

o f  a d d i t i o n a l  i o n i z a t i o n  i n  t h e  9 0 -1 2 0  km r e g i o n  b u t  no d i r e c t
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e f f e c t ,  even  o f  i n t e n s e  m eteor  sh o w e rs ,  h a s  b e en  n o t e d .

7 . 4 . I n t e r p r e t a t i o n  o f  model c u s p  s t r u c t u r e s  I n  te rm s  .of. 
d i s t u r b a n c e s  i n ^ t h e  e l e c t r o n  d e n s i t y .  P r o f i l e.

I n  s e c t i o n  7*2.  t h e  complex movement o f  s m a l l  c u s p s  a lo n g  

t h e  f r e q u e n c y  s c a l e  h a s  b e en  a t t r i b u t e d  t o  s m a l l  r e d i s t r i b u t i o n s  

o f  e l e c t r o n s  i n  t h e  t r a n s i t i o n  r e g i o n  be tw een  t h e E  and t h e  F 

l a y e r s  and a round  t h e  E l a y e r  peak .  The e x t e n t  o f  t h i s  r e ­

d i s t r i b u t i o n  h as  b e en  s t u d i e d  by  com pu t in g ,  by  means o f  t h e  

T i t h e r i d g e  (I9&1a) a n a l y s i s ,  monotonie  e l e c t r o n  d e n s i t y  d i s ­

t r i b u t i o n s  f rom  models  i n  which  p a r t i c u l a r  f e a t u r e s  o f  t h e  

v i r t u a l  h e i g h t  d a t a  have  b e en  r e p r e s e n t e d .  The v i r t u a l  

h e i g h t  models Ü, B and C o f  f i g u r e  7 * 4 .1 .  have  b e en  c o n s t r u c t e d ,  

su ch  t h a t  o n l y  t h e  p o s i t i o n  o f  t h e  c e n t r a l  cusp  ch an g e s  

b e tw ee n  m ode ls .  The e l e c t r o n  d e n s i t y  p r o f i l e s  computed f o r  

t h e  t h r e e  c a s e s  a r e  p r e s e n t e d  i n  f i g u r e  7 * 4 .2 .  C urves  A, B 

and C o f  t h i s  f i g u r e  show t h e  movement o f  a c e n t r a l  b u lg e  

t h r o u g h  a p p r o x i m a t e l y  3 km. F i g u r e  7 * 4 . 2 ( d )  i l l u s t r a t e s  t h a t

t h e  e x t e n t  o f  t h e  f l u c t u a t i o n  i n  e l e c t r o n  d e n s i t y  a t  a f i x e d
%

h e i g h t  o f  127 km was o f  t h e  o r d e r  o f  2 x 10 e l e c t r o n s / c m ^  

and t h a t  t h e  change  i n  h e i g h t  a t  c o n s t a n t  e l e c t r o n  d e n s i t y  o f  

1 0^  e l e c t r o n s / c m ^  was l e s s  t h a n  1 .5  km. Thus i t  may be con­

c lu d e d  t h a t  t h e  r e d i s t r i b u t i o n  o f  a p p r o x i m a t e l y  2% o f  t h e  i o n ­

i z a t i o n  ove r  a h e i g h t  r a n g e  of  l e s s  t h a n  l . g  km c a n  move a 

minor f e a t u r e  o f  t h e  p r o f i l e  by 3 km and c a u se  i t s  c o r r e s ­

p ond ing  cusp  on  t h e  h / ( f )  c u rv e  t o  move by 0.1 MHz.

The models p r e s e n t e d  i n  f i g u r e s  7 * 4 . 3 .  and 7 . 4 . g. have  

b e en  d e v i s e d  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  ( a )  t h e  w i d t h  o f  

t h e  i n t e r m e d i a t e  t r a c e  and (b )  i t s  d e p t h .  I n  f i g u r e  7 * 4 .3 .
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t h e  s p a c i n g  be tw een  t h e  cu sp s  h a s  b e e n  s t e a d i l y  i n c r e a s e d  i n ,  

50 kHz s t e p s  t o  p ro d u ce  a s e r i e s  o f  v i r t u a l  h e i g h t  c u r v e s  i n  

which  t h e  E l a y e r  t r a c e  h a s  been  moved t o  accommodate t h e  

w idened  c o n s t a n t  d e p t h  c u s p .  The computed e l e c t r o n  d e n s i t y  

p r o f i l e s  a r e  i l l u s t r a t e d  i n  f i g u r e  7 * 4 .4» The f r e q u e n c y  s h i f t  

i n  t h e  E r e g i o n  t r a c e  h as  p rod u ced  a p r e d i c t a b l e  change i n  t h e  

computed e l e c t r o n  d e n s i t y  i n  t h i s  r e g i o n  and has  a l s o  

p ro d u ce d  a s h i f t  i n  t h e  F r e g i o n  d i s t r i b u t i o n  a l t h o u g h  t h e  F 

l a y e r  v i r t u a l  h e i g h t s  have n o t  b e e n  a l t e r e d »  S i n c e  a d e c r e a s e  

i n  t h e  e l e c t r o n  d e n s i t i e s  i n  t h e  E l a y e r  would n o r m a l ly  

p ro d u c e  a d e c r e a s e  i n  t h e  F l a y e r  v i r t u a l  h e i g h t s ,  i t  i s  t o  

be e x p e c t e d  t h a t  k e e p in g  t h e s e  h e i g h t s  c o n s t a n t  would r e s u l t  

i n  t h e  h e i g h t  o f  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  r e p r e s e n t ­

i n g  t h e  F l a y e r  b e in g  i n c r e a s e d »  I n  a d d i t i o n  t o  t h e s e  g r o s s  

f e a t u r e s  t h e  p r o f i l e s  o f  f i g u r e  7«4«4. show t h e  movement o f  

t h e  s m a l l  u n d u l a t i o n s  r e s p o n s i b l e  f o r  t h e  cusp  s t r u c t u r e  o f  

t h e  v i r t u a l  h e i g h t  c u r v e s .  The e l e c t r o n  d e n s i t y  p r o f i l e s  o f  

f i g u r e  7 * 4 .6 .  which have b een  computed f rom  t h e  v i r t u a l  

h e i g h t  p r o f i l e s  c o n t a i n i n g  i n t e r m e d i a t e  t r a c e s  o f  v a r y i n g  

d e p t h ,  f i g u r e  7 * 4 . 5 . ,  i n c o r p o r a t e  t h e  same g r o s s  f e a t u r e s  a s  

t h o s e  d i s c u s s e d  e a r l i e r .  The s m a l l  u n d u l a t i o n s  a r e  a g a i n  

p r e s e n t  b u t  t h e  l i m i t e d  s c a l i n g  i n t e r v a l  o f  t h e  a n a l y s i s  

p r e v e n t s  any  c o m p a r iso n  o f  t h e i r  fo rm  w i t h  t h o s e  d i s c u s s e d  

above  and hence  t h e  f l u c t u a t i o n s  i n  e l e c t r o n  d e n s i t y  r e s p o n s ­

i b l e  f o r  t h e  chan g es  i n  t h e  w id th  and d e p th  o f  t h e  i n t e r ­

m e d ia te  t r a c e s  c an n o t  be r e c o g n i s e d .

The v i r t u a l  h e i g h t  c u rv e s  d i s c u s s e d  above have  b e en  

c o n c e rn e #  w i t h  t h e  v a r i a t i o n s  i n  sh a p e  o f  t h e  i n t e r m e d i a t e  

t r a c e  and i t  h a s  b e e n  shown t h a t  u s i n g  t h e  p r e s e n t  a n a l y s i s
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t h e s e  v a r i a t i o n s  have  l i t t l e  n o t i c e a b l e  e f f e c t  upon  t h e  f i n e  

s t r u c t u r e  o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e .  I n  o r d e r  t o  

i n v e s t i g a t e  t h e  v a r i a t i o n s  i n  t h e  N(h) d i s t r i b u t i o n  due t o  a 

g e n e r a l  i n c r e a s e  i n  t h e  g ro up  r e t a r d a t i o n  o f  t h e  i n t e r m e d i a t e  

t r a c e ,  t h e  models p r e s e n t e d  i n  f i g u r e  7 . 4 . 7 * have  b e e n  

r e d u c e d  t o  e l e c t r o n  d e n s i t y  p r o f i l e s .  I n  f i g u r e  7*4*7* t h e  

v i r t u a l  h e i g h t  o f  a g i v e n  i n t e r m e d i a t e  t r a c e  h a s  been  lo w e re d  

i n  s t e p s  o f  10 km and t h e  E r e g i o n  t r a c e  s u i t a b l y  a d j u s t e d  i n  

e a c h  c a s e .  The r e s u l t i n g  e l e c t r o n  d e n s i t y  p r o f i l e s  g i v e n  i n  

f i g u r e  7 * 4 .8 .  i n d i c a t e  t h e  p r o g r e s s i v e  g row th  o f  t h e  E l a y e r  

and an  a d d i t i o n a l  i n t e r m e d i a t e  l a y e r ,  A g a in  t h e  a p p a r e n t  

change  i n  t h e  h e i g h t  o f  t h e  F r e g i o n  r e s u l t s  f rom  h o l d i n g  t h e  

F l a y e r  v i r t u a l  h e i g h t s  c o n s t a n t  w h i l e  t h e  e l e c t r o n  d e n s i t i e s  

i n  t h e  E r e g i o n  were  i n c r e a s e d .

A s e r i e s  o f  a n a l y t i c  p r o f i l e s  i n c o r p o r a t i n g  t h e  v a r i o u s  

c u sp  movements d i s c u s s e d  s e p a r a t e l y  above have b e e n  d e v e lo p e d  

t o  r e p r e s e n t  o b s e r v e d  movements i n  t h e  i n t e r m e d i a t e  l a y e r  and 

a r e  p r e s e n t e d  i n  f i g u r e  7*4,9* The computed e l e c t r o n  

d e n s i t i e s  f o r  t h e s e  m odels  a r e  g i v e n  i n  f i g u r e  7 * 4 ,1 0 .  T h is  

f i g u r e  i l l u s t r a t e s  t h e  f o r m a t i o n  o f  an  i n t e r m e d i a t e  l a y e r  

which  d e c r e a s e s  i n  h e i g h t  and f i n a l l y  assum es  t h e  fo rm  o f  a 

s p o r a d i c  B l a y e r .  Such a deve lopm ent  h a s  b een  d e s c r i b e d  by  

MsNichol  and Gipps (1951)  and t h e  l a y e r ,  which  was a t t r i b u t e d  

t o  i o n i z a t i o n  moving down f rom  t h e  F r e g i o n  i n t o  t h e  E-F 

t r a n s i t i o n  r e g i o n ,  h a s  b e en  r e f e r r e d  t o  a s  t h e  ’S e q u e n t i a l  

E s ' .  F o l lo w in g  t h e  c o n c l u s i o n s  o f  Munro and H e i s l e r  (1956)  

t h a t  i n t e r a c t i o n  be tw een  t h e  F and th e  E r e g i o n s  i s  s l i g h t  

i t  i s  c o n s i d e r e d  t h a t  t h i s  t y p e  o f  i n t e r m e d i a t e  l a y e r  d e v e l ­

opment i s  due t o  l o c a l  r e d i s t r i b u t i o n  o f  i o n i z a t i o n .  The
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e x t e n t  o f  t h e  a p p a r e n t  change  i n  t h e  e l e c t r o n  d i s t r i b u t i o n  h a v in g  

b e e n  e x a g g e r a t e d  by  t h e  monotonie  fo rm  o f  t h e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n .  The a p p a r e n t  d e c r e a s e  i n  h e i g h t  o f  t h e  f o rm in g  

l a y e r  c a n  be a t t r i b u t e d ,  a t  l e a s t  i n  p a r t ,  t o  t h e  o m i s s i o n  o f  any 

r e - e n t r a n t  r e g i o n s  i n  t h e  d i s t r i b u t i o n .

I n  f i g u r e  a s e r i e s  o f  model e l e c t r o n  d e n s i t y  d i s ­

t r i b u t i o n s  a r e  p r e s e n t e d  i l l u s t r a t i n g  v a r i o u s  s im p le  fo rm s  f o r  

t h e  K-F t r a n s i t i o n  r e g i o n .  The p h a se  i n t e g r a l  a n a l y s i s ,  d i s ­

c u s s e d  i n  C h a p te r  3 ,  h a s  been  u se d  t o  compute t h e  v a r i a t i o n  o f  

t h e  v i r t u a l  h e i g h t  w i t h  f r e q u e n c y  f o r  e a c h  o f  t h e s e  models  and 

t h e  r e s u l t i n g  c usp  sh a p e s  a r e  i l l u s t r a t e d  i n  f i g u r e  7 ° ^ " 1 2 .  The 

e l e c t r o n  d e n s i t y  models numbered 122 t o  127 a r e  r e - e n t r a n t  

b e tw e e n  t h e  peak  o f  t h e  E l a y e r  and t h e  low er  P l a y e r  and th e  

c o r r e s p o n d i n g  h ^ ( f ) c u r v e s  o f  f i g u r e  7 ° 4 . 1 2 .  c o n t a i n  a  c l e a r l y  

d e f i n e d  c u sp .  I t  i s  n o t i c e a b l e  f rom  t h e s e  h ' ( f )  c u r v e s  t h a t  a s  

t h e  r e - e n t r a n t  p o r t i o n  o f  t h e  e l e c t r o n  d e n s i t y  model becomes l e s s  

marked so t h e  g roup  r e t a r d a t i o n  o f  f r e q u e n c i e s  c l o s e  t o  t h e  E 

l a y e r  p e n e t r a t i o n  f r e q u e n c y  ( 3 .4 7  MHz) i n c r e a s e .  C o n s i d e r i n g  t h e  

models  127 and 120 t h e  g roup  r e t a r d a t i o n  o f  a f r e q u e n c y  3*5 MHz 

J u s t  above  t h e  E l a y e r  p e n e t r a t i o n  f r e q u e n c y  i n c r e a s e s  f ro m  384 

t o  740 km a s  t h e  e l e c t r o n  d e n s i t y  i n  t h e  t r a n s i t i o n  r e g i o n  i n ­

c r e a s e s  by  $ X 10^ e l e c t r o n s / c m ^  and t h e  r e - e n t r a r +  p o r t i o n  o f  t h e  

p r o f i l e  f i n a l l y  d i s a p p e a r s .  Thus v e r y  s h a l l o w  r e - e n t r i e s  i n  t h e  

e l e c t r o n  d e n s i t y  p r o f i l e  p ro d u ce  a v e r y  marked e f f e c t  upon  t h e  

g ro up  r e t a r d a t i o n  o f  f r e q u e n c i e s  c l o s e  t o  t h e  p e n e t r a t i o n  f r e q u e n c y -  

The r e m a i n i n g  models 128 t o  134 r e p r e s e n t  m onoton ie  d i s t r i b u t i o n s  

and a g a i n  p ro d u ce  a r e d u c t i o n  i n  t h e  g roup  r e t a r d a t i o n  o f  

f r e q u e n c i e s  s l i g h t l y  i n  e x c e s s  o f  t h e  E l a y e r  c r i t i c a l .  However, 

t h i s  i s  accom panied  by i n c r e a s i n g  d i s t o r t i o n  and w id e n in g  o f  t h e  

cusp  r e g i o n  a s  t h e  two l a y e r s  become l e s s  w e l l  d e f i n e d .  Thus
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v e r y  s h a r p  c u sp s  accompanied  by  l a r g e  g roup  r e t a r d a t i o n s  w i l l  

r e s u l t  f rom  e l e c t r o n  d e n s i t y  p r o f i l e s  i n  which t h e  E-F 

t r a n s i t i o n  h a s  an a p p r o x i m a t e l y  c o n s t a n t  e l e c t r o n ;  d e n s i t y  o r  

fo rm s  a s h a l l o w  r e - e n t r y  i n t o  t h e  e l e c t r o n  d e n s i t y  p r o f i l e .  

P r o f i l e s  c o n t a i n i n g  a more e x t e n s i v e  minimum or a  s t e a d y  

i n c r e a s e  i n  e l e c t r o n  d e n s i t y  i n  t h e  E-F t r a n s i t i o n  w i l l  

p r o d u c e  s h a r p  c u sp s  accom panied  by  low er  g rou p  r e t a r d a t i o n s  

a t  a d j a c e n t  f r e q u e n c i e s  o r  h ig h  l y  d i s t o r t e d  c u s p s  which  may 

n o t  c o n t a i n  a c l e a r  d i s c o n t i n u i t y *

7*5* Gusp D ev e lo p m en t_f o l l o w i n g _ s u n r i s e

I n  t h e  p r e v i o u s  s e c t i o n  an  io n o g ram  r e d u c t i o n  method was 

u se d  t o  r e l a t e  model cusp  s t r u c t u r e s  t o  c h an g e s  i n  t h e

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n *  I t  i s  o f  i n t e r e s t  t o  c o n s i d e r
/

t h e  i n v e r s e  p rob lem  io e*  t o  c a l c u l a t e  t h e  h ( f )  c h a n g e s  i n  

t h e  v i c i n i t y  o f  f^E  p rod u ced  by  t y p i c a l  N(h) d i s t r i b u t i o n ^ .  

T h ree  s o u r c e s  o f  N(h) p r o f i l e s  a r e  c o n s i d e r e d  ( a )  t h e  model 

p r o f i l e s  d e s c r i b e d  by  B o u r n e , G e t t y  and Sm ith  ( 1 9 6 4 ) ,  ( b )  t h e  

d i s t r i b u t i o n s  deduced f ro m  ionogranis  t a k e n  a t  L e i c e s t e r  and 

( c )  t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  m easured  by T a y lo r  ( I 9 6 9 ) 

f ro m  Thomson S c a t t e r  o b s e r v a t i o n s ,

7 . 5 . 1 . T h e o r e t i c a l  P r o f i l e s

B o u r n e , G e t t y  and Sm ith  have  m o d i f i e d  t h e  t e c h n i q u e s  o f  

Chapman (1931)  by p o s t u l a t i n g  a v a r i a t i o n  i n  t h e  s c a l e  h e i g h t  

o f  t h e  i o n o s p h e r e  above 100 km t o  a c c o u n t  f o r  t h e  i n c r e a s e  i n  

t h e  g rou p  h e i g h t  o f  t h e  low er  F r e g i o n  b e f o r e  ground  s u n r i s e ,  

commonly r e f e r r e d  t o  a s  t h e  ‘ s u n r i s e  e f f e c t ' *  The s c a l e
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h e i g h t  was a l lo w e d  t o  i n c r e a s e  l i n e a r l y  a c c o r d i n g  t o  t h e  

f o r m u la

H = Ho + / 9 ( h  -  h j

p u b l i s h e d  by N i c o l e t  (l95l)> i n  which was 5 km 

a t  an  a l t i t u d e  h^ o f  lOQ km and ^  = 0 . 4 .  The p r o f i l e s  c a l ­

c u l a t e d  f ro m  t h i s  a n a l y s i s  f o r  v a r i o u s  p e r i o d s  a f t e r  t h e  ground 

s u n r i s e  a r e  shown i n  f i g u r e  7*5.1» By a d d in g  t h i s  a d d i t i o n a l  

i o n i z a t i o n  t o  an  assumed model o f  t h e  n o c t u r n a l  E r e g i o n  t h e  

d i s t r i b u t i o n s  a t  v a r i o u s  t im e s  were o b t a i n e d  f o r  up  t o  80 

m in u te s  a f t e r  s u n r i s e  and t h e s e  a r e  p r e s e n t e d  i n  f i g u r e  7 »5 »2 . 

