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ABSTRACT 

A t h e o r e t i c a l  s tudy of the time-dependent thermal be- 
havior  of t h e  ionospheric e l e c t r o n  gas is made, leading t o  
t h e  following conclusions: 

1. Very s u b s t a n t i a l  heat ing occurs i n  t h e  ionosphere be- 
fore t h e r e  is any pe rcep t ib l e  increase  i n  ion iza t ion .  

2 ,  The electron t e m p e r a t u r e  reaches a peak s o m e  time af- 
ter s u n r i s e  bu t  much before h e a t  production becomes 
maximum. 

3 .  A t  a given phase of the  solar cycle  summer temperatu- 
res are higher than w i n t e r  temperatures. Summer t e m -  
peratures a t  s o l a r  cycle m i n i m u m  may be higher  than 
winter  temperatures a t  s o l a r  cycle  maximum. 

4. A t  s u f f i c i e n t l y  s m a l l  s o l a r  zen i tha l  angles  a maximum 
appears i n  the  temperature p r o f i l e  a t  some 300 km 
height ,  hea t  flowing both upward and downward from 
t h i s  peak. 

A second t o p i c  t r e a t e d  deals with the  results from t h e  
radio-beacon experiment aboard EGO. P r o f i l e s  of  local elec- 
t r o n  concentrat ion i n  t h e  exosphere a t  he igh t s  between 6000 

and 30,000 km w e r e  obtained. I n  addi t ion ,  t he  examination of 
e a r l y  morning d a t a  showed marked rearrangements i n  t h e  ion i -  
zed l aye r  taking p lace  between one h a l f  and one and one h a l f  
hours after sunr i se .  This rearrangement can be i n t e r p r e t e d  
as an upward f l u x  of i on iza t ion  from the  ionosphere i n t o  the  
exosphere, and l a s t e d  about 20 minutes i n  the passages obser- 
ved. e l e c t r o n s  cm-2 
sec on one of t h e  days measured. 

9 The f l u x  a t t a i n e d  the  value of 1.5 X 10 
-1 

The f i n a l  t o p i c  cons i s t s  of a s ta t i s t ica l  inves t iga-  
t i o n  of t h e  behavior of t h e  nighttime columnar content  of  t h e  
ionosphere. It w a s  observed t h a t  a t  Stanford the  majori ty  of 
n ights  exh ib i t ed  an unchanging content  while a t  H a w a i i  t h e  
content  tended to decay. It w a s  also found t h a t  t h e  average 

of non-decaying nights at s t a n f n r d  w a s  m u c h  lower than  

t h e  K of decaying nights.These r e s u l t s  a r e  i n t e r p r e t e d  as 
supporting the  theory of an exosphere f ed  nocturnal  F-layer. 
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I. 1N”RODUCTION 

The t r a n s i t i o n  period between n ight  and day, i n  t h e  
ionosphere, is  marked by profound changes i n  t h e  ion con- 
c e n t r a t i o n  and e l e c t r o n  temperature. The t h e o r e t i c a l  be- 
havior  of t h e  former, during these  hours, has been t r e a t e d  
by s e v e r a l  authors  as, for instance Rishbeth [1961], but  it 
appears t h a t  no m o d e l s  for the corresponding temperature 
v a r i a t i o n s  of t h e  plasma have so far been considered. Since 
experimental  r e s u l t s  h i n t  a t  drastic temperature changes a t  
dawn, and s ince  these  temperature va r i a t ions  have s t rong  in- 
f luence on t h e  d i s t r i b u t i o n  of t h e  ion iza t ion ,  it becomes 
important,  for t h e  proper i n t e r p r e t a t i o n  of experimental  
data related t o  t h i s  period of t i m e ,  t o  inves t iga t e  theo re t i -  
c a l l y  the effect of solar rays on the heat ing of t h e  e l e c t r o n  

gas. 
Although, as stated above, t h e  t r a n s i e n t  heat ing of t h e  

ionosphere has not y e t  been examined, the thermal behavior 
of t h e  upper atmosphere has, i n  general ,  been the sub jec t  of 

s e v e r a l  theoretical  inves t iga t ions  supported by many experi- 
mental measurements. Or ig ina l ly  the a t t e n t i o n  of m o s t  authors  
w a s  directed towards the t i m e  v a r i a t i o n s  of the  n e u t r a l  a t m o s -  
phere; more recent ly  s e v e r a l  a r t i c l e s  t r e a t i n g  t h e  s teady 
s t a t e  midday plasma t empera tu re  have appeared. The present  
w o r k  extends these  s t u d i e s  t o  the s o l u t i o n  of t he  t i m e -  
dependent problem. 

Lowan [1955] s tud ied  t h e  cooling of t h e  upper atmosphere 
a f te r  sunse t  by solving a s impl i f i ed  h e a t  conduction equation 
i n  which t h e  conductivity,  A ,  was assumed to  be height- 
independent, and a l l  the heat t r a n s f e r  was s o l e l y  by con- 
duction. Boundary and i n i t i a l  condi t ions used were t h e  

temperatures given by the Rocket Panel. 

a much m o r e  extensive s tudy of t he  t i m e  v a r i a t i o n s  of t h e  

H a r r i s  and Priester [1962], i n  a c l a s s i c a l  ar t ic le ,  made 

- 1 -  SEL-65-109 



I ’  

thermospheric thermal s t r u c t u r e ,  covering t h e  f u l l  24-hour 
per iod.  I n  add i t ion  t o  h e a t  conduction ( inc luding  a t e m -  
pera ture  dependent conduct iv i ty) ,  t h e  au thors  a l s o  considered 
cooling by i n f r a r e d  r a d i a t i o n  of atomic oxygen and t h e  e f f e c t  
of t h e  gain and loss of h e a t  due t o  t h e  work of t h e  expanding 
and cont rac t ing  a i r ,  a g a i n s t  g r a v i t y .  This convective in- 
f luence w a s  found t o  be s m a l l ,  causing a decrease of less 
than 5% i n  t he  mean d i u r n a l  temperatures.  H a r r i s  and P r i e s t e r  
found t h a t ,  by using as s o l e  hea t ing  source t h e  s o l a r  extreme 
u l t r a  v i o l e t  (euv) ,  they w e r e  unable t o  match t h e  d i u r n a l  
d e n s i t y  v a r i a t i o n  of t h e  empir ica l  Bonn Observatory model of 
1961 [Martin, e t  a l ,  19611, The t h e o r e t i c a l  curves peaked 
a t  1700 LMT while t he  r ea l  maximum w a s  observed t o  occur a t  

1400 LMT. T o  ob ta in  a better agreement between theory and 
experiment, an a d d i t i o n a l  ”ad hoc” hea t ing  source,  of roughly 
t h e  same t o t a l  energy as the  euv, had t o  be assumed, having 
a peak a t  0900 LMT. The ca l cu la t ed  tables of  atmospheric 
temperatures and d e n s i t i e s  and o f  t h e  concent ra t ion  of t he  
var ious n e u t r a l  pa r t i c l e  species ,  f o r  every hour of t h e  day 
and f o r  t he  a l t i t u d e  range between 120 and 2000 km, have been 
widely used  as models of t he  atmosphere by d i f f e r e n t  i n v e s t i -  
ga to r s .  

The thermal p rope r t i e s  of t h e  ionospheric  plasma w e r e  
inves t iga ted  by Hanson and Johnson [1961] and by Hanson 
119621 who showed t h a t ,  a t  midday, t h e  e l e c t r o n  temperature 
would s u b s t a n t i a l l y  exceed t h a t  of  t h e  n e u t r a l  gas a t  a l t i -  
tudes near t he  peak of production. Hanson estimated t h e  
hea t  input func t ion  and solved t h e  s t eady  s t a t e  h e a t  flow 
equation tak ing  i n t o  account only t h e  h e a t  losses of  t h e  

e lec t ron  gas through coupling wi th  ions and n e u t r a l s ,  i . e . ,  
ignoring t h e  thermal conduct iv i ty  of t he  e l e c t r o n s .  

Dalgarno, e t  a l ,  [1963], i n  a much quoted paper, car- 

r i e d  o u t  e s s e n t i a l l y  t h e  same ana lys i s ,  bu t  included consid- 
e rab ly  more d e t a i l  i n  t h e  production and loss mechanism. 
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It should be pointed o u t  here  t h a t  although Hanson and 
Dalgarno obtained very usefu l  r e s u l t s ,  t h e  fact  t h a t  e l ec t ron  
conduct ivi ty  w a s  neglected leads t o  t w o  important d i f f i c u l -  
t ies .  F i r s t l y ,  t h e  pred ic ted  temperature above the produc- 
t i o n  peak is  m c h  l o w e r  than the  genera l ly  observed value.  
I n  fact, t h e  theory calls for a sharp  decrease i n  e l e c t r o n  
temperature above t h e  peak while i n  practice a near ly  height- 
i ndeAmndent temperature is Geascred. Secondly, an unstable  
s i t u a t i o n  may r e s u l t  i f  t h e  e l ec t ron  concentrat ion is  too 
s m a l l .  This can be seen i f  t h e  production t e r m  is equated 
t o  t h e  dominant loss t e r m  ( t h e  one due t o  ions)  as t h e  above 
au thors  do. One obtains:  

w h e r e  Q is t h e  h e a t  energy released per cubic  centimeter per 
second, 

C is t h e  heat capc i ty  per cubic  centimeter;  for  elec- 
t rons  it is equal t o  - kn (where k is Boltzmann's 
cons tan t ) ,  

3 
2 

n is the e l e c t r o n  o r  i o n  concentration, and 
T and T. are, respec t ive ly ,  the e l e c t r o n  and ion e 1 

temperatures.  
This can be w r i t t e n  

Q Te - Ti 
- a  

3/2 2 
Te n 

For a given Ti and s u f f i c i e n t l y  l a r g e  Q/n2 no value 
of Te w i l l  balance the equation, meaning t h a t  t h i s  partic- 
u l a r  cooling mechanism is inadequate and t h e  temperature w i l l  
rise u n t i l  hea t  conductivity,  which grows w i t h  increasing 
temperature,  l i m i t s  it. Neglecting the  conduct ivi ty  leads 
thus  t o  an unacceptable C O ~ I C ~ ~ S ~ O ~ ,  a s i t u a t i ~ r ,  tzriri~d "riin- 

away e l e c t r o n  temperature condition'' by Hanson and Johnson 

[ 19611 . 
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More r ecen t ly  Geisler and Bowhill [1965] took t h e  in- 
ves t iga t ion  one important s t e p  f u r t h e r  by not  only pe r fec t ing  
the  h e a t  production func t ion  ( inc lud ing  t h e  non l o c a l  produc- 
t i o n  o f  heat by f a s t  photo-electrons generated f a r  away from 
the  heated poin t )  bu t  a l so  by inc luding  the  important e f f e c t  
of t he  t h e r m a l  conduct iv i ty  i n  t h e  e l e c t r o n  gas .  This in-  
c lus  ion  considerably complicates t h e  mathematical problem 
transforming the  h e a t  flow equat ion from an ord inary  f i r s t  
order d i f f e r e n t i a l  equat ion i n t o  a second order  pa r t i a l  d i f -  
f e r e n t i a l  equat ion.  The s teady  s ta te  s o l u t i o n  obtained f i t s  
t he  experimental observat ion much more c l o s e l y .  

A t i m e  dependent s o l u t i o n  of t h e  e l e c t r o n  gas tempera- 
t u r e  including both the  losses by coolan t  gases and h e a t  
t r a n s f e r  by conduction i s  presented  i n  Chapter 111, thereby 
allowing t h e  i n v e s t i g a t i o n  of t h e  thermal behavior of the  
ionospheres during moments l i k e  s u n r i s e  and sunse t  when t h e  
r ap id  changes i n  temperature might i n v a l i d a t e  t h e  s teady  
s t a t e  so lu t ion .  

Another t o p i c  d e a l t  with i n  t h i s  r e p o r t  has t o  do wi th  
a r t i f i c i a l  s a t e l l i t e s  which have c e r t a i n l y  proven t h e i r  g r e a t  
usefulness  a s  t o o l s  f o r  ionospheric  research .  Their f l e x i -  
b i l i t y  i n  t h i s  work stems not  only from t h e  wide range of  
equipment t h a t  can be i n s t a l l e d  aboard, bu t  a l so  from t h e  
l a r g e  v a r i e t y  of o r b i t s  i n  which a s a t e l l i t e  can be placed. 
The majority of ionospheric s t u d i e s  by means of s a t e l l i t e s  
has been carried o u t  by using devices  pu t  i n t o  roughly c i r -  
c u l a r  o r b i t s  between 300 and 1000 km above sea l e v e l .  Gar r io t t  

and L i t t l e  [1960] pointed o u t  t h e  advantages of using geo- 
s t a t i o n a r y  s a t e l l i t e s  f o r  t h e  measurements of some ionospheric  
p rope r t i e s .  A s  ye t ,  however, no veh ic l e  s p e c i f i c a l l y  designed 
f o r  research has been launched i n  such an orb i t ,  bu t  t h e  ex- 
i s t e n c e  of synchronous communications s a t e l l i t e s  has provided 
t h e  opportuni ty  t o  ca r ry  o u t  some of  t h e  i n v e s t i g a t i o n s  en- 
visaged i n  t h e  above mentioned a r t i c l e .  By using t h e  136 M c  

carrier o f  a te lemetry t r a n s m i t t e r  aboard Syncom 111, G a r r i o t t ,  
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Smith, and Yuen [1965] have made extensive observations of 

t h e  behavior of t he  columnar e l ec t ron  content through the  
measurement of the  Faraday r o t a t i o n  angle of t he  incoming 
s i g n a l .  From t h e  rise of the  content a t  dawn, the  above 
authors  have deduced the  value of t h e  in t eg ra t ed  production 
rate of e lectron-ion p a i r s .  

Several  s a t e l l i t e s  have been placed i n  highly e c c e n t r i c  
orbi ts ,  carryiiig ~ “ u ~ ~ r d  ~ I S S Z S  probes , i~~gfizt~ir ie ters  2r;d 

o t h e r  measuring devices.  The f irst  vehic le  equipped with a 
r a d i o  beacon designed f o r  propagation experiments, t o  be 

placed i n  an o r b i t  which takes it out  t o  seve ra l  e a r t h  r a d i i  
from the  surface,  i s  EGO (OW-A). When such r ad io  beacons 
r a d i a t e  two harmonically r e l a t ed  frequencies,  it is  poss ib le  
t o  measure columnar e l ec t ron  content not only by the  Faraday- 
rotat ion-angle  method, as i n  the case of Syncom 111, b u t  a lso 
by t h e  differential-Doppler-frequency method. The la t ter  
y i e l d s  t h e  columnar c o n t e n t  up t o  t h e  sa te l l i t e ,  while t h e  
former, being weighted by t h e  geomagnetic f i e l d  s t r eng th ,  
“sees” only t h e  lower l e v e l s  of ion iza t ion .  The d i f f e rence  
between these  two measurements se rves  as an est imate  of t h e  
columnar content of t he  exosphere up  t o  t h e  s a t e l l i t e .  

Changes i n  t h i s  “exospheric columnar content’’ y i e l d  
information about t r u e  temporal va r i a t ions  of the  exospheric 
i on iza t ion ,  about l o c a l  e l ec t ron  concentration i n  t h e  exo- 
sphere and about hor izonta l  gradients  of ion iza t ion  i n  t h a t  
region.  I n  the  EGO experiment these  e f f e c t s  are apt t o  
be mixed together  and it is not always possible t o  sepa ra t e  
them. The observation of t he  temporal va r i a t ions  led t o  t h e  
de t ec t ion  of a h i t h e r t o  unreported phenomenon: a l a rge  up- 
ward f l u x  of ion iza t ion  from the  ionosphere t o  the  exosphere, 
which occurs some t i m e  a f t e r  sunr i se .  This phenomenon can 
be inves t iga ted  more e f f e c t i v e l y  by the  use of a radio-beacon 
t r ansmi t t e r  with two harmonically r e l a t e d  frequencies,  as the 
one on EGO, placed aboard a geostat ionary s a t e l l i t e .  Such 
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an experiment would not  only provide a means of measuring 
t h e  temporal v a r i a t i o n s  i n  t h e  exosphere, undisturbed by t h e  
e f f e c t s  of the motion of t h e  s a t e l l i t e  wi th  r e spec t  t Q  t h e  
observer,  b u t  would a l s o  allow d a i l y  observat ions i n  c o n t r a s t  
with t h e  inf requent  ones t h a t  can be made wi th  EGO. 

Local concentrat ion measurements depend on t h e  r a d i a l  
v e l o c i t y  of  t h e  s a t e l l i t e  and can be made only  i n  t h e  reg ion  
of high concentrat ion wi th in  t h e  plasmapause. I t  i s  impor- 
t a n t ,  therefore ,  t h a t  t h e  s a t e l l i t e  o rb i t  be of low inc l ina -  
t i o n  so  t h a t  a s u b s t a n t i a l  p a r t  of i t s  pa th  near per igee  i s  

wi th in  t h i s  region.  Future measurements of exospheric con- 
cen t r a t ion  p r o f i l e s  by the  r ad io  propagation method would 
p r o f i t  from t h e  use of e q u a t o r i a l  ( ze ro  i n c l i n a t i o n )  s a t e l -  

l i t e s  placed i n  h ighly  e c c e n t r i c  o rb i t s .  Under such condi- 
t i o n s  the u s e f u l  pa th  length  would be a t  a maximum and, a t  

l eas t  for  observing s t a t i o n s  near t h e  equator ,  t h e  problems 
due t o  s a t e l l i t e  motion perpendicular  t o  t h e  l i n e  of s i g h t ,  
would be minimized. 
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11. PRELIMINARIES 

A .  THE SATELLITE 

The S-49 satell i te,  a l s o  known as EGO (Eccentr ic  Geophysi- 
cal  Observatory) or OGO-A, w a s  launched on 5 September 1964 
and carries aboard, among other experiments, a pair of r a d i o  
beacons operat ing a t  harmonically r e l a t e d  frequencies (40.01 

and 350.09 Mc), which are imdulated by 20- and 200-kc s ig -  
n a l s .  The various s p e c t r a l  components have t h e  output  p o w e r s  
shown below. 

Frequency 
( M c )  

40 

360 

Car r i e r  
Each 2 00-kc s ideband 
Each 20-kc sideband 

Car r i e r  
Each 200-kc sideband 
Each 20-kc sideband 

o u t p u t  

(mw) 
Power 

230 
230 

55 

1 2 5  
20 
12.5 

The 40-Mc t ransmi t t ing  antenna is  a simple d ipole  (gain:  
2 db); t he  360-Mc antenna is a yagi  (gain:  8 db) .  The orbit  

of t h e  s a t e l l i t e  is highly eccent r ic :  apogee is a t  near ly  
149,000 km, while per igee (which occurs a t  about 20° S geo- 

graphic  l a t i t u d e )  has been s t e a d i l y  increasing i n  height ,  a t  
a rate of some 5,000 km/year. On 2 8  February 1965, it w a s  
a t  s l i g h t l y  more than 3,000-km a l t i t u d e .  The period of t he  
o r b i t  is  very close t o  64 hours. The i n c l i n a t i o n  of the  
o r b i t ,  unl ike t h a t  of less -eccent r ic  sz te l l i t es ,  is  also 

growing. The r a t e  i s  about 18 deg/year; a t  t h e  above date ,  
it had reached a value of 39.1 deg. 
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It was planned t o  have a n  ea r th - s t ab i l i zed  s a t e l l i t e ,  bu t  

d i f f i c u l t i e s  t h a t  appeared immediately a f t e r  launch caused 
t h e  s a t e l l i t e  t o  s p i n  a t  a r a t e  of 5 rpm, introducing some 
unexpected complications i n  the radio-beacon experiment. The 
spin-axis o r i e n t a t i o n  is not known p rec i se ly .  Values of 4 2 . 5  

deg i n  r i g h t  ascension and -9 deg i n  dec l ina t ion ,  suggested 
by s o m e  independent measurements, w e r e  used i n  i n t e r p r e t i n g  8 

t h e  da ta .  
Figure 1 shows the  general  configurat ion of t he  s a t e l l i t e .  

B. GENERAL DISCUSSION OF THE ANALYSIS 

The radio-beacon experiment aboard the  EGO s a t e l l i t e  was 
designed with t h e  objec t ive  of i nves t iga t ing  t h e  exosphere 
by studying the  behavior of t h e  columnar e l ec t ron  content 
between ground and s a t e l l i t e  as  t he  l a t t e r  rises from peri- 
gee i n  i t s  very e c c e n t r i c  o r b i t .  Since t h i s  involves looking 
a t  a tenuous exosphere through a much denser ionosphere, it 
became immediately apparent t h a t  simple assumptions about 
t he  l a t te r ,  such as t i m e  invariance and hor izonta l  s t ra t i -  
f i c a t i o n ,  would lead t o  errors t h a t  would completely mask 
t h e  e f f e c t s  sought.  To avoid t h i s  d i f f i c u l t y ,  it was decided 
t o  make simultaneous measurements of t he  different ia l -Doppler  
frequency and t h e  Faraday-rotation angle.  The former can be 

t r a n s l a t e d  i n t o  columnar content from ground t o  t r ansmi t t e r  
while the  l a t t e r ,  being weighted by the  geomagnetic f i e l d ,  
y i e l d s  columnar content determined mainly by t h e  ion iza t ion  
below, say, 1000 km. The d i f fe rence  between t h e  contents  
thus obtained can be a t t r i b u t e d  t o  the  columnar content of 

the  exosphere up t o  s a t e l l i t e  he ight  and should be f a i r l y  
independent of t he  va r i a t ions  i n  the  lower ionosphere. 

Both t h e  differential-Doppler-frequency and the  Faraday- 
rotat ion-angle  methods requi re  independent measurement of an 
absoiute  reference value--in tne Doppler metnod because of an 
unknown i n t e g r a t i o n  constant  and i n  the  Faraday method be- 

cause of the  uncer ta in ty  i n  t h e  number of ha l f  r o t a t i o n s .  
- 9  - SEL-65-109 



The absolute re ference  f o r  Doppler is  der ived from group- 
delay measurements. Unfortunately,  instrumentat ion d i f f i c u l -  
t i es  have caused u s  t o  place l i t t l e  r e l i a n c e  on the  absolute  
values t h u s  obtained. I t  appears,  however, t h a t  t he re  i s  no 
fundamental d i f f i c u l t y  i n  the  method and it can probably be 

made t o  y i e ld  usefu l  r e su l t s .  Many conclusions can be drawn 
from the  EGO radio-beacon da ta  even when these  absolu te  values 
a r e  unknown, because they do not a f f e c t  the  shape of t he  co- 
lumnar-content-vs-time curve. 

The measurement of t he  absolute  reference l e v e l  f o r  t h e  
Faraday-rotation-angle columnar-content curve i s  more c r i t i -  
c a l  because here  the s lope of t he  curve i s  dependent on t h e  
l eve l ,  which  i s  derived from the  differential-Faraday-rota- 
t ion-angle between t h e  two 200-kc sidebands of t h e  40-Mc s i g -  

na l .  This l a t t e r  measurement leads t o  a wide s c a t t e r  of po in ts  
but,  w i t h  s u i t a b l e  averaging process,  it i s  bel ieved t h a t  
e r r o r s  of l e s s  than * l o  per c e n t  can be a t t a i n e d .  O u r  con- 
fidence i n  t h i s  accuracy is  bo l s t e red  by comparisons with 
simultaneous measurements made with Syncom 111 and S-66 
s a t e l l i t e s  ( G a r r i o t t ,  Smith and Yuen [ 19651 ) . 

Curves of columnar-content-vs-time a r e  shown i n  Fig.  14 .  

The Doppler and Faraday r e s u l t s  are obtained independently 
and it can be seen t h a t  the  i r r e g u l a r i t i e s  i n  t he  ionosphere 
a r e  f a i t h f u l l y  reproduced i n  both t r a c e s .  For the  present  
i nves t iga t ion  it i s  the  d i f f e rence  between the  two s l a n t -  
content  curves t h a t  i s  of i n t e r e s t .  Figure 15 shows t h i s  
d i f fe rence  f o r  t h e  days represented i n  t he  preceding f i g u r e ,  
Because of t he  d i f f i c u l t i e s  mentioned before  with the  group- 
delay measurements, i t  was impossible t o  ass ign  a c o r r e c t  
value t o  the  magnitude of t he  d i f fe rence ;  t h e  shape of t h e  
curve g i v e s ,  however, u se fu l  information. 

The amplitude f luc tua t ions  of t h e  360-Mc c a r r i e r ,  being 
r e l a t i v e l y  unaffected by the  Faraday e f f e c t ,  a r e  used t o  
measure the  sp in  r a t e  of t he  s a t e l l i t e .  The d i f f e r e n t i a l -  
Faraday data  a r e  obtained by sca l ing  t h e  t i m e  d i f f e rence  
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between t h e  lower- and upper-sideband minima and comparing 
t h i s  with t h e  per iod between t w o  consecutive minima of one 
of the sidebands. 

