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ABSTRACT 

Accurate measurements of t h e  amount of Faraday r o t a t i o n  imposed on 

VHF te lemet ry  t ransmiss ions  from a geos t a t iona ry  s a t e l l i t e  have been 

analyzed t o  s tudy  rates of product ion and l o s s  of e l e c t r o n s  i n  t h e  F 

region of t h e  ionosphere.  The ra te  of photo ioniza t ion  of atomic oxygen, 

i n t e g r a t e d  w i t h  r e spec t  t o  he ight  through t h e  ionosphere ( t h a t  i s ,  t h e  

t o t a l  number of 0 ions  produced pe r  second i n  a v e r t i c a l  column of u n i t  

c r o s s - s e c t i o n a l  area extending through t h e  ionosphere) ,  was determined 

a t  s u n r i s e  over H a w a i i .  The ana lys i s  a l s o  yielded t h e  magnitude of t h e  

l i n e a r  l o s s  c o e f f i c i e n t  (def ined as t h e  f r a c t i o n  of the e l e c t r o n  concen- 

t r a t i o n  l o s t  through recombination pe r  second) a t  an a l t i t u d e  of 300 km. 

The i n t e g r a t e d  ra te  of product ion of 0 ions  a t  s u n r i s e  w a s  used t o  

deduce t h e  t o t a l  f l u x  of s o l a r  r a d i a t i o n  i n  t h e  165 t o  911 wavelength 

range ( t h e  extreme u l t r a v i o l e t ,  or E W ,  range)  inc iden t  on t h e  e a r t h ' s  

atmosphere. A t o m i c  oxygen photo ioniza t ion  rates and s o l a r  EUV f l u x  

va lues  were obtained on a d a i l y  b a s i s ,  and l o s s  c o e f f i c i e n t s  on a monthly 

average b a s i s ,  over  t h e  2-year per iod extending from September 1964 

+ 

+ 

through August 1966. 

The a n a l y s i s  takes advantage of a nonequilibrium s i t u a t i o n  t h a t  

e x i s t s  i n  t h e  ionosphere near  t h e  t i m e  of s u n r i s e  i n  o rde r  t o  determine 

t h e  i n t e g r a t e d  photo ioniza t ion  r a t e  and l o s s  c o e f f i c i e n t .  Both q u a n t i t i e s  

are determined by matching experimental  measurements of t h e  Faraday r o t a -  

t i o n  vs  t i m e  dur ing  a per iod  of approximately 1 hour ,  centered around 

s u n r i s e ,  t o  a Faraday r o t a t i o n  func t ion  computed on t h e  b a s i s  of a theo- 

re t ical  model f o r  t h e  ionosphere.  

The r e s u l t s  inc lude  t h e  following: 

1. The i n t e g r a t e d  rate of product ion of atomic oxygen ions  a t  
s u n r i s e  over H a w a i i  averaged 1.7 X lo9 ions/cm2/s. 
is  be l ieved  t o  be accu ra t e  t o  wi th in  k15 percent .  Day t o  day 
va lues  f l u c t u a t e d  about a 30 day running mean w i t h  a s tandard  
d e v i a t i o n  of +15 percent .  N o  seasonal  v a r i a t i o n  w a s  observed. 

The  average 
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2. The l i n e a r  l o s s  c o e f f i c i e n t  a t  s u n r i s e  over Hawaii w a s  found 
t o  average 1.4 X 10'5 s-1 a t  an a l t i t u d e  of 300 km, with win ter  
values  tending t o  be about 50 percent  above average and summer 
values  about 50 percent  below average. The average value should 
be accurate t o  wi th in  a f a c t o r  of 2. 

3. The t o t a l  f l u x  of s o l a r  r a d i a t i o n  i n  the 165 t o  911 wavelength 
range inc iden t  on t h e  atmosphere w&s found t o  average 4.5 X 1O1O 
photons/cm2/s. 
percent .  

The average should be accu ra t e  t o  wi th in  t30 
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Chapter I 

INTRODUCTION 

A .  Purpose 

Th i s  r e sea rch  makes use of r a d i o  t ransmissions from geos t a t iona ry  

e a r t h  satellites t o  s tudy some of the  phys ica l  processes governing t h e  

concen t r a t ion  of e l e c t r o n s  i n  t h e  ionosphere. One o b j e c t i v e  of t h e  s tudy 

w a s  t o  determine t h e  photoionizat ion r a t e ,  i n t e g r a t e d  wi th  r e spec t  t o  

h e i g h t  through t h e  ionosphere,  t h a t  i s ,  t h e  t o t a l  number of ion-electron 

p a i r s  produced p e r  second i n  a v e r t i c a l  column of u n i t  c ros s - sec t iona l  

area extending a l l  the way through the  ionosphere. Using t h i s  informa- 

t i o n ,  i n  conjunct ion with r ecen t  d a t a  regarding t h e  composition of t h e  

n e u t r a l  atmosphere, it was then  poss ib l e  t o  deduce t h e  t o t a l  f l u x  of 

s o l a r  r a d i a t i o n  i n  t h e  extreme u l t r a v i o l e t  ( E W )  po r t ion  of t he  spectrum 

i n c i d e n t  on t h e  e a r t h ' s  atmosphere. 

refers t o  r a d i a t i o n  i n  t h e  165 t o  911 A wavelength r ange , )  

( I n  t h i s  s tudy ,  "extreme u l t r a v i o l e t "  

Another o b j e c t i v e  was t o  determine t h e  magnitude of the l i n e a r  l o s s  

c o e f f i c i e n t  t h a t  governs t h e  rate of recombination of e l e c t r o n s  i n  t h a t  

r eg ion  of t h e  ionosphere (the region of maximum e l e c t r o n  concentrat ion,  

known a s  t h e  F2 
t i o n  of t h e  e l e c t r o n  concentrat ion.  The l i n e a r  l o s s  c o e f f i c i e n t  is de- 

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

a l t i t u d e  t h a t  is l o s t  through recombination p e r  second. 

r eg ion )  where t h e  recombination rate is a l i n e a r  func- 

The i n t e g r a t e d  photoionizat ion r a t e  and the l i n e a r  l o s s  c o e f f i c i e n t  

were determined over  Hawaii a t  sun r i se ,  as  a func t ion  of d a t e ,  during a 

pe r iod  of almost 2 years .  The r e s u l t s  a r e  examined t o  determine whether 

or no t  seasonal  v a r i a t i o n s  can be de t ec t ed  i n  e i t h e r  q u a n t i t y .  

B. The S i t u a t i o n  

The e x i s t e n c e  of t h e  ionosphere i s  due p r imar i ly  t o  t h e  photoioniza- 

t i o n  of n e u t r a l  c o n s t i t u e n t s  of t he  atmosphere t h a t  r e s u l t s  from s o l a r  

extreme u l t r a v i o l e t ,  and t o  some e x t e n t  X-ray, r a d i a t i o n .  Most of t h e  

i o n i z a t i o n  is  contained wi th in  the  F region of t h e  ionosphere, which ex- 

tends i n  a l t i t u d e  f r o m  about 150 t o  600 km and which i s  o f t e n  f u r t h e r  
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subdivided i n t o  t h e  so-cal led F and F reg ions .  The concent ra t ion  

of e l e c t r o n s  i n  t he  F region reaches a maximum around midday when t h e  

e f f e c t s  of t h e  s o l a r  i on iz ing  r a d i a t i o n  a r e  s t r o n g e s t .  I t  decays t o  

a minimum, due t o  processes  lead ing  t o  t h e  recombination of ions and 

e l e c t r o n s ,  i n  t h e  l a t e  n igh t  and e a r l y  morning hours before  sun r i se .  

1 2 

F igure  1 shows the geometry involved. The angle  X, which i s  the 

angle  of incidence of the s o l a r  ion iz ing  r a d i a t i o n  as seen b y  an ob- 

s e r v e r  s i t u a t e d  a t  po in t  0, i s  known a s  t h e  s o l a r  zenith angle .  Note 

t h a t  x = 0 impl ies  t h a t  t h e  sun is d i r e c t l y  overhead. A t  ground sun- 

rise, when t h e  s o l a r  r a d i a t i o n  is a r r i v i n g  t a n g e n t i a l l y  to  t h e  e a r t h ' s  

s u r f a c e ,  the angle  X i s  90'. 

A s  a very rough approximation, t h e  columnar e l ec t ron  content  E of 

the ionosphere ( t h a t  i s ,  t h e  t o t a l  number of f r e e  e l e c t r o n s  i n  a v e r t i c a l  

F i g ,  1, A DIAGRAM SHOWING THE EARTH I N  RELATION TO 
THE IONOSPHERE AND THE SOLAR IONIZING RADIATION. 
RE is t h e  r ad ius  of t h e  e a r t h ,  0 i s  t h e  loca t ion  
of an observer ,  and x is  t h e  s o l a r  z e n i t h  ang le  
a t  p o i n t s  above the observer .  The diagram i s  not  
drawn t o  s c a l e .  The a l t i t u d e  of t h e  lower edge of 
the F region is i n  r e a l i t y  only about 0.03 RE.  The 
th ickness  of t h e  F reg ion  is  about 0.08 RE. 
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column of u n i t  c ros s - sec t iona l  a r ea  extending a l l  t he  way through t h e  

ionosphere) can be considered t o  be governed s o l e l y  by an in t eg ra t ed  

loss r a t e  L and an i n t e g r a t e d  photoionizat ion r a t e  Q,  where Q is 

ze ro  a t  n i g h t  and is a nonzero cons t an t ,  

set. For a s i m p l i f i e d  example, consider  L t o  be on ly  a func t ion  of 

E .  

between s u n r i s e  and sun- 'm , 

Consider t h e  s i t u a t i o n  i l l u s t r a t e d  i n  F i g .  2 i n  which t h e  dependence 

of Q on X is neglected,  so t h a t  t h e  fol lowing c o n t i n u i t y  equation 

a p p l i e s  : 

Qm----- 

NIGHT 
Fig.  2 . THE DIURNAL VARIATION OF 

THE INTEGRATED PHOTOIONIZATION 

NIGHT DAY 

- = Q - L  dE 
d t  

where 

f o r  tr < t < ts Q = (  Qm 

0 otherwise 

and where t h e  le t ter  t is used t o  r ep resen t  t i m e ,  w i th  s u n r i s e  and sun- 

set occurr ing a t  times and t r e s p e c t i v e l y  . tr S' 

If t h e  ion-electron recombination r a t e s  a r e  l a r g e  enough, v i r t u a l l y  

a l l  of t h e  i o n i z a t i o n  w i l l  d isappear  a t  n i g h t ,  l eav ing  E = 0 when t h e  

sun rises a t  t i m e  t . A t  s u n r i s e ,  i n  t h e  example of Fig.  2 ,  E begins r 
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. The i n i t i a l  ra te  of - 
‘1 -‘m i nc reas ing  a t  an i n i t i a l  ra te  S1 , where 

inc rease  of E a t  s u n r i s e  must equal t he  daytime i n t e g r a t e d  photoioniza- 

t i o n  ra te ,  

content even tua l ly  reaches an equi l ibr ium l e v e l ,  Em (assuming the  t i m e  

r equ i r ed  to  reach equi l ibr ium is  less than 

ing  a t  sunse t .  The ra te  of decrease of E immediately af ter  sunse t ,  

must a l s o  equal  Qm i n  t he  s i m p l i f i e d  model, s i n c e  dE/dt = L an i n s t a n t  

after ts, and Q = L an i n s t a n t  before  

s i n c e  L must be ze ro  when E i s  zero.  The e l e c t r o n  Qm 

ts - t,), and begins decreas- 

s2 , 

m 
To t h e  e x t e n t  t ha t  t h e  a c t u a l  ionosphere is represented by t h e  model 

i n  F ig .  2 ,  t h e  daytime i n t e g r a t e d  photoionizat ion rate can be determined 

by measuring t h e  ra te  of change of t h e  e l e c t r o n  content  e i ther  immediately 

a f t e r  s u n r i s e  or immediately a f t e r  sunset .  The f u n c t i o n a l  r e l a t i o n s h i p  

between L and E can be determined from t h e  shape of t h e  e l e c t r o n  con- 

t e n t  vs t i m e  curve during e i ther  of t he  two per iods of nonequilibrium 

(when Q # L ) .  

t h a t  i l l u s t r a t e d  i n  F ig .  2 i n  t h a t  a s ta te  of near  equi l ibr ium between 

production and l o s s  of ion-electron p a i r s  does e x i s t  during most of t h e  

day l igh t  hours,  but no t  during t i m e s  near  s u n r i s e  and sunse t  [Rishbeth 

and Barron, 19601. Beyond t h i s  resemblance, however, t he  s i t u a t i o n  is  

more complicated than the  simple p i c t u r e  i n d i c a t e s .  

In a c t u a l i t y ,  t he  behavior of t h e  ionosphere does resemble 

The e l e c t r o n  content  of t h e  ionosphere, for  example, does not  decay 

t o  zero a t  n i g h t ,  though it does reach a minimum l e v e l  t h a t ,  over Hawaii, 

i s  t y p i c a l l y  lower by a f a c t o r  of about 30 than the  midday maximum 

[ G a r r i o t t  e t  a l ,  19651. Often t h e  e l e c t r o n  content  is observed t o  reach 

an apparent ,  nonzero, equi l ibr ium l e v e l  w i th in  an hour or t W Q  a f t e r  sun- 

s e t .  That t h e r e  must be some source of i o n i z a t i o n  o t h e r  than the  photo- 

i o n i z a t i o n  due t o  r a d i a t i o n  coming d i r e c t l y  from t h e  sun is evidenced by 

observat ions t h a t ,  on occasion,  show the  e l e c t r o n  content i nc reas ing  

g radua l ly  during p a r t  of t h e  n i g h t ,  a f t e r  having f i r s t  reached a pos t  

s u n s e t  minimum [ G a r r i o t t  e t  a l ,  1965; Yuen and Roelofs,  1967; da Rosa and 

Smith, 19671. 

The i n t e g r a t e d  photoionizat ion ra te  Q ,  shown as a constant  i n  F i g .  

2, is i n  r e a l i t y  n o t  constant  between s u n r i s e  and s u n s e t ;  r a t h e r  i t  i s  a 

func t ion  of x, t h e  s o l a r  z e n i t h  angle.  I n i t i a l l y ,  before  ground sun- 

rise, only very high po r t ions  of t h e  atmosphere are i l l umina ted ,  and Q 
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is consequently small. A s  t h e  sun rises and t h e  ion iz ing  r a d i a t i o n  pene- 

t ra tes  t o  lower a l t i t u d e s ,  Q i nc reases .  Even a t  ground s u n r i s e ,  though, 

when t h e  atmosphere is i l luminated a t  a l l  a l t i t u d e s ,  Q remains r e l a t i v e l y  

small because of t h e  seve re  a t t e n u a t i o n  of r a d i a t i o n  a r r i v i n g  a t  a grazing 

incidence.  Minimum a t t e n u a t i o n ,  and hence maximum i n t e g r a t e d  photoioniza- 

t i o n  ra tes ,  occurs  when t h e  r a d i a t i o n  a r r i v e s  a t  normal incidence;  t h a t  

is, when t h e  sun i s  overhead. If the  v e r t i c a l  d i s t r i b u t i o n  of t h e  n e u t r a l  

c o n s t i t u e n t s  i n  t h e  atmosphere is known, t h e  amount of a t t e n u a t i o n  of the  

ion iz ing  r a d i a t i o n  can be computed as a func t ion  of x. Hence i f  Q can 

be determined a t  any t i m e  dur ing the  d a y l i g h t  hours,  i ts  magnitude a t  any 

o t h e r  t i m e  can be computed. 

The s i t u a t i o n  is somewhat complicated by the f a c t  t h a t  t he  s o l a r  E W  
+ + 

f l u x  produces p r i m a r i l y  t w o  i o n s ,  0 which apparent ly  recombine 

a t  very d i f f e r e n t  rates. The recombination t i m e  f o r  N is so s h o r t  com- 

pared t o  t h a t  fo r  0 t h a t  v i r t u a l l y  a l l  of t h e  ions observed i n  t h e  F 

region a r e  0 i o n s .  For  p r a c t i c a l  purposes, as discussed i n  Sect ion IV-D2, 

Q and L i n  Eq. (1-1) can be considered t o  refer to  t h e  production and 

loss of 0 ions  only.  

and N2, 
+ 
2 + 

+ 

+ 

The i n t e g r a t e d  l o s s  rate L does no t  s t r i c t l y  correspond t o  t h e  

s i m p l i f i e d  model e i t h e r ,  Reactions l ead ing  t o  t h e  recombination of ions 

and e l e c t r o n s  involve n e u t r a l  c o n s t i t u e n t s  of t h e  atmosphere as w e l l  a s  

t h e  ion iza t ion  i t se l f .  Since t h e  concentrat ions of n e u t r a l  c o n s t i t u e n t s  

va ry  with a l t i t u d e ,  t he  i n t e g r a t e d  l o s s  r a t e ,  as w e l l  as being a func t ion  

of E ,  is a l s o  a func t ion  of t h e  d i s t r i b u t i o n  of e l e c t r o n s  with a l t i t u d e .  

In t h e  lower p o r t i o n  of t h e  F region,  l o s s  rates tend to  be proport ional  

t o  t h e  square of t h e  e l e c t r o n  concentrat ion (Section 11-E) ,  whereas a t  

higher  a l t i t u d e s  loss rates are p ropor t iona l  to  t h e  first power of t h e  

e l e c t r o n  concen t r a t ion .  

C .  The Method of Analysis 

A t  s u n r i s e  v i r t u a l l y  a l l  of t h e  i o n i z a t i o n  e x i s t s  a t  a l t i t u d e s  s u f f i -  

c i e n t l y  high so t h a t  t h e  rate of loss of e l e c t r o n s  can be considered t o  

be p ropor t iona l  to  t h e  e l e c t r o n  concentrat ion (see Sect ion IV-E).  

t h i s  cond i t ion ,  even though t h e  s i t u a t i o n  is  no t  a s  simple a s  i nd ica t ed  

Under 
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by F i g .  2 ,  Eq. (1-1) is a t  least l i n e a r .  

E vs t during a per iod of nonequilibrium near  s u n r i s e ,  ( 2 )  a knowledge 

of t h e  f u n c t i o n a l  form of Q ( t h e  way Q v a r i e s  a s  a func t ion  of X, or 

equ iva len t ly ,  a s  a func t ion  of t ) ,  and ( 3 )  t h e  information t h a t  the r a t e  

of loss of e l e c t r o n s  is p ropor t iona l  t o  t h e  e l e c t r o n  concentrat ion a t  a l l  

a l t i t u d e s  where s i g n i f i c a n t  amounts of i o n i z a t i o n  are p r e s e n t ,  i t  is  pos- 

s i b l e  t o  d e r i v e  both the magnitude of Q 

c o n s t a n t ,  or loss c o e f f i c i e n t ,  t h a t  determines t h e  l o s s  r a t e ,  T h i s  is, i n  

a condensed form, t h e  approach used i n  t h i s  s tudy .  

Armed with (1) observat ions of 

a t  s u n r i s e  and the p r o p o r t i o n a l i t y  

Equation (1-1) does 

not  t ake  i n t o  account e f f e c t s  of p o s s i b l e  movements of the ion iza t ion  during 

the per iod of observat ion,  bu t  t h e s e  are considered la te r  i n  the  a n a l y s i s .  

By t h e  t i m e  of s u n s e t ,  a s u b s t a n t i a l  q u a n t i t y  of i o n i z a t i o n  e x i s t s  

a t  lower a l t i t u d e s ,  where t h e  loss ra te  is p ropor t iona l  t o  t h e  square of 

the e l e c t r o n  concen t r a t ion .  Equation (1-1) is then nonl inear .  Under these 

cond i t ions ,  t he  problem of a n a l y s i s  would be considerably more complicated. 

The per iod of nonequilibrium nea r  sunset  was not  considered i n  t h i s  s tudy .  

The i n t e g r a t e d  e l e c t r o n  production r a t e  and the magnitude of the  l i n -  

ear  l o s s  c o e f f i c i e n t  are a c t u a l l y  determined i n  t h i s  s tudy from observat ions 

of t h e  t o t a l  amount of Faraday r o t a t i o n  imposed upon a l i n e a r l y  po la r i zed  

r a d i o  wave t r ansmi t t ed  from a geos t a t iona ry  s a t e l l i t e .  The amount of Fara- 

day r o t a t i o n  is, as  discussed i n  Sect ion 1 1 1 - A ,  a measure of the  columnar 

e l e c t r o n  content  of t h e  ionosphere,  Theore t i ca l  values  fo r  t h e  amount of 

Faraday r o t a t i o n  are  computed as a func t ion  of t i m e  dur ing an i n t e r v a l  of 

approximately 1 hour near  ground s u n r i s e .  The computations are based, 

among o t h e r  cons ide ra t ions ,  upon assumptions regarding Q [ O f ] ,  t he  ra te  

of photoionizat ion of atomic oxygen a t  s u n r i s e  in t eg ra t ed  w i t h  

r e s p e c t  t o  height  through t h e  ionosphere, and 

ear l o s s  c o e f f i c i e n t  a t  an a l t i t u d e  of 300 km. A c u r v e - f i t t i n g  process is 

then used to  determine t h e  values  of Q g O [ O  ] and 

model agree most c l o s e l y  w i t h  experimental  observat ions.  I t  is found t h a t  

t h e  computations a g r e e  r a t h e r  w e l l  wi th  observat ions when Q g o [ O + ]  

'300 
p a i r  of values  f o r  t h e s e  two q u a n t i t i e s  which provides the  b e s t  agreement 

between t h e  computations and t h e  d a t a .  The values  of Qg0 and B,,, which 

do provide t h e  b e s t  agreement are taken to  be t h e  c o r r e c t  values .  Using 

90 
(X = 90') 

t h e  value of t h e  l i n -  
'300 , 

4- which make the 
'300 

and 

are chosen properly.  Furthermore, t h e r e  is g e n e r a l l y  a w e l l  def ined 
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values  obta ined  f o r  Q [O' ] ,  i n  conjunct ion wi th  a model f o r  t he  n e u t r a l  

atmosphere, t h e  s o l a r  E W  photon f l u x  is deduced. 
90 

D .  The P resen ta t ion  

Chapter I1 con ta ins  a review of ionospheric  theory t h a t  p e r t a i n s  t o  

t h e  problem of determining rates of product ion and loss of electrons i n  

t h e  F reg ion .  

In Chapter 111, t h e  mechanism l ead ing  to Faraday r o t a t i o n  of t h e  

p l ane  of p o l a r i z a t i o n  of a l i n e a r l y  po la r i zed  r a d i o  wave is b r i e f l y  d i s -  

cussed.  Also included i n  Chapter I11 a r e  a desc r ip t ion  of t h e  s a t e l l i t e  

whose t ransmiss ions  are being monitored, a d iscuss ion  of t he  technique 

f o r  measuring t h e  amount of Faraday r o t a t i o n  imposed upon t h e s e  t rans-  

missions,  and an e s t ima te  of t h e  accuracy of t h e  measurements. 

Chapter I V  con ta ins  a d iscuss ion  of t h e  scheme f o r  determining 

Q,o[O+l and 8300 from t h e  Faraday r o t a t i o n  measurements. Sect ion IV-B 

o u t l i n e s  t h e  e n t i r e  a n a l y s i s ,  and subsequent s e c t i o n s  supply t h e  d e t a i l s .  

Chapter V p re sen t s  t h e  r e s u l t s  of an app l i ca t ion  of t h e  a n a l y s i s  

descr ibed i n  Chapter I V  to  d a t a  obtained a t  t h e  Univers i ty  of Hawaii, 

and d i scusses  impl ica t ions  of those r e s u l t s .  