The models  havg beer} e x te n d e d  t o  D r e g i o n  h e i g h t s  by  th e  

a d d i t i o n  o f  a p p r o p r i a t e  Sm ith  (19^6)  models  o f  t h i s  lower  

r e g i o n .  The v i r t u a l  h e i g h t  v a r i a t i o n s  w i t h  f r e q u e n c y  f o r  t h e s e  

p r o f i l e s  were computed and t h e  r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e  

7.5*5» I t  i s  e v i d e n t  t h a t  r e f l e c t i o n s  f ro m  t h e  E r e g i o n  w i l l  

n o t  be o b s e r v e d  above 1 .5  MHz u n t i l  a p p r o x i m a t e l y  kO m in u te s  

a f t e r  s u n r i s e  by which  t im e  t h e  o r i g i n a l  ex t re m e  s t r a t i f i c a ­

t i o n  o f  t h e  n o c t u r n a l  p r o f i l e  h a s  d i s a p p e a r e d  and t h e  d e v e l ­

o p in g  p r o f i l e  r e p r e s e n t s  a  s im p le  B l a y e r  w i t h  a s h a l l o w  

v a l l e y  above .  T h is  s h a l l o w  v a l l e y  g i v e s  r i s e  t o  v e r y  s h a r p  

d i s c o n t i n u i t i e s  i n  v i r t u a l  h e i g h t  a s  p r e d i c t e d  by t h e  

t h e o r e t i c a l  c o n s i d e r a t i o n s  o f  s e c t i o n  7*4.  F u r t h e r m o r e ,  t h e  

u n d u l a t i o n s  i n  t h e  d e r i v e d  v i r t u a l  h e i g h t  c u rv e  i n  r e g i o n s  

away f ro m  t h e  main c u sp  i l l u s t r a t e  t h a t  s m a l l  i r r e g u l a r i t i e s  

i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  a ro un d  t h e  r e f l e c t i o n  l e v e l ,  

wh ich  a r e  n o t  r e p r o d u c e a b l e  i n  t h e  d i a g r a m ,  g r e a t l y  i n f l u e n c e  

t h e  g rou p  r e t a r d a t i o n .
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7.  $ . 2 .  D i r e c t  o b s e r v a t i o n s  o f  V i r t u a l  g h t  a t  L e i g e ^ e r

Ionogram? have b e en  o b s e r v e d  c o n t i n u o u s l y  d u r i n g  th e  

e a r l y  morning h o u r s  o f  20  d ay s  b e tw ee n  F e b r u a r y  and Ju n e  19&9 

by t h e  e x p e r i m e n t a l  t e c h n i q u e  d e s c r i b e d  i n  C h a p te r  6 , From 

t h e s e  r e c o r d s  f o u r  t y p i c a l  d ay s  h ave  b e e n  s e l e c t e d  f o r  c l o s e  

e x a m in a t io n .  I n  f i g u r e  7 » 2 . 4 ( a )  and ( b )  t h e  o b s e r v e d  c usp  

f r e q u e n c i e s  f o r  two o f  t h e s e  d a y s ,  2 6 t h  F e b r u a r y  and 10t h  

A p r i l  h ave  b e e n  p r e s e n t e d .  I t  was c o n c lu d e d  above t h a t  t h e  

l i f e t i m e  o f  t h e  f i n e  s t r u c t u r e  was g r e a t e r  i n  w i n t e r  t h a n  i n  

summer and t h i s  p o i n t  i s  f u r t h e r  i l l u s t r a t e d  i n  f i g u r e  7 . $ . 6 . ,  

i n  which  t h e  ionogram  d a t a  f o r  a s h o r t  p e r i o d  f o l l o w i n g  th e  

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

ionogram  s e q u e n c e s  d e m o n s t r a t e  t h a t  t h e  fo rm  o f  t h e  f i n e  

s t r u c t u r e  u n d e rg o e s  r a p i d  ch an g e s  e s p e c i a l l y  i n  t h e  summer and 

e q u in o x  m onths .  The p a t t e r n  o f  t h e  f i n e  s t r u c t u r e  o b se rv e d  

on t h e  2 6 t h  F e b r u a r y  i s  f a i r l y  s t a b l e  t h r o u g h o u t  t h e  p e r i o d  of  

o b s e r v a t i o n  wherea?  t h a t  f o r  t h e  1 0 t h  A p r i l  i n d i c a t e s  t h a t  

w h i l e  t h e  c usp  f r e q u e n c y  i n c r e a s e s  i n  a  r e g u l a r  f a s h i o n  t h e  

shap e  o f  t h e  t r a c e  be tw een  c u sp s  may change  a p p r e c i a b l y  w i t h i n  

t h e  3 m in u te  p e r i o d  b e tw een  r e c o r d s .  F u r t h e r m o r e  t h e s e  

d i f f e r e n c e s  i n  t h e  c usp  p a t t e r n  a p p e a r ,  a t  t i m e s ,  t o  o c c u r  a s  

d i s c r e t e  c h a n g e s .  F o r  exam ple ,  on t h e  1 0 t h  A p r i l  a s i n g l e  

i n t e r m e d i a t e  t r a c e  d e v e lo p e d  be tw een  06l 8 h  and O63O h and t h e n  

s u d d e n l y  s u b d iv id e s  t o  fo rm  a f u r t h e r  c u sp  which  p e r s i s t  

u n t i l  0800 h .

The ionogrgms r e c o r d e d  on t h e  f o u r  days have  been  

r e d u c e d  t o  e l e c t r o n  d e n s i t y  p r o f i l e s  by  th e  a n a l y s i s  o u t l i n e d  

i n  C h a p te r  3 and t h e  q u a r t e r  h o u r l y  p r o f i l e s  a r e  r e p r o d u c e d  

i n  f i g u r e  7*5»3* As a c h e c k  upon t h i s  a n a l y s i s  t h e  v i r t u a l
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h e i g h t s  f o r  a r a n g e  o f  f r e q u e n c i e s  have  b e en  r e c a l c u l a t e d  f ro m  

t h e s e  p r o f i l e s  and ^he r e s u l t s  f o r  t h e  1 0 th  A p r i l  a r e  p r e s e n t e d  

i n  f i g u r e  7 . 5 . 7 . t o g e t h e r  w i t h  t h e  o b s e r v e d  h ^ ( f )  c u r v e s .  A 

good c o r r e l a t i o n  was o b t a i n e d  b e tw ee n  t h e  o b s e r v e d  and c a l ­

c u l a t e d  v a l u e s  and a l t h o u g h  t h e  f i n e  s t r u c t u r e  was n o t  r e ­

p ro d u ce d  i n  d e t a i l  i r r e g u l a r i t i e s  a r e  p r e s e n t  i n  t h e  v i r t u a l  

h e i g h t  d a t a  i n  t h e  v i c i n i t y  o f  t h e  c u s p s .  The f i g u r e  i n d i c a t e s  

t h a t  much o f  t h e  o b s e r v e d  f i n e  s t r u c t u r e  o c c u p i e s  a f r e q u e n c y  

r a n g e  l e s s  t h a n  t h e  s c a l i n g  s t e p  o f  O.05  MHz and t h i s  would 

n o t  be e f f e c t i v e  i n  m od i fy in g  t h e  d e r i v e d  e l e c t r o n  d e n s i t y  

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

i c a b l e  a s  i t  would g r e a t l y  i n c r e a s e  t h e  s i z e  o f  t h e  m a t r i c e s  

i n v o l v e d  i n  t h e « ^ i t h e r i d g e  r e d u c t i o n .  T h i s  a n a l y s i s  d o e s  how­

e v e r  g i v e  d i s t r i b u t i o n s  which r e p r e s e n t  t h e  v i r t u a l  h e i g h t  

d a t a  t o  an  a c c e p t a b l e  d e g re e  o f  a c c u r a c y .

7 . 5 . 3 . B l e c t r p n  d e n s i t i e s  o b s e r v e d, bv Thomson S c a t t e r

The e l e c t r o n  d e n s i t y  p r o f i l e s  m easured  by  t h e  Thomson 

s c a t t e r  t e c h n i q u e  a t  M alvern  ( T a y lo r  19&9) d u r i n g  t h e  e a r l y  

morning o f  t h e  1 1 th  A p r i l  19&9 and r e p r o d u c e d  i n  f i g u r e  7 . 5 . 4 .  

have  a low er  l i m i t  o f  95 km be low which  t h e  e x p e r i m e n t a l  

r e s u l t s  a r e  u n r e l i a b l e .  I t  was t h e r e f o r e  n e c e s s a r y  t o  e x t r a -  

p o l a t e  t h e s e  p r o f i l e s  t o  lower  h e i g h t s  i n  o r d e r  t o  o b t a i n  a 

c o m p le te  r e p r e s e n t a t i o n  o f  i o n o s p h e r i c  c o n d i t i o n s .  Two o f  t h e  

Thomson S c a t t e r  p r o f i l e s  were f i t t e d  t o  Sm ith  (1966)  D r e g i o n  

models  by t h e  f o u r  d i f f e r e n t  e x t r a p o l a t i o n s  i l l u s t r a t e d  i n  

f i g u r e  7 . 5 . 9 . and a l s o  t o  t h e  Deeks ( 1 9 6 6 ) s u n r i s e  model 

i n c l u d e d  i n  t h e  f i g u r e .  The two s e t s  o f  f i v e  p r o f i l e s  p r o d ­

u ced  were u s e d  i n  t h e  d e r i v a t i o n  o f  v i r t u a l  h e i g h t s  f o r  a 

number o f  f r e q u e n c i e s  and t h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  t a b l e
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(a)

(b)

Frequency
MHz

V ir tu a l  H eight 
km

0 1 2 3 4
1.5 224.88569 224.86167 224.82624 224.81805 224.80153

1 .6 381.53394 381.52253 381.48660 381.47510 381 .45576 '

1 .7 272.98932 272.97061 272.94241 272.93247 272.91484

1 .8 240.16102 240.14659 240.11987 240.11044 240.09359

1 .9 236.25232 236.23428 236.21322 236.20716 236.19059

2 .0 239.66212 239.64703 239.62820 239.62267 239.60870

2.1 243.00066 242.98841 242.96704 242.96096 242.94945

2 .2 244.71803 244.70806 214.68784 244.68188 244.66891

2 .3 245.71449 245.70461 245.68540 245.67930 245.66816

2 .4 247.16172 247.15168 247.13507 247.13029 247.12003

2 .5 251.75190 251.74237 251.72685 251.72229 251.71090

1 .5 115.11745 115.02150 114.98657. 114.94394 115.10098

1 .6 115.78908 115.69699 115.66247 115.61931 115.76649

1 .7 116.54074 116.46311 116.43208 116.39613 116.51702

1 .8 119.91632 119.84615 119.81846 119.78630 119.89620

1 .9 121.91770 121.85445 121.82537 121.78687 121.89283

2 .0 123.10932 123.04113 123.01650 122.98878 123.08997

2.1 132.26923 132.19940 132.17827 132.15025 132.24967

2 .2 136.90139 136.85638 136.83586 136.80886 136.88520

2 .3 199.32363 199.29221 199.26233 199.24380 199.30958

2 .4 342.62965 342.58337 342.56535 342.54850 342.61758

2 .5 293.91932 293.85133 293.83479 293.81888 293.90112

Table 7 .5 .1  V ir tu a l  H eight c a lc u la te d  from th e  p r o f i le s  o f  
f i g . 7 .5 .9 .  re p re se n tin g  v a r ia t io n s  upon th e  
Thomson S c a t te r  p r o f i le s  fo r

(a ) 0529h ,and  (b )  0632h 11 th  A p ril  1969.
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7.5*1 ♦ The f i r s t  p r o f i l e ,  o b s e rv e d  a t  0529 h ,  g i v e s  v i r t u a l  

h e i g h t  d a t a  r e p r e s e n t i n g  o n l y  F r e g i o n  r e f l e c t i o n s  and t h e  

a g re em e n t  o b t a i n e d  b e tw een  t h e  v a r i o u s  D r e g i o n  m odels  and 

e x t r a p o l a t i o n s  was b e t t e r  t h a n  100 m e t e r s  a t  a l l  f r e q u e n c i e s  

o b s e r v e d .  The second  p r o f i l e  r e c o r d e d  a t  O632 h d i s p l a y s  

B r e g i o n  r e f l e c t i o n s  up t o  2 . 3  Miz and t h e  v i r t u a l  h e i g h t s  

o b t a i n e d  f ro m  t j i e  d i f f e r e n t  models  a g r e e  t o  w i t h i n  200  m e t e r s .  

Thus i t  c an  be c o n c lu d ed  t h a t  t h e  e f f e c t  o f  t h e  shape  o f  t h e  

D r e g i o n  model and i t s  e x t r a p o l a t i o n  t o  t h e  E r e g i o n  h a s  v e r y  

l i t t l e  e f f e c t  upon t h e  c a l c u l a t e d  v i r t u a l  h e i g h t s ,  t h e  v a r i a ­

t i o n  b e in g  v e r y  much l e s s  t h a n  t h e  e r r o r s  i n v o l v e d  i n  t h e  

d i r e c t  o b s e r v a t i o n  o f  v i r t u a l  h e ig h t»  In  t h e  p r e s e n t  s t u d y  

t h e  Thomson S c a t t e r  p r o f i l e s  were l i n k e d  t o  Sm ith  (1 9 ^ 6 )  D 

r e g i o n  m odels  f o r  c o r r e s p o n d i n g  z e n i t h  a n g l e s  by sm o o th ly  

m a tch in g  t h e  g r a d i e n t s  a t  t h e  e x t r e m i t i e s  o f  t h e  two c u r v e s  

a s  i l l u s t r a t e d  by t h e  models marked ”0 ' i n  f i g u r e  7 °5 °9 «

The v i r t u a l  h e i g h t  was computed a s  a f u n c t i o n  o f  f r e q u e n c y  

by  means o f  t h e  Phase  I n t e g r a l  a n a l y s i s  ( C h a p te r  3 ) and t h e  

r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e  7 °5 * 8 .  The c a l c u l a t i o n s  were 

f i r s t  made a t  i n t e r v a l s  o f  0 , 0$ MHz b u t  a s  t h e  c o m p l e x i t y  o f  

t h e  d i s t r i b u t i o n s  became e v i d e n t  a d d i t i o n a l  p o i n t s  were  

computed t o  c l a r i f y  t h e  d e t a i l e d  cusp  s t r u c t u r e .  The r e s u l t ­

i n g  h / ( f )  c u r v e s  o f  f i g u r e  7 , 5 , 8 , d i s p l a y  e x t e n s i v e  f i n e  

s t r u c t u r e  c o n s i s t i n g  o f  s e v e r a l  major  c u sp  s t r u c t u r e s  o f t e n  

accom panied  by  o t h e r  s m a l l e r  i r r e g u l a r i t i e s  e i t h e r  i n  t h e  fo rm  

o f  c u s p s  o r  r e g i o n s  o f  i n c r e a s e d  g ro u p  r e t a r d a t i o n  w i t h o u t  t h e  

f o r m a t i o n  o f  a d i s c o n t i n u i t y .  The s h a r p  c u sp  p r e d i c t e d  a t  

1 . 6  MHz by t h e  0529 h p r o f i l e  shows a l a r g e  i n c r e a s e  i n  t h e  

g ro u p  r e t a r d a t i o n  o v e r  a c o m p a r a t i v e l y  s m a l l  f r e q u e n c y  r a n g e  

and c o r r e s p o n d s  on t h e  e l e c t r o n  d e n s i t y  p r o f i l e  o f  f i g u r e
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y . $ . 4 .  t o  a  r e g i o n  i n  which  t h e  e l e c t r o n  d e n s i t y  i s  a lm o s t  

c o n s t a n t  w i t h  h e i g h t .  T h is  o b s e r v a t i o n  i s  i n  a g re e m e n t  w i th  

t h q  t h e o r e t i c a l  o b s e r v a t i o n s  made i n  s e c t i o n  7 . 4 .  S i m i l a r l y  

t h e  i n c r e a s e  i n  g roup  r e t a r d a t i o n  o b s e r v e d  a ro u n d  2 . 5  MHz on 

t h e  h ^ ( f )  c u rv e  f o r  0545 h i s  a s s o c i a t e d  w i t h  a g r a d i e n t  

ch ange  i n  t h e  c o r r e s p o n d i n g  p r o f i l e  o f  f i g u r e  7 ° 5*^» and may 

be  compared w i t h  t h e  d i s t o r t e d  ' c u s p '  r e g i o n s  shown i n  

f i g u r e  7 ' 4 . 1 2 .  The s h a r p  l a y e r  i l l u s t r a t e d  on t h e  0545 h 

p r o f i l e  a t  150 km p ro d u c e s  t h e  r a p i d  i n c r e a s e  i n  g roup  

r e t a r d a t i o n  w i t h  v e r y  l i t t l e  c u r v a t u r e  on t h e  low f r e q u e n c y  

s i d e ,  a c h a r a c t e r i s t i c  o f  a s p o r a d i c  E l a y e r .  F u r t h e r m o r e ,  

s i n c e  t h i s  l a y e r  does  n o t  a p p e a r  on t h e  0540 h c u rv e  and h a s  

a l l  b u t  d i s a p p e a r e d  on t h e  0555 h p r o f i l e ,  i t  must be r e c o g ­

n i s e d  a s  a minor h i g h  s p o r a d i c  E l a y e r .  S e v e r a l  o t h e r  

' s p o r a d i c  E '  t y p e  c u sp s  have  b e en  o b s e r v e d  and t h e s e  a r e  c o n ­

s i d e r e d  t o  be due t o  t h e  p r e s e n c e  o f  h i g h l y  l o c a l i s e d  s h a r p  

p e ak s  i n  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  Such s t r u c t u r e s  

a r e  a  v e r y  marked f e a t u r e  o f  t h e  t r a n s i t i o n  r e g i o n  a s  meas­

u r e d  by  t h e  Thomson S c a t t e r  t e c h n iq u e *

7 . 6 . pofflBarisQH o f  t h e  v i r t u a l  h e i g h t  p r o f i l e s  f o r  t h e  p o s t  
su rp r i se  p e r i o d

The v a r i a t i o n  o f  v i r t u a l  h e i g h t  w i t h  f r e q u e n c y  c a l c u l a t e d  

f ro m  t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  computed a t  L e i c e s t e r  were 

f o u n d ,  i n  s e c t i o n  7 »5 »2 . ,  t o  a g r e e  v e r y  w e l l  w i t h  t h e  o b s e r v a ­

t i o n s .  T h i s  a g re em e n t  h a s  b e e n  i l l u s t r a t e d  i n  f i g u r e  7 . 5 . 7 . 

w hich  p r e s e n t s  t h e  d a t a  f o r  t h e  1 0 t h  A p r i l  1 9 69 . F u r t h e r  

c a l c u l a t i o n s  have  b e e n  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n s  i n  

which  t h e  t h e o r e t i c a l  p r o f i l e s  d e r i v e d  by B o u rn e ,  S e t t y  and
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S m i th  and t h e  Thomson S c a t t e r  p r o f i l e s  have  b e e n  u s e d  t o  

o b t a i n  t h e  v i r t u a l  h e i g h t  v a r i a t i o n .  These  r e s u l t s  have  b e en  

p r e s e n t e d  i n  f i g u r e s  7 * 5 '$ °  and 7 ° 5 ° 8 .  r e s p e c t i v e l y .  The 

B o u r n e ,  S e t t y  and S m i th  p r o f i l e s  have  b e e n  c o n s t r u c t e d  a t  

A r ra id a le  ( 3 0 . 5* S) t o  r e p r e s e n t  midsummer c o n d i t i o n s  i n  

t e m p e r a t e  l a t i t u d e s .  However t h e  Thomson S c a t t e r  and L e i c e s t e r  

p r o f i l e s  u se d  i n  t h i s  c o m p a r i s o n  d e s c r i b e  a p p r o x i m a t e l y  

e q u in o x  c o n d i t i o n s  i n  t e m p e r a t e  l a t i t u d e s .

