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ABSTRACT 

A study has  been made of the detailed behavior of the F region at 

night using the incoherent scat ter  sounder at the Arecibo Ionospheric 

Observatory to determine to what exter,t i t  is compatible with cu r ren t  

1 a S o ~ a t o ~ y  react ion rates. 

It was found that i f  current ly  accepted values for the ra t ios  of the 

atom ion interchange reactions between atomic oxygen and molecular 

nitrogen and molecular oxygen a r e  employed with the CIRA 1965 model 

a tmosphere,  then a production sozrce  of the order  of 10 

c m  s e c  would be required.  It is concluded that such ra t ios  are 

difficult to reconcile with available production mechanisms. 

9 e lectrons 
-2 -1 

The behavior i i  ei ther the neutral molecular densit ies or  the 

react ion r a t e s  are lowered by a factor of 3 is examined and it is shown 

that t he re  is considerable detailed agreement between the calculated lo s s  

r a t e s  and the observed recombination r a t e s .  

sou rces  of the o rde r  of 10 c m  sec a r e  then requi red  af ter  sunset  

and before  dawn. 

Additional production 
8 -2 -1 

Photoelectsorz flkxes, horizoctal ion velocities combined with 

horizontal  density gradients and horizontal velocity gradients, a r e  examined 

a s  possible production sources .  



CHAPTER I 

I NTRODUCT I ON 

1.1 G e n e r a l  S t a t e m e n t  of  t h e  Problem 

P r e v i o u s l y ,  Quinn and N i s b e t  (1965) u s e d  d a t a  

d e r i v e d  from r e d u c e d  ionograms t o  i n v e s t i g a t e  recombina-  

t i o n  and t r a n s p o r t  phenomena i n  t h e  n i g h t t i m e  F - r e g i o n .  

T h e i r  a n a l y s i s  was r e s t r i c t e d  due t o  t h e  l a c k  of informa-  

t i o n  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 s  of t h e  t o p  of t h e  

l a y e r ,  t e m p e r a t u r e s  of  e l e c t r o n s ,  i o n s  and n e u t r a l  

p a r t i c l e s ,  and o n  low- ly ing  i o n i z a t i o n  i n  t h e  lower  

F r e g i o n  a t  n i g h t .  McCrory (1966) e x t e n d e d  t h e i r  a n a l y s i s  

and was a b l e  t o  r e d u c e  t h e i r  r e s t r i c t i o n s  by u s 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  d e r i v e d  from r a d a r  i n c o h e r e n t  b a c k s c a t t e r  

measurements  comple t ed  a t  t h e  A r e c i b o  I o n o s p h e r i c  

O b s e r v a t o r y .  The method of a n a l y s i s  u sed  by Quinn and 

N i s b e t  (1965)  and McCrory (1966) was an  i t e r a t i v e  

p r o c e s s  f o r  d e t e r m i n i n g  t h e  b e s t  e s t i m a t e s  of t h e  

r e c o m b i n a t i o n  c o e f f i c i e n t  a t  300km from which t h e  t r a n s -  

p o r t  v e l o c i t y  was c a l c u l a t e d .  

McCrory (1966)  found t h a t  t h e  e l e c t r o n  c o n t e n t  

i n c r e a s e d  d u r i n g  t h e  n i g h t  and assumed t h e  p r o d u c t i o n  

mechanism was p h o t o e l e c t r o n s  from t h e  c o n j u g a t e  r e g i o n .  

A l s o ,  McCrory s u g g e s t e d  t h a t  l a r g e  s c a l e  h o r i z o n t a l  

w i n d s ,  a s  p r e d i c t e d b y  King and Kohl (1965) and measured 

uy Rlllg-IIele (1964), cc?i_zld h a v e  a d i r e c t  e f f e c t  on t h e  

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

d i f f u s i o n  c o e f f i c i e n t .  

I--- T 7 2 - -  
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The purpose  o f  t h i s  s t u d y  is t o  compare how modern 

l a b o r a t o r y  r e a c t i o n  r a t e s  a g r e e  w i t h  o b s e r v e d  F r e g i o n  

b e h a v i o r  a t  t h e  A r e c i b o  I o n o s p h e r i c  O b s e r v a t o r y .  A l s o  

an a t t e m p t  w i l l  be  made t o  e x p l a i n  t h e  n i g h t t i m e  d i s t r i -  

b u t i o n  of e l e c t r o n s  i n  t h e  F r e g i o n  on t h e  b a s i s  of 

h o r i z o n t a l  winds and v e r t i c a l  t r a n s p o r t .  

1 . 2  P r e v i o u s  R e l a t e d  S t u d i e s  

1 . 2 . 1  l o n o s p h e r i c  Wind Theory  

King and Kohl (1965)  cons&derec  t h e o r e  i c a l  

i o n o s p h e r i c  movements a t  F l a y e r  h e i g h t s  c a u s e d  by 

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

d r a g  d a t a .  They c o n s i d e r e d  t h e  f o r c e s  which  would a c t  

Y '  
on  a moving a tmosphe re  w i t h  v e l o c i t y  components ,  u x ,  U 

u a l o n g  t h e  s o u t h - t o - n o r t h ,  w e s t - t o - e a s t  and v e r t i c a l  

d i r e c t i o n s  r e s p e c t i v e l y .  The d r i v i n g  f o r c e s  due  t o  

a t m o s p h e r i c  p r e s s u r e  were Assumed t o  e x h i b i t  a d i u r n a l  

v a r i a t i o n  and t a k e  t h e  form of oOux,  where wo is t h e  

E a r t h ' s  r o t a t i o n ,  The C o r i o l i s  f o r c e ,  2wosincPux, where cP 

z 

Y 
was t h e  g e o g r a p h i c  l a t i t u d e ,  was t a k e n  t o  be 10-4U 

a t  a l a t i t u d e  of 45O. 

C o r i o l i s  f o r c e  a l o n g  t h e  x - d i r e c t i o n  was 1 0  

A l s o ,  i t  was assumed t h a t  t h e  

The -4  
u x .  

i o n  d r a g  t e r m  was t h e  force which  c h a r g e d  p a r t i c l e s  

e x e r t  on t h e  n e u t r a l  a tmosphe re  and was t a k e n  t o  be  

N + d X n s i n  I U  where I was m a g n e t i c  d i p ,  and  v N + / N n  

was t h e  c o l l i s i o n  f r e q u e n c y  o f  one  atom w i t h  a l l  i o n s .  

2 
X '  
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-10 2 -1 6 -3 0 Assuming v / N n  = 7x10 c m  s e c  , N, = 1 0  c m  , I = 60 ~ 

t h e  i o n  d r a g  t e r m  was 5 . 3 ~ 1 0 - ~ u ~ ,  and  t h e r e f o r e ,  was t h e  

1 dP dominant  f o r c e .  Thus ,  t h e  d r i v i n g  a c c e l e r a t i o n ,  - - - p d x ’  

where  p is t h e  a t m o s p h e r i c  d e n s i t y  and P is t h e  atmos- 

s p h e r i c  p r e s s u r e ,  was e q u a t e d  t o  t h e  i o n  d r a g  t e r m  and 

upon s u b s t i t u t i o n  of  t e m p e r a t u r e  and  d e n s i t y  g r a d i e n t s  

y i e l d e d  a s o u t h - n o r t h  h o r i z o n t a l  component of  a t m o s p h e r i c  

wind e q u a l  t o  34m sec . -1 

The c a l c u l a t i o n  of  King and Kohl (1965)  n e g l e c t e d  

t h e  v i s c o u s  e f f e c t s  and t h e r e f o r e  was s u b j e c t  t o  e r r o r  

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

r e s t r i c t e d  s i n c e  i t  o n l y  a p p l i e d  a t  t h e  F l a y e r  maximum 

and a t  m i d l a t i t u d e s .  T h i s  work h a s  b e e n  e x t e n d e d ,  Kohl 

and  King ( 1 9 6 7 ) ,  t o  c o n s i d e r  a g l o b a l  wind s y s t e m  p ro -  

duced  by p r e s s u r e  g r a d i e n t s  a t  d i f f e r e n t  l o c a l  t i m e s .  

T h e i r  c a l c u l a t i o n  was b a s e d  upon s a t e l l i t e  d r a g  measure-  

m e n t s  which  r e v e a l e d  a t  F layer  h e i g h t s  an  a t m o s p h e r i c  

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

w i t h  a maximum p r e s s u r e  a t  1400 L.M.T.  and a minimum 

p r e s s u r e  a t  0400 L.M.T. They c o n s i d e r e d  t h e  f o l l o w i n g  

f o r c e s  t o  be of i m p o r t a n c e  i n  t h e i r  c a l c u l a t i o n .  

1. V P  = t h e  a t m o s p h e r i c  p r e s s u r e  g r a d i e n t .  

2 .  2p(ExG) = C o r i o l i s  f o r c e ,  where W = f r e q u e n c y  
- 

sf t h e  e a r t h V s  r o t a t i o n ,  u = a t m o s p h e r i c  

wind v e l o c i t y ,  p = a t m o s p h e r i c  d e n s i t y .  

3 .  a% 
PFL (7 ) -. v i s c o u s  f o r c e ,  ah 



au 4 .  p (= + 6 --v )E) = i n e r t i a l  f o r c e s ,  where  

(u . V  )ti is n e g l e c t e d .  
P V i N i  

- i o n  d r a g  where v n  = t h e  5 .  pvn(E-tii) IN- n 
_ _  

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

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

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

n e u t r a l  p a r t i c l e s  
- 
ui= i o n  v e l o c i t y  

Ni= i o n  c o n c e n t r a t i o n  

Nn = n e u t r a l  p a r t i c l e  c o n c e n t r a t i o n  

The momentum e q u a t i o n  f o r t h e m o t i o n  o f  t h e  atmos- 

p h e r e  was d e v e l o p e d  i n  t h e  f o l l o w i n g  fo rm 

A A  1 
P 

v . N  

n 
(ti - (Ti 0 t ) t )  = - - V P  ai i  m -  

T h i s  momentum e q u a t i o n  was s o l v e d  n u m e r i c a l l y  by  
V 

King and  Kohl (1967) a n d  t h e  v a l u e s  f o r  Ni9  P ,  

were d e t e r m i n e d  i n  t h e  f o l l o w i n g  manner .  

a n d  
n 

V P/v 

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

were t a k e n  f rom a p r o f i l e  c a l c u l a t e d  by 

Matuura and  Nagota  (1962)  a n d  were e x t r a p o l a t e d  

e x p o n e n t i a l l y  a b o v e  400km. 

I t  was assumed t h a t  Ni = Nm exp(1- 
h-hm h-hm 

2, H e x p  (-7f-I) 
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whereNm9 h ,  hm, H ,  have t h e i r  u s u a l  meaning and 

h m P  Nm9 and H ,  a r e  independen t  of l a t i t u d e  and 

l o c a l  t i m e .  

The q u a n t i t y  vi/Nn was chosen  t o  be e q u a l  t o  

7x10-10cm3sec-1, and  was assumed t o  be  v a l i d  

a t  a l l  a l t i t u d e s .  

The d r i v i n g  f o r c e  w a s  c a l c u l a t e d  f rom models  

by Jacchia (1965)  and was approx ima ted  by 

- - - -  a' - A ( h ) s i n ( o t )  where A(h) is a correct ion 
P ax 

p r o f i l e  f o r  v a r i o u s  a l t i t u d e s .  

a n a l y s i s  of t h e  c a l c u l a t e d  wind s y s t e m  i n  t h e  

n o r t h e r n  hemisphere  a t  300km i n d i c a t e d  t h a t  under  maxi- 

mum s u n s p o t  c o n d i t i o n s  (N==106cm-3, H=SOkm) there  was a 

wind s p e e d  o f  45m sec-' i n  t h e  d i r e c t i o n  of t h e  d r i v i n g  

force.  The r e a s o n  for t h e  w i n d  b e i n g  i n  t h e  d i r e c t i o n  

of  the  d r i v i n g  force was t h a t  under  maximum s u n s p o t  

c o n d i t i o n s  t h e  i o n  d r a g  t e r m  was dominant .  Under  

c o n d i t i o n s  of  s u n s p o t  minimum ( N  = 3x10 c m  , H = 60km) 

where C o r i o l i s  and i n e r t i a  f o r c e s  were dominan t ,  t h e  

a v e r a g e  wind s p e e d  was 140m sec  and had an  e a s t w a r d  

component a t  h i g h  l a t i t u d e s ,  and westward component a t  

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

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

t h e  d r i v i n g  force.  I t  a l s o  appea red  t h a t  s i n c e  N-F2 

was 1 . 4 5  t i m e s  g r e a t e r  w h i l e  t h e  wind was moving toward 

t h e  west t h a n  toward  t h e  e a s t ,  t h e n  t h e  g r e a t e r  

5 -3 

-1 

111 
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v e l o c i t i e s  would o c c u r  toward  t h e  e a s t ,  T h i s  is in 

agreement. w i t h  Ring-Wele and  S c o t t  (1967) who have  

observed a n e t  e a s t w a r d  r o t a t i o n  of t h e  uppe r  a tmosphe re .  

L indzen  (1966)  p roposed  a s i m p l i f i e d  model t o  

es t imate  t h e  z o n a ?  v e l o c i t y  a s s o c i a t e d  w i t h  t h e  d i u r n a l  

t e m p e r a t u r e  o s c i l l a t i o n  in t h e  t h e r m o s p h e r e ,  H i s  p r i m a r y  .. 
* 

o b j e c t i v e  was t o  d e t e r m i n e  a h o r i z o n t a l  p r e s s u r e  

a c c e l e r a t i o n ,  - --== and t o  e s t i m a t e  t h e  dynamic r e s p o n s e  

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

v i s c o s i t y  was i n c l u d e d .  For t h i s  c a l c u l a t i o n  L indzen  

x a p  

made t h e  f o l l o w i n g  a s s u m p t i o n s :  

1. That  a t  t h e  e q u a t o r  t h e  h o r ' i z o n t a l  p r e s s u r e  

g r a d i e n t  was m a i n l y  i n  a n  east-west d i r e c t i o n ,  

2. 'That hor iz ,on taY d i f f u s i o n  was n e g l i g i b l e  

3 .  That  i m n l i n e a r  terms c o u l d  be i g n o r e d ,  

4 ,  Coriolis forces  c o u l d  be n e g l e c t e d .  

Then,  u s i n g  t h e  boundary  c o n d i t i o n s  t h a t  t h e  
- a u  

Q az h o r i z o n t a l  v e l o c i t y ,  ux was 5 

a s  z - at z IJ 0 and  t h a t  - -+ 0 

co t h e  momentum e q u a t i o n  was s o l v e d  a n d  y i e l d e d  

a h o r i z o n t a l  v e l o c i t y  st t h e  order of 1 3 6 m  sec' a t  
- 1  l l O k m  and  241m sec a t  374km, Lipdzer  (19678 r e p e a t e d  

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

which n e c e s s i t a t e d  t h e  u s e  Q €  a n u m e r i c a l  s o l u t i o n  a s  

opposed to t h e  a n a l y t i c a l  s o l u t i o n  i n  t h e  p r e v i o u s  

c a l c u l a t i o n  
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H e  was i n t e r e s t e d  i n  knowing i f  a large v e l o c i t y  

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

t h e  i n c l u s i o n  of e l e c t r i c  f i e l d s ,  E ,  t e n d e d  t o  oppose  t h e  

z o n a l  v e l o c i t y  of  t h e  n e u t r a l  g a s  i n  g i v i n g  r i s e  t o  a 

v e r t i c a l  t r a n s p o r t  of i o n s .  S i n c e  t h e  i o n  d r a g  was 

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  z o n a l  v e l o c i t y  of t h e  

n e u t r a l  g a s  and  3 t e n d e d  t o  r e d u c e  i o n  d r a g ,  t h e  i o n  

drag t e r m  was o v e r - e s t i m a t e d  by n e g l e c t i n g  E, There-  

f o r e ,  i f  a l a rge  z o n a l  v e l o c i t y  o f  t h e  n e u t r a l  gas  was 

f o u n d ,  i t  would n o t  be  d i m i n i s h e d  by t h e  e l e c t r i c  f i e l d ,  

Comparing t h e  r e s u l t s  of t h i s  c a l c u l a t i o n  w i t h  L indzen  

(1966)  i t  was e v i d e n t  t h a t  t h e  i o n  d r a g  t e r m  was s i g n i f i -  

c a n t  i n  d e t e r m i n i n g  n e u t r a l  winds  above 500km, The i o n  

drag t e r m  was found t o  be g r e a t l y  dependent  upon t h e  

i o n  d i s t r i b u t i o n .  Depending on t h e  i o n i z a t i o n  model 

t h a t  was u s e d ,  n e u t r a l  z o n a l  ve loc i t i e s  v a r i e d  from 

180m sec-' t o  780m sec-' a t  800km. 

v e l o c i t i e s  o v e r  240m sec Lindzen (1967) i n d i c a t e d  t h a t  

n o n l i n e a r  a d v e c t i o n  terms s h o u l d  have been  i n c l u d e d .  

However, f o r  
-1 

Geis le r  (1967) has s o l v e d  t h e  e q u a t i o n  of mot ion  

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

wind s y s t e m  a t  t h e  F2 l a y e r  maximum, P r e v i o u s l y  Geis ler  

(1966)  u s e d  a s e t  of s t a t i c  models for t h e  the rmosphere  

and  a r r i v e d  a t  t h e  ser ies  of s t e a d y - s t a t e  s o l u t i o n s  t o  

t h e  e q u a t i o n s  o f  mot ion  a s  i n d i c a t i v e  of t h e  form of  

a t i m e  v a r y i n g  s o l u t i o n .  
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Geis le r  ('1967) wrote t h e  e q u a t i o n  of mot ion  and  

i n c l u d e d  t h e  p r e s s u r e  d r i v e n  d r i v i n g  force ,  C o r i o l i s  

f o r c e ,  v i s c o u s  force ,  and  t h e  i o n  d r a g  force a s  d i d  Kohl 

and King e1967) .  The p h y s i c a l  a s s u m p t i o n s  a n d  atmos- 

p h e r i c  models u s e d  by Geis ler  (1967)  p a r a l l e l e d  those 

used  by Kohl and  King (1967)  w i t h  t h e  e x c e p t i o n  t h a t  a 

d i f f e r e n t  i o n  d i s t r i b u t i o n  was employed ,  Geis le r  (1967)  

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

i o n  d i s t r i b u t i o n  f o r  t h e  d a y t i m e  h o u r s ,  w i t h  a l i n e a r  

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

s u n s e t ,  S u n r i s e  and  s u n s e t  were c e n t e r e d  on 0400 a n d  

2100 h r o  f o r  t h e  summer; 0600 a n d  0800 h r ,  f o r  t h e  

e q u i n o x ;  and  0800 and  1700 h r .  for t h e  w i n t e r .  

The r e s u l t s  of Ge i s l e r ' s  s o l u t i o n  showed t h a t  

1, a v e r a g e d  o v e r  a 24 h o u r  p e r i o d ,  t h e  m e r i d i o n a l  

component of t h e  wind a t  45' l a t i t u d e  y i e l d e d  

a n e t  e q u a t o r w a r d  t r a n s p o r t  of mass ;  and  

2 ,  t h e  z o n a l  component a v e r a g e d  o v e r  a 24 h o u r  

p e r i o d  was found  t o  be westward w i t h  a mean 

s p e e d  of 5 0 m  s e c Y l 0  

Geisller (1967)  found  t h a t  t h e  t i m e  v a r y i n g  s o l u t i o n  

y i e l d e d  v e l o c i t i e s  of l a r g e r  a m p l i t u d e s  w i t h  t h e  maxi- 

mum v e l o c i t y  o c c u r r i n g  a t  a l a t e r  t i m e  when compared  

w i t h  t h e  r e s u l t s  f o r  t h e  S t e a d y  s t a t e  s o l u t i o n .  T h u s ,  

G e i s l e r B s  s o l u t i o n  (1967)  s u g g e s t e d  a n e t  westward 

r o t a t i o n  of t h e  u p p e r  a t m o s p h e r e  of 5 0 m  sec w h i l e  Kohl 
-1 
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a n d  K i n g F s  s o l u t i o n  (1967)  i n d i c a t e d  a n e t  eastward 

r o t a t i o n  of t h e  upper  a tmosphere  g r e a t e r  t h a n  l O O m  sec * 

O b s e r v a t i o n  of s a t e l l i t e  d rag  s t u d i e s  by King-Hele 

and S c o t t  (1967)  showed t h a t  t h e  d i u r n a l  a v e r a g e  z o n a l  

wind a t  middle  and low l a t i t u d e s  was d i r e c t e d  toward  t h e  

-1 

eas t  a t  s p e e d s  g r e a t e r  t h a n  l O O m  see-'" 

VoPland (1966)  c o n s i d e r e d  a two-dimens iona l  dynamic 

model o f  t h e  uppe r  a tmosphe re  w i t h i n  t h e  e q u a t o r i a l  p l a n e  

d u r i n g  e q u i m x  and  u s e d  t h e  f o l l o w i n g  r e s t r i c t i o n s  f o r  

h i s  se t  of hydrodynamic and  thermodynamic e q u a t i o n s ,  

1, Tha t  t o t a l  symmetry e x i s t e d  r e l a t i v e  t o  t h e  

a p  
a Y  

e q u a t o r i a l  p l a n e ,  i , e ,  - = 0 ,  

2 ,  T h a t  d i f f u s i v e  e q u i l i b r i u m  e x i s t e d  a t  a lower 

boundary  of 120km. 

