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THE RESPONSE OF THE UPPER ATMOSPHERIC TEMPERATURE 
TO CHANGES I N  SOLAR EIjV RADIATION AND GEOMAGNETIC ACTIVITY 

S. Chandra 
B. V .  Krishnamurthy* 

Labora tory  f o r  Space S c i e n c e s  
NASA Goddard Space F l i g h t  C e n t e r  

G r e e n b e l t ,  Maryland 

ABSTRACT 

The upper  a tmospher ic  n e u t r a l  t empera tu re  d e r i v e d  from 
s a t e l l i t e  d r a g  is ana lyzed  w i t h  a view t o  de t e rmine  t h e  re- 
l a t i v e  impor tance  of s o l a r  EUV and magnet ic  a c t i v i t y  on h e a t i n g  
of t h e  upper  a tmosphere.  

A s  t h e  i n d i c e s  of so la r  EUV r a d i a t i o n ,  t h e  r a d i o  f l u x e s  
o b t a i n e d  from t h e  ground based o b s e r v a t i o n s  i n  t h e  f requency  
r ange  of 200-9400Mc/s a re  used .  A l s o  for t h e  p e r i o d  March 7 - 
May 15,  1962, a d i r e c t  comparison is  made w i t h  t h e  EljV f l u x  
o b t a i n e d  from t h e  OS0 1 S a t e l l i t e .  A s  t h e  index  of magnet ic  
a c t i v i t y  t h e  p l a n e t a r y  magnet ic  index K i s  used .  

components of 2.7 days  and above from t h e  s h o r t  t e r m  components 
by u s i n g  a 5 day running  mean f i l t e r .  A cross c o r r e l a t i o n  s t u d y  
between t h e  v a r i o u s  parameters shows t h a t  t h e  long t e r m  v a r i a t i o n s  
i n  t e m p e r a t u r e  are s t r o n g l y  c o r r e l a t e d  w i t h  t h e  s i m i l a r  v a r i a t i o n s  
i n  t h e  r a d i o  f l u x  i n  t h e  f requency r ange  of 1000-3750 Mc/s, 
t h e  c o r r e l a t i o n  be ing  maximum a t  1000 Mc/s. The s h o r t  t e r m  
v a r i a t i o n s  i n  t e m p e r a t u r e ,  o n  t h e  o t h e r  hand a re  s t r o n g l y  

c o r r e l a t e d  w i t h  t h o s e  i n  CK t h e  d a i l y  sum of K i n d i c e s  and 
nQt  w i t h  t h e  r a d i o  f l u x  a t  any of t h e  f r e q u e n c i e s  c o n s i d e r e d .  
The c o r r e l a t i o n  between tempera ture  and EUV f l u x  i n  t h e  s h o r t  
t e r m  components is somewhat b e t t e r  though n o t  a s  s t r i k i n g  as 
t h e  l o n g  terlft components. 

P 
The d a t a h a v e  been ana lyzed  by s e p a r a t i n g  t h e  long  p e r i o d  
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An e m p i r i c a l  r e l a t i o n  be tween  t empera tu re  and t h e  changes 
i n  r a d i o  f l u x e s  and CK based  on  t h e  above c o r r e l a t i o n  s t u d y  shows 
t h a t  

P 

- + 1 .77  (CK - CKp) P 
TN = 524 + 2.73 SlOa7 

or 
7 TN = 470 + 6.53 S,, + 1.77 (CK - CKp) P 

- 
where TN is t h e  n i g h t t i m e  minimum tempera tu re ;S lon7 ,  S30 
and are t h e  5 day runn ing  means of 2800 Mc/s r a d i o  f l u x ,  
1000 Mc/s r a d i o  f l u x  and CK r e s p e c t i v e l y .  

P 
P 

The. p r e s e n t  i n v e s t i g a t i o n  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  
s h o r t  term v a r i a t i o n s  i n  t e m p e r a t u r e  are  c l o s e l y  a s s o c i a t e d  w i t h  
t h e  changes i n  magnet ic  a c t i v i t y  r e p r e s e n t e d  by K and a l l  t h e  
s y s t e m a t i c  v a r i a t i o n s i n  t empera tu re  i n c l u d i n g  t h e  so c a l l e d  
semi-annual v a r i a t i o n  can  be f u l l y  accounted  f o r  i n  terms of  
t h e  s i m i l a r  v a r i a t i o n s  i n  s o l a r  f l u x .  