E .  Cont r ibu t ions  

The major con t r ibu t ions  of t h i s  r e sea rch  may be summarized a s  fol lows:  

1. A new method of analyzing measurements of t h e  Faraday r o t a t i o n  
imposed on t ransmiss ions  from geos t a t iona ry  satell i tes to  s tudy 
both t h e  r a t e  of product ion of e l e c t r o n s  and t h e  l o s s  c o e f f i -  
c i e n t  i n  t h e  F2 reg ion  of t h e  ionosphere is descr ibed .  

s u n r i s e  over Hawaii a r e  computed f o r  a 2-year per iod .  

a t  an a l t i t u d e  of 300 km are determined f o r  a 2-year per iod .  

E s t i m a t e s ,  based on the  r e su l t s  i n  ( 2 ) ,  of t h e  t o t a l  extreme 
u l t r a v i o l e t  photon f l u x  from t h e  sun inc iden t  on the  e a r t h ' s  
atmosphere are provided.  

+ 
2. Dai ly  va lues  of t h e  in t eg ra t ed  r a t e  of production of 0 ions  a t  

3. Monthly averages of t h e  l i n e a r  loss c o e f f i c i e n t  f o r  e l e c t r o n s  

4 .  
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Chapter I1 

BACKGROUND 

A d i scuss ion  of t h e  a n a l y s i s  used t o  de r ive  the  i n t e g r a t e d  r a t e  of 
+ product ion of 0 ions  and t h e  magnitude of t h e  l i n e a r  l o s s  c o e f f i c i e n t  

from Faraday r o t a t i o n  d a t a  appears  i n  Chapter I V .  The present  chapter  

reviews t h e  ionospheric  theory upon which t h e  a n a l y s i s  is based. 

A .  Cont inui ty  Equation 

The phys ica l  p rocesses  determining t h e  behavior of t h e  ionosphere 

can be roughly divided i n t o  t h r e e  c l a s ses :  

product ion of i o n i z a t i o n ,  ( 2 )  those t h a t  r e s u l t  i n  t h e  disappearance of 

i ons  and f r e e  e l e c t r o n s ,  and (3) those t h a t  lead  t o  movements of t h e  

i o n i z a t i o n .  The t i m e  v a r i a t i o n  of t h e  e l e c t r o n  dens i ty ,  N ,  may be re- 

l a t e d  t o  t h e s e  processes  through an equat ion of con t inu i ty .  Using t h e  

symbols q and R t o  r ep resen t ,  r e spec t ive ly ,  t h e  rates of product ion 

and l o s s ,  and v to  r ep resen t  t h e  n e t  d r i f t  v e l o c i t y  of t he  ion iza t ion ,  

t h e  equat ion is 

(1) those  t h a t  r e s u l t  i n  t h e  

- 

a N  
a t  - = q - R - div(Nv) 

The product ion of i o n i z a t i o n  is due p r imar i ly  to  the  photo ioniza t ion  

of N2, 02, and 0 by solar extreme u l t r a v i o l e t  ( E W )  and X-ray r a d i a t i o n ,  

a l though a t  t i m e s ,  p a r t i c u l a r l y  a t  high l a t i t u d e s ,  ion-electron pairs 

can be c rea t ed  i n  s u b s t a n t i a l  q u a n t i t i e s  by r e l a t i v e l y  ene rge t i c  charged 

p a r t i c l e s  e n t e r i n g  t h e  atmosphere. Ions and e l ec t rons  disappear  p r i n c i -  

p a l l y  through d i s s o c i a t i v e  recombination, wi th  many of t h e  p o s s i b l e  loss 

mechanisms involving more than one r e a c t i o n .  Movements of t h e  ion iza t ion  

may be a t t r i b u t a b l e  t o  motions of t he  n e u t r a l  po r t ion  of t h e  atmosphere, 

such a s  those  r e s u l t i n g  from thermal expansion or winds, t o  a d r i f t  imposed 

by an e l e c t r o s t a t i c  f i e l d ,  or t o  d i f f u s i o n  of the  plasma through the n e u t r a l  

gas  whenever t h e r e  is  an imbalance of forces a c t i n g  on t h e  plasma. These 

t o p i c s  a r e  covered i n  more d e t a i l  i n  subsequent s e c t i o n s  of t h i s  chap te r .  



B. S o l a r  Radiat ion 

Most of t h e  photoionizat ion i n  t h e  F region is a r e s u l t  of s o l a r  

r a d i a t i o n  i n  t h e  E W  por t ion  of t h e  spectrum, w i t h  wavelengths ranging 

from 165 t o  911 A .  
t i o n  p o t e n t i a l  of atomic oxygen a t  911 A. 
molecular n i t rogen ,  796 A, f a l l s  w i th in  t h e  range. Molecular oxygen 

w i t h  an i o n i z a t i o n  threshold of 1026 A can also be ionized by r a d i a t i o n  

i n  t h e  911 to  1026 A range, bu t  0 

atmosphere a t  F region a l t i t u d e s .  S t i l l  longer  wavelength r a d i a t i o n  can 

i o n i z e  even less abundant gases such as n i t r i c  oxide.  Toward the  s o f t  

X-ray end of t h e  range, f o r  wavelengths less than about 1 6 5 A ,  the inten-  

s i t y  of t h e  solar r a d i a t i o n  drops o f f  r a p i d l y .  Too, the absorpt ion c r o s s  

s e c t i o n s  of t h e  atmospheric c o n s t i t u e n t s  decrease r a p i d l y  a t  t h e  s h o r t e r  

wavelengths, allowing whatever r a d i a t i o n  t h e r e  i s  t o  p e n e t r a t e  w e l l  below 

t h e  F r eg ion .  

The low energy end of t h e  range is set  by t h e  ionizc - 
The i o n i z a t i o n  threshold f o r  

i s  only a minor c o n s t i t u e n t  of t h e  2 

Most of t h e  information a v a i l a b l e  t o  d a t e  concerning t h e  f l u x  of 

s o l a r  X-ray and EUV r a d i a t i o n  inc iden t  on t h e  atmosphere has come from 

rocke t  experiments t h a t  enabled b r i e f  glimpses of t h e  spectrum. More 

r e c e n t l y ,  spectrometers  have been mounted i n  satel l i tes  to  o b t a i n  more 

continuous obse rva t ions  of t h e  s o l a r  f l u x .  Neupert e t  a1 [1964] have 

r epor t ed  obse rva t ions  of t h e  spectrum from 50 t o  400 A over  a 3-month 

i n t e r v a l  during which t h e  OSO-1 s a t e l l i t e  was func t ion ing .  Data from 

o t h e r  sa te l l i tes  i n  t h e  OS0 series should soon expand t h e s e  obse rva t ions .  

For ionospheric  problems, t h e  main i n t e r e s t  concerning s o l a r  r a d i a t i o n  

observat ions l ies  i n  t h e  t o t a l  f l u x  inc iden t  on t h e  atmosphere i n  var ious 

wavelength bands. The l i m i t s  of t h e  bands of i n t e r e s t  are  gene ra l ly  based 

upon n a t u r a l  features of t h e  solar spectrum i t s e l f ,  on ion iza t ion  poten- 

t i a l s  of t h e  atmospheric c o n s t i t u e n t s ,  and on wavelengths a t  which t h e  

absorpt ion c r o s s  s e c t i o n s  of var ious c o n s t i t u e n t s  change ab rup t ly .  

Hinteregger e t  a1 E19651 have summarized t h e  f l u x  i n  11 major groups and 

91 subgroups of t h e  s o l a r  spectrum from 1750 t o  1 A ,  based mainly on rocket  

obse rva t ions  du r ing  July 1963, a period of low sunspot a c t i v i t y .  

Table  1 summarizes t h e i r  data f o r  three broad wavelength bands. 

The p o r t i o n  of the s o l a r  r a d i a t i o n  spectrum of i n t e r e s t  he re  con- 

t a i n s  some d e t e c t a b l e  continuum but i s  mainly composed of t h e  emission 
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Table 1 

PHOTON AND ENERGY FLUX ABOVE THE ATMOSPHERE 
DURING L O W  SUNSPOT ACTIVITY 

Wavelength Range 
(A 1 

1027-911 

911-165 

165-1 

Photon Flux Energy Flux 
(photons /m2/s  ) (mW/m2 1 

0.27 

2.55 

0.70 

13 

13 

13 

13.4 X 10 

50.5 X 10 

3.0 X 10 

l i n e s  a s soc ia t ed  wi th  the  c o n s t i t u e n t s  of t h e  s o l a r  corona and 

sphere.  The most prominent f e a t u r e  of t h e  spectrum i n  t h e  165 

range is t h e  H e  I1 Lyman a l i n e  a t  304 A ,  which con ta ins  about 

pe rcen t  of t h e  t o t a l  f l u x  i n  t h i s  range. 

chromo- 

t o  911 w 
7 or 8 

C. Neutral  Atmosphere 

Not s u r p r i s i n g l y ,  t h e  p r o p e r t i e s  of t h e  ionosphere are s t r o n g l y  

dependent upon t h e  p r o p e r t i e s  of t he  n e u t r a l  atmosphere from which t h e  

i o n i z a t i o n  is produced. In r e l a t i v e l y  r ecen t  years, rocke t s  and s a t e l -  

l i tes  have considerably expanded t h e  amount of q u a n t i t a t i v e  d a t a  a v a i l -  

a b l e  concerning t h e  atmospheric d e n s i t y  and p res su re ,  i t s  composition, 

and its temperature a t  ionospheric  a l t i t u d e s .  

The d e n s i t y  of t h e  atmosphere, for example, has  been der ived d i r e c t l y  

from obse rva t ions  of t h e  atmospheric drag on a r t i f i c i a l  satel l i tes .  Mea- 

surements of t h e  change i n  pe r iod  of sa te l l i tes  with known area-to-mass 

ra t ios  y i e l d  t h e  atmospheric d e n s i t y  nea r  t h e  a l t i t u d e  of per igee.  The 

technique has  been used t o  determine sys t ema t i ca l ly  t h e  d e n s i t i e s  between 

about 200 and 800 k m  (see J a c c h i a  [1965a] and r e fe rences  contained there-  

i n ) ,  

i ngs  [Champion, 19651. 

B e l o w  200 km,  most d e n s i t y  measurements have come from rocket  sound- 
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The determinat ion of t h e  composition of t h e  upper atmosphere is  a 

more d i f f i c u l t  problem. Consequently, t h e  amount of data a v a i l a b l e  i n  

t h i s  area is l i m i t e d .  Data have been obtained with rocketborne mass 

spectrometers  [ N i e r  e t  a l ,  19641 and from measurement of t h e  absorpt ion 

of s o l a r  u l t r a v i o l e t  r a d i a t i o n  as a func t ion  of a l t i t u d e  [ H a l l  e t  a l ,  

19651. 

not  r e q u i r e  c o r r e c t i n g  f o r  v e h i c l e  contamination e f f e c t s .  However, t h e  

absorpt ion measurements are l i m i t e d  a t  p re sen t  by lack of accu ra t e  va lues  

f o r  t h e  absorpt ion c ros s  s e c t i o n s  of t h e  atmospheric c o n s t i t u e n t s .  

The second technique is i n  p r i n c i p l e  more accu ra t e  s i n c e  it does 

Data concerning t h e  temperature of t h e  n e u t r a l  atmosphere i n  t h e  F 

region have been de r ived  p r i m a r i l y  from t h e  d e n s i t y  vs  a l t i t u d e  p r o f i l e s  

obtained from sa t e l l i t e  d rag  d a t a  and rocke t  soundings [Jacchia and Slovey, 

19641. 

A model f o r  t h e  n e u t r a l  atmosphere, cons t ruc t ed  to  be a s  c o n s i s t e n t  

as p o s s i b l e  with t h e  obse rva t ions ,  i s  t h e  COSPAR I n t e r n a t i o n a l  Reference 

Atmosphere 1965, commonly referred t o  as CIRA 1965. Figures  3 ,  4,  and 5 

1001 I I I I I I I 
I I 

Id io4 IO6 IO8 ioi0 IO'* 

PARTICLE CONCENTRATIONS, cm3 

F i g .  3 .  CONCENTRATIONS OF NEUTRAL CONSTITUENTS OF THE ATMOSPHERE 
FOR PERIODS OF VERY LOW SUNSPOT ACTIVITY. The d a t a  were taken 
from CIRA 1965, Model 1, f o r  0600 l o c a l  t i m e .  

SEL-6 7- 102 1 2  



--- 

200 

I 
5 400 I I 

/ 
/ 

' 
- 

/-- 
/- 

I 1200  LOCAL 
TIME I 

- 

W- P I  3 

t 5 300 a 

I I 
I 

I 
1 

/ 
/ 

100' I I I I I I I 
I 

TEMPERATURE, O K  
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Model 
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F i g ,  5 .  DIURNAL VARIATION OF THE ATOMIC OXYGEN AND MOLECULAR 
NITROGEN CONCENTRATIONS. T h e  data w e r e  taken from CIRA 1965, 
Model 1 .  
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a r e  based on t h i s  model, and apply i n  pe r iods  of very low sunspot a c t i v -  

i t y .  A s  i nd ica t ed  i n  F ig .  3 ,  t h e  n e u t r a l  g a s  c o n s i s t s  mainly of  oxygen 

and n i t rogen .  S ince  oxygen i s  e a s i l y  d i s s o c i a t e d  by s o l a r  u l t r a v i o l e t  

r a d i a t i o n ,  it e x i s t s  p r imar i ly  i n  t h e  atomic form i n  the  F r eg ion .  N i t r o -  

gen, however, remains almost e n t i r e l y  i n  t h e  molecular form. The o t h e r  

c o n s t i t u e n t s  are a l l  of very minor importance i n  t h e  F region.  The ioniza-  

t i o n  i tself  is o n l y  a minor c o n s t i t u e n t  i n  the  F region.  The concentrat ion 

of e l e c t r o n s  is g e n e r a l l y  less than 0.1 pe rcen t  of t h e  Concentration of 

n e u t r a l  spec ie s  even a t  t h e  a l t i t u d e  of maximum e l e c t r o n  concentrat ion.  

Above about 120 km, t h e  n e u t r a l  gases  are a l l  i n  d i f f u s i v e  equ i l ib -  

rium. Each gas  is d i s t r i b u t e d  independently of t h e  o t h e r s  so t h a t  its 

own p a r t i a l  p re s su re  decreases exponent ia l ly  w i t h  a l t i t u d e ,  The exponen- 

t i a l  scale he igh t  H f o r  each c o n s t i t u e n t  is given by 

where k is Boltzmann's c o n s t a n t ,  T is t h e  abso lu te  temperatue, m i s  

t h e  molecular mass of t h e  c o n s t i t u e n t ,  and g is t h e  a c c e l e r a t i o n  of 

g r a v i t y .  Despi te  t h e  f a c t  t h a t  H may not  be independent of a l t i t u d e ,  

t h e  p a r t i a l  p re s su re  of any c o n s t i t u e n t  may be expressed as 

'Z 
P = P0e (2-3 1 

where z is t h e  so-called reduced height  measured from a convenient ref- 

erence a l t i t u d e ,  and is def ined by 
hO , 

When H can be considered t o  be independent of a l t i t u d e ,  t h e  reduced height  

is simply 

0 
h - h  

H z =  (2-5 1 
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Figure  4 shows t h a t  a t  s u n r i s e  most of t h e  temperature inc rease  w i t h  

a l t i t u d e  occurs  below 200 km. Above 200 km, T is only a slowly varying 

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

slowly wi th  a l t i t u d e ,  t h e  scale height  of any atmospheric c o n s t i t u e n t  is  

n o t  a r a p i d l y  varying func t ion  of a l t i t u d e  i n ,  s a y ,  t h e  200 t o  600 k m  

range.  Below 200 km, t h e  scale height  does decrease r a p i d l y  due t o  t h e  

decreasing temperature.  

Figure 4 a l s o  i n d i c a t e s  a pronounced d i u r n a l  v a r i a t i o n  i n  t h e  temper- 

a t u r e  of t h e  upper atmosphere, which i n  t u r n  r e s u l t s  i n  a d iu rna l  v a r i a t i o n  

i n  t h e  d i s t r i b u t i o n  of t h e  n e u t r a l  c o n s t i t u e n t s  (Fig. 5 ) .  

of t h e  thermosphere ranges f r o m  about 7OO0K a t  n i g h t  t o  about 1000°K i n  

midday during pe r iods  of l o w  s o l a r  a c t i v i t y .  During years  of high s o l a r  

a c t i v i t y ,  t h e  d i u r n a l  v a r i a t i o n  may be s h i f t e d  upward t o  a n igh t  t o  day 

range of about 1300 t o  2000°K. 

The temperature 

D .  Photoionizat ion 

The rate of photoionizat ion of a gas  is p ropor t iona l  both to  t h e  

1 concentrat ion n of t h e  gas  and t o  t h e  i n t e n s i t y  I of t h e  ion iz ing  

r a d i a t i o n .  The p r o p o r t i o n a l i t y  cons t an t ,  when t h e  r a d i a t i o n  i n t e n s i t y  

is expressed as a photon f lux ,  is known as t h e  i o n i z a t i o n  c ros s  s e c t i o n  

and w i l l  be represented by t h e  symbol, u'. Hence t h e  photoionizat ion 

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

can be expressed a s  

where e i t h e r  r a d i a t i o n  of o n l y  one wavelength is considered o r ,  equiva- 

l e n t l y ,  a band of r a d i a t i o n  over  which g' remains constant  i s  considered. 

The r a d i a t i o n  i n t e n s i t y  a t  an a l t i t u d e  h can be conveniently expressed 

i n  terms of an o p t i c a l  depth T a s  

where I, is  t h e  i n t e n s i t y  above t h e  atmosphere and T is a measure of 

t h e  a t t e n u a t i o n  due t o  passage through p a r t  of t h e  atmosphere. The o p t i c a l  
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dep th  is  a f u n c t i o n  of t h e  absorpt ion c r o s s  s e c t i o n ,  CT, and the  con- 

c e n t r a t i o n s  of t h e  c o n s t i t u e n t s  r e spons ib l e  f o r  t h e  absorpt ion along the  

pa th  of t h e  r a d i a t i o n .  When o n l y  one c o n s t i t u e n t  is involved, t h e  r e l a -  

t i o n  is  given by t h e  l i n e  i n t e g r a l  

T(h)  = CT n ds 

Lh 

where n is  t h e  concentrat ion of t h e  c o n s t i t u e n t  and L is t h e  r a d i a t i o n  

r aypa th  from t h e  sun t o  a p o i n t  a t  a l t i t u d e  h .  For t h e  case  of an iso-  

thermal atmosphere, where n v a r i e s  a s  exp(-h/H), t h e  i n t e g r a l  i n  (2-8) 

has been evaluated [Chapman, 19311 w i t h  t he  r e s u l t  expressed as 

h 

The Chapman f u n c t i o n  Ch(X,H)  c l o s e l y  approximates sec X for X < 70' 
but  does no t  become i n f i n i t e  as X approaches 90' (Fig.  6 ) .  The ang le  

X i s  t h e  s o l a r  z e n i t h  angle.  

To be p r e c i s e ,  Ch(X,H) is  not  a func t ion  of X and H. Rather i t  

is a func t ion  of x and H/(RE + h ) ,  where RE is the  r a d i u s  of t h e  

e a r t h  and h is t h e  a l t i t u d e .  However, RE (6370 k m )  is  so much l a r g e r  

than h i n  t he  F region of t h e  ionosphere (150 to  600 k m )  t h a t  t h e  sum, 

(RE -I- h ) ,  can be considered constant  f o r  most purposes without  leading t o  

s i g n i f i c a n t  e r r o r s .  

A combination of Eqs. (2-6), (2-7), and (2-9) y i e l d s  t h e  Chapman 

production formula for a s i n g l e  c o n s t i t u e n t ,  isothermal atmosphere, ex- 

posed t o  monochromatic i o n i z i n g  r a d i a t i o n :  

q = qo e x p [ l  - z - Ch(X,H) e-"] (2-10) 

Here the  a l t i t u d e  v a r i a t i o n s  have been expressed i n  terms of t he  reduced 

he igh t  of Eq. (2-5). The r e fe rence  l e v e l  a t  which z = 0 has been chosen 

t o  be t h e  a l t i t u d e  a t  which mH = 1,. t h a t  is, t h e  a l t i t u d e  of u n i t  o p t i -  

ca l  depth f o r  an overhead sun (x = 0) .  For x = 0, t h e  peak ra te  of 

SEL-67-102 16  



I I / / /  

1 I I I 

100 
I '  
70 80 90 

SOLAR ZENITH ANGLE ( X I ,  degrees 

F i g .  6. SEC (X) AND CH(X,H) VS x FOR SEVERAL 
SCALE HEIGHTS. The geocen t r i c  r a d i u s ,  which also 
inf luences  t h e  va lue  of C h ( X , H ) ,  was taken t o  
be 6700 km. 

photo ioniza t ion  occurs a t  t h e  l e v e l  z = 0 and is given by 

(2-11) 

and t h e  'm I n  gene ra l ,  t h e  magnitude of t h e  peak product ion r a t e ,  

l e v e l  of its occurrence,  zm, are .given by 

(2-12) 
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and 

(2-13) 

S u b s t i t u t i n g  z '  = z - z i n t o  (2-10) g ives  m 

(2-14) q = qm exp(1 - z '  - e -z' 1 

i n d i c a t i n g  t h a t  t h e  shape of t h e  production p r o f i l e  is independent of X 
whi le  t h e  peak value of q v a r i e s  as [Ch(X,H)] . Figure  7 i l l u s t r a t e s  

t h e  Chapman production p r o f i l e  f o r  f o u r  z e n i t h  angles .  

-1 

For accurate c a l c u l a t i o n s  of t h e  photoionizat ion rates i n  t h e  iono- 

sphere,  t h e  theo ry  o u t l i n e d  above can be general ized t o  consider  t h e  

1 1 I I I 1 

I I I I I I # I I I 
) 0.2 0.4 0.6 0.8 I .o 

d9, 

Fig .  7. NORMALIZED CHAPMAN PRODUCTION PROFILES, 
exp[ l  - z - Ch(X,H)e'Z] VS z ,  FOR H = 40 km. 
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e f f e c t  of s e v e r a l  d i f f e r e n t  gases  i n  t h e  atmosphere and t o  account f o r  t he  

wavelength dependence of cr and cr' f o r  each gas .  The e n t i r e  r a d i a t i o n  

spectrum t h a t  produces t h e  i o n i z a t i o n  can be  divided i n t o  numerous bands, 

each of which covers  a range of wavelengths small  enough t o  allow t h e  

absorpt ion and i o n i z a t i o n  cross s e c t i o n s  of each c o n s t i t u e n t  to be cw - 
s ide red  constant  ac ross  t h e  band. The o p t i c a l  depth f o r  any one of t h e s e  

bands would be given by a sum of terms l i k e  t h a t  on t h e  right-hand s i d e  

of Eq. (2-8)--one term fo r  each c o n s t i t u e n t  w i t h  a nonzero u. A s u b s t i -  

t u t i o n  of t h e  o p t i c a l  depth i n t o  Eq. (2-7), followed by a s u b s t i t u t i o n  

of t h e  r e s u l t i n g  I ( h )  and an appropr i a t e  value f o r  cr' i n t o  Eq. (2-6), 

y i e l d s  t h e  photoionizat ion r a t e  f o r  one c o n s t i t u e n t  due t o  t h e  band of 

r a d i a t i o n  considered.  To o b t a i n  t h e  t o t a l  photoionizat ion r a t e ,  summations 

ove r  a l l  t h e  c o n s t i t u e n t s  and a l l  t h e  bands of r a d i a t i o n  a r e  necessary.  

F igu re  8 shows t h e  r e s u l t s  of such c a l c u l a t i o n s ,  u s ing  t h e  r a d i a t i o n  

f l u x ,  absorpt ion c r o s s  s e c t i o n s ,  and i o n i z a t i o n  c r o s s  s e c t i o n s  published 

by Hinteregger et a 1  E19651 and a COSPAR model for t h e  n e u t r a l  atmosphere. 