3 .  A t  t h e  uppe r  boundary of 800km t h e  hydrodynamic 

c o n c e p t  was v a l i d ,  

4 .  The o n l y  plasma e f f e c t  was i s n  d r a g ,  

5. N o n - l i n e a r  terns were i n c l u d e d .  

The s y s t e m  of e q u a t i o n s  had f i v e  unknowns, u ,  w ,  p ,  

P,  T where: 

u,w = t h e  components  of t h e  wind v e l o c i t y  

P e= a t m o s p h e r i c  pressure 

T = a t m o s p h e r i c  t e m p e r a t u r e  

p = atmospheric d e n s i t y ,  

b u t  on a c c o u n t  of d i f f u s i v e  e q u i l i b r i u m  t h e y  were s o l v e d  

i n d e p e n d e n t l y  f o r  each c o n s t i t u e n t  of t he  a i r ,  The o n l y  
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c o u p l i n g  t h a t  e x i s t e d  between t h e  d i f f e r e n t  c o n s t i t u e n t s  

was i n  t h e  h e a t  p r o d u c t i o n  t e r m ,  Thus ,  t h e  method u s e d  

t o  s o l v e  t h e  above e q u a t i o n s  was a r e c u r s i o n  method. 

Volland (19661 a l s o  u s e d  a se r ies  s o l u t i o n  i n  which a l l  

known and unknown v a l u e s  were i n  t h e  g e n e r a l  form o f  a 

F o u r i e r  se r ies ,  T h i s  l e d  t o  a s y s t e m  of  o r d i n a r y  

d i f f e r e n t i a l  e q u a t i o n s  i n  which a WKB s o l u t i o n  was u s e d  

t o  a r r i v e  a t  g e n e r a l i z e d  g r a v i t y  waves ( i o e o  i n c l u d e d  

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

w i t h  p e r i o d s  of one d a y ,  

Vo l l and  a r r i v e d  a t  a s o l u t i o n  i n d i c a t i n g  a b u l k  
-1 motion of e a s t w a r d  r o t a t i o n  of a p p r o x i m a t e l y  l O O m  sec 

w h i c h  a g r e e d  b o t h  i n  magn i tude  and d i r e c t i o n  w i t h  t h a t  

obse rved  by King-Hele and S c o t t  ( 1 9 6 7 ) .  

1 , 2 . 2  D i r e c t  W i n d  Measurements 

Atmospher ic  wind measurements  i n  t h e  a l t f -  

t u d e  r a n g e  from 70 t o  115 km have  been  o b t a i n e d  by t h e  u s e  

of chemiluminous c l o u d s  and  by r a d i o  meteor o b s e r v a t i o n s .  

A n a l y s i s  of chemi luminous  c l o u d  o b s e r v a t i o n s  have  

been o b t a i n e d  for E g l i n  A i r  F o r c e  B a s e ,  F l o r i d a  by 

Roaenburg and Edwards ~ , h 9 6 4 ) ,  Wal lops  I s l a n d ,  V i r g i n i a  b y  

Kochanski ( 1 9 6 4 1 ,  and a t  B a r b a d o s ,  West ' Ind ie s  by 

Murphy ( 1 9 6 6 ) "  These e x p e r i m e n t s  were r e s t r i c t e d  to 

t w i l i g h t  and n i g h t t i m e  h o u r s  and  t o  a n  a l t i t u d e  r a n g e  

w h e r e  T o M , A .  ( t r i m e t h y l  aluminum) would combine With 
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oxygen t o  p roduce  chemiluminous g a s  t r a i l s .  

Radio  meteor t r a i l s  a t  v a r i o u s  l o c a t i o n s  have  been 

a n a l y z e d  by Rober t son ,  L i d d y ,  and E l f o r d  (1953) ,  Huxley 

(19571,  E l f o r d  (1959) and Hines ( 1 9 6 0 ) ,  t o  o b t a i n  wind 

v e l o c i t i e s  i n  t h e  r e g i o n  from 90 t o  110 km. 

The i n s t a n t a n e o u s  measurement of  t h e  a m p l i t u d e  and 

d i r e c t i o n  of t h e  wind was n o t  i n  g e n e r a l  p o s s i b l e  s i n c e  

i t  r e q u i r e d  me teo r  showers  t o  g i v e  a minimum of  t h r e e  

t r a i l s  o c c u r r i n g  a t  t h e  same h e i g h t  and t i m e .  Thus ,  o n l y  

wind v e l o c i t i e s  ave raged  o v e r  t h e  p e r i o d  of a n  h o u r  c o u l d  

be  c a l c u l a t e d .  

The r e s u l t s  of  r a d i o  meteor  s t u d i e s  and g a s  t r a i l  

e x p e r i m e n t s  were a s  f o l l o w s :  
-1 1. Wind s p e e d s  v a r i e d  between 2 l O O m  sec w i t h  a 

maximum v e l o c i t y  i n  t h e  a l t i t u d e  r a n g e  from 

100 t o  110 km. The wind v e c t o r  r o t a t e d  c l o c k -  

w i s e  as  viewed from above w i t h  a w a v e l e n g t h  of 

t h e  o r d e r  of 12-15km and t h e  i n t e r v a l  between 

wind n u l l s  i n c r e a s e d  w i t h  a l t i t u d e .  Downward 

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

n i g h t  and were of t h e  o r d e r  o f  one wave leng th  

p e r  t w e l v e  h o u r s ,  

2 .  The d i u r n a l  v a r i a t i o n  showed morning wind 

s p e e d s  t o  be  g r e a t e r  t n a n  eveiiiiig w i i i d  speeds by 

10m sec -1 
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S e a s o n a l  v a r i a t i o n s  i n d i c a t e d  a wind  from t h e  east  

t o  n o r t h e a s t  i n  t h e  summer and from t h e  n o r t h w e s t  t o  

n o r t h e a s t  i n  w i n t e r .  

Measurements of  b o t h  i o n i z e d  and n e u t r a l  w inds  above 
* 

115km have been o b s e r v e d  b y  u s i n g  T.M.A. t r a i l s ,  i o n  and 

n e u t r a l  c l o u d s  (Ba+, Ba,  Sr, Na) and s a t e l l i t e  d r a g  

measurements .  

. 

The T.M.A.  t r a i l  e x p e r i m e n t s  w e r e  l i m i t e d  t o  a 

maximum a l t i t u d e  of 190km s i n c e  T .M.A.  would no l o n g e r  

combine w i t h  oxygen above t h a t  a l t i t u d e  t o  p roduce  v i s i b l e  

chemiluminous gas t r a i l s .  S i n c e  a p h o t o g r a p h i c  

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

t r a i l s ,  t h e  e x p e r i m e n t s  were restricted t o  t w i l i g h t  and 

e v e n i n g  h o u r s .  

O b s e r v a t i o n  of i o n i z e d  and n e u t r a l  c l o u d  e x p e r i m e n t s  

were a l s o  r e s t r i c t ed  t o  t w i l i g h t  and e v e n i n g  h o u r s ,  b u t  

were a p p l i c a b l e  i n  t h e  r e g i o n  f rom 130 t o  2000km. 

Wind measurements  deduced  f rom s a t e l l i t e  d r a g  d a t a  

were g r e a t l y  dependen t  on magn i tude  of c h a n g e s  i n  

i n c l i n a t i o n ,  w i t h  t h e  a l t i t u d e  and  l a t i t u d e  r a n g e  

determined by t h e  s a t e l l i t e ' s  o r b i t .  

Wind measurements  o b t a i n e d  by these t e c h n i q u e s  f o r  

t h e  F r e g i o n  i n d i c a t e d  a marked v a r i a t i o n  i n  t h e  wind  

d i r e c t i o n  and magn i tude  from s u n s e t  t o  s u n r i s e .  These  
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v a r i a t i o n s  a l o n g  w i t h  s e a s o n a l  and  l a t i t u d e  changes  have  

been summarized i n  T a b l e  1 and F i g u r e  1 by v e c t o r  

d i a g r a m s .  The c a l c u l a t e d  wind s y s t e m  g i v e n  by Kohl and 

King (1967)  is shown i n  F i g u r e  2 ,  

1 . 2 , 3  D r i f t  Measurements 

Radio  wave t e c h n i q u e s  have  been u s e d  t o  

measure t h e  h o r i z o n t a l  d r i f t  ve loc i t i e s  of i r r e g u l a r i t i e s  

i n  t h e  E and F r e g i o n s ,  The most f r e q u e n t l y  u s e d  r a d i o  

method makes u s e  of r a d i o  waves t r a n s m i t t e d  f rom t h e  

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

Spaced  r e c e i v e r s  r e c e i v e  t h e  ref lected s i g n a l  and  r e c o r d  

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

Thus ,  a s  i r r e g u l a r i t i e s  d r i f t  a c r o s s  t he  r e c e i v e r s  t h e y  

p roduce  a ground d i f f r a c t i o n  p a t t e r n  wh ich  is r e l a t e d  

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

g e o m e t r i c  s t r u c t u r e ,  However, t h e  a m p l i t u d e  p a t t e r n  is 

a n i s o t r o p i c  and t h e  d i f f r a c t i o n  p a t P e r n  i s  s u b j e c t  t o  

random mot ions  a s  ~t moves over t h e  g round .  E r r o r  

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

random m o t i o n s  h a s  been hand led  s t a T i s t i c a l l y  by e i t h e r  

s i m i l a r  f a d e s  or c o r r e l a t i o n  t e c h n i q u e s .  

D r l f t  measurements  have  r e v e a l e d  t h e  d r i f t  v e l o c i t y  

t o  be l a t i t u d e  dependent  and e x h i b i t  a 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 ,  The  resu l t s  of F r e g i o n  d r i f t  

measurements  by t h e  s p a c e d  r e c e i v e r  t e c h n i q u e  have  been 
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WIND SCALE - 
I 00 rn sec-' 

NO. OBSERVER L AT I TU D E ALT I TU DE 

I F O P P L  e t . a l . ( 1 9 6 5 )  4 0 ° N  140-150 krn 
2 HAERENDEL et. 01. (1966) 40" N I 90 -250 km 
3 KOCHANSKI (1964) 38" N I 15-190 km 

4a ROSENBURG et.al.(1964) 3 0 " N  115 km 
4 b  ROSENBURG e t . a l . ( 1 ~ 6 4 )  3 0 0 ~  140 km 
5 a BHAVSAR 81 RAO (1966) 8 O  N 115-140 km 
5b  BHAVSAR &RAO (1966) 8 " N  140-170 km 

N I GHTTl ME HORl ZONTAL WIND MEASUREMENTS 
FIGURE I 
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h = 3 0 0  km H=GOkm N,=3x105 ~ r n - ~  WIND SCALE - 
100 m sec" 

CALCULATED WIND SYSTEM BY KOHL AND KING (1967) 
FIGURE 2 
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summarized i n  T a b l e  2 and F i g u r e  3 by u s i n g  v e c t o r  

d iagrams G e n e r a l l y ,  d r i f t  v e l o c i t i e s  v a r i e d  from 

10-300m sec-'and were toward  t h e  e a s t  n e a r  s u n r i s e ,  b u t  

changed t o  w e s t  by e v e n i n g  a t  h i g h  l a t i t u d e s  w i t h  a 180  

r e v e r s a l  n e a r  t h e  e q u a t o r  ~ 

0 

1 , 2 , 4  Recombina t ion  

An a t t a c h m e n t - l i k e  p r o c e s s  w a s  p o s t u l a t e d  by 

Bradbury (19383) t o  a c c o u n t  f o r  t h e  l o s s  of i o n i z a t i o n  i n  

t h e  F r e g i o n .  H e  s u g g e s t e d  t h a t  t h e  F1 and F2 l a y e r s  

were formed by t h e  same i o n i z i n g  a g e n t  a c t i n g  on a s i n g l e  

i o n i z a b l e  c o n s t i t u e n t  B a t e s  and Massey (1947)  p o s t u l a t e d  

a two-fo ld  e l e c t r o n - l o s s  p r o c e s s  t h a t  c o u l d  a c c o u n t  f o r  

t h c  F 1  and F 2  l a y e r s ,  The d o u b l e  l o s s  p r o c e s s  i n v o l v e d  

t h e  c h a r g e  i n t e r c h a n g e  of t h e  a t o m i c  oxygen i o n s  w i t h  

d i a t o m i c  m o l e c u l e s  i n  t h e  E 2 l a y e r ,  a t  a r a t e  p r o p o r t i o n a l  

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

e l e c t r o n - l o s s  p r o c e s s  p roposed  by B a t e s  and  Masey (1947)  

is r e p r e s e n t e d  by t h e  r e a c t i o n s :  

o+ t. XY'OX+ 4- Y 

OX" t e - 0  -b x 
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DRIFT SCALE - 
100 m sec" 

NO. 

I 
2 
3 
4 
5 
6 
7 

OBSERVER 

CHAPMAN (1953) 
BECHEN 8 MAEHLUM (1960) 
RAO (1966) 
RAO (1966) 
YERG (1964) 
RAO 8 RAO(1959, 1963,1964) 
CHAPMAN (1953) 
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R a t c l i f f e ,  S c h m e r l i n g ,  S e t t y ,  and Thomas (1956)  

s u g g e s t e d  t h a t  above 150km t h e  l o s s  c o e f f i c i e n t ,  13, 

a t  l o w  F r e g i o n  a l t i t u d e s  was of t h e  o r d e r  o f  10-8nesec 

where ne was t h e  e l e c t r o n  number d e n s i t y ,  and a t  h i g h e r  

a l t i t u d e s  B v a r i e d  w i t h  t h e  a l t i t u d e ,  Z ,  a s :  

-1 , 

B 10-4 e x p  300-2 ] -1 

I t  was l a t e r  shown by R a t c l i f f e  (1956)  t h a t  when t h e  l o s s  

c o e f f i c i e n t  v a r i e d  i n  t h i s  way ( R a t c l i f f e ,  Schmer l ing ,  

S e t t y ,  and Thomas 19569 and a d o u b l e  l o s s  p r o c e s s  was 

assumed, t h e  forma t 10 n of t h e  F1 and FZ l a y e r s  c o u l d  

be e x p l a i n e d  Al though R a t c l i f f e  e t ,  a l ,  (1956)  

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

d e t e r m i c i n g  t h e  morphology of t h e  F r e g i o n ,  t h e y  minimized 

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

r ecombina t ion  c o e f f i c i e n t ,  

Martyn (1956)  p o s t u l a t e d  t h a t  t r a n s p o r t  i n  t h e  

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

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

H e  concluded  t h a t  a t  n i g h t  t h e  P r e g i o n  l a y e r  moved 

downward due t o  g r a v i t y ,  b u t  t h e  u n d e r s u r f a c e  was 

d e p l e t e d  by an  i n c r e a s e  i n  t h e  l i n e a r  r e c o m b i n a t i o n  

c o e f f i c i e n t  The  c o m b i n a t i o n  of d i f f u s i o n  and  recombina-  

t i o n  y i e l d e d  t h e  h e i g h t  of  maximum d e n s i t y  a t  360km for 

a Chapman r e g i o n ,  which was i n  good ag reemen t  w i t h  
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i 

e x p e r i m e n t a l  r e s u l t s .  

Dungey (1956)  h a s  s t u d i e d  t h e  e f f e c t s  o f  a m b i p o l a r  

d i f f u s i o n  on t h e  n i g h t t i m e  F l a y e r ,  H e  assumed t h a t  t h e  

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

n e u t r a l  d n e i s t y ,  and t h a t  t h e  loss v a r i e d  a s  B e  where 

I3 and k were c o n s t a n t .  H e  n e g l e c t e d  h o r i z o n t a l  v a r i a t i o n s  

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

were v e r t i c a l  and  u n i f o r m .  Dungey (1956)  imposed t h e  

s h a p e - p r e s e r v i n g  r e s t r i c t i o n  t h a t  

-kz 

where  A was a c o n s t a n t ,  and found t h e  l a y e r  s h a p e  had t h e  

same g e n e r a l  f o r m  a s  a Chapman l a y e r .  With t h e  l a y e r  

s h a p e  d e t e r m i n e d  by t h i s  r e s t r i c t i o n  Dungey (1956)  was 

ab le  t o  s o l v e  t h e  e l ec t ron  c o n t i n u i t y  e q u a t i o n .  H e  u s e d  

e l e c t r o n  d e n s i t y  p r o f i l e s  t a k e n  a t  S l o u g h ,  Eng land ,  and 

w i t h  a v a l u e  of 0.15 p e r  hour  f o r  X, c o n c l u d e d  t h a t  I3 

was 0,22 x 10-4sec-1 a t  370  km. 

n e u t r a l  m o l e c u l a r  c o n s t i t u e n t  t o  be 02’ he  was a b l e  t o  

d e d u c e  a v a l u e  for B a t  300 km of 1 , 6  x 10-4sec-1s 

However,  h e  p o i n t e d  o u t  t h a t  due  t o  t h e  p a r a b o l i c  

a p p r o x i m a t i o n s  u s e d  i n  t h e  c a l c u l a t i o n  l a r g e  errors would 

r e s u l t  u n l e s s  a c c u r a t e  p ro f i l e s  were o b t a i n e d  f rom t h e  

ionogram d a t a ,  

By a s suming  t h e  



- 24 - 

Van Zandt, Nor ton ,  and S t o n e h o c k e r  (1960)  u s e d  

e l e c t r o n  d e n s i t y  p r o f i l e s  r educed  from ionograms t a k e n  

a t  Danger I s l a n d  i n  t h e  c e n t r a l  P a c i f i c ,  d u r i n g  t h e  

October  1 2 ,  1958 e c l i p s e ,  t o  c a l c u l a t e  t h e  l i n e a r  

r e c o m b i n a t i o n  c o e f f i c i e n t .  It  was assumed t h a t  t h e  

changes  i n  t h e  e l e c t r o n  d e n s i t y  were due  t o  l o s s  b y  

r e c o m b i n a t i o n  and p r o d u c t i o n  by p h o t o i o n i z a t i o n ,  w h i l e  

t h e  e f f e c t s  o f  t r a n s p o r t  were n e g l e c t e d .  A l i n e a r  loss  

p r o c e s s  was assumed,  and o n l y  t h e  c o n s t i t u e n t s  0 and 

N2 were u s e d  f o r  p h o t o i o n i z a t i o n  and loss  r e s p e c t i v e l y ,  

These a s s u m p t i o n s  a l l o w e d  Van Z a n d t ,  N o r t o n ,  and Stonehocker 

t o  s o l v e  t h e  c o n t i n u i t y  e q u a t i o n  by a g r a p h i c a l  

t e c h n i q u e ,  The r e s u l t s  i n d i c a t e d  t h a t  t h e  r e c o m b i n a t i o n  

c o e f f i c i e n t ,  13, was of t h e  form 

- 4  300-Z)sec-1  
( 103 B = 6 . 8  x 1 0  

where Z = t h e  a i t i t u d e o  

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

r ecombina t ion  c o e f f i c i e n t  was l a r g e r  t h a n  p r e v i o u s l y  

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

F r e g i o n ,  

N i s b e t  and Quinn (1963)  c a l c u l a t e d  t h e  

r e c o m b i n a t i o n  c o e f f i c i e n t  f o r  t h e  n i g h t t i m e  F r e g i o n  b y  

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

c o n s i d e r e d  t h e  d e c r e a s e  of  atomic oxygen i o n s  i n  a t u b e  

of f o r c e  bounded b y  t h e  e a r t h ' s  m a g n e t i c  f i e l d  l i n e s  
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which e x t e n d e d  from t h e  bot tom o f  t h e  l a y e r  t o  t h e  geo- 

m a g n e t i c  e q u a t o r .  T h i s  method e n a b l e d  Misbe t  and 

Quinn (19631 t o  n e g l e c t  f l u x  te rms  i n  t h e  i n t e g r a t e d  

c o n t i n u i t y  e q u a t i o n .  

The h o t t o m s i d e  of t h e  l a y e r  w a s  d e t e r m i n e d  from 

e l e c t r o n  d e n s i t y  p r o f i l e s  t a k e n  a t  P u e r t o  R i c o ,  t h a t  

were c o r r e c t e d  f o r  l o w - l y i n g  i o n i z a t i o n .  Above t h e  F2- 

peak  a Chapman d i s t r i b u t i o n  was u s e d  t o  r e p r e s e n t  t h e  

l a y e r  t o  500km, and an e q u i l i b r i u m  d i s t r i b u t i o n  f o r  

O + ,  He  , and H* i o n s  was used  f rom 500km t o  t h e  .+ 

geomagne t i c  e q u a t o r  a 

They showed t , h a t  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t  was 

t e m p e r a t u r e  dependent  and v a r i e d  by a f a c t o r  o f  3 d i u r n a l -  

l y  and by a f a c t o r  of  30 t o  40 o v e r  t h e  s o l a r  cyc le .  

T h i s  t e m p e r a t u r e  dependence was  e x p e c t e d  s i n c e  B was 

d e p e n d e n t  on t h e  d e n s i t i e s  of  O2 and N 2 "  

a t  300km v a r i e d  f rom 1 . 5  x 10-5sec-1 a t  700°k to 

1 . 9  x 10-4sec-1 a t  1300°k, 

and d i f f u s i o n  i n  t h e  n i g h t t i m e  F r e g i o n  w a s  made c lear  

Va lues  of  R 

The impor t ance  of  d r i f t  

i n  t h e i r  r e s u l t s ,  I t  showed t h a t  s i x t y  p e r c e n t  o f  t h e  

i o n i z a t i o n  r ecombin ing  below t h e  peak had d i f f u s e d  

downward from above t h e  p e a k .  