P 
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INTRODUCTION 
t 

I n  r e c e n t  y e a r s ,  t h e  v a s t  amount of o b s e r v a t i o n a l  data 
o b t a i n e d  from t h e  drag a n a l y s i s  of a number of sa te l l i t es  have 
proved t o  be a v e r y  v a l u a b l e  s o u r c e  of i n f o r m a t i o n  i n  s t u d y i n g  
t h e  thermal  p r o p e r t i e s  of  t h e  upper a tmosphere [ f o r  detai led 

r e f e r e n c e s  see J a c c h i a ,  1964a; Evans, 1966; Priester e t  a l ,  19671. 
Although t h e  p h y s i c a l  p r o c e s s e s  governing t h e  t empera tu re  of 
t h e  n e u t r a l  component and i n  p a r t i c u l a r ,  t h e  h e a t i n g  a s s o c i a t e d  
w i t h  geomagnetic a c t i v i t y ,  are  not  f u l l y  unde r s tood ,  t h e  e m p i r i c a l  
r e l a t i o n s h i p s  between so l a r  decimeter f l u x  and geomagnetic 
i n d i c e s ,  and e x o s p h e r i c  t empera tu re  d e r i v e d  from s a t e l l i t e  drag 

o b s e r v a t i o n s  have been remarkably s u c c e s s f u l  i n  d e s c r i b i n g  t h e  

t h e r m a l  r e sponse  of t h e  atmosphere t o  changes  i n  s o l a r  a c t i v i t y .  

Q u e s t i o n s  have o c c a s i o n a l l y  been ra ised,  however, abou t  
t h e  s u i t a b i l i t y  of a p a r t i c u l a r  f requency i n  t h e  r a d i o  r e g i o n  

of t h e  so l a r  spectrum as  an  a p p r o p r i a t e  i ndex  of EUV r a d i a t i o n  

[ N i c o l e t ,  1963,  Anderson, 19653. T h i s  is because  of  t h e  f a c t  
t h a t  t h e  character is t ics  of t h e  radio f l u x e s  emi t t ed  from t h e  

sun  show a marked dependence on t h e  f requency  of emis s ion .  For 
example,  t h e  ampl i tude  of t h e  27 day v a r i a t i o n  is  maximum a t  
2800 Mc/s whereas t h e  cor responding  v a r i a t i o n  a t  200 Mc/s is 
almost n e g l i g i b l e  CSmerd, 19641. The maximum v a r i a t i o n  o v e r  a 
s o l a r  c y c l e  i n  t h e  b a s i c  component is c e n t e r e d  around 1000 Mc/s 
and f a l l s  o f f  on e i ther  s i d e  of  t h i s  f requency  [Basu, 19661. 
U n f o r t u n a t e l y ,  t h e  EUV data is  ava i lab le  o n l y  f o r  a l i m i t e d  
p e r i o d  of a l i t t l e  o v e r  t w o  months (March-May, 1962) and a l so  
f o r  a l i m i t e d  r ange  of  t h e  EUV spectrum (170A-370A) [Bourdeau 
e t  a l ,  19641 and it is  n o t  p o s s i b l e  t o  make a g e n e r a l  p r e d i c t i o n  
f o r  t h e  e n t i r e  s o l a r  c y c l e  based  on t h e  data  of s u c h  a s h o r t  

d u r a t i o n .  But i t  is  clear t h a t  even i f  t h e  ELV data  were a v a i l -  
a b l e  f o r  a much l o n g e r  p e r i o d ,  i t  would n o t  be p o s s i b l e  t o  
i d e n t i f y  a s i n g l e  f requency  i n  t h e  r a d i o  r e g i o n  which would f o l -  
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low t h e  EUV v a r i a t i o n  i n  eve ry  d e t a i l .  I t  is, n e v e r t h e l e s s ,  
a p p r o p r i a t e  t o  a s k ,  which f requency  or r ange  of f r e q u e n c i e s  
i n  t h e  s o l a r  r a d i o  spec t rum can best r e p r e s e n t  t h e  changes i n  
e x o s p h e r i c  t empera tu re .  What is t h e  o r i g i n  of t h e  s m a l l  day 
t o  day f l u c t u a t i o n s  i n  t empera tu re  which are superposed  on t h e  
27 day and l o n g e r  t e r m  v a r i a t i o n s ?  What c a u s e s  t h e  so cal led 
semi-annual v a r i a t i o n  i n  a tmosphe r i c  t e m p e r a t u r e  and d e n s i t y ?  
To what e x t e n t  can  t h e  changes  i n  s o l a r  a c t i v i t y  account  f o r  
these o b s e r v a t i o n s ?  T h i s  paper  is  a n  a t t e m p t  t o  seek answers  
t o  some of t h e s e  q u e s t i o n s .  

SOURCE OF OBSERVATIONAL DATA 

The t empera tu re  i n  t h e  p r e s e n t  a n a l y s i s  is  t h e  g l o b a l  
minimum tempera tu re  (TN) d e r i v e d  from t h e  p r e c i s e l y  reduced 
d r a g  d a t a  of Exp lo re r  I X  [Roemer, 19661 and based  on Jacchia 's  
(1964b) a tmospher ic  model. These d a t a  which  approximate ly  c o v e r  
t h e  p e r i o d  from 1961 t o  1963,  ref lect  t h e  p e r i o d  of moderate  
so la r  a c t i v i t y  and are p a r t i c u l a r l y  s u i t e d  f o r  s t u d y i n g  t h e  

day-to-day v a r i a t i o n  i n  view of t h e  good t i m e  r e s o l u t i o n .  In- 
c luded  i n  t h e  p r e s e n t  s t u d y  are a l s o  E x p l o r e r  I ( 1 9 5 8 ~ ~ )  da t a  f rom 
1958-1963, which have been used  only  f o r  t h e  s t u d y  of t h e  long- 
term v a r i a t i o n .  The poor r e s o l u t i o n  of  t h i s  d a t a  does  n o t  pe rmi t  
t h e  s t u d y  of t h e  s m a l l  day-to-day v a r i a t i o n  i n  a meaningful  way. 