The spectrum between 911 and 165 A has been divided i n t o  46 bands f o r  t h e  

numerical c a l c u l a t i o n s ,  and t h e  165 t o  1 A range has been divided i n t o  

12 bands. Though t h e  s i t u a t i o n  is more complicated than t h a t  descr ibed 

by t h e  Chapman formula, t h e  results are s imilar  t o  Chapman production 

p r o f i l e s .  The absorpt ion c r o s s  s e c t i o n s  tend t o  be s i g n i f i c a n t l y  smaller 

f o r  X-rays (165 t o  1 A )  than f o r  t h e  E W  r a d i a t i o n  from 911 to  165 A .  
Hence t h e  peak r a t e s  of t h e  photoionizat ion due t o  X-rays occur a t  lower 

a l t i t u d e s  where t h e  concen t r a t ions  of t h e  n e u t r a l  c o n s t i t u e n t s  a r e  g r e a t e r .  

Radiation of wavelengths g r e a t e r  than 911 A does no t  have s u f f i c i e n t  
+ 

energy t o  i o n i z e  e i t h e r  0 o r  N though i t  can produce 0 ions.  Since 

t h e  absorpt ion c r o s s  s e c t i o n s  of both N2 and 0 a r e  h igh ly  v a r i a b l e  i n  

t h i s  p a r t  of t h e  spectrum, d e t a i l e d  c a l c u l a t i o n s  of t h e  0 production 

r a t e s  w e r e  somewhat d i f f i c u l t  and were no t  performed. However, Hinteregger 

e t  a1 have taken i n t o  account those v a r i a t i o n s .  They have shown, us ing  a 

d i f f e r e n t  but s i m i l a r  model atmosphere, t h a t  t h e  peak r a t e  of photoioniza- 

t i o n  of 0 

a l t i t u d e  as  t h e  peak rate of production of all ions due t o  165 t o  1 

d i a t i o n .  They a l s o  found, and it  w i l l  be assumed a s  an approximation i n  

t h i s  r e p o r t ,  t h a t  t h e  t o t a l  production of 0 ions by 1027 to  911 r ad ia -  

t i o n  is n e a r l y  twice t h e  to ta l  production of a l l  ions by 165 t o  1 A r a d i a t i o n .  

2 '  2 

+ 2 

2 

due t o  1027 t o  911 A r a d i a t i o n  occurs  a t  v i r t u a l l y  t h e  same 
2 

ra- 

+ 
2 
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F i g .  8. PHOTOIONIZATION RATES BASED UPON CIRA 1965, MODEL 1, AND UPON 
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CROSS SECTIONS PUBLISHED BY HINTEmGGER E T  AL [ 19651 . A t  x = 0,  the  
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for 0600 local t i m e  w a s  used. 
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Tables  2 and 3 p resen t  t h e  r e s u l t s  of a v e r t i c a l  i n t e g r a t i o n  of t h e  

product ion p r o f i l e s  shown i n  F i g .  8. The f i g u r e s  i n  t h e s e  t a b l e s  g ive  

t h e  t o t a l  number of ions  produced per  u n i t  t i m e  i n  a v e r t i c a l  column of 

u n i t  c ros s - sec t iona l  area extending a l l  t h e  way through t h e  atmosphere. 

The approximate in t eg ra t ed  ra te  of production of 0 ions  by r a d i a t i o n  i n  

t h e  1027 t o  911 A range is  a l s o  included.  

+ 
2 

The d a t a  i n  Tables  2 and 3 i n d i c a t e  t h a t  most of t h e  ion iza t ion ,  

e s p e c i a l l y  a t  s u n r i s e  (x = go") ,  but a l s o  wi th  an overhead sun (X = O o ) ,  

is  produced by E W  r a d i a t i o n  wi th  wavelengths ranging from 911 to  165 A .  
A t  s u n r i s e ,  t h e  peak photo ioniza t ion  r a t e  occurs  a t  a r e l a t i v e l y  high 

a l t i t u d e  where atomic oxygen is t h e  dominant n e u t r a l  c o n s t i t u e n t  (F ig .  3). 

Hence a t  X = 90°, 

With t h e  sun overhead, t h e  ion iz ing  f l u x  p e n e t r a t e s  more deeply i n t o  the  

f about 67 percent  of t h e  ion iza t ion  produced is  0 . 

I on 
Produced 

O+ 

Table 2 

INTEGRATED PHOTOIONIZATION RATES FOR x = 0 
mW2 s - l )  

Wavelength Ranges (A) 

1027-911 911-165 165-1 
To ta l s  

0 14.2 0.5 14.7 

0 17.7 1.7 19.4 

0; I 6.0 I 7.3 I 0.8 I 14.1 I 
T o t a l s  I 6.0 I 39.2 I 3.0 1 48.2 I 

I I I I I 

Note: Values a r e  based on atmosphere model 1 f o r  
1200 l o c a l  t i m e  from CIRA 1965, and upon t h e  f l u x  
and c r o s s  s e c t i o n s  published by Hinteregger e t  a1 
[1965]. N o  secondary ion iza t ion  is included. The 
i n t e g r a t e d  rate of product ion of 02 ions  by 1027 
t o  911 A r a d i a t i o n  w a s  obtained by doubling t h e  
t o t a l  i n t e g r a t e d  photo ioniza t ion  rate f o r  165 t o  
1 A r a d i a t i o n  ( see  t e x t ) .  

- 

+ 

u 
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Table 3 

INTEGRATED PHOTOIONIZATION RATES FOR X = 90° 

Wavelength Ranges (A) 
' 

1027-911 911-165 165-1 

0 1.74 0.06 

0 0.48 0.04 

0.24 0.12 0.02 

0.24 2.34 0.12 

r Produced Totals 

1.80 

0.52 

0.38 

2.70 1 T o t a l s  

- Note: Values a r e  based upon atmosphere model 1 for 
0600 l o c a l  t i m e  from CIRA 1965, and upon t h e  f l u x  and 
c r o s s  s e c t i o n s  publ ished by Hinteregger  e t  a1 [1965]. 
No secondary i o n i z a t i o n  is included.  The intoegrated 
rate of product ion of 0; ions by 1027 t o  911A rad i -  
a t i o n  w a s  obtained by doubling t h e  t o t a l  i n t eg ra t ed  
photo ioniza t ion  rate for 165 t o  1 A r a d i a t i o n  (see 
t e x t ) .  

0- 

atmosphere and t h e  t h r e e  c o n s t i t u e n t s  c o n t r i b u t e  more nea r ly  equal amounts 

to  t h e  t o t a l  production of i on iza t ion .  

E .  Loss Processes  i n  the F Region 

Once a p o s i t i v e  ion and a free e l e c t r o n  have been formed i n  t h e  iono- 

sphere,  numerous poss ib l e  r e a c t i o n s  could lead  to  t h e i r  disappearance.  

Only those  r e a c t i o n s  considered t o  be important a t  a l t i t u d e s  above 150 km, 

where v i r t u a l l y  a l l  of t h e  photo ioniza t ion  a t  s u n r i s e  t akes  p lace ,  w i l l  

be considered he re .  

In t h e  process  of recombination, t w o  bodies ,  an ion and an e l e c t r o n ,  

combine. Conservation of both energy and momentum would be impossible 

i n  t h i s  process  unless t w o  bodies a r e  s t i l l  present  a f t e r  t h e  recombina- 

t i o n .  Two bodies  may be p re sen t  a f te rward ,  f o r  example, when t h e  recombina- 

t i o n  is a r e s u l t  of a three-body c o l l i s i o n ,  wi th  the  t h i r d  body some n e u t r a l  
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atom or molecule. However, above 150 k m ,  t h e  gas  p re s su re  is  so low a s  

to  make three-body c o l l i s i o n s  vir- tual ly  nonex i s t en t .  

a c t i o n s  cannot account f o r  any s i g n i f i c a n t  amount of recombination i n  

t h e  F region.  

Three-body i n t e r -  

The problem of conservat ion of energy and momentum is solved i n  t he  

case of molecular i ons  by a d i s s o c i a t i o n  of t h e  molecule accompanying 

t h e  recombination. 

a s  t h i s  process  is called,  is g r e a t e r  than 10 

ions of importance i n  t h e  F region [Ferguson, 19671. 

The r a t e  c o e f f i c i e n t  f o r  d i s s o c i a t i v e  recombination, 
-7 3 c m  / s  f o r  t h e  molecular 

Rad ia t ive  recombination, t h a t  is, recombination accompanied by t h e  

emission of a photon, is t h e  only p o s s i b i l i t y  fo r  atomic ion-electron 

recombination. The r a t e  c o e f f i c i e n t  f o r  t h i s  process  is approximately 

cm3/s  [ R a t c l i f f e  and Weekes, 19601, or about f i v e  orders of magnitude 

less than t h a t  for  d i s s o c i a t i v e  recombination. For t h i s  reason, r a d i a t i v e  

recombination does no t  account f o r  the  removal of a s i g n i f i c a n t  amount of 

F region i o n i z a t i o n .  Atomic i o n s ,  such as 0 , are f a r  more l i k e l y  t o  be 

removed through a r e a c t i o n  wi th  a n e u t r a l  molecule, forming a molecular 

i o n ,  followed by a d i s s o c i a t i v e  recombination of t he  molecular ion .  

+ 

Table 4 con ta ins  a l i s t  of t h e  r e a c t i o n s  bel ieved t o ’ b e  most impor- 

t a n t  i n  determining t h e  e l e c t r o n  and ion d e n s i t i e s  i n  t h e  F region.  The 

0’ i ons  are removed by an ion-atom interchange with e i t h e r  O2 or N 

lowed by d i s s o c i a t i v e  recombination r e a c t i o n s  (5)  or ( 7 ) .  

considerable  disagreement, however, as t o  which r e a c t i o n s  are  important i n  

t h e  removal of N2 i ons  [Rishbeth, 19671. 

a c t i o n  ( 6 ) ,  is perhaps the most obvious p o s s i b i l i t y ,  but r e a c t i o n  (3) f o l -  

lowed by (7 )  is thought t o  be f a r  more important [Johnson, 19671. It  is  

also p o s s i b l e  t h a t  a s i g n i f i c a n t  po r t ion  of t h e  N ions are converted to 

0 ions through t h e  charge t r a n s f e r  r e a c t i o n  ( 4 ) .  

f o l -  

There is s t i l l  
2’ 

+ D i s s o c i a t i v e  recombination, re- 

+ 
2 

i- 

Measurements of t h e  d i s t r i b u t i o n  of p o s i t i v e  ions between about 130 

and 240 km during sunspot minimum cond i t ions  have been obtained by Holmes 

e t  a1 [1965]. Data obtained from a rocket  f l i g h t  over White Sands, New 

Mexico, during February 1963 show t h a t  above about 190 km, a t  0934 l o c a l  

s tandard t i m e ,  over 90 percent  of t h e  i o n i z a t i o n  c o n s i s t s  of 0 ions.  The 

next  most abundant i o n i c  s p e c i e s  are NO 

approximately equal  concentrat ions.  S i g n i f i c a n t l y ,  N i ons  are v i r t u a l l y  

+ 
+ + and 02, both of which e x i s t  i n  

+ 
2 
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Table 4 

I D i s s o c i a t i v e  Recombination: 

(5) 0; + e- + o + o 

( 6 )  N: + e- + N + N 

(7) NO+ + e -+ N + o 
- 

I 

REACTIONS INVOLVING F REGION IONS 

* 
Rate Coef f i c i en t  a t  300°K 

(cm3/s ) 
React ion 

Ion-atom Interchange: 

(1) O+ + N2 -+ NO+ + N 

(2) o+ + o2 + o2 + + 0 

+ (3) N2 + 0 -+ NO+ + N 

1 - 5 x 

20 - 40 X 

2 . 5  X 10-l' 

I Charge Trans fe r  : 

< 0.1 x 10-l0 

1 . 7  x 
-7 

- 3 x 1 0  

-7 
- 6 X 1 0  

* 
The ra te  c o e f f i c i e n t s  a r e  taken from Johnson 119671. The 
appropr i a t e  o r i g i n a l  r e fe rences  a r e  included t h e r e i n .  

nonexis tent  (less than 1 percent  of t h e  t o t a l )  a t  a l l  a l t i t u d e s .  

s u b s t a n t i a l  p o r t i o n  of t h e  photoionizat ion r e s u l t s  i n  t h e  production of 

N (Fig. 8 ) ,  t h e  removal of t h i s  ion must proceed very r a p i d l y  compared 

w i t h  t h e  r a t e  of removal of 0 ions .  

Since a 

+ 
2 + 

+ 
To study i n  more d e t a i l  t h e  processes  involving 0 , which is by f a r  

t h e  dominant F r eg ion  ion,  consider  the fol lowing p a i r  of r eac t ions :  

o+ + XY - xo+ + Y (2-15) 

XO+ + e- - x + o (2-16) 
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H e r e  t h e  symbol 

N2.  
(1) or ( 2 )  i n  Table 4, and t h e  second r e p r e s e n t s  e i t h e r  ( 5 )  or  ( 7 ) .  

7 and a are taken t o  be t h e  rate c o e f f i c i e n t s  of (2-15) and (2-16), 

r e s p e c t i v e l y ,  then t h e  rates of occurrence of t h e  t w o  r e a c t i o n s  are give11 

XY has been used t o  r ep resen t  a molecule such as  O2 or 

Hence t h e  f i r s t  of t h e s e  r e a c t i o n s ,  (2-15), is equivalent  t o  ei ther 

If 

by 

and 

where t h e  symbol n [  3 r e p r e s e n t s  t h e  concentrat ion of t h e  spec ie s  en- 

c losed wi th in  t h e  b racke t s .  
+ 

Assume f o r  t h e  moment t h a t  0 is t h e  only ion produced i n  the F 

r eg ion .  Then under equi l ibr ium condi t ions t h e  rates r and r must 

be equa l .  Hence i n  equi l ibr ium, 
7 a 

(2-1.9) 

+ 
I t  is then apparent  t h a t  if a n [ e - ]  >> yn[XY], 0 ions account f o r  almost 

a l l  of t h e  ions p r e s e n t .  

much more r e a d i l y  than (2-15). 

undergo an ion-atom interchange with XY, but  once t h e  r e a c t i o n  occurs ,  

t h e  r e s u l t i n g  molecular ion w i l l  d isappear  much more r a p i d l y .  The elec- 

t r o n  concentrat ion w i l l  then remain e s s e n t i a l l y  equal to  n[O+] and t h e  

r a t e  of l o s s  of e l e c t r o n s ,  4 ,  w i l l  be t h e  same as r . Thus, 

Under t h i s  cond i t ion ,  r e a c t i o n  (2-16) proceeds 
+ 

I t  w i l l  t a k e  some t i m e  f o r  an 0 ion t o  

Y 

R = ~ n l e - 1  (2-20) 

where 
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The l o s s  ra te  is p ropor t iona l  t o  t h e  e l e c t r o n  concentrat ion,  w i th  

p r o p o r t i o n a l i t y  cons t an t  o r  l i n e a r  l o s s  c o e f f i c i e n t .  With (3 propor- 

t i o n a l  t o  n[XY], t h e  loss c o e f f i c i e n t  must decrease wi th  a l t i t u d e .  Spe- 

c i f i c a l l y ,  if t h e  reduced he igh t  is  r e f e r r e d  t o  t h e  scale height  of atomic 

oxygen, and if k is used t o  r ep resen t  t h e  r a t i o  of t h e  molecular wejyht 

of XY to  t h e  atomic weight of oxygen, then 

f3 t h e  

-kz 
$ = $ , e  (2-21) 

The gas  XY could be e i t h e r  N o r  O2 [Rishbeth and S e t t y ,  19611, i n  which 

case k would be  e i t h e r  1 . 7 5  or  2.0.  
2 

The case considered above, t h a t  is, anLe-1 >> yn[XY], is consis- 

t e n t  w i th  t h e  observat ions of Holmes e t  a1 [1965], which show t h a t  

nLe-1 above 190 km. However, proceeding t o  lower a l t i t u d e s ,  n[e'] de- 

creases and n[XY] 

a n [ e - ]  << yn[XY]. 

i ons  should be more numerous than t h e  0 i o n s .  Holmes e t  a1 [19651 d i d  

indeed f i n d  0 and NO more abundant than 0 below about 160 k m .  

n[O+] F 

i nc reases  u n t i l  a po in t  is even tua l ly  reached where 

A t  t h i s  p o i n t ,  according to  Eq. (2-19), the  molecular 
+ 

+ + + 
2 

When an[e-]  << yn[XYj, (2-16) is t h e  l i m i t i n g  r e a c t i o n  t h a t  d e t e r -  

mines the electron l o s s  rate. The loss rate is then e s s e n t i a l l y  equal  t o  

r and nLe-1 = n[XO 3 .  Thus 
+ 

a 

2 -  R = a n  [e 1 (2-22 ) 

The loss ra te  under t h e s e  cond i t ions  i s  p ropor t iona l  t o  t h e  square of t he  

e l e c t r o n  concentrat ion,  and a is t h e  "square l a w "  l o s s  c o e f f i c i e n t .  

In a t r a n s i t i o n  region between t h e s e  t w o  extremes, t h a t  i s ,  when 4 

is n e i t h e r  p ropor t iona l  to  n[e-] nor t o  n [e 1 ,  t h e  l o s s  ra te  can be 

expressed as  [Rishbeth,  19671 

2 -  

(2-23) 
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The d iscuss ion  above d i s t i n g u i s h i n g  between reg ions  of l i n e a r  and 

square-law loss r e l a t i o n s h i p s  was based upon equi l ibr ium cons idera t ions  

t h a t  apply throughout most of t h e  day i n  t h e  F reg ion .  During per iods  

of nonequilibrium, such a s  a t  s u n r i s e ,  t h e  a n a l y s i s  i s  complicated by 

t h e  f a c t  t h a t  r # ra. The nonequilibrium c a s e  i s  considered i n  Sec- 

t i o n  IV-E. 
7 

F .  Movements of Ion iza t ion  

The t r a n s p o r t  t e r m  i n  t h e  con t inu i ty  equat ion ,  (2-l), accounts for 

v a r i a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  due to  t h e  motion of t h e  plasma. The 

movements of i o n i z a t i o n  may be due t o  (1) motions of t h e  n e u t r a l  atmo- 

sphere  t h a t  tend t o  c a r r y  t h e  ionized gas  w i t h  i t ,  ( 2 )  d i f f u s i o n  of t h e  

plasma through t h e  n e u t r a l  gas ,  or (3) electromagnet ic  f o r c e s  . 
The d a i l y  temperature  v a r i a t i o n  i n  the F reg ion ,  i l l u s t r a t e d  i n  

F i g .  4 ,  r e s u l t s  i n  thermal expansion and con t r ac t ion  of t h e  n e u t r a l  atmo- 

sphere  causing t h e  a i r  t o  move both h o r i z o n t a l l y  and v e r t i c a l l y .  The 

plasma tends t o  fo l low these  rtiotions, sub jec t  t o  c o n s t r a i n t s  imposed upon 

it  by t h e  e a r t h ' s  magnetic f i e l d .  In  t h e  F reg ion ,  c o l l i s i o n  f requencies  

are l o w  enough t h a t  i t  is  a good approximation t o  assume t h a t  such motions 

of t h e  plasma must be d i r e c t e d  a long  magnetic f i e l d  l i n e s .  A t  lower a l t i -  

tudes ,  where c o l l i s i o n  f r equenc ie s  are h igher ,  atmospheric winds can move 

t h e  plasma perpendicular  t o  t h e  magnetic f i e l d .  

Neutral  winds or t i d a l  o s c i l l a t i o n s  may tend t o  move charged p a r t i -  

cles ac ross  t h e  geomagnetic f i e l d  below t h e  F region ( i n  t h e  E r eg ion )  

and thereby gene ra t e  an induced e lectr ic  f i e l d .  Since t h e  plasma i n  t h e  

F reg ion  i s  a good e lec t r ica l  conductor i n  t h e  d i r e c t i o n  of t h e  magnetic 

f i e l d ,  t h e  effects of t h e  e l ec t r i c  f i e l d  induced i n  t h e  E region are i n  

tu rn  f e l t  i n  t h e  F reg ion .  

is d i r e c t e d  normal to  t h e  geomagnetic f i e l d  B and can r e s u l t  i n  a motion 

of t h e  ion iza t ion  ac ross  t h e  magnetic f i e l d  l i n e s  w i th  a v e l o c i t y  propor- 

t i o n a l  t o  E X E. 
and K a t 0  [1966]. 

The electric f i e l d  5 mapped i n t o  t h e  F region 
- 

- 
A d e t a i l e d  review of t h i s  sub jec t  i s  given by Maeda 

A t  a l t i t u d e s  above t h e  l e v e l  of t h e  peak e l e c t r o n  concent ra t ion ,  

d i f f u s i o n  is a dominant f a c t o r  i n  determining t h e  concent ra t ion  of elec- 

t r o n s .  E lec t rons  and ions  d i f f u s e  through t h e  n e u t r a l  g a s  under t h e  
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i n f luence  of g r a v i t y  and concentrat ion g r a d i e n t s  i n  t h e  ionosphere. The 

ions  and e l e c t r o n s  tend t o  d i f f u s e  toge the r  w i th  a v e l o c i t y  whose v e r t i c a l  

component, v can be w r i t t e n  a s  [ R a t c l i f f e  and Weekes, 19601 
Z' 

1 a N  v = -D (i + L) s i n 2  0 
Z 2H 

where D is  t h e  ambipolar d i f f u s i o n  c o e f f i c i e n t  given by 

2kT 
mv 

D = -  

(2-24) 

(2-25) 

The i n c l i n a t i o n  of t h e  magnetic f i e l d  wi th  r e spec t  t o  t h e  ho r i zon ta l  is 

r ep resen ted  by 0.  Here it has been assumed t h a t  only one ion spec ie s  is 

p resen t  w i t h  a s c a l e  height  H = kT/mg, where m is t h e  mass of t he  ion.  

The symbol v r e p r e s e n t s  t h e  ion-neutral  c o l l i s i o n  frequency which, s i n c e  

i t  is p ropor t iona l  t o  t h e  n e u t r a l  gas  concentrat ion,  decreases  w i t h  a l t i -  

t ude  as e . Hence t h e  d i f f u s i o n  c o e f f i c i e n t  i nc reases  exponent ia l ly  

w i t h  a l t i t u d e  and may be expressed i n  terms of the reduced height  as 

'Z 

(2-26) Z D = D e  
0 

The inc reas ing  d i f f u s i o n  ra tes  a t  high a l t i t u d e s  r e s u l t  i n  a peak i n  

t h e  e l e c t r o n  d e n s i t y  p r o f i l e .  I f  t h e  e l e c t r o n  d e n s i t y  i n  equi l ibr ium were 

only due t o  a balance between production and l o s s  wi th  a loss c o e f f i c i e n t  

decreasing w i t h  a l t i t u d e  as i n  Eq. (2-21), N would inc rease  without l i m i t  

a s  a func t ion  of a l t i t u d e ,  a t  least  u n t i l  l i m i t e d  by another  f a c t o r ,  such 

as exhaustion of t h e  n e u t r a l  s p e c i e s .  
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Chapter I11 

MEASUREMENT OF FARADAY ROTATION 

The experimental  data used i n  t h i s  work cons i s t ed  o f  measurements 

of the amount of Faraday r o t a t i o n  imposed on t ransmiss ions  from a geo- 

s t a t i o n a r y  satel l i te .  T h i s  chapter  d i scusses  t h e  mechanism leading  to  

Faraday r o t a t i o n  of the  p lane  of p o l a r i z a t i o n  of a l i n e a r l y  polar ized  

r a d i o  wave. I t  also con ta ins  a d e s c r i p t i o n  of t h e  s a t e l l i t e  whose t r a n s -  

missions were used,  a d i scuss ion  of t h e  technique f o r  measuring t h e  amount 

of Faraday r o t a t i o n  imposed upon those  t ransmiss ions ,  and an es t imate  of 

t h e  accuracy of t h e  measurements. 