Swider  (1965)  h a s  c a l c u l a t e d  r e a c t i o n  r a t e s  o f  

i m p o r t a n c e  i n  t h e  n i g h t t i m e  ionospne re  from i ~ i i ~ s p h e r i c  

d a t a .  H e  h a s  c o n s i d e r e d  t h e  r e a c t i o n s :  
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(rate u,> 0 +- N2 *NO' t- N 

O I  c o2 402+ 4- 0 (rate y 2 1  

e + NO**X -t o (rate cui) 
e c 0 2 4 0  t O  (.rate CY,) 

and used decay models for a stationary ionosphere to 

4- 

4- 

obtain the corresponding reaction rates, Swider used 

values for the recombination coefficient as given by 

Ratcliffe et, al, (-1956) thermosphere temperatures from 

Nicolet (1963) , and molecular oxygen and nitrogen 

densities from Nicolet (19611, He found that the ratio 

a2/a1 was 1.5 - -t 0.5, with a standard deviation of 

two, which led to the deduction that the ratio v2/y1 = 0-1, 

with'a standard deviation of two, Absolute values 

for the reaction rates Y1 and Y were bounded by 2 

10-12. 3 -13 3 -1 
1 cm sec-l 5~ 510 cm sec 

-11 3 -1 -12 3 -1 
10 cm sec ? y 2  3 10 cm sec 

with no significant temperature dependence, A value of 

(1-7+11 - x 10 

and since dissociative recombination rates for electron- 

molecular ion processes were not significantly different 

regardless of the ion species, Q! was assumed t o  be 

in the same range, I t  was suggested that the mean 

dissociative recombination rate followed a temperature 

-7  3 cm sec-' at 300°k was deduced for a2 

1 
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. 

where Te was t h e  e l e c t r o n  - 1 . 0 + 0 . 5  - dependence of  Te 

t e m p e r a t u r e ,  which was i n  good agreement  w i t h  recent  

l a b o r a t o r y  measurements .  

Quinn and Nisbet (1965) a g a i n  u s e d  mean monthly 

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

t o  i n c l u d e  d r i f t  and d i f f u s i o n .  They o b t a i n e d  v a l u e s  

f o r  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t  a t  300km, B 

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

0 . 5  x 1 0  c m  sec , and u s 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  

c o r r e c t i o n s  as g i v e n  by Nisbet and  Quinn (1963)  * The 

a u t h o r s  found  8300 t o  be s t r o n g l y  t e m p e r a t u r e  dependen t  

v a r y i n g  f rom 10-5sec-1 a t  700°k t o  3 x 10-4sec-1 a t  

1300°k w i t h  w i n t e r  v a l u e s  be ing  s m a l l e r  t h a n  summer 

v a l u e s .  The s e a s o n a l  anomaly  c o u l d  o n l y  be e x p l a i n e d  

i n  terms o f  a s e a s o n a l  v a r i a t i o n  i n  t h e  r e l a t i v e  d e n s i -  

t i e s  of  m o l e c u l a r  oxygen and t h e  m o l e c u l a r  c o n s t i t u e n t s  

r e s p o n s i b l e  f o r  r e c o m b i n a t i o n .  The r e s u l t s  showed no 

l a t i t u d e  v a r i a t i o n  i n  t33,00. 

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

b u t  w a s  dependen t  on low l y i n g  i o n i z a t i o n  and i n c r e a s e d  

when t h e  c o r r e c t i o n  f o r  low l y i n g  i o n i z a t i o n  was o m i t t e d .  

A l s o ,  d u r i n g  t h e  w i n t e r  Quinn and N i s b e t  (1965) found 

s m a l l  n e g a t i v e  v a l u e s  f o r  B300.  

by 300’  

-8 3 -1 

B300 was found  t o  be  

These n e g a t i v e  v a l u e s  

.._ - _ _  asBuulfied t z ,  be &de t= e i t h e r  2 finre r a n i d l y  - l 7 - - -  rjecreas- 

i n g  l a y e r  t h i c k n e s s  t h a n  was accoun ted  f o r  o r  p r o d u c t i o n  

o f  a t o m i c  oxygen i o n s  produced by c h a r g e  i n t e r c h a n g e  
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w i t h  p r o t o n s .  

McCrory (1966)  e x t e n d e d  Quinn and N i s b e t ' s  work 

(1965) and found t h e  i n t e g r a t e d  e l e c t r o n  c o n t e n t  i n c r e a s e d  

d u r i n g  t h e  w i n t e r  n i g h t ,  b u t  was n o t  a b l e  t o  e x p l a i n  t h i s  

e n t i r e l y  on t h e  b a s i s  o f  r e c o m b i n a t i o n ,  Thus,  McCrorY 

(19669 made an e s t i m a t e  of  t h e  amount o f  i o n  f l u x  i n t o  t h e  

r e g i o n  n e c e s s a r y  t o  e x p l a i n  t h i s  o b s e r v e d  b e h a v i o r ,  H e  

found t h a t  p h o t o e l e c t r o n s  f rom t h e  c o n j u g a t e  r e g i o n  would 

have s u f f i c i e n t  e n e r g y  t o  i o n i z e  a t o m i c  oxygen,  However, 

McCrory p o i n t e d  o u t  t h a t  i t  w o u l d n ' t  be p o s s i b l e  t o  

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

end of a f i e l d  l i n e  t o  t h e  o t h e r  w i t h o u t  p r o d u c i n g  an  

e q u a l i z i n g  c u r r e n t  f l o w ,  or b u i l d i n g  u p  an  e l e c t r i c  f i e l d .  

M i t r a ,  Rao. and Mahajan (1967)  s o l v e d  t h e  c o n t i n u i t y  

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

and v e r t i c a l  t r a n s p o r t  v e l o c i t y .  T h e i r  s o l u t i o n  was 

a p p l i c a b l e  f o r  t h e  n i g h t t i m e  F r e g i o n  when t h e r e  was no 

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

d r i f t  and d i f f u s i o n .  M i t r a  e t .  a l .  (1967)  u s e d  e l e c t r o n  

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

c o r r e c t e d  f o r  low l y i n g  i o n i z a t i o n .  I t  was assumed t ,hat  

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

v e l o c i t y  v a r i e d  e x p o n e n t i a l l y  w i t h  a l t i t u d e ,  A l s o ,  i t  

was assumed t h a t  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t ,  v e r t i c a l  

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

c o n s t a n t  o v e r  t h e  i n v o l v e d  t i m e  i n t e r v a l ,  The c o n t i n u i t y  
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e q u a t i o n  was s o l v e d  by a g r a p h i c a l  t e c h n i q u e  and showed 

t h e  r e c o m b i n a t i o n  c o e f f i c i e n t  a t  300km, 0300,  t o  v a r y  

from 23 x 10-5sec-1 t o  28 x 

42.3ON) and from 11 x 10-5sec-1 a t  Huancayo ( d i p  2ON). 

sec-' a t  D e l h i  ( d i p  

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

0 ,  was of t h e  form 

300-2 -1 0 = ( 2 . 0  4 + 0 .5 )  x 10-4 exp/32+2 I 
L -1 

f o r  b o t h  D e l h i  and Huancayo s i n c e  t h e r e  was s u c h  a s m a l l  

l a t i t u d e  v a r i a t i o n  i n  B300. 

compared 0300 w i t h  t h e  v a l u e  c a l c u l a t e d  f rom t h e  r e c e n t  

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

(1965a). 

which was an  o r d e r  of  magnitude l a r g e r  t h a n  0 

deduced  from i o n o s p h e r i c  d a t a .  However, t h e  a u t h o r s  

M i t r a ,  Rao, and Mahajan (1967) 

-1 The l a b o r a t o r y  v a l u e  f o r  0300 w a s  2 3 . 1  x 10m4sec  

a s  300 

showed t h a t  when t h e  l a b o r a t o r y  r e a c t i o n  r a t e s  were 

s u b j e c t e d  t o  a T -lo5 law,  t h a t  i o n o s p h e r i c  v a l u e s  f o r  0 

a s  a f u n c t i o n  of  a l t i t u d e  were i n  c l o s e  agreement  w i t h  

0 ' s  c a l c u l a t e d  from l a b o r a t o r y  r e a c t i o n  r a t e s .  

L a b o r a t o r y  measurements of p o s i t i v e  i o n - m o l e c u l a r  

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

E a r l y  r e a c t i o n  r a t e  measurements were s u b j e c t  t o  

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

e r r o r s  i n  t h e  e x c i t a t i o n  of t h e  v i b r a t i o n a l  l e v e l s  o f  

diatomic m o l e c u l e s .  P a u l s o n  (1964)  h a s  r ev iewed  t h e  
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l a b o r a t o r y  measurements  of p o s i t i v e  ion -molecu la r  

r e a c t i o n  r a t e s  p r i o r  t o  1963.  H e  h a s  r e p o r t e d  l a b o r a t o r y  

+ r e a c t i o n  r a t e s  f o r  0' + N +NO* + H and 0' + 02+02 
2 

4 0 

-8 -13 3 -1 r a n g i n g  from 10  t o  1 0  c m  sec I P a u l s o n  (1964: 

conc luded  t h a t  on t h e  b a s i s  of i o n o s p h e r i c  b e h a v i o r ,  

r e a c t i o n  r a t e s  g r e a t e r  t h a n  3 x 1 0  c m  sec were -11 3 -1 

i n v a l i d ,  S i n c e  P a u l s o n ' s  r e v i e w ,  l a b o r a t o r y  measure- 

men t s  of p o s i t i v e  i o n  r e a c t i o n  r a t e s  have  become more 

c o n s i s t e n t  due t o  r e f i n e m e n t s  i n  a f t e r g l o w  e x p e r i m e n t s ,  

F e h s e n f e l d ,  S c h m e l t e k o p f , a n d  Fe rguson  61965a:. u sed  

a n  a f t e r g l o w  t e c h n i q u e  t o  measure t h e  t h e r m a l  ion-  

m o l e c u l a r  r e a c t i o n  r a t e  f o r  0 + N24NO+ + N The 

a u t h o r s  found t h i s  r e a c t i o n  t o  p r o c e e d  a t  a r a t e  of 

3 x 10 c m  sec  

C o n c u r r e n t l y ,  F e h s e n f e l d ,  Golden ,  S c h m e l t e k o p f ,  and 

Ferguson  ( 1 9 6 5 b ) u s i n g  t h e  a f t e r g l o w  t e c h n i q u e  found  

+ 

-12 3 -1 a t  a r e f e r e n c e  t e m p e r a t u r e  of  300°k 

f + -1lCm3 
0 6 02*02 + 0 p r o c e e d i n g  a t  a r a t e  o f  ( 4 ~ 1 ) x l O  

-1 sec a t  300°k. 

Gunton and Shaw (1965)  have  s t u d i e d  t h e  r e c o m b i n a t i o n  

of  e l e c t r o n s  w i t h  n i t r i c - o x i d e  i n  a n i t r i c - o x i d e - n e o n  

g a s  m i x t u r e .  They used  a p u l s e d  hydrogen  lamp w i t h  a 

l i t h i u m - f l u o r i d e  window which p roduced  t h e  u l t r a - v i o l e t  

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

t h e  i o n i z i n g  p u l s e  t h e  decay  of  e l e c t r o n  d e n s i t y  was 

measured b y  a mic rowave-cav i ty  r e f l e c t i o n  t e c h n i q u e  

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

-7 3 -1 

a t  358Ok fo r  t h e  r e a c t i o n  e + NO++ + 0. 

6 x t o  1 2  x 10 c m  sec a t  196Ok and  3.0 x t o  

3 . 7  x 10 c m  sec -7 3 -1 

Copsey,  S m i t h , a n d  S a y e r s  (1966) have  u s e d  a n  a f t e r -  

glow 

o+ + 
0' + 

t e c h n i q u e  and found t h e  r e a c t i o n  r a t e s  f o r  

+ -11 -11 3 -1 02*2 + 0 a t  2.7 x 10 t o  3 . 4  x 10 c m  sec and 
-12 3 -1 N2@NOf + N a t  (2 .4+0.4)  - x 10 c m  sec , The 

a u t h o r s  compared t h e i r  r a t e s  w i t h  those o b t a i n e d  from 

i o n o s p h e r i c  d a t a  and  found t h e i r  r e a c t i o n  r a t e s  t o  be 

a n  order  of magni tude  l a r g e r  t han  those o b t a i n e d  by 

Swider  (1965). Copsey e t .  a l .  (1966) c o n c l u d e d  t h a t  t h i s  

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

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

a t  i o n o s p h e r i c  t e m p e r a t u r e s .  

R i s h b e t h  (1966) h a s  used  r e c e n t  l a b o r a t o r y  

r e a c t i o n  r a t e s  a s  g i v e n  by Ferguson  e t .  a l .  (1965) 

and  Copsey,  Smi th ,  and S a y e r s  (1966) t o  c a l c u l a t e  t h e  

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

f o r  t h e  F2 l a y e r .  The loss  r a t e  of F2 l a y e r  i o n i z a t i o n  

was t a k e n  t o  b e  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  d e n s i t y  

w i t h  a r a t e  c o e f f i c i e n t  B g iven  by \ 

where  t h e  s q u a r e  b r a c k e t s  deno ted  g a s  c o n c e n t r a t i o n s  and 

Y was t h e  r a t e  c o e f f i c i e n t .  

\ 
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R i s h b e t h  (19661,  u s e d  these r e a c t i o n  r a t e  v a l u e s  

a long  w i t h  s i x  d i f f e r e n t  n e u t r a l  a t m o s p h e r i c  models t o  

o b t a i n  a r e c o m b i n a t i o n  c o e f f i c i e n t ,  13, of t h e  o r d e r  of 

1 t o  2 x 10-4sec  -1 f o r  middle  l a t i t u d e s  a t  t h e  F2 peak 

under  minimum s u n s p o t  c o n d i t i o n s .  

Donahue (1966)  h a s  a t t e m p t e d  t o  o b t a i n  a s e t  of 

l a b o r a t o r y  r e a c t i o n  r a t e s  t h a t  were c o n s i s t e n t  w i t h  

r e c e n t  mass s p e c t r o m e t r i c  d e t e r m i n a t i o n s  of t h e  c o n t e n t  of 

i o n i c  s p e c i e s  i n  t h e  i o n o s p h e r e  between 120 and 220km, 

The a u t h o r  c o n c l u d e d  t h a t  when t h e  f o l l o w i n g  r e a c t i o n  

r a t e s  were u s e d :  

0 + f N2 + NO+ + N a t  4 x 10- l~crn~sec- l  iVl) 

Pf2 -11 3 -1 a t  4 x 1 0  c m  sec -I 0 + O2 -t 02+ -I- Q 

no,? 
-7 3 -1 e + NO*+ N + o a t  5 . 2  x 1 0  c m  sec 

e + o,*+ o + o -7 3 -1 a t  1 . 2  x 1 0  c m  sec (.a2> 

-1.4to.1 and 

and ' Y ~  as T e - l P  t h e n  t h e  n i g h t t i m e  i o n o s p h e r e  (120 t o  

220km) c o u l d  be  e x p l a i n e d .  However, t h i s  was v a l i d  o n l y  

if weak i o n i z a t i o n  s o u r c e s  were p r e s e n t  w i t h  i o n i z a t i o n  

r a t e s  of 5 t o  10  i o n  p a i r s / c m  sec above 180km and 1 0  i o n  

pa i r s / cm sec n e a r  130km. A l s o ,  Donahue n e g l e c t e d  t r a n s -  

p o r t  and a s  was shown by N i s b e t  and Quinn (19631 t h i s  

d e c r e a s e d  w i t h  e l e c t r o n  t e m p e r a t u r e  a s  Te 

3 

3 

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

+Q' i; 0 4- A t e m p e r a t u r e  dependence  f o r  t h e  0 + O2 
r e a c t i o n  r a t e  h a s  been g i v e n  by Smi th  e t  a l ,  (1966: t o  

be  T - l 1 2  i n  t h e  t e m p e r a t u r e  r a n g e  f rom 20d - 600K 
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Schmeltekopf  , F e h s e n f e l d ,  G i l m a n ,  and Ferguson  (1967) 

have  shown t h a t  t h e  r e a c t i o n  r a t e  f o r  0 c N240+ + N 

was i n c r e a s e d  when N2 was v i b r a t i o n a l l y  e x c i t e d .  

u s e d  a r o t a t i o n a l  t e m p e r a t u r e  of 300K i n  aPP t h e i r  

e x p e r i m e n t s ,  b u t  s t u d i e d  t h e  i n c r e a s e  i n  t h e  r e a c t i o n  

+ 

They 

r a t e  when t h e  v i b r a t i o n a l  t e m p e r a t u r e  was v a r i e d  from 

300 - 600K. Schmel tekopf  e t .  a l .  u s e d  an a f t e r g l o w  

t e c h n i q u e  and found t h a t  f o r  a Boltzman d i s t r i b u t i o n  of 

t h e  v i b r a t i o n a l  e n e r g y  s t a t e s  of  N2 w i t h  a v i b r a t i o n a l  

t e m p e r a t u r e  of 400K, t h e r e  was a n  i n c r e a s e  of twen ty  

i n  t h e  r e a c t i o n  r a t e  o v e r  t h a t  of t h e  ground s t a t e  

r e a c t i o n  r a t e .  The a u t h o r s  concluded  t h a t  l a r g e  

l a b o r a t o r y  r e a c t i o n  r a t e s  f o r  0 

due  t o  t h e  e x c i t a t i o n  of t h e  v i b r a t i o n a l  l e v e l s  of 

+ -Nos + N have been + N2 

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

a tmosphe re  c o u l d  e x c i t e  t h e  v i b r a t i o n a l  l e v e l s  of 

m o l e c u l a r  n i t r o g e n  and t h u s  account  f o r  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 y .  

1 . 2 . 5  T r a n s p o r t  V e l o c i t i e s  

Martyn (1947)  i n t r o d u c e d  t h e  c o n c e p t  of 

t r a n s p o r t  phenomena t o  accoun t  f o r  t h e  morphology of t h e  

F2 r e g i o n ,  H e  c o n s i d e r e d  t h e  t r a n s p o r t  v e l o c i t y ,  v ,  of 

t h e  e l e c t r o n s  (and i o n s )  and wrote t h e  c o n i i a u i t y  eq i i a t ion  

- 

a s  
q - l3n - d i v ( n 7 )  a n  

a t  - =  
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w h e r e  q, B ,  and N have t h e i r  u s u a l  meaning,  

L a t e r ,  Martyn (1956) showed t h a t  t h e  t r a n s p o r t  of  

i o n i z a t i o n  was an  i m p o r t a n t  p a r a m e t e r  i n  t h e  n i g h t t i m e  

F r e g i o n  and s u g g e s t e d  t h a t  i t  might  a r i s e  f rom atmos- 

p h e r i c  m o t i o n s ,  e l e c t r i c  c u r r e n t s  and d i f f u s i o n  u n d e r  

g r a v i t y  

Chandra ,  Gibbons ,  and S c h m e r l i n g  (1960)  c o n s i d e r e d  

t h e  v e r t i c a l  t r a n s p o r t  o f  e l e c t r o n s  i n  t h e  F r e g i o n "  

They deve loped  a method which  e n a b l e d  them t o  s o l v e  t h e  

c o n t i n u i t y  e q u a t i o n  from e x p e r i m e n t a l  d a t a .  T h e y  assumed 

t h e r e  was no d i s t i n c t i o n  be tween t h e  F 1  and 7;2 l a y e r s  and 

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

f a c t o r s  w i t h  t h e  v e r t i c a l  t r a n s p o r t  o f  e l e c t r o n s  a c t i n g  

a s  a p e r t u r b a t i o n ,  

The r e c o m b i n a t i o n  c o e f f i c i e n t ,  0 ,  above  250km u s e d  

was 
-5 BCz; = 2 , 2  x io + 0 , 2 5 e x p \ - Z ' 3 7 >  

w i t h  no d i u r n a l  v a r i a t i o n .  Below 250km an  e f f e c t i v e  BCz'J 

was c a l c u l a t e d  from t h e  r e l a t i o n s h i p  13 = a N  , where  

u = 4 x 10 sec a t  l O O k m  and N was t h e  number d e n s i t y  

of e l e c t r o n s  

2 

-9 -1 

A s t u d y  of 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 d i c a t e d  t h a t  

h o r i z o n t a l  d e n s i t y  g r a d i e n t s  were n e g l i g i b l e  when com- 

pa red  w i t h  t h e  v e r t i c a l  g r a d i e n t ,  and t h e r e f o r e ,  o n l y  

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

was c o n s i d e r e d  
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I n t e g r a t i o n  of  t h e  c o n t i n u i t y  e q u a t i o n  y i e l d e d  

v a l u e s  of t h e  v e r t i c a l  v e l o c i t y  a t  v a r i c m s  a l t i t u d e s  

i n  terms of  an a r b i t r a r y  v e l o c i t y  a t  a l ower  or i n i t i a l  

a l t i t u d e .  The i n i t i a l  v e l o c i t y  was t a k e n  t o  be 

- + 20m sec a t  lOOkm w i t h  t h e  c o r r e s p o n d i n g  v e l o c i t y  

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

v e l o c i t y  p r o f i l e s  were c a l c u l a t e d  f o r  Huancayo, 

T a l a r a ,  P e r u ,  Panama, Canal  Zone, and Washington ,  D . C .  