The Faraday-rotation angle is  obtained by s c a l i n g  the 

t i m e  of occurrence of every ten th  minimum t o  t h e  nea res t  0.1 
sec, and comparing t h e  average i n t e r v a l  between t w o  minima 
w i t h  t h e  s p i n  per iod  of t h e  s a t e l l i t e .  The d i f f e r e n t i a l -  
Doppler frequeiiey is sealed by a simple cycle count. Group 
de lay  da ta  are collected by annotating t h e  phase-meter 
readings,  I n  general ,  a l l  da ta  w e r e  sca led  a t  1-min i n t e r -  
v a l s ,  

C. EQUIPMENT 

To make f u l l  use of t h e  radio-beacon aboard EGO it is 
necessary t o  rece ive  t h e  following s i g n a l s :  

a. The carriers a t  40 and 360 M c  f o r  different ia l -Doppler-  
frequency measurements. 

b. The 20- or 200-kc modulations on both t h e  40- and 
360-Mc s igna l s ,  for group delay measurements. 

c. E i the r  t h e  carrier o r  one of t h e  200-kc sidebands of 
t h e  40-Mc s i g n a l  for the Faraday-rotation-angle 
measurement. 

d, One pair of s i g n a l s  a t  40 M c .  This may be t h e  carrier 
and one of the sidebands o r  else t h e  two sidebands. 
The l a t te r  combination is preferable due t o  the l a r g e r  
frequency spacing and the consequent improvement i n  
da t a  sca l ing  prec is ion .  

Due t o  the small p o w e r  rad ia ted  by the spacecraft, it 
became important t h a t  antennas of considerable  ga in  be used. 
Two independent a r r ays  of  four yagis  mounted on t h e  corners  
of a square, cons t i t u t ed  the 40-Mc antenna. A t  each corner 
two six-element yagis  w e r e  located perpendicular ly  t o  each 
o t h e r  and interconnected with t h e  parallel  yagis  i n  t h e  re- 
maining corners.  I n  t h i s  fashion, two mutually perpendicu- 
l a r ,  l i n e a r l y  polar ized  arrays, furn ish ing  each a 13 & gain,  
could be used either indiv idua l ly  as l i n e a r  elements f o r  the 
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Faraday-rotation-angle measurement, o r  combined t o  form a 
c i r c u l a r l y  polar ized  system (with choice of r i g h t  o r  l e f t  
polar iza t ion)  f o r  t he  different ia l -Doppler  r ece ive r s .  The 
use of t h i s  l a t t e r  type of antenna e l imina tes  t h e  Faraday 
n u l l s  t h a t  would otherwise tend t o  unlock t h e  rece ivers .  The 
360-Mc s igna l  w a s  picked up by four  r i g h t  c i r c u l a r  h e l i c a l  
antennas giving a 22  db gain.  The whole ensemble was pro- 
vided with an alt-azimuth mounting on a pedes t a l  so a s  t o  
permit t racking t h e  s a t e l l i t e .  Azimuth and e l eva t ion  informa- 
t i o n  was t ransmi t ted  t o  the  receiving s i t e  by means of s e l syn  
ind ica tors .  

The expected signal-to-noise r a t i o  wi th  t h e  s a t e l l i t e  a t  
apogee was about 1 2  db f o r  t h e  360-Mc c a r r i e r  and i t s  200-kc 
sidebands, 14 db f o r  the  40-Mc c a r r i e r  and 17  db f o r  t h e  200- 

kc  sidebands of t h e  l a t t e r .  These r a t i o s  w e r e  based on sky 
noise temperature of 850 and 15,000 degrees Kelvin, f o r  t he  
360- and 40-Mc s igna l s ,  r e spec t ive ly .  Because of t h e  un- 
expected spinning of t he  s a t e l l i t e ,  considerable s i g n a l  
s t r eng th  w a s  l o s t  through t r ansmi t t i ng  antenna misorientat ion,  
making it impossible t o  r e a l i z e  t h e  expected signal-to-noise 
r a t i o s .  Continuous lock with t h e  s a t e l l i t e  near apogee could 
not  be maintained and t h e  usefu l  range f o r  da t a  acqu i s i t i on  
remained l imi ted  t o  70,000 km. 

experiment by Smyth Research Associates (SRA).  For the  re- 
cept ion of t he  Doppler information two phase lock rece ivers  
were employed. Their vol tage con t ro l l ed  o s c i l l a t o r s  (vco) 
locked on t h e  two incoming carriers and t h e i r  s i g n a l  w a s  fed  
t o  a p a i r  of phase comparators, t h e  output  of which was re- 
corded on a Sanborn graphic recorder .  One of t h e  phase 
comparators received t h e  s i g n a l  d i r e c t l y  from t h e  vco ' s ,  
while the o the r  had one of t he  vol tages  re ta rded  by 90 
degrees.  This arrangement permits t h e  determination of which 
is  the  higher of t he  two frequencies being compared. Com- 
par ison was made a t  40 M c .  Two synchronous demodulators i n  

The receiving equipment was b u i l t  e s p e c i a l l y  f o r  t h i s  
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each Doppler r ece ive r  recovered t h e  modulation envelope super- 
imposed on t h e  carriers. The t w o  audio tones--one f r o m  each 
receiver--were fed t o  a phasemeter and t h e  reading monitored 

v i sua l ly .  
audio tones had t o  be passed through a narrow band t racking  
f i l ter .  The s e l e c t i v i t y  of t h e  loop f i l t e r  for the d i f f e r -  
e n t i a l  Doppler measurement w a s  set  a t  5 cps for t h e  40-Mc 
r ece ive r  anti i5 cps f o r  the 360-iuIc one. 

To i n su re  an  adequate signal-to-noise r a t io  t h e  

For the  Faraday-rotation-angle measurement t w o  add i t iona l  
phase lock rece ive r s  w e r e  used. The i n j e c t i o n  vol tage for 
the first m i x e r  i n  these  rece ivers  w a s  der ived f r o m  t h e  40-Mc 
Doppler r ece ive r  vco thus not  only providing a s i g n a l  during 
the  Faraday minima, bu t  also removing a l l  t h e  Doppler s h i f t  
due t o  t h e  sa te l l i t e  motion. The r e s u l t i n g  20.5-Mc interme- 
d i a t e  frequency s i g n a l  w a s  then appl ied t o  t w o  independent 
phase-lock systems capable of tuning t o  t h e  carrier or e i t h e r  
of the 200-kc sidebaniis. Loop f i l t e r  s e l e c t i v i t y  w a s  set a t  
45 cps. The amplitude of the s igna l ,  obtained f r o m  a demodu- 
la tor  cons t i t u t ed  the  use fu l  output and w a s  recorded on t h e  
s a m e  Sanborn cha r t  as t h e  different ia l -Doppler  beat. 

t h e  40- and 360-Mc c a r r i e r  amplitude f r o m  the Doppler rece ivers .  
Provisions e x i s t e d  for the  recording of the amplitude of 

D. THE DATA 

The r a w  data input  for the  EGO propagation experiment 
c o n s i s t s  of 

a ,  The amplitude trace of one of t h e  40-Mc s i g n a l s  received 
w i t h  a l i n e a r  antenna and containing the fades or  minima 
caused by the spinning of t h e  sa te l l i t e  modified by t h e  
Faraday e f f e c t .  From t h i s  information and from an ab- 
s o l u t e  reference obtained from i t e m  b, t h e  columnar 
e l e c t r o n  content  b e l o w  the  exosphere is obtained. 

b. A second trace s i m i l a r  to  t h e  one mentioned i n  a, b u t  
a t  a s l i g h t l y  d i f f e r e n t  frequency. From the d i f f e rence  
between t h e  Faraday e f f e c t  on the t w o  s igna l s ,  the ab- 
s o l u t e  values of the columnar content  are determined. 
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c.  A t r a c e  of the b e a t  between the 40- and 3 6 0 - ~ c  s i g n a l s  
( t h e  l a t t e r  having had i t s  frequency divided by 9 ) .  
T h i s  t r a c e  allows the  determination of the  t i m e  var ia -  
t i o n  of t he  columnar content up t o  s a t e l l i t e .  A n  
i n t eg ra t ion  of these r e s u l t s  y i e l d s  the  shape of the 
content-vs-time curve and the knowledge of an absolute  
reference value--that could be obtained f r o m  i t e m  d-- 
would permit t he  co r rec t  drawing of such  a curve.  A s  
explained previously,  i t  proved impossible t o  ob ta in  
the  reference value and, therefore ,  t h e  knowledge of 
t h e  absolute  value of t h e  exosphere content  i s  lacking. 
Nevertheless t h e  important t i m e  v a r i a t i o n s  of t h i s  con- 
t e n t  a r e  s t i l l  very usefu l .  

d. A t abu la t ion  of the phase-angles-vs-time obtained from 
the group delay experiment. T h i s  p a r t  d i d  not  work 
r e l i a b l y .  

A de t a i l ed  study of the processing of the r a w  d a t a  t o  ob- 
t a i n  the various columnar-contents-vs-time curves has been 
described by da Rosa [1965]. The e f f e c t s  of t h e  s a t e l l i t e  
sp in  on the measurements is  profound and i n  the paper referred 
to ,  t h i s  is thoroughly examined. 

For each EGO run, the da ta ,  i n  i t s  f i n a l  processed form 
ready for  ana lys i s ,  cons i s t s  of curves i n  which t h e  columnar 
contents measured by the two techniques descr ibed and the  

so-called exosphere columnar content a r e  p l o t t e d  versus t i m e ,  
a t  one-minute i n t e r v a l s .  Such curves, most of which were 
taken a t  Stanford,  cover from 2 t o  5 hours and, through a 
p e c u l i a r i t y  of the  s a t e l l i t e  period, a l l  f a l l  around one of 
t h r e e  times of the  day: e a r l y  morning, midday, and e a r l y  
evening. Sunrise  was observed i n  the  f i r s t  group while sun-  
s e t  occurred i n  the  l as t .  Exosphere columnar content  i s  
defined here  a s  t he  d i f f e rence  between the  columnar contents  
obtained from Doppler and from Faraday (see Chapter I V ) .  

if t h e  s a t e l l i t e  moved r a d i a l l y  out ,  one would expect t h a t ,  
as t h e  observer t o  spacecraf t  d i s t ance  progressively i n -  
creased, the  columnar content of the  exosphere would appear 
t o  grow, 

I f  there  were no temporal changes i n  t h e  exosphere and 

The growth r a t e  would y i e l d  information about l o c a l  
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e l e c t r o n  c ncentr  

profiles could be 

t i o n  from which exosphere concentrat ion 
constructed.  Such a simple model i s  fre- 

quent ly  not  va l id ,  no t  only due t o  s u b s t a n t i a l  t i m e  changes 
i n  the ion iza t ion  a t  high a l t i t u d e s ,  bu t  a l s o  due t o  the  fact  
tha t  t h e  satel l i te ' s  motion perpendicular t o  t h e  r ay  pa th  
( p a r t i c u l a r l y  l a r g e  a t  the beginning of t h e  run) combined 
wi th  ho r i zon ta l  g rad ien t s  i n  the  exosphere w i l l  inf luence 
the observed columnar content.  When t h e r e  is reason t o  be- 
l i e v e  t h a t  one of t h e  t h r e e  f ac to r s  t h a t  cause columnar con- 
t e n t  changes, l a r g e l y  outweighs t h e  o the r  two, it is possible 
t o  ob ta in  c e r t a i n  r e s u l t s  of i n t e r e s t .  Thus for instance,  
one may argue t h a t  during t h e  n ight  t h e r e  is probably l i t t l e  
temporal v a r i a t i o n  a t  these  l a t i t u d e s .  On t h e  o the r  hand, 
during t h e  outbound runs,  t he re  is a r e l a t i v e l y  long period 
when the spacecraft seems almost geostat ionary and when, 
consequently, ho r i zon ta l  g rad ien ts  are not  very important. 
A l s o ,  when the sa te l l i t e  is f a r  out,  i ts r a d i a l  v e l o c i t y  is  
s u f f i c i e n t l y  small and the local dens i ty  presumably l o w  
enough so t h a t  t h e  receding motion has an i n s i g n i f i c a n t  ef- 
fect  on t h e  content-vs-time curve. 

It had been planned t o  carry ou t  prolonged observations 
of EGO near i t s  apogee by using three widely-spaced s t a t i o n s  
capable of providing continuous coverage. Such s t a t i o n s  
located a t  Stanford,  Athens  and Kyoto w e r e  a l l  implemented 
b u t  t h e  p r o j e c t  su f f e red  due t o  the i n a b i l i t y  of t racking  
the sa te l l i t e  above 70,000 k m .  It is  hoped that  w i t h  OGO-B 
t h i s  kind of observat ion can be made, and t h a t  the r e s u l t i n g  
s m a l l  changes i n  d i s t ance  and i n  apparent p o s i t i o n  of t h e  
beacon w i l l  reduce some of the present  d i f f i c u l t i e s  i n  data 
i n t e r p r e t a t i o n .  

A l l  t h e  Syncom I11 data w e r e  obtained either f r o m  Garriott ,  
Smith and Yuen [1965] o r  from unpublished information k indly  
furnished by Fred L. Smith, 111, one of t h e  coauthors of t h e  
ar t ic le  mentioned above. The method employed t o  reduce t h e  

- 15 - SEL-65-109 



raw data to columnar-content-vs-time curves is described in 
that article. 
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111. THE THEORETICAL TIME-DEPENDENT THERMAL 
BEHAVIOR OF THE IONOSPHERIC ELECTRON GAS 

I n  t h i s  chapter t h e  temperature v a r i a t i o n  of t h e  ion- 
ospher ic  e l e c t r o n  gas during the dawn hours w i l l  be inves t i -  
ga ted  t h e o r e t i c a l l y .  The so lu t ion  of this  problem is of i m -  
por tance i f  an understanding of t he  behavior of t h e  early 

gained. A time-dependent heat  f l o w  equat ion is e s t ab l i shed  
and i ts  numerical so lu t ion  i s  obtained. 

morning ionosphere (studied i n  L J L G  ilext c3apter) is to be 

A .  ELECTRON GAS HEATING AND COOLING MECHANISMS I N  THE 
IONOSPHERE 

Undoubtedly, t h e  main cause of upper atmosphere hea t ing  
is  the s o l a r  extreme u l t r a v i o l e t  r a d i a t i o n  (euv) notwith- 
s tanding  t h e  fact  t h a t  o t h e r  sources such as hydromagnetic 
wave d i s s ipa t ion ,  electric f i e l d s  and particle p r e c i p i t a t i o n ,  
may also p lay  an important ro le .  

I n  order  t o  be able  t o  examine how t h e  temperature of 
t h e  ionosphere reacts t o  the sunrise ,  s imp l i f i ed  models w i l l  
be considered, i n  which t h e  only h e a t  source is t h e  euv. It 
is assumed t h a t  a l l  t he  h e a t  input  i s  v i a  t h e  e l e c t r o n  gas-- 
d i r e c t  heat ing of neu t r a l s  and ions being taken a s  negl ig ib le .  
Heating of t h e  e l e c t r o n  gas r e s u l t s  f r o m  t h e  thermalizat ion 
of f a s t  e l ec t rons  c rea ted  i n  the  ion iza t ion  of n e u t r a l  gases 
by photon absorpt ion or by c o l l i s i o n  with t h e  f a s t  e l ec t rons  
themselves. A t  l o w  a l t i t u d e s  where t h e  mean f r e e  pa th  of a 
f a s t  e l e c t r o n  i s  small compared with a scale height ,  t h i s  
thermal iza t ion  occurs i n  the immediate v i c i n i t y  of t h e  po in t  
where t h e  e l e c t r o n  w a s  e j ec t ed  from i ts  parent  atom ( local  
h e a t i n g ) .  Only p a r t  of t h e  energy of t h e  photo-electron ap- 
pears  as hea t  of t h e  electron gas,  t h e  remainder being used 
iri i i i e las t iz  z z l L k i w ~ ,  the proc2i~ct-c: of which do not  y i e l d  

t h e i r  i n t e r n a l  energy i n  the region or a t  t he  moment of in- 
terest. 
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The form of the  heat ing funct ion,  Q ( z )  , i . e . ,  the amount 

of hea t  released per u n i t  t i m e  per  u n i t  volume, has been 
worked out by seve ra l  of the authors  mentioned i n  t h e  in t ro -  
duction, e spec ia l ly  by Geisler and Bowhill [1965] who in- 

cluded the "non l o c a l  heat ing."  
I n  t h e  present  work t h e  Geisler and Bowhill production 

funct ion has been adopted, with a modif icat ion t o  include 
the influence of the  s o l a r  z e n i t h a l  angle.  S t r i c t l y  speak- 

ing, t he  i s o t r o p i c  p i t c h  angle d i s t r i b u t i o n  of t he  e j e c t e d  
photo-electrons,  used i n  the model above, should be replaced 
by the more complex expression given by Mariani [1965] due 
t o  the  assymetry between the  magnetic f i e l d  and t h e  d i r e c t i o n  
of t h e  s o l a r  rad ia t ion ,  t h a t  e x i s t s  a t  dawn. This would 
a l t e r  somewhat the value of t h e  production funct ion a t  high 
a l t i t u d e s ,  bu t  would have only a small  e f f e c t  on t h e  e l e c t r o n  
temperature p r o f i l e .  The s o l a r  z e n i t h a l  angle was in t ro -  
duced by applying the  Chapman func t ion  co r rec t ion  t o  t h e  
Chapman -@-like d i s t r i b u t i o n  of h e a t  input  below 300 km. 

Thus 
z - z  

- Ch(X)e- m z - z  
H Q ( z )  = Qm exp (1 - 

where Q m  is t h e  value of Q a t  t he  peak of h e a t  production 
for overhead sun, which occurs a t  zm; 

H is the scale he ight  of atomic oxygen; 
x is the  s o l a r  zen i tha l  angle;  and 
C h ( X )  is  the  Chapman func t ion ,  

The adopted values of zm and H w e r e  r e spec t ive ly  
180 km and 53 km. 
meter per second f o r  the s o l a r  minimum condi t ions and was 
sca led  up i n  proport ion t o  t h e  increase  i n  10 .7  c m  s o l a r  
f lux ,  for  other per iods.  

Q m  w a s  taken as 7000 ev per  cubic c e n t i -  
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For a l t i t u d e s  above 300 km, the  formula below w a s  used. 

where M2 3 exp [ - ( 2  - 300) / 2H 1 

These expressions w e r e  taken d i r e c t l y  from the  Geisler 

Qo is the  value of Q determined from t h e  Chapman for -  

Figure 2 shows t h e  shape of  t he  production funct ion a t  

and Bowhiii work mentioned. 

mula appl icable  t o  he ights  below 300 km. 

s o l a r  minimum, f o r  t w o  d i f f e r e n t  values of  x . 

HEAT INPUT (electron volts cm-'sec-') 

F I G .  2 .  SOLAR-CYCLE-MINIMUM HEAT I N P U T  TO THE ELECTRON GAS 
(AFTER GEISLER AND BOWHILL [1965]). A Chapman func t ion  
dependence on the  solar zen i tha l  angle, x , w a s  i n t ro -  
duced. I s o t r o p i c  e j e c t i o n  of f a s t  e l e c t r o n s  is assumed. 
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Ions and neu t r a l s  a c t  as coolants  of t h e  e l e c t r o n  gas 
during the day and, if no o ther  source is  present ,  as h e a t  
sources,  a t  n ight .  The hea t  exchange mechanism i s  very c o m -  
p l i ca t ed  and an  exce l l en t  treatment of t h i s  problem can be 

found i n  Dalgarno, e t  a l ,  [1963]. A good summary descr ip-  
t i o n  of the  phenomenon can a l s o  be found i n  G e i s l e r  and 
Bowhill [1965] so t h a t  it i s  unnecessary t o  repea t  i t  here .  

The ca l cu la t ion  of t he  thermal response of t he  atmos- 
phe r i c  e lec t ron  gas t o  the  e f f e c t  of t h e  r i s i n g  sun involves 
t h e  so lu t ion  of t he  t i m e  dependent h e a t  flow equation con- 
t a in ing  terms represent ing the  cooling of t h e  gas through 
hea t  coupling t o  o the r  p a r t i c l e  spec ie s  and through t h e  con- 
duction i n  t he  e l e c t r o n  gas i t s e l f .  The equation is  a non- 
l i n e a r ,  parabol ic  p a r t i a l  d i f f e r e n t i a l  equation of second 
order i n  t he  space dimension. Since no ho r i zon ta l  v a r i a t i o n s  
i n  temperature are considered, only one s i n g l e  space dimen- 
sion--height--is considered. The s o l u t i o n  of t h e  equat ion 
requi res  the  choice of one i n i t i a l  and two boundary condi- 
t ions. 

The i n i t i a l  condi t ion i s  the  temperature p r o f i l e  t h a t  
e x i s t s  a t  t he  end of t he  n ight  j u s t  p r i o r  t o  the  f i r s t  heat-  
ing due t o  the  s o l a r  euv. The l a rge  thermal sluggishness 
of t he  neu t r a l  atmosphere and t h e  ex is tence  of a nighttime 
heat ing source i n  t h e  Harr i s  and Priester model, a r e  respon- 
s ible  for  t he  ex is tence  of s t e e p  temperature height-gradients  
even i n  t h e  predawn period. I f  it is  assumed t h a t  t h e r e  are 
no sources capable of heat ing the  e l e c t r o n  gas i n  t h e  absence 
of t h e  sun, then due t o  t h e  small  hea t  capaci ty  of t h i s  gas 
compared t o  the  rest  of t h e  atmosphere, t h e  e l e c t r o n  tempera- 
t u r e  w i l l  f a l l  quickly t o  t h a t  of t he  neu t r a l s .  The ex is tence  
of t h e  s teep  gradien ts  mentioned w i l l  cause considerable h e a t  
flow downward. Under the  assumption above, t h i s  hea t  must  

come from the  neu t r a l s  by d i r e c t  coupling and t h i s ,  i n  tu rn ,  
requi res  t h a t  t h e  e l ec t rons  become cooler  than the  neu t r a l s .  
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The temperature L f f e r e n c e  w fl depend inverse ly  on t h e  
e f f i c i e n c y  of t h e  h e a t  t r a n s f e r  mechanism which w i l l  grow 
wi th  the increasing ra t io  of neu t r a l  t o  e l e c t r o n  concentra- 
t i on ,  i .e. , with  diminishing heights.  

One boundary condi t ion chosen is that  the e l e c t r o n  t e m -  
pe ra tu re  is always equal  to t h a t  of t h e  n e u t r a l  gases a t  120 
km. This is admittedly a r b i t r a r y  because no accura te  simul- 
taneous measurements of the t w o  temperatures involved are 
ava i l ab le .  The f a i r l y  high neu t r a l  dens i ty  seems t o  j u s t i f y  
i n  part  t h i s  assumption. 

There is a choice of t h e  type of upper boundary condi t ion 
t h a t  can be used: one can s t i p u l a t e  a given temperature, a 
given temperature g rad ien t  or a given h e a t  f lux ,  depending 
on the phys ica l  s i t u a t i o n  being inves t iga ted .  

B. THE TIME-DEPENDENT HEAT FLOW EQUATION 

Consider a u n i t  volume cell of a gas cons i s t ing  of a 
mixture of var ious species of particles. Consider i n  par- 
t i c u l a r  t h e  thermal behavior of species "1" when h e a t  energy 
input  t o  the gas is e n t i r e l y  by way of t h i s  species. 
argued previously,  t h i s  is the  case of the higher  atmosphere 
where, as a good first approximation, a l l  t h e  h e a t  input  is 
v i a  the e l ec t ron  gas.  
volume per u n i t  t i m e  be designated by Q , measured i n  elec- 
t r o n  v o l t s  per c m  per  second. 

If t h e r e  w e r e  no mechanism for heat loss, species "1" 

As 

L e t  the  hea t  energy input  per u n i t  

3 

would show a steady raise i n  temperature given by 

dTl C 1 z  = Q  

where C1 

per degree Kelvin per cubic centimeter.  
of freedom there is  associated ai-i eiiergy of L m  2"' 
t h a t ,  for e l ec t rons  w h i c h  have only the t h r e e  ( t r a n s l a t i o n a l )  
degrees of freedom, C = +n, where n is  the concentrat ion 

is  t h e  heat capacity of gas "l", i n  e l e c t r o n  v o l t s  

Since t o  each degree 
it fellews 

3 
2 
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L .  

(number of p a r t i c l e s  per  cubic cent imeter)  and k is  Boltz- 
mann's constant.  Both Q and C may be t i m e  dependent, 
and, i n  t he  atmosphere a r e  c e r t a i n l y  he ight  dependent. 

Species "1" ins ide  the  c e l l  w i l l  exchange p a r t  of i t s  
thermal energy with the  surroundings by two processes.  

1. H e a t  Transfer 

A s  soon a s  t h e  temperature of spec ies  "1" exceeds 
t h a t  of t he  res t  of t he  gas,  some of i t s  energy w i l l  be com- 
municated t o  the  o ther  spec ies .  The amount of hea t  energy 
loss per u n i t  volume w i l l ,  c l e a r l y ,  be propor t iona l  t o  t h e  
temperature d i f fe rence  between spec ies  "1" and spec ies  "i" 
and t o  the concentration of the  l a t t e r .  