The r e p r o d u c t i o n  o f  e x t e n s i v e  f i n e  s t r u c t u r e  on v i r t u a l  

h e i g h t  d a t a  computed f ro m  t h e  Thomson S c a t t e r  and  L e i c e s t e r  

p r o f i l e s  i s  i n  g e n e r a l  a g re e m e n t  w i t h  t h e  o b s e r v e d  c o n d i t i o n s  

i l l u s t r a t e d  i n  f i g u r e  7 ° 5 ° ^ .  However t h e  v i r t u a l  h e i g h t  

c u r v e s ,  d e r i v e d  f rom  t h e  B o u rn e ,  S e t t y  and S m i th  m ode ls  and 

p r e s e n t e d  i n  f i g u r e  7 ° 5 °5 , d i s p l a y  a s i n g l e  w e l l  d e f i n e d  cu sp  

a c c o m p a n ie d  by s m a l l  u n d u l a t i o n s .  T h i s  d i s a g r e e m e n t  w i t h  t h e  

o b s e r v e d  v i r t u a l  h e i g h t  v a r i a t i o n  w i l l  be d i s c u s s e d  f u r t h e r  i n  

t h e  n e x t  s e c t i o n .

I t  i s  n o t i c e a b l e  t h a t  a l t h o u g h  t h e  v i r t u a l  h e i g h t s  c a l ­

c u l a t e d  f r o m  t h e  Thomson S c a t t e r  p r o f i l e s  g i v e  s i m i l a r  f i n e  

s t r u c t u r e  p a t t e r n s  t o  t h o s e  o b s e r v e d  on  io n o g ra ra s ,  t h e  f i n e  

d e t a i l  i s  o f t e n  more marked t h a n  on t h e  io n o g r a m s .  T h i s  may 

be due t o  s m a l l  e r r o r s  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  io n og ram  

t r a c e s .  D u r in g  t h e  s c a l i n g  o f  io n o g ram s  t h e  a p p e a r a n c e  o f  

’o f f  v e r t i c a l ’ r e f l e c t i o n s ,  b r o a d c a s t  i n t e r f e r e n c e  b a n d s  and 

s i g n a l  f a d i n g  o f t e n  r e n d e r  t h e  r e c o r d s  d i f f i c u l t  o r  e v en  

i m p o s s i b l e  t o  r e a d  a c c u r a t e l y .  Thus some f i n e  d e t a i l  may have  

b e e n  o m i t t e d  f ro m  t h e  io n o g ra m  t r a c i n g s  as  a r e s u l t  o f  m i s ­

i n t e r p r e t i n g  t h e s e  f e a t u r e s  a s  b e i n g  due t o  one o f  t h e  t h r e e  

i n t e r f e r i n g  f a c t o r s  l i s t e d  a b o v e .  T h i s  o b s e r v a t i o n  i s  f u r t h e r
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i l l u s t r a t e d  by  t h e  c o m p a r i s o n  o f  t h e  s t r u c t u r e  o f  t h e  lo w er  F 

l a y e r  t r a c e  i n  f i g u r e s  7®5°7* and 7 ° 5 ° 8 .  The e x t r e m e  com­

p l e x i t y  o f t e n  o b s e r v e d  i n  t h i s  p a r t  o f  t h e  ion o g ram s  h a s  b e e n  

a p p r o x i m a t e d ,  i n  f i g u r e  7 °5 °7 ; by a s i n g l e  t r a c e  o f  f a i r l y  low 

n e g a t i v e  g r a d i e n t .  However,  t h e  r e s u l t s  r e p r e s e n t e d  i n  f i g u r e  

7 . 5 . 8 . som etim es  d i s p l a y  s m a l l  c u s p s  o r  u n d u l a t i o n s  i n  t h i s  

r e g i o n .  I t  i s  n o t i c e a b l e ,  e s p e c i a l l y  i n  t h e  f i r s t  c u r v e  i n  

e a c h  f i g u r e ,  t h a t  i f  t h i s  F l a y e r  f i n e  s t r u c t u r e  were  n e g ­

l e c t e d  t h e  r e s u l t i n g  t r a c e  would have  a g r a d i e n t  v e r y  s i m i l a r  

t o  t h a t  o b s e r v e d  on t h e  io n o g ram .

In  a d d i t i o n  t o  t h e  f i n e  s t r u c t u r e  d i s c u s s e d  a b o v e ,  t h e  

F r e g i o n  v i r t u a l  h e i g h t s  r e p r e s e n t e d  i n  f i g u r e  7 '5 °8 =  d i s p l a y  

a f a r  more d i s t u r b e d  v a r i a t i o n  w i t h  f r e q u e n c y  t h a n  i s  o b ­

s e r v e d  on i o n o g r a m s .  T hese  u n d u l a t i o n s  i n  t h e  c u rv e  a r e  co n ­

s i d e r e d  t o  be t h e  r e s u l t  o f  d e c r e a s e d  d e f i n i t i o n  above  160 km 

on t h e  Thomson S c a t t e r  p r o f i l e s  s i n c e  t h e  d a t a  p o i n t s  were  

s p a c e d  a t  3 km be low  t h i s  h e i g h t  and a t  6 km a b o v e .  The 

i n c r e a s e d  s p a c i n g  i n  c o n j u n c t i o n  w i t h  t h e  l o g a r i t h m i c  i n t e r ­

p o l a t i o n  p r o c e d u r e  c o u ld  l e a d  t o  s m a l l  b u l g e s  i n  t h e  p r o f i l e  

b e tw e e n  d a t a  p o i n t s  and hence  u n d u l a t i o n s  i n  t h e  computed 

v i r t u a l  h e i g h t  v a r i a t i o n .

The e l e c t r o n  d e n s i t y  p r o f i l e  o b s e r v e d  a t  M alvern  a t  

0606 G.M.T. 11t h  A p r i l  19&9 h a s  b e e n  u s e d  t o  compute  t h e  

v i r t u a l  h e i g h t  v a r i a t i o n  w i t h  f r e q u e n c y  w hich  i s  p r e s e n t e d  

t o g e t h e r  w i t h  t h e  io n o g ra m  o b s e r v e d  i n  L e i c e s t e r  a t  0600 h 

on t h e  same da y  i n  f i g u r e  7 , 6 , 1 . T h i s  t im e  d i f f e r e n c e  i s  

c o n s i d e r e d  t o  be r e s p o n s i b l e  f o r  th e  d i s p l a c e m e n t  b e tw e e n  t h e  

c u r v e s  on t h e  f r e q u e n c y  s c a l e .  R e f e r e n c e  t o  f i g u r e  7 . 2 . 3 . ( b)  

i n d i c a t e s  t h a t  a t  t h i s  t im e  o f  y e a r  t h e  t im e  d i f f e r e n c e  would 

r e s u l t  i n  a f r e q u e n c y  movement o f  t h e  c u s p s  o f  a p p r o x i m a t e l y
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100 kHz. The movement o b s e r v e d  in, t h e  h i g h e s t  cusp  i n  f i g u r e

7 , 6 . 1 . was 1 00 kHz w h i l e  t h a t  o f  t h e  o t h e r  two c u s p s  h a s  b e e n  

e x a g g e r a t e d  by  m o d i f i c a t i o n  o f  t h e  c usp  s h a p e .  T h i s  m o d i f i c a ­

t i o n  r e s u l t s  f rom  c h an ges  i n  t h e  e l e c t r o n  d i s t r i b u t i o n  due 

e i t h e r  t o  t h e  t im e  d i f f e r e n c e  o r  t o  t h e  d i f f e r e n t  o b s e r v i n g  

l o c a t i o n .  F o l lo w in g  t h e  d i s c u s s i o n  o f  s e c t i o n  7*5*2.  chan ges  

o f  t h i s  k i n d  c o u ld  t a k e  p l a c e  i n  t h i s  p e r i o d  o f  t i m e .  The 

d i f f e r e n c e  i n  l o c a t i o n ,  87 km, may a l s o  l e a d  t o  su c h  c h an ges  

s i n c e  s m a l l  m o d i f i c a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  can  

g i v e  r i s e  t o  a p p r e c i a b l e  d i s t o r t i o n  o f  t h e  v i r t u a l  h e i g h t  

c u r v e .  A l th o ug h  t h e  minor s t r u c t u r e  h a s  changed b e tw ee n  t h e  

two c u r v e s  i n  f i g u r e  7 *6.1 . t h e  main f e a t u r e s ,  two i n t e r m e d i a t e  

t r a c e s ,  a r e  r e p r o d u c e d  on b o t h .  Thus i t  can  be c o n c lu d e d  t h a t  

n o t  o n l y  a r e  t h e  g r o s s  f e a t u r e s  p r o d u c in g  ionogram  s t r u c t u r e  

m a i n t a i n e d  o ve r  t h e  p e r i o d  o f  s i x  m in u te s  b u t  a r e  a l s o  

f e a t u r e s  o f  t h e  i o n o s p h e r e  over  a d i s t a n c e  o f  a t  l e a s t  87 km.

I t  h a s  b een  fo u n d  t h a t  t h e  Thomson S c a t t e r  p r o f i l e s  g i v e  

v i r t u a l  h e i g h t  v a r i a t i o n s  which a g r e e  w e l l  w i t h  t h o s e  

o b s e r v e d  d i r e c t l y  a t  L e i c e s t e r ,  F u r t h e r m o r e ,  i t  i s  co n c lu d ed  

t h a t  t h e  d i f f e r e n c e  i n  f i n e  d e t a i l  r e s u l t s  f rom  t h e  l i m i t e d  

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

assume t h a t  s i n c e  t h e  computed v i r t u a l  h e i g h t s  a r e  o b t a i n e d  

f rom  a s i n g l e  w e l l  d e f i n e d  e l e c t r o n  d e n s i t y  p r o f i l e  t h e y  

s h o u ld  show more f i n e  d e t a i l  t h a n  t h e  d i r e c t  o b s e r v a t i o n s  

which  a r e  n e c e s s a r i l y  t h e  r e s u l t  o f  i l l u m i n a t i n g  a c o n s i d e r ­

a b l e  r e g i o n  o f  t h e  i o n o s p h e r e  and r e c o r d i n g  t h e  a c c u m u l a t i v e  

s i g n a l s  f rom  many r e f l e c t i o n  p a t h s .  The t h e o r e t i c a l  p r o f i l e s  

c o n s t r u c t e d  by B ourne ,  S e t t y  and Sm ith  do n o t  p r e d i c t  v i r t u a l  

h e i g h t  v a r i a t i o n s  i n  ag re em e n t  w i t h  t h o s e  o b s e r v e d .  T h is  may
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be a  d i r e c t  r e s u l t  o f  t h e  c h o ic e  o f  t h e  r e s i d u a l  p r e s u n r i s e  

e l e c t r o n  d i s t r i b u t i o n .  T h is  p o i n t  w i l l  be d i s c u s s e d  i n  t h e  

n e x t  s e c t i o n .

7 . 7 . Com par ison  o f  t h e  t r u e ,  h e i g h t  p r o f i l e s  f o r  t h e  p o s t  
s u n r i s e  p e r i o d

The t r u e  h e i g h t  p r o f i l e s  which  have  b een  employed i n  t h e  

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

s e c t i o n  w i l l  now be compared .  The t h r e e  s e t s  o f  p r o f i l e s  

o b t a i n e d  t h e o r e t i c a l l y  by B ourne ,  S e t t y  and Sm ith  and e x p e r i ­

m e n t a l l y  a t  L e i c e s t e r  and a t  M alvern  have been  p r e s e n t e d  i n  

f i g u r e s  7 »5 *2 , 7*5*3 and 7*5*4. r e s p e c t i v e l y .

C o n s i d e r i n g  f i r s t  t h e  Thomson s c a t t e r  p r o f i l e s  f o r  11t h  

A p r i l  1 9 6 9 , f i g u r e  7*5*4,  and t h o s e  d e r i v e d  f rom  ionogram s 

o b s e r v e d  a t  L e i c e s t e r  f o r  t h e  10t h  A p r i l  19&9, f i g u r e  7*5*3? 

two marked d i f f e r e n c e s  have  been  n o t e d .  F i r s t l y  t h e  L e i c e s t e r  

p r o f i l e s ,  b e in g  m o n o to n ie ,  d i s p l a y  l i t t l e  o f  t h e  f i n e  l a y e r  

s t r u c t u r e  w hich  i s  su ch  a n o t i c e a b l e  f e a t u r e  o f  t h e  Thomson 

S c a t t e r  p r o f i l e s .  S e c o n d ly  a c o n s i d e r a b l e  d i s c r e p a n c y  e x i s t s  

b e tw ee n  c o r r e s p o n d i n g  p r o f i l e s  i n  t h e  h e i g h t  r a n g e  IOO-13O 

kms. F i g u r e  7*7*1 r e p r e s e n t s  t h e  change  i n  t h e  r e f l e c t i o n  

h e i g h t s  o f  v a r i o u s  f r e q u e n c i e s  w i t h  t im e  a s  i n d i c a t e d  by  t h e  

two s e t s  o f  p r o f i l e s .  The r e f l e c t i o n  h e i g h t  o f  2 . 5  MHz 

r e m a in s  c o m p a r a t i v e l y  h i g h  d u r in g  t h e  p e r i o d  r e p r e s e n t e d  by 

t h e  f i g u r e  and t h e  p r e d i c t i o n s  o f  t h e  two p r o f i l e  s e t s  a g r e e  

f a i r l y  w e l l .  However, t h e  c u rv e s  f o r  1 . 6  and 2 . 0  MHz show a 

d i f f e r e n c e  i n  t h e i r  h e i g h t s  o f  r e f l e c t i o n  o f  a b o u t  20  km.

T h is  p o i n t  has  b e en  f u r t h e r  i l l u s t r a t e d  i n  f i g u r e  7 . 7 . 2 . i n  

w h ich  t h e  Thomson S c a t t e r  p r o f i l e  f o r  O606 n t h  A p r i l  1969
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(a) Thomson Scatter profile, frequency
(b) Leicester profile 2.$MHz
(c) Leicester profile 2.0MHz
(d) Thomson Scatter profile 2.0MHz
(e) Leicester profile 1.6MHz
(f) Thomson Scatter profile 1.6MHz
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and t h e  p r o f i l e  computed a t  l a l c e s t e r  f o r  0600 on t h i s  day

have  b e e n  p r e s e n t e d .  The d i s c r e p a n c y  i s  c l e a r l y  marked and
^  3

i s  21 km f o r  an  e l e c t r o n  d e n s i t y  o f  3 ,2  % 10 e l e c t r o n s / c m  . 

C o n s i d e r a t i o n  o f  t h e  Thomson S c a t t e r  p r o f i l e s  o f  f i g u r e  

shows t h a t  t h e  a lm o s t  c o n s t a n t  i o n i z a t i o n  g row th  r a t e  b e tw een  

100 and 170 km c o u ld  r e s u l t  i n  c o n s i d e r a b l e  i o n i z a t i o n  e x i s t ­

in g  be low  t h e  r e f l e c t i o n  h e i g h t  o f  1 , 6  MHz, t h e  l o w e s t  

f r e q u e n c y  r e c o r d e d  on t h e  l e i c e s t e r  io n o g ra m s .  T h i s  f r e q u e n c y  

c o r r e s p o n d s  t o  a p lasma f r e q u e n c y  o f  3 x 10 e l e c t r o n s / c m ^ .