A .  The Theory 

Consider a l i n e a r l y  po la r i zed  electromagnet ic  wave propagat ing 

through a medium conta in ing  a s t a t i c  magnetic f i e l d  and c h a r g e d p a r t i c l e s  

t h a t  can move under t h e  in f luence  of t h e  wave. Provided t h e  d i r e c t i o n  

of propagation does not  come too near  t o  being normal t o  t h e  s t a t i c  mag- 

n e t i c  f i e l d  l i n e s ,  t h e  wave w i l l  have its p lane  of p o l a r i z a t i o n  r o t a t e d  

as it  passes  through t h e  medium. The phenomenon, known as Faraday rota- 

t i o n ,  is best explained by cons ider ing  t h e  l i n e a r l y  po la r i zed  wave t o  be 

composed of t w o  c i r c u l a r l y  po la r i zed  components. The amplitudes of t h e  

t w o  components are equal ,  bu t  the i r  p o l a r i z a t i o n s  are i n  oppos i te  s enses .  

Lorentz [1906 1 showed that  c i r c u l a r l y  po la r i zed  electromagnet ic  waves 

propagat ing along magnetic f i e l d  l i n e s  i n  such a medium are c h a r a c t e r i s -  

t i c  waves i n  t h e  sense  t h a t  t hey  w i l l  undergo no change i n  p o l a r i z a t i o n .  

The waves w i l l ,  however, propagate  wi th  d i f f e r e n t  v e l o c i t i e s ,  depending 

on whether they are po la r i zed  i n  a clockwise or i n  a counterclockwise 

s e n s e ,  Thus t h e  phase r e l a t i o n s h i p  between t h e  c i r c u l a r l y  polar ized  com- 

ponents of a l i n e a r l y  po la r i zed  wave, and hence t h e  o r i e n t a t i o n  of the 

p lane  of p o l a r i z a t i o n ,  w i l l  change a s  the wave propagates through the 

medium . 
The Lorentz  theory was o r i g i n a l l y  appl ied  t o  the  propagation of l i g h t  

through s o l i d s .  La te r  it w a s  extended and appl ied  s p e c i f i c a l l y  t o  t h e  
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propagation of r a d i o  waves through t h e  ionosphere [Appleton, 1932 1. A c -  

cording t o  t h e  theory developed by  Appleton, under c e r t a i n  assumptions 

considered below, t h e  d i f f e r e n c e  between t h e  ind ices  of r e f r a c t i o n  f o r  

t h e  two c i r c u l a r l y  po la r i zed  components of a l i n e a r l y  po la r i zed  wave a t  

any p o i n t  i n  t h e  ionosphere is  p ropor t iona l  t o  both t h e  e l e c t r o n  concen- 

t r a t i o n  and t h e  component of t h e  geomagnetic f i e l d  i n  t h e  d i r e c t i o n  of 

propagation. I t  fo l lows  t h a t  t h e  amount of r o t a t i o n  of t h e  plane of po- 

l a r i z a t i o n  p e r  u n i t  d i s t a n c e  along t h e  propagation pa th  is also propor- 

t i o n a l  t o  t h e  e l e c t r o n  concentrat ion and to  t h e  magnetic f i e l d  s t r e n g t h .  

The t o t a l  Faraday r o t a t i o n  f o r  propagation along 

ionosphere is  given by [see Browne e t  a l ,  19561 

.Q = NH COS 8 d s  2 
P 

f L  

a p a t h  L through the 
P 

(3-1) 

where fi is measured i n  r ad ians ,  K is a constant  w i th  a numerical value 

of 0.0297 i n  MKS u n i t s ,  f is t h e  wave frequency, N is t h e  concentra- 

t i o n  of e l e c t r o n s ,  K is t h e  magnetic f i e l d  i n t e n s i t y ,  0 is the ang le  

between t h e  magnetic f i e l d  and t h e  d i r e c t i o n  of propagation, and ds  i s  

an element of l e n g t h  along t h e  p a t h  of propagation. 

In order f o r  Eq. (3-1) t o  hold,  t h e  wave must be propagating i n  t h e  

so-cal led quasi- longi tudinal  mode. R a t c l i f f e  E19591 has shown t h a t  t h i s  

w i l l  be t h e  case if 

where X is t h e  r a t i o  of t h e  plasma frequency t o  t h e  wave frequency, 

Y is  t h e  r a t i o  of t h e  e l e c t r o n  gyrofrequency t o  t h e  wave frequency, and 

Z is t h e  r a t i o  of t h e  e l ec t ron -neu t r a l  c o l l i s i o n  frequency t o  t h e  wave 

frequency. 

A t  t h e  wave frequency used i n  t h i s  s tudy (approximately 136 m z ) ,  

Z is n e g l i g i b l e .  Furthermore, X does no t  become much g r e a t e r  than 0.01 

anywhere along t h e  raypath even a t  noon, and i t s  magnitude is even less a t  
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s u n r i s e .  Under t h e s e  cond i t ions  t h e  quasi- longi tudinal  approximation 

w i l l  hold a s  long as 0 is  not  between 88' and 92'. For t h e  p re sen t  

s tudy ,  9 is approximately 30°. 

Though t h e  i n t e g r a l  i n  Eq. (3-1) extends over  t h e  e n t i r e  d i s t a n c e  

from t h e  observer  t o  t h e  satel l i te ,  p r a c t i c a l l y  a l l  of t h e  Faraday r c t a -  

t i o n  occurs  a t  a l t i t u d e s  below 1000 km since both H and N are small 

a t  higher a l t i t u d e s .  The factor  (H cos  e )  is a slowly varying func t ion  

i n  t h e  region which c o n t r i b u t e s  most t o  t h e  i n t e g r a l .  Hence il can be 

expressed as  [Browne e t  a l ,  19561 

R = -  {H cos e sec gfJ {N dh 
2 

f 
( 3-3 ) 

where t h e  weighted mean of 

a l t i t u d e  of approximately 350 km [Yeh and Gonzalez, 19601. In Eq. (3-3), 

d s  has been replaced by (dh sec g), where dh is an element of v e r t i -  

cal  d i s t a n c e  and ,@ is t h e  i n c l i n a t i o n  of t h e  pa th  of propagation w i t h  

r e s p e c t  t o  t h e  v e r t i c a l .  The i n t e g r a l  I N dh is t h e  e l e c t r o n  content  

of t h e  ionosphere below 1000 km. Thus t h e  Faraday r o t a t i o n  imposed on a 

wave propagating through t h e  ionosphere is a measure of t he  ionospheric  

e l e c t r o n  c o n t e n t .  

(H cos 8 sec gf )  is  equal to  i t s  value a t  an 

A 

The magnitude of t h e  f a c t o r  (H cos e )  is very n e a r l y  ( t o  within 
-4 

0 .1  p e r c e n t )  p ropor t iona l  to  R , a t  F region a l t i t u d e s ,  along t h e  path 

of propagation used i n  t h i s  

R v a r i a t i o n  r e s u l t s  from 

R v a r i a t i o n  i n  cos e . )  
i n  (H cos e )  of 5 percent  

g ion .  For t h i s  reason, t h e  

-4 

-1 

s tudy .  (R is t h e  geocen t r i c  r a d i u s .  The 

an R v a r i a t i o n  in  H and an approximate 

An R-4 v a r i a t i o n  only r e s u l t s  i n  a decrease 

p e r  100 km increase i n  a l t i t u d e  i n  t h e  F re- 

amount of Faraday r o t a t i o n  is  not s e n s i t i v e  t o  

-3 

t h e  exact  v e r t i c a l  d i s t r i b u t i o n  of e l e c t r o n s ,  though i t  is a measure of 

t h e  columnar e l e c t r o n  content  of t h e  ionosphere. 

B.  The S a t e l l i t e  

The t ransmissions used f o r  making Faraday r o t a t i o n  measurements were 

provided by VHF te lemetry t r a n s m i t t e r s  on board Syncom 111. This satel-  

l i t e  w a s  launched i n  August 1964 and placed i n  a geos t a t iona ry  o r b i t  ap- 

proximately above the  i n t e r s e c t i o n  of t h e  equator  and t h e  i n t e r n a t i o n a l  
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d a t e  l i n e .  A f t e r  i ts  f i r s t  few months on s t a t i o n ,  t h e  s a t e l l i t e  was 

allowed t o  d r i f t  s lowly westward. F igu re  9 shows t h e  l ong i tude  of Syncom 

I11  over  a  2-year per iod .  D i s c o n t i n u i t i e s  i n  t h e  s lope  of t h e  curve i n  

F i g .  9 occurred on days when smal l  ga s  jets on t h e  s a t e l l i t e  were used 

t o  make s l i g h t  c o r r e c t i o n s  i n  i ts  o r b i t .  The i n c l i n a t i o n  of t h e  o r b i t ,  

and hence t h e  s a t e l l i t e ' s  l a t i t u d e ,  remained wi th in  a  f r a c t i o n  of a degree 

of z e r o .  The azimuth and e l e v a t i o n  of Syncom 111 a s  viewed from t h e  re- 

cord ing  s t a t i o n  a t  t h e  Un ive r s i t y  of Hawaii a r e  shown i n  F ig .  10 .  

F i g  . 9 . LONGITUDE OF SYNCOM I I I VS DATE . 

/--- / - ELEVATION 

-- - AZIMUTH 

F i g .  10 .  AZIMUTH AND ELEVATION OF SYNCOM I11 VS DATE AS VIEWED 
FROM TIIE UNIVERSITY OF HAWA 11. 
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The sa te l l i t e  is sp in - s t ab i l i zed  wi th  i t s  sp in  a x i s  p a r a l l e l  t o  t he  

e a r t h ' s  s p i n  a x i s .  Thus, a s  viewed from t h e  Un ive r s i ty  of Hawaii, t h e  

s p i n  a x i s  of t h e  s a t e l l i t e  appears i n c l i n e d  a t  an angle  

t o  t h e  h o r i z o n t a l  a s  i nd ica t ed  i n  F ig .  11. The angle  (3, v a r i e s  from 

46O t o  2 8 O  as t h e  long i tude  of t h e  sa te l l i t e  v a r i e s  from 180" t o  161" E ,  

as it d id  during i t s  f irst  2 years  i n  o r b i t .  

wi th  respect 
BO 

There are two VHF t e l eme t ry  t r a n s m i t t e r s  on board t h e  s a t e l l i t e .  One 

t r a n s m i t t e r ,  designated TM1, r a d i a t e s  a wave a t  136.980 MHz, which is  

counterclockwise c i r c u l a r l y  po la r i zed  as  viewed toward t h e  south along t h e  

sa te l l i t e ' s  s p i n  a x i s .  The o t h e r  t r a n s m i t t e r ,  TM2, ope ra t e s  a t  136.470 

MHz and r a d i a t e s  a clockwise c i r c u l a r l y  po la r i zed  wave toward the  sou th .  

However, t h e  waves r a d i a t e d  by each t r a n s m i t t e r  a r e  l i n e a r l y  po la r i zed  

when viewed from t h e  e q u a t o r i a l  p l ane  of the s a t e l l i t e .  Since t h e  s p i n  

a x i s  is  perpendicular  to  t h e  e a r t h ' s  e q u a t o r i a l  plane and s i n c e  t h e  a l t i -  

tude of t h e  sa te l l i t e  is  about 6 e a r t h  r a d i i ,  any observer  on the  ear th  

w i l l  indeed be nea r  t h e  satel l i te ' s  e q u a t o r i a l  plane.  Thus t h e  transmis- 

s i o n s  received a t  t h e  Un ive r s i ty  of H a w a i i  were n e a r l y  l i n e a r l y  po la r i zed .  

VERTICAL 
I 
I 

F ig .  11. A SKETCH OF 
FROM THE UNIVERSITY 

- --- HORIZONTAL 

I \  
THE SYNCOM I11 SATELLITE AS VIEWED 
OF HAWAII .  
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A d i f f e r e n c e  i n  t he  way t h e  antenna elements are f e d  by t h e  two 

t r a n s m i t t e r s  r e s u l t s  i n  t h e  oppos i t e  senses  of p o l a r i z a t i o n  of t h e  c i r -  

c u l a r l y  po la r i zed  waves r a d i a t e d  along the s a t e l l i t e  sp in  ax is ,  
causes  t h e  l i n e a r l y  polar ized  waves, viewed from t h e  e q u a t o r i a l  plane,  

t o  be inc l ined  i n  oppos i t e  d i r e c t i o n s  wi th  r e spec t  t o  t h e  sp in  a x i s  by 

an ang le  @ (Fig.  1 2 ) .  The angle  @ w a s  no t  known before  t h e  s a t e l -  

l i t e  was launched, but  was determined by measuring t h e  change i n  the  

received p o l a r i z a t i o n  angle  tha t  occurred when t h e  t ransmiss ions  were 

suddenly switched from t r a n s m i t t e r  TM1 t o  t r a n s m i t t e r  TM2. The t o t a l  

change i n  p o l a r i z a t i o n  angle  is of course equal  t o  twice @ p lus  a 

s l i g h t  co r rec t ion  due t o  t h e  d i f f e rence  i n  t h e  Faraday r o t a t i o n  imposed 

on the two waves. The co r rec t ion ,  which is due t o  t h e  d i f f e rence  in  t he  

f requencies  of t h e  waves, is r e a d i l y  determined by Eq. (3-1). It  amounts 

t o  0.74 percent .  The magnitude of @ was found t o  be 50" [Gar r io t t  

et a l ,  19651. 

It  a l s o  

1 1 

1 

1 

VERTICAL 
I 

t h e  

F i g .  12 .  THE ORIENTATION OF THE TRANSMITTED 
LINEARLY POLARIZED WAVES FROM TELEMETRY 
TRANSMITTERS TM1 AND TM2 ON SYNCOM 111. 

The i n c l i n a t i o n  @ of the r ad ia t ed  po la r i za t ion  wi th  r e spec t  t o  

obse rve r ' s  horizon is then given by 
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B = Bo B, (3-4) 

The upper s i g n  app l i ed  t o  TM2 and t h e  lower s ign  t o  TM1. 

then sub t r ac t ed  from t h e  received p o l a r i z a t i o n  angle  t o  ob ta in  t h e  to ta l  

amount of Faraday r o t a t i o n ,  

This  angle  is 

C .  The Data 

Measurements of t h e  r ece ived  p o l a r i z a t i o n  ang le  were made a t  5 min 

i n t e r v a l s  w i th  a Yagi antenna, which could be r o t a t e d  about i ts  long i tud i -  

n a l  a x i s .  For each measurement, t h e  antenna was r o t a t e d  f i r s t  i n  one 

d i r e c t i o n  through an angle  of approximately 200"' then back to  i ts  o r i g i n a l  

p o s i t i o n  while  both t h e  antenna o r i e n t a t i o n  and received s i g n a l  s t r e n g t h  

w e r e  being recorded on a s t r i p  c h a r t .  The antenna passed through a polar-  

i z a t i o n  n u l l  a t  least twice. The o r i e n t a t i o n  of t h e  antenna corresponding 

to  each s i g n a l  s t r e n g t h  n u l l  w a s  s ca l ed  from t h e  c h a r t  recording,  and a n  

average of t h e  t w o  readings w a s  used t o  o b t a i n  t h e  p o l a r i z a t i o n  angle .  

The Faraday r o t a t i o n  R is computed from 

R = PM - f3 + ns[ (3-5) 

where @ is given by Eq. (3-4), n is an i n t e g e r ,  and PM is t h e  mea- 

sured p o l a r i z a t i o n  ang le  obtained as an average of t h e  two sepa ra t e  ob- 

s e r v a t i o n s ,  

The measurement is ambiguous by ns[ r ad ians  a s  any p o l a r i z a t i o n  measure- 

ment must be. However, t h e  ambiguity can be resolved a t  n igh t  when t h e  

e l e c t r o n  content ,  and hence R ,  is small [ G a r r i o t t  et a l ,  19651. The 

night t ime m i n i m u m  values  of S l  were t y p i c a l l y  between 50' and 100'. 

During midday, R o f t e n  exceeded 1000'. 

made wi th in  a f e w  seconds of t h e  same t i m e .  M2 ' and P 
'Ml 

The amount of random e r r o r  involved i n  PM 
can be estimated from the 

d i f f e r e n c e s  between t h e  two s e p a r a t e  measurements, PM1 and Pm, which 

have been averaged. If PA is taken t o  be t h e  a c t u a l  p o l a r i z a t i o n  of t h e  

wave a r r i v i n g  a t  t h e  r ece iv ing  s t a t i o n ,  then t h e  measurements, which con- 

t a i n  random errors, can be expressed as 

1 = P  + E  
'Ml A 
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and 

- P  + E  
' M 2 - A  2 (3-7) 

where E and E are t h e  random e r r o r s  a s soc ia t ed  wi th  each measure- 

ment. Likewise, PM, which is an average of PMl and Pm, may be 
1 2 

w r i t t e n  as 

PM = PA + f 

where 

1 
f = 5 (E1 + €2) 

(3-8) 

(3-9 1 

The ind iv idua l  measurements, PMl and Pm, are assumed t o  have been 

made a t  t h e  same t i m e ,  so t h a t  PA is  t h e  same f o r  each measurement. 

I f  f l  and E both have t h e  same d i s t r i b u t i o n  and a r e  symmetri- 

i s  t h e  same as t h a t  i n  - f 2 ) .  Hence t h e  s tandard dev ia t ion  i n  E ,  

2 
c a l l y  d i s t r i b u t e d  about zero,  then the  s tandard dev ia t ion  i n  (El + E z )  

u [ E ] ,  is  given by 

(3-10) 

i t s  s tandard 
M2 ' and P 

'Ml Since (cl  - E ~ )  is t h e  d i f f e r e n c e  between 

dev ia t ion  can r e a d i l y  be obtained.  

Figure 13 shows t h e  d i s t r i b u t i o n  of E f o r  a r e p r e s e n t a t i v e  2-month 

i n t e r v a l ,  including over  17,000 da ta  p o i n t s .  C lea r ly ,  t h e  d i s t r i b u t i o n  

i s  approximately normal wi th  a s tandard dev ia t ion  of 4.7". 

t i o n  measurements used i n  t h i s  s tudy  can thus  be expected t o  include random 

errors w i t h  a root-mean-square value of 4 .7" ,  or somewhat less than 10  per-  

c e n t  of t h e  t o t a l  Faraday r o t a t i o n  during the e a r l y  morning hours before  

s u n r i s e .  The measurements may a l s o  contain s l i g h t  f i x e d  e r r o r s .  These 

e r r o r s ,  however, should amount t o  less than 10" [ G a r r i o t t  e t  a l ,  19651, 

and are e n t i r e l y  i n s i g n i f i c a n t  i n s o f a r  a s  t h e  r e s u l t s  r epor t ed  he re  a r e  

concerned. 

Faraday r o t a -  
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VALUE OF E , degrees 

F i g .  13. THE DISTRIBUTION OF THE RANLKlM ERROR, E ,  I N  
THE FARADAY ROTATION MEASUREMENTS MADE DURING OCTOBER 
AND NOVEMBER 1965. The t o t a l  n u m b e r  of data points  
represented by t h i s  figure is 17,002.  
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Chapter I V  

ANALYSIS 

As i nd ica t ed  i n  Chapter I ,  observat ions of t h e  Faraday r o t a t i o n  i m -  

posed upon r a d i o  t ransmissions from Syncom I11 were compared with a theo- 

r e t i c a l  model i n  o r d e r  t o  determine Q LO+],  t h e  i n t e g r a t e d  ra te  of 

production of 0 ions  a t  s u n r i s e ,  and p300, t h e  magnitude of t h e  l i n e a r  

l o s s  c o e f f i c i e n t  a t  an a l t i t u d e  of 300 km. The p resen t  chapter  desc r ibes  

t h e  model and t h e  method used f o r  determining t h e  values  of Q,,[O+] and 

'300 
diagrams are used t o  p re sen t  an o v e r a l l  o u t l i n e  of t h e  a n a l y s i s .  The re- 

maining s e c t i o n s  e l a b o r a t e  on s p e c i f i c  s t e p s  i n  t h a t  a n a l y s i s .  

90 + 

t h a t  b e s t  f i t  t h e  observat ions.  In Sect ion B, a series of block 

A .  Symbols 

The fol lowing is  a l i s t  of symbols used i n  t h i s  chap te r ,  some of 

which a r e  needed f o r  t h e  i n t e r p r e t a t i o n  of diagrams i n  Sect ion B: 

D 

D 

E 
300 

- 
e 

F - 

f 

H 
H 

H1' H2 

m H 

Chapman f u n c t i o n ;  a c t u a l l y  a func t ion  of X and 
H/(RE + h ) ,  but (RE + h )  is assumed constant  a t  
6700 k m  i n  t h e  ionosphere 

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

value of D a t  an a l t i t u d e  of 300 km 

columnar e l e c t r o n  content  of t h e  ionosphere, def ined as 
t h e  t o t a l  number of free e l e c t r o n s  i n  a v e r t i c a l  column 
of u n i t  c ros s - sec t iona l  area extending through t h e  iono- 
sphere 

e l e c t r o n  

c a l c u l a t e d  amount of Faraday r o t a t i o n  imparted t o  a r a d i o  
wave passing through an ionosphere wi th  an e l e c t r o n  den- 
s i t y  p r o f i l e  s p e c i f i e d  by PTi(z) 

wave frequency 

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

scale he igh t  

scale he igh t s  of atomic oxygen and molecular n i t rogen ,  
r e s p e c t i v e l y  

mean of H1 and H2 
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a l t i t u d e  

photon f l u x  of s o l a r  i on iz ing  r a d i a t i o n  a s  a func t ion  
of a l t i t u d e  i n  t h e  e a r t h ' s  atmosphere; measured pe r  u n i t  
a r e a  i n  a p l a n e  perpendicular  t o  t h e  r a d i a t i o n  raypath  

photon f l u x  of s o l a r  i on iz ing  r a d i a t i o n  inc iden t  on t h e  
top  of t h e  e a r t h ' s  atmosphere; measured p e r  u n i t  a r ea  
i n  a p lane  perpendicular  t o  t h e  r a d i a t i o n  raypath  

2 
d i f f u s i o n  parameter def ined a s  5 = (D s i n  B ) / H ~  

va lue  of KD a t  t h e  a l t i t u d e  where z = 0 

p a t h  of propagat ion of a r a d i o  wave 

r a t e  of l o s s  of e l e c t r o n s  
+ 

r a t e  of l o s s  of 0 ions  

concent ra t ion  of e l e c t r o n s ;  equiva len t  t o  n[e-]  

e l e c t r o n  d e n s i t y  p r o f i l e  a t  t i m e  ti, computed by 
summing over  a l l  n . ( z ,  t.-t . )  f o r  1 < j < i 

-J 1 J  - - 
concent ra t ion  of a p a r t i c u l a r  c o n s t i t u e n t  of t h e  atmo- 
sphe re ,  where t h e  chemical symbol f o r  t h e  cons t i t uen t  
is enclosed wi th in  t h e  b racke t s  

incremental  ionospher ic  e l e c t r o n  d e n s i t y  p r o f i l e  
= q. ( z )  At 
-1 

s p e c i f i e s  t h e  t ime behavior ,  f o r  t > t i ,  of an iono- 
s p h e r i c  e l e c t r o n  d e n s i t y  p r o f i l e  given by ni(z)  when 
t = t i  and s u b j e c t  t o  d i f f u s i o n  and recombination f o r  
t > ti 
concent ra t ions  of atomic oxygen and molecular n i t rogen ,  
r e s p e c t i v e 1  y; equiva len t  t o  n [O 1 and n [NZ 1 
va lues  of n and n a t  t h e  a l t i t u d e  where z = 0 

1 + 
rate of product ion of 0 i ons ,  i n t eg ra t ed  wi th  r e spec t  
t o  he igh t  through t h e  ionosphere 

va lue  of Q[o+] when X = 90' 

rate of product ion of N; ions ,  i n t eg ra t ed  wi th  r e spec t  
t o  he igh t  through t h e  ionosphere 

+ + 
r a t e  of product ion of  0 and N2 ions ,  i n t eg ra t ed  wi th  
r e s p e c t  t o  he igh t  through t h e  ionosphere 