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

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

summer and w i n t e r .  However, t h e  t r a n s p o r t  v e l o c i t y  a t  

Washington ,  D . C .  w a s  n e g a t i v e  i n  w i n t e r  d u r i n g  t h e  d a y ,  

which i n d i c a t e d  a phase  r e v e r s a l  a t  m i d d l e - l a t i t u d e  

s t a t i o n s  a 

-1 

G a r r i o t  and Thomas (1962) have  u s e d  e l e c t r o n  d e n s i t y  
0 p r o f i l e s  r e d u c e d  from ionograms t a k e n  a t  S lough ( I = 6 7  ) ,  

San F r a n c i s c o  (1=62 ) y  P u e r t o  R ico  (1=52O), Bogota ( 1 = 3 3 O )  

and C h h b o t e  (1=7O> t o  o b t a i n  v e r t i c a l  d r i f t  v e l o c i t i e s  

f rom t h e  e l e c t r o n  c o n t i n u i t y  equa t ion . ,  The t o t a l  d r i f t  

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

d i f f u s i o n .  T h e i r  r e s u l t s  were h i g h l y  dependent  upon t h e  

assumed v a l u e  f o r  t h e  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 h e  

n e u t r a l  a t m o s p h e r i c  model ,  a c o n s t a n t  p o s i t i v e  sca le  

I- h e i v h t  - - a'- g r a d i e n t  and t h e  assumed d i f f u s i o n  c o e f f i c i e n t .  

T h e i r  s o l u t i o n  was n o t  v a l i d  n e a r  t h e  bo t tom o f  t h e  l a y e r  

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

0 
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between t h e s e  b o u n d a r i e s  t h e y  o b t a i n e d  d r i f t  v e l o c i t i e s  

f o r  P u e r t o  R i c o  a t  n i g h t  o f  t h e  o r d e r  of  3 0 m  sec-' f o r  

quiet c o n d i t i o n s ,  and  8 0 m  sec-' f o r  t h e  d i s t u r b e d  

c o n d i t i o n s ,  A marked l a t i t u d e  dependence  was n o t i c e d  

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

e q u a t o r  

Quinn  and  K i s b e t  E 1965)  e x t e n d e d  t h e i r  a n a l y s i s  on 

r e c o m b i n a t i o n  CYisbet and Quinn  1 9 6 3 )  t o  i n c l u d e  v e r t i c a l  

t r a n s p o r t  i n  t h e  n i g h t t i m e  F r e g i o n ,  They i n t e g r a t e d  t h e  

e l e c t r o n  c o n t i n u i t y  e q u a t i o n  a l o n g  a t u b e  of volume 

bounded by l i n e s  of  t h e  e a r t h ' s  m a g n e t i c  f i e l d ,  E l e c t r o n  

d e n s i t y  p r o f i l e s  were deduced  f rom ionograms t a k e n  a t  s i x  

d i f f e r e n t  s t a t i o n s  v a r y i n g  i n  l a t i t u d e  f rom 1 9  t o  5 Z 0 N O  

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

due to  g r a v i t y  f rom t h e  t o t a l  t r a n s p o r t  v e l o c i t y ,  and  

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

t h e  a s s u m p t i o n  t h a t  t h e  d r i f t  component was i n d e p e n d e n t  

of a l t i t u d e ,  The r e s u l t s  showed t h a t  f o r  P u e r t o  R i c o  

t h e  d r i f t  v e l o c i t i e s  f rom 23:OO t o  01 00 were l e s s  t h a n  

10m see and g e n e r a l l y  d e c r e a s e d  i n  magn i tude  d u r i n g  t h e  

n i g h t  No s e a s o n a l  dependence  was n o t i c e d ,  

0 

- 1  

Hanson , 1 9 6 6 '  p o i n t e d  o u t  t h a t  d i f f u s i o n  c o e f f i c i e n t s  

o b t a i n e d  by Quinn and Nisbe t  (1965) were l o w e r  t h a n  p re -  

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

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

portion of t h e  p r o f i l e  However ,  Q u i n n  and  Nisbe t  (1966) 
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s u g g e s t e d  t h a t  n e u t r a l  a t m o s p h e r i c  winds  p r e s e n t  on t h e  

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

d i f f u s i o n  c o e f f i c i e n t  and t h e  assumed u n i f o r m  d r i f t  

v e l o c i t y  more t h a n  t h e  c o r r e c t i o n  f o r  low l y i n g  

i o n i z a t i o n  

Shimazaki  ( 1 9 6 6 ,  h a s  used  a l e a s t  s q u a r e s  method t o  

s i m u l t a n e o u s l y  o b t a i n  t h e  t empora l  v a r i a t i o n s  i n  

t e m p e r a t u r e s  and d r i f t  v e l o c i t i e s  a t  P u e r t o  R ico  f rom t h e  

c o n t i n u i t y  e q u a t i o n ,  The method he employed i n v o l v e d  

t h e  u s e  o f  e l e c t r o n  d e n s i t y  p r o f i l e s  r educed  from iono-  

grams, v a r i o u s  d i f f u s i o n  and n e u t r a l  a t m o s p h e r i c  models .  

H e  found t h a t  f o r  s l o w  d i f f u s i o n  models t h e  d r i f t  was 

g e n e r a l l y  downward t h r o u g h o u t  t h e  n i g h t  and n e v e r  

exceeded  40m sec ~ These  r e s u l t s  were i n  good agreement  

w i t h  t h o s e  deduced from geomagnet ic  v a r i a t i o n s  by 

Maeda (1962)  

-1 

M i t r a ,  Rao, and Mahajan (1967) c a l c u l a t e d  t h e  

v e r t i c a l  t r a n s p o r t  v e l o c i t y  a t  D e l h i  ( d i p :  425ON) and 

Huancayo ( d i p :  2ONJ 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  a s  

r e d u c e d  from ionograms,  They s o l v e d  t h e  c o n t i n u i t y  

e q u a t i o n  by a g r a p h i c a l  t e c h n i q u e  and assumed t h a t  b o t h  

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

v e l o c i t y  v a r i e d  e x p o n e n t i a l l y  w i t h  a l t i t u d e ,  N o  a t t e m p t  

was made t o  s e p a r a t e  t h e  e l e c t r o d y n a m i c a l  d r i f t  

v e l o c i t y  f rom d i f f u s i o n  v e l o c i t y ,  b u t  a t  Huancayo t h e  

t r a n s p o r t  v e l o c i t y  was m o s t l y  due  t o  e l e c t r o d y n a m i c a l  
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d r i f t  s i n c e  v e r t i c a l  d i f f u s i o n  is  almost zero a t  t h e  

geomagne t i c  e q u a t o r  

M i t r a  e t ,  a l ,  (1967)  found t h a t  a t  D e l h i  t h e  t r a n s -  

p o r t  v e l o c i t y  was downward f rom 0O:OO - 03~00 h o u r s  a t  
-1 -1 

6-7m sec w i t h  a v e l o c i t y  g r a d i e n t  o f  3 x sec * 

T h e  r e s u l t s  were i n  good ag reemen t  w i t h  t h o s e  o b t a i n e d  

by Chandra  e t ,  aP (19601,  b u t  i n d i c a t e d  l a r g e r  v e r t i c a l  

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

b 

l a t i t u d e  s t a t i o n ,  

1 , 3  S p e c i f i c  S t a t e m e n t  o f  t h e  Problem - ---- 
The summary of precec’ ing  s t u d i e s  on F r e g i o n  

p r o c e s s e s  i n d i c a t e d  t h a t  h o r i z o n t a l  w i n d s ,  v e r t i c a l  

t r a n s p o r t  of  e l e c t r o n s  and  r e c o m b i n a t i o n  d e t e r m i n e  t h e  

s t r u c t u r e  of  t h e  F r e g i o n ,  I t  i s  t h e  p u r p o s e  of t h i s  

i n v e s t i g a t i o n  t o  examine t h e s e  mechanisms and t o  

d e t e r m i n e  t h e i r  i n f l u e n c e  on F r e g i o n  b e h a v i o r  

1 1 3 , 1  D e t a i l e d  Compar ison  of Recombina t ion  Rates  
and  T h e o r e t i c a l  Loss R a t e s  

P r e v i o u s  s t u d i e s  b y  Quinn  and  Nisbe t  (1965)  

and McCrory (1966)  i n v o l v e d  t h e  s t u d y  o f  t h e  recombina t iun  

of t h e  n i g h t t i m e  F l a y e r  a n d  its r e l a t i o n s  t o  t h e  l o s s  

r a t e s  t h a t  would have  to  be u s e d  t o  e x p l a i n  t h e  b e h a v i o r  

of t h e  l a y e r .  These  s t u d i e s  were somewhat hampered b y  

t h e  n e c e s s i t y  of u s i n g  lonograms  t o  d e t e r m i n e  t h e  p r o -  

f i l e s  f o r  t h e  Quinn and Nl sbe t  s t u d y  a n d  t o  normalize 
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t h e  i n c o h e r e n t  s c a t t e r  measurements  i n  t h e  McCrory 

s t u d y .  High r e s o l u t i o n  e l e c t r o n  c o n t e n t  measurements  

a r e  now b e i n g  made a t  A r e c i b o  u s i n g  t h e  ATS-3 s a t e l l i t e  

which  a l l o w s  a n  improvement of a b o u t  one order of magn i tude  

i n  t h e  measurement  o f  t h e  r e c o m b i n a t i o n  r a t e  f o r  a 45 

m i n u t e  p e r i o d .  I t  is t h e  p u r p o s e  o f  t h i s  p r e s e n t  s t u d y  

t o  compare i n  d e t a i l  t h e  loss r a t e  and  r e c o m b i n a t i o n  r a t e  

t h r o u g h o u t  t h e  n i g h t  u s i n g  t h e s e  d a t a  and t o  i n v e s t i g a t e  

wha t  a d d i t i o n a l  i n f o r m a t i o n  can be  o b t a i n e d  by t h e s e  

d e t a i l e d  c o m p a r i s o n s ,  

1 . 3 , 2  Comparison o f  L a b o r a t o r y  Rates for t h e  
Recombina t ion  R e a c t i o n s  E f f e c t i v e  i n  t h e  
F Laye r  w i t h  Observed B e h a v i o r  

Recen t  measurements  o f  t h e  l a b o r a t o r y  r a t e s  

f o r  t h e  atom i o n  i n t e r c h a n g e  and  d i s s o c i a t i v e  recombina-  

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

be much more a c c u r a t e  t h a n  t h o s e  a v a i l a b l e  p r e v i o u s l y .  

N e u t r a l  a t m o s p h e r i c  models  a r e  s t i l l  l a r g e l y  b a s e d  on  

t h e  s a t e l l i t e  o r b i t a l  d e c a y  measurements  which  i n  t u r n  

depend on t h e  n e u t r a l  a t o m i c  oxygen d e n s i t y .  Recombina- 

t i o n  i n  t h e  F Paye r  i s ,  however ,  m a i n l y  c o n t r o l l e d  by t h e  

m o l e c u l a r  n i t r o g e n  and m o l e c u l a r  oxygen d e n s i t i e s .  

The b e h a v i o r  of t h e  r e c o m b i n a t i o n  i n  t h e  n i g h t t i m e  

F 12:7er is  depei ident  ofi t h e  p r o d u c t  o f  t h e  l o s s  r a t e s  and  

t h e  n e u t r a l  d e n s i t i e s ,  I t  is o n e  o f  t h e  a ims  o f  t h i s  

s t u d y  t o  d e t e r m i n e  t o  what  e x t e n t  t h e s e  r a t e s  and models  
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can be u s e d  t o  e x p l a i n  t h e  n i g h t t i m e  b e h a v i o r  o f  t h e  

F l a y e r .  

1 , 3 , 3  D i f f e r e n c e s  Between Summer and W i n t e r  Loss  
R a t e s  

Q u i n n  and Ni-sbet  (1965)  found t h a t  t h e  

e f f e c t i v e  l o s s  r a t e  c a l c u l a t e d  n e g l e c t i n g  a l l  p ro -  

d u c t i o n  s o u r c e s  was lower i n  w i n t e r  t h a n  i n  summer 

McCrory ( i 9 6 6 )  a t t e m p t e d  t o  s t u d y  t h e  p r o d u c t i o n  

n e c e s s a r y  t o  m a i n t a i n  t h e  w i n t e r  n i g h t t i m e  F l a y e r  

assuming t h a t  t h e  r a t e s  for t h e  atom ion r e c o m b i n a t i o n  

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

day,  By s t u d y i n g  t h e  e a r l y  morning  b e h a v i o r  and  t h e  

dayt ime e q u i l i b r i u m  l a y e r  h e  was a b l e  t o  make es t imates  

f o r  t h e  v a l u e  o f  t h e  atom ion r e c o m b i n a t i o n  ra tes  

e f f e c t i v e  d u r i n g  t h e  day  and  t o  r e l a t e  them t o  t h e  

n i g h t t i m e  l o s s  r a t e s ,  R e c e n t  measurements  by 

SchmePtekopf ,  e t ,  a l ,  (1967)  have  shown t h a t  t h e  r a t e s  

f o r  t h e  atom-ion r e a c t i o n  a r e  q u i t e  s e n s i t i v e  t o  t h e  

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

t h a t  c o n s e q u e n t l y  t h e  d a y t i m e  and  n i g h t t i m e  r a t e s  may 

d i f f e r  c o n s i d e r a b l y ,  I t  is one  of t h e  aims o f  t h i s  s t u d y  

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

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

i t  is o f  i n t e r e s t  t o  d e t e r m i n e  w h e t h e r  t h e  d i f f e r e n c e s  

are  due  t o  a n i g h t t i m e  p r o d u c t i o n  s o u r c e  wh ich  is 
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g r e a t e r  i n  w i n t e r  t h a n  i n  summer o r  t o  s e a s o n a b l y  

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

d e n s i t i e s  or r e a c t i o n  r a t e s ,  

1.3,4 E f f e c t  o f  P h o t o e l e c t r o n  F l u x e s  on t h e  
N i g h t t i m e  F Laye r  i n  W i n t e r  

C a r l s o n  and N i s b e t  (1966)  showed t h a t  p h o t o -  

e l e c t r o n s  p roduced  i n  t h e  c o n j u g a t e  i o n o s p h e r e  were 

e f f e c t i v e  i n  h e a t i n g  t h e  F Payer  d u r i n g  t h e  n i g h t .  

T h e o r e t i c a l  e s t ima tes  o f  t h e  f l u x e s  e f f e c t i v e  a t  A r e c i b o  

have  been  made by Nisbet  (31968) and K w e i  and N i s b e t  

( 1 9 6 8 ) .  I t  is one  o f  t h e  aims o f  t h i s  s t u d y  t o  d e t e r m i n e  

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

o f  e l e c t r o n s  i n  t h e  n i g h t t i m e  F r e g i o n .  

1 . 3 . 5  E f f e c t  o f  I o n  D r i f t  V e l o c i t i e s  on t h e  
N i g h t t i m e  F Layer  

I o n  d r i f t  v e l o c i t i e s  of  t h e  o r d e r  o f  1 0 0  

m/second have been  o b s e r v e d  i n  t h e  F r e g i o n  a t  s u n s e t  by 

H a e r e n d e l  e t ,  al, (1966) .  N e u t r a l  w inds  have  been estimated 

t h e o r e t i c a T l y  by Kohl and  King ( 1 9 6 7 ) ,  V o l l a n d  (1966)  

and  Ge i s l e r  ( 2 9 6 7 ) .  S a t e l l i t e  o r b i t a l  decay  measure-  

m e n t s  by  King-Hele e t .  aP. (1967) have been  i n t e r p r e t e d  a s  

s h o w i n g  l a r g e  h o r i z o n t a l  winds .  I t  is one o f  t h e  aims 

01 ibis study to detzrmice tc! !!!hat h o r i z o n t a l  

i o n  m o t i o n s  c a n  be u s e d  t o  e x p l a i n  d i s c r e p a n c i e s  be tween 

t h e  o b s e r v e d  b e h a v i o r  o f  t h e  n i g h t t i m e  F l a y e r  and t h a t  
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which is p r e d i c t a b l e  on the  b a s i s  of a one dimensional  

m o d e l  of the  r e g i o n .  



1 . 

CHAPTER I1 

DETAILS OF' THE EXPERIMENT 

2 . 1  The E x p e r i m e n t a l  Appara tus  and  P r o c e d u r e  

The d a t a  u s e d  f o r  t h i s  a n a l y s i s  were o b t a i n e d  f rom 

i n c o h e r e n t  b a c k s c a t t e r  r a d a r  measurements  t a k e n  a t  t h e  

A r e c i b o  I o n o s p h e r i c  O b s e r v a t o r y ,  Arecibo, P u e r t o  Rico. 

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

s o u n d e r  o p e r a t i n g  a t  f r e q u e n c y  o f  430 Mc/s. The e x p e r i -  

m e n t a l  d a t a w e r e  t a k e n  a t  p u l s e  l e n g t h s  o f  e i t h e r  40ps 

o r  lOOj .&s  w i t h  a l t e r n a t e  500ps p u l s e  l e n g t h s .  The d a t a  

f o r  t h e  40ps and l o o p s  p u l s e  l e n g t h s  were a v e r a g e d  o v e r  

a 1 0  m i n u t e  t i m e  i n t e r v a l  and  o v e r  a 15 m i n u t e  t i m e  

i n t e r v a l  f o r  t h e  5 0 0 ~ s  p u l s e  l e n g t h 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 i n e d  f o r  t h e  40ps or  l o o p s  and  

a l t e r n a t e l y  500ps r u n s  were t h e n  n o r m a l i z e d  t o  t h e  peak  

e l e c t r o n  d e n s i t y  a s  d e t e r m i n e d  f rom ionosonde  measure-  

m e n t s ,  When t h e  ionograms were u n a v a i l a b l e  o r  

u n u s e a b l e ,  f o r  example ,  due  t o  s p r e a d  F ,  t h e 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 s  c o u l d  be c a l c u l a t e d  by u s i n g  

power d e n s i t y  p r o f i l e s  wh ich  were c a l i b r a t e d  u s i n g  a 

n o i s e  p u l s e .  The t r a n s m i t t e d  power was measured by a 

bolometer v i a  a d i r e c t i o n a l  c o u p l e r  and  a knowledge o f  

t h e  a n t e n n a  g a i n ,  When t h i s  was done however t h e  

a c c u r a c y  UT tile e l e c t r o n  d c n s i t y  r n e a ~ ~ ~ e m e n t  d e c r e a s e d  

c o n s i d e r a b l y .  T h i s  was n o t  of g r e a t  i m p o r t a n c e  when t h e  

measu remen t s  of d e n s i t y  t h e m s e l v e s  were u s e d ,  b u t  when 

t h e  d i f f e r e n c e  i n  t h e  d e n s i t y  measurements  made 45 m i n Q t e s  
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a p a r t  was u s e d  t o  d e t e r m i n e  r e c o m b i n a t i o n  r a t e s  t h e  

e r r o r  became much more s e r i o u s .  The 40ps,  l o o p s ,  and  

5 0 0 p  p r o f i l e s  had a n  a l t i t u d e  r e s o l u t i o n  o f  6 Km, 

15 Km and  75 Km r e s p e c t i v e l y .  The 40ps or  l o o p s  p r o f i l e s  

were combined w i t h  t h e  a l t e r n a t e  5 0 0 p s  p r o f i l e s  i n  o r d e r  

t o  e x t e n d  t h e  p r o f i l e  above  t h e  peak  t o  1000  Km. 

The e l e c t r o n  and i o n  t e m p e r a t u r e s  were d e t e r m i n e d  

from t h e  5 0 0 p s  r u n s  by u s i n g  a l e a s t  s q u a r e s  f i t t i n g  

t e c h n i q u e  t o  d e t e r m i n e  t h e  minimum error be tween t h e  

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

a u t o c o r r e l a t i o n  f u n c t i o n s .  I t  was e s t ima ted  t h a t  t h e  

t e m p e r a t u r e s  d e t e r m i n e d  by t h i s  t e c h n i q u e  were correct  

t o  a p p r o x i m a t e l y  - + 50K t h r o u g h o u t  t h e  n i g h t .  

F o r  t h e  w i n t e r  1967 e x p e r i m e n t s  w e  were f o r t u n a t e  

t o  o b t a i n  measurements  made by  t h e  S t a n f o r d  U n i v e r s i t y  

o f  t h e  F a r a d a y  r o t a t i o n  of  1 3 7 . 3 5  Mc/s s i g n a l  i n  t h e  

i o n o s p h e r e  t o  t h e  s a t e l l i t e  ATS-3 a t  a n  a l t i t u d e  of 

a p p r o x i m a t e l y  35,780 km, and  a t  a n  e l e v a t i o n  a n g l e  of 22 . 
The i n c o h e r e n t  measu remen t s  were made i n  t h e  v e r t i c a l  

0 

d i r e c t i o n  and t h i s  would c o r r e s p o n d  t o  a n  a p p r o x i m a t e l y  

154  km h o r i z o n t a l  s e p a r a t i o n  be tween  t h e  t w o  measu remen t s  

a t  400 Km. 