The n e g l e c t  o f  such  i o n i z a t i o n  i n  t h e  c o m p u t a t i o n  o f  t h e  

e l e c t r o n  d e n s i t y  p r o f i l e  by t h e  T i t h e r i d g e  a n a l y s i s  ( C h a p te r  

3 ) would l e a d  t o  a p p r e c i a b l e  e r r o r s  i n  t h e  low d e n s i t y  s e c t i o n  

o f  t h e  p r o f i l e ,  However f i g u r e  7 ' 7 - 2 .  a l s o  i l l u s t r a t e s  t h e  

ag re em e n t  be tw een  t h e  p r o f i l e s  above 130 km. T h i s  s u g g e s t s  

t h a t  a l t h o u g h  t h e  n e g l e c t  o f  i o n i z a t i o n  l e s s  t h a n  3 x 1 0 * 

e l e c t r o n s / c . c  g i v e s  r i s e  t o  a p p r e c i a b l e  e r r o r s  be low  t h e  B 

l a y e r  p e a k ,  t h e  m onotonie  p r o f i l e  may n o t  be e x c e s s i v e l y  i n  

e r r o r  above 13O km,

The u n i f o r m  d eve lopm en t  o f  t h e  t r a n s i t i o n  r e g i o n ,  110-170  

km, p r e d i c t e d  by th e  Thomson S c a t t e r  p r o f i l e s  and s u p p o r t e d  t o  

some e x t e n t  by  t h e  computed L e i c e s t e r  p r o f i l e s  i s  i n  c o n t r a s t  

t o  t h a t  p r e d i c t e d  by t h e  Chapman t h e o r y  as  p r e s e n t e d  by Bourne ,  

S e t t y  and Sm i th ,  f i g u r e  7 »5*2. Two major  d i f f e r e n c e s  i n  t h e  

g ro w th  p a t t e r n  a r e  n o t i c e a b l e  f rom  a c o m p a r i s o n  o f  t h e  p r o f i l e s  

o f  f i g u r e  7*5*2 and 7*5#^* The t h e o r e t i c a l  models show an 

i n i t i a l  g row th  i n  i o n i z a t i o n  d e n s i t y  b e tw een  150 and 220  km 

which  i s  l a t e r  o v e r t a k e n  by t h e  g row th  a t  B r e g i o n  h e i g h t s ,  

100 -120  km, The n i g h t  t im e  model u se d  by B ourne ,  S e t t y  and 

Sm i th  ( f i g u r e  7*5*2*) h a s  been  r e p l a c e d  by t h e  Thomson S c a t t e r  

p r o f i l e  r e c o r d e d  a t  0519 1 1 th  A p r i l  1969 (7 m in u te s  b e f o r e
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ground  s u n r i s e )  i n  t h e  c o n s t r u c t i o n  o f  t h e  p r o f i l e s  i n  f i g u r e  

7 . 7 . 3 . f rom  t h e  p r o d u c t i o n  c u r v e s  p r e s e n t e d  i n  f i g u r e  7 *5 *1 •

A c o m p a r i s o n  b e tw ee n  t h e  p r o f i l e s  o f  f i g u r e s  7*7*3 7 ,5 * 4

i l l u s t r a t e s  t h e  i n a d e q u a c y  o f  t h e  t h e o r e t i c a l  a n a l y s i s .  The 

i n i t i a l  i n c r e a s e  i n  e l e c t r o n  d e n s i t y  above 150 km r e s u l t s  i n  

t h e  p e r s i s t e n c e  o f  t h e  marked v a l l e y  b e tw een  1 03 and 140 km 

f o r  a p p r o x i m a t e l y  40 m in u te s  i n  c o n t r a s t  t o  t h e  g row th  p r e ­

d i c t e d  by  t h e  Thomson S c a t t e r  o b s e r v a t i o n s  i n  which  t h i s  v a l l e y  

h as  a lm o s t  d i s a p p e a r e d  w i t h i n  10 m i n u t e s .  F u r t h e r m o r e  t h e  

p r o f i l e s  o f  f i g u r e  7 *7*3 i n d i c a t e  t h e  f o r m a t i o n  o f  a r e ­

e n t r a n t  r e g i o n  above 150 km a t  a p p r o x i m a t e l y  40 m in u te s  a f t e r  

s u n r i s e .  However pone o f  t h e  Thomson S c a t t e r  p r o f i l e s  con ­

s i d e r e d  show an e x t e n s i y e  r e - e n t r a n t  r e g i o n .

I n  t h e  p r e v i o u s  s e c t i o n  t h e  c h o i c e  o f  a n i g h t  t im e  

e l e c t r o n  d e n s i t y  model on which t o  b a s e  t h e  B o u rn e ,  S e t t y  and 

Sm ith  p r o f i l e s  was m en t ioned  as  a p o s s i b l e  s o u r c e  o f  e r r o r  i n  

p r o d u c in g  r e p r e s e n t a t i v e  p r o f i l e s .  The r e s u l t s  d i s c u s s e d  

above have shown t h a t ,  i f  an  o b s e r v e d  e l e c t r o n  d e n s i t y  d i s ­

t r i b u t i o n  i s  employed a s  t h e  b a s i s  f o r  t h i s  t h e o r e t i c a l  

a p p r o a c h ,  t h e  d e r i v e d  p r o f i l e s  d e v i a t e  g r e a t l y  f rom  t h o s e  

o b s e r v e d  by  e x p e r i m e n t .
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C h a p te r  8

The v a r i a t i o n  o f  A b s o r p t i o n  and V l r t u a U e l . g b t  o f  a f i x e d

f r e q u e n c y  f o l l o w i n g  s u n r i s e

8.1 . I n t r o d u c t i o n

I n  t h e  p r e v i o u s  c h a p t e r  t h e  v a r i a t i o n  o f  t h e  v i r t u a l  

h e i g h t  w i t h  sou n d ing  f r e q u e n c y  has  b e e n  d i s c u s s e d .  A t t e n t i o n  

i s  now g i v e n  t o  t h e  v a r i a t i o n  o f  t h e  v i r t u a l  h e i g h t  o f  

r e f l e c t i o n  and a b s o r p t i o n  o f  a f i x e d  f r e q u e n c y  w i t h  t i m e  

d u r i n g  t h e  e a r l y  morning g row th  o f  t h e  i o n o s p h e r e .  The ob­

s e r v a t i o n  o f  t h e s e  p a r a m e t e r s ,  made on 2 . 0$ MHz and l a t e r  on 

2 .2 6 6  MHz a s  d e s c r i b e d  i n  C h a p te r  6 , w i l l  be c o n s i d e r e d  i n  

d e t a i l  and compared w i t h  t h e  computed v a r i a t i o n s  o b t a i n e d  

f ro m  t h e  B ourne ,  S e t t y  and Sm ith  ( 1964)  t h e o r e t i c a l  m o de ls ,  

t h e  m onotonie  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s  d e r i v e d  f ro m  t h e  

L e i c e s t e r  ionogram^ and t h e  Thomson S c a t t e r  p r o f i l e s  measured  

a t  M alvern .  V a r io u s  models o f  t h e  lo w er  i o n o s p h e r e ,  which 

i n c l u d e  t h e  D-E t r a n s i t i o n  r e g i o n ,  have  a g a i n  b e e n  u s e d  t o  

e x te n d  t h e  v a r i o u s  d i s t r i b u t i o n s ,  and t h e  c o m p o s i t e  models  a r e  

employed i n  c o n j u n c t i o n  w i t h  t h e  Phase  I n t e g r a l  programme t o  

compute t h e  a b s o r p t i o n  and v i r t u a l  h e i g h t  f o r  t h e  f r e q u e n c i e s  

employed i n  t h e  e x p e r i m e n t a l  work. Thus an  e s t i m a t e  i s  made 

o f  t h e  p a r t  p l a y e d  by t h e  low l y i n g  i o n i z a t i o n  i n  d e t e r m i n i n g  

t h e  a b s o r p t i o n  and v i r t u a l  h e i g h t  o f  f r e q u e n c i e s  r e f l e c t e d  by  

t h e  E l a y e r  and t h e  E-F t r a n s i t i o n  r e g i o n .  I p  a d d i t i o n ,  t h e  

v a r i a t i o n  o f  t h e  a b s o r p t i o n  w i t h  f r e q u e n c y  h a s  a l s o  b e en  

computed f rom  t h e  t h r e e  s e t s  o f  p r o f i l e s  and t h e s e  r e s u l t s
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a r e  a l s o  i n c l u d e d  i n  t h i s  c h a p t e r .  S p e c i a l  r e f e r e n c e  w i l l  be 

made t o  t h e  o b s e r v a t i o n s  f o r  t h e  11 t h  A p r i l  19&9 s i n c e  t h i s  i s  

one o f  t h e  few days  on which  d a t a  f rom  b o th  L e i c e s t e r  and 

M alvern  was a v a i l a b l e .

8 . 2 .  S im u l ta n e o u s  obse rv a t ion s__ o f .  a b s o r p t i o n -  and , v i r t u a l  
h e i g h t  a  f i x e d ^ f r e a u e nçy

The v a r i a t i o n s  o f  b o t h  a b s o r p t i o n  and v i r t u a l  h e i g h t  d u r i n g  

t h e  h o u r s  f o l l o w i n g  t h e  ground s u n r i s e  were r e c o r d e d  on k2  days 

be tw een  F e b r u a r y  and Ju n e  19^9. Four  t y p i c a l  r e c o r d s  a r e  

p r e s e n t e d  i n  f i g u r e  8 . 2 . 1 .  and t h e  r e c o r d  f o r  t h e  1 1 th  A p r i l  

1969 i n  f i g u r e  8 . 2 . 2 .  I n  s t u d y i n g  t h e s e  o b s e r v a t i o n s  i t  i s  

c o n v e n i e n t  t o  c o n s i d e r  t h e  a m p l i tu d e  and v i r t u a l  h e i g h t  

r e s u l t s  s e p a r a t e l y ,

8 . 2 . 1 .  V a r i a t i o n  p f  v i r t u a l  h e i g h t  w i t h  t im e

F i g u r e  8 . 2 . 1 , i l l u s t r a t e s  f o u r  t y p i c a l  v a r i a t i o n s  o f  

v i r t u a l  h e i g h t  w i t h  t i m e .  In  e ach  c a s e  t h e  movement o f  t h e  

r e f l e c t i o n  h e i g h t  o f  t h e  f i x e d  f r e q u e n c y  f rom  t h e  F t o  t h e  E 

r e g i o n  i s  t y p i f i e d  by f i n e  s t r u c t u r e  on th e  r e c o r d ,  s i m i l a r  i n  

fo rm  t o  t h a t  a l r e a d y  d e s c r i b e d  f o r  t h e  io n og ram  o b s e r v a t i o n s .  

T h i s  f i n e  s t r u c t u r e  i s  p a r t i c u l a r l y  n o t i c e a b l e  i n  f i g u r e  

8 . 2 . 1 (d )  i n  whicli t h e  v i r t u a l  h e i g h t  i n c r e a s e s  t o  a d i s ­

c o n t i n u i t y  a t  0440 G .M .T , , t h u s  p r o d u c i n g  a cusp  l i k e  s t r u c t u r e .  

T h is  i s  f o l l o w e d  c l o s e l y ,  a s  t im e  p r o g r e s s e s ,  by  s e v e r a l  

s m a l l e r  f e a t u r e s  p r e c e d i n g  t h e  a p p e a r a n c e  o f  t h e  r e g u l a r  E 

r e g i o n  r e f l e c t i o n .  F i g u r e  8 . 2 . 1 (b )  c l e a r l y  shows t h e  

c h a r a c t e r i s t i c  c u t  o f f  o f  t h e  h i g h e r  r e f l e c t i o n  by  a d e v e l o p ­

in g  s p o r a d i c  E l a y e r .  The two r e m a in in g  s e c t i o n s  o f  t h e
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and absorption of 2.05MHz on 5th February 1969



Vlrtuol
Noight
km

3 0 0

lôo

30

20

0 9 0 00 8 0 00 7 0 0

Time (GMT)

FIG, 8.2.1(b) Experimental observations of virtual height
and absorption of 2.05MHz on 19th March 1969



900

4

Km

900

too

90

éê

lO "

0600 0700 0600

Tmc Cg m .t )

FIG* #*2,1(c) Experimental observations of virtual height
and absorption of 2.05MHz on 1st April 1969



soo-

aoo •

lOO

20

lO

0 4 0 0 0 5 0 0 0 6 0 0

Tim# (&M.T)

FIG. 8.2.1(d) Experimental observations of virtual height
and absorption of 2 .266MHz on l6th June 19^9
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f i g u r e  i l l u s t r a t e  a d i s t i n c t  i n t e r m e d i a t e  t r a c e  s i m i l a r  t o  

t h o s e  s e e n  on t h e  iono g ram s  o f  f i g u r e  7 . 2 . 1 .  The i n t e r m e d i a t e  

t r a c e  r e p r e s e n t e d  i n  f i g u r e  8 . 2 . 1 ( a )  e x h i b i t s  no a p p r e c i a b l e  

i n c r e a s e  i n  t h e  g roup  r e t a r d a t i o n  p r i o r  t o  t h e  movement o f  th e  

r e f l e c t i n g  h e i g h t  t o  t h e  E l a y e r .  T h i s  s u g g e s t s  a f i l l i n g  i n  

o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  r a t h e r  t h a n  a f a l l  i n  t h e  

r e f l e c t i o n  l e v e l  t o  a n o t h e r  maximum i n  t h e  N(h)  p r o f i l e .

The s o l a r  z e n i t h  a n g l e  (%) was d e te r m in e d  f o r  t h o s e  t im e s  

a t  w h ich  t h e  change i n  r e f l e c t i o n  l e v e l  f rom  th e  F l a y e r  t o  a 

low er  r e g i o n  was c l e a r l y  marked.  An a p p r e c i a b l e  day  t o  day 

v a r i a t i o n  o f  t h e s e  ^  v a l u e s  i s  e v i d e n t  f rom  f i g u r e  8 .2 .3 *

For  c o m p a r i s o n ,  t h e  Z u r i c h  s u n s p o t  number and t h e  h o r i z o n t a l  

component o f  t h e  e a r t h ' s  m agne t ic  f i e l d  a r e  a l s o  i n c l u d e d  i n  

t h e  f i g u r e  a l t h o u g h  no marked c o r r e l a t i o n  i s  e v i d e n t  b e tw een

t h e s e  p a r a m e t e r s  and t h e  'c h a n g e  o v e r '  z e n i t h  a n g le  v a l u e s ,
/

The v a r i a t i o n  i n  t h i s  ' c h a n g e  o v e r '  t im e  c o u ld  be 

a t t r i b u t e d  t o  t h r e e  f a c t o r s ;  f l u c t u a t i o n s  o f  t h e  g ro w th  r a t e  

o f  t h e  t r a n s i t i o n  r e g i o n ,  r e d i s t r i b u t i o n  o f  t h e  i o n i z a t i o n  by 

d r i f t s  or  t h e  v a r i a b l e  e x t e n t  o f  t h e  n o c t u r n a l  i o n i z a t i o n  i n  

t h i s  r e g i o n .  The m ajor  s o u r c e s  o f  i o n i z a t i o n  a t  t h e s e  h e i g h t s  

d u r i n g  d a y l i g h t  h o u r s  a r e  known t o  be s o l a r  X r a d i a t i o n  i n  

th e  w a v e le n g th  band 1 0 -200  1 and E.U.V. 800-1100 I f  

ch an g e s  i n  t h e s e  r a d i a t i o n s  were t o  p ro d u c e  t h i s  phenomenon 

some c o r r e l a t i o n  w i t h  s u n s p o t  number would be  e x p e c t e d .  No 

c o r r e l a t i o n  can  be d e t e c t e d .  I n  c o n f i r m a t i o n  o f  t h i s  

o b s e r v a t i o n  i t  i s  w e l l  known t h a t  E .U,V, r a d i a t i o n s  a r e  v e r y  

s t a b l e  e ven  d u r i n g  f l a r e s  and t h a t  t h e  changes  i n  t h e  10-100  Â 

X r a y  s p e c t r u m  a r e  v e r y  much l e s s  t h a n  t h o s e  o b s e r v e d  i n  t h e  

1 -1 0  Â r a n g e  r e s u l t i n g  i n  t h e  g r e a t  s t a b i l i t y  o f  t h e  Ë l a y e r
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w i t h  r e s p e c t  t o  s o l a r  a c t i v i t y ,  even  d u r i n g  f l a r e  c o n d i t i o n s .

8 . 2 . 2 .  V a r i a t i o n  o f  A b s o r p t i o n  w i t h  t im e

The v a r i a t i o n  o f  t h e  a b s o r p t i o n  w i t h  t im e ,  a s  t y p i f i e d  

by t h e  c u r v e s  o f  f i g u r e  8 . 2 . 1 . ,  d i s p l a y s  p e r i o d s  o f  enhanced  

a b s o r p t i o n  which  c o r r e s p o n d  c l o s e l y  t o  t h e  c u sp  l i k e  f e a t u r e s  

i n  t h e  v i r t u a l  h e i g h t  c u r v e s .  A s  d i s c u s s e d  i n  C h a p te r  6 t h e  

measurement  o f  a b s o r p t i o n  i s  c o m p l i c a t e d  by t h e  p r e s e n c e  of  

f a d i n g ;  t h i s  h a s  b e e n  m in im ized  f o r  t h e  d a t a  o f  f i g u r e  8 . 2 . 1 . 

by t a k i n g  5 m inu te  r u n n i n g  means o f  t h e  measured  v a l u e s .  

F o l lo w in g  P i g g o t t  ( 1 9 5 3 ) ,  t h i s  a n a l y s i s  r e d u c e s  t h e  e f f e c t s  o f  

f a s t  f a d i n g  t o  a minimum w h i l e  g i v i n g  a c l e a r  i n d i c a t i o n  o f  

t h e  s h o r t  t e r m  c han g es  i n  a b s o r p t i o n  which  o c cu r  i n  i n t e r v a l s  

s i m i l a r  t o  t h e  q u a s i - p e r i o d  o f  t h e  s low  f a d i n g .  The change  

f ro m  F r e g i o n  r e f l e c t i o n s  t o  t h o s e  f ro m  lower  l a y e r s  w i l l ,  

h ow ever ,  no t  p ro d u ce  such  an  a b r u p t  change  i n  t h e  r u n n i n g  mean 

a b s o r p t i o n  a s  was t h e  c a s e  i n  h . N e v e r t h e l e s s ,  t h e  a b s o r p t i o n  

c u r v e s  do show t h e  e f f e c t  o f  v a r i o u s  form s o f  r e f l e c t i n g  l a y e r .  

For  exam ple ,  f i g u r e  8 . 2 . 1 ( b )  i l l u s t r a t e s  v e r y  c l e a r l y  t h e  

e f f e c t  o f  t h e  i m p o s i t i o n  o f  a s p o r a d i c  E l a y e r  on t h e  a b s o r p ­

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

S e v e r a l  r e c o r d s ,  s i m i l a r  t o  t h a t  i l l u s t r a t e d  i n  f i g u r e  8 . 2 . 1 ( d ) ,  

show t h a t  t h e  a b s o r p t i o n  on f r e q u e n c i e s  r e f l e c t e d  be low  t h e  F 

r e g i o n  i s  m a i n t a i n e d  a t  an  a b n o rm a l ly  h ig h  l e v e l  f o r  p e r i o d s  i î i  

e x c e s s  o f  20  m in u te s  f o l l o w i n g  t h e  l a y e r  chan g e .  T h i s  e f f e c t  

h a s  b e e n  a t t r i b u t e d  t o  t h e  o c c u r r e n c e  o f  r e f l e c t i o n s  f ro m  f i n e  

u n d u l a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  n e a r  t h e  E 

l a y e r  p e ak  which  may n o t  be s u f f i c i e n t l y  l a r g e  t o  a p p e a r  as  

s e p a r a t e  f e a t u r e s  on e i t h e r  t h e  a b s o r p t i o n  or  v i r t u a l  h e i g h t  

c u r v e s .
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The c o m p a t a b i l i t y  o f  t h e  a b s o r p t i o n  d a t a  m easured  a t  

L e i c e s t e r  and a t  F r e i b u r g  has  b e e n  i n v e s t i g a t e d  and t h e  r e s u l t s  

p r e s e n t e d  i n  f i g u r e s  8 .2 .5 »  and 8 . 2 . 6 . I t  was f i r s t  n o t e d  

t h a t  a t  t h e  l a t i t u d e  o f  F r e i b u r g ,  48^N, t h e  z e n i t h  a n g l e  a t
o o

noon v a r i e d  be tw een  25 i n  summer and 72 i n  w i n t e r .  S in c e  

t h e  L e i c e s t e r  a b s o r p t i o n  d a t a  was t a k e n  i n  t h e  h o u r s  immed­

i a t e l y  f o l l o w i n g  t h e  ground s u n r i s e  and t h e r e f o r e  i n  a f i x e d  

r a n g e  o f  5C , i t  was n e c e s s a r y  t o  rem ove ,  a t  l e a s t  i n  p a r t ,  

t h e  z e n i t h  a n g le  v a r i a t i o n  i n h e r e n t  i n  t h e  F r e i b u r g  noon  d a t a .  