+ + 
va lue  of Q [ O  + N2 1 when X = 0 

r a t e  of product ion of ion-electron p a i r s  

r a t e  of product ion of e l e c t r o n s  a s  a func t ion  of reduced 
a l t i t u d e  a t  t i m e  ti 

q i (z )  normalized wi th  r e s p e c t  t o  Q ~ ~ [ o + ]  

maximum value  of q a s  a func t ion  of a l t i t u d e  

geocen t r i c  r a d i u s  



RE r a d i u s  of t h e  e a r t h  

T 

t 

t 
i 

- 
V 

a b s o l u t e  temperature 

t i m e  

t i m e  when 

t i m e  when X = 100" 

t o t a l  v e l o c i t y  of ion iza t ion ,  including both d r i f t  and 
d i f f u s i o n  

t = to + S t  

- 
v v v  components of v i n  t h e  east, no r th ,  and up d i r e c t i o n s ,  x y  y' z 

r e s p e c t i v e l y  

a r b i t r a r y  atomic elements 

a measure of d i s t a n c e  t o  t h e  east i n  a hor i zon ta l  plane 

Y a measure of  d i s t a n c e  t o  t h e  no r th  i n  a ho r i zon ta l  plane 

Z 

Z m 

a 
B 

BO 

'300 
Y 
11 

0 

6 

V 

P 

reduced a l t i t u d e ;  a measure of v e r t i c z l  d i s t a n c e  def ined,  
f o r  an isothermal  atmosphere, as (h - ho)/H, where ho 
is  a r e f e r e n c e  a l t i t u d e  (un le s s  otherwise n o t e d ,  t h e  
scale he igh t  of atomic oxygen i s  always used f o r  H,  and 
ho is  def ined to  make ulnloH1 = 1) 

reduced a l t i t u d e  where t h e  ra te  of production of e l e c t r o n s  
is maximum 

r a t e  c o e f f i c i e n t  of a d i s s o c i a t i v e  recombination r e a c t i o n  

l i n e a r  l o s s  c o e f f i c i e n t ;  f r a c t i o n a l  l o s s  pe r  second f o r  
e l e c t r o n s  i n  t h e  region where t h e  r a t e  of l o s s  of elec- 
t r o n s  is p ropor t iona l  t o  t h e  e l e c t r o n  concentrat ion 

value of @ a t  t h e  a l t i t u d e  where z = 0 

value of $ a t  an a l t i t u d e  of 300 km 

rate  c o e f f i c i e n t  of an ion-atom interchange r e a c t i o n  

ra te  of change of t h e  Faraday r o t a t i o n  imposed upon 
Syncom I11 t ransmissions during the  1 hour per iod ending 
when X = 100" 

i n c l i n a t i o n  of t h e  geomagnetic f i e l d  w i t h  respect to  the  
h o r i z o n t a l  

ang le  between t h e  d i r e c t i o n  of propagation of a r a d i o  
wave and the geomagnetic f i e l d  

Measures t h e  magnitude of Q[N+] r e l a t i v e  t o  QIO 1 ;  
def ined i n  d e t a i l  i n  Sec t ion  D3 

ion-neutral  c o l l i s i o n  frequency 

root-mean-square d i f f e r e n c e  between t h e  computed and 
observed Faraday r o t a t i o n  ang le  f o r  100" 2 X > - 87" 

+ 
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absorpt ion c r o s s  s e c t i o n  

absorpt ion c r o s s  s e c t i o n s  f o r  atomic oxygen and molecular 
n i t r o g e n  r e s p e c t i v e l y  

i o n i z a t i o n  cross s e c t i o n  

i o n i z a t i o n  cross s e c t i o n s  f o r  atomic oxygen and molecular 
n i t rogen ,  r e s p e c t i v e l y  

o p t i c a l  depth 

l a t i t u d e  of t h e  ionospheric po in t  ( ionospheric  point  
de f ined  i n  f o o t n o t e ,  page 53) 

solar  z e n i t h  a n g l e ,  def ined as t h e  ang le  of incidence of 
s o l a r  i on iz ing  r a d i a t i o n  on the atmosphere; measured a t  
ionospheric  p o i n t  un le s s  otherwise noted ( ionospheric  
p o i n t  def ined i n  foo tno te ,  page 53) 

value of X a t  t i m e  t 

Faraday r o t a t i o n  ang le  

measured value of R a f t e r  a d j u s t i n g  f o r  t h e  e f f e c t s  of 
t h e  night t ime ionosphere 

measured value of R 
t h e o r e t i c a l  value of R 

m2 

4 

i 

An Out l ine  of t h e  Analysis 

The scheme f o r  de r iv ing  Qgo[O+] from t h e  experimental 
'300 and 

data is summarized i n  F ig .  14.  The d a t a  c o n s i s t  of Faraday r o t a t i o n  m e a -  

surements t h a t  are p ropor t iona l  to  t h e  columnar e l e c t r o n  content  of t h e  

ionosphere over  H a w a i i  [Section 1 1 1 - A ] .  

constructed t h a t ,  when given values  f o r  Q,,[O+] allows f o r  

t h e  computation of a t h e o r e t i c a l  Faraday r o t a t i o n  vs t i m e  f u n c t i o n .  The 

model is observed t o  be v a l i d  during t h e  t i m e  i n t e r v a l  when 100" > X > 87'. 
A c u r v e - f i t t i n g  p rocess  is  used t o  determine t h e  values  of Q EO+] and 

t h a t  make t h e  model b e s t  f i t  t h e  d a t a  during t h i s  i n t e r v a l .  

A model f o r  t h e  ionosphere is 

and f3300, 

- -  
90 

'300 
The model f o r  t h e  ionosphere is  based upon t h e  c o n t i n u i t y  equation 

f o r  e l e c t r o n s ,  which is repeated he re  f o r  convenience: 

!, - div(Nv) 
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Sunr ise  model  based upon 
Cont inui ty  e quat i on [ I I - A ,  IV-BI 
Model atmosphere [11-C, IV-D2] 
Chapman theory  [11-D,  IV-D3I 
L inear  l o s s  l a w  [11-E, IV-E] 
Ambipolar d i f f u s i o n  [11-F, IV-FI 
Zero n ight t ime ionization[IV-C] 
Faraday r o t a t i o n  theory  [ 1 1 1 - A ,  IV-HI 

$300 Choose a value for 

[ IV-C] 

Taking &90[0f] = 1, numerical 

model y i e l d s  a normalized 

Experiment a1 data: 
Faraday r o t a t i o n  
vs  t i m e  [111-CI 

between d a t a  and Faraday 

Change P,oo and r epea t  
u n t i l  rms d i f f e r e n c e  
i s  minimized [IV-C] 

F ig .  14.  SGHEME FOR DERIVING THE INTEGRATED 0' PRODUCTION RATE AND THE 
LINEAR LOSS COEFFICIENT AT SUNRISE FROM FARADAY ROTATION MEASUREMENTS, 
References enclosed i n  b racke t s  r e f e r  t o  s e c t i o n s  of the  t e x t .  For 
d e f i n i t i o n s  of symbols, see Sect ion A of t he  t e x t .  
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Figures  15, 16 ,  and 17 o u t l i n e  t h e  bas i c  assumptions and reasoning used 

to  o b t a i n  expressions f o r  t h e  production, loss,  and t r a n s p o r t  terms i n  

t h i s  equation. The r e s u l t i n g  expressions,  discussed i n  more d e t a i l  l a t e r  

i n  t h i s  chapter  (see sec t ion  r e fe rences  i n  F i g s .  15,  16,  and 1 7 ) ,  a r e  t h e  

following: 

(4-2) 
-1.752 Loss: i? = BONe 

Transport:  div(Ni)  = -..($ + s x + - N  aN f ) e (4-3) 

Equations (2-1) and (4-1)-(4-3) y i e l d  the  e l e c t r o n  concentrat ion N 

as a func t ion  of t ,  z ,  zm, qm, Bo, and KDo. The parameters z and 

F ig .  15).  A number of these q u a n t i t i e s ,  however, a r e  e i t h e r  known accu- 

r a t e l y ,  or do no t  have a s t r o n g  in f luence  on t h e  a n a l y s i s  presented he re .  

The scale h e i g h t s ,  H1 and H2, f o r  example, can be s p e c i f i e d  with s u f f i -  

c i e n t  accuracy (Section D2), and t h e  ang le  

t i m e .  The columnar e l e c t r o n  con ten t ,  obtained by i n t e g r a t i n g  N with 

r e s p e c t  t o  a l t i t u d e  through the ionosphere, is  independent of z .  I t  i s  

also observed t o  be l a r g e l y  independent of t h e  d i f f u s i o n  parameter KDo, 
a t  least f o r  

t i o n  term given by Eq. (4-1) is  normalized w i t h  r e spec t  t o  t h e  parameter 

Qgo[O 3 ,  t h e  e l e c t r o n  content  der ived from a s o l u t i o n  of t h e  c o n t i n u i t y  

equation w i l l  a l s o  be normalized, and consequently w i l l  be independent of 

I,. + malized wi th  r e s p e c t  t o  

va lues  of Ul’ a29 nlO’ and n 

have a s i g n i f i c a n t  bear ing upon t h e  e l e c t r o n  con ten t ,  and hence Faraday 

r o t a t i o n ,  a s  a f u n c t i o n  of t i m e  when are Qgo[Of]  and 

(The a l t i t u d e  where z = 0 l ies  below t h e  

m 
a r e  i n  t u r n  f u n c t i o n s  of cl, c , n and X (see ‘rn 2 10’ n20’ H I ’  H2’ I,, 

X is  known a s  a funct ion of 

100’ > - -  X > 87’ (see Sect ion F ) .  Furthermore, i f  the  produc- 

+ 

It is f u r t h e r  observed (Section D3) t h a t  t h e  e l e c t r o n  content nor- 

QgO[O ] i s  not  c r i t i c a l l y  dependent upon t h e  

The on ly  remaining parameters tha t  20 - 

100’ 2 X > - 87’ 

300 or equ iva len t ly  6 
BO 

F region [Section D3], where t h e  l i n e a r  l o s s  r e l a t i o n s h i p  does not apply.  
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Assumed c h a r a c t e r i s t i c s  of atmosphere: 
1. E f f e c t i v e l y ,  only atomic 

2. Ion iza t ion  e f f i c i e n c y  of 

3. O1 is  independent of 

oxygen is  ionized [IV-D2] 

atomic oxygen i s  10% [ I V - D l ]  

wavelength [ I V - D l ]  

q = CJ1nlI 

[ IV-D3] 

Other assumed c h a r a c t e r i s t i c s  of atmosphere: 
4. Isothermal with T = 700°K [IV-D2] 
5 .  I n  d i f f u s i v e  equi l ibr ium [IV-D2] 
6 .  Only two n e u t r a l  cons t i t uen t s  a r e  N 

7. q and a;! are independent of 

2 and atomic oxygen [IV-D2,] 

I 

I = I, exp[-u n H Ch(X,H - D n H Ch(X,H2)] 1 1 1  1 2 2 2  
[ IV-D3] 

V 

Def in i t i ons  [IV-D3] 
z = reduced a l t i t u d e  where q i s  maximum m 

% I = =  ( q d h  
1 

I 

Fig .  15. THE DERIVATION OF AN EXPRESSION FOR THE PRODUCTION TERM I N  THE 
ELECTRON CONTINUITY EQUATION. References enclosed i n  brackets  r e f e r  t o  
sec t ions  of t h e  t e x t .  For  d e f i n i t i o n s  of symbols, see  Sect ion A of 
t h e  t e x t .  
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4- Assume 0 ions  and e l e c t r o n s  
recombine through the  two 
s t e p  process: 

0' + N2 + NO+ + N 

NO+ + e- 4 N + 0 

[ IV-E] 

Assume + 1. 0 i s  the  only ion 
spec ies  present  

2 .  Charge n e u t r a l i t y  
is  maintained 

[ IV-E] 

I 

Define = Yn2 

[ IV-E] 

F ig .  16. THE DERIVATION OF AN EXPRESSION FOR THE LOSS TERM I N  THE ELECTRON 
CONTINUITY EQUATION. References enclosed i n  brackets  r e f e r  t o  sec t ions  
of t he  text .  For d e f i n i t i o n s  of symbols, see Section A of the  t e x t .  
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Assume the only t ranspor t  of ion iza t ion  i s  due 
t o  ambipolar d i f fus ion  of 0' ions and e l ec t rons  
through atomic oxygen [ IV-F] 

1 ez 
[ a 2 N  3 a N  1 - 

2 + z a z + - N  2 aZ "KDo div(N7) = 

I [ IV-F] 

Fig.  17. THE DERIVATION OF AN EXPRESSION FOR THE TRANSPORT TERM I N  THE 
ELECTRON CONTINUITY EQUATION. References enclosed i n  brackets r e f e r  t o  
sec t ions  of t he  t e x t .  For def in i t i ons  of symbols, see Section A of 
the  t e x t .  
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Hence Bo has l i t t l e  phys ica l  s i g n i f i c a n c e ,  though p300 is a s i g n i f i -  

c a n t  parameter. ) 
The s o l u t i o n  of t h e  c o n t i n u i t y  equation is  d i r e c t l y  p ropor t iona l  t o  
+ 

Q,,[O 1 ,  but  depends i n  a complicated manner upon @,,,. Assuming a 

va lue  for 

t h a t  b e s t  f i t s  t h e  experimental  data i n  a least-mean-square sense.  The 

assumed 

and '300 
t ed h e r e .  

i t  is no t  d i f f i c u l t  t o  s o l v e  f o r  t h e  va lue  of Q,o[O'J '300' 

can be i t e r a t e d  u n t i l  t h e  b e s t  p a i r  of values  f o r  Q [ O f ]  '300 90 
is found. This  is t h e  procedure used i n  t h e  a n a l y s i s  presen- 

C. The Numerical Procedure 

Th i s  s e c t i o n  o u t l i n e s  t h e  computational s t e p s  involved i n  t h e  d a t a  

r educ t ion  process  i l l u s t r a t e d  i n  F i g .  1 4 .  Discussions of t h e  detai ls  of 

most of t h e  s t e p s  a r e  postponed to  la te r  s e c t i o n s  of t h i s  chap te r .  

The d a t a  r educ t ion  scheme is  based upon a numerical s o l u t i o n  of 

Eq. (2 - l ) ,  t h e  c o n t i n u i t y  equation f o r  e l e c t r o n s ,  with t h e  production, 

l o s s ,  and t r a n s p o r t  terms given by Eqs. (4-1), (4-2), and (4-3),  respec- 

t i v e l y .  This  equat ion is an inhomogeneous, l i n e a r ,  p a r t i a l  d i f f e r e n t i a l  

equat ion.  Its l i n e a r i t y  a l lows t h e  t o t a l  e l e c t r o n  concentrat ion t o  be 

viewed a s  a l i n e a r  supe rpos i t i on  of s e v e r a l  components, each of which 

may be treated s e p a r a t e l y .  

The p r i n c i p l e  of l i n e a r  supe rpos i t i on  i s  used f i r s t  i n  o r d e r  to  

j u s t i f y  t r e a t i n g  t h e  night t ime i o n i z a t i o n  s e p a r a t e l y .  For s i m p l i c i t y ,  

t h e  night t ime r e s i d u a l  i o n i z a t i o n  is  t r e a t e d  i n  t h e  model f o r  t he  iono- 

sphere by assuming t h a t  i t  does no t  e x i s t .  That i s ,  it is  assumed t h a t  

N = 0 i n  Eq. (2-1) be fo re  t h e  e f f e c t s  of s u n r i s e  a r e  f e l t .  Since i n  

r e a l i t y  r e s i d u a l  i o n i z a t i o n  does e x i s t  before  s u n r i s e ,  t h e  experimental 

d a t a  obtained a f t e r  s u n r i s e ,  t h a t  a r e  t o  be compared t o  t h e  c a l c u l a t i o n s ,  

must first be ad jus t ed  t o  t ake  out t h e  effects of t h e  night t ime ioniza- 

t i o n .  Sect ion I d i scusses  t h e  method of t r e a t i n g  t h e  e f f e c t s  of night- 

t i m e  i o n i z a t i o n  on t h e  s u n r i s e  d a t a .  

A numerical t i m e  i n t e g r a t i o n  of t h e  c o n t i n u i t y  equation is  accomplished 

by first d iv id ing  t i m e  i n t o  equal  increments of l eng th  At .  The l i n e a r i t y  

of the equation allows t h e  e l e c t r o n s  produced within each t i m e  increment t o  

be t r e a t e d  s e p a r a t e l y .  
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Let  t be t h e  t i m e  a t  which t h e  s o l a r  z e n i t h  angle  X reaches 

to. Thus, 
0 

r ep resen t  t h e  t i m e  i i n t e r v a l s  a f t e r  
ti 

l o O D ,  and l e t  

t i = t  0 +at (4-4 1 

When the s u b s c r i p t  i is a t tached  to  any o t h e r  q u a n t i t y  i n  t h i s  

r e p o r t  it w i l l  refer t o  t i m e  t and w i l l  i n d i c a t e  t h a t  t h e  q u a n t i t y  

i s  a func t ion  of t i m e .  The t i m e  when i = 0 was chosen t o  correspond 

t o  x = loOD 

E W  r a d i a t i o n  begins  s h o r t l y  t h e r e a f t e r  (normally wi th in  10 min). 

t h e  purposes of t h i s  a n a l y s i s ,  i t  is assumed t h a t  

i 

s i n c e  observable  production of ion-electron p a i r s  by s o l a r  

For 

q = o  f o r  t < to (4-5 1 

and, a s  noted i n  Sec t ion  D 3 ,  

A t  = 1 . 0  minutes (4-6 1 

L e t  q . ( z )  be t h e  product ion p r o f i l e  given by Eq. (4-1) a t  t i m e  t i  
1 

[remember t h a t  both q and z i n  Eq. (4-1) a r e  func t ions  of X and 

hence of t ] ,  and l e t  q i ( z )  be t h i s  same p r o f i l e  normalized w i t h  res- 

pec t  t o  QgO[O 1 .  Define n .  ( z )  t o  be an incremental  e l e c t r o n  dens i ty  

p r o f i l e  t h a t  would conta in  a l l  the e l e c t r o n s  r e s u l t i n g  from maintaining 

the normalized product ion p r o f i l e  

m m 

+ 
-1 

q .  ( z )  -1 
f o r  a t i m e  i n t e r v a l  equal t o  

At .  By d e f i n i t i o n ,  

To c a r r y  o u t  t h e  numerical  i n t eg ra t ion ,  it is  assumed t h a t  the  sum 
< t < t  

represented  by n . ( z )  f o r  
ti-1 - - i 

Q g O [ O  1 ,  
The t o t a l ,  normalized, e l ec t ron  d e n s i t y  p r o f i l e  (neglec t ing  night-  

of a l l  e l e c t r o n s  a c t u a l l y  produced wi th in  the t i m e  i n t e r v a l  

is, when normalized wi th  r e spec t  t o  

i > 0. 

t i m e  r e s i d u a l  i on iza t ion  p resen t  before  t i m e  to) ,  a t  a t i m e  t i ,  where 

j 2 1, can be determined from t h e  incremental  p r o f i l e s ,  n i ( z ) .  I t  i s  

on ly  necessary t o  sum over a l l  t h e  n .  ( z ) ' s  f o r  0 - -  < i < j, a f t e r  f irst  

+ 
-1 

-1 
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t a k i n g  i n t o  account t h e  e f f e c t s  of t h e  l o s s  and t r a n s p o r t  terms i n  Eq. 

(2-1) on each ni(z). The effects of l o s s  and t r a n s p o r t  on t h e  incre-  

mental e l e c t r o n  d e n s i t y  p r o f i l e s  a r e  determined by so lv ing  a homogeneous 

ve r s ion  of t h e  c o n t i n u i t y  equat ion.  

n . ( z )  

given by Eqs. (4-2) and (4-3), but w i th  

varying,  e l e c t r o n  d e n s i t y  p r o f i l e ,  n .  (z ,  t-ti), where by d e f i n i t i o n  

That is, Eq. (2-1) is solved using 

as an i n i t i a l  condi t ion,  and using the l o s s  and t r a n s p o r t  terms 

The r e s u l t  is a t i m e -  
-1 

q = 0. 

-1 

The numerical s o l u t i o n  of t h e  homogeneous c o n t i n u i t y  equation t h a t  y i e l d s  

n . ( z ,  t-ti) is s t r a igh t fo rward  and is discussed i n  Sect ion G. 
-1 

It  i s  shown i n  Sect ion F tha t  t h e  e l e c t r o n  content  of n . ( z ,  t-ti),  -1 

and hence the con t r ibu t ion  of t o  t h e  Faraday r o t a t i o n  i m -  

p a r t e d  t o  s a t e l l i t e  t ransmissions passing through t h e  model ionosphere, 

is r e l a t i v e l y  independent of t h e  magnitude of t h e  d i f f u s i o n  parameter 

n . ( z ,  t-ti) 
-1 

. For t h e  purposes of t h i s  discussion,  i t  may be considered t h a t  t h e  KDO 
s o l u t i o n  n . ( z ,  t - t . )  of t h e  homogeneous c o n t i n u i t y  equat ion,  with n (z) 

a s  an i n i t i a l  cond i t ion ,  is dependent only upon t h e  i n i t i a l  condition it- 

self and upon the choice of 

t h e  s o l u t i o n  could be w r i t t e n  a s  n . ( z ,  t-ti, f3,,, ) i n s t ead  of n . ( z ,  t-ti), 

but  t h a t  n o t a t i o n  is  cumbersome and should not  be necessary a t  t h i s  p o i n t .  

A s i m i l a r  n o t a t i o n ,  however, w i l l  be used l a t e r  [see Eq. (4-13)l. 

-1 1 -i 

'300' . To emphasize its dependence upon 
$300 

-1 -1 

Now l e t  N . ( z )  be an e l e c t r o n  dens i ty  p r o f i l e  a t  t i m e  ti t h a t  ac- 
-1 

counts f o r  a l l  t h e  e l e c t r o n s  remaining from those produced f o r  

That is ,  

t - < t i .  

i 

j=l 

N.(z) con ta ins  a l l  of t h e  i o n i z a t i o n  produced i n  t h e  to t o  ti t i m e  

i n t e r v a l  and st i l l  p resen t  a t  t i m e  . 
-1 

ti 
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The amount of Faraday r o t a t i o n  imposed on a VHF r a d i o  wave passing 

through an ionosphere composed of t h e s e  p r o f i l e s  is computed. F i r s t ,  

however, a b r i e f  look a t  t h e  p e r t i n e n t  geometry w i l l  be h e l p f u l .  

A t  t i m e  ti, xi i s ,  by d e f i n i t i o n ,  t h e  s o l a r  z e n i t h  angle  a t  t h e  
* 

ionospheric  p o i n t .  It  is a l s o ,  however, t h e  z e n i t h  ang le  anywhere a l m g  

a v e r t i c a l  surface running approximately n o r t h  and sou th  i n  t h e  neighbor- 

hood of t h e  ionospheric  p o i n t .  The s u r f a c e s  of cons tan t  x are a c t u a l l y  

c o n i c a l  w i t h  apexes a t  t h e  center of t h e  e a r t h ,  but  they approach plane 

s u r f a c e s  a s  X approaches 90'. The i n t e r s e c t i o n  of t h e  X = 90" plane 

w i t h  t h e  s u r f a c e  of t h e  e a r t h  w i l l  be designated t h e  s u n r i s e  l i n e .  Sur- 

f a c e s  of constant  x f o r  100' > X > 87' s h a l l  be considered i n  t h i s  

work t o  be v e r t i c a l  planes p a r a l l e l  t o  t h e  s u n r i s e  l i n e  i n  t h e  v i c i n i t y  

of t h e  ionospheric  p o i n t ,  F i g u r e  18 shows t h e  o r i e n t a t i o n  of t hese  planes 

nea r  t h e  summer and win te r  s o l s t i c e s .  The dashed l i n e s  r ep resen t  edge 

- -  

views of some of t h e  planes,  w i t h  t h e  e a r t h  considered f l a t  over t h e  l i m i t e d  

region covered by t h e  diagrams. 