L e t  L be the  energy l o s t  per  u n i t  t i m e  per  u n i t  
volume by species  "1" through t h i s  process 

L = A (T1 - Ti) ni 

where A i s  a parameter which depends on the  temperature 
and on the species  involved and which w i l l  be examined more 
c lose ly  f u r t h e r  on. The t o t a l  hea t  energy t r ans fe r r ed ,  per 
u n i t  time and u n i t  volume, from gas 1 t o  the  remaining 
gases i n  t h e  mixture i s  t h e  sum of the  values of L , repre- 
sented here by the  symbol CL . 

The coolant gases,  by removing h e a t  from the  elec- 
t rons ,  will themselves hea t  up. Due t o  the  l a r g e  hea t  ca- 
pac i ty  of t h e  neu t r a l s ,  they w i l l  respond only slowly, 
showing a small r a t e  of temperature increase .  To compute 
the  behavior of a s impl i f i ed  ionosphere model t h e  temperature 
of t h e  neutralscan be taken, a s  a f i r s t  approximation as  
constant--if  t he  time span during which the  e l e c t r o n  tempera- 
t u r e  i s  being examined is s u f f i c i e n t l y  short--or else the  
temperature changes of neu t r a l s  can be programmed t o  follow 
the  H a r r i s  and Priester model. 

The temperature of t he  ions a t  low a l t i t u d e s ,  say 
below some 500 km, i s  c lose  t o  t h a t  of t he  neu t r a l s  due t o  
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the good inter-species coupling. At higher altitudes the 
electron-ion coupling begins to be more and more important 
until, in the neighborhood of 1000 km, it is the dominant 
factor in heat removal by the cooling fluid. Since the rate 
of heat transfer from the ions to the neutral gas can be 
mathematically described, the ion temperature can be computed 
from the available data by balancing heat input to the ion 
gas from the electron gas and heat output from the ion gas 
to the neutral atmosphere. It should be noted that heat 
conduction by ions is not important because the condcctivity 
is proportional to the inverse of the square root of the mass 
of the charged particle. Hence the predominant ion gas, O+, 

has a conductivity almost 200 timeslower than that of the 
electron gas. 

In the present work the ion temperature is handled 
in the somewhat arbitrary fashion described in the last sec- 
tion of this chapter. The inclusion of the exact ion tem- 
perature would require the solution of a pair of simxltaneous 
differential equations at each height step, while the simpli- 
fying assumption adopted, reduced this to the solution of a 
single equation at each step. The resulting errors are small, 
especially in view of the fact that at high altitudes electron 
temperature is mainly determined by the conductivity of the 
electron gas and not greatly influenced by inter-species heat 
exchanges. 

2. Conduction 

If the temperature throughout the gas is not uniform, 
then heat will flow from the hotter to the cooler point. The 
heat flux density will be proportional to the temperature 
gradient and to the heat conductivity, h . In one dimension 

3Ti heat flux density = A - electron volts sec -1 
aZ 
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I f  t h e  g rad ien t  i s  uniform, j u s t  as much h e a t  flows 
i n  as out of t he  cel l ,  and no energy is  depos i ted  i n  it. The 
energy change i n  t h e  c e l l  i s  

Te 

l o 2  
l o 3  
l o 4  

- -  - a aT1 
Qcond. a z  

Elec t ron  Concentration 

l o o  l o 3  l o6  
16.3 1 2 . 8  9 .4  
19.7 16.3 1 2 . 8  

23.2 19.7 16.3 

T h e  conduct iv i ty  h i s  a func t ion  of T1 and, 
therefore ,  of z , For n e u t r a l s  h a T 'I2 b u t  for  elec- 
t rons  the dependence is  much s t ronge r ,  as 
value of B w i l l  be der ived i n  t h e  next  s e c t i o n .  

h = BT512. The 

Taking both h e a t  exchange mechanisms i n t o  account, 
one obta ins  a t i m e  dependent h e a t  flow equat ion which, f o r  
t h e  e lectron gas, is  

5/2 aTe r) + Q - CL ] 1 a [ B ('e 
- - -  aTe - 
a t  'e 

C. NUMERICAL VALUE OF VARIOUS PARAMETERS 

I n  the  preceding sec t ion ,  t h e  thermal conduct iv i ty  of  
the electron gas w a s  assumed t o  be 

the  value of B w e  r e f e r  t o  S p i t z e r  f19623 who s t a t e s  t ha t  
t h i s  conductivity,  i n  a Lorentz gas,  i s  

h = BT512. To determine 

- 5/2 
cal  'I' . -12 e 

1nA sec deg c m  = 1.95 x 10 hL 

The value of 1nA is  a s l o w  func t ion  of Te and of t h e  
electron concentrat ion.  The table below is 

TABLE 1. VALUES OF Inn 
r I 

S EL- 6 5 - 109 - 24 - 

t aksn  from Sp i t ze r .  



Since Te i n  t h e  ionosphere is of t h e  order  of 1000° K 
is between 10 3 and 10 6 e l ec t rons  c~n-~ ,  a reasonable and Ne 

va lue  of 1nA is 15. Thus 

-13 5/2 
Te hL = 1.3 x 10 

The r a t i o  of t h e  conduct iv i t ies  of an  actual gas t o  t h a t  
of a Lorentz gas i s ,  for electrons, 0.225, hence 

-14 5/2 ca 1 
Te sec deg c m  A = 2.9 x 10 

or 
h = 7.7 x 10 5 Te 5/2 e.v. 

sec deg m 

whence 
5 B = 7.7 x 10 

e.v. 
sec deg 7’2 c m  

The values  of t h e  various constants ,  a l l  designated A, 
r e l a t i n g  h e a t  loss t o  t h e  coolant gases t o  t h e  product of 
coolan t  concentrat ion and temperature d i f fe rence ,  have been 
amply discussed by Hanson, Dalgarno, and by G e i s l e r  and 
B o w h i l l .  

Hanson and Johnson (19611 ca l cu la t ed  t h e  value f o r  A 
for  t h e  e l e c t r o n  gas t o  oxygen-ion coupling and found 

L e 
3/2 

A =  
268 Te 

where Te is  t h e  e l e c t r o n  temperature and Ce is t h e  hea t  
capac i ty  of t h e  gas i n  e l ec t ron  v o l t s  per cubic centimeter 
per degree Kelvin. 

For losses t o  molecular oxygen, Hanson (19623 f inds  

A = 4.0 X 10 -14 Te - 8.0 X 10 - 12  

For losses t o  molecular nitrogen, G e i s l e r  and Bowhill 
[1965] adopt t h e  formula below ex t r ac t ed  f r o m  Dalgarno, e t  a l ,  
119631 and from Dalgarno and Moffett  119621 : 
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-15 
T N l  

-16 T + L1.2 x 10 - 5.6 x 10 A = 7.6 x 10 
e 

where TN is  t h e  temperature of t h e  neu t r a l s .  

D .  NUMERICAL SOLUTION OF THE TIME-DEPENDENT HEAT FLOW 
EQUATION 

The heat flow equation developed i n  Sect ion B can be 

w r i t t e n  

T5/2 
where 

u = -  
‘e 

W E -  ’ ( Q  - CL) 
‘e 

The p a r t i a l  d i f f e r e n t i a l  equat ion above can be s u b s t i -  
t u t e d  by t h e  corresponding d i f f e rence  equation 

. - 2 T i  . + Ti-l . 
Y 9 1  9 7  Ti9i+l ’ - Ti+l, 7 + - Ti . 

a t  - U i , j  

. - T i .  2 
+ wi 

, j  ) 
Ti+l, i 

Az + v  ( 
i, j 

where i i s  t h e  order  of t h e  he ight  s t ep ,  Az; 
j i s  t h e  order  of t he  t i m e  s t ep ,  A t ;  

‘i, j s tands f o r  U ( iAz , jA t )  and so on. 

is  an e x p l i c i t  funct ion of T i , j+ l  9 Here the  unknown, 

I t  is very important t o  rea l ize  t h a t  as  Az,At*O, t h e  

I f  

known parameters. 

so lu t ion  of t h e  d i f f e rence  equation does not necessa r i ly  
converge t o  t h e  so lu t ion  of t h e  d i f f e r e n t i a l  equation. 
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t h e r e  is no convergence--the values of T may osci l la te  
wi ld ly  with each t i m e  step--the equation is s a i d  t o  be g- 
stable. 

The exact condi t ion of s t a b i l i t y  is n o t  known t o  t h i s  
author ,  b u t  is, probably 

A t  1 
2 < 2  max (Ui .) 

(Az) 

wi , j  and add i t iona l  cons t r a in t s  r e l a t e d  t o  v and 
T h i s  i m p o s e s  an extremely s t r i n g e n t  r e s t r i c t i o n  on t h e  s i z e s  
of the steps Az, A t ,  i.e., the mesh s i z e s  i n  t he  z, t 
p lane  that can be used, making it i n  fact ,  impossible t o  
s o l v e  the phys ica l  problem on hand by t h e  above scheme. That 

it is so can be seen from the eva lua t ion  of the maximum t i m e  
step allowed. Consider as a n  example, the s i t u a t i o n  when 
the e l e c t r o n  concentration is as l o w  as lo4 cmm3 and the  
temperature is 1000° K. These are values t h a t  can occur 
e a s i l y ,  a t  he ights  of 1000 km. Under such condi t ions 

i, j 

5 5/2 7.7 x 10 T 

1.29 x lom4 n 
u =  

H e r e  we  expressed t h e  hea t  capaci ty  of the  e l ec t ron  gas, 
3 *n, i n  e l e c t r o n  v o l t s  and as a funct ion of the concentrat ion 2 
n . Introducing t h e  chosen values of concentrat ion and t e m -  
pera ture ,  we  ob ta in  

13 U w  2 x 10 

Even using f a i r l y  l a r g e  height steps of 20 km, the maxi- 
mum t i m e  s t e p  w i l l  be 0.1 seconds. Since t h e  t i m e  i n t e r v a l s  
of i n t e r e s t  are of t h e  order  of one hour, 40,000 i t e r a t i o n s  
would be necessary.  This is  not  only q u i t e  expensive i n  
terms of computer t i m e ,  b u t  also would c e r t a i n l y  become 
meaningless due t o  the accumulated t runca t ion  and round-off 
errors. 
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To circumvent these d i f f i c u l t i e s ,  it i s  poss ib l e  t o  use 
impl ic i t  d i f f e rence  equations,  the genera l  scheme being t h e  
expression of the space de r iva t ives  not  i n  t e r m s  of the  values 
of the dependent va r i ab le  a t  the l a s t  computed t i m e  s t e p  
alone, b u t  a l s o  ( o r  exc lus ive ly)  i n  t e r m s  of t he  values a t  
the next ( fu tu re )  s t e p .  Thus, the second d e r i v a t i v e  could 
be represented by 

where a i s  a constant.  When a = - the scheme i s  known 

as the Crank and Nicholson scheme and when a = 1 , it is 
t h e  Laasonen scheme. (See Crank and Nicholson [1947] and 
Laasonen [ 19491 .) The former leads t o  t runca t ion  error, 
e = 0 [(At)  3 + 0 [(Ax) 1 w h i l e  t h e  l a t t e r  has the d is -  

advantage of l a rge r  error, 
o ther  schemes, some with smaller errors, are poss ib le .  Since 
w e  are not interested i n  extreme p rec i s ion  and considering 
t h a t  the extension of t h e  high accuracy schemes t o  compli- 
cated non l inear  problems can lead t o  se r ious  d i f f i c u l t i e s ,  
w e  w i l l  adopt t h e  simpler Laasonen method. 

2 

2 2 

e = 0 [ ( A t ) ]  + 0  A AX)^]. Many 

W e  w i l l  f i nd  separa te ly  the  i m p l i c i t  expressions f o r  t h e  
conduction and f o r  t he  loss terms of the  hea t  f l o w  d i f f e rence  
equations corresponding t o  the  d i f f e r e n t i a l  equation below 

Q cL + a t  - ) - a t -  C a T  = - C a t  az ( T a t  C 
B a 5/2 = 
conduction t e r m  loss production 

t e r m  t e r m  
and then w i l l  so lve  t h e  complete equation. 

1. The Conduction Term 

a z  can be The conduction t e r m  a t  - a (T5'2 =) B 
c a z  

subs t i t u t ed  by a corresponding d i f f e rence  expression 
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A t  where 
I4 s 

(*z)2 

H e r e  w e  took the values of t h e  va r i ab le  T5’2 aT 
az  9 

half way between mesh poin ts .  Expandincz, w e  ob ta in  

+ Ti 5/2 
and Ti+l 

2 1 and i f  w e  approximate (T5’2) i+l 
2 

w ( 

t h e  s a m e  f o r  ( T 5 l 2 ) .  1 then t h e  conduction t e r m  becomes 
I- z 

If we eva lua te  this  term a t  s t e p  j and introduce 
it i n t o  t h e  complete d i f fe rence  equation, then w e  w i l l  en- 
counter t h e  i n s t a b i l i t y  problem mentioned previously.  
apply an i m p l i c i t  scheme a l l  T 

To 
must be evaluated a t  s tep 

j+1 and are the re fo re  unknown. For b rev i ty ,  l e t  x 
and T, = T, . - i Ti, j+l 

I IY J 
The conduction t e r m  contains the unknown xi r a i s e d  

t o  t h e  5/2 p o w e r  and t h i s  makes it impossible t o  so lve  t h e  
a l g e b r a i c  equations t o  e x p l i c i t a t e  x , because a system of 

N simultaneous equations of degree 5i (N-1)  r e s u l t s .  
For t h i s  reason it becomes e s s e n t i a l  t o  l i n e a r i z e  

t h e  t e r m  by using a t runcated Taylor series. Thus 

5/2 5/2 
2 1 = (  Ti+l 2 + Ti 1 + i+l + xi X 

( 

s j z  
1 ( 

- Ti 
1 

i+l + xi - Ti+l 
2 

5 Ti+l + Ti +z ( 2 
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and s imi l a r ly  f o r  the  o the r  f a c t o r .  Using t h i s  approximation: 

We now introduce new J symbols f o r  s i m p l i f i c a t i o n  

5/2 
Ti+l + Ti 

( 2 )  

Ti + Ti 3/2 - - 5 
2 

- - -  t i  - 4 p i  ( 

The conduction t e r m  is now 

- 2 2 + oi ( X i  - x ) + " $ X i  - x i-1 i-1 

( xi+l - X i ) ]  

( X i  - x 11 i-1 
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2 
i The presence of t h e  x terms requ i r e s  f u r t h e r  

l i n e a r i z a t i o n  and we w r i t e  
2 2 

X 2 T . x  - Ti i i i  

so t h a t  t h e  conduction term becomes 

- + Ti+ l~ i  - Ti~i+l  + Tixi] + Qi(xi - x 1 Ti+lxi+l i-1 

- T . x  - [2Tixi - Ti 2 - 2Ti,l~i,l + Ti-l 2 
1 i Ti-lxi + t i  

2 .  The Loss Term 

I n  add i t ion  t o  t h e  conduction t e r m ,  t he  expression 
f o r  t h e  t i m e  d e r i v a t i v e  of the  e l e c t r o n  temperature contains  
t h e  terms 

W ( Z , t , T )  - Q - - CL 
'e 'e 

t h e  l a t t e r ,  c a l l e d  here  t h e  "loss t e r m "  involves the  depend- 

When wr i t i ng  a d i f f e rence  equation, it is necessary t o  in-  
clude these  func t iomof  T i n  an i m p l i c i t  fashion t o  in su re  
s t a b i l i t y .  

e n t  va r i ab le ,  T , i n  a va r i e ty  of p o w e r  from T-3'2 t o  T 2 . 

Taking i n t o  account cooling by N2, 02, 0 and O +  , b u t  
neglec t ing  the  e f f e c t  of He ,  w e  can w r i t e  

- 31 - SEL-65-109 



where 

-14 r Ni 
- - (Ti - TN)L 268 T T 3 l 2  + 1.1 x 10 N ( O )  

CL - - -  
'e 

-15 
x Ti 

x TN ) N ( N 2 ) i  + ( 4  x 10 

+ ( 7 . 6  x 10 x Ti + 1 . 2  x 10 -I1 - 5 . 6  x 10 -16 

- 1 2  i j  x Ti  - 8 x 10 ) x N ( 0 2 )  -14 
i 

= - ( T i  - TN) [aiTi + B i T i  1 / 2  + YiTi + b i 3  
-3 /2  

- Ni - -  
ai - 2 6 8  

-16 - 4 x 1 0  -I4 x ~ ( 0 ~ )  + 7 . 6  x i o  N ( N ~ ) ~  'i 

-15 = (1.2 x - 5.6 x 10 T 1 N ( N 2 ) i  
& i  Ni 

- 1 2  
- 8 ~ 1 0  N ( 0 2 )  i 

and TN is the temperature of the neutrals .  Hence 
i 

+ YiTNiTi - YiTi 2 + biTNi - biTi = aiTNiTi -3 /2  

Using the implici t  scheme, a l l  Ti are  considered 
a t  a time s tep  j+l and by again writing xi T i , j + l  ; 
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and linearizing, we obtain Ti = - Titj 

- - -  CL - -  3 Ti-5/2 -1/2 - (Xi  - Ti)] - ai [Ti ‘e - aiTNi 

1 -3/2 1/2 1 -1/2 (Xi - Ti)] - 
(xi- Ti)] + PiTNi [Ti + T  i - -  

2 i  

- - - yi [Ti 2 + 2 Ti(xi-Til] + 6 T 
i Ni 

- 6i - 2 Y.T. ) xi + 
1 1  

3/2 ) + 1 + 2 ( T ~ ~ T ~ ~ / ~  + Ti -1/2 pi - 3 Ti ai -3/2 + 2 ( 5 TNiTi 

or 

- -  cL E Ai + B. xi 
1 ‘e 

and 
Q 
C i W = - + Ai + Bi X 

- 3 3  - SEL-65- 109 



3 .  The Complete Equation 
Combining t h e  conduction and t h e  loss t e r m s  wi th  a 

production t e r m ,  w e  can w r i t e  t h e  complete i m p l i c i t  d i f f e ren -  

ionospheric e lec-  ce equation descr ibing the  hea t  flow i n  t h e  
t ron  gas. 

+ 

Collect ing terms 

- 
i - c  i+l e x  + bi xi + ai x i i-1 

where 

Invoking the boundary condi t ions 

= cons tan t  - 
xo - To, j  

and 

= constant  
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. .  

There can be a choice of the type of 
adopted . ndary condition 

W e  have now a system of N-1 equations and N-1 unknowns. 

elxo+ blxl+ alxz 
e2x1+ b2x2+ aZx3 

e3x2+ b 3 Y -3 4- a3x4 

= c1 
= c2 
= c3 

..... o..................................,.... 

eN-1'EN-2 + bN-l%-l %-1% = 'N-1 

Star t ing from the b o t t o m ,  each xi can be determined 
from the knowledge of xi+l. 

5 C  x + D 1  - =1 c1 - el xo x l - - -  1 2  bl 3 + bl 

1 a - -  c1 = 
bl 

c - el xo 1 - 
bl *1 - 

2 c2 - e2 x1 a 

x 2 = - -  b2 x3 + b2 

b2% = - a2x3 + c2 - e2C1x2 - e2D1 

- z L L I  = C  x + D 2  - -  
x2 b2 + e2C1 x3 + b2 + e2C1 2 3  

I n  general 

x i = Ci Xi+l + Di 
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-a 
.I. - 

‘i - bi + eiCi,l 

ci - eiDi-l 

Di bi + eiCi-l 
- - 

I f  t h e  upper boundary condi t ion f ixed  a value for XN 
then c l e a r l y  X N - ~  can be e a s i l y  found and so on down t o  xl. 
I f  t h e  upper boundary condi t ion w a s  a zero de r iva t ive ,  then 

the  l as t  equation for x y i e l d s  a r e l a t i o n  between XN-1 and 

XN: 

but  according t o  t h i s  boundary condi t ion 

DN- 1 
XN-1 = % = 1 - cN-l 

Final ly ,  i f  t h e  upper boundary condi t ion is  a given 
upward or downward f l u x  of hea t ,  G then w e  have 

P’ 

o r  
Az G P 

XN - 5 - 1  = B xN5/2 
and 

I n  t h e  above equation a downward f l u x  of h e a t  corres- 
ponds t o  G > 0. Combining t h e  two equations 

P 
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This allows the  ca l cu la t ion  of 5 and consequently of 

y ie ld ing  the  temperature p r o f i l e  a t  t i m e  ( j + l ) A t  as a func- 
t i o n  of the  p r o f i l e  a t  the  preceding t i m e  s tep ,  j A t .  

b l e m  is thereby solved because the  first p r o f i l e  is the  given 
i n i t i a l  condi t ion.  

a r e  known, a l l  o the r  xi can be found, 

The pro- 

5-1 Since 5 and 

E. STEADY-STATE SOLUTION O F  THE HEAT FLOW EQUATION 

I n  order  t o  obta in  a p a r t i a l  check on the  accuracy of 
t he  so lu t ion  of t he  time-dependent hea t  flow equation, one 
can compare t h e  end value thus obtained with a d i r e c t l y  cal-  
cu la ted  s teady-s ta te  r e s u l t .  

1. Ana ly t i ca l  Solu t ion  
Due t o  the  complicated form of t h e  loss t e r m ,  an ana- 

l y t i c a l  s o l u t i o n  can be obtained only f o r  t h e  lossless case. 
The simple case of no production can be handled very e a s i l y .  
The s teady-s ta te  hea t  flow equation becomes 

-- dT dh + h ~ = 0  d2T 
dz dz dz 

b u t  A = B T5l2, hence 

5/2 - = -  d2T 5 T3/2 dT 2 5/2 - =  d2T 0 (dz' + T  2 
a d ( T 5 l 2 )  + T 

dz 2 2  dz dz dz 

or 
3- 2 

= o  - 
2 + 2 -  dz 
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The solution is found in Kampke 119591, number 6.51, 
and is 

T = (C1 2 + C2) 2/7  

As boundary conditions choose 

T = T  a t z = z  
0 0 

and 
T = T  a t z = z  m m 

Introducing these conditions into the equation above 

7/2 7/2 
- TO - Tm 

2 - 2  
0 m - 

7/2 - 7/2 
- 'oTm "mTo 

2 - 2  
0 m c2 - 

This analytical solution was used as a first check on 
the numerical steady-state solution described below. 

2 .  Numerical Solution 

The numerical solution of the full steady-state equa- 
tion (including production and loss )  was obtained by Geisler 
and Bowhill [1965] using the integro-differential form of the 
steady-state heat flow equation given below. 

R) 

h = dz' ( Q  - EL) 
z 

One of the boundary conditions is built-in in this 
equation, i.e., the upper boundary condition is fixed as a 
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ze ro  d e r i v a t i v e  of temperature with height .  
gene ra l  s o l u t i o n  can be obtained -- giving freedom of  the  type 
of upper boundary condi t ion adopted -- by i n t e g r a t i n g  t h e  com- 
plete d i f f e r e n t i a l  equat ion using t h e  popular eigen-value ap- 
proach descr ibed by Rishbeth and Barron [1960] i n  connection 
wi th  ionospheric d i f fus ion .  

A s l i g h t l y  more 

The d i f f e r e n t i a l  equation and its corresponding diffe- 

rence equat ion are 

i = 0 ,  1, ... N 

Solving for Ti - 

I i I 

Thus t h e  value of T a t  t h e  l e v e l  i-1 can be ca lcu la t ed  
from the  knowledge of T a t  the  t w o  l e v e l s  immediately above. 
The upper boundary condi t ion may be e i t h e r  

TN = Tm 

(where Tm is a chosen value of temperature),  or 
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The downward i n t e g r a t i o n  i s  made, i n  either case,  by 

assuming an  a r b i t r a r y  b u t  reasonable value f o r  TN-l. 

then b o t h  TN and TN - 1. 
temperature may become negative o r  it may become excessive a s  

When t h i s  happens, a r e s u l t  of the i n c o r r e c t l y  assumed T 

the computer s t a r t s  t he  i n t e g r a t i o n  again with an a l t e r e d  va- 
lue  of TNml. This is  repeated automatical ly  u n t i l  t h e  value 
of To -- t he  lower boundary condi t ion -- f a l l s  wi th in  t h e  
chosen tolerance.  The whole opera t ion  is  q u i t e  f a s t ;  a s  an 
example, using a Burroughs B-5500, it took 14 seconds t o  f i n d  
the  co r rec t  temperature p r o f i l e  when the  lower boundary w a s  

was s e t  s e t  a t  355 f 1 degrees and t h e  s t a r t i n g  value of T 

a t  1200 degrees. The computer t r i e d  out  var ious values f o r  
t h i s  l a t te r  temperature and found 1098 degrees t o  be c o r r e c t .  

One has 

A s  the i n t e g r a t i o n  proceeds, t h e  

N - 1 '  

N- 1 

Fig. 3 compares the a n a l y t i c a l  w i t h  t h e  numerical so- 
l u t i o n  for  the l o s s l e s s  case. It can be seen t h a t  w i t h  a 2 0  
k m  height s tep  the agreement is acceptable  and w i t h  a 5 k m  

height  step it  i s  exce l l en t .  