The t empera tu re  TN, h a s  been computed from t h e  p e r i g e e  
t empera tu re  by u s i n g  t h e  d i u r n a l  model of Jacchia (1964b).  T h i s  

model is based on t h e  symmetry o f  t h e  d i u r n a l  b u l g e  w i t h  r e s p e c t  
t o  t h e  l a t i t u d e  of s u b s o l a r  p o i n t .  There  have been some d i s c u s s i o n s  
[Bourdeau e t  a l ,  1964; J a c c h i a  and Slowey, 1966,19671 about  t h e  
a m p l i t u d e ,  phase and symmetry of t h e  d i u r n a l  bu lge  and it  shou ld  
be admi t ted  t h a t  there is no unique  way of d e f i n i n g  a l l  these 
pa rame te r s  w i t h  c e r t a i n t y .  However, an  u n c e r t a i n t y  i n  t h e  d i u r n a l  
model is not l i k e l y  t o  c a u s e  any a p p r e c i a b l e  change i n  t h e  

E x p l o r e r  I X  data  s i n c e  f o r  t h e  e n t i r e  o b s e r v a t i o n  p e r i o d  of 
t h i s  s a t e l l i t e ,  t h e  p e r i g e e  a n g l e  w i t h  r e s p e c t  t o  t h e  p o s i t i o n  
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of t h e  d i u r n a l  bu lge  does  no t  exceed 90°. 
independent  of d i u r n a l  and s p a t i a l  v a r i a t i o n  and any changes 

a s s o c i a t e d  w i t h  i t  shou ld  be  m a i n l y  due t o  changes  i n  s o l a r  
a c t i v i t y .  

Thus T is e s s e n t i a l l y  N 

A s  t h e  i n d i c e s  of so la r  EUV r a d i a t i o n ,  t h e  r a d i o  f l u x e s  
i n  t h e  f requency  r ange  200-9400 Mc/s . o b t a i n e d  from a number 
of ground based  s t a t i o n s a n d  g iven  i n  t h e  f o l l o w i n g  t a b l e - a r e  used .  

TABLE 1 

Frequency of Geographic Geographic  
t h e  r a d i o  f l u x  S t a t i o n  L a t i t u d e  Longi tude  
200 Mc/sec Nera 52.2ON 5.  1°E 
600 Mc/sec Humain 50.2ON 5 . 3 O E  

1000 Mc/sec Toyokawa 34.8ON 137.4OE 
2000 Mc/sec Toyokawa 34.8ON 137.4OE 
2800 Mc/sec O t t a w a  45.4ON 75.6OW 
3750 Mc/sec Toyokawa 34.8ON 137.4OE 

9400 Mc/sec Toyokawa 34.  $ON 137.4OE 

A l s o  f o r  t h e  p e r i o d  March 7 - May 1 5 ,  1962,  a d i r e c t  
comparison is made w i t h  t h e  EUV f l u x  o b t a i n e d  from OS0 1 s a t e l l i t e  
[Bourdeau etal,M4]. The c o r p u s c u l a r  e f f e c t s  are assumed t o  be 
i n d i c a t e d  by t h e  changes  i n  geomagnetic a c t i v i t i e s  g iven  by 

t h e  p l a n e t a r y  magnet ic  index K 

NEUTRAL TEMPERATURE I N  RELATION TO SOLAR EUV FLUX AND MAGNETIC 
ACTIVITY 

P '  

The changes  i n  t empera tu re  r e l a t e d  t o  EUV and magnet ic  
a c t i v i t i e s  are s t u d i e d  by s e p a r a t i n g  t h e  components of 27 days 
and above from t h e  s h o r t  t e r m  f l u c t u a t i o n s  by t a k i n g  f i v e  day 
running  means of a l l  t h e  d a t a .  T h i s  method of  a n a l y s i s  is  s imi la r  
t o  t h e  one d e s c r i b e d  by t h e  a u t h o r s  i n  a r e c e n t  paper  (1967) .  