2.2 E x p e r i m e n t a l  Data - 

T e m p e r a t u r e s  and  e l e c t r o n  d e n s i t y  p r o f i l e s  were 

o b t a i n e d  from e i g h t  e x p e r i m e n t s  p e r f o r m e d  a t  t h e  
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, 

I '  

A r e c i b o  I o n o s p h e r i c  O b s e r v a t o r y  i n  Arecibo, P u e r t o  Rico 

(P8ON, 67OW1, The p a r a m e t e r s  for t h e  s o l a r  and geo-  

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

f rom t h e  S o l a r - G e o p h y s i c a l  d a t a  o f  t h e  Space  D i s t u r b a n c e s  

L a b o r a t o r y ,  U , S .  Depar tment  of C o m m e r c e ,  E n v i r o n m e n t a l  

S c i e n t i f i c  S e r v i c e s  A d m i n i s t r a t i o n  and a r e  l i s t e d  i n  

T a b l e  3 ,  The s o l a r  and  geomagnet ic  p a r a m e t e r s  l i s t e d  i n  

T a b l e  3 are :  

= D a i l y  S o l a r  F l u x  a t  2800 Mc/s. 

= 52 Day Running Average S o l a r  F lux .  
'10,7 

%o, 7 
A = Geomagnet ic  I n d i c e s .  

K 
P 

P 
= P l a n e t a r y  Geomagnetic I n d i c e s .  

N e u t r a l  a t m o s p h e r i c  d e n s i t i e s  were t a k e n  from t h e  H a r r i s  

and  Pr ies ter  model a t m o s p h e r e s  (CIRA, 1965). The model 

a t m o s p h e r e s  were c h o s e n  t o  c o r r e s p o n d  w i t h  t h e  a p p r o p r i a t e  

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

e x p e r i m e n t s ,  
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CHAPTER I11 

METHOD OF ANALYSIS 

3 . 1  The Rate of Recombina t ion  

3 , 1 , 1  The E l e c t r o n  C o n t i n u i t y  E q u a t i o n  

The e l ec t ron  d e n s i t y  c o n t i n u i t y  e q u a t i o n  a s  

d i s c u s s e d  i n  S e c t i o n  1 , 2 , 5  is  
I '  

-- an - - q - L - d i v ( n 8 )  a t  (3-1)  

where  

n = t h e  e l e c t r o n  d e n s i t y  

L = t h e  loss of e l e c t r o n s  

V = t h e  t r a n s p o r t  v e l o c i t y  

q = p r o d u c t i o n  by i o n i z a t i o n  

E q u a t i o n  3-1 may be i n t e g r a t e d  and  by c h o o s i n g  t h e  

lower l i m i t  of  i n t e g r a t i o n  t o  b e  i n  a r e g i o n  where t h e  

d e n s i t y  is s u f f i c i e n t l y  sma l l  t h e  n ,  v ,  t e r m  c a n  be 

n e g l e c t e d ,  Thus .  i n t e g r a t i o n  of t h e  e l e c t r o n  c o n t i n u i t y  

e q u a t i o n  y i e l d s  

1 2 "1 z1 

3 . 1 . 2  C a l c u l a t i o n  of t h e  L o s s  o f  I o n i z a t i o n  

A s  d i s c u s s e d  i n  S e c t i o n  1 , 2 , 4  t h e  i o n s  o f  
4- + i m p o r t a n c e  i n  t h e  F r e g i o n  a r e  0 , NO+ a n d  O2 

upon t h e  r e c o m b i n a t i o n  rates f o r  t h e s e  i o n s  t h a t  t h e  

and i t  is  
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e l e c t r o n  l o s s  ra tes  depend ,  Modern l a b o r a t o r y  measure-  

ments  of  t h e s e  r e a c t i o n  r a t e s  a s  summarized by  Donahue 

(1966) and Fe rguson  (1967)  a r e  g i v e n  i n  T a b l e  4 ,  

4- The r e a c t i o n  ra tes  i n v o l v i n g  0 NO", 02+ a re  

t e m p e r a t u r e  d e p e n d e n t  a s  d i s c u s s e d  i n  s e c t i o n  1 , 2 , 4 ,  

T h e  l a b o r a t o r y  r e a c t i o n  r a t e s  were c o r r e c t e d  f o r  a 
-142 t e m p e r a t u r e  of 900K w i t h  y 2  v a r y i n g  a s  T i ' 

-1 ,5 -1 a s  T e  and a2 a s  T e  Then t h e  s e t  of r e a c t i o n  

r a t e s  u s e d  i n  t h i s  s t u d y  were r e l a t e d  t o  t h e  l a b o r a t o r y  

r e a c t i o n  r a t e s  by  a s e t  o f  c o n s t a n t s  K and  C s u c h  t h a t  

= K ( l , 1 5  x 10-12cm3sec-1) 

a2 =.: C ( 3 . 9 6  x 10-8cm3sec-1) 

Under c o n d i t i o n s  of e q u i l i b r i u m  t h e  e l e c t r o n  l o s s  

r a t e  L, c a n  be shown t o  be 
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Using  E q u a t i o n  3-3 ,  t h e  r e f e r e n c e  r a t e s ,  and  t h e  

measured e l e c t r o n  d e n s i t y  p r o f i l e s , t h e  l o s s  t e r m  and  

l o s s  p r s f i l e s  c o u l d  be c a l c u l a t e d  f o r  v a r i o u s  v a l u e s  of  

K and C.  The l o s s  t e r m  was programmed f o r  c o m p u t a t i o n  

on a n  1 . B  Mo$360 d i g i t a l  compute r ,  Then ,  t h e  l o s s  

p r o f i l e s  were i n t e g r a t e d  from t h e  b a s e  o f  t h e  l a y e r  t o  

1000 km t o  o b t a i n  t h e  i n t e g r a t e d  l o s s .  

3,1 3 The To ta l  E l e c t r o n  C o n t e n t  

The t o t a l  e l e c t r o n  c o n t e n t  f o r  t h e  summer 

and w i n t e r  of 1966 e x p e r i m e n t s  was o b t a i n e d  by 

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

from t h e  b a s e  o f  t h e  l a y e r  t o  1000  km, I t  w a s  

e s t i m a t e d  t h a t  t h e  t o t a l  e l e c t r o n  c o n t e n t  c o u l d  o n l y  be 

d e t e r m i n e d  t o  w i t h i n  (+ - 3 )  x 10l1 e l  c m  

F was p r e s e n t ,  T h i s  c o r r e s p o n d e d  t o  a n  a c c u r a c y  of 
8 -2 a p p r o x i m a t e l y  .- .t 1-1 x 10 e l  c m  

change i n  t h e  e l e c t r o n  c o n t e n t  o v e r  a 45 m i n u t e  i n t e r v a l ,  

-2 
when s p r e a d  

sec-' f o r  t h e  r a t e  of 

F o r  t h e  w i n t e r  1967 e x p e r i m e n t s ,  F a r a d a y  r o t a t i o n  

measurements  were s u p p l i e d  by S t a n f o r d  U n i v e r s i t y  f rom 

t h e  s y n c h r o n o u s  s a t e l l i t e  ATS-3 l o c a t e d  a t  94,8OW, 0,46°N. 

T h e  F a r a d a y  r o t a t i o n  a n g l e ,  8 ,  is r e l a t e d  t o  t h e  t o t a l  

e l e c t r o n  c o n t e n t  

t3 = K 7 r n B Sec $ d z  L 
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where 

n = t h e  e l e c t r o n  d e n s i t y  

I .  

$ = t h e  z e n i t h  a n g l e  of t h e  r a y  p a t h  

f = s a t e l l i t e  t r a n s m i s s i o n  f r e q u e n c y  i n c h  

BL = t h e  l o n g i t u d i n a l  component o f  t h e  
e a r t h ' s  magne t i c  f i e l d  a l o n g  t h e  r a y  
from t h e  s a t e l l i t e  t o  t h e  r e c e i v e r  

4 K = 2 , 3 6  x 10 r a t i o n a l i z e d  MKS u n i t s  

The r a t e  o f  change  i n  t h e  t o t a l  e l e c t r o n  c o n t e n t  

is r e l a t e d  t o  t h e  F a r a d a y  r o t a t i o n  a n g l e ,  8 by 

de 
d t  a t  

a ji ndz + K L  ndz at a < BL sec$ > - = K < BL set+ > - 

where  < BL set+ > d e n o t e s  t h e  a v e r a g e  v a l u e  o f  BL set$. 

The c o n t r i b u t i o n  t o  d e / d t  by  these two terms f o r  t h e  

e x p e r i m e n t  on December 11 /12 ,  1967 and  December 18/19 ,  

1967 is  shown i n  F i g u r e  4 .  T h e  c o n t r i b u t i o n  o f  t h e  

a / 8 t  < BL sec9 > t e r m  t o  t h e  r a t e  of change  i n  t h e  

e l e c t r o n  c o n t e n t  was a p p l i e d  when n e c e s s a r y .  

The F a r a d a y  r o t a t i o n  measurements  had a r e s o l u t i o n  

of a p p r o x i m a t e l y  - + 1 c o r r e s p o n d i n g  t o  a r a t e  of change  0 

7 -2 -1 
i n  e l e c t r o n  c o n t e n t  o f  a p p r o x i m a t e l y  I i 2 x 1 0  e l  c m  sec 

o v e r  a 45 m i n u t e  t i m e  i n t e r v a l ,  The F a r a d a y  r o t a t i o n  

measu remen t s  were made a l o n g  t h e  r a y  p a t h  toward  t h e  

s a t e l l i t e ,  ATS-3, w h i l e  b a c k s c a t t e r  111eaSui-eiiieiltS were ir, 

t h e  v e r t i c a l  d i r e c t i o n .  
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CHAPTER I V  

RESGLTS OF THE EXPERIMENT 

4 . 1  Assumption T h a t  t h e  P r o d u c t i o n  is Zero 

The s i m p l e s t  a s s u m p t i o n  t h a t  c a n  be made is t h a t  

t h e  p r o d u c t i o n  and f l u x  a t  t h e  u p p e r  boundary  a r e  b o t h  

zero.  T h i s  was t h e  i n i t i a l  a s sumpt ion  u s e d  by Quinn 

and  Nisbet  (1965) .  I t  i s  t h e r e f o r e  o f  i n t e r e s t  t o  

compare r e s u l t s  o b t a i n e d  w i t h  t h e  p r e s e n t  h i g h  

r e s o l u t i o n  d a t a  e x t e n d i n g  w e l l  above  t h e  maximum o f  t h e  

l a y e r  w i t h  t h e  more e x t e n s i v e  bu t  much less a c c u r a t e  d a t a  

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

Wi th  t h e  above  a s s u m p t i o n  

I n  t h e  p r e s e n t  a n a l y s i s  t h e  u p p e r  and lower  

a l t i t u d e s  u s e d  were 174 km and  1000 km. 

I n  o r d e r  t o  make a compar ison  w i t h  t h e  p r e v i o u s  work 

t h e  p a r a m e t e r s  K which c o n t r o l  

c o n t r o l  ZL! were v a r i e d  

Bso0 and  C which 
- 

_. . 'b/2 K =  -1-1 3 -1 1 . 1 5  x 10 c m  sec -12 3 -1 1.15 x 10  c m  s e c  

c - - - 
3 -1 

1.00  x c m  sec 3 . 9 9  x c m  sec 3 -1 c =  
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F o r  any  g i v e n  v a l u e  o f  K and hence  B300 t h e  v a l u e  

of z was se lec ted  which gave  t h e  s m a l l e s t  v a r i a n c e  i n  t h e  

f u n c t i o n .  E ,  t h r o u g h o u t  t h e  n i g h t .  

J 
7. . 

a t  u- 

r z 2  1 

These  r e s u l t s  a r e  shown i n  F i g u r e  5 .  I t  is 

a p p a r e n t  t h a t  t h e r e  is g e n e r a l  a g r e e m e n t  w i t h  r e s u l t s  

p r e v i o u s l y  o b t a i n e d  b y  Quinn and  Nisbe t  ( 1 9 6 5 ) "  V a l u e s  

c a l c u l a t e d  i n  t h i s  way a re  l a r g e r  i n  t h e  summer 
Of '300 

t h a n  i n  t h e  w i n t e r  a s  w a s  found  i n  t h e  p r e v i o u s  s t u d y  

and  t h e  v a l u e s  of B300 a r e  i n  g e n e r a l  a g r e e m e n t  w i t h  

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

t e m p e r a t u r e s  e f f e c t i v e  a t  t h e  t i m e  t h e s e  measurements  

300 were made, The v a l u e s  o f  B 

s t u d y  a r e  n o t  q u i t e  a s  d e p e n d e n t  on  t h e  v a l u e s  o f  ET aswas 

found i n  t h e  p r e v i o u s  s t u d y .  T h i s  may be due  t o  t h e  

c o n s i d e r a b l y  l a r g e r  number of measu remen t s  o f  t h e  t w o  

i n t e g r a l s  i n  t h e  p r e s e n t  s t u d y .  T h i s  a l l o w e d  t h e  d e t a i l e d  

shape  of t h e  t i m e  v a r i a t i o n  t o  be s t u d i e d  when p r e v i o u s l y  

a l m o s t  a l l  t h a t  c o u l d  be  measu red  was t h e  r e c o m b i n a t i o n  

c a l c u l a t e d  i n  t h e  p r e s e n t  
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o v e r  a p e r i o d  of s e v e r a l  h o u r s .  I n  t h i s  s t u d y  a s  i n  t h e  

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

i n  t h e  e a r l y  h o u r s  o f  t h e  morning i n  w i n t e r  u n d e r  l o w  

s u n s p o t  c o n d i t i o n s ,  an  o b s e r v a t i o n  i n c o n s i s t e n t  w i t h  

t h e  bas i c  a s s u m p t i o n  o f  t h e  method o f  a n a l y s i s .  

and E7 
300 I t  s h o u l d  be n o t e d  t h a t  t h e  v a l u e s  f o r  I3 

i n d i c a t e  much s m a l l e r  l o s s e s  t h a n  a r e  t y p i c a l  o f  t h e  rates 

c a l c u l a t e d  from l a b o r a t o r y  measurements .  For a v a l u e  

o f  ET of 6 , 2 5  x c m  sec c o r r e s p o n d i n g  t o  C = 1 a 

v a l u e  o f  K = 0.18 is o b t a i n e d  i n  t h e  summer and  K = 0.10 

i n  t h e  w i n t e r ,  These  would c o r r e s p o n d  t o  t h e  r a t e s  

3 -1 

Summer Rates W i n t e r  Rates  

-7 3 -1 a = 1.00 x 10 c m  sec -7 3 -1 
1 01 = 1,OO x 10 c m  sec 1 

3 -1 
01 = 3.96 x c m  sec 
y1 = 1.15 x 10 -13 cm3sec-l 

-8 3 -1 
2 cy2 = 3 . 9 6  x 10 c m  sec 

-13 cm3sec-l = 2 , 0 7  x 10 4/1 
-12 3 -1 y 2  = 2 , 0 7  x 10 -2 c m  3 sec -1 y 2  = 1.15 x 1 0  c m  sec 

The c a l c u l a t e d  r a t e s  would be e x p e c t e d  t o  be 

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

are  p r e s e n t  d u r i n g  t h e  n i g h t  a s  s u c h  s o u r c e s  have  b e e n  

n e g l e c t e d  i n  t h e  above  a n a l y s i s .  

. 

4 , 2  C o n s t a n t  P r o d u c t i o n  .- 

There  is e v i d e n c e  i n  t h e  i n c r e a s e  i n  e l e c t r o n  

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

s o u r c e s  i n  t h i s  c o n t e n t  is  meant any  mechanism s u c h  a s  

a downward f l u x  a t  t h e  u p p e r  boundary ,  a h o r i z o n t a l  

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

o r  an  i n f l u x  of  i o n i z i n g  p a r t i c l e s  s u c h  a s  h i g h  e n e r g y  

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

a t e r m  h a s  been  made by assuming a c o n s t a n t  p r o d u c t i o n  

t h r o u g h o u t  t h e  n i g h t  and s o l v i n g  A l eas t  s q u a r e s  t e c h n i q u e  

f o r  optimum v a l u e s  o f  K and C t o  g i v e  t h e  b e s t  f i t  t o  

t h e  n i g h t t i m e  b e h a v i o r ,  

The v a r i a n c e  o f  t h e  f u n c t i o n  

w i t h  q c h o s e n  t o  be t h a t  f i x e d  v a l u e  which would 

m i n i m i z e  F 2  is shown i n  F i g u r e s  6 and  7 f o r  t h e  

Augus t  16/17, 1966 and December 11 /12 ,  1967 e x p e r i m e n t s .  

I t  is a p p a r e n t  t h a t  f o r  t h e  g iven  v a l u e s  of  C, t h e  bes t  

f i t  is o b t a i n e d  f o r  v a l u e s  o f  K r a n g i n g  from 0 . 1  t o  0,4. 

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

p r o d u c t i o n  t h e  best  P e a s t  s q u a r e s  f i t  is  o b t a i n e d  by  

c h o o s i n g  v a l u e s  o f  B300 which  would be be tween one h a l f  

and  o n e  o r d e r  of magn i tude  less t h a n  t h e  l a b o r a t o r y  

r e f e r e n c e  r e a c t i o n  r a t e s .  Tile vai-iatioii  zlf With F 

was c a l c u l a t e d  u s i n g  E q u a t i o n s  4-2 and  4-3 f o r  theop t imum 

v a l u e s  of K and C; and is shown i n  F i g u r e  8. I t  is 
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DECEMBER I 1-12.1967 
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STANDARD DEVIATION BETWEEN THE OBSERVED RATE OF 
CHANGE IN ELECTRON CONTENT AND THE OBSERVED 

INTEGRATED LOSS VS k 

FIGURE 7 
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.) 

I '  

a r e  now h i g h e r  300 o b v i o u s  t h a t  t h e  w i n t e r  v a l u e s  f o r  B 

t h a n  t h e  summer v a l u e s  which is j u s t  t h e  r e v e r s e  o f  t h e  

r e s u l t s  o b t a i n e d  when t h e  p r o d u c t i o n  term was n e g l e c t e d .  

which best  I t  would t h u s  a p p e a r  t h a t  t h e  v a l u e s  of  B 

f i t  t h e  d a t a  u s i n g  optimum v a l u e s  o f  E i n d i c a t e  t h a t  i f  

an  a d d i t i o n a l  p r o d u c t i o n  s o u r c e  is i n c l u d e d  t h e  h i g h e r  

r e c o m b i n a t i o n  r a t e  i n  w i n t e r  is due  t o  an  i n c r e a s e  i n  

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

r a t e s .  

300 

T h i s  c o n c l u s i o n  s h o u l d  be a c c e p t e d  w i t h  some 

c a u t i o n , h o w e v e r ,  f o r  there  is c o n v i n c i n g  e v i d e n c e  t h a t  

t h e  p r o d u c t i o n  d o e s  n o t  r e m a i n  c o n s t a n t  d u r i n g  t h e  n i g h t ,  

f o r  example,  i n  t h e  c a s e  o f  t h e  p r e  dawn p h o t o e l e c t r i c  

f l u x ,  C a r l s o n  and Nisbe t  (1966), C a r l s o n  ( 1 9 6 6 ) ,  

N i sbe t  ( 1 9 6 8 ) ,  N i s b e t  and K w e i  (1968). The r e l a t i o n  

between t h e  r e c o m b i n a t i o n  r a t e  and t h e  assumed v a l u e  o f  

Z? w i l l  depend on t h e  s h a p e  of  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 Z? w i l l  p resumably  have  t h e  most e f f e c t  i n  t h e  

e a r l y  e v e n i n g  when t h e  F l l a y e r  is recombin ing .  Thus, 

o f f s e t t i n g  s y s t e m a t i c  e r r o r s  may be made b y  assuming t h e  

p r o d u c t i o n  t o  be c o n s t a n t  and a d j u s t i n g  t h e  r e c o m b i n a t i o n  

p a r a m e t e r s  t o  o b t a i n  a best f i t  t o  t h e  d a t a .  I n  

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

correspond t o  vali lzs  sf Q ~:,r!hich wc?uld he very  d i f f i c u l t  

t o  r e c o n c i l e  w i t h  l a b o r a t o r y  measurements .  