F. RESULTS 

Before examining t h e  r e s u l t s  of t h e  t h e o r e t i c a l  s tudy 
presented here ,  t he  l i m i t a t i o n s  of t h e  models used and t h e  
bas i c  assumptions employed should be reviewed. 

The boundary conditions were 
a ,  A t  120  km the  e l e c t r o n  and n e u t r a l  temperatures 

a r e  equal, i . e . ,  pe r f ec t  thermal contac t  between plasma and 
the rest of t h e  atmosphere is  assumed. 

b. A t  1000 km the  e l e c t r o n  temperature is  he ight  i n -  
dependent. T h i s  i s  equivalent  t o  saying tha t  no appreciable  
hea t  sources e x i s t  a t  t h a t  he ight .  The production function, 
Q ,  a t  1000 km is ,  i n  f a c t ,  four orders of magnitude lower 
than a t  the x = 0 production peak and makes, therefore ,  an 
in s ign i f i can t  cont r ibu t ion  t o  the  l o c a l  hea t ing .  Neutrals  
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, 

ANALYTICAL SOLUTIO 
NUMERICAL SOLUTION 

NUMERICAL SOLUTION 

TEMPERATURE (dag) 

FIG. 3. COMPARISON OF THE SOLUTIONS OF THE STEADY-STATE: HEAT 
CONDUCTION EQUATION (NO PRODUCTION, NO. LOSSES). The nume- 
rical solution with height steps of 5 km is practically in- 
distinguishable from the exact analytical solution. Height 
steps of 20 km cause a slight loss of accuracy. 
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e x i s t  a t  these  heights  i n  concentrat ions t h a t  a r e  many orders  
of magnitude below t h a t  around 200 km, and have consequently 
a negl ig ib le  cooling ac t ion .  H e a t  conduction t o  o r  from t h e  
protonosphere would r e s u l t  i n  a temperature g rad ien t  d i f f e -  

r e n t  from zero b u t  t h i s  e f fec t  is  not  understood w e l l  enough 
t o  be included i n  t h i s  ana lys i s ,  however one nighttime tempe- 
r a t u r e  p r o f i l e  (F ig .  6a) was ca l cu la t ed  using a s  an upper 
boundary condi t ion a f ixed  downward h e a t  f l u x  from the  proto- 
nosphere. 

and Bowhill [1965] modified t o  include a Chapman funct ion de- 
pendence on t h e  s o l a r  zen i tha l  angle.  The value of t h e  hea t  
funct ion was made proport ional  t o  t h e  10 .7  c m  s o l a r  f l u x  t o  
accomodate s o l a r  cycle va r i a t ions .  The "non-local" hea t ing  
e f f e c t  depends on the  choice of p i t c h  angle d i s t r i b u t i o n  of 
t he  e j ec t ed  photo-electrons; t he  i s o t r o p i c  d i s t r i b u t i o n  used 
by Geis ler  and Bowhill w a s  maintained i n  s p i t e  of t h e  l a rge  
angle between s o l a r  d i r e c t i o n  and t h e  magnetic f i e l d .  The 
u s e  of t h e  co r rec t  d i s t r i b u t i o n  given by Mariani [1964] has 
probably only a second order  e f f e c t  on the  f i n a l  e l e c t r o n  
temperature.  

with time a t  the  r a t e  of - 3 . 2 ~ 1 0 - ~  degrees sec . 

The heat: input  funct ion adopted was t h a t  of G e i s l e r  

The s o l a r  zen i tha l  angle w a s  assumed t o  vary l i n e a r l y  
-1 

T o  ob ta in  t h e  concentrat ion of t h e  n e u t r a l  spec ies ,  
t he  temperatures f o r  each height  s t e p  obtained from the  H a r -  

r i s  and P r i e s t e r  [1962] model and t h e  reference concent ra t i -  
ons a t  1 2 0  km were read by t h e  computer and from these  da t a  
t h e  height-dependent concentrat ion f o r  N2,  O2 and 0 were ca l -  
cu la ted  using a d i f f u s i v e  equi l ibr ium formula. The ex is tence  
of H and H e  was ignored. All ca lcu la t ions  were made assuming 
t h a t  the n e u t r a l  temperature d i d  not  change with t i m e .  

Ion temperatures,  as  explained before,  w e r e  not calcu- 
l a t e d  d i r e c t l y  because t h i s  would slow down t h e  computer by 
a t  least  one order  of magnitude. An es t imate  of ion tempera- 
t u r e  was obtained by taking Ti = T i n  a l l  a l t i t u d e s  below n 
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500 km, Ti = T 

l a t i n g  between these  values i n  t h e  range between 500 and 800 

km. The s teady-s ta te  ion  temperature d i s t r i b u t i o n  lends some 
support  t o  t h i s  scheme. 

a t  a l l  a l t i t u d e s  above 800 km and by interpo-  e 

The t r a n s i e n t  thermal behavior of t h e  e l e c t r o n  gas de- 
pends c r i t i c a l l y  on i t s  heat capaci ty  and hence, on t h e  elec- 
t r o n  concentrat ion p r o f i l e .  The models chosen here  are neces- 
s a r i l y  a r b i t r a r y  and t h i s  may'be the main soufce of any dia-  
crepancy between t h e o r e t i c a l  and observed r e s u l t s .  The s teady  
s t a t e  nighttime concentrat ion p r o f i l e s  used a t  t h e  begining 
of each i n t e g r a t i o n  have t h e  general  shape of a Chapman-cr. 
l aye r  modified both on t h e  b o t t o m  and on the top. A t  t he  
b o t t o m  t h e  Chapman l aye r  would give an u n r e a l i s t i c a l l y  low 
e l e c t r o n  concentration, so the d i s t r i b u t i o n  between 120 and 
160 k m  w a s  a l t e r e d  t o  y i e l d  a concentrat ion of 1000 e l ec t rons  
c m  a t  t h e  lower he igh t  and a l i n e a r l y  increas ing  concentra- 
t i o n  up t o  160 km where t h e  Chapman d i s t r i b u t i o n  t akes  over. 
From a chosen he igh t  (600 km i n  m o s t  cases) d i f f u s i v e  e q u i l i -  
brium d i s t r i b u t i o n  of hydrogen ions starts. The peak he ight  
of the Chapman l aye r  w a s  t a k e n  as 250 km. The scale he ight  
used w a s  va r i ab le  depending on the average ion-electron t e m -  
p e r a t u r e  a t  each a l t i t u d e .  

-3 

EGO radio-propagation measurements have shown tha t  

f i r s t  no t iceable  increase  of columnar e l e c t r o n  content  i n  t h e  
early morning, occurs a t  a s o l a r  z e n i t h a l  angle of about 95 
degrees.  From t h a t  moment on, on many days, both t h e  content  
and t h e  value of t h e  electron concentrat ion a t  t h e  F2 peak, 
as seen  by ground-based ionosondes, may be approximated by a 
l i n e a r  increase  with t i m e .  On o t h e r  days the  behavior is  
q u i t e  d i f f e r e n t  and much more complicated and is  considered 
"anomalous" as far as t h e  present  i n v e s t i g a t i o n  is concerned. 

For the  models used, the e l e c t r o n  concentrat ion a t  t h e  
F2 peak w a s  taken as constant  w h i l e  the s o l a r  z e n i t n a l  angle 
exceeded 95 degrees. A t  smaller angles,  t h e  concentrat ion 
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was made t o  increase l i n e a r l y  wi th  t i m e .  To be able t o  choose 
representa t ive  values of the i n i t i a l  concentrat ion and i t s  

r a t e  of increase,  ionosonde data ,  recorded a t  Washington, 
D.C. ,  and published by the CRPL, w e r e  examined. The per iod 
from mid-1953 t o  the  begining of 1959 w a s  chosen because it 
covers b o t h  sunspot minimum and maximum condi t ions ,  Fig.  4 
shows the average monthly value of t h e  Fa-peak e l e c t r o n  con- 

FIG, 4, THE MONTHLY AVERAGE O F  THE PREDAWN F2-PEAK 
ELECTRON CONCENTRATION AT WASHINGTON, D.  C.  

c en t r a t ion  j u s t  p r i o r  t o  the  f i r s t  s u n r i s e  e f f e c t .  I t  can be 

seen  t h a t ,  if Washington, D.C . ,  i s  considered a s  representa- 
t i v e  of mid-lati tude condi t ions,  then  a t  t hese  l a t i t u d e s  t h e  
predawn concentrations are s m a l l  a t  t h e  s o l a r  cycle  minimum 
and exh ib i t  a 2 : l  seasonal  v a r i a t i o n .  A t  s o l a r  maximum t h i s  
seasonal  v a r i a t i o n  seems l a rge ly  t o  disappear,  while the con- 
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FIG. 5. STRONG SEASONAL AND SOLAR CYCLE INFLUENCE I S  
EVIDENT I N  THE RATE O F  F2-PEAK ELECTRON CONCENTRA- 
TION BUILDUP, JUST AFTER DAWN. 

c e n t r a t i o n s  are much g rea t e r .  Fig.  5 ind ica t e s  t h e  very 
s t rong  s o l a r  cycle  and seasonal dependence of t h e  rate of 
concentrat ion buildup near s u n r i s e .  The seasonal  e f f e c t  is 
c l e a r l y  r e l a t e d  t o  t h e  "winter anomaly". Since t h e  midlat i -  
tude value of NmaxF2 a t  n ight  does not  show much of a sea- 
sona l  v a r i a t i o n  w h i l e  t h e  midday value is much l a r g e r  i n  win- 
ter  than  i n  summer, it follows t h a t  t h e  winter  e l e c t r o n  con- 
c e n t r a t i o n  increase rate must be much l a r g e r  than t h e  summer 
one. 

Based on an  inspec t ion  of t h e  f igu res  mentioned above, 
four  models w e r e  selected as ind ica ted  i n  Table 2 .  

The i n i t i a l  temperatures prior t o  t h e  impingement of 
t h e  f irst  s o l a r  rays  w e r e  obtained by introducing an arbitra- 
r y  i n i t i a l  d i s t r i b u t i o n ,  s e t t i n g  Q = 0 and allowing t h e  com-  
pu te r  t o  c a l c u l a t e  the temperatures long enough, so t h a t  a 
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TABLE 2. PROPERTIES OF THE IONOSPHERE MODELS I N  THE EXAMPLES 

0.4 
0.8 

3.0 
3.0 

Predawn Rate o f  
E l e c t r .  Conc. Conc. I n c r .  
(F2 maximum (F2 maximum 
EI cm-3x10- 1 

13 
45 

25 
180 

Sunspot M i n i m u m  

Summer 
Winter 

Sunspot Maximum 

Summer 
W i n t e r  

s teady-state  p r o f i l e  was obtained. Due t o  t h e  s m a l l  hea t  ca- 
pac i ty  of the  nighttime e l e c t r o n  gas,  it takes less than 2 0  

minutes of real  t i m e  f o r  t h e  temperature p r o f i l e ,  assumed 
i n i t i a l l y  t o  be equal t o  t h a t  of the n e u t r a l  gases,  t o  reach 
i t s  f i n a l  value.  Since the  t y p i c a l  t i m e  s t e p  used i n  t h e  
computation w a s  one hundred seconds, the t o t a l  of 12 s t e p s  
allowed before the  sun was "turned on" w a s  more than ample. 

One immediate conclusion i s  t h a t  f o r  t h e  models with 
no nighttime h e a t  source t h e  e l e c t r o n  temperature must be 
lower than that  of t h e  neu t r a l s  as it w a s  explained i n  sec- 
t i o n  B of t h i s  Chapter. Geisler and Bowhill had a r r i v e d  a t  
t h i s  r e s u l t  previously,  Fig.  6 compares t h e  temperature pro- 
f i l e s  of neu t r a l s  and e l ec t rons  f o r  t w o  d i f f e r e n t  phases of 

t h e  s o l a r  cycle,  when no nocturnal  hea t  source for the  e lec-  
t rons  i s  assumed. The temperature is, however, very s e n s i -  
t i v e  t o  t h e  presence of s m a l l  nightt ime sources.  

taneous measurements of n e u t r a l  and e l e c t r o n  temperatures a t  
night ,  but published values of e lectron-to- ion temperature 
r a t i o s  a re  ava i l ab le  and these  appear t o  be always equal o r  
l a r g e r  than uni ty .  (See Evans and Loewenthal [1964].)  S ince  

To t h e  knowledge of t h i s  author t h e r e  e x i s t  no s i m u l -  
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it would be d i f f i c u l t  t o  imagine a s i t u a t i o n  i n  which elec- 
t rons  a re  colder  than neu t r a l s  w h i l e  ions  are h o t t e r ,  one 
must conclude t h a t  there i s  a nocturnal  source of energy t h a t  
s e l e c t i v e l y  hea t s  the electrons. Such s e l e c t i v i t y  seems t o  
exclude the  e f fec t  of hydromagnetic waves assoc ia ted  with 
geomagnetic dis turbances.  E l e c t r i c  f i e l d s  cannot be ru l ed  
ou t  as a cause of the phenomenon, b u t  t h e  m o s t  p l aus ib l e  ex- 
planat ion i s  the  heat ing through downward conduction of t h e  
thermal energy s to red  i n  the  protonosphere as suggested by 
Geisler and Bowhill. They estimated t h a t ,  a t  midlat i tudes,  
a downward f l u x  of hea t  from the  protonosphere of the  order  
of lo8 e v  c m  sec can be maintained throughout the n ight .  
Such a heat  f l u x  w i l l  g r e a t l y  a l t e r  the temperature p r o f i l e  
a s  can be seen i n  Fig. 6a. It is  i n t e r e s t i n g ,  however, t o  
observe t h a t  a t  lower a l t i t u d e s ,  a s  previously pointed ou t  
by Geis ler  and Bowhill, the  e l e c t r o n  temperature is  s l i g h t l y  
lower than t h a t  of the  neu t r a l s .  

-2 -1 

Before turn ing  our a t t e n t i o n  t o  t h e  e a r l y  morning 
effects ,  i t  should be remembered t h a t ,  j u s t  a s  it has,  so 
far ,  been impossible t o  produce a comprehensive theory ca- 
pable of pred ic t ing  o r  explaining the d e t a i l e d  behavior of 
t h e  e l ec t ron  concentration i n  t h e  F-layer,  so a l s o  one cannot, 
a t  t h i s  stage, hope t o  take  i n t o  account a l l  t h e  complexly 
i n t e r r e l a t e d  f a c t o r s  and produce a theory t h a t  goes beyond 
a f i r s t  approximation of t he  t i m e  v a r i a t i o n  of the ionospheric 
thermal s t r u c t u r e ,  Thus, t h e  r e s u l t s  presented here  give 
but  a very general  p i c t u r e  of what happens t o  the  e l e c t r o n  
temperature when t h e  sun rises. The changes i n  temperature 
depend c r i t i c a l l y  on t h e  e l ec t ron  concentrat ion,  the d i s t r i -  
but ion of which depends again on t h e  temperature.  I n  t he  
present  ana lys i s  p a r t  of t h i s  i n t e r a c t i o n  i s  included: t h e  
scale height of t h e  ion iza t ion  is  made dependent on t h e  cal- 
cu la ted  temperature. The concentrat ion a t  t he  peak of t he  
layer  i s ,  however, made t o  vary i n  a prescr ibed  manner ins tead  

SEL-65-109 - 48 - 



of allowing production, l o s ses  and d i f f u s i o n  t o  determine 
the whole profile. This l a t t e r  course of a c t i o n  would be 

extremely d i f f i c u l t ,  and would involve many areas t h a t  are 
as y e t  i n s u f f i c i e n t l y  known. 

Figure 7 s h o w s  t h e  thermal h i s t o r y  of t h e  e l e c t r o n  
gas a t  d i f f e r e n t  he ights  and for  d i f f e r e n t  combinations of  
i n i t i a l  peak concentration, concentration b u i l d  up rate and 
solar cycle phase. It is immediately obvious from t h e  in- 
spec t ion  of these f i g u r e s  t h a t  f requent ly  a peak i n  tempera- 
t u r e  is  reached, sometime a f t e r  sun r i se  bu t  much before  the 
production reaches i ts  maximum. This peak is  t h e  r e s u l t  of 
the competing inf luence of increasing hea t  production and 
increas ing  hea t  capaci ty  of the e l e c t r o n  gas due t o  t h e  grow- 
ing  concentrat ion.  

Experimental d i u r n a l  curves of e l e c t r o n  temperature 
are not  abundant, b u t  those t h a t  are a v a i l a b l e  tend t o  con- 
f i r m  t h e  ex is tence  of t h i s  morning peak. See Figs.  8 through 
11. These experimental curves are obtained e i t h e r  by inco- 
he ren t  back-scatter radar  o r  by direct  measurements by means 
of plasma probes mounted on s a t e l l i t e s .  The former technique 
is l imi t ed  i n  t h e  maximum height  of observat ion by t h e  power 
a v a i l a b l e  and, i n  t i m e  reso lu t ion ,  by t h e  long i n t e g r a t i o n  
t i m e  necessary. It a l s o  depends on assumptions made regard- 
ing t h e  ion  composition of t he  atmosphere. Evans and Loewen- 
t h a l  f19641 and Evans [1965] present  r e s u l t s  from t h e  Mil ls tone 
H i l l  Radar Observatory i n  which t h e  t i m e  r e s o l u t i o n  is  1 hour 
and the maximum he igh t  observed w a s  750 km. Carlson [1965] 
shows measurements made a t  the  A r e c i b o  Ionospheric Observatory 
with t i m e  r e s o l u t i o n  ranging from 15 t o  60 minutes and maxi- 
mum he igh t  of 450 km. 

Diurnal e l e c t r o n  temperature curves der ived from 
sa te l l i t e  measurements are composite curves of many passes 
and f r o m  t h e m  it is d i f f i c u l t  t o  e l imina te  seasonal  effects 
as w e l l  as day-to-day va r i a t ions .  Measurements made a t  
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- .  

d i f f e r e n t  he ights  and places a re  also a p t  t o  be mixed to- 
ge ther .  Spencer, e t  a1 [1964] present  such curves which are 
reproduced i n  Fig. 11. 

Since the peak o w e s  its ex is tence  t o  the opposing 
e f f e c t s  of growing production and concentration, it is easy 
t o  understand why Fig. 7 shows t h a t  

a) The peak is more pronounced the higher  t h e  a l t i -  
tude observed because of t h e  smaller heat production a t  tnese 
l a r g e r  e leva t ions .  Figure 9 which w a s  sca led  from an iso- 
thermal map presented by Evans 119651 and Fig. 10 from Carlson 
[1965] confirm, a t  least  p a r t i a l l y ,  t h i s  conclusion for i t  
can  be seen t h a t  t h e  peak is small  a t  t h e  lower a l t i t u d e s .  
I n  t h e  l a t t e r  f igure ,  t h e  peak a t  t h e  h ighes t  observed a l t i -  
tude (450 km) is  not  as pronounced as a t  375 k m .  This is 
probably a r e a l  e f f e c t  associated with causes t h a t  have not  
been included i n  t h e  t h e o r e t i c a l  study. O n  t h i s  p a r t i c u l a r  
day t h e  e l ec t ron  concentration i t s e l f  showed a peak a t  around 
0800 LMT so t h a t  t h e  assumption of a l i n e a r  increase  of con- 
cen t r a t ion  wi th  t i m e ,  used i n  t h e  theory,  i s  v io la ted .  

b) The peak i s  m o r e  pronounced under conditions of 
low production ( s o l a r  cycle  minimum) or of high concentrat ion 
b u i l d  up rates (win ter ) .  There are no d i r e c t  observat ions 
of  e l e c t r o n  temperatures o ther  than i n  t h e  solar  minimum 
period of 1963 through 1965. Slab  thickness measurements 
( r a t i o  of t o t a l  columnar content t o  F2-peak concentrat ion)  
can be in t e rp re t ed  i n  terms of e l e c t r o n  gas temperature (see 
for  example, Bhonsle, da Rosa and G a r r i o t t  [1965]) and t h e  
r e s u l t s  confirm both t h e  seasonal and solar cyc le  v a r i a t i o n s  
while t h e  r e s u l t s  displayed i n  Fig.  8 support  t h e  conclu- 
s ions  about t h e  seasonal  va r i a t ions  of t h e  peak. 

A s  expected, Fig.  7 shows t h a t  t h e  temperature of 

the  e l e c t r o n  gas a t  high elevat ions starts r i s i n g  much earlier 
than a t  t h e  lower l e v e l s  where t h e  sun rays reach later i n  
t h e  morning. Car l son ' s  r e s u l t s  i n  Fig. 10 bear th i s  ou t  i n  
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p a r t ,  although the  very e a r l y  rise of temperature a t  450 km 
i s  probably due t o  i n f l u x  of h o t  e l ec t rons  from t h e  magnetic 
conjugate poin ts  as t h a t  author suggests .  

Figure 1 2  shows a sequence of temperature p r o f i l e s  

very e a r l y  i n  t h e  morning a l l  t h e  hea t ing  occurs a t  
ca lcu la ted  f o r  d i f f e r e n t  s o l a r  z e n i t h a l  angles ,  

high a l t i t u d e s  where t h e  sun i s  shining.  Due t o  t h e  low 
l o c a l  e l ec t ron  concentrat ion and t h e  r e s u l t i n g  s m a l l  h e a t  
capacity,  t h e  temperature a t  these  he ights  is  r a i s e d  con- 
s iderably  i n  s p i t e  of t he  f a c t  t h a t  t h e  t o t a l  i on iza t ion  of 
t h e  atmosphere has changed very l i t t l e .  Figure 13  i n d i c a t e s  
t he  l o w e s t  height  i l luminated a t  a given s o l a r  z e n i t h a l  angle  
and from it one can see t h a t  a t  x = 110 t h e  l e v e l s  above 
400 km are  i n  sun l i g h t ,  no t iceable  hea t ing  occurr ing there ,  
and some h e a t  being conducted t o  lower a l t i t u d e s .  

0 

A s  t he  sun c l i m b s  higher,  production grows and t h e  
production peak sinks t o  lower he ights .  The temperature 
rise may be very l a rge  i n  t h e  summer, e spec ia l ly  a t  t h e  maxi- 
mum of t h e  s o l a r  a c t i v i t y  cycle  due t o  a combination of in -  
tense  r ad ia t ion  and slow concentrat ion b u i l d  up. See Figs .  
12a and 12c .  During the  winter  t h e  f a s t  increase i n  the  
e l ec t ron  concentrat ion prevents t h e  temperature from reach- 
ing high values (F igs .  1 2 b  and 12d).  A s  f a r  as maximum 
temperatures are concerned, the  seasonal  e f f e c t  dominates 
t h e  s o l a r  cycle  va r i a t ions .  For t h e  models used, t he  higher  
hea t  capacity of t he  denser ionosphere a t  s o l a r  cycle  maxi- 
mum more than compensates t h e  increased euv f lux,  r e s u l t i n g  
i n  l o w e r  temperatures than t h a t  of corresponding season 
during s o l a r  cycle  minimum. 