P l o t t e d  i n  F i g .  1 are t h e  f i v e  day runn ing  means of t h e  

P P 
f l u x  a t  1000 Mc/s, EUV f l u x ,  TN and CK ( t h e  d a i l y  sum of K ) . 
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The f i g u r e  shows t h a t  t h e  27 day v a r i a t i o n  i n  T fol lows c l o s e l y  
t h e  cor responding  v a r i a t i o n  i n  EUV and 1000 Mc/s as expec ted  where- 
as CK d o e s  no t  f o l l o w  s i m i l a r  v a r i a t i o n .  What is  n o t  q u i t e  
expec ted  are f e a t u r e s  of F i g .  2 which shows t h e  d i f f e r e n c e  ser ies  
of t h e  unsmoothed and smoothed ( f i v e  day running  mean) d a t a  of 
t h e  v a r i o u s  parameters .  These d i f f e r e n c e  series e s s e n t i a l l y  
r e p r e s e n t  t h e  s h o r t  t e r m  v a r i a t i o n s  of p e r i o d s  of  abou t  5 days .  
I t  i s  seen  from t h i s  f i g u r e  t h a t  t h e  f l u c t u a t i o n s  i n  t e m p e r a t u r e  
f o l l o w  v e r y  c l o s e l y  w i t h  t h o s e  i n  CK and a l so  t o  some e x t e n t  
w i t h  EUV f l u x , w i t h  t h e  t i m e  lag of abou t  1 d a y .  The 1000 Mc/s 
f l u x  i n  g e n e r a l  does  n o t  appea r  t o  f o l l o w  s imi la r  f l u c t u a t i o n s .  

N ’  

P 

P 

I t  should  be p o i n t e d  o u t  t h a t  t h e  EUV f l u x  used i n  t h e  

1 
~ 

p r e s e n t  a n a l y s i s  is o n l y  a f r a c t i o n  of t h e  e n t i r e  EbV spec t rum 
r e s p o n s i b l e  f o r  t h e  upper  a tmosphe r i c  h e a t i n g .  T h i s  may p a r t l y  

be  t h e  reason fo r  t h e  compara t ive ly  less s t r i k i n g  s i m i l a r i t y  
between TN and EUV t h a n  between TN and CK . 
between s h o r t  t e r m  f l u c t u a t i o n s  of TN, EUV and ZK 
i n t e r e s t i n g  q u e s t i o n .  What c a u s e s  t h e  s m a l l  day-to-day f l u c t u a t i o n s  
i n  t h e  exosphe r i c  t empera tu re?  I t  may seem r e a s o n a b l e  t o  assume 
t h a t  t h e  small  day t o  day f l u c t u a t i o n s  i n  EUV shou ld  be r e f l e c t e d  
i n  t h e  t empera tu re .  On t h e  o t h e r  hand,  it a p p e a r s  from F i g .  2 
t h a t  changes  i n  t h e  t e m p e r a t u r e  a s s o c i a t e d  w i t h  CK and EUV 
are i n d i s t i n g u i s h a b l e .  I f  CK is an  index  of  s o l a r  wind v e l o c i t y  

P 
[Snyder e t  a l ,  19631 t h e  r e l a t i o n s h i p  between CK and EUV i f  
a n y ?  shou ld  r e v e a l  a t i m e  l ag  of  abou t  2 d a y s  or more. Such a 
t i m e  d i f f e r e n c e  is n o t  a l w a y s  a p p a r e n t  from F i g .  2 .  Could it be  
t h e n  t h a t  some of t h e  s m a l l  day-to-day f l u c t u a t i o n s  i n  CK are  
p a r t l y  t h e  r e s u l t  of t h e  a tmosphe r i c  c i r c u l a t i o n  i n  t h e  lower 
atmosphere due t o  changes i n  t empera tu re  which i n  t u r n  are  caused  by 
changes  i n  EWf lux .  T h i s  p o s s i b i l i t y  w a s  s u g g e s t e d  by N e w e l 1  (1966) .  
I t  would be d i f f i c u l t  t o  a r r i v e  a t  any d e f i n i t e  c o n c l u s i o n  about  
t h i s  h y p o t h e s i s  f r o m  t h e  p r e s e n t  a n a l y s i s  i n  view of t h e  l i m i t e d  

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

The c l o s e  a s s o c i a t i o n  
raises an  

P 
P 

P 

P 

P 
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f r o m  terrestrial  and extraterrestrial c a u s e s .  I t  n e v e r t h e l e s s  is rea- 
s o n a b l e  t o  conc lude  tha t  EUV p l a y s  an i m p o r t a n t  role i n  a f f e c t i n g  
t h e  uppe r  a tmosphe r i c  t empera tu re  b o t h  f o r  s h o r t  and l o n g  term 
v a r i a t i o n s  and n o t  w i t h s t a n d i n g  t h e  l a c k  of f u l l  i n t e r p r e t a t i o n  
of K i t  is a good index  of s h o r t  t e r m  v a r i a t i o n s  i n  t e m p e r a t u r e .  

CORRELATION BETWEEN TN, ZKp AND SOLAR FLUXES AT DIFFERENT 
FREQUENC I ES 

P’ 
. 