An i n v e s t i g a t i o n  o f  t h e  v a r i a t i o n  o f  t h e  a b s o r p t i o n  w i t h  

i n  t e r m s  o f  t h e  f o r m u la

A = cos ^  8 . 2 . 1 .

was u n d e r t a k e n  and t h e  r e s u l t s  f o r  

3 t y p i c a l  days  a r e  p r e s e n t e d  i n  f i g u r e  8.2 .7® F i f t e e n  m inu te  

r u n n i n g  means of t h e  L e i c e s t e r  a b s o r p t i o n  d a t a  were  computed 

f o r  t h i s  f o l l o w i n g  t h e  'c h a n g e  o v e r '  t im e  and t h e  l o g a r i t h m s  

were  p l o t t e d  a g a i n s t  lo g  cos  ^  . The g r a d i e n t  o f  t h e  b e s t  

s t r a i g h t  l i n e  t h r o u g h  t h e s e  p o i n t s  was t a k e n  a s  a m easure  o f  

t h e  e x p o n e n t  Vn, Large  v a r i a t i o n s  i n  t h i s  p a r a m e te r  a r e  

o b s e rv e d  f o r  t h e  days  i n c l u d e d  i n  f i g u r e  8 ,2 .7® T h i s  p o i n t  

h a s  b e e n  d i s c u s s e d  by R a i  ( 1 9 7 0 ) ,  who h a s  r e v i e w e d  t h e  

e s t i m a t e s  o f  t h e  e x p o n en t  made by many w ork e rs  w hich  r a n g e  

be tw een  0 .3  and 1 .3  v a r y i n g  b o t h  w i t h  l a t i t u d e  and z e n i t h  

a n g l e .  I n  o r d e r  t o  d e t e r m i n e  t h e  e q u i v a l e n t  F r e i b u r g  a b s o r p ­

t i o n  f o r  ^  = 75 i t  was c o n s i d e r e d  s u f f i c i e n t  i n  t h i s  s t u d y  

t o  u s e  e q u a t i o n  8 . 2 . 1 .  w i t h  n  = 1 . The c o r r e l a t i o n  b e tw een  

t h e  v a l u e s  o b t a i n e d  by  t h i s  method and t h o s e  o b s e r v e d  a t  

L e i c e s t e r  f o r  ^  = 75"" i s  i l l u s t r a t e d  i n  f i g u r e  8 . 2 . 5 .  Some 

d i s c r e p a n c i e s  a r e  e v i d e n t  and t h e s e  a r e  a t t r i b u t e d  t o  t h e
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e f f e c t s  o f  l o c a l i s e d  d i s t u r b a n c e s  sp a ce d  i n  b o t h  d i s t a n c e  

(800 km) and t im e  ( J o n e s  and K e e n l i s i d e ( l  970)  ) .  F i g u r e  8 . 2 , 6 , 

p r e s e n t s  t h e  same d a t a  p l o t t e d  s e p a r a t e l y  f o r  e ac h  s t a t i o n  

a g a i n s t  t h e  t im e  o f  y e a r  and shows c l e a r l y  t h e  ag reem en t  o f  

t h e  two d a t a  s o u r c e s  and a l s o  t h e  marked r i s e  i n  w i n t e r  

a b s o r p t i o n ,  t h e  so  c a l l e d  ' w i n t e r  a n o m a ly ’ .

The a b s o r p t i o n  c u r v e s  r e p r e s e n t e d  by  f i g u r e  8 . 2 . 1 .  

i n d i c a t e  t h a t  on a  f i x e d  f r e q u e n c y ,  t h e  a b s o r p t i o n  e x p e r i e n c e d  

by a p u l s e  r e f l e c t e d  f rom  th e  F l a y e r  i s  h i g h e r  t h a n  would be 

e x p e c t e d  f ro m  an  E r e g i o n  r e f l e c t i o n  a t  t h e  same z e n i t h  a n g l e .  

The a b s o r p t i o n  c u rv e  f o r  t h e  E l a y e r  r e f l e c t i o n  h a s  b e en  

e x t r a p o l a t e d  t o  h i g h e r  v a l u e s  o f  3C u s i n g  e q u a t i o n  8 . 2 . 1 . t o  

f a c i l i t a t e  t h i s  c o m p a r i s o n .  T h is  d i f f e r e n c e  i n  a b s o r p t i o n  

i s  t o  be e x p e c te d  s i n c e  ^NVdh, which  g o v e rn s  t h e  e x t e n t  o f  

t h e  a b s o r p t i o n  i n  n o n - d e v i a t i v e  r e g i o n s  ( C h a p te r  3 ) ,  i s  

g r e a t e r  f o r  t h e  F r e g i o n  r e f l e c t i o n .

8 . 3 . C o m p u te d ^ V a r i a t i o n s  of  A b s o r p t i o n  and v i r t u a l  h e i g h t
lUj

8 . 3 . 1 . C o l l i s i o n a l  F r e q u e n c y  in_ t h e  h e i g h t  r a n g e  1 10-200  km.

I n  C h a p te r  3 t h e  dependence  of  r a d i o  wave a b s o r p t i o n  upon 

t h e  e l e c t r o n  c o l l i s i o n  f r e q u e n c y  o f  t h e  p r o p a g a t i n g  medium has  

b e e n  d i s c u s s e d  t h e o r e t i c a l l y .  As a p r e l i m i n a r y  t o  t h e  d e t a i l e d  

d i s c u s s i o n  o f  a b s o r p t i o n  i t  i s  n e c e s s a r y  t o  f i r s t  c o n s i d e r  t h e  

d e t a i l s  o f  t h e  c o l l i s i o n a l  f r e q u e n c y  models  employed i n  t h e  

p r e s e n t  a n a l y s i s .

T h e o r e t i c a l  models  o f  t h e  v a r i a t i o n  o f  c o l l i s i o n  

f r e q u e n c y  i n  t h e  h e i g h t  r a n g e  110-200  km have  b een  d i s c u s s e d
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i n  s e c t i o n  3 . 2 , I n  f i g u r e  8 . 3 . 1 . t h e  c o l l i s i o n  f r e q u e n c y -  

h e i g h t  p r o f i l e  c a l c u l a t e d  f o r  t h e  p a r a b o l i c  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  120 i n  f i g u r e  7 . 4 . 1 1 .  h a s  b een  p l o t t e d  t o g e t h e r  

w i t h  t h e  t h e o r e t i c a l  c u r v e s  p u b l i s h e d  by Beynon and Rangaswaruy 

( 1 9 6 9 ) and v a r i o u s  e x p e r i m e n t a l  o b s e r v a t i o n s  made be low  140 km 

(T h ra n e  and P i g g o t t ,  1 9 8 6 ) .  The t e n d e n c y  o f  t h e  computed 

p r o f i l e  t o  h i g h e r  v a l u e s  a t  h e i g h t s  g r e a t e r  t h a n  100 km r e s u l t s  

f ro m  t h e  i n c l u s i o n  o f  t h e  a tom ic  oxygen and i o n  c o l l i s i o n  

t e r m s  and l e a d s  t o  a c l o s e r  ag reem en t  w i t h  t h e  e x p e r i m e n t a l  

o b s e r v a t i o n s .  At g r e a t e r  h e i g h t s  t h e  e f f e c t  o f  e l e c t r o n  i o n  

c o l l i s i o n s  becomes p red o m in an t  g i v i n g  r i s e  t o  an  i n c r e a s e  i n  

c o l l i s i o n  f r e q u e n c y  above 140 km. The e x t e n t  o f  t h i s  i n c r e a s e  

and i t s  p o s i t i o n  on t h e  h e i g h t  s c a l e  i s  a f u n c t i o n  o f  t h e  

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  and may p ro du ce  marked c h ang es  

i n  t h e  a b s o r p t i o n  v a l u e s  computed f o r  waves r e f l e c t e d  i n  t h i s  

r e g i o n .

The e f f e c t  o f  i n t r o d u c i n g  t h e  two a d d i t i o n a l  t e rm s  i n  

computing  t h e  c o l l i s i o n  f r e q u e n c y  p r o f i l e  h a s  b e en  s t u d i e d  f o r  

t h e  B ou rn e ,  S e t t y  and Sm ith  p r o f i l e  f o r  1 hour  a f t e r  s u n r i s e  

( p r o f i l e  60 o f  f i g u r e  7 *5 «2 . )  and t h e  r e s u l t s  have  b e en  t a b u ­

l a t e d  i n  t a b l e  8 .3*1* A c o n s i d e r a b l e  i n c r e a s e  i n  t h e  a b s o r p ­

t i o n  o f  f r e q u e n c i e s  n e a r  2 . 0  MHz i s  p ro d u ce d  by t h e  i n c l u s i o n  

o f  t h e  a d d i t i o n a l  c o l l i s i o n  t e rm s  a t  t h i s  t im e  o f  day when 

r e f l e c t i o n  o f  t h e s e  f r e q u e n c i e s  o c c u r s  a t  h e i g h t s  g r e a t e r  t h a n  

120 km. Also  i n c l u d e d  i n  t h e  t a b l e  a r e  t h e  computed v i r t u a l  

h e i g h t s  which  a r e  i n  ag reem en t  w i t h  t h e  o b s e r v a t i o n s  o f  

T i t h e r i d g e  ( 1981b ) ,  e x h i b i t i n g  v e r y  l i t t l e  d ep endence  upon 

c o l l i s i o n  f r e q u e n c y .

The v a r i a t i o n  o f  t h e  c o l l i s i o n  f r e q u e n c y  p r o f i l e  d u r i n g
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Frequency

MHz

V ir tu a l  H eight km A bsorp tion n ep ers

1 .5 141.27283 141.66160 140.91950 0.26641892 0.33874905 0.41688861

1.7 143.34715 143.15602 142.98331 0.20852757 0.27315256 0.35657747

1 .9 150.21947 150.10590 150.23079 0.19843151 0.26343739 0.36881411

2.1 419.67284 419.67281 419.73523 0.22635308 0.31882036 0.62652215

2 .3 389.80920 389.80974 389.76768 0.12931038 0.18021725 0.35448369

2 .5 393.70404 393.70299 393.74555 0.10179384 0.14106456 0.28007248

2 .7 401.42805 401.42839 401.42828 0.08592573 0.11848228 0.23660275

Table 8 .3 .1  C a lc u la te d  v a lu es  o f A bsorp tion  and V ir tu a l  H eight from th e  
Houm e, S e t ty  and Smith (1964) p r o f i le  fo r  60 m inutes a f t e r  
s u n r ise  employing C o l l is io n a l  Frequency p r o f i le s  in c lu d in g  
v a rio u s  c o l l i s io n  term s.
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t h e  e a r l y  morning h o u r s  h as  b e e n  i l l u s t r a t e d  i n  f i g u r e  8 . 3 . 1.1 

where  p r o f i l e s  computed f rom  t h e  Thomson S c a t t e r  e l e c t r o n  

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

t h e  c o l l i s i o n  f r e q u e n c y  f ro m  e ach  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  

i n  t u r n  ( s e c t i o n  3 . 2 . )  h a s  b e e n  a d o p te d  t h r o u g h o u t  t h e  f o l l o w ­

in g  t h e o r e t i c a l  s t u d y .

8 . 3 . 2 . C a l c u l a t i o n  o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  v a r i a ­
t i o n s  i n  t h e  e a r l y  m o rn in g .

The a b s o r p t i o n  and v i r t u a l  h e i g h t  v a r i a t i o n s  w i t h  t im e  

f o l l o w i n g  t h e  s u n r i s e  have  b e e n  c a l c u l a t e d  f o r  t h e  p r o f i l e s  o f  

f i g u r e s  7*5»2, 7-5»3  and 7 * 5 '^ °  These  r e s u l t s  a r e  compared 

w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  d i s c u s s e d  above .  I n  

a d d i t i o n  t h e  v a r i a t i o n  o f  a b s o r p t i o n  w i t h  f r e q u e n c y  h a s  a l s o  

b een  computed f o r  t h e  v a r i o u s  i o n o s p h e r i c  m odels .

( a )  T h e o r e t i c a l  P r o f i l e s

The v a r i a t i o n s  o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  w i t h  

t im e  have  b een  computed f rom  t h e  B o u rn e ,  S e t t y  and Sm ith  ( 1 9 6 4 ) 

t h e o r e t i c a l  models  ( f i g u r e  7 . 5 *2 . )  and t h e i r  c o r r e s p o n d i n g  

c o l l i s i o n  f r e q u e n c y  p r o f i l e s  and t h e s e  r e s u l t s  a r e  p r e s e n t e d  

i n  f i g u r e  8 , 3 . 2 . f o r  f r e q u e n c i e s  l . g ,  2 . 0  and 2 . 5  MHz. The 

t im e  d e f i n i t i o n  o f  t h e s e  r e s u l t s  f o r  e ach  f r e q u e n c y  i s  i n ­

s u f f i c i e n t  t o  show any  f i n e  d e t a i l  i n  t h e  t im e  v a r i a t i o n s  b u t  

h i g h  a b s o r p t i o n s  and v i r t u a l  h e i g h t s  c l o s e  t o  t h e  p e n e t r a t i o n  

f r e q u e n c y  have  been  r e p r o d u c e d  by t h e  a n a l y s i s ,  s u g g e s t i n g  t h e  

c h a r a c t e r i s t i c  cusp  t y p e  s t r u c t u r e  c o n s i s t e n t  w i t h  t h e  e x p e r i ­

m e n ta l  o b s e r v a t i o n s .  The p red o m in an t  e f f e c t  o f  t h e  non^ 

d e v i a t i v e  component o f  a b s o r p t i o n  i s  c l e a r l y  marked by  t h e  

i n v e r s e  c o r r e l a t i o n  o f  a b s o r p t i o n  w i t h  f r e q u e n c y  i n  t h e  u n -
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d i s t u r b e d  p o r t i o n s  o f  t h e  t r a c e .  T h i s  p o i n t  i s  f u r t h e r  

i l l u s t r a t e d  i n  f i g u r e  8 . 3 . 3 . where a b s o r p t i o n  and v i r t u a l  

h e i g h t  have  b e en  p l o t t e d  a g a i n s t  f r e q u e n c y  f o r  t h e  p r o f i l e  

r e p r e s e n t i n g  c o n d i t i o n s  7-0 m in u te s  a f t e r  s u n r i s e .  Near t h e  

c usp  s t r u c t u r e  the  marked i n f l u e n c e  o f  d e v i a t i v e  a b s o r p t i o n  i s  

e v i d e n t .  However, away f ro m  t h i s  f e a t u r e  t h e  v a r i a t i o n  o f  a b ­

s o r p t i o n  shows good a g reem en t  w i t h  t h e  v a r i a t i o n  o f  t h e  non-  

d e v i a t i v e  a b s o r p t i o n ,  a s  p r e d i c t e d  by t h e  fo rm u la

<Jp
( w t W )

g i v e n  by  A p p le to n  and P i g g o t t  ( 1 9 $ 4 ) ,  which h a s  b e en  s u p e r ­

imposed i n  t h e  f i g u r e .  F u r t h e r m o r e ,  i t  i s  c l e a r  f rom  t h i s  

l a s t  f i g u r e  t h a t  a b s o r p t i o n  i s  a more s e n s i t i v e  p a r a m e t e r  t o  

f l u c t u a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  t h a n  i s  t h e  

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

a b s o r p t i o n  p roduced  by t h e  t r a n s i t i o n  r e g i o n  may be f a r  

g r e a t e r  t h a n  would be e x p e c te d  f rom  i n s p e c t i o n  o f  t h e  v i r t u a l  

h e i g h t  r e c o r d s .  T h is  o b s e r v a t i o n  h a s  b een  more c l o s e l y  s t u d i e d  

by  computing  t h e  a b s o r p t i o n  and v i r t u a l  h e i g h t  o f  a 3 .35 MHz 

s i g n a l  r e f l e c t e d  f ro m  t h e  two v a r i a n t  models b a se d  upon  t h e  

p a r a b o l i c  p r o f i l e  120 ( f i g u r e  7 ° 4 . 1 1 . )  and i l l u s t r a t e d  i n  

f i g u r e  8 . 3 . 4 . The r e s u l t s  p r e s e n t e d  i n  t a b l e  8 . 3 . 2 . c l e a r l y  

show t h a t  f o r  t h e s e  models  t h e  change i n  a b s o r p t i o n  e x p r e s s e d  

a s  i s  more t h a n  t w i c e  . F u r t h e r  c o n f i r m a t i o n  can

be o b t a i n e d  f rom  c o n s i d e r a t i o n  o f  t h e  s im p le  f o r m u la  f o r  t h e  

a b s o r p t i o n

r /  
h

Zc

f ro m  w hich ,  i f  "9 i s  c o n s i d e r e d  t o  r e m a in

c o n s t a n t ,  t h e  e x p r e s s i o n



as-

90

Absorption
dB

10-

soo-

Virtuot
Height
km

IOC -

aoo-

A,
IS 2-0 2 5

Frequency MHz

FIG«8*3«3 Variation of absorption and virtual 
height with frequency computed from 
the Bourne ySetty and Smith model for 
70 minutes after ground sunrise,



120-

E lcc tro n  D ensity lO® cl. cm”^

FIG# 8.2*4 Models simulating changes in electron
density distribution near the reflection 
level of 3*35 HHz(x)



H ro file A bsorp tion V irtu a lH e ig h t
dB km

a 16.006448 140.43471

b 24.350499 166.43785

/  . /
A A /a - ü .413512499 ù h  / h  « Ü. 1694719137

Table 8 .3 .2  A bsorp tion  and V ir tu a l  H eight computed 
from the  p r o f i le s  o f f i g . 8 .3 .4  fo r
3.35 MHz.