The ang le  6 i n  F i g ,  18, which r e p r e s e n t s  t h e  i n c l i n a t i o n  of t h e  sun- 

rise l i n e  w i t h  r e s p e c t  t o  t h e  north-south l i n e ,  is very n e a r l y  equal to  the  

s o l a r  d e c l i n a t i o n .  On t h e  equator ,  6 would i n  f a c t  be equal to  t h e  s o l a r  

d e c l i n a t i o n ,  For o t h e r  l a t i t u d e s ,  t h e  s o l u t i o n  of a simple s p h e r i c a l  t r i g -  

onometry problem shows 6 t o  be given by 

cos 6 = f ( @ , d )  COS d (4-10) 

where @ is t h e  l a t i t u d e ,  d is t h e  s o l a r  d e c l i n a t i o n ,  and 

cos (d + @ )  COS (d - 0 
cos (d + 'P) + cos (d - I@)  f( ' 'd)  = (4-11) 

The f u n c t i o n  f(CP,d) remains near  u n i t y  f o r  CP = 20" (see F i g .  1 9 ) ,  corre- 

sponding t o  t h e  l o c a t i o n  of t h e  ionospheric  po in t  i n  t h i s  s tudy.  

* 
The ionospheric  p o i n t  is def ined t o  be t h e  p o i n t  where t h e  transmission 
p a t h  between t h e  Un ive r s i ty  of H a w a i i  and Syncom I11 reaches an a l t i t u d e  
of 300 km. 
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F i g .  18. THE RELATIONSHIP BETWEEN PLANES OF CONSTANT x AND THE 
PROPAGATION PATH BETWEEN HONOLULU AND SYNCOM I11 DURING J'UNE AND 
DECEMBER 1965. T h e  a l t i tude in  100 km i n c r e m e n t s  is indicated 
along the propagat ion path. 
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SOLAR DECLINATION ( d ) ,  degrees 

F i g .  19. PLOT OF f (@ , d ) VS SOLAR DECLINATION AT A 
LATITUDE OF 2 0 ' .  
Q, and d.  

The func t ion  i s  symmetric i n  both 

Thus f a r  e l e c t r o n  d e n s i t y  p r o f i l e s  have been computed only f o r  t h e  

l a t i t u d e  and long i tude  of t h e  ionospheric p o i n t .  However, i t  is apparent 

t h a t  PIi ( z )  

ca l  l i n e  i n  t h e  p l ane  where 

a p p l i e s  e i t h e r  i n  t h i s  same p lane  a t  t i m e  

a d i s t a n c e  A s  t o  t h e  east a t  t i m e  ti, where 

would a l s o  s p e c i f y  t h e  e l e c t r o n  concentrat ion along any v e r t i -  

The p r o f i l e  N ( z )  

o r  i n  a plane d i sp laced  
ti* -i+l x = xi a t  t i m e  

i+l 

at AS = 2sRE COS (D - 
Td 

(4-12) 

and where is t h e  r a d i u s  of t h e  e a r t h ,  @ is t h e  l a t i t u d e  of t h e  

ionospheric p o i n t ,  and Td is one day. The c a l c u l a t i o n  of PTi(z) f o r  

each i, such that  looo > x.  > 87' is t h e r e f o r e  equivalent  t o  t h e  ca l -  

c u l a t i o n  of electron d e n s i t y  p r o f i l e s  i n  a series of planes l i k e  those  

i l l u s t r a t e d  i n  F i g .  20. A s  t i m e  i n c r e a s e s ,  t h e  series of planes may be 

viewed a s  moving t o  the  w e s t  w i th  a v e l o c i t y  equal t o  

1 -  - 

&/At. 

N H  cos 8 d s ,  is evaluated numer- 
JLP The l i n e  i n t e g r a l  i n  Eq. (3-1), 

i c a l l y  a long t h e  raypath shown i n  F ig .  20 to  determine t h e  amount of Fara- 

day r o t a t i o n  produced by a normalized ionosphere made up of t h e  I&(z) 
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Fig .  20. AN EXAMPLE OF THE PLANES OF CONSTANT X ALONC 
WHICH ELECTRON DENSITY PROFILES SPECIFIED BY N .  (2) 
APPLY. -1 

p r o f i l e s .  For eva lua t ing  t h e  i n t e g r a l ,  values  of t h e  e l e c t r o n  concentra- 

t i o n  are obtained both i n  t h e  planes containing known p r o f i l e s  and, by 

i n t e r p o l a t i o n ,  between these  p l anes ,  To o b t a i n  the  Faraday r o t a t i o n  

ang le  corresponding t o  a p a r t i c u l a r  t i m e ,  it i s  only necessary t o  s h i f t  

t h e  set of planes along t h e  east-west d i r e c t i o n  u n t i l  t h e  ionospheric 

point lies i n  t h e  plane corresponding t o  t h e  des i r ed  t i m e .  For example, 

to  compute t h e  Faraday r o t a t i o n  angle  a t  t = t t h e  l i n e  i n t e g r a l  

should be evaluated when t h e  ionospheric  p o i n t  l i es  i n  t h e  plane corre- 

sponding to  i = k.  

k '  

L e t  t h e  Faraday r o t a t i o n  due t o  t h e  normalized ionosphere be denoted 

by F(t,pQOO) 
t h e  p a r t i c u l a r  B 
is a normalized va lue  of t h e  Faraday r o t a t i o n ,  but t h e  value of t he  normal- 

i z a t i o n  constant  Q [O'] is no t  a t  t h i s  p o i n t  known. 

t o  i n d i c a t e  t h a t  i ts  value is  a func t ion  of both t i m e  and 

used earlier i n  so lv ing  t h e  c o n t i n u i t y  equation. 300 

90 
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Define R , ( t )  a s  

(4-13) 

The s u b s c r i p t  T is used t o  i n d i c a t e  t h a t  t h i s  func t ion  is  a t h e o r e t i c a l  

r e p r e s e n t a t i o n  of t h e  Faraday r o t a t i o n  ang le ,  based upon t h e  numerical 

a n a l y s i s  o u t l i n e d  above. L e t  R ( t )  be t h e  measured Faraday r o t a t i o n  

imparted t o  t h e  VHF t ransmissions from Syncom I11 a f t e r  e f f e c t i v e l y  cor- 

r e c t i n g  f o r  v a r i a t i o n s  due t o  r e s i d u a l  night t ime i o n i z a t i o n .  

of handling t h e  night t ime i o n i z a t i o n  is discussed i n  Sec t ion  I . )  

&go[' 1 and 8300 are  chosen c o r r e c t l y ,  R T ( t )  should match .QM(t) 

throughout t h e  s u n r i s e  pe r iod  f o r  which t h e  t h e o r e t i c a l  model i s  v a l i d .  

The i n i t i a l  value of '300, say  Q300, used t o  o b t a i n  t h e  incre-  

mental time-varying e l e c t r o n  d e n s i t y  p r o f i l e s ,  g i ( z ,  t-ti),  i s  inten-  

t i o n a l l y  chosen abnormally l o w .  Using t h e  r e s u l t i n g  F (t ,Q&$) 

(1)[0+] is  determined as t h a t  value of Q g O [ O  1 t h a t  minimizes t h e  

root-mean-square d i f f e r e n c e  between R T ( t )  and QM(t) i n  t h e  t i m e  in- 

t e r v a l  where 

does not  begin before  x = 100"; and a f t e r  X = 8 7 " ,  t h e  d a t a  o f t e n  do 

n o t  ag ree  w e l l  w i t h  t h e  t h e o r e t i c a l  model.) The symbol p ( I )  

t o  denote t h e  corresponding root-mean-square d i f f e r e n c e  between 

and R,(t ) . The loss c o e f f i c i e n t  '300 is  increased t o  a new value,  

M 

(The method 

Then i f  
+ 

(1 1 

a 
+ 

Q90 

100" > - -  X > 8 7 " .  (Photoionizat ion by s o l a r  E W  r a d i a t i o n  

is  used 

BT( t ) 

Q90 p300, (2 1 and t h e  process  is repeated t o  o b t a i n  ( 2 ) [ 0 + ]  and P ( ~ ) .  The 

w i t h  each i t e r a t i o n ,  u n t i l  a 
'300 a n a l y s i s  is  continued, i nc reas ing  

minimum is obtained i n  p .  Assuming t h a t  a well-defined minimum i n  p 

e x i s t s  and t h a t  t h e  minimum i s  indeed low, t h e  values  of and 

'300 
t h o s e  q u a n t i t i e s .  

+ 
Q9,[0 1 

corresponding t o  t h e  minimum are considered t h e  c o r r e c t  values for  

The parameters thus obtained are those  des i r ed  i n  t h e  beginning, 
+ 

namely, t h e  i n t e g r a t e d  ra te  of production of 0 

and t h e  magnitude of t h e  l i n e a r  l o s s  c o e f f i c i e n t  a t  t h e  r e fe rence  a l t i -  

'300 tude,  

b r i e f l y  as fol lows:  

ions a t  s u n r i s e ,  Q g o [ O + ] ,  

. The s t e p s  i n  t h e  computational process may be reviewed 

(1) Compute normalized production p r o f i l e s ,  q i ( z ) .  
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(2) Using t h e  production r a t e s  obtained i n  (l),  compute incre-  

mental e l e c t r o n  d e n s i t y  p r o f i l e s ,  n .  ( z ) .  
-1 

and s o l v e  t h e  homogeneous c o n t i n u i t y  '300 
n .  ( z ,  t-ti). 

(3) Choose a value f o r  

equat ion t o  ob ta in  
-1 

(4 )  Sum over  the  n .  (z, t-t. )Is t o  g e t  t o t a l  (normalized) elect 
-1 1 

d e n s i t y  p r o f i l e s ,  N .  ( z ) .  
-1 

(5)  Compute the Faraday r o t a t i o n  F(t,f3300) due t o  t h e  normalized 

ionosphere obtained i n  ( 4 ) .  

Match t h e  r e s u l t s  of ( 5 )  t o  observed Faraday r o t a t i o n  da ta  t o  

y i e l d  va lues  of Q [O'] and p .  90 

(6 )  

and repeat (3) through ( 6 )  u n t i l  a minimum 
'300 + 

( 7 )  Increment 

i n  p is found. The magnitude of Q9,[0 1 and @,,, c o r r  e- 

sponding t o  t h e  minimum a r e  t h e  b e s t  values .  

The remaining s e c t i o n s  of t h i s  chapter  desc r ibe  t h e  d e t a i l s  involved 

i n  each s t e p  of t h e  a n a l y s i s .  The r e s u l t s  of applying t h i s  procedure t o  

t h e  d a t a  and impl i ca t ions  of t hose  r e s u l t s  a r e  presented i n  Chapter V .  

D . Product ion  

1. S o l a r  Flux and Ion iza t ion  Cross Sec t ions  

The solar ion iz ing  r a d i a t i o n  is e f f e c t i v e l y  assumed t o  be mono- 

chromatic w i th  a t o t a l  f l u x  equal  t o  t h e  a c t u a l  f l u x  i n  t h e  911 t o  165 A 
band. This  assumption is  equiva len t  (a)  to  neg lec t ing  ion iza t ion  produced 

by both X-rays and r a d i a t i o n  i n  t h e  1027 t o  911 range, and (b )  t o  assum- 

ing  the i o n i z a t i o n  and absorp t ion  c ros s  s e c t i o n s  t o  be cons tan t  between 

911 and 165 A .  
At s u n r i s e ,  almost a l l  of t h e  i o n i z a t i o n  does r e s u l t  from pro- 

duc t ion  by r a d i a t i o n  i n  t h e  911 to  165 A range. Table 3 i n  Chapter I1 

shows that about 87 percent  of t h e  t o t a l  production i s  a t t r i b u t a b l e  t o  

f l u x  i n  t h i s  band. The remaining 13 percent ,  which is divided between 

X-ray product ion and t h e  product ion of 0 ions  by 1027 t o  911 A f l u x ,  

occurs  a t  s u b s t a n t i a l l y  lower a l t i t u d e s  where t h e  l o s s  rates a r e  much 

greater. (The peak of product ion is  about 60 km lower than t h e  peak due 

+ 
2 
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t o  r a d i a t i o n  i n  t h e  911 t o  165 A r ange . )  

t o t a l  product ion,  t h e r e f o r e ,  accounts f o r  much less than 13 percent  of 

t h e  t o t a l  rate of i nc rease  of t h e  e l e c t r o n  con ten t .  

without introducing s i g n i f i c a n t  errors. 

The remaining 13 percent  of t h e  

It can be neglected 

That absorpt ion c r o s s  s e c t i o n s  a r e  s u f f i c i e n t l y  constan+ i n  t h e  

911 t o  165 A band t o  allow t h e  r a d i a t i o n  t o  be considered monochromatic 

can be seen by observing t h a t  t h e  production p r o f i l e s  i n  F ig .  8c c l o s e l y  

resemble Chapman production p r o f i l e s .  The value of t h e  absorpt ion c ros s  

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

peak of production r e s u l t i n g  from t h a t  l i n e ,  no t  t h e  magnitude of t h e  

peak o r  t h e  shape of t h e  p r o f i l e .  A wide v a r i a t i o n  i n  t h e  absorpt ion 

c r o s s  s e c t i o n s  over  a band of wavelengths r e s u l t s  i n  a wide v a r i a t i o n  i n  

a l t i t u d e s  of t h e  peaks of production due t o  d i f f e r e n t  emission l i n e s  with- 

i n  t h e  band. The production p r o f i l e  f o r  t h e  e n t i r e  band would thus  be 

much broader than a Chapman p r o f i l e  and would probably contain s e v e r a l  

secondary peaks.  This  is  no t  t h e  case fo r  t h e  production due t o  911 t o  

165 A r a d i a t i o n .  

s e c t i o n s  for  wavelengths s h o r t e r  than 165 A is r e f l e c t e d  i n  decreased 

a l t i t u d e s  of t h e  peaks of production f o r  a l l  c o n s t i t u e n t s  i n  t h e  165 t o  

1 A range (Fig.  8 d ) . .  

Notice,  however, t h a t  t h e  abrupt decrease in  t h e  c ros s  

A f u r t h e r  assumption is t h a t  t h e  i o n i z a t i o n  e f f i c i e n c y  of atomic 

oxygen is 100 pe rcen t ,  t h a t  is, ul = vi ,  i n  t h e  911 t o  165 band. Ac- 

t u a l l y ,  t h e  e f f i c i e n c i e s  a t  t h e  longer wavelength end of t h e  band 

g r e a t e r  than about 300 A )  a r e  probably somewhat less than 100 pe rcen t .  

E lec t rons  f r e e d  by r a d i a t i o n  of s h o r t e r  wavelengths, however, have s u f f i -  

c i e n t  energy t o  produce secondary i o n i z a t i o n ,  and hence ion iza t ion  e f f i -  

c i e n c i e s  g r e a t e r  than 100 pe rcen t .  Over t h e  e n t i r e  band, t h e  e f f e c t i v e  

i o n i z a t i o n  e f f i c i e n c y  is probably c l o s e  t o  100 pe rcen t ,  though an exact  

f i g u r e  is n o t  known. For  reasons noted i n  Sect ion D 2 ,  t he  i o n i z a t i o n  

e f f i c i e n c y  f o r  N2 is assumed t o  be zero.  

( A  

0 

The s o l a r  spectrum between 911 and 165 A has been divided i n t o  

46 bands, and va lues  of t h e  c ros s  s e c t i o n s  of t h e  major atmospheric con- 

s t i t u e n t s  have been published f o r  each band by Hinteregger e t  a 1  [1965]. 

Where c r o s s  s e c t i o n s  a r e  needed i n  t h i s  work, an e f f e c t i v e  value is used; 

t h i s  va lue  is  obtained by t ak ing  weighted means of t h e  logari thms of the  
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published absorption cross sections. The weights are determined by the 

total flux in each of the 46 bands. These cross sections result in 

approximate production profiles with peaks at the same altitude as the 

peak of the exact profiles, Table 5 shows the effective cross sections 

used for the two major constituents. 

Nitrogen (N ) 
2 

Table 5 

7.4 x 10-l8 

ABSORPTION CROSS SECTIONS 

Absorption 
Cross Sections Atom or 

Molecule 
(cm2 

1 Atomic oxygen (0) I 5.7 X I 

2. Atmosphere 

The atmosphere is assumed to be isothermal and composed of two 

constituents, atomic oxygen and molecular nitrogen. The two constituents 

are assumed to be in diffusive equilibrium with the scale height of atomic 

oxygen taken to be 40 km, corresponding to a temperature of 700'K. 

concentrations of atomic oxygen and molecular nitrogen are chosen to corre- 

spond to the COSPAR model atmosphere of Fig. 3 at a 200 km altitude. Atom- 

ic oxygen atoms are subject to ionization by solar E W  flux, but molecular 
nitrogen is considered only to absorb radiation without contributing to 

the observable ionization. 

The 

The atmosphere may be assumed to be isothermal since at sunrise 

practically all of the production takes place above a 200 km altitude (Fig. 

8c). 

function of altitude (Fig. 4). 

perature above 200 km to be about 700°K and shows all constituents to be 

in diffusive equilibrium above 120 km. 

Above 200 km, the temperature at sunrise is only a slowly varying 

The COSPAR model atmosphere shows the tem- 

+ 
A two-constituent model atmosphere is justified since O2 pro- 

duction accounts for only about 5 percent of the total production due to 
EW flux in the 911 to 165 A range (see Table 3). Neglecting the presence 
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of O2 simply means t h a t  about 5 percent  a d d i t i o n a l  f l u x  w i l l  be a v a i l a b l e  

f o r  t h e  i o n i z a t i o n  of 0 and N 2' 
The assumption t h a t  N does no t  c o n t r i b u t e  t o  t h e  observable  

2 
i o n i z a t i o n  is  based upon obse rva t ions  of t h e  ion composition, which show 

N ions to  be v i r t u a l l y  absent  throughout the: ionosphere. Holmes et a 1  

[1965], f o r  example, show t h a t  N accounts f o r  less than 0.5 percent  of 

t h e  t o t a l  i o n i z a t i o n  i n  t h e  F region.  The i o n i z a t i o n  of N does account 

for  a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  ion production, but N ions d i s -  

appear much more r a p i d l y  than do 0 ions .  According to  Johnson L19671, 

about 20 percen t  of t h e  N2 i ons  a r e  removed through a d i s s o c i a t i v e  recom- 

b ina t ion .  The ion-atom interchange r e a c t i o n  with atomic oxygen, however, 

appa ren t ly  proceeds r a p i d l y  enough t o  allow t h e  fol lowing two-step process  

t o  remove t h e  rest ( t h e  r e a c t i o n  rates a r e  l i s t e d  i n  Table 4, Chapter 11): 

+ 
2 + 

2 

2 +  
2 + 

+ 

+ N + + O - N O  + N  2 
(4-14 ) 

+ NO + e - 4 ~  + o 

+ 
In  e i t h e r  case, N disappears  r a p i d l y  without  c o n t r i b u t i n g  to  t h e  observ- 

a b l e  e l e c t r o n  con ten t .  
2 

One o t h e r  r e a c t i o n  could poss ib ly  be important i n  t h e  removal 
+ 

of N2,  namely, a charge exchange w i t h  atomic oxygen: 

+ N2 + 0 - N  + 0' 2 
(4-15) 

Recent measurements of t h e  ra te  c o e f f i c i e n t s  f o r  t h e  ion-atom interchange, 

(4-14), and t h e  charge exchange, (4-15), r e a c t i o n s  show t h a t  t h e  l a t t e r  

r a t e  i s  a t  least an o r d e r  of magnitude smaller [Ferguson, 19671. Thus 

i t  w i l l  be assumed t h a t  (4-15) is not  an important mechanism f o r  t h e  re- 
+ + 

moval of N To t h e  e x t e n t  t h a t  it is  important,  however, N does con- 2 2 '  
t r i b u t e  t o  t h e  observable  i o n i z a t i o n ,  s i n c e  N ions would simply be 

converted by t h i s  r e a c t i o n  t o  0 ions .  

+ 
2 + 

6 1  S E L - 6 7 - 1 0 2  



3. Calcu la t ions  

L e t  t h e  s u b s c r i p t s  1 and 2 r ep resen t  t h e  n e u t r a l  c o n s t i t u e n t s  

0 and N2, r e s p e c t i v e l y .  

11-D [see Eq. (2 -9 ) ] ,  t h e  o p t i c a l  depth may be expressed as 

Using t h e  Chapman theory r e f e r r e d  t o  i n  Sec t ion  

The photo ioniza t ion  rate, keeping i n  mind t h e  f a c t  t h a t  only 
+ t h e  product ion of 0 ions  is being counted, is given by 

q = u n I  (4-17) 1 1  

where 

-T 
I = Icoe (4-18) 

Thus 

q = n I expl-cr n H Ch(X,H1) - m2n2.W2 Ch(X,H2)l (4-19) 
1 1 m  1 1 1  

Both n1 and n a r e ,  of course,  func t ions  of a l t i t u d e  and may be w r i t t e n ,  2 
for  an isothermal  atmosphere, as 

-z 
n -  1 - n l O e  

and 

-1.752 n -  2 - n20e 

(4-20 ) 

(4-21) 

where t h e  reduced a l t i t u d e  z i s  based on t h e  atomic oxygen s c a l e  h e i g h t .  

The f a c t o r  1 .75  i n  Eq. (4-21) is  the  r a t i o  H1/H2. 

Equation (4-19) i s  used t o  compute t h e  normalized production 

p r o f i l e s  needed f o r  t h e  a n a l y s i s .  A t  each t i m e  ti, t h e  s o l a r  z e n i t h  

ang le  Xi is computed and s u b s t i t u t e d  i n t o  (4-19). The production r a t e  
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is evaluated i n  s t e p s  of Az = 0.1 from t w o  scale h e i g h t s  below t o  s i x  

scale he igh t s  above t h e  peak of production, a range which accounts f o r  

over 99 percent  of t h e  pho to ion iza t ion .  

is determined by numerically eva lua t ing  f q dh f o r  x = 90". The sym- 

bo1 Qgo[O 1 i n d i c a t e s  t h e  i n t e g r a t e d  rate of production of 0 ions - t  

s u n r i s e .  A f t e r  normalizat ion,  t h e  production p r o f i l e s  are  independent of 

t h e  f a c t o r  (T Im i n  Eq. (4-19). Their  dependence upon t h e  r e l a t i v e  magni- 

tudes of n and n is discussed below. New p r o f i l e s  are computed a t  

1 min increments i n  t i m e  throughout t h e  pe r iod  when 

is, 
on ly  r e s u l t s  i n  an increased u s e  of computer time without  no t i ceab ly  i m -  

proving t h e  accuracy of t h e  r e s u l t s .  

+ The normalization f a c t o r  Qgo[O ] 
co 

+ 0 + 

1 

1 2 
100" 2 X > - 87" ( tha t  

A more f r equen t  evaluat ion of t h e  production p r o f i l e  A t  = 1.0  min).  

Equation (4-19) may be reduced t o  a more convenient form f o r  

2 '  s tudying t h e  effects of v a r i a t i o n s  i n  t h e  concen t r a t ions  of 0 and N 

The on ly  a d d i t i o n a l  approximation needed is  t h a t  t h e  Chapman func t ion  

may be evaluated a t  t h e  mean scale he igh t ,  H = (H1 + H2)/2, without a 

s i g n i f i c a n t  l o s s  of accuracy,  Let z = 0 a t  t h e  a l t i t u d e  where 
m 

ulnloH1 = 1 (4-22 ) 

With t h e  n e u t r a l  atmosphere assumed (see Sec t ion  D Z ) ,  Eq. (4-22) is sat-  

i s f i e d  a t  an a l t i t u d e  of about 89 km, w e l l  below t h e  F region of t h e  

ionosphere. 