I n  s p i t e  of t h e  close a s s o c i a t i o n  between t e m p e r a t u r e  and 
EUV as r e v e a l e d  from t h e  p reced ing  a n a l y s i s ,  an  e m p i r i c a l  r e l a t i o n  
c a n n o t  be e s t a b l i s h e d  between t h e  t w o  parameters i n  view of 
t h e  l i m i t e d  amount of d a t a  a v a i l a b l e  f o r  EUV. I n s t e a d ,  it is  
p o s s i b l e  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  between t e m p e r a t u r e  
and s o l a r  radio f l u x e s  a t  d i f f e r e n t  f r e q u e n c i e s  s i n c e  c o n t i n u o u s  
data are a v a i l a b l e  f o r  b o t h  r a d i o  f l u x e s  and t e m p e r a t u r e .  

Using t h e  Exp lo re r  IX n e u t r a l  t e m p e r a t u r e  da ta  from t h e  

p e r i o d  Nov. 1961 t o  May 1963,  c o r r e l a t i o n s  between t e m p e r a t u r e  
and r a d i o  f l u x e s  a t  d i f f e r e n t  f r e q u e n c i e s  are o b t a i n e d  g i v i n g  
a t i m e  d i f f e r e n c e  of -5 t o  +5 days between t h e  pa rame te r s  i n  

s t e p s  of  one day a f t e r  smoothing t h e  d a t a  by t a k i n g  f i v e  day 

runn ing  means,  The maximum c o r r e l a t i o n  which shows a t i m e  lag 

of one  day between TN and t h e  f l u x e s  is p l o t t e d  a s  a f u n c t i o n  
of f r equency  i n  F i g ,  3. I t  i s  seen from this f i g u r e  t h a t  t h e  

c o r r e l a t i o n  r a p i d l y  i n c r e a s e s  wi th  f r equency  and a t t a i n s  a 
maximum v a l u e  a t  about  1000 Mc/sec. Af te rwards  it g r a d u a l l y  
f a l l s  off a t  h i g h e r  f r e q u e n c i e s .  S i n c e  t h e  c o r r e l a t i o n  a t  
2800 Mc/sec is  o n l y  s l i g h t l y  less t h a n  a t  1000 Mc/sec, it seems 
b o t h  t h e s e  f l u x e s  can  be used  f o r  o b t a i n i n g  a n  e m p i r i c a l  r e l a t i o n  
between t e m p e r a t u r e  and t h e  f l u x e s ,  I n  f a c t ,  any f requency  i n  
t h e  r a n g e  1000-3750 Mc/s may b e  used w i t h o u t  an a p p r e c i a b l e  error. 
The c o r r e l a t i o n  between t h e  short  term f l u c t u a t i o n s  ( d i f f e r e n c e s  
between unsmoothed and 5 day running  mean ser ies)  i n  TN and 
any of t h e  r a d i o  f l u x e s  i s  n e g l i g i b l y  smal l .  On t h e  o t h e r  hand ,  
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t h e  c o r r e l a t i o n  between t h e  s h o r t  t e r m  f l u c t u a t i o n s  i n  TN and 
XK is ve ry  h i g h  as w a s  shown i n  an  earlier pape r  [Chandra and 
Krishnamurthy, 19671. Based on t h e  s h o r t  and long  t e r m  
correlat ions between t h e  v a r i o u s  p a r a m e t e r s ,  t h e  f o l l o w i n g  
e m p i r i c a l  r e l a t i o n s  are o b t a i n e d  ( u s i n g  t h e  l i n e a r  r e g r e s s i o n  
fo rmula ) .  

P 

+ 1.77 (CK -TE ) (1)  P P  
TN' = 524 + 2.73 BlO., 

o r  TN' = 470 + 6.53 B3, + 1 .77  (CKp-CKp) 

where 330, zlo.7, and 
1000 Mc/sec f l u x  and CK r e s p e c t i v e l y .  I n  view of t h e  one day 

are 5 day runn ing  means of  2800and 
P 

P 
t i m e  d i f f e r e n c e  between-TN and the v a r i o u s  pa rame te r s  t h e  T 
c a l c u l a t e d  by u s i n g  t h e  above r e l a t i o n s ,  s h o u l d  be  a s s i g n e d  t o  
t h e  n e x t  day. W e  wish t o  emphasize h e r e  t h a t  GK is b e i n g  used 
on ly  a s  an  index t o  r e p r e s e n t  t h e  s h o r t  t e r m  v a r i a t i o n s  i n  T 
whatever  be i t s  r ea l  p h y s i c a l  s i g n i f i c a n c e .  

N 

P 
N 

COMPARISON BETWEEN TEMPERATURES OBTAINED FROM THE EMPIRICAL 
RELATION AND FROM SATELLITE DRAG DATA 

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

g i v e n  i n  t h e  p r e c e d i n g  s e c t i o n  are now compared w i t h  t h e  
Exp lo re r  I X  t e m p e r a t u r e  d a t a  for t h e  p e r i o d  November 1961 t o  
May 1963. Although t h e  same E x p l o r e r  I X  d a t a  h a s  been used 
to Gl..+nin ubu.A1l t h c  e m p i r i c z l  re la t ims,  t h e  comparison would s t i l l  

b e  meaningful  as  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  .from which t h e  
e m p i r i c a l  r e l a t i o n s  are o b t a i n e d ,  a re  less t h a n  u n i t y .  