- 
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4,3 D i f f e r e n c e  Between t h e  L o s s  and Recombina t ion  R a t e s  

The most g e n e r a l  form o f  t h e  e l e c t r o n  c o n t i n u i t y  

e q u a t i o n  i n c l u d e s  r e c o m b i n a t i o n ,  p r o d u c t i o n  and  a down- 

ward f l u x  from t h e  t o p  o f  t h e  l a y e r ,  Thus ,  i f  t h e  

r e a c t i o n  r a t e s  a r e  assumed t o  be known i t  is p o s s i b l e  

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

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

i n  u s i n g  t h i s  t e c h n i q u e  is t h a t  t h e  n e u t r a l  a t m o s p h e r e  

d e n s i t i e s  a r e  u n c e r t a i n  t o  a t  l e a s t  a f a c t o r  of  2 The re  

is a l s o  an  u n c e r t a i n t y  i n  t h e  l a b o r a t o r y  r a t e s  and t h e i r  

t e m p e r a t u r e  c o e f f i c i e n t s ,  

4 , , 3 , 1  P r o d u c t i o n  R e q u i r e d  i f  R e f e r e n c e  Rates a r e  
Assumed t o  be Correct 

i f  i t  is assumed t h a t  K and C a re  u n i t y ,  

t h a t  i s , t h e  n e u t r a l  a t m o s p h e r e s  a r e  cor rec t  i n  r e g a r d s  

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

t h e  r e f e r e n c e  r a t e s  f o r  t h e  atom i o n  i n t e r c h a n g e  and  

d i s s o c i a t i v e  r e a c t i o n  r a t e s  a r e  cor rec t ,  t h e n  t h e  

r e c o m b i n a t i o n  r a t e  and  t h e  loss r a t e s  c a n  be compared ,  

I t  is a p p a r e n t  f rom F i g u r e s  9 t h r o u g h  24 t h a t  t h e r e  is 

a g e n e r a l  ag reemen t  be tween  t h e  b e h a v i o r  of t h e  l o s s  and  

o f  t h e  r e c o m b i n a t i o n ,  F o r  f l u c t u a t i o n s  w i t h  p e r i o d s  

l o n g e r  t h a n  f o u r  h o u r s ,  t h e  loss  r a t e  i n c r e a s e s  when t h e  

r e c o m b i n a t i o n  r a t e  i n c r e a s e s ,  D u r i n g  t h e  e a r l y  p a r t  of 

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



-63- 

l a  
a a m 

x t 



-64- 

L 

0 
M 
I 

0) 
(u 

1; 
3 
'3 

0 
4 

0 - 0 



- 6 5 -  

c u c u c \ !  
0 0 0  
0 0 0  
II II II 

o a +  

a a 
m 
U 
0 
U 
w 
P 
w 

I 
t- 

a 

G 
- 

11 

G 
o c  x+Q.O-, i 

+ 
0 

x 140- 

A 



rc- - 
I 

(D - 
t- 
v) 
3 
(3 
3 a 

(u 

d 
II 
Y 

m 
9 
0 
0 
I 1  

X 

(u 

0 
II 

Y 

(u 

0 
;; 
a 

(u 

II 
0 
Y 

0 
0 

+ 
I 1  

- 6 6 -  

a a m 

c 

-b" 
c 

\N 

9 cu 

w 
13 z 
I 
0 

a 

LL 
0 
w 
5 a 



-67- 

I 

E w 
m 
E: 

L1: a 
m 



- 6 8 -  

- 
(u 
I 
0 
(u 

5 
W 
0 
W 
c3 

a a m 
a 
0 a a 
W 

I - c 

x Q +  0 

m 
0 

\. 0 

8 

\ 
0 

0 
I 

/ 

rr) cu 

w 
(3 z 
=f 
I 
0 
LL 
0 
W 
I- a a 



-69- 

a 
W m 
5 
W 
0 
w 
0 

0 

i 

/ 

I 

I 
' K i  

0 

I- 
2 
W 
I- z 



-70- 

rc) 

c\! 
0 
Y 
II 

u) 
0 

0 
d 
II 

X 

c\! 
0 
Y 
II 

? 
0 
0 
II 

a 

? 
0 
Y 
II 

a? 

Is 
0 

+ 

- 
t- 
m 
w 

N' 
b 

\N 

- 1 %  

c 

0 

M 
0 

- 
0, 
a 
I 
U 

\ 

B - " i 

II 
0 
w 
I- a a 



-7 I -  

Q: 
w 
m 
H 
W 
0 
W 
n 

- 
E a 
m 

n 
W 
l- a 
I 
I- cn 
W 

- 

L .  

N 
tl 
t 

cu 
I 1  
Y 

0 

(u 

0 
II 
0 

0 

a 
W 
E 
Q 
Q, z 
0 
0 

W 
(3 z 
I 
0 

a 



- 7 2 -  

(D 
(D 
0, 

(D cu 
1 

m cu 

w 

L 

a 
rn 
I 
w 
0 
w 
n 

c u . c u .  
0 0  0 
(I II II 
Y Y Y  

m 

0 0  0 
0 0 0  

9 c u . T  

% a +  

II I I  I1  

CI 
w 
U 
4 a z 
0 
0 

w 
(3 z 
4 
I 
0 

Lr. 
0 
w 
l- a a 



-? 3- 

I I I I 
0 In 0 In 

0 cj - 



-74 -  

H 

a a m 

in 
V q  

2 0 0  
II 
X P 

V 
0 
II 
0 

a0 
0 
Ls 

x a +  0 

I 1 I 
0 ln 

0 
m - - 

10 
0 

i 

n 
a 
n 

W 

Q 

rr 

a 

4 

L 

W 

I- 

W 

a 
I 
0 
LL. 
0 



-7 5-  

e( 

a 
a 
m 

a 
a 
a 
0 

W 
M u > . 9  

Y Y Y  n 

b a 
N N O  I 

0 0 -  
I 1  I t  II 

w 
bi t- 

b 
/ 

10 a w 



- 7 6 -  

H 

n 
W 
I- 

- 
' u ? "  k 
0 0 0  w 
I 1  I 1  I I  

Y Y Y  m 

N 

x Q +  0 

n 

a 
W 
U 

w 



-7 7- 

I 

' I  

0 



-70 -  

c 

a 
N 

1 
b 
N 

/ + 

n ! ? "  
0 0 0  
I1  II II 

Y Y Y  

In 

0 0 0  
II II I1 
0 0 0  

? ? ! a 9  

H 

a 
m 
a 
a a 

a 

0 

w 

c 

N 
tl 
CN 

v) 
3 

0 
W 

Z -  - ?  
W 
(3 z 
I 
0 
LL 
0 

a 



- 79 - 

r a t h e r  c o n s i s t e n t l y  h i g h e r  by about  a h a l f  order of  

magni tude  t h a n  t h e  r e c o m b i n a t i o n  r a t e s .  T h i s  b e h a v i o r  

is shown r a t h e r  w e l l  i n  F i g u r e s  11 and 1 9  f o r  example.  

I f  t h e  reference r a t e s  and t h e  n e u t r a l  a tmosphere  

models  a r e  c o r r e c t  t h e n  i t  is a p p a r e n t  t h a t  a p r o d u c t i o n  

mechanism must e x i s t  t h r o u g h o u t  t h e  n i g h t  which i s  of 

t h e  same o r d e r  o f  magni tude  a s  t h e  l o s s  r a t e s .  T h i s  

p r o d u c t i o n  must be w e l l  c o r r e l a t e d  w i t h  b o t h  t h e  recom- 

b i n a t i o n  r a t e  and t h e  loss r a t e ,  Tak ing  t h e  n i g h t  o f  

D e c e m b e r  11 /22 ,  1967 a s  a n  e x a m p l e , a  p r o d u c t i o n  o f  

1 .5  x P O  e l e c t r o n s  c m  see would be r e q u i r e d  a t  1 9  

h o u r s  and a p r o d u c t i o n  of about  1 0  e l e c t r o n s  c m  sec 

would be r e q u i r e d  a t  23 h o u r s .  P r o d u c t i o n  s o u r c e s  

o f  t h i s  o r d e r  o f  magni tude  a re  v e r y  d i f f i c u l t  t o  e x p l a i n .  

I f  i t  is assumed t h a t  t h e y  a re  due  t o  a p a r t i c l e  i n f l u x ,  

t h e n  c h a n g e s  i n  t h e  e l e c t r o n  t e m p e r a t u r e  would be 

e x p e c t e d ,  b u t  d u r i n g  t h i s  per iod t h e  Te/Ti r a t i o  

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

of  t h e  measurement .  If i t  is assumed t h a t  t h e  p r o d u c t i o n  

is due  t o  h o r i z o n t a l  t r a n s p o r t  i n  a d e n s i t y  g r a d i e n t  t h e n  

w i t h  t h e  o r d e r  of magni tude  of t h e  g r a d i e n t s  e f f e c t i v e  

d u r i n g  t h i s  p a r t  of  t h e  n i g h t ,  5 x 10 

a p r o d u c t i o n  of 10 c m  sec would r e q u i r e  a 

9 -2 -1 

9 -2 -1 

3 e l e c t r o n  crnm3, 

3 -2 -1 

h o r i z o n t a l  i o n  t r a n s p o r t ,  vezkocity cjf 2000 m e t e r s  p r  

s e c o n d  which is q u i t e  u n r e a s o n a b l y  l a r g e .  I t  t h u s  seems 
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t h a t  i f  t h e  r e f e r e n c e  r a t e s  a re  i n d e e d  e f f e c t i v e  for t h e  

n i g h t  i n  q u e s t i o n  t h e  e n t i r e  n i g h t t i m e  F r e g i o n  t h e o r y  

m u s t  be c o m p l e t e l y  re -examined .  

4.3.2 R a t e s  Lower t h a n  R e f e r e n c e  Rates 

F i g u r e  12 shows t h e  e f f e c t  o f  v a r y i n g  t h e  

r a t e s  of t h e  d i s s o c i a t i v e  r e c o m b i n a t i o n  r e a c t i o n s .  I t  

i s  a p p a r e n t  t h a t  p r o v i d i n g  t h e  r a t i o  of t h e  r a t e s  f o r  

t h e s e  r e a c t i o n s  is  n o t  r e d u c e d  below a b o u t  0 . 2  o f  t h e  

r e f e r e n c e  r a t e s  t h e  r e c o m b i n a t i o n  is l i t t l e  a f f e c t e d  by 

t h e  a c t u a l  v a l u e  c h o s e n .  V a l u e s  for t h e  r a t e s  o f  t h e  

d i s s o c i a t i v e  r e c o m b i n a t i o n  r e a c t i o n s  c a n  be made 

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

c o n c l u s i o n s  of t h i s  s e c t i o n .  

A s  ment ioned  i n  S e c t i o n  2 . 1 - 1  t h e  a c c u r a c y  i n  

d e t e r m i n i n g  t h e  r e c o m b i n a t i o n  was d e p e n d e n t  upon how 

a c c u r a t e l y  t h e  peak  e l e c t r o n  d e n s i t y  c o u l d  be d e t e r m i n e d  

from t h e  ionograms ,  When ionograms  were u n a v a i l a b l e  

or u n u s e a b l e  i t  was n e c e s s a r y  t o  r e l y  upon t h e  power 

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

e v a l u a t i o n  of  t h e  r e c o m b i n a t i o n  o v e r  45 m i n u t e  t i m e  

i n t e r v a l s ,  When t h e  ionograms  were n o t  a v a i l a b l e  o r  

showed s p r e a d  F ,  t h e n  o n l y  c o n c l u s i o n s  c o u l d  be made 

c o n c e r n i n g  t h e  g e n e r a l  v a r i a t i o n s  o v e r  t h e  e n t i r e  

n i g h t  i n  q u e s t i o n .  The r e c o m b i n a t i o n  f o r  t h e  w i n t e r  1967 

e x p e r i m e n t s  was o b t a i n e d  f r o m  F a r a d a y  r o t a t i o n  
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4, 

c 

measurements  and  were v e r y  much more a c c u r a t e .  Wi th  

these measurements  t h e r e  d i d  remain t h e  d i f f e r e n c e  

o f  a b o u t  1 4 0  km i n  t h e  h o r i z o n t a l  s e p a r a t i o n  of t h e  

i o n o s p h e r i c  r e g i o n s  sampled  b y  t h e  e l e c t r o n  c o n t e n t  

and r e c o m b i n a t i o n  measurements .  

F o r  the  December 11 /12 ,  1967 e x p e r i m e n t s  t h e  

i o n o s p h e r e  remained  r e l a t i v e l y  q u i e t  w i t h  3 h o u r l y  k 

i n d i c e s  o f  0 ,  2 ,  2 ,  1 f rom 18 h o u r s  t o  3 h o u r s  and  

o n l y  o c c a s i o n a l  s p r e a d  F. The r e c o m b i n a t i o n  and l o s s  

f o r  t h e  December 11 /12 ,  1967 e x p e r i m e n t s  were i n  g e n e r a l  

ag reemen t :  w i t h  t h e  b e s t  f i t  o b t a i n e d  f o r  K = 0 . 3  o r  

K = 0 . 2 .  Fo r  K = 0.3  t h e r e  was t h e  need f o r  a n  
8 -2 -1 a d d i t i o n a l  p r o d u c t i o n  o f  t h e  o r d e r  of  10 e l  c m  sec 

f rom 19 t o  2 1  h o u r s .  F o r  K = 0 . 2  t h e  assumed loss was 

w i t h i n  t h e  e r r o r  bars  f rom 19  t o  2 1  h o u r s ,  b u t  a n  

a d d i t i o n a l  p r o d u c t i o n  o f  t h e  o r d e r  o f  10' was needed  

f rom 3 t o  4 h o u r s  f o r  e i t h e r  K = 0 . 2  o r  K = 0.3.  

P 

The i o n o s p h e r e  was d i s t u r b e d  d u r i n g  t h e  n i g h t  o f  

December 18 /19 ,  1967 a s  i n d i c a t e d  by t h e  3 h o u r l y  

k i n d i c e s  o f  2 ,  2 ,  4 ,  2 f rom 10 h o u r s  t o  3 h o u r s  

and  t h e r e  was e v i d e n c e  o f  s p r e a d  F f rom 3 h o u r s  u n t i l  4 

h o u r s .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  f o r  t h e  

December 18/19, 1967 e x p e r i m e n t s  t h e r e  were l a r g e  

P 

- C l . r e - t i r c ~ + i  L L u b  cuu u A v A - u  A ~ C  i n  h n t h  the r e c o m b i n a t i o n  and  t h e  assumed 

l o s s .  The b e s t  f i t  f rom 19 hour s  t o  m i d n i g h t  was 

o b t a i n e d  f o r  K = 0.3 .  I t  was n o t i c e d  t h a t  f o r  K = 0 .2  



- 8 2  - 

t h e  loss  was g e n e r a l l y  l ess  t h a n  t h e  r e c o m b i n a t i o n ,  

F l u c t u a t i o n s  i n  t h e  l o s s  and t h e  r e c o m b i n a t i o n  were 

o p p o s i t e  i n  p h a s e  be tween 1 and 3 h o u r s ,  F o r  K = O o 2  

-2 -1 an a d d i t i o n a l  p r o d u c t i o n  of 2 x I O 8  eY c m  sec 

needed a t  1 h o u r ,  b u t  an  e x c e s s  l o s s  of 2 x 10 

was 
8 

-2 -1 e l  c m  sec was needed  a t  a p p r o x i m a t e l y  2 : 3 0 0  

The i o n o s p h e r e  on t h e  n i g h t  of  December 27/28,  1967 

was q u i e t  w i t h  3 h o u r l y  K i n d i c e s  o f  I ,  1, 1, P f rom 

18 h o u r s  u n t i l  3 h o u r s  and a s m a l l  amount of  s p r e a d  F. 
P 

The r e c o m b i n a t i o n  and assumed loss were i n  good a g r e e -  

ment f o r  t h i s  December 27/28,  1967 n i g h t . .  The b e s t  f i t  

w a s  o b t a i n e d  f o r  K = 0 , 3  f rom 19 h o u r s  t o  a p p r o x i m a t e l y  
-2 -1 3 h o u r s ,  sec A p r o d u c t i o n  of t h e  o r d e r  o f  lo8  e l  c m  

w a s  r e q u i r e d  f rom 3x30 t o  4 h o u r s  f o r  K _=. 0 3, 

For t h e  n i g h t  of J u l y  29/30, 1966 t h e  i o n o s p h e r e  

was d i s t u r b e d  a s  shown by t h e  3 h o u r l y  K i n d i c e s  of 

2 ,  2 ,  P 2 f rom 18 h o h r s  u n t i l  3 h o u r s  and  by  s p r e a d  F 

a t  m i d n i g h t  and f rom 23 h o u r s  u n t i l  3 h o u r s . .  As t h e s e  

P 

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

errors i n  t h e  r e c o m b i n a t i o n  r a t e s  may be e x p e c t e d  a t  

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

a round m i d n i g h t  wh ich  was n o t  r e f l e c t e d  i n  t h e  l o s s  

r a t e s ,  Wi th  a n  assumed K of 0 , 2  t h e r e  was t h e  need  f o r  
-2 - E  a n  e x t r a  l o s s  o f  a p p r o x i m a t e l y  4 x lo8 e l  c m  sec a t  

m i d n i g h t ,  I n  g e n e r a l ,  t h e  bes t  f i t  f o r  t h e  n i g h t  i n  

q u e s t i o n  was o b t a i n e d  for K = 0 , , 2  ' w i t h  a r e q u i r e d  f l u x  
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8 
of  a p p r o x i m a t e l y  1.8 x PO from 2 1  h o u r s  t o  22:30 and 

0.8 x lo8  from 2 h o u r s  t o  4 h o u r s ,  

Fo r  t h e  n i g h t  of August 16/17,  1966 t h e  3 h o u r l y  

K i n d i c e s  were 0, 1, 1, 1 from 18 h o u r s  t o  3 h o u r s ,  b u t  

t h e r e  were no r e a d a b l e  ionograms from 1 9  h o u r s  t o  20 

h o u r s  w i t h  s p r e a d  F p r e s e n t  from 23 h o u r s  t o  2 h o u r s  and 

from 4 h o u r s  u n t i l  5 h o u r s ,  For t h e  August 16 /17 ,  1966 

e x p e r i m e n t s  i t  was n o t e d  t h a t  f o r  K =‘; ) .5  a l a r g e  p ro -  

d u c t i o n  of  a p p r o x i m a t e l y  2 x 10 e l  c m  sec  would be 

r e q u i r e d  a t  1 9  h o u r s ,  Fo r  K = 0 . 3 ,  a p r o d u c t i o n  of 

l o 9  e l  c m  sec w a s  r e q u i r e d  a t  1 9  h o u r s  and f o r  

K = 0 . 2  t h e  l o s s  was w i t h i n  t h e  o r d e r  of  e r r o r  w i t h  o n l y  a 

s l i g h t  p r o d u c t i o n  r e q u i r e d  p r i o r  t o  20 h o u r s  and an  

e x t r a  l o s s  from 20 h o u r s  t o  m i d n i g h t ,  The peak recombina-  

t i o n  o b s e r v e d  between 2 and 5 h o u r s  was w i t h i n  t h e  e r r o r  

b a r s  f o r  K =0,2 o r  K = 0.3  w i t h  a s l i g h t  p r o d u c t i o n  

r e q u i r e d  f o r  K .= 0,3, 

P 

9 -2 -1 

-2 -1 

The 3 h o u r l y  K i n d i c e s  f o r  t h e  n i g h t  o f  December 
P 

20/21,  1966 were 0 ,  B, 0 ,  1 from 18 h o u r s  t o  3 h o u r s ,  

b u t  s p r e a d  F was p r e s e n t  from 23 h o u r s  t o  m i d n i g h t  and 

no  r e a d a b l e  ionograms were a v a i l a b l e  from 4 h o u r s  t o  

5 h o u r s ,  The December 20/21 ,  1966 e x p e r i m e n t s  showed 

f l u c t u a t i o n s  i n  b o t h  t h e  r ecombina t ion  and t h e  l o s s .  