I r r e spec t ive  of season o r  s o l a r  cycle  phase, t h e  
temperature p r o f i l e  shows no appreciable  "bulge" u n t i l  t he  
s o l a r  zen i tha l  angle reaches a value of between 90 t o  95 
degrees.  From t h e r e  on a pronounced maximum appears i n  m o s t  
cases a s  t h e  h e a t  re leased  near 300 km is too much t o  be 
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I I 

F I G .  13. LOWEST HEIGHT ILLUMINATED A T  A 
GIVEN SOLAR ZENITHAL ANGLE. 
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. 
disposed of l o c a l l y  or t o  be conducted downward. Another 
h e a t  sink is necessary and it  is t he  region above 300 km. 
Under these condi t ions s u b s t a n t i a l  hea t  flows both up and 
down from the  peak. I n  a more r e a l i s t i c  model i n  which the  
c o n s t r a i n t  of  zero s lope  f o r  the  temperature-vs-height curve 
a t  1000 km is  not  imposed, pa r t  of t h i s  hea t  w i l l  flow i n t o  
the  protonosphere and be stored t h e r e  f o r  eventual  release 
a t  n ight  . 
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I V .  IONOSPHERE AND EXOSPHERE 
OBSERVATIONS WITH THE EGO SATELLITE 

A.  FACTORS AFFECTING THE COLUMNAR CONTENT O F  THE IONOSPHERE 

The columnar content of t h e  ionosphere, being i n  a l a r g e  
measure determined by t h e  F-layer, r e f l e c t s  t h e  well-known 
day-to-day v a r i a b i l i t y  of t h e  l a t t e r .  The l a rge  number of 
f ac to r s ,  ranging from t h e  s o l a r  wind v e l o c i t y  t o  t h e  tropos- 
pher ic  weather, t h a t  can be p laus ib ly  l inked t o  changes i n  
columnar content,  i n t e r a c t  i n  such a complex way as t o  render 
near ly  impossible t h e  establ ishment  of a t y p i c a l  model f o r  
t h e  de t a i l ed  behavior of the ionized layers  of t he  atmosphe- 
re. The best t h a t  one can hope t o  do i s  t o  descr ibe  and -- 
when possible  -- expla in  the most f requent ly  occuring "ano- 
malies" i n  the  d iu rna l  changes of t h e  ionosphere. "Anomalies" 
a r e  here loosely def ined a s  any dev ia t ion  from the  admittedly 
s impl i f ied  p i c t u r e  of an e l e c t r o n  content  t h a t  i s  related i n  
an uncomplicated way t o  the  s o l a r  z e n i t h a l  angle ,  (Clear ly ,  
under such d e f i n i t i o n ,  t he  ex is tence  of s u b s t a n t i a l  ioniza-  
t i o n  l a t e  a t  n ight  is  a profound anomaly.) 

t i o n  of the l a t e  n ight  - e a r l y  morning behavior of t h e  colum- 
nar electron content,  it is  of i n t e r e s t  t o  examine, i n  a ge- 
n e r a l  fashion, t h e  var ious f a c t o r s  t h a t  may inf luence t h e  
F-layer . 
of t h e  production, loss and plasma t r anspor t  processes.  Sin- 
ce t h e  e l ec t ron  concentrat ion i s  much higher  i n  t h e  F-region 
than i n  any o the r  region of t he  ionosphere, t h e  columnar con- 
t e n t  of the  ionosphere is  p r i n c i p a l l y  determined by t h e  F-re- 

gion concentrations.  I n  t h i s  region the  p r i n c i p a l  production 
process is the  photoionizat ion of atomic oxygen by t h e  ava i l -  
able extreme u l t r a v i o l e t  r a d i a t i o n  from the  sun. The n i t r o -  
gen molecule, t h a t  is  a l s o  an abundant cons t i tuent ,  espec ia l -  

Although t h i s  work is  concerned mainly with a descr ip-  

The ionospheric s t r u c t u r e  is  a r e s u l t  of t h e  i n t e r p l a y  
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l y  i n  t h e  lower l e v e l s  of t h e  region under discussion,  tends 
t o  con t r ibu te  more towards t h e  h e a t  input  than  t o  t h e  obser- 
vable  ion iza t ion ,  i n  part because of t h e  r ap id  d i s s o t i a t i v e  
recombination of N2+ with an e lec t ron  and i n  p a r t  due t o  the  
r e l a t i v e l y  s h o r t  l i f e t i m e  of BO+ (as compared with O+) i n  the 
F-region. The NO+ i s  t h e  r e s u l t  of t h e  r e a c t i o n  

N2+ + 0 +NO+ + N 

t h a t ,  according t o  Ferguson et al .  [1965], is t h e  most i m p o r -  
t a n t  of  t h e  s e v e r a l  chemical reac t ions  t h a t  e l imina te  t h e  io- 
nized n i t rogen  molecule from the ionosphere. 

The amount of i o n i z a t i o n  depends not  only on t h e  energy 
f l u x  received from the  sun, b u t  a l s o  on t h e  ra t io  of molecu- 
lar  n i t rogen  t o  atomic oxygen i n  t h e  atmosphere, a ra t io  t h a t  
is a func t ion  of  t h e  turbopause he igh t  which, i n  tu rn ,  may 
depend on t ropospheric  weather. 

be r e l a t e d  t o  t h e  -- so f a r  -- highly  unpredictable  weather 
i n  t h e  lower atmosphere and t o  t h e  somewhat v a r i a b l e  euv out- 
pu t  from the  sun. Bourdeau, Chandra and Neupert (19643 pre- 
sen ted  curves of the d a i l y  average value of t h e  euv f l u x  be- 
tween 170 and 370 A measured f r o m  OS0 data ,  corresponding t o  
t h e  per iod  of March t o  May, 1962, inc lus ive .  It can be seen 
tha t  t h e  f l u x  va r i ed  between 0.35 and 0.59 e rgs  cm-* sec 
during t h i s  period. The good c o r r e l a t i o n  found between euv 
f l u x  and 10.7 c m  f l u x  values showed t h a t  the la t ter  (which 
can be observed from t h e  surface of e a r t h  i n  c o n t r a s t  with 
t h e  former that  must be measured ou t s ide  t h e  atmosphere) is  
a u s e f u l  index of t h e  euv r a d i a t i o n  i n t e n s i t y .  This is t o  be 

expected s i n c e  both are coronal r a d i a t i o n s  and may respond i n  
a s i m i l a r  way t o  changing conditions i n  t h a t  region of t he  
sun. 

The production of e l ec t rons  by photoionizat ion may thus 

-1 

N o t  t oo  much i s  known about a possible a d d i t i o n a l  source 
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of ionization in midlatitudes, such as the precipitation of 
high energy particles. This may be an important process in 
the auroral zone, but it is not clear what role it plays clo- 
ser to the equator. At any rate, such a process would seem 
to be dependent on the conditions of the outer magnetosphere 
and the solar wind and would therefore only contribute to an 
even more erratic behavior of the ionosphere, 

Just as the production processes cannot be relied upon 
to repeat themselves exactly from day to day, so also is the 
case of the losses of ionization which depend on the chemical 
composition of the atmosphere (hence on turbopause height) 
and, perhaps, on the temperature of the various constituents. 
Since the loss of ionization is a function of the concentra- 
tion of the gas that causes the attachment or recombination 
of electrons and ions, and since this concentration is a 
strong function of height, it can be easily seen that any for- 
ce that causes the ionization to move up or down can have a 
very strong influence on the loss rate. Gravity is an impor- 
tant downward force but it is certainly not time dependent. 
Diffusion being temperature dependent will have effects that 
vary from day to day. A third important force is the presen- 
ce of an electrostatic field which could dramatically change 
the loss rate by lifting or lowering the layer. Such a field, 
be it produced by dynamo action or by some other process, 
could in all probability be quite different from one day to 
the next, 

The temperature, besides being capable of influencing the 
various chemical reaction rates and altering the l o s s  process 
as explained above, will have a marked effect in determining 
the vertical distribution of ionization especially in the re- 
gions of the ionosphere where diffusion is the dominant pro- 
cess. The main heating process is the absorption of euv ra- 
diation in the atmosphere, either through photodissociation 
below some 120 km or photoionization above that level. Given 
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t h e  v a r i a b i l i t y  of t h e  euv r a d i a t i o n  f r o m  t h e  sun, it is ob- 
vious t h a t  t h e  temperature of t h e  ionosphere cannot be expec- 
t e d  t o  be t h e  same every day. I n  a d d i t i o n  t h e r e  is another  
source of thermospheric heating. Snyder, Neugebauer and Rao 
119631 have shown t h a t  a s t rong c o r r e l a t i o n  e x i s t s  between 
t h e  solar wind v e l o c i t y  and the  geomagnetic index, K Jac- 
ch ia  and Slowey j1963, 19641 measured t h e  n e u t r a l  temperatu- 
re ir,crease associated w i t h  geriiagnetic disturbances.  Evans 

[1965], by means of incoherent backsca t t e r  experiments obser- 
ved t h e  hea t ing  of t he  ionospheric plasma during magnetically 
d i s tu rbed  days. From a l l  t h e  above r e s u l t s ,  it is  clear t h a t  
t h e  temperature of t h e  ionosphere, and hence i t s  columnar 
content ,  can be influenced by t h e  solar wind ve loc i ty  which 
can exhibit l a r g e  v a r i a t i o n s  from day t o  day as the  sun ro- 
tates and t h e  source of the  plasma stream t h a t  is  a f f e c t i n g  
t h e  e a r t h  changes. 

Po 

I B. OBSERVATIONS OF THE EARLY MORNING IONOSPHERE 

Fig. 14 disp lays  columnar ionospheric  contents  during 
t h e  late n ight  and e a r l y  morning, as a funct ion of t i m e ,  ob- 
served by t h e  Doppler and t h e  Faraday techniques using s ig -  
n a l s  from t h e  radio-beacons aboard EGO. The methods by which 

t h e  r a w  data w e r e  reduced were descr ibed by da R o s a  [1965] . 
The d i f f e rence  between t h e  Doppler and t h e  Faraday contents ,  
dubbed " r e l a t i v e  exospheric columnar content ' ' ,  p l o t t e d  versus 
t h e  solar z e n i t h a l  angle, is shown i n  Fig. 15. It should be 

pointed ou t  he re  t h a t  t h e  absolute  value of t h i s  d i f f e rence  
i s  a r b i t r a r y  and that,  notwithstanding t h e  expression "exos- 
phe r i c  content",  t h e  quan t i ty  p l o t t e d  may a l s o  be a measure 
of  rearrangements i n  t h e  lower ionosphere which do not  a f f e c t  
t h e  exosphere i t s e l f ,  This point  w i l l  be discussed later. 
The contents  w e r e  computed for each 1 minute i n t e r v a l  and 
provide the re fo re  exce l l en t  t i m e  r e so lu t ion .  
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The seven runs, the  r e s u l t s  of which appear i n  the  
f igu res  above, c o n s t i t u t e  the sum t o t a l  of t h e  a v a i l a b l e  
dawn data  a t  t h e  t i m e  of t h i s  wr i t i ng .  The reasons f o r  t h i s  

scarci ty  a r e  t h e  r e l a t i v e l y  inf requent  EGO passes ( e i g h t  
days between consecutive passes a t  t h e  same l o c a l  t i m e )  and 
t h e  f a c t  t h a t  e a r l y  morning runs t h a t ,  seen from Stanford,  
had s u f f i c i e n t  e l eva t ion  t o  be usefu l ,  occurred only during 
t h e  period from beginning of January 1965 t o  t h e  end of May 
1965. I n  addi t ion,  t h e  f i r s t  s i x  weeks of t h i s  t i m e  i n t e r -  
v a l  were l o s t  owing t o  the  i n t e r m i t t e n t  power shortage t h a t  
pe r iod ica l ly  beset t h e  s a t e l l i t e  when t h e  s o l a r  paddles - sun 
angle becomes unfavorable.  
passes,  s i x  w e r e  l o s t  due t o  equipment d i f f i c u l t i e s  o r  i n a b i l -  
i t y  t o  t rack the  s a t e l l i t e  long enough t o  observe t h e  s u n r i s e ,  
The 2 4  May and 1 June runs w e r e  made a t  s m a l l  e l eva t ion  angles  
( t h e  l a s t  one  a t  less than  25O), under less favorable  condi- 

t ions.  

O f  t h e  13 remaining poss ib l e  

A s  a consequence of t h i s  s m a l l  amount of data, i t  i s  
impossible to  genera l ize  the  observat ions and draw s t a t i s t i -  
c a l l y  v a l i d  conclusions.  Nevertheless, one can, from the 

inspect ion of these data ,  note t h e  occurrence of phenomena 
not  previously reported and gain some i n s i g h t  i n t o  some of 
t h e  complex machanisms t h a t  con t ro l  t h e  dawn ionosphere. 

To be used a s  a reference,  a "sunr i se"  can be a rb i -  
t r a r i l y  defined as  t h e  s o l a r  z e n i t h a l  angle  corresponding 
t o  t h e  t i m e  determined by the  i n t e r s e c t i o n  of two s t r a i g h t  
l i n e s ,  one being t h e  ex t r apo la t ion  of t h e  nighttime content 
and t h e  o the r  t h a t  of t he  l inear  p a r t  of t h e  e a r l y  morning 
build-up, Figure 16 shows, schematically,  an idea l i zed  
dawn content-vs-time curve, d i sp lay ing  t h e  main f ea tu res  
observed and showing t h e  two s u n r i s e  t i m e s ,  one der ived from 
t h e  Doppler and the  o t h e r  from t h e  Faraday r e s u l t s .  
t w o  times, which a r e  recorded i n  Table 3,  do not  i n  general  

coincide due t o  the  e r r o r s  made i n  extending t h e  l i n e s ,  

These 
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FIG, 16. IDEALIZED REPRESENTATION OF THE EXOSPHERIC 
AND IONOSPHERIC COLUMNAR-CONTENT CIJRWS PLOTTED VS 
TIME 

e s p e c i a l l y  on days when t h e  plots are not  smooth. 
are: however, close enough, ind ica t ing  t h a t  t hese  t i m e s  r e a l l y  
coincide as expected i n  view of the neg l ig ib l e  production a t  
l e v e l s  h igh  enough t o  affect the Doppler measurements sub- 
s t a n t i a l l y  m o r e  than t h e  ones from Faraday. 

Although t h e  nighttime value of t h e  exospheric columnar 
content  i n  Fig.  16 is  represented by a steady, unchanging 
value,  t h e  number of a c t u a l  measurements i s  i n s u f f i c i e n t  t o  
p e r m i t  gene ra l i za t ion  of t h i s  behavior. On 29 March 1965 
the content  w a s  constant  throughout the la t ter  part of t h e  
night ;  on t h e  t h r e e  earlier runs a s m a l l  increase  occurred 

The means 
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during the pre-dawn period. The t h r e e  runs a f t e r  29 March 
s t a r t e d  too c lose  t o  s u n r i s e  t o  permit observat ion of the  
la te  n i g h t  exosphere. For the  moment, apparent ly  s t rong  
changes i n  exosphere content  t h a t  s e e m  t o  take  p lace  near 
the beginning of each run, should be disregarded; i n  Sec t ion  
F an explanation of these  changes w i l l  be given. When much 
more data i s  ava i lab le ,  it may w e l l  t u rn  ou t  t h a t  t h e  behav- 
i o r  of t h e  pre-dawn exosphere content  can be l inked t o  t h a t  
of t he  ionosphere, s tud ied  i n  Chapter V, and t h a t  t h e r e  
w i l l  be nights  when the  exosphere content  decreases and o the r s  
when it  increases .  

DATE SUNRISE SOLAR ZENITHAL ANGLE (deg) 
DOPPLER FARADAY 

7 FEB 94.0 93 .1  
5 MAR 93.9 95.2 

13 MAR 88.0 90.1 
29 MAR 91.9 93 .1  
14 APR 90.3 93.0 
24 MAY 95.5 93.8 

96.4 95.0 
MEAN 92.9 93.3 

- 1 JUN 

A 

Figure 16 shows a f e a t u r e  common t o  a l l  t h e  experi-  
mental curves: a t  sun r i se  the  exosphere content  becomes 

i r r e g u l a r  and o s c i l l a t i o n s  i n  i t s  value appear. These os- 
c i l l a t i o n s  have per iods of about 20 minutes and peak-to-peak 

16 -2 amplitude of 0.3 X 10 e l ec t rons  m . The 1 June run i s  

an exception having both longer period and higher  amplitude 
( 4 7  minutes and 0.5 x 10 e l ec t rons  m , r e spec t ive ly ) .  
These o s c i l l a t i o n s  s e e m  t o  be a r e a l  e f f e c t ;  e f f o r t s  t o  f ind  

16 -2 
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periodic errors i n  t h e  data reduction t h a t  could expla in  
t h e s e  f luc tua t ions  w e r e  unsuccessful. Examination of t h e  
ionospheric  content  curves of Fig. 14 shows t h a t  t h e  Doppler 
curves are, i n  general ,  smooth compared with t h e  Faraday 
ones which s e e m  t o  be responsible  f o r  t he  exosphere f luc tu-  
a t i o n s ,  i nd ica t ing  t h a t  t h e i r  cause must be rearrangements 
of  the l o w e r  ionosphere and, as such, might be detectable 
i n  ionosonde records. 'u 'nfsrtunately, the a v a i l a b l e  ionograms 
w e r e  taken a t  15-minute i n t e r v a l s  and have, thus,  inadequate 
t i m e  reso lu t ion .  

The next  f e a t u r e  of Fig. 16 i n  chronological order  is, 
c e r t a i n l y ,  the m o s t  s t r i k i n g :  a rap id  increase  i n  t h e  exo- 
sphere content  t h a t  occurs some t i m e  a f t e r  s u n r i s e  ind ica t ing  
profound rearrangements i n  the  shape of the  l aye r .  This in- 
crease is c l e a r l y  seen i n  t h e  runs depicted i n  Figs .  15a, 
15d, and 15e and, perhaps, i n  15g. The phenomenon may be a 
d a i l y ,  r egu la r  occurrence and t h e  reason t h a t  it w a s  not  
seen on t h r e e  of t h e  seven runs may be due t o  t h e  fact  t h a t  
t h e s e  runs did not  extend long enough i n t o  t h e  morning. 

Table 4 summarizes s o m e  of t he  c h a r a c t e r i s t i c s  of t h i s  
rearrangement period. 

It is c l e a r l y  impossible t o  ob ta in  reliable s ta t i s t ics  
based on only four  samples and f o r  t h i s  reason the two ob- 

s e r v a t i o n s  b e l o w  are made with considerable  r e se rva t ions  : 

rise ( x = 93O ) and t h e  incept ion of the rearrangement 
period is h ighly  va r i ab le ,  ranging f r o m  h a l f  an hour t o  w e l l  

over  two hours. It seems t h a t  t he  longer delays are asso- 
ciated w i t h  smaller changes i n  t he  exosphere content .  

a) I t  can be seen t h a t  t h e  t i m e  i n t e r v a l  between sun- 

b) The rate of content increase  may be related t o  
t h e  value of predawn e l e c t r o n  content  i n  the  ionosphere. 
Figure 17  ind ica t e s  such a trend. It w a s  shown i n  the pre- 
vious chapter  t h a t  t h e  plasma temperature 1s very s e n s i t i v e  
t o  t h e  e l e c t r o n  concentration; on the  o t h e r  hand t h e  temperature 
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may be one of t h e  f a c t o r s  that  inf luence t h e  increase rate, 
It is, therefore ,  not  unreasonable t o  expect co r re l a t ion  
between t h i s  rate and t h e  e l ec t ron  content.  
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F I G .  17 .  SCATTER DIAGRAM SHOWING A POSSIBLE 
CORRELATION BETWEEN TKE PREDAWN COLUMNAR 
CONTENT AND THE RATE O F  EXOSPHERIC CONTENT 
INCREASE. The i n s u f f i c i e n t  number of s a m -  
ples casts doubts about t h e  v a l i d i t y  of 
this corre la t ion .  
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Referring t o  Fig. 1 4  i t  can be seen  t h a t  during t h e  
rearrangement period t h e r e  is no not iceable  change i n  t h e  
smooth increase of t he  Doppler content  and t h a t  a l l  t h e  per- 
tu rba t ion  observed i n  the  exosphere content  comes from t h e  
behavior of t he  Faraday curve. 

I n  t h e  post-rearrangement per iod the  o s c i l l a t i o n s  seem 

t o  p e r s i s t  with some evidence of damping i n  the  14 Apr i l  
case.  only two runs extend f a r  enough i n t o  the  morning hours 
t o  permit an examination of t h i s  per iod  and, on one occasion, 
t he  mean value of the  exosphere content  continued growing 
slowly (Fig.  15d) while i n  t he  o the r  (Fig.  15e) t h e  value 
held steady. 

C.  POSSIBLE EXPLANATION O F  SOME OF THE OBSERVATIONS 

I n  Chapter I11 it was shown t h a t  s u b s t a n t i a l  heat ing of 
t h e  ionospheric e l ec t ron  gas can be expected a t  s o l a r  zeni-  
t h a l  a n g l e s  as high a s  110 degrees.  The observat ions de- 
sc r ibed  i n  the  present  chapter,  on t h e  o the r  hand, i nd ica t e  
t h a t  de tec tab le  production of i on iza t ion  w i l l  s t a r t  a t  a 
zen i tha l  angle of about 95O and t h e  " s u n r i s e "  was def ined 
a s  t h e  moment when x = 93 . Heating of t h e  plasma precedes,  
therefore ,  t he  beginning of no t iceable  e l e c t r o n  production 
by a considerable t i m e .  It i s  i n t e r e s t i n g  t o  inves t iga t e  
the  consequences of t h i s  s i t u a t i o n .  

0 

I f  a very simple model w e r e  adopted i n  which the  night- 
t i m e  ion iza t ion  had a Chapman-a d i s t r i b u t i o n ,  the  heat ing of 
t he  plasma would cause an increase i n  s c a l e  he ight  and ioni-  
za t ion  would flow upward with a r e s u l t i n g  reduct ion of the  
concentration a t  t he  F2-peak. A t  a c e r t a i n  he ight  above 
t h i s  peak, one would f i n d  a l e v e l  a t  which t h e  concentrat ion 
remained unchanged, i. e . ,  an isopycnic l e v e l .  

The above model i s  too simple t o  be r e a l i s t i c  s ince  the  
ion iza t ion  a t  g rea t  he ights  depar t s  markedly from t h e  Chapman-a 
d i s t r i b u t i o n .  Nevertheless,  t he  heat ing before  production must 
cause considerable changes i n  t h e  concentrat ion p r o f i l e .  
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Figure 18 d isp lays  the columnar contents of t h e  iono- 
sphere measured by t h e  two techniques described and also 
shows t h e  va lues  of NmaxF2 from ionograms obtained a t  Stanford.  
All d a t a  w e r e  taken on 1 7  February 1965. Since t h e  satel l i te  
w a s  seen a t  e leva t ion  angles of more than 70 degrees during 
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FIG. 18. DETAILED PLOT OF THE COLUMNAR-CONTENT AND 
THE F2-PEAK ELECTRON CONCENTRATION FOR THE DAWN OF 
17 FEBRUARY 1965. 

a l l  of the  t i m e  covered by the i l l u s t r a t i o n ,  t h e  d i s t ance  
between t h e  loca t ion  of t h e  ionosonde and the  subionospheric 
po in t  of t he  EGO measurements never exceeded 200 km. A l l  

d a t a  w e r e  converted t o  the  same l o c a l  t i m e .  It can be seen 
from the  f igu re  t h a t ,  when the s o l a r  zen i tha l  angle w a s  95 
degrees,  t h e  value of t he  F2-peak concentrat ion w a s  depressed 
by 20% compared with t h e  nighttime l eve l .  The columnar 
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CONTENT AND THE F2-PEAK ELECTRON CONCEN- 
TRATION FOR THE DAWN OF 14 A P R I L  1965. 

content ,  on t h e  o the r  hand, showed only a small  dip,  indi-  
ca t ing  t h a t  t h e  cause of decrease i n  t h e  peak concentrat ion 
was a reshaping of t he  layer  and not  a n  increase i n  losses .  
On t h e  other  days the  predawn d i p  i n  t h e  F2-peak concentrat ion 
i s  absent and the  mechanism described above does not s e e m  t o  
be appl icable .  

s o l a r  euv f lux ,  a s  found during high s o l a r  a c t i v i t y  periods,  
o r  a small e l ec t ron  concentration, o r  both, w i l l  r e s u l t  i n  

I n  Chapter I11 it was a l s o  shown t h a t  e i t h e r  a la rge  
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high  e l e c t r o n  gas temperatures i n  the ionosphere. I n  p a r t i m -  

lar ,  t h e  numerical examples worked ou t  i n d i c a t e  a g r e a t  
s e n s i t i v i t y  of this temperature t o  t h e  value of the concen- 
t r a t i o n ,  so t h a t  i n  view of the w e l l  known day-to-day var ia-  
t i o n  i n  the  e l e c t r o n  content  of t h e  ionosphere it is reason- 
able t o  expect a corresponding v a r i a t i o n  i n  plasma temperature. 
Rishbeth and S e t t y  [1960] proposed as an explanat ion f o r  t h e  
e i e c t r o n  content changes the  v a r i a b i l i t y  i n  the  r a t i o  of 
atomic oxygen t o  molecular ni t rogen,  Since both gases absorb 
u l t r a v i o l e t  b u t  only the former is l i k e l y  t o  generate  ob- 

se rvab le  ion iza t ion ,  it is  c l e a r  t h a t  t h e  e l e c t r o n  content  
w i l l  depend on t h e i r  r a t i o  but  t h e  heat energy input  w i l l  
not .  A p o s i t i v e  feedback mechanism may e x i s t  which w i l l  
tend t o  accentuate t h e  high temperatures. I f  t h e  n(0)  t o  
n ( N 2 )  r a t i o  is smaller than t h e  usual  one, according t o  
Rishbeth and Se t ty ,  the e l e c t r o n  content  w i l l  tend to be 

b e l o w  the  mean value for t h e  occasion g iv ing  rise t o  higher  
plasma temperatures and consequently l a r g e r  scale he ights .  
The a v a i l a b l e  ion iza t ion  i s  now spread over  a l a r g e r  a l t i -  
t u d e  range and smaller concentrations w i l l  r e s u l t  a t  t he  
l o w e r  l e v e l s  tending t o  raise even f u r t h e r  the temperature 
the re .  This e f f e c t  w i l l  be compounded i f  the loss coe f f i -  
c i e n t  has a p o s i t i v e  temperature dependence so as t o  f u r t h e r  
diminish t h e  concentration. Also, higher  plasma temperatures 
w i l l  reduce t h e  e f f i c i e n c y  of  t he  cooling of e l e c t r o n s  by 
ions and again con t r ibu te  to a t e m p e r a t u r e  raise. These 

processes w i l l  eventua l ly  be l i m i t e d  by t h e  increas ing  elec- 
t r o n  hea t  conductivity,  which has a s t rong  p o s i t i v e  t e m p e r a -  
t u r e  dependence, 

Doupnik and N i s b e t  [1965] have proposed as an explanat ion 
for the co r re l a t ed  f luc tua t ions  of e l e c t r o n  temperature and 
concentrat ions i n  the  daytime ionosphere observed by inco- 
herent s c a t t e r  measurements a t  Arecibo, a mechanism by w h i c h  

an increase  of e l e c t r o n  concentrat ion near t h e  F2-peak w i l l  
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increase  the  cooling by ions causing, under c e r t a i n  circum- 
stances, t he  hea t  output from t h e  e l e c t r o n  gas t o  exceed t h e  
input  and r e s u l t i n g  i n  a decrease i n  temperature which i n  
turn ,  by reducing the  s c a l e  he ights ,  w i l l  b r ing  the  ioniza- 
t i o n  t o  lower l eve l s  f u r t h e r  increasing t h e  h e a t  loss and 
augmenting t h e  losses  of i on iza t ion  through g r e a t e r  recombi- 
na t ion .  This process may be o s c i l l a t o r y ,  it i s  s a i d .  This 
author has made no q u a n t i t a t i v e  t e s t  of t h i s  theory and has 
no information on whether Doupnik and N i s b e t  have done so. 
S i n c e  many factors have opposing inf luences on the  behavior 
of t h e  plasma, i t  is d i f f i c u l t  t o  assess without a much more 
exhaustive evaluation, i f  t h e  proposed scheme is r e a l i s t i c  
o r  not.  It  may even t u r n  out  t h a t  t h e  explanat ion of t h e  
o s c i l l a t i o n  i n  t h e  exosphere content  i s  r e l a t e d  t o  the  scheme 
described above. 