P l o t t e d  i n  F i g .  4 are t h e  d i f f e r e n c e s  TN-TN' where TN 
are  t h e  Exp lo re r  I X  t e m p e r a t u r e  and TNt are  t h o s e  o b t a i n e d  from 
e q u a t i o n s  (1 and 2 ) .  I t  can be  s e e n  from t h i s  f i g u r e  t h a t  t h e  

0 
I r e s i d u a l  T -T ' , i n  g e n e r a l ,  va r i e s  between -50° t o  +50 K and does N N  

n o t  show any s y s t e m a t i c  v a r i a t i o n .  T h i s  p l a c e s  a f a i r  amount 
of  conf idence  i n  equs .  ( 1 and 2) i n  t h e i r  a b i l i t y  t o  r e p r e s e n t  

I a l l  t h e  s y s t e m a t i c  v a r i a t i o n s .  
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As an a d d i t i o n a l  t e s t  of equs.  (1)  and (2), comparison 

is also made between t h e  t empera tu re  computed from these e q u a t i o n s  and 
E x p l o r e r  I X  t e m p e r a t u r e  data f o r  t h e  p e r i o d  Feb. 1961 t o  O c t .  1961 
which w e r e  n o t  i n c l u d e d  i n  f o r m u l a t i n g  t h e  e m p i r i c a l  r e l a t i o n s .  
T h i s  p e r i o d  is  p a r t i c u l a r l y  i n t e r e s t i n g  for cornparison because  
of t h e  l a r g e  changes i n  t empera tu re  a s s o c i a t e d  w i t h  geomagnetic 

a c t i v i t i e s .  I t  w a s  found t h a t  t h e  comparison i s  ext remely  good 
even t o  t h e  f i n e r  d e t a i l s .  T h i s  is i l l u s t r a t e d  i n  F i g .  5 which 

shows t h e  p l o t  of T ' computed from 1000 Mc/s f l u x  and t h e  
E x p l o r e r  I X  t e m p e r a t u r e  d a t a  as g iven  by J a c c h i a  and Slowey (1965) .  
Because of t h e  d i f f e r e n c e  of model, a c o r r e c t i o n  of 5% is a p p l i e d  
t o  t h i s  d a t a  t o  make it compat ib le  w i t h  t h e  J a c c h i a ' s  a tmosphe r i c  
model (196413) which w a s  used i n  o b t a i n i n g  Exp lo re r  I X  t e m p e r a t u r e  
f o r  t h e  p e r i o d  Nov. 1961-May 1963. An examinat ion  of F i g .  5 

c l e a r l y  shows t h e  remarkable  s i m i l a r i t y  between t h e  t w o  t e m p e r a t u r e s .  
Even d u r i n g  t h e  p e r i o d s  of P igh  magnet ic  a c t i v i t y ,  t h e  f l u c t u a t i o n s  
i n  b o t h  TN and T N ' ,  i n  g e n e r a l ,  f o l l o w  each o t h e r  v e r y  c l o s e l y .  
Thus t h e  v a r i a t i o n s  i n  tempera ture  associated w i t h  magnet ic  
a c t i v i t y  a r e  w e l l  r e p r e s e n t e d  by t h e  K index  bo th  d u r i n g  t h e  
q u i e t  and d i s t u r b e d  p e r i o d s .  

N 

P 

From t h e  comparisons made i n  t h i s  s e c t i o n  it is e v i d e n t  
t h a t  t h e  e m p i r i c a l  r e l a t i o n s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  
are q u i t e  adequa te  t o  r e p r e s e n t  t h e  g l o b a l  m i n i m u m  t e m p e r a t u r e  
of t h e  n e u t r a l  a tmosphere above thermopause,  

SEMI-ANNUAL VARIATION I N  TEMPERATURE 

I t  w a s  shown i n  t h e  p rev ious  s e c t i o n  t h a t  t h e  e m p i r i c a l  
r e l a t i o n  based on s o l a r  f l u x  and  K r e p r e s e n t s  a l l  t h e  s h o r t  
and l o n g  t e r m  v a r i a t i o n s  i n  t empera tu re  and t h e  r e s i d u a l  T -T ' 
does  n o t  show any s y s t e m a t i c  v a r i a t i o n .  I t  h a s  been r e p o r t e d  

by a number of workers  [Paetzold and Zschorne r ,  1961,  Jacchia 
1965,  King-Hele, 1966, Cook and S c o t t ,  1966; Cook, 19671 