F requencies
Compared

MHz

Aa/a Ah' / b '

2.225 2.25 1.847 1.05

2.35 2.36 0.2508 0.248

2.05 2.1 0 .24 0 .07

I’ab le  8 .3 .3  (àjn’parison  o f A A/A w ith  
ù h ' / h '
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A A Ah -  AP
T h' -  P

may be d e r i v e d .  Thus s i n c e  t h e  p h ase  p a t h ,  P, i s  p o s i t i v e  

and d e c r e a s e s  a s  v i r t u a l  h e i g h t  i n c r e a s e s

and hen ce

Ah -  AP 
h' -  P

A A A h

A

h h

( b )  Thomson S c a t t e r  P r o f i l e s

The Thomson S c a t t e r  p r o f i l e s ,  i l l u s t r a t e d  i n  f i g u r e  

have  b e en  a n a l y s e d  i n  t h e  same way as  t h e  t h e o r e t i c a l  d i s t r i ­

b u t i o n  d i s c u s s e d  ab o v e .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  

p r e s e n t e d  i n  f i g u r e s  8 . 3 . 5« and 8 . 3 »^* The l i m i t e d  number of  

e l e c t r o n  d e n s i t y  p r o f i l e s  a v a i l a b l e  ha s  r e s u l t e d  i n  some l o s s  

o f  t im e  d e f i n i t i o n  a s  i l l u s t r a t e d  i n  f i g u r e  8 . 3 .5* However,  

t h e s e  c o m p u ta t i o n s  i n d i c a t e  t h a t  t h e  t im e  d ependence  o f  

a b s o r p t i o n  and v i r t u a l  h e i g h t  d e r i v e d  f ro m  t h e  Thomson S c a t t e r  

p r o f i l e s  a r e  f a r  more complex t h a n  t h o s e  p r e d i c t e d  by t h e  

t h e o r e t i c a l  m ode ls .  C o n s i d e r a t i o n  o f  t h e  v a r i a t i o n s  o f  

v i r t u a l  h e i g h t  and a b s o r p t i o n  w i t h  wave f r e q u e n c y ,  p r e s e n t e d  

i n  f i g u r e  8 . 3 . 5 , i n  which  t h e  d e t a i l e d  f e a t u r e s  a r e  more 

c l o s e l y  d e f i n e d  by t h e  c o m p u ta t i o n  o f  a d d i t i o n a l  d a t a  p o i n t s ,  

f u r t h e r  i l l u s t r a t e s  t h e  i n c r e a s e d  c o m p l e x i t y  d e r i v e d  f ro m  t h e  

e x p e r i m e n t a l  p r o f i l e s .  The f r e q u e n c y  v a r i a t i o n  o f  non-  

d e v i a t i v e  a b s o r p t i o n  i s  i n c l u d e d  and a g a i n  shows good a g r e e ­

ment w i t h  t h e  computed v a l u e s  away f ro m  t h e  t r a n s i t i o n
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F IG .y .3 .6  V a ria tio n  o f ab so rp tio n  soid v i r t u a l  h e ig h t 
w ith  frequency computed from the  Thomson 
S c a tte r  p r o f i le  fo r  0632 11 A pril 1969.
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d i s t u r b a n c e .  F u r t h e r m o r e ,  t h e  i n c r e a s e d  s e n s i t i v i t y  o f  t h e  

a b s o r p t i o n  i n  e x h i b i t i n g  f i n e  s t r u c t u r e  i s  i l l u s t r a t e d ,  s i x  

c l e a r  d i s c o n t i n u i t i e s  b e in g  p ro d u ce d  compared w i t h  f o u r  on t h e  

v i r t u a l  h e i g h t  c u r v e .  T h i s  o b s e r v a t i o n  i s  s u p p o r t e d  by  t h e  

v a l u e s  o f  and ^V h '"  computed f o r  3 p a i r s  o f  c l o s e l y

sp aced  f r e q u e n c i e s  i n  f i g u r e  8 . 3 . 6 , and p r e s e n t e d  i n  t a b l e

8 . 3 . 3 .

( c )  P r o f i l e s  d e r l v e d . f r o m  JL e lces te r .  lo n og ram a

The e l e c t r o n  d e n s i t y  p r o f i l e s  d e r i v e d  f ro m  t h e  ion o g ram s  

r e c o r d e d  a t  I » e i c e s te r  on t h e  morning o f  1 0 th  A p r i l  1969 

( f i g u r e  7 . 5 * 3 ' )  have been  u sed  t o  compute t h e  t im e  v a r i a t i o n  

o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  o f  s e v e r a l  f i x e d  f r e q u e n c i e s  

and t h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e  8 , 3 . 7 . The v a r i a ­

t i o n s  o f  t h e  computed v i r t u a l  h e i g h t  and a b s o r p t i o n  w i t h  t im e  

f o r  a 2 . 0 5  MHz wave have  a l s o  been  computed and a r e  p r e s e n t e d  

i n  f i g u r e s  8 , 5 . 2 . and 8.5*3* F i g u r e  8 , 3 , 8 . i l l u s t r a t e s  t h e  

v a r i a t i o n  o f  t h e s e  p a r a m e t e r s  w i t h  f r e q u e n c y  f o r  t h e  p r o f i l e  

o b t a i n e d  f ro m  t h e  ionogram  f o r  0630 1 0 t h  A p r i l  1 9 6 9 , "The 

c o m p l e x i t y  o f  t h e s e  v a r i a t i o n s  i s  a g a i n  n o t i c e a b l e  and t h e  

g r e a t e r  s e n s i t i v i t y  o f  t h e  a b s o r p t i o n  t o  p r o f i l e  change  i s  

f u r t h e r  i l l u s t r a t e d  by  a c o m p ar iso n  o f  t h e  c u r v e s  o f  f i g u r e  

8 . 3 . 8 . be low 2 , 0  MHz,

8 . ^ .  £ha. i n f l u e n c e ,  o f  t h e  e l e c t r o n  d e n s i t y  d i s t r j b p t i p h
b ^ l PW 190, km on a b s o r P t l o n _ i r i_ th e  e a r l y  niorning h o u r s

The e f f e c t  o f  v a r i o u s  models o f  t h e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  be low 100 km upon  v i r t u a l  h e i g h t  ha s  b e e n  d i s ­

cu s se d  b r i e f l y  i n  s e c t i o n  7*5*3» The same m o d e ls ,  p r e s e n t e d
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i n  f i g u r e  7.5«9« a r e  employed h e r e  t o  i n v e s t i g a t e  t h e i r  e f f e c t  

upon t h e  computed a b s o r p t i o n .  The v a r i a t i o n  o f  a b s o r p t i o n  

w i t h  f r e q u e n c y  computed f rom  t h e  Thomson S c a t t e r  p r o f i l e s  f o r  

0529 h and 0632 h on t h e  1 1 th  A p r i l  19&9 a r e  p r e s e n t e d  i n  

f i g u r e s  8 . 4 . 1 .  and 8 . 4 . 2 .  C o n d i t i o n s  s h o r t l y  a f t e r  s u n r i s e  

a r e  i l l u s t r a t e d  i n  f i g u r e  8 . 4 , 1 .  i n  which  f r e q u e n c i e s  g r e a t e r  

t h a n  1 . 6  MHz a r e  r e f l e c t e d  f rom  t h e  F r e g i o n .  The model  0 

( f i g u r e  7 . 5 . 9 #) i n c o r p o r a t e s  t h e  Sm ith  (I9&d) D r e g i o n  model 

f o r  9C = 8 7 . 9* and a t a n g e n t i a l  l i n k  w i t h  t h e  Thomson S c a t t e r  

p r o f i l e  f o r  0529 h .  The t h r e e  f u r t h e r  models  r e p r e s e n t  

d e c r e a s i n g  e l e c t r o n  d e n s i t i e s  b e tw ee n  83 and 95 km. The Deeks 

( 1 9 6 6 ) D r e g i o n  model was found  t o  c o i n c i d e  w i t h  t h e  Thomson 

S c a t t e r  p r o f i l e  a t  92 km and th e  r e s u l t i n g  p r o f i l e  i s  l a b e l l e d  

4 .  The g r e a t e s t  d i f f e r e n c e  i n  t h e  computed a b s o r p t i o n ,  

am ount ing  t o  0 .8  dB, was found  b e tw een  models 3 and 4 .  T h i s  

c o r r e s p o n d s  t o  a d i f f e r e n c e  o f  14 ^  a t  2 . 0  MHz a s  compared 

w i t h  o n l y  7^  be tw een  p r o f i l e s  0 and 3 a t  t h i s  f r e q u e n c y .

The r e s u l t s  p r e s e n t e d  i n  f i g u r e  8 . 4 . 2 .  i l l u s t r a t e  con­

d i t i o n s  more t h a n  one hour  a f t e r  s u n r i s e  a t  which t i m e  an  

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

f i g u r e  i s  r e f l e c t e d  f ro m  t h e  E r e g i o n .  The model 4 ( f i g u r e  

7 . 5 . 9 # ) 5 i n c o r p o r a t i n g  t h e  Deeks D r e g i o n  model f o r  s u n r i s e ,  

g i v e s  computed a b s o r p t i o n  v a l u e s  w h ich  a r e  a g a i n  h i g h e r  t h a n  

t h o s e  c a l c u l a t e d  f o r  t h e  models 0 t o  3 . The d i f f e r e n c e  be tw een  

t h e  v a l u e s  computed f o r  models 3 and 4 was a p p r o x i m a t e l y  2 dB,

1 6^  a t  2 MHz. T h is  d e v i a t i o n  i n c r e a s e s  a t  low er  f r e q u e n c i e s  

a s  would be e x p e c t e d .  The m o de ls ,  0 t o  3 , i n c o r p o r a t i n g  t h e  

Sm ith  D r e g i o n  show g r e a t e r  d i f f e r e n c e s  i n  t h e  computed 

a b s o r p t i o n  v a l u e s  i n  f i g u r e  8 . 4 . 2 .  t h a n  i n  f i g u r e  8 . 4 . 1 .  which
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may a r i s e  d i r e c t l y  f rom  t h e  i n c r e a s e d  h e i g h t  r a n g e  ove r  whicl^ 

t h e  i n t e r p o l a t i o n  b e tw een  t h e  Smith  D r e g i o n  and t h e  Thomson 

S c a t t e r  p r o f i l e  was n e c e s s a r y .

I t  c an  be c o n c lu d ed  f rom t h e s e  r e s u l t s  t h a t  t h e  fo rm  o f  

t h e  D r e g i o n  model f o r  p o s t  s u n r i s e  c o n d i t i o n s  has  l i t t l e  

e f f e c t  upon  t h e  computed a t t e n u a t i o n  e x p e r i e n c e d  by b o t h  E and 

F r e g i o n  r e f l e c t i o n s  and the  s m a l l  d i f f e r e n c e s  a r e  p r o b a b l y  

due t o  t h e  fo rm  o f  t h e  i n t e r p o l a t i o n  or  D-E t r a n s i t i o n  p r o f i l e ,  

Beynon and Rangaswamy (l9&9) have  r e c e n t l y  d i s c u s s e d  r e p r é s e n t a -  

t i v e  models and e m p h as ise  t h e  i m p o r t a n c e  o f  t h i s  r e g i o n  i n  

c a l c u l a t i n g  t h e  noon a b s o r p t i o n .  However, t h e  16^  d i f f e r e n c e  

o b s e r v e d  h e r e  i s  c o n s i d e r e d  t o  be com p arab le  w i t h  o t h e r  e r r o r s  

i n v o l v e d  i n  t h e  c o m p u t a t i o n  o f  th e  a b s o r p t i o n .  I t  i s  t h e r e ­

f o r e  c o n c lu d ed  t h a t  i n  t h e  im m ed ia te  p o s t  s u n r i s e  p e r i o d  t h e  

fo rm  o f  t h e  D and D-E t r a n s i t i o n  r e g i o n s  i s  n o t  a c r i t i p a ^  

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

r e f l e c t e d  i n  t h e  E and F r e g i o n s .

8 . 5 . C om par ison  o f  computed t l # e  v a r i a t i o n s  o f  v i r t u a l  
h e i g h t  and a b s o r p t i o n  w i t h o b s e r v e d  v a l u e s

Four  days  were  s e l e c t e d  on which v i r t u a l  h e i g h t  and 

s o r p t i o n  m easurem ents  have  b e en  made a t  a f i x e d  f r e q u e n c y  I n  

a d d i t i o n  to  t h e  c o n t i n u o u s  r e c o r d i n g  o f  ionogram g .  The 

e l e c t r o n  d e n s i t y  p r o f i l e s  computed f rom  t h e s e  io no ^ ra m s  havp 

b e en  p r e s e n t e d  i n  f i g u r e  7 . 5 . 3 . and i n  f i g u r e  8 . $ , 2 . t h e  

c a l c u l a t e d  v i r t u a l  h e i g h t s  f o r  2 , 0 5  MHz a r e  p l o t t e d  t o g e t h e r  

w i t h  t h e  d i r e c t  o b s e r v a t i o n s  f o r  t h e  p e r i o d  a ro u n d  t h e  

’change o v e r ’ t im e  f rom  F t o  E r e g i o n  r e f l e c t i o n .  The a g r e e »  

ment be tw een  t h e  computed and o b se rv e d  v a l u e s  i s  g e n e r a l l y
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good and i t  may a g a i n  be c o n c lu d e d  t h a t  t h e  m onoton ie  e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n  o b t a i n e d  by t h e  T i t h e r i d g e  r e d u c t i o n  

method ( s e c t i o n  3 , 4 , )  i s  a s a t i s f a c t o r y  model f o r  t h e  r e p r o d ^  

u c t i o n  o f  v i r t u a l  h e i g h t s .  However,  t h e  d i s c r e p a n c y  o c c u r r i n g  

b e tw e e n  t h e  o b se rv e d  and computed a b s o r p t i o n  v a l u e s  p r e s e n t e d  

i n  f i g u r e  8 . 5 . 3 . i s  v e r y  marked and o n l y  t h e  g e n e r a l  t r e n d s  o f  

t h e  o b s e r v e d  r e s u l t s  a r e  e v i d e n t  i n  t h e  computed v a l u e s .

These  d i s c r e p a n c i e s  may be t h e  r e s u l t  o f  t h e  i n h e r e n t  

i n a c c u r a c i e s  o f  t h e  monotonie  d i s t r i b u t i o n s  o f  e l e c t r o n  

d e n s i t y  o r  low l y i n g  i o n i z a t i o n  e x i s t i n g  be low t h e  lo w e r  l i m i t  

o f  t h e  ionogram  d a t a .  The e f f e c t  o f  v a r i o u s  D r e g i o n  models  

and t h e  e x t r a p o l a t i o n s  t o  t h e  computed p r o f i l e s  h a s  a g a i n  

b e e n  i n v e s t i g a t e d  and t h e  models employed a r e  p r e s e n t e d  i n  

f i g u r e  8 . 5 . 4 . The p r o f i l e s  0 t o  5 a r e  e x t r a p o l a t i o n s  o f  t h e  

Sm i th  ( 1 9 8 6 ) D r e g i o n  model f o r  X  = 79* t o  t h e  E r e g i o n  

p r o f i l e  computed f rom  t h e  ionogram  f o r  0630 1 0 th  A p r i l  19&9, 

w h i l e  p r o f i l e  6 i n c l u d e s  t h e  Deeks (1986)  model f o r  0630 h 

March e q u in o x  s u n s p o t  minimum c o n d i t i o n s .  The a b s o r p t i o n  on 

2 . 0 5  MHz h a s  been  c a l c u l a t e d  f o r  e ac h  p r o f i l e  and i n c l u d e d  i n  

f i g u r e  8 . 5 * 3 '  A p a r t  f rom  model 2 ,  i n  which  t h e  8 0 -1 0 0  km 

r e g i o n  h a s  b e e n  g r e a t l y  enh an ced ,  t h e  v a r i o u s  models show 

once a g a i n  t h a t  t h i s  r e g i o n  p l a y s  o n l y  a minor r o l e  i n  t h e  

a b s o r p t i o n  o f  a 2 .0 5  MHz wave a t  t h i s  t im e  o f  day .  These  

r e s u l t s  a l s o  i n d i c a t e  t h a t  a d ju s tm e n t  o f  t h i s  e x t r a p o l a t e d  

r e g i o n  c a n n o t  a c c o u n t  f o r  t h e  o b se rv e d  d i f f e r e n c e  b e tw e e n  t h ç  

computed and o b s e r v e d  a b s o r p t i o n  v a l u e s .  The shape  o f  t h e  

l a y e r  i n  t h e  r e g i o n  a ro u n d  t h e  r e f l e c t i o n  p o i n t  i s  known t o  

p l a y  a p re d o m in a n t  p a r t  i n  d e t e r m i n i n g  t h e  computed a b s o r p ­

t i o n  and hen ce  i t  may be c o n c lu d e d  t h a t  a l t h o u g h  t h e  m onoton ie  

p r o f i l e ,  p roduced  by  ionogram  r e d u c t i o n ,  i n d i c a t e s  t h e  g r o s s
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f e a t u r e s  o f  t h e  t r u e  e l e c t r o n  d e n s i t y  p r o f i l e ,  i t  may be 

a p p r e c i a b l y  i n  e r r o r  when d e t a i l e d  v a r i a t i o n s  o f  a b s o r p t i o n  

a r e  c o n s i d e r e d ,

A s i m i l a r  a n a l y s i s  o f  th e  Thomson S c a t t e r  p r o f i l e s  f o r  

t h e  1 1 th  A p r i l  1969,  and t h e  B o urn e ,  S e t t y  and Sm ith  t h e o r e t i ­

c a l  models  h a s  p ro d uced  t h e  computed v a r i a t i o n s  o f  a b s o r p t i o n  

and v i r t u a l  h e i g h t  p r e s e n t e d  i n  f i g u r e  8 . $ . $ .  I n  t h i s  f i g u r e  

t h e  computed v a l u e s  a r e  su p e r im p o sed  upon t h e  v a l u e s  o f  t h e  

two p a r a m e t e r s  o b s e r v e d  e x p e r i m e n t a l l y  a t  l e i c e s t e r  i n  t h e  

e a r l y  morning h o u r s  o f  1 1 t h  A p r i l  1 9 6 9 . The a b s o r p t i o n  and 

v i r t u a l  h e i g h t  v a l u e s  computed f rom  t h e  Thomson S c a t t e r  

p r o f i l e s  d i s p l a y  e x t r e m e l y  good ag reem en t  w h i l e  t h e  t h e o r e t i ­

c a l  models  o f  B ourne ,  S e t t y  and Sm i th  g iv e  v a l u e s  d i f f e r i n g  

g r e a t l y  f ro m  t h e  o b s e r v a t i o n s .  The v a l u e s  o f  v i r t u a l  h e i g h t  

computed f ro m  t h e  Thomson S c a t t e r  p r o f i l e s  g e n e r a l l y  a g r e e  

w i t h  e x p e r im e n t  t o  w i t h i n  1 0^ ,  w h i l e  t h e  a b s o r p t i o n  v a l u e s  

f a l l  w i t h i n  t h e  f l u c t u a t i o n s  i n  t h e  measured  a b s o r p t i o n  

i n t r o d u c e d  by f a d i n g .  I n  making t h i s  c o m p a r i s o n  s e v e r a l  

f a c t o r s  a r e  e n c o u n t e r e d  which  would a c c o u n t  f o r  t h e  d i s c r e p ­

an cy  b e tw e e n  t h e  o b se rv e d  and computed v a l u e s  o f  a b s o r p t i o n .  