The explanation of t he  e a r l y  morning rearrangement i n  

ion iza t ion  mentioned i n  Sect ion B is ,  a t  present ,  very ten ta-  
t i v e  and, probably, only a f t e r  considerably more da t a  has 
been acquired, can the  theory be e s t ab l i shed  on firmer b a s i s .  
A n  inspect ion of Fig.  18 shows t h a t  t he  Faraday columnar con- 
t e n t  abandoned i t s  r e l a t i v e l y  smooth growth a t  15092, and 
a c t u a l l y  began t o  decrease a t  t h a t  t i m e  while t h e  Doppler 
curve was only very s l i g h t l y  a f f ec t ed .  I n  Sec t ion  E of t h i s  

chapter it is argued t h a t  these  changes i n  the  Faraday con- 

t e n t  a r e  too la rge  t o  be accounted f o r  by a m e r e  v e r t i c a l  
displacement of t he  p r o f i l e ;  an a c t u a l  change of shape of 

t he  layer,  a t  r e l a t i v e l y  low l e v e l s ,  must take  p lace  without 
appreciably changing the  smooth increase  i n  the  r a t e  of t he  
t o t a l  columnar content .  A n  exchange i n  i on iza t ion  from t h e  
lower l e v e l s  t o  t he  upper ones would have such an e f f e c t  
and would c o n s t i t u t e  a n  upward e l e c t r o n  f l u x  of considerable 
magnitude. It would, i n  f a c t ,  exceed the  maximum poss ib le  
s teady-state  f l u x  from the  ionosphere t o  t h e  protonosphere, 
estimated by Hanson and Pa t te rson  [1964] .  These authors  have 
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found that  upward f luxes  l a rge r  than about lo7 ( e l e c t r o n s  
-2 c m  sec-l) cannot be maintained under s teady-s ta te  condi- 

t i o n s .  The f luxes  measured here have values, ind ica ted  i n  
Table 4 under the heading "Content Increase R a t e , "  and are 
one or two orders  of magnitude l a r g e r  than t h e  Hanson and 
Pa t t e r son  l i m i t .  They must be t h e  r e s u l t  of a t r a n s i e n t  
s i t u a t i o n  which might be brought about as follows: 

As the sun begins to iliuminate the ionosphere, the 
concentrat ion of oxygen ions increases  b u t  t h e r e  i s  l i t t l e  
d i r e c t  e f f e c t  on t h e  hydrogen ion  population which o r i g i n a t e s  
almost exc lus ive ly  from t h e  charge exchange between oxygen 
ions  and hydrogen atoms. A s s u m e  now t h a t  a mechanism e x i s t s  
that  inhibits o r  delays t h i s  exchange f o r  a while. The O+ 
t o  H r a t i o  i n  t h e  genera l  area where both H+ and O+ exis t  
i n  comparable amounts w i l l  exceed s u b s t a n t i a l l y  the s teady 
s t a t e  value; the profile is "bottom heavy." I f  now t h e  re- 
a c t i o n  is  t r igge red  or accelerated,  t h e  excess concentrat ion 
of O+ w i l l  be transformed i n t o  H+ and d i f f u s e  r a p i d l y  up- 
w a r d .  
a f l u x  of t h i s  species of particle t o  rush up modifying t h e  
shape of the p r o f i l e  by deplet ing the 0' supply a t  higher  
a l t i t u d e .  The columnar e l ec t ron  content  w i l l  not be a l t e r e d  
b u t  t h e  Faraday measurements w i l l  show a decrease due t o  the 
migration of t h e  ions t o  higher l eve l s .  The s i t u a t i o n  e x i s t -  
ing j u s t  p r i o r  and j u s t  after t h i s  rearrangement is  depicted,  
schematically,  i n  Fig. 20. Since t h e  rearrangement is  not 
instantaneous--i t  w a s  observed t o  take  around 2 0  minutes--the 
continuing production causes t h e  columnar content  t o  grow 
s t e a d i l y  during t h i s  t i m e  i n t e rva l .  This fact  w a s  omitted 
i n  t h e  f i g u r e  so as t o  fac i l i t a te  t h e  comparison of shapes. 

+ 

The s ink  f o r  O+ t h a t  is thus e s t ab l i shed  w i l l  cause 
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D. 
REACTION 

DELAY I N  THE OXYGEN ION TO HYDROGEN ATOM CHARGE EXCHANGE 

I n  t h i s  s e c t i o n  a suggestion is made as t o  one possi-  
b l e  cause for a delay i n  the  oxygen ion t o  hydrogen atom 
charge exchange reaction.The model developed is not  realistic 
i n  t h a t  d i f fuc ion  is disregarded; it is meant only as an in-  
d i c a t i o n  t h a t  a delay mechanism m u s t  e x i s t .  
bu t ion  t o  a " t r igger ing"  of the r eac t ion  a f t e r  a dormant in- 
t e r v a l  would be a s t rong  temperature dependence of the reac- 
t i o n  r a t e  coe f f i c i en t .  

A f u r t h e r  cont r i -  

A t  any poin t  i n  the  ionosphere the  concentrat ion of 
hydrogen ions must obey the  cont inui ty  equation: 

a Q +  
a + - n ( H ) = P - L - -  a t  az H 

where P is  the  production, L is the  l o s s  t e r m  and QH+ is t h e  
f l u x  of H+. 

a 
b z  H 

The assumption is made t h a t  - Q + << P - L , i.e. , 
t h a t  we a r e  examining a region where the  chemical processes 
a r e  dominant i n  determining the proton concentrat ion.  

The production of protons can be due t o  d i r e c t  photo- 
i on iza t ion  of hydrogen atoms o r  due t o  a charge exchange be- 

tween these atoms and oxygen ions. The loss process f o r  pro- 
tons is  the  above chemical reac t ion  i n  reverse  -- r a d i a t i v e  
recombination is negl ig ib le .  Photoionizat ion of hydrogen 
w i l l  be disregarded.  Attent ion w i l l  be focused on the reac- 
t i o n  

H + O  ++ t H + + O  

The cont inui ty  equation, under the  s t a t e d  assumptions, 
becomes 
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- d n(H + ) = K1 n(H) n(o+) - K2 n(H+) n (0 )  
d t  

or ,  by v i r t u e  of  t he  f a c t  t h a t  K2/K1 = 8/9 

T h e  s teady-e ta te  s o l u t i o n  of  equat ion (1) leads  t o  

I f ,  a t  a given l e v e l ,  n ( 0  + ) is  changing wi th  t i m e ,  bu t  

n(H) and n (0 )  are not, then equat ion (1) is of t h e  form 

d + 1 dt n ( H  = A f ( t )  - - n(H+) 
7 ( 3 )  

where A K n(H) 1 
f ( t )  E n(o+) 
-1 8 

= - K n (0 )  - 9  1 7 

Equation ( 3 )  i s  l i n e a r  i n  n(H + ) and can be in t eg ra t ed  

by using the  i n t e g r a t i o n  f a c t o r  exp(t/ .r)  

t t - t - 
7 - t - 

e 7 d[n(H+)] + 7 e n(Hf) d t  = d[n(H+) e'] = A f ( t )  e' d t  

whence t -- t - 
n(H + ) = A e -'Jf(t) e' d t  + c e 7 

A s s u m e  now t h a t  t h e  oxygen ion  concentrat ion,  
given leve l ,  i s  increas ing  l i n e a r l y  wi th  t i m e ,  as might w e l l  
happen i n  the  e a r l y  pos t  s u n r i s e  per iod.  Then 

a t  a 
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f ( t )  = n(o+) = n(o+)o + a t 

d + 
d t  a = - n ( o  ) = constant  

t -- 
7 t + C e  

as t h e  s teady-s ta te  proton concentra- Define n(H + ) s s o  

t i o n  t h a t  would e x i s t  a t  t = 0, 

Hence 

When t = 0 then  n ( H  + ) = n(H+) hence 
0' 

so t h a t  
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I f  chemical equi l ibr ium condi t ions preva i led  a t  t = 0 

+ + 
n(H l o  = n(H I s s o  

The r a t e  a t  which the  proton concentrat ion bu i lds  up i s  

t 

Thus the concentration increases  slowly a t  t h e  begin- 
9n( H) ning; as t i m e  goes on, t he  r a t e  approaches t h e  value a 8n(0) 

which i s  t he  r a t e  of buildup t h a t  would e x i s t  i f  chemical 
equilibrium were maintained. 

ex- 
pressed as a f r a c t i o n  of t h e  chemical equi l ibr ium concentra- 
t i o n .  

L e t  n(H ) s s  be the  chemical equi l ibr ium concentrat ion 

W e  next inqui re  what t he  proton concentrat ion is, 

+ 
a t  any moment 

t -- + + 9 c1 n(H+)o (1 - e '1 
n ( H  ) = n ( H  ) s s  - 3 Kln(0) n(O+) 

t - -  
7 1 - e  

n ( O + ) o  + a t 
? a  X 
8 Kln(0) 
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For t = 0 and t+m , 3 = 1 , bu t  f o r  any t i m e  between 

these l i m i t s ,  11 < 1 and the proton concentrat ion may l ag  
considerably behind i t s  chemical equi l ibr ium value.  

As an example, consider t h e  s i t u a t i o n  t h a t  would e x i s t ,  
under the assumptions of t h i s  problem a t  an a l t i t u d e  of 600 

k m  i n  t h e  ionosphere, during solar cycle  minimum conditions,  
i f  t h e  O+ concentrat ion w e r e  increasing a t  a rate of 1 2  ions 
cE-3sec-1 2nd xx diffusien were present. 
above would correspond t o  an  increase rate of 45 ions c m  
sec-l a t  the F2 peak, i n  t h e  winter m o d e l  of ionosphere, 
used i n  Chapter 111). I n  t h i s  example, using t h e  n e u t r a l  con- 
cen t r a t ions  given by t h e  Harris and Priester model for 0600 

LMT and the  value of K1 ( 4  X 10 

Pa t te rson  and Degaonkar [1963], the  t i m e  constant  f o r  t he  
r e a c t i o n  comes out  a su rp r i s ing ly  long 40000 seconds. A t  

l o w e r  a l t i t u d e s  the concentration of atomic oxygen increases  
and a corresponding reduct ion i n  T occurs.  Thus under t h e  
above condi t ions the t i m e  constant becomes 3900 seconds a t  
500 k m  and 320 seconds a t  400 k m .  Since t h e  hydrogen ion 
production der ives  contr ibut ions f r o m  a la rge  range of a l t i -  
tudes where O+ and H e x i s t  i n  s u b s t a n t i a l  amounts, t h e  t i m e  
cons tan t  f o r  t h e  in t eg ra t ed  production depends i n  a compli- 
cated way on the  t i m e  constant for  each a l t i t u d e .  All t h a t  
i s  intended by the examination of t h e  model described here  
is  an ind ica t ion  t h a t  a mechanism capable of considerably 
delaying the appearance of hydrogen ions may exis t .  

( m e  rate ind ica ted  
-3 

-10 3 - c m  sec given by Hanson, 

+ I n  Fig. 2 1  t h e  H concentration is p l o t t e d  versus t i m e  
f o r  t w o  cases:  one is  t h e  hypothet ical  case of instantaneous 
r e a c t i o n  and is labelled "chemical equilibrium"; t h e  o the r  
i s  t h e  a c t u a l  concentration which is  seen t o  l ag  i n i t i a l l y  
very much behind t h e  steady-state value; a s  t i m e  goes on, 
however, t h e  " t r a n s i e n t  concentration" bu i lds  up faster and 
faster uilti:. everitua:ly it reaches the saiiiz r a t e  23 tha t  of 

the instantaneous case. 
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FIG. 21. HYDROGEN I O N  CONCENTRATION 
PLOTTED VERSUS TIME, RESULTING FROM 
THE CHARGE EXCHANGE BETWEEN O+ AND H. 
The O+ concentrat ion i s  assumed t o  
grow a t  t h e  r a t e  of 1 2  ions cm-3 sec-1. 
Neutral  concentrat ion (atomic oxygen 
and hydrogen) is  t h a t  t h a t  would e x i s t  
a t  600 km a l t i t u d e  during the  solar 
cycle  minimum a t  6 hours LMT. The 
s t r a i g h t  l i n e  is the  concentrat ion 
t h a t  would e x i s t  i f  t h e  charge ex- 
change r eac t ion  w e r e  instantaneous.  
Diffusion was disregarded. 
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As t h e  hydrogen ion  f l u x  i n t o  the protonosphere r e s u l t s  
f r o m  the cont r ibu t ion  of each he ight  l eve l ,  every one with a 
d i f f e r e n t  t i m e  constant  and it appears p laus ib l e  t h a t  t h e  
f u l l  rate of f l o w  w i l l  be es tab l i shed  after a f a i r l y  appre- 
ciable t i m e  delay.  

The phys ica l  reason for t h i s  somewha t  unexpected behavior 
is  that,  due t o  the reve r s ib l e  character of t h e  reac t ion ,  the 
rate of Hf production can reach i ts  f u l l  value only a f t e r  the 
0 i on  concentration has had t i m e  t o  e s t a b l i s h  an adequate 

+ excess of t h e  value that  would r e s u l t  i n  an equi l ibr ium H 

population. 

+ 

E. DISCUSSION OF THE RELATIVE EXOSPHERIC COLUMNAR CONTENT 

S e c t i o r s B  and C of t h i s  chapter dealt, i n  part, w i t h  the 
d i f f e rence  between t h e  columnar contents  der ived f r o m  the 
Doppler and the Faraday measurements. I n  t h i s  s e c t i o n  t h e  
s ign i f i cance  of t h i s  difference,  called " r e l a t i v e  exospheric 
columnar content,  " is examined. 

The d i f f e r e n t i a l  Doppler beat frequency fD  is related 
d i r e c t l y  t o  t h e  t i m e  change of the s l a n t  columnar e l e c t r o n  
content  

where QD is a constant  t h a t  i n  t h e  case of the EGO experi- 
ment is equal t o  3.31 x 10 

n is t h e  e l e c t r o n  concentration, 
ds is  a length element along the r ay  pa th  of length R. 

(*SI Y 
-15 

I f  t h e  value of the i n t e g r a l  a t  t = 0 is known and is 
then t h e  s l a n t  columnar content,  ID a t  any 

ID E jroR n d s = -  it fD d t  + I 

ID0 
equal  t o  

t i m e  t is  

QD 0 DO 
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Thus the Doppler da t a  can, i n  a s t r a i g h t  forward manner, 
be in t e rp re t ed  i n  terms of the t o t a l  columnar content  between 
s a t e l l i t e  and observer.  

I n  t h e  Faraday r o t a t i o n  angle measurement, one has 

f R  
H n ds ' = Q~ Jo 

where R is the  angle of r o t a t i o n  between t r a n s m i t t e r  and 
rece iver  of t h e  po la r i za t ion  plane of the wave, H is  the 

component of the  geomagnetic f i e l d  i n t e n s i t y  along the ray  
path,  and QF is  a constant.  

of t he  i n t e g r a l  can be found and from it a value of columnar 
e l ec t ron  c o n t e n t ,  IF , can be obtained through t h e  r e l a t i o n  

Since can be measured and QF is  known, the value 

s2 R 
H n d s = -  

I F  = kjo QFHa 
- 

where the value of Ha 

s a t e l l i t e  w e r e  a t  1000 km o r  o the r  prese lec ted  height ,  the 

columnar c o n t e n t s  derived from Doppler and f r o m  Faraday would 
be the same, i .e. ,  so t h a t  IF = ID . H is  a va r i ab le  t h a t  

can be expressed i n  terms of t h e  geocent r ic  d i s tance ,  r , t o  
t h e  point  of i n t eg ra t ion  on the  ray  path; s i n c e  Ha is  an 
"average" geomagnetic f i e l d ,  it i s  poss ib l e  t o  a s s o c i a t e  i t  
with a geocentr ic  d i s tance  ra and s ince  H a r one ob- 

t a i n s  

i s  chosen i n  such a way t h a t ,  i f  the  

-3 

- 3 j R % d s  
O r  IF - ra 

3 The l/r weighting f a c t o r  causes t h e  ion iza t ion  a t  high 
a l t i t u d e s  t o  have on.ly a small inf luence i n  t h e  determination 
of IF , hence, compared t o  the Doppler method, t he  Faraday 
method is r a t h e r  i n s e n s i t i v e  t o  exospheric changes. Advantage 
is  taken of t h i s  fact  t o  observe t h e  exospheric i on iza t ion  
by means of a s a t e l l i t e  t h a t  i s  much higher  than the a l t i t u d e  
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a t  which IF = ID because under such circumstances, I > 
D 

and IE E 

e l e c t r o n  content." To i l l u s t r a t e  t h i s  point ,  consider a 
model cons is t ing  of a Chapman-a Iayer  of 0' ions topped by 

an  H+ l aye r  i n  d i f fus ive  equilibrium. L e t  t h e  temperature 
be uniform and equal  t o  1000 degrees K, t h e  peak concentra- 
t i o n  be 5 X 10l1 e l ec t rons  m-3 a t  a he ight  of 220 k m  and the 
,+ u 

content  up t o  1000 km is 
and t h e  Faraday r o t a t i o n  angle is  2920 degrees. An adequate 
choice of 
r e s u l t s  i n  IF - - I D .  I f  now, without a l t e r i n g  ro one in- 
v e s t i g a t e s  w h a t  values of I,, and IF would be obtained 
i f  the beacon t r a n s m i t t e r  w e r e  n o t  a t  1000 k m  b u t  a t  8000 k m ,  

10.99 x 10l6 e l ec t rons  m-2 r e s u l t i n g  i n  an "exosphere con- 
t e n t "  of 0.06 X 10l6 e lec t rons  rn'2, a very l o w  value t h a t  
reflects t h e  meager ion iza t ion  t h a t  e x i s t s  i n  t h i s  model a t  
h igh  a l t i t u d e s .  I f  now, s t i l l  keeping the value of r un- 
a l t e r e d  w e  double t h e  temperature above 1000 km then the 

16 
values  of 
16.84 x 1 O I 6  and 13.28 x 10 

- IF , where IE is t h e  "exospheric columnar ID 

t o  E+ t r a n s i t i o n  be at 1000 km. Tne v e r t i c a l  coiulmar 
e lec t rons  m'2 16 ID = 10.95 X 10 

ro (about 6770 km or  400 km above sea l e v e l )  

one would f i n d  I = 11.05 X 10 16 e l ec t rons  m-2 and IF - - 
D 

0 

and IF up t o  8000 k m  become respec t ive ly  I D  
e l ec t rons  m-2 showing a very 

much increased value of 
e l ec t rons  m . 

IE , which now is equal t o  3.56 x 
-2 

The foregoing example i l l u s t r a t e s  the s e n s i t i v i t y  of 
t h i s  method of observation of the changes i n  high a l t i t u d e  
ion iza t ion .  An apparent change i n  exospheric content  w i l l ,  
however, r e s u l t  i f  t h e  whole p r o f i l e  is s h i f t e d  up or down 
v e r t i c a l l y ,  changing t h e  centroid of the d i s t r i b u t i o n  b u t  
a l t e r i n g  very l i t t l e  t h e  t r u e  content  of t h e  exosphere. Thus 
i f  a layer ,  without changing shape, moves t o  l o w e r  a l t i t u d e s  
so t h a t  the cent ro id  descends from 400 t o  300 km, then i f  a 
corresponding change i n  ra is not  made, tnere w i l l  be an 

overestimate i n  IF of 
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3 6370 + 400 
6370 + 300 = 1.043 o r  4.3% 

The dawn rearrangement descr ibed i n  Sec t ion  B r e s u l t s  
from a decrease i n  Faraday content  which, w e r e  it t o  be ex- 
p la ined  i n  t e r m s  of a simple v e r t i c a l  s h i f t  would r equ i r e  
an upward motion of t h e  ionosphere, a very unl ike ly  event 
a t  t h i s  period of the  day. I n  addi t ion ,  t h e  changes observed 
i n  the  Faraday content a r e  much too  l a r g e  t o  be due t o  any 
reasonable v e r t i c a l  motion. Referr ing t o  Fig.  18, one can 
see t h a t  on 1 7  February 1965 the Faraday content  reached a 
minimum ( a t  about 15402) which corresponds t o  a value 26% 
below t h a t  t h a t  would e x i s t  i f  t h e  l i n e a r  increase  i n  con- 
t e n t  had continued without i n t e r rup t ion .  On 29 March the 

minimum w a s  more than 50% below t h e  corresponding extrapo- 
l a t e d  value. One must therefore  conclude tha t  the  cause of 
t he  phenomenon observed is  a major rearrangement i n  the shape 
of the  layer .  

F. ABOUT THE STRUCTURE O F  THE EXOSPHERE 

The observed changes i n  columnar e l e c t r o n  content  i n  
t h e  exosphere, as  seen from EGO da t a ,  may be due t o  one of 
t h e  following causes : 

a .  The r a d i a l  motion of the  s a t e l l i t e  which r e su l t s  i n  
i n  a varying amount of i o n i z a t i o n  being included i n  
the ray path.  From t h i s  e f f e c t  local e l e c t r o n  con- 
cent ra t ions  can be derived. 

b. The " t angen t i a l "  motion of t h e  s a t e l l i t e ,  i .e . ,  t h e  
motion perpendicular t o  t h e  r ay  path,  which r evea l s  
ho r i zon ta l  g rad ien ts  i n  t h e  exosphere. 

c. Temporal changes i n  t he  exosphere,  

Changes i n  t h e  he igh t  of t h e  i o n i z a t i o n  can r e s u l t  i n  
apparent modifications i n  the  exospheric content,  a s  d i s -  
cussed i n  Sec t ion  E.  Fluctuat ions i n  t h e  contents  of the  
lower ionosphere should n o t  cause any changes i n  t h e  observed 
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exosphere content  because of the  cance l l a t ion  t h a t  r e su l t s  
from t h e  sub t r ac t ion  of the  Faraday from t h e  Doppler values.  

I n  Sec t ion  By t e m p o r a l  changes i n  t h e  exosphere w e r e  
examined and t h e  i m p l i c i t  assumption w a s  made t h a t  e f f e c t s  
a and b w e r e  neg l ig ib l e .  J u s t i f i c a t i o n  f o r  t h i s  lies i n  
p a r t  i n  t h e  s m a l l  r a d i a l  motion of t h e  satell i te when it is 
s u f f i c i e n t l y  f a r  from perigee,  coupled with t h e  very small 
i o n  concentrat ion t h a t  seem t o  e x i s t  beyond t h e  plasmapause 
o r  "knee." For t h i s  reason, t o  examine temporal changes, 
advantage should be taken of those runs i n  which t h e  s u n r i s e  
occurs when t h e  sa te l l i t e  is a t  considerable d i s t ance  away 
from t h e  earth, I n  p a r t i c u l a r ,  observat ions near apogee, 
which cannot be c a r r i e d  ou t  with EGO i n  view of t h e  reduced 
s i g n a l  s t r e n g t h  r e s u l t i n g  from t h e  unfavorable antenna or ien-  
t a t i o n  due t o  t h e  spinning of the  spacecraf t ,  are valuable  
f o r  t h i s  k ind  of inves t iga t ion .  The inf luence  of e f f e c t  b 
cannot be so simply dismissed; it may, however, be noted t h a t  
during a s u b s t a n t i a l  t i m e  i n t e r v a l  i n  t h e  outbound p a r t  of 
the run, t he  t a n g e n t i a l  ve loc i ty  is very small r e s u l t i n g  i n  
a minimization of t h i s  e f f e c t ,  which, i n  any case, can cause 
only a slow change i n  t h e  content and not  t h e  abrupt ones 
described , 

I n  t h i s  s ec t ion ,  p a r t s  of  t he  runs near per igee  w i l l  be 

examined and l o c a l  electron concentration p r o f i l e s  w i l l  be 
der ived,  The assumptions here  are t h a t  e f f e c t s  b and c are 
neg l ig ib l e .  I n  fact, e f f e c t  b is probably unimportant as 
long as t h e  t o t a l i t y  of t h e  ray path remains i n s i d e  t h e  
plasmapause. Once t h e  s a t e l l i t e  is  beyond t h i s  boundary, 
t h e  sharp  concentrat ion gradien ts  may cause t h e  apparent 
exosphere content  t o  change and, t o  i n t e r p r e t  t h e  r e s u l t s ,  
c a r e f u l  a t t e n t i o n  must be paid t o  t h e  ind iv idua l  geometry 
of each run. T e m p o r a l  changes--effect c - - w i l l ,  i f  present ,  
a l t e r  the numerical values  of exospheric concentrat ion.  When 
a much l a r g e r  number of runs is ava i l ab le ,  it may be possible 
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t o  gain s t a t i s t i c a l  support  f o r  d i s regard ing  t h i s  e f fec t  
a t  some hours of t he  day. The r e s u l t s  obtained here a r e  
a r b i t r a r i l y  based on the assumptions t h a t  t h e r e  w e r e  no 
temporal changes and t h a t ,  i n s i d e  t h e  plasmapause, there 
e x i s t  hor izonta l  s t r a t i f i c a t i o n .  