Now l e t  

(4-23) 

Then t h e  production r a t e  reduces t o  [ G a r r i o t t  and Smith, 19651 

(4-24) 
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I f  t h e  concentrat ion of N2 is set t o  zero,  IC = 0 and Eq. 
(4-24) reduces t o  t he  Chapman formula f o r  a s i n g l e  c o n s t i t u e n t  atmosphere 

[Eq. (2 - lo ) ] .  The effect  of t h e  presence of N is contained e n t i r e l y  i n  

t h e  right-hand exponential  t e r m  and r e s u l t s  i n  an a t t e n u a t i o n  of q ,  par- 

titularly a t  low a l t i t u d e s .  F igu re  21 shows t h e  0 production p r o f i l e  

de r ived  from Eq. (4-24) f o r  t h r e e  values of IC and t h r e e  s o l a r  z e n i t h  

a n g l e s ,  

2 

+ 

+a 

X=iOO" +'i 
+4 

z +2 

0 

-2  
I 

-4 1 10 100 IO00 

q [0*] (cm-3 sec-1) 

Fig.  21. TIIE RATE OF PRODUCTION OF 0' IONS AS A FUNCTION OF 
REDUCED HEIGHT FOR THREE SOLAR ZENITH ANGLES AND THREE VALUES 
OF IC .  The inc iden t  photon f l u x  I&, has been taken to be 
l o l o  photons/cm2/s [after Garr io t t  and Smith, 1965 1 .  

The parameter IC is convenient t o  u s e  i n  developing an expres- 

s i o n  f o r  t h e  production p r o f i l e ,  though i ts  physical  s i g n i f i c a n c e  may not  

be r e a d i l y  apparent .  I t  can be r e l a t e d  to  more d i r e c t l y  observable quant i -  

t i e s  by combining Eq. (4-23) w i t h  Eqs. (4-20) and (4-21). For example, t he  

same information contained i n  IC can a l s o  be s p e c i f i e d  by giving t h e  a l -  

t i t u d e  a t  which 

e i t h e r  c o n s t i t u e n t  a t  a convenient f i x e d  a l t i t u d e .  Figure 22 provides a 

means of determining IC 

n[O] = n[N2] and simultaneously t h e  concentrat ion of 

fo r  a model atmosphere when the  crossover a l t i t u d e ,  
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I I 
ATMOSPHERES: 

I. ANDERSON 8 FRANCIS (1966) 
2. HALL, SCHWEIZER (L HINTEREGGER (1965) - 3. ClRA (1965) 
4. BHATNAGAR 8 MITRA (1966) 
5 .  JACCHIA (1965b) 
6.  HEDIN 81 NlER (1965) 

- 

- 

I - 
120 160 200 2 4 0  

ALTITUDE AT WHICH n[o] = n [ ~ ~ ] ,  km 

Fig. 22. A DIAGRAM WHICH W I L L  GIVE K FOR AN ATMOSPHERE IF THE 
CONCENTRATION OF ATOMIC OXYGEN AT 200 km IS KNOWN AS WELL AS 
THE CROSSOVER ALTITUDE AT WHICH THE CONCENTRATIONS OF ATOMIC 
OXYGEN AND MOLECULAR NITROGEN ARE EQUAL. The diagram assumes 
t h e  s c a l e  he ight  of atomic oxygen t o  be 40 k m .  

where n [ 0 ]  = n [ ~ ~ ] ,  and t h e  concentrat ion of atomic oxygen a t  an a l t i -  

tude of 200 krn, a r e  known. The assumptions t h a t  c l /m2  = 1.3 (from 

Table 5 i n  t h i s  chap te r )  and H1 = 40 km a r e  b u i l t  i n t o  Fig .  22. Note 

t h a t  though t h e  c h a r a c t e r i s t i c s  of the  r e c e n t l y  published atmospheres 

referenced i n  F i g .  22 vary s i g n i f i c a n t l y  i n  some respec t s ,  K is near ly  

t h e  same f o r  f i v e  of the  six models. 

According t o  t h e  d e f i n i t i o n  given by E q .  ( 4 - 2 3 ) ,  K increases  

if e i t h e r  t h e  c r o s s  sec t ion  or concentrat ion of N2 increases  r e l a t i v e  t o  

t h e  cross  s e c t i o n  o r  concent ra t ion  of atomic oxygen. An increase  i n  K 

would result i n  an increase  i n  Q[N+I, t he  in tegra ted  r a t e  of production 
4 + 

of N 2 ions ,  compared t o  Q[o+]. The parameter K is thus  a measure of 
-I- 

t he  r e l a t i v e  magnitudes of Q 10'1 and Q [ N ~  ] As K increases ,  more 



+ 
of t h e  E W  r a d i a t i o n  goes i n t o  t h e  production of N 

very l i t t l e  t o  t h e  observable  i o n i z a t i o n ,  and less goes i n t o  the  produc- 

t i o n  of 0 ions ,  which account f o r  almost a l l  of t h e  observable  ioniza-  

t ion .  

ions ,  which c o n t r i b u t e  2 

+ 

Figure  21 shows t h a t  a v a r i a t i o n  i n  K a f f e c t s  t h e  shape of 

t h e  product ion p r o f i l e  and t h e  a l t i t u d e  of the peak of product ion.  But 

when normalized, t h e  i n t e g r a t e d  production rates a r e  v i r t u a l l y  unaffected 

by a v a r i a t i o n  i n  K or n e a r l y  one order  of magnitude (Fig.  23). A s  a 

r e s u l t ,  t he  experimental  va lues  of Q [O+], t o  be determined by com- 

par ing t h e  d a t a  t o  c a l c u l a t i o n s  based on t h i s  t h e o r e t i c a l  model, a r e  

e s s e n t i a l l y  independent of the va lue  of K assumed i n  t h e  model. Par- 

t i c u l a r  magnitudes for t h e  concent ra t ions  of atomic oxygen and molecular 

n i t rogen  are assumed i n  o rde r  t o  use  Eq. (4-19) i n  computing t h e  normalized 

product ion p r o f i l e s .  The f i n a l  r e s u l t s ,  however, a r e  almost independent 

of t hose  o r i g i n a l  assumptions,  a t  l e a s t ,  according to  F ig .  23, a s  long a s  

K l i e s  between 2 and 16. F igu re  22 sugges ts  t h a t  K is almost c e r t a i n l y  

near  the c e n t e r  of t h e  range. 

90 

--._ - 

2 

r 
0 u t  
0 < 
P 
0 
0 
U 

100 96 92 88 04 
0 

SOLAR ZENITH A N G L E  o$, degrees 

F i g .  23. THE INTEGRATED RATE OF PRODUCTION OF O+ IONS, NORMALIZED 
WITH RESPECT TO QgO[O+], 
ANGLE FOR IC = 2 AND 16 .  This  f i g u r e  shows t h a t  t h e  normalized 
va lues ,  Q [ O + ] ,  a r e  e s s e n t i a l l y  independent of K .  

AS A FUNCTION OF THE SOLAR ZENITH 
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As mentioned i n  t h e  previous s e c t i o n ,  t he  concent ra t ions  of 

t h e  atmospheric c o n s t i t u e n t s  have been chosen t o  correspond to  the  COSPAR 

model atmosphere f o r  t h e s e  c a l c u l a t i o n s .  Thus it has been assumed t h a t  

K = 7 i n  t h i s  a n a l y s i s .  

Before c l o s i n g  t h i s  s e c t i o n ,  it must be noted t h a t  though Eq. 

(4-19) is eva lua ted  t o  determine t h e  des i r ed  normalized production pro- 

f i l e s ,  t h e  exac t  p r o f i l e s  thus  obtained are not  used as t h e  g i ( z ) ' s .  

Vast s i m p l i f i c a t i o n  i n  t h e  computational process  can be r e a l i z e d  by as-  

suming t h a t  a l l  t h e  product ion p r o f i l e s  have t h e  same func t iona l  form. 

I t  is then only  necessary t o  keep t r a c k  of t h e  a l t i t u d e  and magnitude of 

t h e  peak of product ion f o r  each s , ( z )  

S ince  t h e  product ion p r o f i l e s ,  even f o r  

f i l e s ,  si is  assumed to  have t h e  form 

r a t h e r  than t h e  e n t i r e  p r o f i l e .  

K f 0, resemble Chapman pro- 

(4-25 ) 

The reduced a l t i t u d e  of t h e  peak of product ion,  

spond to t h e  peak of product ion der ived on t h e  b a s i s  of Eq. The 

peak r a t e  of product ion,  q is chosen t o  make Io gi dh the same as  

t h e  v e r t i c a l  i n t e g r a l  of t h e  normalized product ion p r o f i l e  computed from 

Eq. (4-19). With gi given by Eq. (4-25), 

zi ,  i s  chosen t o  cor re-  

(4-19). 
cx) 

- i m  ' 

(4-26) 

L e t  gi 
numerical ly  i n t e g r a t i n g  Eq. (4-19). Then sim is chosen a s  

be t h e  t r u e ,  normalized, i n t e g r a t e d  production r a t e ,  found by 

&-i 
q = -  

1 - i m  eH 
(4-27) 

The product ion p r o f i l e s  chosen i n  t h i s  manner approximate t h e  

exact  product ion p r o f i l e s ,  bu t  what i s  more important f o r  t h i s  a n a l y s i s ,  

t h e  v e r t i c a l  i n t e g r a l s  of t h e  approximate p r o f i l e s  are exac t ly  c o r r e c t .  

67 SEL-67-102 



Furthermore,  correct placement of t h e  a l t i t u d e  of t h e  peak of production 

a s s u r e s  t h a t  t h e  eleckron d e n s i t y  p r o f i l e s  r e s u l t i n g  from t h e  approximate 

q . ' s  

duct  ion  p r o f i l e s  had been used.  

w i l l  be s u b j e c t  to  loss r a t e s  nea r ly  t h e  same as i f  t h e  exact  pro- 
-1 

E. LOSS - 
Atomic oxygen ions  recombine wi th  e l e c t r o n s  through t h e  two-step 

process  considered i n  Chapter 11: 

+ o+ + X Y - x o  + Y (rate c o e f f i c i e n t  = 7 )  

XO+ + e--X + o ( r a t e  c o e f f i c i e n t  = a )  

(4-28) 

(4-29) 

2 '  The molecule XY r e p r e s e n t s  e i t h e r  N or 0 2 
Two l i m i t i n g  cases  f o r  t h e  e l ec t ron  l o s s  r a t e  i n  equi l ibr ium were 

considered i n  Chapter 11. In one case ,  f o r  CXN >> yn[XY], r eac t ion  

(4-29) proceeds so r a p i d l y  t h a t  (4-28) becomes t h e  l i m i t i n g  r eac t ion  and 

R = $N (4-30) 

where 

B = yn[xkl (4-31) 

I f  aN << yn[XY], t h e  l o s s  rate is l imi t ed  by (4-29) and 

(4-32 ) 2 R = m  

A t  s u n r i s e ,  when t h e  ionosphere is not  i n  equi l ibr ium, t h e  e l ec t ron  

concent ra t ion  and i ts  rate of change must i n  genera l  be determined by a 

simultaneous s o l u t i o n  of t h r e e  p a r t i a l  d i f f e r e n t i a l  equat ions ,  one con- 

t i n u i t y  equat ion each f o r  t h e  concent ra t ions  of e l e c t r o n s ,  XO ions,  and 

0 ions .  The rate of l o s s  of e l e c t r o n s  is t h e  r a t e  f o r  r e a c t i o n  (4-29), 

+ 
+ 
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4 = C X ~ [ X O + I  N (4-33) 

+ But, except f o r  very s p e c i a l  cases, n[XO ] cannot be r e a d i l y  determined. 

Suppose, however, t h a t  during t h e  sun r i se  per iod,  composition mea- 
+ surements show v i r t u a l l y  a l l  of t h e  ions  a t  a c e r t a i n  a l t i t u d e  t o  be XO . 

Then NCXO'] x N and 4 x CXN as i n  Eq. (4-32) f o r  an equi l ibr ium iono- 

sphere.  S i m i l a r l y ,  if obse rva t ions  show t h a t  n[O+] = N ,  t he  e l e c t r o n  

loss r a t e  must be e s s e n t i a l l y  t h e  same as t h e  ra te  of l o s s  of 0 ions  so 

t h a t  L? x BN as  i n  Eq. (4-30). Thus t h e  same l i m i t i n g  approximations 

apply as i n  t h e  equi l ibr ium case; but i n  a nonequilibrium s i t u a t i o n ,  it 

is no t  p o s s i b l e  i n  general  t o  s ta te  where t h e  approximations are v a l i d  

i n  terms of simple condi t ions l i k e  CXlI  >> yn[XY] o r  0% << yn[XY]. The 

cond i t ions  determining whether e i t h e r  Eq. (4-30) or Eq. (4-32) is  v a l i d  

depend i n  a complicated manner upon t h e  production rate,  ra te  c o e f f i c i e n t s ,  

and concen t r a t ions .  Though i t  may be d i f f i c u l t  to  p r e d i c t  t h e o r e t i c a l l y  

which, i f  e i t h e r ,  l o s s  expression a p p l i e s  a t  a p a r t i c u l a r  a l t i t u d e ,  compo- 

s i t i o n  measurements showing a l a r g e  predominance of e i t h e r  atomic o r  molec- 

u l a r  ions i n d i c a t e  t h a t  e i t h e r  (4-30) or (4-32), r e s p e c t i v e l y ,  does apply.  

2 

+ 

As i nd ica t ed  by Eq. (4-2), it is assumed f o r  t h i s  a n a l y s i s  t h a t  the  

rate of loss of e l e c t r o n s  is d i r e c t l y  p ropor t iona l  to  t h e  electron concen- 

t r a t i o n ,  so t h a t  Eq. (4-30) a p p l i e s .  

t i o n ,  cons ide r  f irst  t h e  mass spectrometer ion composition measurements 

r epor t ed  by H o l m e s  e t  a1 [1965]. 

a t  230 km, which is t h e  a l t i t u d e  of t h e  peak of t h e  0 ion production ra te  

i n  a COSPAR model atmosphere a t  s u n r i s e  (F ig .  8c) ,  n[O ] equals  70 per- 

c e n t  of t h e  t o t a l  ion concen t r a t ion .  R e s u l t s  obtained on two ear l ier  

n igh t t ime  rocke t  f l i g h t s  r epor t ed  by Johnson e t  a1 [1958] confirm t h e s e  

r e s u l t s  a t  230 k m .  

and decreases r a p i d l y  below. Thus it  should be reasonably accu ra t e  t o  

s a y  

To see t h e  v a l i d i t y  of t h i s  assump- 

Their  night t ime measurements show t h a t  
+ 

+ 

The pe rcen t  of 0' i ons  inc reases  above t h i s  a l t i t u d e  

4 x BN 

Furthermore t h e  night t ime e l e c t r o n  concentrat ion observed by Holmes 

e t  a1 [I9651 w a s  only 1.0 X lo1' mm3 a t  an a l t i t u d e  of 230 km. 

e l e c t r o n  concentrat ion i n c r e a s e s ,  czN2 inc reases  more r a p i d l y  than BN. 

Reaction (4-28) becomes t o  an even l a r g e r  ex ten t  t h e  l i m i t i n g  r e a c t i o n  

and R = @N is an even b e t t e r  approximation. I t  would be expected t h a t  

a t  n i g h t  down t o  about 230 km but  not much below t h i s  a l t i t u d e .  

As t h e  
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as N i nc reases ,  t h e  l i n e a r  loss l a w  could be appl ied a t  lower and lower 

a l t i t u d e s .  A daytime rocke t  f l i g h t ,  made a t  0934 l o c a l  t i m e  and a l s o  

r epor t ed  by H o l m e s  et  a1 [1965], shows t h i s  t o  be t h e  case. The e l e c t r o n  

concen t r a t ion  a t  230 km a t  t h i s  t i m e  w a s  4 X 10 m , an inc rease  by a 

f a c t o r  of 40 over  t h e  n igh t t ime  concentrat ion.  The O concentrat ion had 

increased t o  over  98 percent  of t h e  t o t a l  ion concentrat ion,  and the l e v e l  

a t  which n[O 3 
180 km. The region where R = f3N had, as expected, been s u b s t a n t i a l l y  

lowered. 

11 -3 

-I- 

+ w a s  70 pe rcen t  of t h e  total  had been lowered from 230 t o  

As a f i n a l  cons ide ra t ion ,  t h e  e l e c t r o n  content  a t  t h e  t i m e  when 

x = 87" 

u s u a l l y  found t o  be about 3 X 10 m above its predawn l e v e l  (from re- 

s u l t s  presented i n  Chapter v ) .  
s i n c e  s u n r i s e  are contained w i t h i n  a p r o f i l e  shaped l i k e  a Chapman produc- 

16 
t i o n  p r o f i l e  w i t h  a scale he igh t  of 40 km, an e l e c t r o n  content  of 3 X 10 

m 

duct ion is  a c t u a l l y  loca t ed  a t  215 km when 

about t h i r t y  t i m e s  t h a t  observed on t h e  night t ime rocket  f l i g h t  of Holmes 

e t  a l .  Thus i t  is expected t h a t  a l l  of t h e  new e l e c t r o n s  and ions created 

up t o  t h e  t i m e  when 

loss l a w  is app l i cab le .  

( t h i s  a n a l y s i s  is no t  app l i ed  beyond t h e  t i m e  when X = 87") is 
16  -2 

Assuming t h a t  a l l  t h e  e l e c t r o n s  added 

-2 corresponds t o  a peak concen t r a t ion  a t  about 230 km ( t h e  peak of pro- 
-3 x = 87") of 3 X 10l1 m , 

X = 87" are contained i n  a region where t h e  l i n e a r  

2 '  The molecule XY involved i n  t h e  l o s s  process is assumed t o  be N 

The concentrat ion n[XY] is thus given by [see Eq. (4-21)l 

Thus 

or equ iva len t ly  

-1.752 
= n20e ~ [ x Y ]  = n2 

-1.752 
f3 = Boe 

exp [-I. 75 ( z  - z300) I ' = '300 

is t h e  value of z a t  an a l t i t u d e  of 300 k m .  300 where z 
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It is probable  t h a t  an ion-atom interchange reaction wi th  O2 a l s o  

accounts for a s i g n i f i c a n t  f r a c t i o n  of t h e  loss [Ferguson, 19671. Fortu- 

n a t e l y ,  however, t h e  scale h e i g h t s  of O2 and N 

same so t h a t  t h e  a l t i t u d e  dependence of  f3 is not g r e a t l y  a f f e c t e d  by 

neg lec t ing  one or t h e  o t h e r  of these  gases .  

are approximately t h e  2 

F. Transport  

- 
The v e l o c i t y  v i n  t h e  c o n t i n u i t y  E q .  (2-1) is assumed t o  be due 

+ on ly  t o  the  ambipolar d i f f u s i o n  of 0 ions  and e l e c t r o n s  through a back- 

ground gas  composed p r i n c i p a l l y  of atomic oxygen. Hence t h e  v e r t i c a l  

component of v may be w r i t t e n  as [follows d i r e c t l y  from Eq. (2-24)] 
- 

Z =-%(s aN + '> 2 

where 

(4-36) 

(4-37) 

A l l  h o r i z o n t a l  and v e r t i c a l  d r i f t  v e l o c i t i e s  a re  neglected i n  t h i s  

a n a l y s i s .  The e f f e c t s  of t h i s  assumption on the f i n a l  r e s u l t s  a r e  d i s -  

cussed i n  S e c t i o n s  V-E2 and V-E3. I t  is no t  a necessary assumption, but 

is convenient i n  view of t h e  l ack  of accu ra t e  information concerning t h e  

magnitudes of d r i f t  v e l o c i t i e s  i n  t h e  ionosphere. 

C o l l i s i o n  f r equenc ie s  i n  t h e  F region a r e  s u f f i c i e n t l y  l o w  to  cause 

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

f i e l d  l i n e s ,  Thus d i f fus ion  is e f f e c t i v e l y  blocked i n  an east-west d i r ec -  

t i o n ,  r e s u l t i n g  i n  near  ze ro  values f o r  v and dvx/ax. In t h e  north- 

sou th  d i r e c t i o n ,  g r a d i e n t s  are small enough t o  allow 
X 

t o  be neglected i n  computing div(N7). With these  cons ide ra t ions ,  t h e  

t r a n s p o r t  t e r m  i n  t h e  c o n t i n u i t y  equation reduces t o  
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2 
3, d N  

z 32 div(Nv) = v - + N (4-38) 

S u b s t i t u t i n g  Eq. (4-37) i n t o  Eq. (4-38), and us ing  t h e  f a c t  t h a t  D i n  

Eq. (4-37) v a r i e s  exponen t i a l ly  wi th  a l t i t u d e  [see Eq. (2-26)],  g ives  

(4-39) 

The i n c l i n a t i o n  of t h e  geomagnetic f i e l d  a t  t h e  ionospheric  point  

0 is 37O, which g i v e s  t h e  fol lowing value f o r  s i n  0 i n  Eq. (4-37): 2 

2 
s i n  0 = 0.362 (4-40) 

A value f o r  t h e  ambipolar d i f f u s i o n  c o e f f i c i e n t  D is  taken from 

H e  f i n d s  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  0 

1 

+ 
t he  work of Dalgarno [1964]. 

ions i n  atomic oxygen a t  7OO0K t o  be given by Dn = 5.7 X 10 cm s . 
Us-tng t h e  concentrat ion of atomic oxygen a t  300 km s p e c i f i e d  by t h e  COSPAR 

model atmosphere of F i g .  3, n = 1.8 X 10 c m  , the value of D a t  

300 km is then 

18 -1 -1 

8 -3 
1 

D300 = 3 x l o lo  cm2/s 

i n  Eq. (4-39) is chosen 

given i n  Eqs. (4-40) and 
KDo The parameter 

300 
f o r  s i n 2  0 and D 

(4-41 ) 

on the b a s i s  of t he  values  

(4-41). It should be noted,  

is r a t h e r  unimportant i n s o f a r  50 however, t h a t  t h e  exact  value used f o r  

as  t h i s  work is concerned, T h i s  is due t o  t h e  f a c t  t h a t  t h e  experimental 

d a t a  (Faraday r o t a t i o n  measurements) a r e  p ropor t iona l  t o  the columnar elec- 

t r o n  content .  V e r t i c a l  movements of t h e  i o n i z a t i o n ,  due t o  d i f f u s i o n  or 

any o t h e r  cause,  do no t  d i r e c t l y  a f f e c t  t h e  e l e c t r o n  con ten t .  They do have 

a secondary effect on t h e  e l e c t r o n  content ,  though, due t o  the  f a c t  t h a t  t h e  

loss c o e f f i c i e n t  v a r i e s  w i th  a l t i t u d e .  