F i r s t l y ,  t h e  s i n g l e  w e l l  d e f i n e d  p r o f i l e  employed i n  t h e  

c o m p u ta t i o n s  can n o t  r e p r e s e n t  t h e  c o n d i t i o n s  e n c o u n t e r e d  by 

a l l  r a y  components  c o n s t i t u t i n g  t h e  o b s e rv e d  r e f l e c t i o n .

Hence t h e  phenomenon o f  f a d i n g  w i l l  n o t  be r e p r e s e n t e d  and a 

d i f f e r e n c e  com parab le  t o  th e  f a d i n g  d e p t h  may o c c u r  be tw een  

t h e  o b s e r v e d  and computed v a l u e s .  S e c o n d ly ,  t h e  d i s t a n c e  

be tw een  t h e  two o b s e r v i n g  s t a t i o n s  Malvern and L e i c e s t e r  may 

r e s u l t  i n  minor  changes  i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  and 

hence  e f f e c t  t h e  c o m p a r a b i l i t y  o f  t h e  computed a b s o r p t i o n .  

C o n s i d e r i n g  t h e s e  p o i n t s  i n  t h e  l i g h t  o f  t h e  a g re e m e n t  n o t e d
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b e tw een  t h e  d a t a  I t  may be c o n c lu d ed  t h a t  t h e  Thomson S c a t t e r  

p r o f i l e s  g i v e  a v e r y  good r e p r e s e n t a t i o n  o f  c o n d i t i o n s  a t  any  

p a r t i c u l a r  t im e  and a g a i n  t h a t  t h e  s t r u c t u r e  o f  t h e  p r o f i l e  i s  

g e n e r a l l y  c o n s t a n t  o v e r  d i s t a n c e s  up t o  87 km. F u r t h e r m o r e ,  

comparing  t h e  r e s u l t s  o b t a i n e d  f rom  Thomson S c a t t e r  p r o f i l e s  

w i t h  t h o s e  f rom  monotonie  p r o f i l e s ,  i t  i s  s u g g e s t e d  t h a t  

a l t h o u g h  t h e s e  p r o f i l e s  r e p r e s e n t  c o n d i t i o n s  s u f f i c i e n t l y  w e l l  

t o  g i v e  f a i r l y  a c c u r a t e  v a l u e s  o f  v i r t u a l  h e i g h t ,  t h e y  a r e  f a r  

f ro m  s a t i s f a c t o r y  f o r  t h e  c o m p u ta t i o n  o f  a b s o r p t i o n  v a l u e s .

T h i s  may r e s u l t  f rom t h e  d i s t o r t i o n  o f  g r a d i e n t s  and t h e  

o m is s io n  o f  r e - e n t r a n t  r e g i o n s  o f  t h e  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  t o  which  t h e  a b s o r p t i o n  i s  more s e n s i t i v e  t h a n  

t h e  v i r t u a l  h e i g h t .



C h a p t e r  _2

Summary and C o n c l u s i o n s '

An a t t e m p t  h as  b een  made i n  t h i s  s t u d y  t o  i n v e s t i g a t e  t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e  E-F t r a n s i t i o n  r e g i o n  b o t h  e x p e r i ­

m e n t a l l y  and t h e o r e t i c a l l y .  I n  C h a p te r  3 ,  t h e  d e t a i l s  o f  t h e  

p o ly n o m ia l  r e d u c t i o n  t e c h n i q u e  f o r  t h e  c o m p u t a t i o n  o f  mono­

t o n i e  e l e c t r o n  d e n s i t y  p r o f i l e s  f rom  ionogram  d a t a  were d i s -  

cussedo The c a l c u l a t i o n  o f  a b s o r p t i o n  and v i r t u a l  h e i g h t  o f  

f r e q u e n c i e s  r e f l e c t e d  n e a r  t h e  E l a y e r  maximum o f  v a r i o u s  e l ­

e c t r o n  d e n s i t y  models by means o f  a p h a se  i n t e g r a l  a n a l y s i s  

has  a l s o  been  d e s c r i b e d .

D u r ing  t h e  p e r i o d  o f  t h e  s t u d y  ionogram s have  b e en  

r e c o r d e d  on a r o u t i n e  h o u r l y  b a s i s  and augmented w i t h  con­

t i n u o u s  r e c o r d i n g s  on s e l e c t e d  days  be tw een  F e b r u a r y  and June  

1969 . From t h e s e  o b s e r v a t i o n s  a s y n o p t i c  s t u d y  o f  t h e  iono^  

gram f i n e  s t r u c t u r e  h a s  been  made and i t s  f r e q u e n c y  o f  

o c c u r r e n c e  was d i s c u s s e d  i n  some d e t a i l  i n  C h a p te r  7» V a r io u s  

forms of  h ( f )  cusp  s t r u c t u r e  were s t u d i e d  and t h e  c o r r e s p o n d i n g  

p e r t u r b a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  n e c e s s a r y  t o  

p ro du ce  t h e s e  f e a t u r e s  have  b e en  d e s c r i b e d .  F i n a l l y  i n  C h a p te r  

7) t h e  h ( f )  c u r v e s  computed f rom e l e c t r o n  d e n s i t y  p r o f i l e s  

o b se rv ed  a t  R .R .E .  M alvern  by a Thomson S c a t t e r  e x p e r im e n t  and 

f rom t h e o r e t i c a l  models  c o n s t r u c t e d  by B o urn e ,  S e t t y  and Smith

( 1 9 6 4 ) have  been  compared w i t h  t h e  L e i c e s t e r  ionogram  r e c o r d s .  

From t h i s  work and t h e  d i r e c t  c o m p a r i s o n  o f  t h e s e  e l e c t r o n  

d e n s i t y  p r o f i l e s  w i t h  t h e  computed monoton ie  p r o f i l e s  t h e
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s t r u c t u r e  and g rowth  of  t h e  t r a n s i t i o n  r e g i o n  d u r i n g  t h e  e a r l y  

morning h a s  b een  i n v e s t i g a t e d .

E x p e r i m e n t a l  o b s e r v a t i o n s  were made of  t h e  a b s o r p t i o n  

and v i r t u a l  h e i g h t  o f  r e f l e c t i o n  p f  r a d i o  p u l s e s  a t  a f i x e d  

f r e q u e n c y  o f  2 .0 $  MHz be tw een  $ th  F e b r u a r y  and 1 5 t h  A p r i l  

1 969 , and 2 .2 6 6  MHz b e tw ee n  1 6t h  A p r i l  and 2 0 t h  Ju n e  19&9. 

T h rou g ho u t  t h e s e  p e r i o d s  m easurem ents  were made a t  t im e s  when 

t h e  r e f l e c t i o n  h e i g h t  o f  t h e s e  f r e q u e n c i e s  t r a v e r s e d  t h e  

t r a n s i t i o n  r e g i o n .  A c o m p ar iso n  o f  t h e  c a l c u l a t e d  a b s o r p t i o n  

and v i r t u a l  h e i g h t  v a r i a t i o n s  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a ­

t i o n s  was c a r r i e d  ou t  i n  o r d e r  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  

t h e  v a r i o u s  p r o f i l e s  and t o  t e s t  t h e  a c c u r a c y  o f  t h e  p h a se  

i n t e g r a l  method.  S p e c i a l  a t t e n t i o n  has  b e en  g iv e n  t o  t h e  

o b s e r v a t i o n s  made b o t h  a t  L e i c e s t e r  and Malvern  on t h e  11t h  

A p r i l  1969 and some c o n c l u s i o n s  have b e en  drawn a s  t o  t h e  

e x t e n t  o f  p e r t u r b a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  i n  

sp ace  and t i m e .  The c o n c l u s i o n s  drawn f ro m  t h e s e  e x p e r i ­

m en ta l  and t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  t h e  E-F t r a n s i t i o n  

r e g i o n  w i l l  now be sum m arised .

( 1 ) I t  h a s  b e en  shown t h a t ,  i n  a g reem en t  w i t h  B ecker  and 

D ieminger  ( 1 9 5 1 ) ,  t h e  o c c u r r e n c e  o f  f i n e  s t r u c t u r e  on t h e  

ionogram  t r a c e s  r e c o r d e d  a t  L e i c e s t e r  i s  a r e g u l a r  f e a t u r e  

o f  t h e  morning and a f t e r n o o n  o b s e r v a t i o n s ,  b u t  a l e s s  

common o c c u r r e n c e  a t  noon .  F u r t h e r m o r e ,  t h e  d e v e lo p m en t  o f  

such  s t r u c t u r e s  d u r i n g  t h e  morning i s  found  t o  f o l l o w  f a i r l y  

w e l l  t h a t  p r e d i c t e d  by  t h e  fo rm u la

f q u s p  = A %

w i t h  t h e  c o n s t a n t  A 

t a k i n g  v a r i o u s  v a l u e s  f o r  th e  d i f f e r e n t  c u s p s  o b s e r v e d .
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(2)  The p o ly n o m ia l  ionogram  r e d u c t i o n  t e c h n i q u e  i s  c a p a b l e  

o f  r e n d e r i n g  a monotonie  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  f ro m  

which  by  means o f  t h e  p h a se  i n t e g r a l  a n a l y s i s  v i r t u a l  h e i g h t  

d a t a  may be r e c a l c u l a t e d  t o  a r e a s o n a b l e  d e g re e  o f  a c c u r a c y .  

However,  such  a monotonie  d i s t r i b u t i o n  c an  be g r e a t l y  i n  

e r r o r  when r a d i o  wave a b s o r p t i o n  i s  computed.

/ "result
( 3 ) Movements o f  a model cusp  s t r u c t u r e  on an  h ( f )  r e c o r d ^ i n  

t h e  movement, on a m onotonie  p r o f i l e ,  o f  a s m a l l  p e r c e n t a g e  o f  

t h e  i o n i z a t i o n  t h r o u g h  a c o m p a r a t i v e l y  s h o r t  r a n g e  i n  h e i g h t  

n e a r  t h e  r e f l e c t i o n  l e v e l .  T h is  may be s i m u l a t e d  by t h e  

p o s t u l a t i o n  o f  h i g h l y  l o c a l i s e d  v e r t i c a l  d r i f t  d i s t u r b a n c e s .

(4 )  The u s e  o f  t h e  p h ase  i n t e g r a l  a n a l y s i s  i n  computing  

r a d i o  wave a b s o r p t i o n  and v i r t u a l  h e i g h t  i n  a r e g i o n  o f  h i g h  

d e v i a t i v e  a b s o r p t i o n  i s  s e e n  t o  be j u s t i f i e d .  The e r r o r s  

i n v o l v e d  i n  a d o p t i n g  t h e  W.K.B. a p p ro x im a te  s o l u t i o n s  t o  t h e  

wave e q u a t i o n  a r e  t h e r e f o r e  c o n s i d e r e d  t o  be o f  t h e  same 

o r d e r  a s  t h o s e  i n v o l v e d  i n  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .

(5 )  The i n f l u e n c e  o f  t h e  i o n o s p h e r e  below 100 km on b o t h  

a b s o r p t i o n  and v i r t u a l  h e i g h t  i s  f a i r l y  s m a l l  d u r i n g  t h e  

e a r l y  morning h o u r s .  The e r r o r s  i n v o l v e d  i n  a p p r o x i m a t i n g  

i t s  d e t a i l e d  f e a t u r e s  a r e  c o n s i d e r e d  t o  be s m a l l  when t h e  

p r o p a g a t i o n  p a r a m e t e r s  f o r  f r e q u e n c i e s  r e f l e c t e d  i n  t h e  E-F 

t r a n s i t i o n  r e g i o n  d u r i n g  t h e  e a r l y  morning a r e  c a l c u l a t e d .

( 6 ) The v a r i a t i o n s  o f  a b s o r p t i o n  w i t h  t im e  and v i r t u a l  h e i g h f  

w i t h  t im e  and f r e q u e n c y ,  c a l c u l a t e d  f rom  t h e  e l e c t r o n  d e n s i t y  

p r o f i l e s  o b t a i n e d  by t h e  Thomson S c a t t e r  t e c h n i q u e ,  a g r e e ,  t o  

a h i g h  d e g r e e  o f  a c c u r a c y ,  w i th  t h e  v a r i a t i o n s  o b s e r v e d  

e x p e r i m e n t a l l y .  I t  i s  t h e r e f o r e  c o n c lu d e d  t h a t  t h e s e
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p r o f i l e s  r e p r e s e n t  c l o s e l y  t h e  s t r u c t u r e  and g ro w th  o f  t h e  

u p p e r  E and E-F t r a n s i t i o n  r e g i o n s .

(7 )  The s e n s i t i v i t y  o f  t h e  r a d i o  wave a b s o r p t i o n  t o  f l u c t u a ­

t i o n s  i n  t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  e l e c t r o n  d e n s i t y  

p r o f i l e  i s  g r e a t e r  t h a n  t h a t  o f  t h e  v i r t u a l  h e i g h t .

( 8 ) The t h e o r y  o f  t h e  p r o d u c t i o n  o f  t h e  E and E-F t r a n s i t i o n  

r e g i o n s ,  a s  p r e s e n t e d  by B ourne ,  S e t t y  and S m i th ,  d o es  n o t  

p r e d i c t  c o n d i t i o n s  i n  ag reem en t  w i t h  t h e  o b s e r v a t i o n s  made a t  

L e i c e s t e r  or M alvern .  The movement o f  an  i o n i z a t i o n  p r o d ­

u c t i o n  maximum downwards t h r o u g h  t h e  t r a n s i t i o n  r e g i o n  i s  i n  

marked c o n t r a s t  t o  t h e  a lm o s t  c o n s t a n t  g row th  t h r o u g h o u t  t h e  

h e i g h t  r a n g e  110-170 km i n d i c a t e d  by  t h e  Thomson S c a t t e r  

o b s e r v a t i o n s o

(9 )  The o b s e r v a t i o n s  o f  v i r t u a l  h e i g h t  and a b s o r p t i o n  have  

shown t h a t  t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  E-F t r a n s i t i o n  r e g i o n  

i s  h i g h l y  complex and s u b j e c t  t o  g r e a t  v a r i a b i l i t y  on  a 

l o c a l i s e d  b a s i s .  Such v a r i a b i l i t y  o f  d e t a i l e d  s t r u c t u r e  h a s  

b e e n  o b s e r v e d  i n  t h e  n o c t u r n a l  E l a y e r  by  B e l r o s e  ( 1 9 6 3 ) and 

o t h e r s .  I f  t h e  b a s i s  o f  t h e  B ourne ,  S e t t y  and Sm ith  t h e o r y ,  

t h a t  p r o d u c t i o n  sy s te m s  may be added t o  t h e  r e s i d u a l  i o n i z a ­

t i o n  i n  t h e  r e g i o n ,  i s  a d o p te d ,  i t  seems r e a s o n a b l e  t o  

e x p e c t  t h i s  v a r i a b i l i t y  t o  be r e p r o d u c e d  i n  t h e  d a y t im e  E-F 

t r a n s i t i o n  r e g i o n .  The o b s e r v e d  v a r i a t i o n  o f  t h e  t im e  a t  

which  t h e  r e f l e c t i o n  l e v e l  o f  a 2 . 0 5  MHz p u l s e  moves f rom  t h e  

F r e g i o n  t o  t h e  low er  r e f l e c t i n g  r e g i o n  and t o  some e x t e n t  

t h e  v a r i a b i l i t y  o f  t a b u l a t e d  noon f 0 E d a t a  f u r t h e r  i l l u s t r a t e  

t h i s  p o i n t .  However, marked changes  i n  t h e  fo rm  o f  t h e  

e l e c t r o n  d i s t r i b u t i o n  o f  t h e  t r a n s i t i o n  r e g i o n  a r e  i n d i c a t e d
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by  t h e  c u sp  s t r u c t u r e  chang es  d u r in g  t h e  m orn ing ,  s u g g e s t i n g  

t h a t  t h e  p h y s i c a l  and c h e m ic a l  c o n d i t i o n s  p r e v a i l i n g  i n  t h e  

r e g i o n  may be  v e r y  complex .

I t  h a s  b e en  shown t h a t  such  c h an g e s  i n  t h e  h ( f )  c u rv e  

c a n  r e s u l t  f ro m  s m a l l  h i g h l y  l o c a l i s e d  d i s t u r b a n c e s  i n  t h e  

e l e c t r o n  d e n s i t y  p r o f i l e .  The Thomson S c a t t e r  p r o f i l e s  l e n d  

s u p p o r t  t o  t h i s  o b s e r v a t i o n  i n  showing much f i n e  s t r u c t u r e  

s u p e r im p o s e d  upon  an  a lm o s t  c o n s t a n t  e l e c t r o n  d e n s i t y  t h r o u g h ­

o u t  t h e  t r a n s i t i o n  r e g i o n .  F u r t h e r m o r e  i t  h a s  b e e n  s u g g e s t e d  

t h a t  t h e s e  r e d i s t r i b u t i o n s  o f  i o n i z a t i o n  might  be t h e  r e s u l t  

o f  l o c a l i s e d  v e r t i c a l  d r i f t s .  Some s u p p o r t  f o r  su c h  a 

c o n c l u s i o n  i s  g i v e n  by t h e  o b s e r v a t i o n s  made o f  i o n o s p h e r i c  

wind s t r u c t u r e  by  W r i g h t ,  Murphy and B u l l  (1967).  The day  t o  

day  v a r i a t i o n  o f  t h e  g row th  o f  th e  t r a n s i t i o n  r e g i o n  may a l s o  

be a r e s u l t  o f  ch an g e s  i n  th e  c h e m ic a l  c o m p o s i t i o n  o f  t h e  

r e g i o n .  Measurements  o f  p o s i t i v e  i o n  c o m p o s i t i o n  o f  t h e  

h e i g h t  r a n g e  I I O -1 5 0  km (Munro 1970) have  shown i t  t o  be 

complex and f u r t h e r  c o m p l i c a t i o n  may a r i s e  f rom  t h e  i n f l u e n c e  

o f  m e t e o r i c  i o n s  (Lehmann and Wagner 1966).  The p h y s i c a l  

c o n d i t i o n s  i n  t h e  t r a n s i t i o n  r e g i o n  a r e  c o m p l i c a t e d  a t  t h i s  

l a t i t u d e ,  $2 N, (Wakai 19^7) s i n c e  i t  f a l l s  b e tw ee n  t h e  r e g i o n  

o f  marked Sq and S,, c u r r e n t  i n f l u e n c e  and h i g h e r  l a t i t u d e s  

where  i o n  p r e c i p i t a t i o n  p r e d o m i n a t e s .