Figures 15d, 15e, and 22 show runs i n  which condi t ions 
w e r e  f a v o r a b l e  for l o c a l  concentrat ion measurements, A 

w e l l  defined rise i n  exosphere content  can be seen a t  t h e  

beginning of each pass;  a smooth curve was drawn by inspec- 
t i o n  through the  poin ts  and the  s lope  w a s  read o f f  a t  two- 
minute in t e rva l s .  This s lope was converted t o  local con- 
cent ra t ion  and displayed i n  Fig.  23, The e r r o r  ba r s  i nd ica t e  
the uncertainty due t o  t h e  spin-period error and the  in- 
accuracy i n  t h e  re ference  value of columnar e l e c t r o n  content  
f o r  t h e  Faraday measurement. (See da Rosa [1965]).  I t  w a s  
assumed that  the  sp in  period used was co r rec t  wi th in  1 m i l l i -  
second and t h a t  the reference value derived from the  d i f f e r -  

e n t i a l  Faraday measurements w a s  w i t h i n  10% of the  t r u e  value,  
Errors  d u e  t o  temporal changes and ho r i zon ta l  g rad ien ts  a s  
w e l l  a s  sca l ing  e r r o r s  w e r e  not included. 

I n  two of t he  r u n s  the e f f e c t  of t he  knee can be seen, 
On 18 November 1964 the  knee was a t  L Z 3.5 while on 1 2  

December 1964 it was f u r t h e r  out ,  a t  L 5 . The geomag- 
n e t i c  index, 
of measurement and 1.4 and 0.5 when averaged over t h e  pre- 
vious 48 hours.  Carpenter and Angerami [1965] have found 
t h a t  a t  higher K values the  knee moves inward, as observed 
here .  It i s  not c l e a r  why no pronounced knee w a s  seen i n  
the  other  two runs.  
examined before  t h i s  po in t  can be understood. 

was r e spec t ive ly  2, and 0 during the  t i m e  
KP 

P 

A much l a r g e r  number of days have t o  be 

To date,  t he  most r e l i a b l e  exosphere concentrat ion mea- 
surements are those obtained from w h i s t l e r  observat ions.  I n  
order  t o  compare the present  r e s u l t  with the  w h i s t l e r  da ta ,  
it i s  convenient t o  convert  t he  former t o  e q u a t o r i a l  concen- 
t r a t i o n s ,  
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ELECTRON CONCENTRATION (electrons cm-3) 

FIG, 23.  PROFILES OF ELECTRON CONCENTRATION I N  THE 
EXOSPHERE DERIVED FROM COLUMNAR-ELECTRON-CONTENT 
MEASUREMENTS: Er ror  bars r ep resen t  only the 
errors due t o  the s p i n  period and re ference  l e v e l  
unce r t a in t i e s .  Sca l ing  errors and the e f f e c t  o f  
ho r i zon ta l  g rad ien t s  and temporal va r i a t ions  have 
not been taken i n t o  account.  

T h i s  w a s  done w i t h  the 1 2  December 1964 run  and t h e  re- 

s u l t s  are p l o t t e d  i n  Fig.  2 4 .  The  conversion w a s  made by 
assuming t h a t  hydros t a t i c  equi l ibr ium condi t ions  preva i led  
and t h a t  t h e  temperature of  the Hf and e l ec t ron  plasma w a s  
1500 degrees K .  T h e  dashed l i n e  r ep resen t s  values  obtained 
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by Angerami and Carpenter [1965] ( 6  June 1963, 0150 LMT) . 
The EGO da ta  seems t o  be higher by a f a c t o r  of two. 
bo th  EGO and w h i s t l e r  d a t a  w e r e  obtained under very q u i e t  
geomagnetic conditions,  one cannot invoke d i f f e rences  i n  K 
t o  expla in  t h e  d i f f e rence ,  
EGO r e s u l t s  f o r  17 O c t o b e r  1964 and 14 A p r i l  1965 are even 

h igher  than t h e  one shown i n  Fig, 24, 

w a s  for nighttime while t h e  rad io  beacon r e s u l t  w a s  f o r  m i d -  
day. This may account f o r  some of  the  d i f fe rence ,  although 
t h e  one night t ime r e s u l t  f o r  EGO showed high e l e c t r o n  con- 
cen t r a t ion ,  However, i n  view of t h e  u n c e r t a i n t i e s  involved 

between these  r e s u l t s  may be considered s a t i s f a c t o r y .  

Since 

P 
It should also be noted t h a t  t h e  

The w h i s t l e r  da t a  

~ 

I 

I i n  both t h e  EGO and t h e  wh i s t l e r  measurements, t he  agreement 

FIG, 24.  CO-WARISON BETWEEN 
THE EXOSPHERIC CONCENTRA- 
TIONS OBSERVED BY MEANS O F  
WHISTLER AND RADIO-BEACON 
TECHNIQUES , 

A s  pointed out  previously,  t h e  ind iv idua l  geometry of  
each pass must be taken i n t o  account when i n t e r p r e t i n g  t h e  

EGO d a t a ,  
d i f f e r e n t  r e l a t i o n s h i p  with t h e  volume of high e l e c t r o n  

The reason f o r  t h i s  is t h a t  d i f f e r e n t  passes have 
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concentration within the plasmapause, partly due to the 
changes in dimensions of the latter and partly due to the 
variations in the geomagnetic position of the satellite, 
which are caused by the changes in longitude from pass to 
pass. Figure 2 5  shows how, for each successive pass in a 
sequence of runs at the same local time, the geomagnetic 
latitude decreases continuously. Thus, for the sequence of 
early morning runs in the beginning of 1965, the satellite 
initially (February) went out to almost 50 degrees N, geo- 
magnetic latitude, while at the end of the sequence, in June, 
it barely reached 30 degrees. 

MIDDAY PASSES 
45 - 

MAXIMUM GEOMAGNETIC 

W 

3 

t- 

n 

L 

MAXIMUM GEOGRAPHIC LATITUDE 

30 

t,,EARLY EVENING PASSES 

I I I I I I I 
2 5 ~ 0  3hO 3:O 3 i O  & O b  20 40 60 80 100 120 140 

1964 DAY NUMBER 1965 

F I G .  2 5 .  THE HIGHFST GEOGRAPHIC LATITUDE ATTAINED BY 
EGO I N  EACH PASS INCREASES AS TIME GOES ON. For 
each sequence of passes at the same time of day the 
highest geomagnetic latitude decreases continually 
as plotted above. 

In Chapter I1 it was indicated that there is a secular 
increase in the inclination of the S-49 orbit, due probably 
to the strong lunar perturbation. For this reason the highest 
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geographic l a t i t u d e  a t t a i n e d  i n  each pass increases  as t i m e  
goes on, as can be seen from the plot  i n  Fig. 25. This re- 
s u l t s  i n  a s teady increase  of geomagnetic l a t i t u d e  from se- 
quence t o  sequence. Fig.  26 is a p l o t  of the  geomagnetic la- 
t i t u d e  of the sa te l l i t e  versus r a d i a l  d i s tance .  It may a i d  
i n  t h e  v i s u a l i z a t i o n  of w h a t  happens bu t  one must remember 

SATELLITE PATH 

(a) (b) 
FIG. 26. PLOTS OF ALTITUDE-VS-GEOMAGNETIC LATITUDE 

ALONG THE PATH OF EGO. The hatched area repre- 
s e n t s  a s e c t i o n  through the high e l e c t r o n  concen- 
t r a t i o n  volume bounded by t h e  plasmapause. 

t h a t  t h e  s i t u a t i o n  is  more complicated than ind ica ted  i n  t h e  
f i g u r e  due t o  t h e  t h r e e  dimensional na ture  of t h e  problem. 
The hatched area represents  a s e c t i o n  through t h e  volume in- 
s i d e  t h e  plasmapause outs ide  which t h e  e l e c t r o n  concentrat ion 
i s  very s m a l l .  The plasmapause w a s  considered t o  be a t  
L = 3.5. 
26a) and t h e  r ay  pa th  from Stanford w a s  e n t i r e l y  i n s i d e  t h e  
plasmapause. A s  t h e  s a t e l l i t e  moved f r o m  A1 t o  B1, t h e  co- 
lumnar content increased a s  indicated by t h e  f i r s t  t w o  po in t s  
i n  Fig. 15a; f r o m  t h e r e  on, i n  spi te  of t h e  fact  t h a t  the 

d i s t ance  from ground s t a t i o n  to  spacec ra f t  increased s t e a d i -  
ly ,  t h e  columnar content  decreased because the t a n g e n t i a l  mo- 
t i o n  caused t h e  r ay  pa th  t o  in t e rcep t  less and less of Yne 

high concentrat ion volume ins ide  t h e  knee. As t h e  s a t e l l i t e  

The 17  February, 1965 run s t a r t e d  a t  po in t  A1 (Fig.  
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reached the  neighborhood of po in t  D1, some 30,000 km out ,  t h e  
tangent ia l  ve loc i ty  became so s m a l l  t h a t  t h e  sharp  g rad ien t  
of e l ec t ron  concentrat ion a t  t he  knee had no longer any e f -  
f e c t  on the  changes of e l ec t ron  content .  On l a t e r  runs,  a s  
t he  path of t h e  spacecraf t  came t o  lower l a t i t u d e s ,  t h i s  ef- 
f e c t  became progressively less important u n t i l  it no longer 
showed up. This can be seen i n  t h e  sequence of f igu res  from 
15a through 15e where the  decay of content  i n  t h e  beginning 
of t h e  run g e t s  smaller t h e  l a t e r  i n  t h e  year t he  da t a  w e r e  
taken. I n  Fig.  15h and 15g the  s u n r i s e  e f f e c t  s t a r t e d  too  
e a r l y  i n  t h e  run so t h a t  the  d i f f e r e n t  phenomena w e r e  mixed 
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The 7 October, 1964 path is  a l s o  p l o t t e d  i n  Fig.  26a. 
It represents  t he  extreme case of a low geomagnetic l a t i t ude  
pass .  The run  s t a r t e d  when the s a t e l l i t e  was very near o r  
beyond t h e  plasmapause, and t h i s  expla ins  the  f l a t n e s s  of the  
exospheric content-vs-height curve shown i n  Fig. 27. 

t h e  measurement of l o c a l  e lec t ron  concentrat ions.  The 12 
December, f964 path of EGO i s  p l o t t e d  as descr ibed above. 
The plasmapause is out  a t  L = 5-6 ,  It can be seen t h a t ,  ob- 
served from Stanford,  t he  ray path remains f o r  a considerable  
length  of t i m e ,  e n t i r e l y  wi th in  the  plasmapause. Clear ly  the  
most favorable condi t ion to observe the  knee is  when, j u s t  
a t  t h e  moment when t h e  satellite crosses  t h i s  boundary, its 
motion is e n t i r e l y  along the  l i n e  of s i g h t ,  so t h a t  t he  tan- 
g e n t i a l  ve loc i ty  is zero.  

Fig. 26b por t rays  a s i t u a t i o n  t h a t  is favorable  f o r  
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V. THE BEHAVIOR O F  THE NIGHTTIME IONOSPHERE 

The nighttime coupling between t h e  ionosphere and t h e  
exosphere i s  s t u d i e d  i n  t h i s  chapter by examining t h e  beha- 
v ior  of t h e  t o t a l  e l ec t ron  content  of t h e  nocturnal  ionos- 

phere. The r e s u l t s  support  t h e  theory of an ionosphere fed  
by the  exosphere, a t  n ight .  

An examination of Fig.  14 which shows the  columnar con- 
t e n t s  fo r  seven e a r l y  morning EGO passes,  confirms the  unpre- 
d i c t a b i l i t y  of the  ionosphere. I n  some n igh t s  (24 May, 1965, 
Fig. 14f)  t h e r e  i s  a pronounced decay i n  columnar  c o n t e n t ,  
while i n  o the r s  (29 March, 1965, Fig.  14d) t h e  c o n t e n t  grows 
s t e a d i l y  and smoothly although the  sun i s  very much below the  
horizon. On o the r  occasions (13 March, 1965, Fig.  14c) t h e  
ion iza t ion  was remarkably s teady and unaffected by t h e  t i m e .  

The EGO curves provide a very good t i m e  r e so lu t ion  and 
show very l i t t l e  s c a t t e r .  Unfortunately,  these  da t a  e x i s t  f o r  
a l imited number of runs because the  s a t e l l i t e  r epea t s  a pass 
a t  t h e  same l o c a l  t i m e  only every e i g h t  days and dawn runs 
could only be taken between t h e  middle of February and t h e  be- 

ginning of June. P r io r  t o  February t h e  beacon was not turned 
on i n  view of t he  power shortage r e s u l t i n g  from unfavorable 

angle between the  s o l a r  paddles and the  sun. Af te r  June, 
t h e  ear ly  morning passes occurred a t  too small  an e l eva t ion  
angle and the  da ta  l o s t  t he  necessary accuracy. I t  became 
imperative t o  look f o r  s t a t i s t i c a l  support  f o r  t h e  EGO in- 
formation i n  t he  very extensive catalogue of t h e  d i u r n a l  va- 
r i a t i o n  of columnar e l ec t ron  content  of t he  ionosphere pre- 
pared by Fred L. Smith, 111, of Stanford Universi ty  and Paul 
C.  Yuen of the  Universi ty  of Hawaii. The catalogue, as  y e t  
unpublished, contains observat ions of t he  columnar content  
measured by t h e  Faraday rotat ion-angle  technique using the  
1 3 6 - ~ c  transmission of t h e  geos ta t ionary  s a t e l l i t e ,  Syncom III 
posit ioned over t h e  i n t e r n a t i o n a l  da t e  l i n e  i n  t h e  P a c i f i c  
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Ocean. The technique w a s  described by G a r r i o t t ,  Smith and Yu- 
en [1965]. The measurements were made every f i v e  minutes, 24 
hours per day and r e f e r  t o  the  ionosphere near Stanford and 
near H a w a i i .  With a few exceptions -- due t o  per iods when t h e  
satel l i te  d i d  not t ransmi t  or t h e  ground equipment w a s  being 
ad jus t ed  or r epa i r ed  -- t h e r e  is a continuous coverage s i n c e  
t h e  middle of September, 1964, t o  t he  present  (September , 
1965). These d a t a  w e r e  k indly  loaned t o  t h e  author  by F.  L. 

Smith, 111. 

The subionosphere po in t s  w e r e  loca ted  as ind ica ted  i n  
Table 5. 

.) 

Sub-Ionosphere Point  L-Shell 
Ionos. P t .  
(400 km) Geographic D i p  Dip 

Lat i tude  Longitude Angle Lat. 

19.7ON 159.8OW 36O 2e0 1.20 
33.8ON 132.3OW 57O 37O 1.66 

TABLE 5. COORDINATES OF THE OBSERVING STATIONS 

Observing 
S t a t i o n  

I 
Hawa  i i 

Stanford 

The da ta  w e r e  examined with t h e  hope of e s t a b l i s h i n g  an 
average behavior of t h e  nighttime ionosphere and any cor re la -  
t i o n  of devia t ions  from t h e  average with some geophysical in-  
dex. 

A t t en t ion  w a s  focused on t h e  t i m e  i n t e r v a l  between l o c a l  
midnight and j u s t  p r i o r  t o  sun  rise. A l l  a v a i l a b l e  runs w e r e  
c l a s s i f i e d  i n  four  categories:  

FLAT - Those runs i n  which t h e r e  is no pe rcep t ib l e  
change i n  columnar content  during the  peri- 
od of i n t e r e s t .  

DECLINING - Those runs i n  which the  columnar content  de- 

R I S I N G  - Those runs i n  which t h e  columnar content  in-  
cayed iit"iiotofiica11I; diiring t h e  night. 

creased monotonically during t h e  n ight .  
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IRREGULAR - Those runs t h a t  could not be c l a s s i f i e d  i n  
any of t h e  above ca tegor ies .  I n  general  th is  
included runs i n  which t h e  columnar content- 
vs-time curves exhib i ted  humps and troughs. 

Fig. 2 8  shows t h e  columnar content v a r i a t i o n s  f o r  days 

Garriott,  Smith and Yuen [1965] po in t  ou t  t h a t  t h e  night- 
represent ing  each of t h e  above ca t egor i e s ,  

t i m e  to ta l  ionospheric content i n  H a w a i i  q u i t e  genera l ly  ex- 
n i n i t s  a sriiall brit c lear  decreasz as t h e  g ~ e s  en, while at 
Stanford it is, m o s t  of t h e  t i m e ,  remarkably constant.  This 
is  confirmed by the somewhat more extensive s t a t i s t i ca l  s tu -  
dy presented below. Table 6 shows t h e  p robab i l i t y  of occur- 
rence of each category a t  the two d i f f e r e n t  s t a t i o n s .  

*- .! 1 

Category 

FLAT 
DECLINING 

R I S I N G  

IRREGULAR 

TABLE 6. BEHAVIOR O F  THE NIGHTTIME IONOSPHERE 

Stanford H a w a i i  

53.0% 14.9% 
18.1% 48.0% 

7.2% 0.7% 
21.7% 36.4% 

This table is based on 83 runs f o r  Stanford and 154 runs 
f o r  H a w a i i .  It is immediately clear t h a t  during t h e  per iod 
considered, a s teady nighttime ionosphere w a s  t h e  r u l e  a t  
Stanford,  while, farther south, a t  H a w a i i ,  t h e  progressive 
decay of ion iza t ion  w a s  t h e  most comon condi t ion encoun- 
t e r ed .  

The average value of  t he  K index f o r  2 six-hour per iods 
P 

w a s  l i s t e d  f o r  every day. For Stanford these  per iods w e r e  
from 1600 t o  2200 and from 2200 t o  0400 l o c a l  mean t i m e .  For 
H a w a i i  t h e  per iods w e r e  f r o m  1700 t o  2300 and from 2300 t o  
0500, local mean t i m e .  These values of Kp correspond t o  pe- 
r i o d s  j u s t  preceeding o r  coinciding with the t i m e  of  i n t e r e s t .  
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From the  t abu la t ion  so obtained t h e  average value of K f o r  
FLAT and D E C L I N I N G  n ights  was der ived,  The r e s u l t s  appear i n  
t a b l e  7 .  

P 

FLAT 1 . 2 1  

DECLINING 2 . 8 1  

1.66 Average K 
P 

TABLE 7 .  GEOMAGNETIC INDEX CORRELATION WITH NIGHTTIME 
BEHAVIOR O F  THE IONOSPHERE 

1.01 
2.09 

1.24 

STANFORD r- 

FLAT 1.67 
D F C L I N I N G  1.50 

Average value of t he  K index 
P I 

1.51 
1.36 

Average value of t h e  K index I P 
I 1700 t o  2300 2300 t o  0500 

1.60 1.45 I P 
Average K I 

It appears t h a t  a t  Stanford under l o w  K conditions 
P 

t h e r e  i s  a tendency t o  have a steady nighttime ionosphere, 
while t h e  decaying ionosphere seems t o  be assoc ia ted  with 
higher  v a l u e s  of t h e  index. 
ford  the c o r r e l a t i o n  i s  s t ronger  wi th  t h e  K of t h e  s i x  
hours period preceding t h e  period of i n t e r e s t  r a t h e r  than 
with the index f o r  t h e  period i t s e l f .  

W e  may a l s o  note  t h a t  a t  Stan- 

P 
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I n  H a w a i i  t h e  K corresponding t o  both FLAT and DECLI- 
NING n ights  w a s  near ly  equal  to  t h e  average Kp for t h e  who- 

l e  period, leading t o  t h e  conclusion t h a t  no c o r r e l a t i o n  
e x i s t s  between geomagnetic a c t i v i t i e s  and the  nighttime be- 
havior  of the ionosphere a t  the  Hawaiian l a t i t u d e .  

t o  examine b r i e f l y  some of  the  ideas  advanced t o  expla in  t h e  
ex i s t ence  of a r e l a t i v e l y  large nighttime ionosphere, al- 
though none of  t h e  s e v e r a l  t heo r i e s  proposed has, as ye t ,  
been e n t i r e l y  successfu l .  

a c t i o n  t h a t  des t roys  oxygen ions i s  temperature dependent; 
l i t t l e ,  however, is known a b o u t  t h i s  top ic .  I n  a p r i v a t e  
communication, L. Thomas has mentioned t h a t  t h e r e  are indi -  
ca t ions ,  both f r o m  labora tory  experiments and on t h e o r e t i c a l  
grounds, t h a t  t h i s  c o e f f i c i e n t  is  i n  f a c t  temperature sens i -  
t i v e  i n  a way  t h a t  could account f o r  t h e  diminished loss of  
night t ime ioniza t ion .  

P 

I n  order  t o  i n t e r p r e t  these r e s u l t s ,  it may be h e l p f u l  

One suggest ion is t h a t  the  rate c o e f f i c i e n t  of t h e  re- 

Another popular explanation invokes the  appearance of  
e l e c t r i c  forces  t h a t  impart an upward v e l o c i t y  t o  t h e  plas-  
m a ,  carrying t h e  F-layer t o  g rea t e r  he ights  where t h e  recom- 
b ina t ion  is slower. Duncan 119561 der ived a theorem showing 
tha t  a Chapman-a l aye r  perturbed by a v e r t i c a l  d r i f t  ve loc i -  

t y  (independent of he ight )  w i l l  move with the  d r i f t  t o  a d i f -  
f e r e n t  he ight  where it w i l l  maintain i t se l f  s t a t i o n a r y ,  keep- 
ing  i t s  Chapman-a shape and decaying with an e f f e c t i v e  at-  
tachment c o e f f i c i e n t  equal t o  the c o e f f i c i e n t  corresponding 
t o  t h e  he ight  of t h e  new peak i n  concentration. Since t h e  
l o s s  process assumed is  l i nea r ,  many d i f f e r e n t  Chapman-a 
l a y e r s  can be superposed t o  generate l aye r s  of almost any, 
reasonable,  a r b i t r a r y  shape. When t h e  d r i f t  is upward, t h e  
i o n i z a t i o n  may be l i f t e d  high enough so as t o  have a negl i -  
g i b l e  decay during t h e  hours of t he  night .  
t e r son  [1964] have examined t h i s  process i n  g r e a t e r  d e t a i l  

Hanson and Pa t -  
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and found it t o  be a p laus ib le  explanat ion of t h e  nighttime 
permanence of  t h e  F-layer. Since the  ex is tence  of e l e c t r i c  
f i e l d s  i n  t h a t  region of t he  atmosphere cannot, as ye t ,  be 

v e r i f i e d  experimentally t h e r e  can be no f i n a l  assesment of 
t h e  role t h a t  t h e  mechanism described plays.  It cannot, 
however, account f o r  t h e  frequent ly  observed increase  i n  io- 
n i z a t i o n  during t h e  night .  For t h i s  a nocturnal  i on iza t ion  
source is  needed. Such a source is r e a d i l y  a v a i l a b l e  i n  t h e  
s t o r e  of protons i n  t h e  magnetosphere. 