The I-.--+ uGucI  f ~ t  ~ a c  o b t a i n e d  f o r  K = 0 - 2  o r  K = 0 . 3  w i t h  a 

-2 -1 sec r e q u i r e d  p r o d u c t i o n  o f  t h e  o r d e r  o f  lo8 e l  c m  

f rom 21  t o  1 h o u r s .  
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T h e r e  was s p r e a d  F p r e s e n t  t h r o u g h o u t  t h e  e n t i r e  

n i g h t  o f  December 23/24, 1966 w i t h  3 h o u r l y  K i n d i c e s  

of 1, 3 ,  2 ,  1 from 18 h o u r s  u n t i l  3 h o u r s ,  T h u s ,  t h e  

Parge  d i s a g r e e m e n t  o b s e r v e d  be tween t h e  r e c o m b i n a t i o n  

P 

and t h e  loss f o r  t h e  n i g h t  i n  q u e s t i o n  c a n  be 

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

t h e  r e c o m b i n a t i o n  f rom t h e  d e n s i t y  p r o f i l e s ,  The 

December 23 /24 ,  1966 e x p e r i m e n t s  i n d i c a t e d  v e r y  l o w  

r eco rnb ina t ion  r a t e s ,  The best f i t  f rom 21  h o u r s  t o  

m i d n i g h t  was o b t a i n e d  f o r  a v a l u e  o f  K = 0 . 5  w i t h  a 
8 -2 -1 

r e q u i r e d  p r o d u c t i o n  o f  t h e  o r d e r  o f  1 0  e l  c m  sec 

T h e  b e s t  f l t  f rom m i d n i g h t  t o  2 h o u r s  was f o r  K = Ou2 

w i t h  a r e q u i r e d  p r o d u c t i o n  o f  t h e  o r d e r  of  1 0  

e l  c m  sec From 4 h o u r s  u n t i l  5 h o u r s  t h e r e  is a n  

e x t r e m e l y  l a r g e  p r o d u c t i o n  r e q u i r e d  o f  t h e  o r d e r  of 

2 , 5  x PO e l  c m  sec f o r  K = 0-2, 

8 

-2 -1 

9 -2  -1 

The ionograms f o r  t h e  n i g h t  of December 25/26, 1966 

i n d i c a t e d  some s p r e a d  F f r o m  23 h o u r s  u n t i l  m i d n i g h t  

and i n c r e a s i n g  a f t e r  m i d n i g h t  u n t i l  3 h o u r s a  The 3 

h o u r l y  K i n d i c e s  were 4 ,  3 ,  2 ,  2 f r o m  ,8 h o u r s  u n t i l  

3 h o u r s  which  i n d i c a t e d  t h e  p r e s e n c e  of a magrietnc 

d i s t u r b a n c e ,  T h e  r e c o m b i n a t i o n  f o r  t h e  December 25/26,  

1966 e x p e r i m e n t  i n d i c a t e d  l a r g e  f P u c u t a t i o n s  w i t h  a pe r iod  

of a b o u t  1 112 h o u r s  from 23 t o  3 h o u r s ,  The bes t  f i t  

was o b t a i n e d  f o r  K = r ?  5 b u t  t h e  s u d d e n  f l u c t u a t i o n s  

i n  t h e  r e c o m b i n a t i o n  were n o t  r e f l e c t e d  i n  t h e  l o s s  r a t e s  

P 
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T h i s  l a r g e  d i s a g r e e m e n t  c o u l d  be due  t o  h o r i z o n t a l  

g r a d i e n t s  produced  by t h e  magnet ic  d i s t u r b a n c e  o r  t o  

t h e  e r ror  i n t r o d u c e d  by  s p r e a d  F i n  d e t e r m i n i n g  t h e  

peak  e l e c t r o n  d e n s i t y  from 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 .  
*\ 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

5,1 Comparison o f  t h e  T h e o r e t i c a l  l o s s  R a t e s  and t h e  
Observed  Recombina t ion  

The p r e v i o u s  s t u d i e s  by Quinn and  N i s b e t  (1965)  

and McCrory (1966)  i n d i c a t e d  t h a t  i f  t h e r e  were no p r o -  

d u c t i o n  s o u r c e s  p r e s e n t  d u r i n g  t h e  n i g h t ,  t h e n  t h e  

r e c o m b i n a t i o n  c o e f f i c i e n t  a t  300 Km,  8300, was s m a l l e r  i n  

w i n t e r  t h a n  i n  summer. The d e t a i l e d  s t u d y  made o f  t h e  

r e c o m b i n a t i o n  c o e f f i c i e n t ,  B 3 0 0 ,  w i t h  t h e  h i g h  r e s o l u t i o n  

d a t a  f o r  t h e  p r e s e n t  a n a l y s i s  i n d i c a t e d  t h a t  B300 was 

a g a i n  smaller i n  w i n t e r  t h a n  i n  summer. Also, t h e  

v a r i a t i o n  o f  I3 

r a t e ,  f o r  t h i s  s t u d y  was i n  good a g r e e m e n t  w i t h  r e s u l t s  

o f  t h e  p r e v i o u s  s t u d y .  I t  was found  t h a t  t h e  best  f i t  

w i t h  a, t h e  d i s s o c i a t i v e  r e c o m b i n a t i o n  300 

between t h e  t h e o r e t i c a l  l o s s  r a t e s  and t h e  o b s e r v e d  

r e c o m b i n a t i o n  was o b t a i n e d  when t h e  atom i o n  i n t e r c h a n g e  

r e a c t i o n  r a t e s  were r e d u c e d  b y  a f a c t o r  of 2 t o  5 f rom 

c u r r e n t  l a b o r a t o r y  v a l u e s .  

5 . 2  Compar ison  o f  t h e  L a b o r a t o r y  R e a c t i o n  Rates w i t h  - 
t he  Observed  B e h a v i o r  

I t  was o b s e r v e d  t h a t  by c h o o s i n g  a d i s s o c i a t i v e  

r e c o m b i n a t i o n  r a t e  t h a t  was w i t h i n  a n  o rde r  o f  m a g n i t u d e  

o f  t h e  l a b o r a t o r y  r e a c t i o n  r a t e s  t h a t  t h e  r e s u l t s  were 

q u i t e  i n d e p e n d e n t  of t h e  v a l u e  c h o s e n .  T h i s  means t h a t  

o u r  e x p e r i m e n t s  a r e  r a t h e r  i n s e n s i t i v e  t o  t h e  v a l u e  of 

t h e  d i s s o c i a t i v e  r e a c t i o n  ra tes  and  p r o v i d e  little? 

i n f o r m a t i o n  a b o u t  t h e m .  



I 

If i t  is assumed t h a t  b o t h  t h e  n e u t r a l  m o l e c u l a r  

d e n s i t i e s  and t h e  l a b o r a t o r y  r a t e s  a r e  co r rec t  t h e n  a 

p r o d u c t i o n  o f  t h e  order  o f  18 e l e c t r o n s  c m  sec would 

be r e q u i r e d  from 20 h o u r s  t o  23 h o u r s  and s m a l l e r  b u t  

comparab le  p roduc  t i s n  r a t e s  w o u l d  be r e q u i r e d  t h e r e a f t e r  

To a c c o u n t  f o r  a p r o d h c t i o n  o f  t h i s  magn i tude  by incoming 

p h o t o e l e c t r o n s  o r  h i g h e r  e n e r g y  p a r t i c ’ Y e s  would r e q u i r e  

much l a r g e r  f l u x e s  t h a n  a r e  p r e d i c t e d  t h e o r e t i c a l l y  or 

a r e  o b s e r v e d - a n d  w o ~ l d  r e s u l t  i n  e l e c t r o n  h e a t i n g  which  

would be r e a d i l y  o b s e r v a b l e ,  I f  a s  a n  a l t e r n a t i v e  i t  is 

assumed t h a t  t h e  s o u r c e  is t h e  p r o t 0 n o s p h e r e : t h e n  t h e s e  

r a t e s  would r e s u l t  i n  d r a i n i n g  t h e  e n t i r e  p r o t o n o s p h e r i c  

e l e c t r o n  c o n t e n t  i n  one  arrd a haXf h o u r s ,  If i t  is pro- 

p o s e d  t o  a c c o n n t  f o r  t h e  r a t e s  on t h e  b a s i s  of h o r i z o n t a l  

i o n  t r a n s p o r t  t h e n  w i t h  t h e  obse rved  g r a d i e n t s  a h o r i -  

z o n t a l  v e y o c i t y  of t h e  o r d e r  3f 2000 meters p e r  s e c o n d  

would be r e q u i r e d ,  I t  was t h e r e f o r e  c o n c l u d e d  t h a t  

e i t h e r  t h e  m o l e c u l a r  d e n s i t i e s  a r e  iower  t h a n  g i v e n  by 

t h e  CPRA 1965 models  or t h a t  t h e  r a t e s  far a t s m - i o n  

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

would  s u g g e s t ,  

9 -2 -1 

When v a l u e s  fDr  t h e  atom-ion i n t e r c h a n g e  r a t e s ,  or 

t h e  m o l e c u l a r  d e n s i t i e s  were reduced  t o  1,/5 of t h e  

l a b o r a t o r y  v a l u e s  i t  was i.>und z n a i  t h e  observed 

r e c o m b i n a t i o n  r a t e  was h i g h e r  t h a n  t h e  c a l c u l a t e d  Boss 

ra te  i n  t h e  e a r l y  p a r t  of t h e  n i g h t  and a n  a d d i t i o n a l  
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p r o d u c t i o n  was u s u a l l y  r e q u i r e d  between 2 h o u r s  and  4 

h o u r s .  The re  a r e  good r e a s o n s  f o r  b e l i e v i n g  t h a t  t h e  

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

ra tes  i n  t h e  p e r i o d  p r i o r  t o  a b o u t  22 h o u r s  and i t  

was c o n c l u d e d  t h a t  t h e  r a t e s  were h i g h e r  t h a n  P / 5  of 

t h e  l a b o r a t o r y  r a t e s ,  

When t h e  v a l u e s  were r e d u c e d  t o  0,3 of  t h e  

l a b o r a t o r y  v a l u e s  a r e a s o n a b l e  c o r r e l a t i o n  be tween t h e  

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

l o s s  r a t e  was o b s e r v e d  t h r o u g h o u t  t h e  n i g h t ,  A n e t  

p r o d u c t i o n  of t h e  order  of 10' e l e c t r o n s  c m  -2 -1 sec 

was r e q u i r e d  p r i o r  t o  23 h o u r s  and  be tween  2 h o u r s  and  

4 h o u r s ,  As was shown, s u c h  s o u r c e s  o f  p r o d u c t i o n  a r e  

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

p r e s e n t  s e r i e s  of measurements  t h e  best  ag reemen t  

between t h e  e x p e r i m e n t a l  r e s u l t s  and  t h e  c a l c u l a t e d  

loss of i o n i z a t i o n  c o u l d  be o b t a i n e d  by  r e d u c i n g  t h e  

p r o d u c t  of t h e  m o l e c u l a r  d e n s i t i e s  (@IRA a t m o s p h e r i c  

modeis )  and t h e  l a b o r a t o r y  a tom-ion  i n t e r c h a n g e  

r e a c t i o n  i?ates by a b o u t  a f a c t o r  o f  3 ,  

5,3 Dif fe rences  Between t h e  Summer and  W i n t e r  Loss - _- ---_-A- 

R a t e s  

A m a j o r  f e a t u r e  of t h e  a n a l y s i s  of n i g h t t i m e  

F r e g i o n  by Q u i n n  and  Nisbe t  (19652 was t h e  l a r g e  

d i f f e r e n c e  be tween  t h e  summer and  w i n t e r  Loss r a t e s  

.I -- _.I 
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I 
c 

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

was assumed t o  b e  zero t h r o u g h o u t  t h e  n i g h t .  When t h e  

p r e s e n t  d a t a  were a n a l y z e d  w i t h  t h e  a s s u m p t i o n  o f  zero 

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

r a t e s  f o r  w i n t e r  t h a n  f o r  summer. 

A s e c o n d  a n a l y s i s  i n  w h i c h  i t  was assumed t h a t  t h e  

p r o d u c t i o n  was c o n s t a n t  was made and  a l e a s t  s q u a r e s  

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

t h e  r e a c t i o n  r a t e s  and t h e  c o n s t a n t  p r o d u c t i o n  t e r m .  

T h i s  a n a l y s i s  showed t h a t  w i t h  these a s s u m p t i o n s  t h e  

l o s s  r a t e s  were lower i n  summer t h a n  i n  w i n t e r ,  t h e  

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

r e q u i r e d  p r o d u c t i o n  was la rger  i n  t h e  w i n t e r .  T h i s  

c o n c l u s i o n  must  be a c c e p t e d  w i t h  c a u t i o n  s i n c e  i t  is 

based on a c o n s t a n t  p r o d u c t i o n  and  there  a r e  good 

r e a s o n s  for b e l i e v i n g  t h a t  t h i s  is n o t  t h e  case.  

An e x a m i n a t i o n  o f  t h e  d e t a i l e d  shape o f  t h e  l o s s  

and  r e c o m b i n a t i o n  r a t e s  i n d i c a t e d  t h a t  b o t h  t h e  summer 

and  w i n t e r  r a t e s  were q u i t e  comparable  w i t h i n  t h e  l i m i t s  

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

l a y  i n  t h e  r e q u i r e d  p r o d u c t i o n  f rom 1 9  h o u r s  t o  23 h o u r s  

and  f rom 2 h o u r s  t o  4 h o u r s .  

5.4 The E f f e c t  o f  P h o t o e l e c t r o n s  on t h e  N i g h t t i m e  
F L a y e r  

D u r i n g  t h e  w i n t e r  p h o t o e l e c t r o n s  a r e  c o n t i n u o u s l y  
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b e i n g  p roduced  i n  t h e  c o n j u g a t e  i o n o s p h e r e  a n d  i t  h a s  been 

shown b y  C a r l s o n  and  Nisbet  (1966)  and C a r l s o n  (19662 t o  

b e  e f f e c t i v e  i n  h e a t i n g  t h e  i o n o s p h e r e  above  Arecibo, 

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

have been  g i v e n  by Nisbet (1968)  and K w e i  and  Nisbe t  

(1968)"  McCrory (1965)  s u g g e s t e d  t h a t  t h e y  m i g h t  be 

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

e x p l a i n  t h e  i n c r e a s e  i n  t h e  e l e c t r o n  c o n t e n t  be tween  

2 hours and  4 h o u r s .  

I t  1s a p p a r e n t  t h a t  t h e  p h o t o e l e c t r o n  f l u x  i t s e l f  

does  n o t  p r o v i d e  a p r o d u c t i o n  mechanism b e c a u s e  any 

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

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

o p p o s i t e  d i r e c t i o n ,  P h o t o e l e c t r o n s  w i t h  e n e r g i e s  above  

20  e v  a r e  c a p a b l e  of p r o d u c i n g  s e c o n d a r y  i o n i z a t i o n ,  I t  

is e s t i m a t e d  t h a t  a t  0 2 ~ 3 0  h o u r s  a t  t h e  w i n t e r  S o l s t i c e  

unde r  P o w  s u n s p o t  c o n d i t i o n s  t h e  f l u x  o f  e l e c t r o n s  h a v i n g  

e n e r g i e s  g r e a t e r  t h a n  20 e v  would be o f  t h e  o r d e r  of 

As d i s c u s s e d  i n  S e c t i o n  5 , 2  t h i s  is Power t h e n  t h e  

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

t h e  l a y e r  be tween 19 h o u r s  and  2 3  h o u r s  and  be tween  

2 h o u r s  and 4 h o u r s  i n  w i n t e r ,  I t  does s e e m  a d e q u a t e  

t o  e x p l a i n  t h e  d i f f e r e n c e s  b e t w e e n  summer and  w i n t e r  

l o s s  r a t e s  p r o v i d i n g  i t  is  assumed t h a t  t h e  r a t e s  of t h e  

atom i o n  i n t e r c h a n g e  r e a c t i o n s  m u l t i p l i e d  by  t h e  n e u t r a l  
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a tmosphere  m o l e c u l a r  d e n s i t i e s  a r e  lower b y  a b o u t  a 

f a c t o r  of 3 t h a n  t h e  r e f e r e n c e  v a l u e s  a d o p t e d  i n  t h i s  

s t u d y  

5,5 I H o r i z o n t a l  I o n  T r a n s p o r t  i n  t h e  N i g h t t i m e  F Region 

I o n i z e d  Barium t r a i l  measurements  by H a e r e n d e l  

e t .  a l .  (19661, d e s c r i b e d  i n  S e c t i o n  1 . 2 . 2 , s h o w  a t  t i m e s  

a round  s u n s e t ?  h o r i z o n t a l  i o n  v e l o c i t i e s  i n  t h e  d i r e c t i o n  

of t h e  n i g h t  s i d e  o f  t h e  e a r t h  o f  t h e  order o f  50 meters 

p e r  s e c o n d  or a b o u t  one  h a l f  of t h e  n e u t r a l  wind v e l o c i t y .  

I f  t h e s e  mot ions  a r e  m a i n t a i n e d  f o r  s e v e r a l  h o u r s  a f t e r  

s u n s e t  a s  a p p e a r s  p r o b a b l e  t h e n  t h e y  would a p p e a r  t o  

p r o v i d e  a q u a s i - p r o d u c t i o n  mechanism. I n  t h e  p e r i o d  f rom 

19 h o u r s  t o  22 h o u r s  t h e  g r a d i e n t  i n  t h e  e l e c t r o n  c o n t e n t  

i n  t h e  ea s t  w e s t  d i r e c t i o n  is o f  t h e  o r d e r  o f  2 x 10 4 

-3 e l e c t r o n s  c m  With a 50 meter p e r  s e c o n d  d r i f t  t h i s  
8 

would p r o d u c e  a n  e f f e c t i v e  p r o d u c t i o n  o f  1 0  e l e c t r o n  
-2 -1 c m  sec ~ This is comparab le  w i t h  t h e  p r o d u c t i o n  r a t e s  

r e q u i r e d  i n  t h e  summer t o  e x p l a i n  t h e  d i f f e r e n c e s  be tween  

t h e  r e c o m b i n a t i o n  and l o s s  w i t h  t h e  l a b o r a t o r y  r a t e s  f o r  

t h e  atom i o n  i n t e r c h a n g e  r e a c t i o n s  r e d u c e d  by a f a c t o r  

of 3 .  

As was d i s c u s s e d  i n  S e c t i o n  5 . 3  a n  a d d i t i o n a l  

4 h o u r s  p a r t i c u l a r l y i n  w i n t e r .  As a t  t h i s  t i m e  o f  

n i g h t  t h e  h o r i z o n t a l  g r a d i e n t s  a r e  g e n e r a l l y  s m a l l  
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t h e  above  mechanism c a n n o t  b e  v e r y  e f f e c t i v e .  One 

p o s s i b l e  s o l u t i o n  is  t h a t  t h e  i o n  wind s y s t e m  is  

c o n v e r g e n t  u n d e r  t h e s e  c o n d i t i o n s .  N o  measurements  

of t h e  h o r i z o n t a l  i o n  v e l o c i t y  have  been  o b t a i n e d  

J u n l e s s  i t  is  assumed t h a t  F r e g i o n  f a d i n g  measurements  

c o r r e s p o n d  t o  t r u e  i o n  m o t i o n s .  I t  is p o s s i b l e ,  however ,  

t o  make some a s s u m p t i o n s  a b o u t  t h e  d i v e r g e n c e  of  t h e  

n e u t r a l  wind s y s t e m  a b o u t  t h i s  t i m e .  One way o f  d o i n g  

t h i s  is t o  s t u d y  t h e  b e h a v i o r  o f  t h e  n e g a t i v e  t e m p e r a t u r e .  

I t  i s  now g e n e r a l l y  h e l d  t h a t  t h e  "second h e a t  s o u r c e "  

e f f e c t i v e  i n  m a i n t a i n i n g  t h e  n i g h t t i m e  F r e g i o n  is t h e  

h o r i z o n t a l  m o t i o n f r m  t h e  day  s i d e  t o  t h e  n i g h t  s i d e  of 

t h e  e a r t h , .  I f  t h i s  i s  i n d e e d  t h e  case t h e n  t o  a c c o u n t  

f o r  an  o b s e r v e d  h e a t  i n p u t  o f  Q e r g  c m  sec above  -2 -1 

an a l t i t u d e  z 9  it would r e q u i r e  a d i v e r g e n c e  o f  t h e  wind 

v e l o c i t y  o f  

&O d i v  Yzo = - 
f m  

where 

v = t h e  h o r i z o n t a l  wind  v e l o c i t y  (assumed 
c o n s t a n t )  w i t h  a l t i t u d e  

Q = t h e  downward h e a t  c o n d u c t i o n  t h r o u g h  
a l t i t u d e s  zo i n  t h e  s t e a d y  s t a t e  

P = t h e  p r e s s u r e  
-2 -1 W i t h  a n  assumed h e a t  f l u x  o f  1 e r g  c m  sec 

above 120  km t h e n  t h e  d i v e r g e n c e  o f  t h e  wind v e l o c i t y  
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-1 would be 2 . 2  x sec €or t h e  n e u t r a l  a tmosphe re  

models  u s e d  f o r  t h e  p r e c e d i n g  a n a l y s i s .  If i t  is  now 

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

d i v e r g e n c e  is e q u a l  t o  t h e  above v a l u e  t h e n  w i t h  a n  

e l e c t r o n  c o n t e n t  of 2 . 5  x 10 e l e c t r o n s  c m  a n  

e f f e c t i v e  p r o d u c t i o n  o f  0.57 x 10 e l e c t r o n s  c m  sec 

-5 -2 

8 -2 -1 

would r e s u l t .  

A s e c o n d  method o f  making a s i m i l a r  c a l c u l a t i o n  

is t o  u s e  t h e  n e u t r a l  v e l o c i t i e s  c a l c u l a t e d  by Kohl 

and  King ( 1 9 6 7 ) .  These  have  been supe r imposed  on a 

map showing  t h e  d i s t r i b u t i o n  of  t h e  e l e c t r o n  c o n t e n t  

a s  a f u n c t i o n  o f  geomagne t i c  l a t i t u d e  and  l o c a l  t i m e  

shown i n  F i g u r e  25.  Using t h e  d i v e r g e n c e  theorem and 

c o n s i d e r i n g  an  e l e m e n t  f rom 23 h o u r s  t o  3 h o u r s  and  from 

1 5 O  t o  4 5 O l o n g i t u d e  i t  was c a l c u l a t e d  t h a t  t h e  

d i v e r g e n c e  of t h e  f l u x  was of t h e  o r d e r  o f  1 . 2  x 10 8 

-2 -1 
e l e c t r o n s  c m  sec as suming  t h e  n e u t r a l  and  i o n  

h o r i z o n t a l  v e l o c i t i e s  t o  be  e q u a l .  

I t  would t h e r e f o r e  seem t h a t  i f  h o r i z o n t a l  i o n  

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

t h e n  t h e i r  magn i tude  must  be comparab le  w i t h  t h e  

c u r r e n t  e s t ima tes  o f  t h e  n e u t r a l  wind v e l o c i t i e s .  

5 .6  Slclggest i~ns f o r  F u r t h e r  Research 

O b v i o u s l y  more r e s e a r c h  n e e d s  t o  be done  u s i n g  t h e  

h i g h  r e s o l u t i o n  d a t a  a s  p r o v i d e d  by F a r a d a y  r o t a t i o n  
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measurement .  I t  is o n l y  when a c c u r a t e l y  d e t e r m i n e d  

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

t h a t  i t  w i l l  be p o s s i b l e  t o  make d e t a i l e d  c o m p a r i s o n s  

be tween t h e  loss  r a t e s  and t h e  r e c o m b i n a t i o n  c o n c e r n i n g  

t h e i r  d e t a i l e d  b e h a v i o r ,  

Also, when more i n f o r m a t i o n  becomes z v a i l a b l e  on 

t h e  i o n  v e l o c i t i e s  and i o n  v e l o c i t y  d i e e r g e n c e s  more 

a c c u r a t e  d e t e r m i n a t i o n s  c a n  be made on t h e  amount of  

i o n i z a t i o n  a v a i l a b l e  f rom h o r i z o n t a l  t r a n s p o r t .  