P 
N N  
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t h a t  t h e  a tmospher ic  d e n s i t y  and t e m p e r a t u r e  a f t e r  c o r r e c t i n g  

t o  a s t a n d a r d  s o l a r  a c t i v i t y  show a semi-annual v a r i a t i o n .  The 
p h y s i c a l  e x p l a n a t i o n  for t h i s  e f f e c t  h a s  h i t h e r t o  remained a 
mystery though a number of mechanism have been proposed [ P a e t z o l d  
and Zschb'rner 1961,  P r i e s t e r  and C a t t a n i  1962,  J a c c h i a  1965,  
Anderson 1966, Cook 1967) .  
does  n o t  show any s y s t e m a t i c  semi-annual v a r i a t i o n ,  it a p p e a r s  
t h a t  t h e  so c a l l e d  semi-annual v a r i a t i o n  cou ld  be  accounted  
f o r  i n  terms of  t h e  s o l a r  f l u x  v a r i a t i o n s .  T h i s  p o i n t  is in-  
v e s t i g a t e d  i n  f u r t h e r  d e t a i l  i n  t h e  f o l l o w i n g .  

and lOOOMds and CK for t h e  p e r i o d  November 1961 t o  May 1963, 
t h e  27-day and s h o r t e r  components are smoothed o u t  by t a k i n g  
27-day running means. The r e s u l t i n g  smoothed d a t a  e s s e n t i a l l y  
c o n t a i n  components of p e r i o d i c i t i e s  above 4 months. P l o t t e d  
i n  F i g .  6 are t h e  27 day running  means of a l l  t h e  f o u r  p a r a m e t e r s .  
I t  can be  seen from t h i s  f i g u r e  t h a t  t h e r e  is  a remarkable  
s i m i l a r i t y  between t h e  v a r i a t i o n s  of T 

'10.7 
months of March and October .  The v a r i a t i o n s  i n  CK do n o t  

f o l l o w  t h o s e  i n  TN, or S30 or S10,7. 
of t h e  degree of a s s o c i a t i o n  between t h e  long  t e r m  v a r i a t i o n s  
i n  t h e  v a r i o u s  pa rame te r s  under  c o n s i d e r a t i o n  are o b t a i n e d  by 
e v a l u a t i n g  t h e  cor re la t ion  c o e f f i c i e n t s ,  shown i n  Table 2. 

S i n c e  t h e  r e s i d u a l  TN-TN' i n  F i g .  4 

Using aga in  t h e  E x p l o r e r  I X  TN d a t a ,  t h e  s o l a r  f l u x e s  at2800Mc/s  

P 

and t h o s e  of Ss0 and N . A l l  t h e s e  t h r e e  pa rame te r s  show broad  peaks  around t h e  

P 
Q u a n t i t a t i v e  estimates 

TABLE 2 
Pa rame te r s  C o r r e l a t i o n  

C o e f f i c i e n t  

TN vs '30 0.79 

0 .76  TN vs '10.7 
T, v s  CKn 0.16  
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I t  c a n  be  s e e n  from Table  2 t h a t  TN shows a h igh  d e g r e e  

of c o r r e l a t i o n  w i t h  bo th  S30 and 
w i t h  CK is poor .  To i n v e s t i g a t e  t h e s e  long  t e r m  v a r i a t i o n s  
o v e r  a l o n g e r  p e r i o d  d a t a  from 1 9 5 8 ~  s a t e l l i t e  which are  a v a i l -  
a b l e  from 1958 t o  1963,  are ana lyzed  a l o n g  w i t h  t h e  2800 Mc/sec 
so la r  f l u x  d a t a  f r o m  t h e  s a m e  p e r i o d .  Components of 27 days  and 

s h o r t e r  p e r i o d i c i t i e s  a r e  e l i m i n a t e d  a g a i n  by t a k i n g  27 days  
running  means of t h e  d a t a .  The r e s u l t i n g  smoothed d a t a  of T 

and '10.7 
F i g .  7 .  Also shown i n  t h e  same f i g u r e  are t h e  smoothed d a t a  of 
t h e  Zur i ch  sunspo t  number (RZ) f o r  each  year s e p a r a t e l y .  

i n  TN, '10.7 
annual  v a r i a t i o n  i n  TN,  SlOe7,  and RZ is  n o t  a p e r s i s t e n t  f e a t u r e  
th roughou t  t h e  p e r i o d  from 1958 t o  1963. Marked semi-annual 
v a r i a t i o n  is  shown on ly  d u r i n g  t h e  y e a r s  1958 and 1962 and 
i n d i c a t e d  i n  1963. During t h e  pe r iod  1959-1961, a l l  t h e  three 

pa rame te r s  show o s c i l l a t o r y  behavior  and t h e r e  is no c l ea r  t r e n d  
o f  semi-annual v a r i a t i o n  though o c c a s i o n a l l y  peaks around A p r i l  
and October  cou ld  be  d e t e c t e d  among o t h e r  peaks .  I n  making 
t h e  comparison between tempera ture  and 10 .7  c m  f l u x ,  i t  shou ld  
be  remembered t h a t  t h e  former  is  d e r i v e d  from t h e  p e r i g e e  t empera tu re  
u s i n g  an  e m p i r i c a l  d i u r n a l  m o d e l .  Some of t h e  phase d i f f e r e n c e s  
between t h e  co r re spond ing  peaks may be a t t r i b u t e d  to t h e  u n c e r t a i n t i e s  
i n  t h e  d i u r n a l  model. 