A g r e a t  d e a l  of a t t e n t i o n  has  been pa id  t o  the  possibi-  
l i t y  t h a t  t h e  nocturnal  ionosphere is maintained by the  down- 
ward f l u x  of ions from the  protonosphere. Hanson and Patter- 
son  [1964] showed t h a t  a f l u x  of t h e  order  of lo8 e lec t rons  
c m  sec-l is  necessary t o  s u s t a i n  an ionosphere with a peak 
concentrat ion of  10 ions  cmm3. I n  view of t he  u n c e r t a i n t i e s  
i n  t h e  experimental value of the  recombination c o e f f i c i e n t  p, 
it is  important t o  po in t  ou t  t h a t  t h e  f l u x  is r a t h e r  insen- 
s i t i v e  t o  t h e  value of  p used. I n  examples worked ou t  by 
Hanson, a change of  1O:l i n  the c o e f f i c i e n t  causes only a 
change of about  1.6:1 i n  t h e  f lux ,  The d i f f i c u l t y  i n  t h i s  
theory resides i n  t he  f a c t  t h a t  under s teady  state condi t ions 
the maximum upward f l u x  t h a t  can be forced i n t o  the  protonos- 
phere i s  i n s u f f i c i e n t  t o  rep len ish  t h e  supply, making up f o r  
t h e  lo s ses  a t  night .  The sub jec t  does not  s e e m  t o  be e n t i -  
r e l y  closed, however, YOH [1965] observes i n  h i s  Doppler - 
Faraday moon echo experiment, r a t h e r  l a r g e  upward f luxes  i n  
t h e  morning hours. The radio-beacon d a t a  f r o m  EGO also can 
be i n t e r p r e t e d  as ind ica t ing  f luxes  considerably i n  excess of 
t he  maximum computed by Hanson, some t i m e  af ter  s u n r i s e ,  

can be estimated by means of  w h i s t l e r  data. Fig. 29 shows 
t h e  geomagnetic l a t i t u d e  v a r i a t i o n  of t h e  " tubular  e l e c t r o n  
content",  i.e., t h e  number of e l e c t r o n s  contained i n  a tube 
of fo rce  having a cross-section of  1 cm2 a t  a he igh t  of 1000 

-2 
5 

The amount of a v a i l a b l e  ion iza t ion  i n  t h e  protonosphere 
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km and extending a l l  t he  way t o  t h e  equator.  J.J. Angerami 
ca lcu la ted  the  information displayed i n  the  f i g u r e  using i n  
p a r t  data f r o m  Smith [1961]. 

It must be remembered here  w h i s t l e r s  do not measure 
equa to r i a l  concentrations d i r e c t l y ;  what i s  measured is ,  es- 
s e n t i a l l y  

weighted by t h e  in- 
TO ob- 

fP’ 
t he  in t eg ra l  of the  plasma frequency, 
verse  of t he  square roo t  of t he  gyro frequency, f 
t a i n  the  equa to r i a l  concentration, a model f o r  t h e  dependen- 
ce of plasma frequency on d i s t ance  along t h e  f i e l d  l i n e  must 
be adopted. Smith [1961] used what he c a l l s  t he  gyro frequen- 
cy model which sets n propor t iona l  t o  r , approximately. 

g’ 

-3 

I n  ca l cu la t ing  the  tubular  content,  it i s  advisable  t o  
employ the same model as t h e  one used f o r  t he  de r iva t ion  of 
equa to r i a l  concentrations.  This was done by Angerami and 
accounts f o r  t h e  d i f f e rence  between the  values i n  Fig.  29 and 
those presented by Hanson and Pa t te rson  [1964] who appl ied  t o  
the  Smith da t a  a d i f f u s i v e  equi l ibr ium expression due t o  
Johnson [1960]. For values of content  beyond t h e  knee, An- 
gerami and Carpenter [1965] j u s t i f i e d  the  use of a r-4 l a w .  

growth of t he  protonospheric e l e c t r o n  supply a s  t he  l a t i t u d e  
increases  (mainly due t o  the  increasing s i z e  of t he  tube ) ,  
and the  abrupt drop i n  content a t  t h e  knee, t he  p o s i t i o n  of 
which depends on t h e  magnetic a c t i v i t y  of t he  day (Carpenter 
and Angerami [1966]).  Making a r a t h e r  extended ex t r apo la t ion  
it appears t h a t  a t  20 degrees of geomagnetic l a t i t u d e ,  which 
corresponds t o  t h e  s i t u a t i o n  i n  H a w a i i ,  t he re  a r e  less than 
10l2  e lec t rons  cm-2 ava i l ab le  i n  t h e  summer and less than 
t w i c e  t h i s  amount i n  the  win ter ,  The required f l u x  of 10 
e lec t rons  cm’2 sec 

The main f ea tu re  t h a t  can be discerned i n  Fig.  29 i s  the  

8 
-1 can l a s t  no more than 3 hours.  Conse- 
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* 
quent ly ,  t h e  ionosphere w i l l ,  as a ru l e ,  decay during t h e  
n ight ,  a s  it is observed t o  do i n  t h e  Syncom data .  On t h e  
o t h e r  hand, a t  l a t i t u d e s  near 50 degrees the supply of hydro- 
gen ions and e l ec t rons  is more than one order of magnitude 
larger and is, therefore  capable of maintaining a constant  
ionospheric  columnar content  a t  night .  A t  s t i l l  higher  la- 
t i t u d e s  it is poss ib le  t h a t  the decay condi t ions are again 
satisfied due t o  the depletim of the protonosphere beyond 
t h e  knee. 

When t h e  ionosphere p o i n t  lies on L-shells between about 
2 .5  and 7, t h e  columnar content behavior should show a s t rong  
dependence on the  geomagnetic a c t i v i t y  index which is known 
t o  inf luence the  p o s i t i o n  of t h e  knee. I n  d is turbed  n ights  
t h e  knee would be pushed towards l o w e r  l a t i t u d e s  and t h e  con- 
t e n t  would decay, while during q u i e t  n ights  it would remain 
s teady.  A t  p resent  t h e  author has no da ta  from s t a t i o n s  si- 
t u a t e d  f a r  enough north t o  corroborate t h i s  po in t .  

The l a t i t u d e  of t he  ionosphere po in t  of t h e  Stanford 
measurements -- 37 degrees, geomagnetic -- is high enough so 
t h a t ,  i n  general  an  adequate supply of protonospheric elec- 
t r o n s  e x i s t s  and, as  t h e  experiment confirms, t h e  n ights  show 
mostly a constant content.  Under high K conditions the  pro- 
tonospheric content,  even ins ide  t h e  knee, appears subs tan t i -  
a l l y  depressed, (Carpenter and Angerami [1966]).  This may be 

enough t o  cause the  ionosphere t o  decay under increased K 

condi t ions,  as t h e  observations show. 

P 

P 

A s  w a s  mentioned earlier, Smith (19611 found t h a t  t h e  
e q u a t o r i a l  concentrat ion of exospheric e l ec t rons  w a s  larger 
around D e c e m b e r  than around June. One would expect t h a t ,  i f  
t h e  protonosphere is t h e  source of t h e  nighttime ionosphere 
then  such annual v a r i a t i o n  would a f f e c t  t h e  relative number 
of FLAT and DECLINING nights .  I n  Table 8 the  year w a s  d iv i -  
UGU A - A  iiicu * - & -  &-I- L W V  L = l - v - -  I I L L I ~ L I J  -- cne f r ~ m  O ~ f _ c h ~ r .  t.0 March, inc lus ive ,  

labeled "year end", and one cons is t ing  of September, Apr i l ,  
May and June, labeled "midyear". N o  d a t a  is  a t  present  ava i l -  
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ab le  for J u l y  and August. I t  can be seen  from t h i s  t a b l e  t h a t  
t h e r e  i s  some ind ica t ion  of t h e  pred ic ted  annual v a r i a t i o n  of 
probabi l i ty  of occurrence of FLAT o r  RISING nights .  

TABLE 8. ANNUAL EFFECT ON THE NIGHTTIME IONOSPHERE 

STANFORD 
Y e a r  end 
Midyear 

HAWAII  

Year end 
Midyear 

Number of FLAT 
o r  R I S I N G  

n ights  

48 
2 1  

2 0  

6 

Tota l  number 
of n igh t s  

80 
5 1  

140 
95 

Percentage 
of FLAT o r  

R I S I N G  night! 

60.0% 
41.2% 

14.3% 

6.3% 

It is  a l s o  c l e a r  t h a t  i f  t h e  mechanism descr ibed here  
r e a l l y  takes place,  then the  t o t a l  tubular  content  i n  t h e  pro- 
tonosphere should show an appreciable  deple t ion  during t h e  
n ight  a t  l o w  l a t i t u d e s  and also beyond the  knee, and a r e l a -  
t i v e l y  small change a t  high l a t i t u d e s  wi th in  the  knee. That 
t h i s  appears t o  be so i s  the  opinion of Carpenter who, i n  a 
p r i v a t e  communication s ta tes  t h a t  he as  observed t h i s  e f f e c t .  
Recent  whis t le r  measurements made a t  lower l a t i t u d e s ,  especi-  
a l l y  those taken aboard t h e  research s h i p  "El tanin" may he lp  
t o  confirm t h i s  po in t .  
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V I .  SUMMARY AND CONCLUSIONS 

The present  w o r k  covers t h ree  d i s t i n c t  top ics ,  one of 

The considerable  t h e o r e t i c a l  w o r k  done on t h e  thermal 
a t h e o r e t i c a l  and t w o  of an  experimental nature .  

behavior of the ionospheric plasma by Hanson, Dalgarno, G e i s -  

l e r  and Bowhill, and o the r  authors is extended he re  from t h e  
s teady-s ta te  so lu t ions  found by t h e m  to a the-dependent SG- 

l u t i o n  t h a t  allows t h e  examination of t h e  temperature chan- 
ges i n  the  ionosphere a t  dawn. Physical  considerat ion of 
this problem leads  t o  models t h a t  can be mathematically re- 
presented by a second order ,  non-linear, p a r t i a l  d i f f e r e n t i a l  
equation, t h e  numerical i n t eg ra t ion  of which presents  s e r ious  
s t a b i l i t y  d i f f i c u l t i e s .  An unconditionally s t a b l e  f o r m  of 
t h e  equiva len t  d i f f e rence  equation i s  developed. Numerical 
examples are worked out  f o r  models t h a t  attempt t o  represent  
t he  dawn ionosphere a t  summer and winter  for both s o l a r  cycle  
maximum and minimum conditions,  and t h e  following conclusions 
a r e  drawn: 

1. 

2. 

3 .  

4. 

Very s u b s t a n t i a l  heating occurs i n  t h e  ionosphere 
before any percept ib le  increase i n  ionizat ion.-Ex-  
perimental  evidence shows t h a t  a measurable increase 
i n  ion iza t ion  begins a t  a s o l a r  z e n i t h a l  angle of 
about 95 degrees while considerable hea t ing  s t a r t s  
a t  angles l a r g e r  than 110 degrees.  
As t h e  sun begins t o  sh ine  on t h e  high atmosphere, 
t h e  competing e f f e c t s  of increasing h e a t  produc- 
t i o n  and growing heat capac i ty  of t h e  e l e c t r o n  gas 
r e s u l t  i n  an  e l ec t ron  gas temperature t h a t  i n i t i a l -  
l y  rises very f a s t ,  reaches a peak, and then de- 
c l i n e s .  This peak is m o r e  pronounced t h e  higher  
t h e  a l t i t u d e  and predominates i n  t h e  win ter  when 
the e l e c t r o n  concentration buildup i s  f a s t e r .  
Due t o  smaller  e lec t ron  concentrat ions i n  t h e  sum- 
m e r ,  t h e  temperatures during t h i s  season a r e  higher 
than i n  t h e  winter.  
The much slower r a t e  of increase  of e l e c t r o n  con- 
cen t r a t ion  during the soiar c y c l e  iitiiiiiiiuiii p r i e d  
r e s u l t s  i n  a tendency f o r  t h e  temperature i n  t h i s  
per iod t o  be higher than during t h e  solar  cycle  
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maximum. 

when the  temperature reaches i t s  peak, it is  prac- 
t i c a l l y  he igh t  independent a t  l e v e l s  above t h e  a l -  
t i t u d e  of maximum hea t  production, Later on a 
"bulge" i s  formed a t  t h e  a l t i t u d e  of maximum h e a t  
production and a negative grad ien t  of temperature 
e x i s t s  i n  t h e  higher l e v e l s  r e s u l t i n g  i n  an upward 
hea t  flow. 

5. I n  m o s t  models it is observed t h a t  up t o  t h e  t i m e  

The second t o p i c  treated dea l s  with experimental  re- 
s u l t s  obtained from the  radio-beacon experiment aboaxd t h e  
EGO s a t e l l i t e .  The d i f f e rence  between the  columnar e l e c t r o n  
contents obtained by t h e  differential-Doppler-frequency and 
t h e  Faraday-rotation-angle techniques is  def ined as t h e  "exos- 
pher ic  columnar e l ec t ron  content"  and y i e l d s  some i n t e r e s -  
t i n g  information. 

Strong hor izonta l  g rad ien ts  a r e  shown t o  e x i s t .  This 
is  i n  general  agreement w i t h  t he  wh i s t l e r  observat ions of 
t h e  equa to r i a l  ''knee" i n  ion concentrat ion.  

P ro f i l e s  of e l e c t r o n  concentrat ion i n  t h e  exosphere 
a r e  deduced from t h e  da ta .  The values found show fa i r  agree- 
ment with t h e  resul ts  of t h e  w h i s t l e r  s t u d i e s .  

Perhaps the  most i n t e r e s t i n g  phenomenon revealed by 
t h e  experiment i s  t h e  rearrangement i n  t he  ionized l aye r s  
t h a t  occurs between one h a l f  and one and one h a l f  hours a f t e r  
sun r i se .  T h i s  rearrangement can be i n t e r p r e t e d  a s  a n  upward 
f l u x  of ion iza t ion  from t h e  ionosphere i n t o  the  exosphere, 
and lasts about 20 minutes, i n  t h e  passages observed. The 
f l u x  a t t a ined  the  value of 1 .5  X 10 

on one of t h e  days measured. A t e n t a t i v e  explanat ion is  
presented fo r  t h i s  phenomenon; it requi res  a mechanism t h a t  
would delay t h e  oxygen ion t o  hydrogen atom charge exchange 
reac t ion ,  I t  is  shown t h a t ,  i n  an extremely s impl i f i ed  mo- 
d e l  of the ionosphere, a delay i n  t h e  oxygen ion t o  hydrogen 
atom exchange r eac t ion  e x i s t s  permit t ing specula t ions  t h a t  
t h e  same mechanism w i l l  cause t h e  required delays i n  a more 

9 -1 e lec t rons  cm-2 s ec  
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complete model. A mathematical treatment of the problem is 
undertaken and yields quantitative values for the delay. It 
is shown that under conditions prevalent at solar cycle mi- 
nimum at heights between 400 and 600 km the time constant of 
the exchange reaction varies from some 300 seconds at the 
lower altitute to more than 40,000 seconds at the higher. 

The f i n a l  topic consists of a statistical investiga- 
tion of the behavior of the nighttime columnar electron con- 
tent of the ionosphere and is based on data obtained from 
Faraday-rotation-angle measurements using the 136 Mc telemetry 
carrier of the Syncom I11 satellite. It is observed that the 
majority of nights during the winter, at Stanford, showed no 
perceptible decay in content after midnight, while those ob- 
served at Hawaii showed such a decay very often. 
it was found that the average K associated with non-decaying 
nights at Stanford was much lower than that associated with 
decaying ones. No such effect was observed at Hawaii. These 
and similar results are interpreted as supporting the theory 
of the maintenance of nighttime F-layer by a downward flux of 
electrons from the pronosphere. 

In addition, 

P 

It is suggested that the investigation of the exosphe- 
re by means of radio-beacon experiments be continued not only 
by further observations of EGO and its successor, OGO-By but 
also by the use of geostationary satellites (capable of re- 
vealing only the temporal changes of the exosphere) and by 
the use of highly eccentric vehicles placed in low inclina- 
tion orbits (appropriate for the measurement of exospheric 
electron concentration). The geostationary experiment would 
help shed light on the problem of exchange of ionization be- 
tween the ionosphere and the protonosphere, a subject not 
- Fir 1 1 - 7  r T n i i o r c f n n i l  UI*IC.L u - V I -  =t prespnt. m,p c ~ n c p n t r a t i n n  pr-filps: 

obtained from the OGOs and from other satellites in eccentric 
orbits can complement the results obtained with whistlers. 

- 113 - SEL-65-109 



BIBLIOGRAPHY 

1. 

2. 

3. 

4. 

5.  

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

Angerami, J. J. and D .  L. Carpenter,  "Whistler Studies  
of t he  Plasmapause i n  t h e  Magnetosphere - 1; Equator ia l  
Density and Total  Tube Elec t ron  Content near t h e  Knee 
i n  Magnetospheric Ioniza t ion" ,  submitted t o  J. Geophys. 

- 0  R e s  9 1965. 
Bourdeau, R.  E . ,  S .  Chandra and W. M. Neupert, "T ime  
Correlat ion of Extreme U l t r a v i o l e t  Radiation and Ther- 
mospheric Temperature", J. Geophys. R e s . ,  69, p. 4531, 
1964. 
Carlson, H.  C . ,  Jr. ,  "Evidence f o r  a Magnetic Conjuga- 
te-Point Origin of Ionospheric Heating" , p r e p r i n t ,  1965. 
Carpenter, D.  L. and J. J. Angerami, "Whistler S t u d i e s  
of t h e  Plasmapause i n  the  Magnetosphere - 2; Temporal 
Variat ions i n  t he  L Value of t h e  Knee and Some Evidence 
on Plasma Motions near t he  Knee", submitted t o  J .  Geo- 
phys. R e s . ,  1966, 
Crank, J. and P. Nicholson, "A P r a c t i c a l  Method f o r  Nu- 
merical  In t eg ra t ion  of Solut ions of P a r t i a l  Differen- 
t i a l  Equations of the  Heat-Conduction Type", Proc. 
Cambr. Ph i l .  SOC., 43, p. 50, 1947. 
da R o s a ,  A .  V . ,  " E c c e n t r i c  Geophysical-Observatory Sa- 
t e l l i t e  S-49. I n t e r p r e t a t i o n  of t he  Radio-Beacon Expe- 
riment", Tech. Report No. l, NASA Contract NASr-136, 
Stanford University,  Radioscience Laboratory, 1965. 
Dalgarno, A. ,  M. B. McElroy and R.  J. Moffett ,  " E l e c -  
t ron  Temperatures i n  t he  Ionosphere",  Planet .  and Space 
- * J  Sci - 11, p. 463, 1963. 
Dalgarno, A.  and R .  J. Moffett ,  "Electron Cooling i n  
the D-Region", Planet .  and Space Sc i . ,  2, p. 939, 1962. 
Doupnik, J. and J.S. Nisbet, "Electron Temperature and 
Density Fluctuat ions i n  t h e  Daytime Ionosphere", paper 
presented a t  t he  AGU Meeting, Washington, D.  C . ,  Apr i l  
1965. 
Duncan, R.  A : ,  "The Behavior of a Chapman Layer i n  the  
Night F2 Region of t he  Ionosphere, under Inf luence of 
Gravity, Diffusion and Attachment", Aust. J. Phys., 2, 
p. 436, 1956. 
Evans, J. V . ,  "Cause of t h e  Midlat i tude Evening Increase 
i n  FOF2I1, J. Geophys. R e s . ,  70, p. 1175, 1965. 
Evans, J. V .  and Loewenthal, M . ,  "Ionospheric Backscat- 
ter  Observations",  P lane t ,  Space Sc i . ,  l2, p. 915, 1964. 

SEL-65-109 - 114 - 



L 

13. Ferguson, E.  E. ,  F. C.  Fehsenfeld, P. D. Goldan, A. L. 
Schmeltekopf and H. I. Schiff  , "Laboratory Measurements 
of t h e  R a t e  of t h e  Reaction N2+ + 0 NO+ + N a t  Thermal 
Energy," P l a n e t .  Space S c i . ,  l3, p. 823, 1965. 

t i ona ry  S a t e l l i t e s  for t h e  Study of Ionospheric Electron 
Content and Ionospheric Radio-Wave Propagation," 
J. Geophvs. R e s . ,  65, p. 2025, 1960. 

14. G a r r i o t t ,  0. K., and C. G. L i t t l e ,  "The U s e  of Geosta- 

15. Garriott,  0. K . ,  F. L. Smith, 111, and P. C .  Yuen, 
"Observations of Ionospheric- Elec t ron  Content Using a 
Geostationary S a t e l l i t e ,  I' Planet .  Space Sc i .  , 13, 
p. 829, 1965. 

16. G e i s l e r ,  J. E., and S. A.  Bowhill, "Ionospheric Tem- 
pera tures  a t  Sunspot Minimum, I' J. A t m o s .  and T e r r .  Phys. , 
27, p. 457, 1965. 

1 7 .  Hanson, W. B., "Electron Temperatures i n  t h e  Upper 
Atmosphere, 'I Space Research, Proc. I n t .  Space S c i .  
Symp. 3rd, Washington, p. 282, 1962. 

18. Hanson, W. B., and F. S .  Johnson, "Electron Temperatures 
i n  t h e  Ionosphere," M e m o i r e s  SOC. R. Lieqe, IVY p. 390, 
1961. 

19. Hanson, W. B., and T. N. L. Pat terson,  "The Maintenance 
of t h e  Night-Time F-Layer, 'I Planet .  Space Sc i .  , 12, 
p. 979, 1964. 

2 0 .  Hanson, W. B., T. N.  L.  Pat terson and S .  S .  Degaonkar, 
"Some Deductions f r o m  a Measurement of t h e  Hydrogen 
Ion Di s t r ibu t ion  i n  t h e  High Atmosphere," J. Geophys. 

- * J  R e s  - 68, p. 6203, 1963. 

21. Harris ,  I., and W. Priester, "Time-Dependent S t ruc tu re  
of t h e  Upper Atmosphere, J. A t m o s .  Sci . ,  l9, p. 286, 
1962. 

22. Jacchia ,  L. G., and J. Slowey, "An Analys is  of t h e  
Atmospheric Drag of t h e  Explorer 9 S a t e l l i t e  from 
Prec ise ly  Reduced Photographic Observat ionsYn Smith- 
sonian Astrophys. O b s .  Spec. Rept. 125, 1963. 

23. Jacchia ,  L. G., and J. Slowey, "Atmospheric Heating 
i n  Auroral  Zones: A Preliminary Analysis of t h e  
Atmospheric Drag of t he  Injun 3 Sa te l l i t e , "  J. Geophys. 
- 0 ,  R e s  -9 6Y p. Y U 5 ,  1964. 

- 115 - SEL-65-109 



24. 

25. 

26. 

27. 

28. 

29. 

30 .  

31. 

32. 

33. 

34. 

35. 

36. 

37. 

Johnson, F. S . ,  "The Ion Di s t r ibu t ion  Above t h e  F2 
Maximum," J .  Geophys. R e s . ,  65, p. 577, 1960. 

Kamke, E . ,  "Differentialqleichungen, Losungsmethoden 
und Losunqen," Band 1, Chelsea, 1959, 

Laasonen, P . ,  "Uber 'e ine Methode z u r  Losung der  
Warmeleitungsgleichung, I '  Acta Math., 31, p. 309, 1949. 

Lowan, A .  N . ,  " O n  t he  Cooling of t h e  Upper Atmosphere 
a f t e r  Sunset," J. Geophys. R e s . ,  60, p. 4 2 1 ,  1955. 

Mariani, F. ,  " D i s t r i b u t i o n  of t h e  Photoelectrons and 
O r i g i n  of the  Geomagnetic Anomaly i n  t he  F2-Layer," 
J. Geophys. Res., 69, p. 556, 1964. 

Martin, H.  A . ,  W. Neveling, W. Pr ies ter  and M .  Roemer, 
"Model of the  Upper Atmosphere from 130 through 1600 km. 
Derived from Sa te l l i t e  O r b i t s , "  M i t t .  S t e r n w a r t e  Bonn, 
No. 35, 1961. 

Rishbeth, H . ,  "Diffusion of Ion iza t ion  i n  t he  S u n r i s e  
F-Layer," J. Atmos. and Terr. Phys., 20, p. 277, 1961, 

Rishbeth, H . ,  and D.  W .  Barron, "Equilibrium E l e c t r o n  
D i s t r i b u t i o n  i n  t he  Ionospheric F2-Layer," J. Atmos. 
and T e r r .  Phys., l8, p. 234, 1960. 

Rishbeth, H . ,  and C .  S .  G.  K .  Se t ty ,  "The F-Layer a t  
S u n r i s e , "  J. Atmos. and T e r r .  Phys., 20,  p. 263, 1961. 

Smith, R .  L . ,  "Propert ies  of t h e  Outer Ionosphere 
Deduced from Nose Whis t le rs , "  J .  Geophys. R e s . ,  -, 66 
p. 3709, 1961, 

Snyder, C. W . ,  M. Neugebauer and U. R.  Rad, "The Solar  
Wind Veloci ty  and I ts  Cor re l a t ion  with Cosmic-Ray 
Variat ions and with Solar  and Geomagnetic A c t i v i t y , "  
J.  Geophys. R e s . ,  68, p. 6361, 1963. 

Spencer, N .  W . ,  G.  P .  Newton, C.  A .  Reber, L.  H. Brace 
and R .  Horowitz, " R e s u l t s  from t h e  Aeronomy S a t e l l i t e ,  
Explorer X V I I ,  I' T r a n s .  Am. Geoph. U . ,  45, p. 729, 1964, 

Spi tzer ,  L . ,  Jr . ,  Physics of Ful ly  Ionized Gases, 
In t e r sc i ence ,  1962. 

Yoh, P . ,  "Radar Studies  of t h e  C i s l u n a r  Medium, I' S c i .  
Report N o .  12, NASA Grant NS-G-377, Stanford U n i v e r s i t y ,  
Radioscience Lab., 1965. 

S E L- 6 5 - 109 - 116 - 

~ 