Gen e r a l  C o n c l u s i o n s

The i n t e r p l a y  o f  many v a r i a b l e  p a r a m e t e r s  s u g g e s t s  t h a t  

t h e  p h y s i c a l  and c h e m ic a l  c o n d i t i o n s  p r e v a i l i n g  i n  t h e  E-F 

t r a n s i t i o n  r e g i o n  a r e  complex and s u b j e c t  t o  r a p i d  chan ges  

and u n p r e d i c t a b l e  v a r i a t i o n s  which r e s u l t  i n  t h e  p e r t u r b a -
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t i o n s  o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  o b se rv e d  i n  t h i s  s t u d y .  

I t  h a s  b e e n  e s t a b l i s h e d  t h a t  t h e  o b s e r v e d  v a r i a t i o n s  i n  

io n o g ram  cusp  s t r u c t u r e  a r e  due t o  s m a l l  p e r t u r b a t i o n s  imposed 

upon  an  e l e c t r o n  d i s t r i b u t i o n  which f o l l o w s  f a i r l y  c l o s e l y  

t h e  p r e d i c t i o n s  o f  t h e  Chapman t h e o r y  and e x h i b i t s  an  a lm o s t  

c o n s t a n t  g ro w th  r a t e  t h r o u g h o u t  t h e  t r a n s i t i o n  r e g i o n  g i v i n g  

no n o t i c e a b l e  v a l l e y  s t r u c t u r e  d u r i n g  t h e  e a r l y  m orn ing .  

F u r t h e r m o r e  t h e  more marked s t r u c t u r e s  a r e  shown t o  be 

f a i r l y  lo n g  l i v e d  and t o  be f e a t u r e s  o f  t h e  i o n o s p h e r e  ove r  

d i s t a n c e s  o f  t h e  o r d e r  o f  90 km.

S u g g e s t i o n s  f o r  f u t u r e i n v e s t i g a t i o n

The r e s u l t s  o f  t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  t h e  

f o l l o w i n g  p ro b lem s  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n :

1 . The s t u d y  o f  t h e  p h y s i c a l  c o n d i t i o n s  p r e v a i l i n g  i n  t h e  

h e i g h t  r a n g e  110-170  km w i t h  s p e c i a l  r e f e r e n c e  t o  t h e  d e t a i l e d  

s t r u c t u r e  o f  v e r t i c a l  d r i f t  p a t t e r n s .  The v a r i a t i o n s  o f  

t e m p e r a t u r e  and p r e s s u r e  w i t h  h e i g h t  and t im e  s h o u l d  a l s o  be 

i n v e s t i g a t e d .

2 .  The i o n  c h e m i s t r y  o f  t h e  E-F t r a n s i t i o n  r e g i o n  and i t s  

r e a c t i o n  t o  chan g es  i n  t h e  p h y s i c a l  c o n d i t i o n s  i n  t h e  r e g i o n .

3 . The v a r i a t i o n  o f  c o l l i s i o n a l  f r e q u e n c y  above 100 km 

b o th  w i t h  h e i g h t  and t i m e .

4 .  The g ro w th  t h e o r y  o f  t h e  t r a n s i t i o n  r e g i o n  a s  expounded 

by B o u rn e ,  S e t t y  and Sm ith  (1964)  i s  u n s a t i s f a c t o r y  and 

r e q u i r e s  some m o d i f i c a t i o n .

5* A c l o s e r  e x a m in a t io n  o f  t h e  r e l a t i o n s h i p  ^  ^  sh o u ld
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be made and t h e  f e a s i b i l i t y  o f  sweep f r e q u e n c y  a b s o r p t i o n  

so u nd in g  c o n s i d e r e d  i n  d e t a i l .  A p r e l i m i n a r y  s t u d y  o f  A ( f )  

sou n d ing  h as  b e en  made and i s  p r e s e n t e d  i n  Appendix I .

6 . T h i s  s t u d y  has  shown t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  

o b t a i n e d  by t h e  Thomson S c a t t e r  t e c h n i q u e  t o  r e p r e s e n t  t h e  

i o n o s p h e r i c  c o n d i t i o n s  t o  a h i g h  d e g r e e  o f  a c c u r a c y .  The 

t e c h n i q u e  sh o u ld  t h e r e f o r e  be more w i d e l y  u sed  on a r o u t i n e  

b a s i s  t o  e n a b l e  d e t a i l e d  s t u d i e s  o f  i o n o s p h e r i c  s t r u c t u r e  and 

i t s  v a r i a t i o n s  t o  be made.
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Appendix.,  I

V e r t i c a l  I n c i d e n c e  A(f.) sound ing

The f e a s i b i l i t y  o f  r e c o r d i n g  t h e  v a r i a t i o n  o f  t o t a l  r a d i o  

wave a b s o r p t i o n  w i t h  f r e q u e n c y  d u r i n g  t h e  sweep o f  an  i o n o ­

s p h e r i c  so u n d e r  was f i r s t  i n v e s t i g a t e d  by  P a u l  ( 1 9 6 2 ) .  I n  

t h i s  t e c h n i q u e  t h e  a m p l i t u d e  d a t a  was su p e r im p o s e d  on t h e  

no rm al  p h o t o g r a p h i c  io n og ram  by d e l a y i n g  t h e  o b s e r v e d  echo i n  

a l t e r n a t e  c y c l e s  ( i . e .  25 Hz) by  a n  amount p r o p o r t i o n a l  t o  i t s  

a m p l i t u d e .  Wakai and I s h i z a w a  (1962)  have  d e v e lo p e d  a method 

by  which  a r e c o r d  o f  t h e  s h a p e ,  a m p l i t u d e  and d e l a y  o f  t h e  

echo  p u l s e  was o b t a i n e d  by r o t a t i o n  o f  t h e  ‘A s c a n '  d i s p l a y  

t h r o u g h  45 . The r e c o r d s  o b t a i n e d  by b o t h  t h e s e  t e c h n i q u e s  

a r e  d i f f i c u l t  t o  i n t e r p r e t  and an  a t t e m p t  h a s  b e en  made t o  

d e v e lo p  equ ipm en t  t o  p ro d u c e  a d i r e c t  p e n  r e c o r d e r  o u t p u t  

p r o p o r t i o n a l  t o  t h e  echo  a m p l i t u d e .  T h i s  equ ipm ent  c a n  a l s o  

m easure  t h e  a m p l i t u d e s  o f  s e v e r a l  e ch oes  s i m u l t a n e o u s l y  g i v i n g  

an i n d e p e n d e n t  o u t p u t  f o r  e ach  one .

I n  o r d e r  t o  m o n i to r  t h e  a m p l i t u d e  o f  an  i o n o s p h e r i c  echo 

p rod u ced  by an  i o n o s o n d e  d u r in g  i t s  sweep i t  must be  b o r n e  i n  

mind t h a t  t h e  r e f l e c t i o n  h e i g h t  o f  an  echo  c h an g es  c o n t i n ­

u o u s l y  a n d ,  a t  any  g i v e n  f r e q u e n c y ,  t h e r e  w i l l  u s u a l l y  be 

s e v e r a l  e c h o e s  p r e s e n t  f ro m  d i f f e r e n t  h e i g h t s  o r  f ro m  m u l t i p l e  

r e f l e c t i o n s .  I t  i s  i m p e r a t i v e ,  t h e r e f o r e ,  t h a t  any  e l e c t r o n i c  

m o n i t o r i n g  s y s te m  s h o u ld  be a b l e  t o  ( a )  r e s o l v e  b e tw e e n  t h e  

v a r i o u s  e ch o e s  p r e s e n t ,  and (b )  l o c k  o n to  t h e  s e l e c t e d  echo  

and f o l l o w  i t s  h e i g h t  c h an ges  d u r i n g  t h e  sweep. I n  a d d i t i o n ^  

t h e  sy s te m  s h o u l d  have  a  wide dynamic r a n g e  t o  accommodate tl^e
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l a r g e  f l u c t u a t i o n s  t h a t  occu r  i n  echo a m p l i t u d e s .

The e q u ip m e n t ,  i l l u s t r a t e d  i n  t h e  b l o c k  d ia g ra m ,  f i g u r e

A .1 ,  was d e s i g n e d  t o  o p e r a t e  i n  c o n j u n c t i o n  w i t h  a Union  

R a d io  Io n o son d e  Mark I I  and d e r i v e s  i t s  v i d e o  i n p u t  and 

t r i g g e r i n g  i m p u l s e s  f ro m  i t .  The t r a n s m i t t e r  m o d u l a t i o n  p u l s e  

i s  u s e d  t o  t r i g g e r  a g a t i n g  sys tem  which  s w i t c h e s  t h e  r e c e i v e r  

o u t p u t  a l t e r n a t e l y  i n t o  two a m p l i f i e r  c h a n n e l s .  I n  t h e  f i r s t  

c h a n n e l  t h e  p u l s e s  a r e  a m p l i f i e d ,  s q u a r e d  and p a s s e d  t h r o u g h  

a t h r e s h o l d  g a t e  s e t  so  a s  t o  remove any  background  n o i s e .  

These  p u l s e s  a r e  f e d  i n t o  a decade  c o u n t e r  f rom  w hich  a r e  

d e r i v e d  t r i g g e r i n g  p u l s e s  c o r r e s p o n d i n g  t o  t h e  g round  p u l s e ,  

f i r s t  e ch o ,  second  echo e t c .  The p u l s e s  a r e  t h e n  d e l a y e d  by 

t h e  r e p e t i t i o n  t im e  o f  t h e  t r a n s m i t t e r  p u l s e  (20 ms) and a r e  

t h e n  u se d  t o  g e n e r a t e  s t r o b e s  f o r  t h e  g a t e d  a m p l i f i e r s  i n  t h e  

i n d i v i d u a l  m o n i to r  c h a n n e l s ;  c h a n n e l  1 , f i r s t  echo ;  c h a n n e l  

2 ,  secon d  echo;  and so on. The s t r o b e s  a r e  t h u s  l o c k e d  t o  

t h e i r  c o r r e s p o n d i n g  e ch o ,  a p a r t  f rom  any movement which  may 

o c c u r  d u r i n g  t h e  20  ms d e l a y  t i m e .  The s t r o b e  o u t p u t s  a r e  f e d  

t o  p u l s e  h e i g h t  m o n i t o r s ,  b a sed  on t h e  d e s i g n  o f  R r o n z i t e

( 1 9 6 5 ) ,  f ro m  which  o u t p u t  v o l t a g e s  a r e  d i s p l a y e d  on a m u l t i ­

t r a c k  pen  r e c o r d e r .

P r e l i m i n a r y  t e s t s  w i t h  t h i s  i n s t r u m e n t  show t h a t  i n * i t s  

o r i g i n a l  fo rm  i t  was p r o n e  t o  i n t e r f e r e n c e  f rom  c w .  t r a n s ­

m i s s i o n s  and h i g h  a m p l i t u d e  n o i s e  b u r s t s  f ro m  e l e c t r i c a l  

i n s t a l l a t i o n s .  The i n t r o d u c t i o n  o f  a s im p le  e l e c t r o n i c  ' f l y  

w h e e l '  c i r c u i t  i s  t o  be i n v e s t i g a t e d  w i t h  a v iew  t o  m in im is in g  

t h i s  i n t e r f e r e n c e .

A c r i t i c a l  s t u d y  o f  t h e  a b s o r p t i o n  r e c o r d s  made by  t h e
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sweep f r e q u e n c y  t e c h n i q u e  i s  n e c e s s a r y  i n  o r d e r  t o  a s s e s s  

t h e i r  v a l u e  i n  t h e  l i g h t  o f  two phenomena e x t e r n a l  t o  t h e  

m o n i t o r i n g  e q u ip m en t .  These a r e  ( i )  t h e  e f f i c i e n c y  o f  t h e  

so un d e r  t u n i n g  c o n t r o l  sy s te m  i n  k e e p in g  t h e  r e c e i v e r  

a c c u r a t e l y  i n  t u n e  w i t h  t r a n s m i t t e r  t h r o u g h o u t  t h e  sweep ,  

and ( i i )  t h e  e f f e c t s  o f  r a p i d  i o n o s p h e r i c  f a d i n g  and t h e  l a c k  

o f  any  e x te n d e d  measurement t o  overcome sam pl ing  and f a d i n g  

e r r  or s .
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Appendix  I I

D iagram. J  T r a n s m i t t e r  O s c i l l a t o r ,

R1 = 47 kjL R2 — 39 k JÎ. R3 — 15 k ^

R4 = 3 3 0 ^ R5 = 220 k j ^ r 6 = 220  kM.

Cl = 6-65 pF C2 = .01 ^ F 03 = .01 julF

C4 — 100 pF 0 5 = .01 F C6 = .OlyuF

C7 = 6-65 pF C8 — c 002 yfC F 09 = 120 pF

11 = 12 = 24 mH V1 = EF 80 V2 = EL36

T1 = f e r r i t e  r i n g  FX11OS/BJ 80 t u r n s  p r im a r y

90 t u r n s  c e n t e r  t a p e d  s e c o n d a r y

Diagram  2 P u l s e d Power A m p l i f i e r

R1 = 470 k ^ R2 = 1 00 kj^ H3 4 7 ^

R4 ~ 4 7 ^ R5 = 4 7 ^ r 6 = 47^

R7 = 1 00 k ^ r 8 = 470 ksz R9 = 1 kji.

RIO = 47^ R11 = 47^ R12 = 1 k-n-

R I 3 = 4o7 kiT- R l4  = 4®7 k-n. R I 5 = 250

R1 6 = 100 kn. R17 = 47-^ R I 8 = 47^

R I 9 = 47 k ^ R20 = 47 k ^ R21 = 11 ^

R22 ~ 1 1 ^ H23 = 200 k j t Cl = .O l ^ iF

02 = 6-65 pF 03 = .02yUtF 04 = . 0 2 ^  F

C5 = 6-65 pF 11 = 1 .5  raH L2 = 1 .5  mH

V3 = EL 36 V4 = EL 36 V5 = i  QQV07

V6 = i  QQV07-40A V7 = V8 = 4b6o

T2 = 2 f e r r i t e  r i n g s  FX 11 08/B$ 13O t u r n  p r i m a r y

120 t u r n  s e c o n d a r y  

T3 = 4 f e r r i t e  r i n g s  FX 11 O8/ B 5 40 t u r n  c e n t r e  t a p e d  p r i m a r y

20  t u r n  s e c o n d a r y
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R1 = 330 R2 = 330 ksL R3 560 kjv

R4 = 220 kA R5 = 560 kjv r 6 = 4 .7  Mit

R7 = 47 k s t r 8 = 470 k s i R9 = 22 k i t

RIO = 1 0 Mji R11 = 1 0 kj t R12 56 kit

R13 = 220 k-n. R14 = 1 .5 kjz. R I 5 = 180 kit

R16 = 1 00 k j i R17 = 47 kjL R I8 1 Mit

R19 = 22 ki t R20 = 2 .2  kjL R21 = 56 kit.

R22 = 1 0 kst R23 = 47 k ^ R24 = 4 .7  kJi

R25 = 1 0 k  st R26 = 33 k ^ Cl = 1 jxF

02 = .02 jx? 03 = . 02^ F C4 . 007^  F

C5 = 350 pF C7 = . 01^  F 08 2^ F

09 = 1 .OyM, F 06 = switched 150-■300 pF

V9 = i  ECO 82 VI 0 = i  ECO 82 V11 EF 80

V12 = i  EGG 82 VI3 = -k EGG 82 VI4 = EF 80

VI5 = BYX 22

Diagram k  E d i f i e d  t r i g g e r i n g  system

HI = 330 kj i R2 = 330 kjz R3 = 560 k i t

r 4 = 560 k ^ R5 = 220 k ^ r 6 = 43 k i t

R7 = 470 k s t R8 = 22 kuz R9 1 0 Mit

RIO = 1 0 k j i R11 = 56 k-a R12 = 4 .7  M-̂ t

R13 = 1 Rl4 = 47 kJi R I 5 = 4 ,7  kit

R16 = 22 k ^ R17 = 470 kit R I8 = 1 Mjt(Var)

R19 = 1 R20 = 22 kjt R21 = 4 .7  kit

R22 = 47 ksz R23 = 1 M-̂ R24 = 1 Mji

R25 = 1 Mit R26 = 220 kjt R27 = 1

R28 = 1 Mji R29 = 4 .7  kjT. R30 = 100 k i t

R31 = 8.2  k-A R32 = 250 kit(Var) R33 = 1 50 ksi

R31+ = 22 kJt R35 = 1 Mit R36 3 3 0^
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R37 = 220  kui R38 = 47 R39 = 1 Mji

R40 = 150 k.5. R4i = 1 00 k ^  (V a r )  R42 = 4 . 7

r 43 = 82 kj*. R44 = 100 k j^  R45 = 33

R46 = 2 . 2  MA R47 = 10 k a  R48 = 2 , 2  M-n.

r 4 9  = 1 Mæ R50 = 47 kJi R5l = 4 .7  kva

R52 = 22 k s i  R 53 = 470 k-n- R$4 = 1 M j i (V a r )

R55 = 1 R56 = 22 k-n. R57 = 4 . 7  k j i

R58 = 47 kJi  R59 = 1 Mjv R60 = 1 Mji

r 6 i  = 1 Mjt RÔ2 = 220 kj<. R63 = 1 Mjv

r 6 4  = 1 Mjz b 65  = 4 .7  k A  R66 = lOO k-f*-

R67 = 150 k ^  r 6 8  = 33 k ^  R 69 = 250 k J z ( V a r )

Cl = ly uF  02 = .0 2 /u F  C3 = .OlyW-F

C4 = .0 0 2 y iF  C5 = 47 pF C6 = .002yw.F

07 = .002 a  F 08 = .05ykF 09 = 22 pF

0 10  = .047  pF Oil  = 25ynF 0 1 2 =  .1y" F

0 1 3 = .OIW F 014 = 120 pF 0 1 5 = .OlyKF

016 = . 0 5 ^ F  017 = 470 pF 018 = . 0 4 7 / t F

019 = . 0 0 5 j t i F  020 = . 047yKF 021 = 22 pF

022 = .OlyUF 023 = 25 a  F

VI = i  EOO 81 V2 = i  SCO 81 V3 = EF 80

V4 = i  aCC 81 V5 = i  EGO 8l v 6 = i  ECO 8l

V7 = i  ECO 81 V8 = & EOO 81 V9 = i  ECO 8 l

VI0 = i  BCG 81 VII = i  ECO 81 V12 = i  ECO 8 l

VI3 = i  ECO 81 VI4 = i  ECO 81 V I5 = i  ECO 8 l

V I6 = i  SCO 81 V17 = i  EOO 81 VI8 = i  ECO 81

VI9 = i  SCO 81 V20 = i  EOO 82 V21 = i  ECO 82

V22 = BYX22/800 V23 = OA 8 l V24 = OA 8 l

V25 = OA 81 V26 = OA 81 V27 = OA 8l

V28 = OA 81
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