whereas  t h e  c o r r e l a t i o n  

P 

N 
are p l o t t e d  f o r  each year  s e p a r a t e l y  a s  shown i n  

F i g .  7 reveals a remarkable  s i m i l a r i t y  between t h e  v a r i a t i o n s  
and RZ. I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s e m i -  

The s i m i l a r i t y  between t h e  long ' t e r m  v a r i a t i o n s  i n  TN, S lOa7 ,  
and RZ s t r e n g t h e n s  t h e  v i e w  t h a t  t hey  are n o t  s p u r i o u s .  

e v i d e n t  from t h e  p r e s e n t  a n a l y s i s  t h a t  t h e  long-term v a r i a t i o n s  

i n  t e m p e r a t u r e  can be  f u l l y  accounted f o r  by t h e  similar v a r i a t i o n s  
p r e s e n t  i n  t h e  s o l a r  f l u x  and i t  is  n o t  n e c e s s a r y  t o  invoke any 
o the r  mechanism t o  e x p l a i n  t h e  long-term v a r i a t i o n s  i n  t e m p e r a t u r e .  
The p h y s i c a l  mechanism g i v i n g  r i s e  t o  t h e s e  f l u c t u a t i o n s  i n  so la r  

I t  i s  
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f l u x e s  is n o t  w i t h i n  t h e  scope  of t h i s  paper  and w i l l  b e  d i s c u s s e d  
e l s e w h e r e .  From t h e  aeronomica l  p o i n t  of view t h e r e  a p p e a r s  
t o  b e  no d i f f i c u l t y  i n  u n d e r s t a n d i n g  t h e  so c a l l e d  semi-annual 
v a r i a t i o n  e 

SUMMARY AND CONCLUSIONS 

The p r e s e n t  i n v e s t i g a t i o n  of t h e  v a r i a t i o n s  i n  n e u t r a l  
t e m p e r a t u r e  above thermopause i n  r e l a t i o n  to solar  and geo- 
magnet ic  a c t i v i t i e s  h a s  l e d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s .  

1 .  The shor t - t e rm f l u c t u a t i o n s  i n  t e m p e r a t u r e  are a s s o c i a t e d  
w i t h  s imilar  f l u c t u a t i o n s  i n  both  EUV and CK The c o r r e l a t i o n  
between t empera tu re  and CK i s  however g r e a t e r  t h a n  t h a t  between 
t e m p e r a t u r e  and EUV. 

P 
P 

2 .  The v a r i a t i o n  i n  t e m p e r a t u r e  fin a long-term (27 d a y s  
and above) b a s i s  shows a good c o r r e l a t i o n  w i t h  t h e  s i m i l a r  
v a r i a t i o n s  i n  solar f l u x  i n  t h e  f r equency  r ange  of  1000-3750 M G / s ,  
w i t h  maximum c o r r e l a t i o n  a t  i O O O  Mcc:/s, 

3 .  The f o l l o w i n g  e m p i r i c a l  r e l a t i o n s  seem t o  accoun t  f o r  
a l l  t h e  s y s t e m a t i c  v a r i a t i o n s  i n  t empera tu re  b o t h  d u r i n g  q u i e t  and 
d i s t u r b e d  c o n d i t i o n s .  

Ty = 524 + 2.73  + 1.77 Q C K p - E p  9 

= 470 + 6.53 8,, + 1.77 (CK -= 9 Tx P P  o r  
rn 4 .  lhe s o - c a l l e d  s e m i  ansvual v a r i a t i a i  i n  t h e  ~ p p r  

a tmospher i c  t empera tu re  and d e n s i t y  i s  n o t  a p e r s i s t e n t  f e a t u r e  
th roughou t  t h e  so la r  c y c l e  and may be accoun ted  f o r  i n  t e r m s  
o f  s imi l a r  v a r i a t i o n s  i n  so l a r  a c t i v i t i e s  w i t h o u t  t h e  n e c e s s i t y  
of  invoking  any o t h e r  i nvo lved  mechanism 
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FIGURE CAPTIONS 

1. Da i ly  p l o t s  of  5 day running  means of CK 

2.  Da i ly  p l o t s  of t h e  d i f f e r e n c e s  between o r i g i n a l  and 5 day 

p’  TN’ 

TN, EUV and S 3 0 .  
P’ 

EUV and S 3 0 .  runn ing  mean d a t a  of CK 

3. C o r r e l a t i o n  of t empera tu re  wi th  radio f l u x e s  a t  d i f f e r e n t  
f r e q u e n c i e s .  

4.  P l o t s  of t h e  r e s i d u a l  TN-TN’. 

5 .  Comparison of T ’ computed from 30cm f l u x  model w i t h  Exp lo re r  I X  

t e m p e r a t u r e  TN for t h e  p e r i o d  February 1961 t o  October  1961. 
N 

P’ 6 .  D a i l y  p l o t  of 27 day running  means of S30j T N j  SlOe7 and CK 

7 .  D a i l y  p l o t  of 27 day running means of TN,  SlOa7 and R,. 
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