- 96 - 

BIBLIOGRAPHY 

I n t e r e s t  i n  t h e  Upper Atmosphere" ,  R i c .  S c i . ,  - 36, 
3 5 9 ,  1966 ,  

B a t e s ,  D o  R ,  and  H ,  S,, W ,  Massey,"The B a s i c  R e a c t i o n  i n  
t h e  I o n i z e d  L a y e r s I v ,  P r o c .  Roy. SOC. ,  A192, 1947.  

Bechen, J .  and  B o  Maehlum, " D r i f t  Measurements  a t  
K4e11er on t h e  I o n o s p h e r i c  F Region" ,  J .  Geophys.  
R e s ,  65, 1 4 8 5 ,  1960.  

B h a v s a r ,  H ,  and R ,  Rao , "Rocke t  and  B a l l o o n  S t u d i e s " ,  
P r e s e n t e d  a t  t h e  N i n t h  COSPAR Meet ing  i n  Vienna ,  
May 10-19,  1966 ,  

Bradbury ,  N e  E .  , " I o n i z a t i o n ,  N e g a t i v e  I o n  F o r m a t i o n  and  
Recombina t ion  i n  t h e  I o n o s p h e r e " ,  T e r r .  Magn. A t m o s .  
E l e c t , ,  - 4 3 ,  55, 1938. 

C a r l s o n ,  H ,  C . ,  " I o n o s p h e r i c  H e a t i n g  by  Magne t i c  
C o n j u g a t e - P o i n t  P h o t o e l e c t r o n s " ,  J .  Geophys. R e s . ,  
_I 71, 1 9 5 ,  9966. 

C a r l s o n ,  H. C .  and  J. S. N i s b e t ,  " E l e c t r o n  D e n s i t i e s  and  
T e m p e r a t u r e s  i n  t h e  F Region  f rom B a c k s c a t t e r  
Measurements  a t  Arecibo", i n  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  I o n o s p h e r e  and  E x o s p h e r e ,  e d .  by  J .  
F r i h a g e n ,  Nor th  H o l l a n d  Pub.  C o . ,  Amsterdam, 1966. 

Chandra ,  S., J, J. Gibbons ,  and  E. A .  S c h m e r l i n g ,  
"Vertica.1 T r a n s p o r t  of E l e c t r o n s  i n  t h e  F Region" ,  
J o  Geophys. R e s , ,  - 65, 1159, 1960. 

Chapman, J. H .  "A S t u d y  of Winds i n  t h e  I o n o s p h e r e  by  
Rad io  Methods",  Can. J. Phys . ,  - 31, 1 2 0 ,  1953. 

Copsey,  M. 3 . ,  D o  S m i t h ,  a n d  J .  S a y e r s ,  " L a b o r a t o r y  
A f t e r g l o w  S t u d i e s  of O'+ I o n s  o n  Helium-Oxygen and  
Helium-Oxygen-Nitrogen M i x t u r e s " ,  P l a n e t .  S p a c e  
S c i . ,  ~ 1 4 ,  1 0 4 7 ,  1966.  

H o l l a n d  Pub. C o s ,  Amsterdam, 1965. 
Cospar  I n t e r n a t i o n a l  R e f e r e n c e  Atmosphere 1965, N o r t h  

J 

>' 

Donahue, T. M u ,  ' ' I m o s p h e r i c  R e a c t i o n  Ra te s  i n  L i g h t  of 
R e c e n t  Measurements  i n  t h e  I o n o s p h e r e  and  
L a b o r a t o r y " ,  P l a n e t .  S p a c e  S c i . ,  - 1 4 ,  33, 1966. 



- 97 - 

Dungey, J. W . ,  ' The  E f f e c t  a f  Ambipolar D i f f u s i o n s  i n  t h e  
N i g h t t i m e  F Layer ' ' ,  J a  A t m o s .  T e r r .  P h y s . ,  9 ,  90 ,  
1956.  

- 

E l f o r d ,  W .  C . ,  "A S tudy  of Winds Between 80 and 100 
K i l o m e t e r s  i n  Medium L a t i t u d e s " ,  P l a n e t .  Space S c i .  
- 1, 9 4 ,  1959,  

F e h s e n f e l d ,  F, C , ,  A ,  F. Schmel t ekopf ,  and E .  E .  Ferguson ,  
"Some Measured R a t e s  f o r  Oxygen and N i t r o g e n  Ion-  
Molecule  R e a c t i o n s  of Atmospheric  Impor t ance ,  
I n c l u d i n g  0' -r N2 - NO" + N " ,  P l a n e t .  S c i . ,  13, 
219,  1965a .  

F e h s e n f e l d ,  F .  C . ,  P ,  D .  Goldan,  A .  L. Schmel t ekopf ,  and 
E ,  E .  Fe rguson ,  "Labora to ry  Measurements of t h e  R a t e  
of t h e  R e a c t i o n  0' f O2 -Q5 + 0 a t  Thermal Energy",  
P l a n e t .  Space S c i . ,  - 1 3 ,  579,  1965b. 

F e r g u s o n ,  E .  E . ,  " I o n o s p h e r i c  Ion-Molecule  R e a c t i o n  
R a t e s " ,  Rev. Geophys , ,  - 5 ,  3 0 5 ,  1967.  

F e r g u s o n ,  E ,  E , ,  F. C . ,  F e h s e n f e l d ,  P. D. Goldan ,  and 
A .  E .  Schmeltekopf " P o s i t i v e  Ion -Neu t ra l  R e a c t i o n s  
i n  t h e  Ionosphe re ' " ,  J. Geophys. R e s . ,  - 7 0 ,  4323, 1965.  

F g p p l ,  H .  and G .  H a e r e n d e l ,  " F i n a l  Repor t  About E x p e r i -  
mgnt R-33  i n  ESRO Payload I V Y ' ,  Max-Planck I n s t i t u t  
F u r  P h y s i k  und A s t r o p h y s i k ,  1965.  

G a r r i o t t ,  0. K .  and J. 0. Thomas, "Some Numerical  
S o l u t i o n s  of t h e  C o n t i n u i t y  E q u a t i o n  f o r  E l e c t r o n s  
i n  t h e  N i g h t t i m e  F Region of t h e  Ionosphe re" ,  
J. Geophys,  R e s . ,  .- 6 7 ,  4211, 1962.  

G e i s l e r ,  9. E , ,  "Atmospheric Winds i n  t h e  Middle L a t i t u d e  
I? Region",  J e  Atinos. T e r r ,  P h y s , ,  - 2 8 ,  703 ,  1966. 

Ge i s l e r ,  J. E , ,  "A Numerical  S tudy  o f  t h e  Wind System i n  
t h e  Middle  Thermosphere",  J .  Atmos. T e r r .  P h y s . ,  
_. 2 9 ,  1 4 6 9 ,  1967. 

Gunton ,  R. C .  and T,  M .  Shaw, " E l e c t r o n - I o n  Recombinat ion 
i n  N i t r i c  Oxide i n  t h e  Tempera ture  Range 196O t o  
3 5 8 0 K " ,  Phys .  Rev . ,  140A, 756 ,  1965.  

H a e r e n d e l ,  G o ,  R ,  L u s t ,  and H. F g p p l ,  "Motions of  
A r t i f i c i a l  IOU Clouds  i n  t h e  Upper A:mosphereff, 
Munchen Germany Max-Planck I n s t i t u t  Fur  Phys ik  und 
A s t r o p h y s i k ,  1966. 



Hanson- W ,  B o  and R J .  M o f f e t t ,  v s I o n i z a t i o n  T r a n s p o r t  
E f f e c t s  in the Equatar la l  F' Regron",  J o  Geophys. R e s .  
.- 71,  5559,  1966,  

H ines ,  c ,  0. a " I n t e r n a l  Atmospher lc  G r a v i t y  Waves a t  
I o n o s p h e r i c  H e i g h t s  Can, J. P h y s . ,  - 38, 1441 ,  1960. 

Hux ley .  Lo b <  H ,  The I n v e s t i g a t i o n  of Winds i n  t h e  J 

Upper Atmosphere by Veans o f  D r i f t l n g  Meteor T r a i l s " ,  
Ann. I G E  .* 3 ,  250 ,  1957, 

1 
J a c c h i a ,  Lo G o  The Atmospher ic  Region Above 200 km", 

Space  R e s  % ,  North-Hol land  Amsterdam, 1135, 1965.  

Kasne r ,  W ,  Ha and M A B m n d i ,  " E i e c t r o n - I o n  Recombina- 
t i o n  S t u d l e s  I n  Oxygan", BuLP. Am, Phys .  S O C . ,  - 11, 
2B8> 7,967 

King ,  S. W ,  and Ho K o h l ,  Lpper Atmospher i c  Winds and  
I o n o s p h e r i c  D r i f t s  Caused by N e u t r a l  A i r  P r e s s u r e  
G r a d i e n t s  ' ,  N a t u r e ,  .-_- 2 0 6 ,  -- 6 9 9 ,  1965.  

King-HeZe, D G. 'The R o t a t i o n a l  Speed of  t h e  Upper 
Atmosphere D e t e r m i n t d  f r o m  Changes  i n  S a t e l l i t e  
O r b i t s '  P l a n e t ,  Space  S c i , ,  835, 1964.  

King-Hele,  D, G .  arid D, W, Sco t t  F u r t h e r  D e t e r m i n a t i o n s  
of Upper Atmosphere R o t a t i o n a l  Speed  From A n a l y s i s  
of S a t e l i l t e  O r b i t s ? ,  P l a n e t ,  Space  S c i . ,  - 15,  1913, 
1967 

Kochanski  A '  " A t m o s p h e r i c  Mot ions  f rom Sodium Cloud 
D r i f t s "  .I Geophys ,  R e s . ,  6 9 ,  3 6 5 1 ,  1964.  

Kohl ,  R ,  and 9.  W, K i n g ,  A tmospher i c  Winds Between 1 0 0  
and 700 km and T h e i r  E f f e c t s  on t h e  I o n o s p h e r e " ,  
J., Atmos, T e r r ,  P h y s , ,  .-- 2 9 ,  1 0 4 5 ,  1967. 

K w e i ,  M., Viu and d,  S, N i s b e t ,  P r e s u n r i s e  H e a t i n g  of t h e  
I o n o s p h e r e  a t  Arecibo d u e  t o  C o n j u g a t e - P o i n t  Pho to -  
e l e c t r o n s  ' ) a c c e p t e d  by Radio S c i ,  1968 ,  

L i n d z e n ,  S., ' C r b d e  E s t i m a t e d  f o r  t h e  Zonal. V e l o c i t y  
A s s o c i a t e d  w i t h  t h e  D i r u n a l  T e m p e r a t u r e  O s c i l l a t i o n  
i n  t h e  Thermosphere  Geophys.  R e s . ,  71, 865, 
1966,  



- 99 - 

M a e d a ,  H . ,  "Worldwide P a t t e r n  of  I o n i z a t i o n  D r i f t s  i n  
t h e  I o n o s p h e r i c  F Region a s  Deduced from Geo- 
magne t i c  V a r i a t i o n s " ,  P roc .  I n t e r n .  Conf .  Iono- 
s p h e r e ,  1 8 7 ,  1962. 

Martyn,  D o  F .  , "Atmospheric T i d e s  i n  t h e  I o n o s p h e r e :  P a r t  
1 . - S o l a r  T i d e  i n  t h e  F2 Region",  P r o c .  Roy. SOC. 
A189, 241,  1947. 

Mar tyn ,  D .  F ,  , " P r o c e s s e s  C o n t r o l l i n g  I o n i z a t i o n  
D i s t r i b u t i o n  i n  t h e  F2 Region o f  t h e  Ionosphe re? ' ,  
A u s t r a l i a n  J. P h y s . ,  - 9 ,  1 6 1 ,  1956.  

Mutuura,  N .  and T. Naga ta ,  "Kinematic V i s c o s i t y  P r o f i l e s " ,  
Rep. I o n o s .  Space R e s .  J apan ,  16, 185, 1962. 

McCrory ,  D. G.,""Recombina t ion  C o e f f i c i e n t  o f  t h e  Nigh t -  
t i m e  F Region from I n c o h e r e n t  S c a t t e r  Measurements",  
Penn S t a t e  U n i v . ,  Ionos .  R e s .  Lab. S c i .  Rpt .  279 ,  
1966. 

Mitra ,  A .  P . ,  B. C .  N .  Rao,and K .  K .  Mahajan, "Determina- 
t i o n  o f  L o s s  C o e f f i c i e n t  and V e r t i c a l  T r a n s p o r t  
V e l o c i t y  i n  t h e  I o n o s p h e r i c  F Region",  J. Akmos. 
T e r r .  P h y s . ,  - 29, 4 3 ,  1967. 

Murphy, C. N , ,  " I o n o s p h e r i c  Winds Measured by Gun- 
Launched P r o j e c t i l e s " ,  J .  Geophys. R e s . ,  - 71 ,  4535,  
1966 

Nico le t ,  M , ,  "Dens i ty  o f  t h e  H e t e r o s p h e r e  R e l a t e d  t o  
Temperature' '9 Smi thson ian  A s t r o p h y s i c a l  O b s e r v a t o r y  
Spec .  R p t . ,  75, 1961.  

Nicole t ,  M . ,  ' " S o l a r  Radio F lux  and Tempera ture  of t h e  
Upper Atmosphere",  J. Geophys. R e s . ,  - 6 8 ,  6121,  
1963. 

N i sbe t ,  J. S., " P h o t o e l e c t r o n  Escape  from t h e  Ionosphere", 
a c c e p t e d  by J ,  Atmos. S c i . ,  1968. 

Nisbe t ,  J. S o  and D. R .  McCrory, "Recombinat ion i n  t h e  
N i g h t t i m e  F Region from I n c o h e r e n t  S c a t t e r  Measure- 
m e n t s ? ' ,  i n  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  I o n o s p h e r e  
and Exosphe re ,  ed .  by J. F r i h a g e n ,  Nor th  Ho l l and  
Pub, CO,, Amsierdam, 1966, 

Nisbet ,  J. S. and T. P o  Qu inn ,  "The Recombinat ion 
C o e f f i c i e n t  of t h e  Nigh t t ime  F Layer" ,  J. Geophys. 
R e s .  6 8 ,  1031 ,  1963. - 



- P O 0  - 

P a u l s o n ,  J, F , ,  p 9 L ~ ~  Energy  Charge Exchange and  I o n  
Molecu le  R e a c t i o n s P P ,  Ann. Geophys , ,  - 2 0 ,  75,  1964.  

P a u l s o n :  J n  E., F. Da le?  and  E .  Murad, " L a b o r a t o r y  
S t u d i e s  on Some P o s i t i v e  I o n - N e u t r a l  R e a c t i o n s " ,  
DASA Symposium, Univ.  o f  P i t t s b u r g h ,  J u n e  19-20,  
1 9 6 7 "  

Q u i n n ,  To P. and  9 ,  S .  N i s b e t ,  "Recombina t ion  and 
T r a n s p o r t  i n  t h e  N i g h t t i m e  F Laye r  o f  t h e  
I o n o s p h e r e v P ,  J, Geophys.  R e s ,  - 7 0 ,  113, 1965. 

Q u i n n ,  T. P ,  and  J. S .  Nisbe t ,  " A u t h o r V s  Reply" ,  J .  
Geophys.  R e s ,  - 71,  350, 1966.  

Rae, A ,  S. and B. R, Rao, " 'Hor i zon ta l  D r i f t s  i n  t h e  
F 2 R e g i o n  a t  Wal ta i r" ,  J. A t m o s .  T e r r .  Phys .  
- 25, 249 ,  1963 ,  

Rae, B.  R .  and  E .  Bo Rao, "Study of H o r i z o n t a l  D r i f t s  
i n  t h e  F 1  and  F 2  Reg ions  o f  t h e  I o n o s p h e r e  a t  
W a l t a i r '  J, Atmos. T e r r .  P h y s . ,  - 1 4 ,  9 4 ,  1959. 

Rae, (3, L. N . ,  " H o r i z o n t a l  D r i f t s  and A n i s o t r o p y  of 
I r r e g u l a r i t i e s  i n  t h e  Upper Ionosphere-A Review", 
- Aeronomy Rp t .  - N o .  9 ,  Univ.  I l l i n o i s ,  1966. 

Apparen t  H o r i z o n t a l  Movements i n  F2 Reg ion  o f  t h e  
I o n o s p h e r e ,  J. Atmos. T e r r .  P h y s . ,  - 2 6 ,  213, 1964.  

Rae, G. L. N . ,  and b. R .  Rao, "World-wide S t u d y  of 

R a t c l i f f e ,  J .  A , ,  "The F o r m a t i o n  o f  t h e  I o n o s p h e r e  
L a y e r s  F 1 and F2', J. A t m o s .  T e r r .  P h y s . ,  - 8,  2 6 0 ,  
1956 

R a t c l i f f e ,  J. A . ,  E ,  R "  S c h m e r l i n g ,  C .  S .  G. K .  S e t t y ,  
and J, 0. Thomas, "The Rates  o f  P r o d u c t i o n  a n d  L o s s  
of E l e c t r o n s  i n  t h e  F Region  o f  t h e  I o n o s p h e r e ,  
P h i l .  T r a n s , ,  A ,  2 4 8 ,  6 2 1 ,  1956. 

R i s h b e t h ,  H . ?  "F2 L a y e r  Ra te s  a t  S u n s p o t  Minimum", J.  
A t m o s .  T e r r ,  P h y s o ,  28, 9 1 1 ,  1966 .  

R o b e r t s o n ,  Do S . ,  D .  T. L i d d y , a n d  W .  G .  E l f o r d ,  
"Measurements of Winds i n  t h e  Upper  Atmosphere by 
Means of D r i f t i n g  Meteor T r a i l s - I " ,  J. qtmos. T e r r .  
P h y s . ,  - 4 ,  255 ,  1953.  

I o n o s p h e r i c  Wind P a t t e r n s  Through t h e  N i g h t " ,  
J .  Geophy, R e s . ,  69, 13,  1 9 6 4 .  

Rosenburg ,  N .  W ,  and  H .  D. E d w a r d s ,  ' O b s e r v a t i o n s  of 



- 101 - 

S c h m e l t e k u p f ,  A ,  L o ,  Fo  C. F e h s e n f e l d ,  G,  T. G i l l m a n  
and E .  E .  F e r g u s o n ,  "Reac t ion  o f  Atomic Oxygen 
I o n s  w i t h  V i b r a t i o n a l l y  E x c i t e d  N i t r o g e n  Molecules", 
P l a n e t .  Space  S c i , ,  15, 4 0 1 ,  1967.  

I_ 

S h i m a z a k i ,  T., " N i g h t t i m e  V a r i a t i o n s  o f  F Region  E l e c t r o n  
D e n s i t y  P r o f i l e s  a t  P u e r t o  Rico", J. Geophys.  R e s .  
- 71, 3177 ,  1966.  

S m i t h ,  D . + M . ,  J. Copsey, and R.  A .  F o u r a e r e ,  " R e a c t i o n s  
o f  0 I o n s  i n  Helium-Oxygen and  Helium-Oxygen- 
N i t r o g e n  Mixtures",  Rp t .  Dept. o f  E l e c t r o n  P h y s i c s ,  
Univ.  o f  Birmingham, Eng land ,  1966.  I 

S w i d e r ,  W , ,  ''A S t u d y  o f  t h e  N i g h t t i m e  I o n o s p h e r e  and  I ts  
R e a c t i o n  R a t e s V s s  J .  Geophys. R e s . ,  - 70,  4859,  1965.  

Van Z a n d t ,  T o  E,, R .  Bo Norton and  G .  H. S t o n e h o c k e r ,  
"Pho tochemica l  Rates  i n  t h e  E q u a t o r i a l  F 2  R e g i o n  
f r o m  t h e  1958 E c l i p s e " ,  J .  Geophys. R e s . ,  - 65, 
2003,  1960.  

V o l l a n d ,  H . ,  "A Two Dimens iona l  Dynamic Model o f  t h e  
D i u r n a l  V a r i a t i o n  i n  t h e  Thermosphere" ,  P a r t  I ,  
T h e o r y ,  J, A t m o s .  S c i .  - 2 3 ,  799 ,  1966.  

Warneck,  P . ,  " L a b o r a t o r y  Rate  C o e f f i c i e n t s  f o r  P o s i t i v e  
I o n - N e u t r a l  R e a c t i o n s  i n  t h e  I o n o s p h e r e " ,  J. 
Geophys,  R e s . ,  - 7 2 ,  1651 ,  1967.  

Y e r g ,  D .  G . ,  " A n a l y s i s  o f  I o n o s p h e r i c  D r i f t s  U t i l i z i n g  
Da ta  O b t a i n e d  w i t h  C l o s e l y  Spaced R e c e i v e r s " ,  F i n a l  
Rp t .  1964 ,  AFCRL B e d f o r d ,  M a s s a c h u s e t t s ,  1964.  