Consider, f o r  example, t he  t i m e  behavior of an e l e c t r o n  d e n s i t y  p r o f i l e  

which a t  

or  (4-25)] w i t h  its peak a t  240 km. 

t = 0 has t h e  shape of a Chapman p r o f i l e  [given by Eq. (2-14) 

For t h e  purpose of t h i s  example, the 

SEL-67-102 72 



equa 1 t o  l o s s  c o e f f i c i e n t  was chosen t o  make i ts  va lue  a t  300 k m ,  

1 . 6  X 10  s , and t h e  homogeneous c o n t i n u i t y  equation w a s  solved numer- 

i c a l l y  a s  d i scussed  i n  Sec t ion  G .  F igure  24 shows t h i s  p r o f i l e  a f t e r  

being subjec ted  t o  l o s s  and d i f fus ion  f o r  15 minutes wi th  t h r e e  sepa ra t e  

d i f f u s i o n  coe f f i c i en t s - - the  one quoted above, toge ther  w i th  one l a r g e r  

by a f a c t o r  of 5 and one smal le r  by a f a c t o r  of 5. The r e s u l t i n g  p r o f i l e s  

do d i f f e r ,  but t h e  columnar e l ec t ron  conten t  a f t e r  15 minutes i s  substan- 

t i a l l y  t h e  same rega rd le s s  of which d i f f u s i o n  c o e f f i c i e n t  i s  used. When 

was decreased by a f a c t o r  of 5, t h e  r e s u l t i n g  e l e c t r o n  content  was D 

increased by 1 pe rcen t ;  it w a s  decreased by 6 percent  when 

creased by a f a c t o r  of 5. The d i f f e rences ,  of course,  i nc rease  w i t h  t i m e ,  

but  t he  e l e c t r o n  content  of t h e  ionosphere increases  r a p i d l y  enough near  

s u n r i s e  so t h a t  a t  any i n s t a n t  wi th in  t h e  i n t e r v a l  of i n t e r e s t  more than 

ha l f  of the "new" ion iza t ion  present  w i l l  have been produced during t h e  

'300' -5 -1 

300 
was i n -  D300 

RELATIVE ELECTRON CONCENTRATION 

F i g ,  24. ELECTRON DENSITY PROFILES AFTER BEING SUBJECTED 
TO DIFFUSION AND A LINEAR RECOMBINATION L A W  FOR 15 MIN-  
UTES. In  each case 8300 = 1 .6  X s-l, but t h ree  
d i f f e r e n t  values  of D300 were used,  I n i t i a l l y  each 
p r o f i l e  had t h e  shape of a Chapman production p r o f i l e  
w i t h  a peak of 1.0 a t  an a l t i t u d e  of 230 k m .  
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preceding 15 minutes. Furthermore t h e  columnar e l e c t r o n  con ten t ,  r a t h e r  

than t h e  exact  e l e c t r o n  d e n s i t y  p r o f i l e ,  is important he re .  Thus an 

exac t  value of D i s  not  needed. 300' Or 50, 

G. Solu t ion  of Homqgeneous Con t inu i ty  Equation 

The t ime-vary g incremental  e l e c t r o n  d e n s i t y  p r o f i l e s ,  n .  (2 ,  t-ti), -1 

a r e  determined from a numerical s o l u t i o n  of t h e  homogeneous c o n t i n u i t y  

equat ion t h a t  results from s e t t i n g  q z 0 i n  Eq. (2-1) and us ing  t h e  

loss and t r a n s p o r t  expressions given by Eqs. (4-2) and (3-3). 

can be w r i t t e n  a s  

equa t ion  

(4-42) 

Consider N E n . ( z ,  t-ti) i n  Eq. (4-42). In a more compact form t h e  

equation can be expressed as 
-1 

(4-43) 

where 

(4-44 ) Z A = so"* 
3 z 
2 Do 

B = - K  e 

1 Z -1,752 
2 Do 

C = - K  e - @ , e  

(4-45 ) 

(4-46) 

To o b t a i n  a numerical s o l u t i o n ,  Eq. (4-43) is  replaced by t h e  d i f -  

f erence equation, 

- N  %-1, v+l - 2NU, v+l  + N  u+l , v+l 
= A  u,v+l u ,v  

A t  

N 

(b l2 
- 

%+1, v+l N U - l ,  v+l 
+ CNU,v+l + B  

2 ( h )  
(4-47) 
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where u is  the o rde r  of the he ight  s t e p ,  v is t h e  o r d e r  of t h e  t i m e  

s t e p ,  and N = N(uAz,vAt). A system of equat ions composed of an equa- 

t i o n  l i k e  (4-47) f o r  each a l t i t u d e  s t e p  and two boundary condi t ions  is  

solved f o r  va lues  of N a t  t i m e  s t e p  v+l i n  terms of values  of N a t  

t i m e  s t e p  v.  The exac t  technique used to  obta in  t h e  s o l u t i o n  w a s  de- 

s c r ibed  i n  d e t a i l  by da Rosa 119651. 

u7v 

For one boundary cond i t ion ,  t h e  e l ec t ron  concentrat ion was taken t o  

be zero  a t  100 km. The o t h e r  boundary condi t ion  comes from consider ing 

the ion iza t ion  t o  be i n  d i f f u s i v e  equi l ibr ium ( t h a t  i s ,  v = 0 )  above 

600 km. The r e s u l t i n g  upper boundary condi t ion ,  from Eq. (4-36), i s  
Z 

a N  l N  z = - z  (4-48) 

The va lue  used f o r  KDo is discussed i n  Sec t ion  F. 

A d e t a i l e d  s o l u t i o n  of Eq. (4-42) f o r  each of t h e  ~ ( z )  p r o f i l e s  

would be a r a t h e r  extravagant  use  of computer t ime; i t  i s  a l s o  unnecessary.  

S ince  a Chapman p r o f i l e  has  been used f o r  each n .  ( z )  [ see  Eqs. (4-7) 

and (4-25)1, it is s u f f i c i e n t  t o  so lve  t h e  equat ion f o r  on ly  a represen- 

t a t i v e  sample of such p r o f i l e s ,  For each 

to f i n d  a b e s t  f i t t i n g  va lue ,  a numerical s o l u t i o n  of Eq. (4-42) is obtained 

f o r  s e v e r a l  i n i t i a l  cond i t ions .  Each of t h e  i n i t i a l  p r o f i l e s  used to  de- 

r i v e  r e p r e s e n t a t i v e  s o l u t i o n s  is  a Chapman p r o f i l e  wi th  u n i t  columnar elec- 

t r o n  conten t .  The a l t i t u d e  of t h e  peaks of t h e s e  p r o f i l e s  a t  t = 0 is  

va r i ed  between 200 and 400 k m .  Deta i led  information regard ing  t h e  t i m e -  

varying shape of each p r o f i l e  i s  not  needed, a s  discussed above. The on ly  

information r e t a i n e d  from each so lu t ion  is  t h e  t i m e  v a r i a t i o n  of both the  

e l e c t r o n  conten t  and t h e  a l t i t u d e  of t h e  peak. These r e s u l t s  form a set 

of s o l u t i o n s  f o r  each assumed value of f3 

25 and 26 f o r  f3 = 1 . 6  x 10 s . 

-1 

to be used i n  a t tempting 
'300 

l i k e  t h e  set shown i n  Figs. 
300 ' -5 -1 

300 
Each of t h e  incremental  e l ec t ron  d e n s i t y  p r o f i l e s ,  taken t o  be Chapman 

p r o f i l e s  a t  t = 0, is assumed t o  r e t a i n  i t s  Chapman shape with t h e  a l t i -  

t ude  of its peak varying,  f o r  f3 = 1 . 6  X 10 , as i n  F ig .  25. I ts  e lec-  

t r o n  conten t  and hence i t s  peak concent ra t ion  vary according t o  F ig .  26. 

In  p r a c t i c e ,  information l i k e  t h a t  i n  F igs .  25 and 26, but i n  numerical 

-5 
300 
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0 10 20 30 40 50 200 

F i g .  25. THE ALTITUDE OF THE PEAK OF AN ELECTRON DENSITY 
PROFILE VS TIME, WHERE THE IONIZATION IS SUBJECT ONLY TO 

0.362)  AND A LINEAR RECOMBINATION LAW. 
t o  e l e c t r o n  dens i ty  p r o f i l e s  which a t  t = 0 a r e  shaped 
l i k e  a Chapman production p r o f i l e .  

VERTICAL DIFFUSION ( D ~ ~ ~  = 3 x 1010 c m 2 / s  AND s i n 2  0 = 
The graph app l i e s  

t o  be considered.  By in-  
300 form, i s  f e d  i n t o  a computer for  each f3 

t e r p o l a t i o n ,  t h e  peak concent ra t ion  and a l t i t u d e  of t h e  peak of any 

n (z, t- t .)  may be determined from these  da t a  f o r  t > ti  i f  t hese  -i 1 

i '  q u a n t i t i e s  are known a t  t = t 

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

c o n t i n u i t y  equat ion wi th  c h a r a c t e r i s t i c s  s i m i l a r  t o  those  shown i n  F igs .  

25 and 26. Duncan [1956] and Martyn [1956], f o r  example, inves t iga ted  

t h e  s o l u t i o n  of Eq. (4-42) but w i th  the  assumption t h a t  t h e  loss coeffi- 

c i e n t  v a r i e s  as  e r a t h e r  than e 

man alpha layer--an electron d e n s i t y  p r o f i l e  whose func t iona l  form is 

-1 * 752 . They both found t h a t  a Chap- 'Z 

the square  r o o t  of t h e  Chapman production prof i le - -wi l l  decay under t h e  

in f luence  of d i f f u s i o n  and recomination without  any change i n  shape. The 

l a y e r  moves as i t  decays u n t i l  i t s  peak is  s i t u a t e d  a t  an equi l ibr ium a l -  

t i t u d e  where f3 = 0.25 (D/H ) s in2  0.  S t i l l  assuming - e , Rishbeth 
2 -Z 
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Fig .  26. THE RELATIVE ELECTRON CONTENT VS TIME FOR 
ELECTRON DENSITY PROFILES WHICH AT t = 0 ARE 
SHAPED LIKE CHAPMAN PRODUCTION PROFILES, AND WHICH 
FOR t > 0 ARE SUBJECT ONLY TO VERTICAL DIFFUSION 
(D300  = 3 X 1010 c m 2 / s  AND s i n 2  0 = 0.362) AND A 
LINEAR RECOMBINATION LAW. The a l t i t u d e  of t h e  peak 
a t  t = 0 is represented  by Q ( 0 ) .  

[1961] showed t h a t  an e l e c t r o n  dens i ty  p r o f i l e  l i k e  t h e  

f i l e s  used here--a Chapman be ta  layer--could a l s o  decay without changing 

i ts  shape. H e  found t h a t  i t s  peak would approach an equi l ibr ium a l t i t u d e  

where 

a n a l y s i s ,  w i th  f3 - e , show t h a t  t h e  e l ec t ron  d e n s i t y  p r o f i l e s  do 

n o t  s t r i c t l y  maintain t h e i r  shape, but  they  do tend t o  move t o  an equi l ib-  

rium a l t i t u d e  where 

g iven  by Dungey [1956], t h e  

maintain t h e i r  shape when 

l e v e l  where 

n . ( z ,  t-ti) pro- 
-1 

2 
$ = (D/H ) s i n 2  0 .  The numerical s o l u t i o n s  obtained i n  t h e  present  

-1.752 

2 

n .  (2, t-t. ) 

f3 x 0.13 (D/H ) s i n 2  0. According t o  a so lu t ion  

p r o f i l e s  a l s o  w i l l  not  exac t ly  
-1 1 

f3 - e-22, 

$ x 0.11 (D/H ) s i n 2  0.  

but they  w i l l  move t o  an equi l ibr ium 
2 
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H .  Faraday Rotat  ion Ca lcu la t ions  

~~ 

Longitude of 
Syncom I11 

180" 

170" E 

160" E 

L e t  N r e p r e s e n t  t h e  e l e c t r o n  concentrat ion i n  t h e  model ionosphere 

composed of t h e  N. ( z )  p r o f i l e s  given by Eq. (4-9). The amount of Fara- 

day r o t a t i o n ,  i n  r a d i a n s ,  due t o  t h i s  ionosphere is [ see  Eq. (3-1) 1 

- 
-1 

H cos 8 
(A/m 1 
21.4 

20.1 

18.1 

0*0297 COS 0 d s  F =  2 - 
f L 

P 

(4-49) 

where r a t i o n a l i z e d  MKS u n i t s  are used. 

The l i n e  i n t e g r a l  i n  Eq. (4-49) is evaluated numerically i n  a s t r a i g h t -  

forward manner. Values f o r  N are obtained a t  p o i n t s  where t h e  raypath 

i n t e r s e c t s  t h e  planes of constant  x (Fig.  20) along which t h e  N . (z )  

p r o f i l e s  apply.  Between t h e s e  planes a l i n e a r  i n t e r p o l a t i o n  y i e l d s  values  

of N.  

- 
-1 

- 
The i n t e g r a l  is evaluated along t h e  r aypa th  only between a l t i t u d e s  of 

100 and 500 km. 

range (Fig.  8c) and remain wi th in  t h e s e  l i m i t s .  

V i r t u a l l y  a l l  of t h e  0' i ons  are produced wi th in  t h i s  

The f a c t o r  (H cos e )  i n  t h e  i n t e g r a l  i s  very n e a r l y  ( t o  within 0.1 

p e r c e n t )  p ropor t iona l  t o  R along t h e  raypath a t  F region a l t i t u d e s ,  

where R is  t h e  geocen t r i c  r a d i u s .  (The R-* v a r i a t i o n  r e s u l t s  from an 

R v a r i a t i o n  i n  H and an approximate R v a r i a t i o n  i n  cos e . )  Its 

magnitude a t  an a l t i t u d e  of 300 k m  i s  computed from a set of 48 gaussian 

-4 

-3 -1 

c o e f f i c i e n t s  published by Jensen and Cain [1962]. Typical  values  are  shown 

i n  Table 6. The values  used a t  o t h e r  a l t i t u d e s  are der ived from the  300 km 

Table 6 

VALUES OF (H cos e )  AT THE IONOSPHERIC POINT 
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-4 -4 va lue ,  ex t r apo la t ed  according t o  an R v a r i a t i o n .  The R v a r i a t i o n  

m 
e, 

CT 
e, 
-0 

?! 

7 2 5 0  

s 
cn 
W 
J 
0 z a 

a n a 
a 

n 
5 150- 

a 
5 1  

> 2 0 0  

E 

LL 

W 

cn 
W 

on ly  amounts t o  a decrease i n  

i n  a l t i t u d e  i n  t h e  F region.  For t h i s  reason,  as mentioned i n  Sect ion 

111-B, t h e  amount of Faraday r o t a t i o n  is  not  s e n s i t i v e  to  the  exact  v e r t i -  

c a l  d i s t r i b u t i o n  of e l e c t r o n s ,  though i t  is a measure of t h e  columnar elec- 

(H cos e )  of 5 percent  p e r  100 k m  i nc rease  

- 

- 

f 

t r o n  content  of t h e  ionosphere. 

- 

- 

- 

1 I I I I I I I 
0 4 0 0  0 5 0 0  0600 

I .  Treatment of Nighttime Ion iza t ion  

1' 

0700 

L e t  !dm rep resen t  t h e  observed Faraday r o t a t i o n  angles  before apply- 

i ng  any c o r r e c t i o n s .  

5 min i n t e r v a l s ,  a sample of which i s  shown i n  F i g ,  27. There i s  no evi-  

dence of increased i o n i z a t i o n  due t o  t h e  r i s i n g  sun p r i o r  to  t h e  t i m e  when 

X = loo",  
observed Faraday r o t a t i o n  ang le  begin inc reas ing  r a p i d l y .  

The data c o n s i s t  of a set of measurements taken a t  

but s h o r t l y  af terward t h e  ionospheric  e l e c t r o n  content and the  

Generally during t h e  l as t  3 or 4 hours of t h e  n i g h t ,  before  X = loo" ,  
t h e  e l e c t r o n  content  observed over H a w a i i  remains n e a r l y  constant  [ G a r r i o t t  

N 

'E 12- 
'D 
0 - 
I-- I I -  
z 
w 
I- 

0 
g 10- 

5 9-  K 
I- 
V 
w 
W 
-I 8- 

I , 1 I I I I 
0 

300 
1 

7-  

6- 

24 MAY 1966 0 

0 
0 

0 
0 

0 

0 

0 

t 
X = 87" 

t x =  100" 

F i g .  27. THE FARADAY ROTATION ANGLES, AND CORRESPONDING 
VALUES OF ELECTRON CONTENT, OBSERVED FROM HONOLULU DURING 
THE MORNING OF 24 MAY 1966. 
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e t  a l ,  1965; Yuen and Roelofs,  19671. The effects of t h e  night t ime ion i -  

z a t i o n  are taken i n t o  account i n  t h e  a n a l y s i s  e s s e n t i a l l y  by assuming t h a t  

t h e  e l e c t r o n  content  of t h e  body of i o n i z a t i o n  present  a t  x = 100" con- 

t i n u e s  t o  behave during t h e  fol lowing 1 hour e x a c t l y  as  i t  d id  during t h e  

hour p r i o r  to X = 100'. The s t r a i g h t  l i n e  t h a t  bes t  f i t s ,  i n  a least-  

mean-square sense,  t h e  observed data during t h e  1 hour i n t e r v a l  ending 

when x = looo is  computed. The symbol q is used t o  r ep resen t  the 

s l o p e  of t h i s  l i n e .  Then, ad jus t ed  values  RM of the observed Faraday 

r o t a t i o n  ang le s  Rm are obtained by l e t t i n g  

RM = n m - v ( t  - to) (4-50) 

which has t h e  effect of making t h e  s l o p e  of t h e  night t ime data equal to  

zero.  Data for any day on which t h e  night t ime e l e c t r o n  content  i s  d i s -  

t u rbed ,  so t h a t  a meadingful value of q cannot be obtained,  a r e  omi t t ed  

f r o m  t h e  a n a l y s i s .  The magnitude of t he  adjustment is normally r a t h e r  

small. For 80 pe rcen t  of t h e  d a t a  used i n  t h e  f i n a l  a n a l y s i s ,  t h e  night-  

t i m e  r a t e  of change, q ,  was less than t h a t  f o r  t h e  d a t a  shown i n  F i g .  27. 

The method of accounting f o r  t h e  effects of t h e  night t ime i o n i z a t i o n  

is reasonable ,  although a t  p re sen t ,  p r e d i c t i o n  of t h e  exact  behavior of 

t h i s  body of i o n i z a t i o n  a f t e r  s u n r i s e  i n  d e t a i l  would be d i f f i c u l t .  Even 

t h e  mechanism fo r  maintaining t h e  ion iza t ion  a t  n igh t  is by no means f u l l y  

understood [da Rosa and Smith, 19671. C e r t a i n l y  s u n r i s e  i s  accompanied 

by an inc reas ing  temperature,  which i n  t u r n  l e a d s  t o  a v e r t i c a l  r e d i s t r i b u -  

t i o n  of t h e  i o n i z a t i o n .  However, a v e r t i c a l  r e d i s t r i b u t i o n  of t h e  night-  

t i m e  l a y e r  w i l l  n o t  i n  i tself  a l ter  its t o t a l  e l e c t r o n  content .  

The body of i o n i z a t i o n  p resen t  a t  x = 100" is  u s u a l l y  observed t o  

have been maintained f o r  s e v e r a l  hours p r i o r  t o  t h e  t i m e  when 

w i t h  a small but  approximately constant  rate of change i n  i t s  e l ec t ron  

con ten t .  I t  is being assumed t h a t  t h e  r a t e  of cbange of t h e  e l e c t r o n  

content  of t h i s  body of i o n i z a t i o n  does no t  vary  s i g n i f i c a n t l y  from t h e  

night t ime r a t e  of change w i t h i n  approximately 1 hour a f t e r  

X = 100' 

x = 100'. 

That t h i s  t reatment  of t h e  night t ime i o n i z a t i o n  is l i k e l y  t o  be 

correct can be seen from t h e  d a t a  i n  F i g s .  28 and 29. Figure 28 shows 
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F i g ,  28. THE DIURNAL VARIATION OF THE ELECTRON CONTENT OVER HONOLULU ON 
A SERIES OF DAYS I N  OCTOBER 1964. ( A f t e r  G a r r i o t t  e t  a l ,  1965. ) 

t h e  e l e c t r o n  content  over Hawaii f o r  s e v e r a l  days i n  October 1964. Figure 

29 shows fo r  t h e  same days t h e  "s lab thickness"  of t h e  ionosphere, a param- 

eter def ined as t h e  ra t io  of e l e c t r o n  con ten t  t o  t h e  maximum e l e c t r o n  con- 

c e n t r a t i o n .  Notice t h e  pronounced peak i n  t h e  s l a b  th i ckness  curves between 

0300 and 0600 l o c a l  mean t i m e .  The peak i s  due to  a r a t h e r  sudden decrease 

i n  t h e  maximum e l e c t r o n  concen t r a t ion ,  by more than a f a c t o r  of 2, which 

is not  accompanied by a change i n  t h e  e l e c t r o n  con ten t .  

z a t i o n  must, t h e r e f o r e ,  have undergone a s u b s t a n t i a l  v e r t i c a l  r e d i s t r i b u t i o n  

The l a y e r  of ioni-  
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LOCAL MEAN TIME 

F i g ,  29. THE DIURNAL VARIATION OF SLAB THICKNESS OBSERVED AT THE 
UNIVERSITY OF H A W A I I  FOR THE SAME DATES AS GIVEN I N  FIG. 28. 
(After  G a r r i o t t  et a l ,  1965. ) 

dur ing  t h e  i n t e r v a l ,  but the e l e c t r o n  content  change w a s  minimal. Yuen 

and Roelofs  [1967] have presented ,  on a monthly average b a s i s ,  da t a  l i k e  

those  i n  F igs .  28  and 29, which show t h a t  the same type of behavior w a s  

t y p i c a l  over  Hawaii dur ing  t h e  e n t i r e  y e a r  of 1965. 

J .  Curve F i t t i n g  

The r e su l t  of  t h e  Faraday r o t a t i o n  c a l c u l a t i o n s  i n  Sec t ion  H i s  a 

f u n c t i o n  - F such as t h a t  shown i n  F ig .  30. The problem he re  is  t o  match 

t h i s  func t ion  to a set of experimental  observa t ions ,  after a d j u s t i n g  t h e  

observa t ions  according to  Eq. (4-50). The func t ion  - F is  compared t o  

t h e  da t a  between x = looo and X = 87'. Shor t ly  a f t e r  x = 87', t h e  

d a t a  o f t e n  do not agree w e l l  wi th  the  t h e o r e t i c a l  model, perhaps because 

the production of i o n i z a t i o n  moves t o  lower a l t i t u d e s  where t h e  l i n e a r  

loss law no longer  a p p l i e s .  

L e t  RM r ep resen t  t h e  ad jus t ed  d a t a  po in t s  occur r ing  between 

x = looo and x = 87'. The first da ta  po in t  occur r ing  a f t e r  x = 100' 
j 
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X = 87" 
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HAWA I I A N  STANDARD TIME 

Fig .  30. THE FUNCTION F SHOWING THE FARADAY ROTATION DUE TO AN 

N i ( z ) ,  FOR 24 MAY 1966. The u n i t s  of arise from the  nor- 
mal iza t ion  with r e s p e c t  t o  Q,o[O+], 

IONOSPHERE COMPOSED OF-NORMAL IZED ELECTRON DENS ITY PROFILES , 

i s  designated by j = 1. The t o t a l  number of po in t s  i n  the  i n t e r v a l  i s  

J .  Time t is t h e  t i m e  a s soc ia t ed  wi th  QM 
j' j 

Consider t h e  func t ion  

The t h e o r e t i c a l  func t ion  w i l l  be matched t o  t h e  d a t a  by computing t h e  

cons t an t s  p and A t h a t  w i l l  minimize t h e  mean-square d i f f e r e n c e  be- 

tween y ( t )  and n,j f o r  l < - -  j < J. The r e s u l t i n g  va lue  of l - ~  is the  

Faraday r o t a t i o n  angle  due to  the  n ight t ime ion iza t ion  present  a t  X =  
100". The va lue  of A is t h e  bes t  f i t t i n g  value of Q,,[O+] assoc ia t ed  

wi th  t h e  p a r t i c u l a r  B assumption upon which E is based. 

and Q M ~  
300 

L e t  p be t h e  root-mean-square d i f f e r e n c e  between r ( t )  
f o r  15 j 5 J. Then, 
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or 

J 
2 1  

j=l 

(4-52a ) 

(4-52b) 

Squaring t h e  t e r m  under t h e  summation s i g n  i n  Eq. (4-52b) and summing 

each of the  r e s u l t i n g  terms separate ly  g i v e s  

(4-53) 2 2 2 
p = p + 2pU1 -. 2AK2 - 2pK3 + h K + K5 4 

where 

j=l 

J 

J 

J 
K = - 1 2 E2(t j )  

4 J  
j=l 

J 

K 5 J  = 2 C l i 4  

(4-54) 

(4-55) 

(4-56 ) 

(4-57) 

(4-58) 
J j=1 
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2 
When p is  minimized wi th  r e s p e c t  t o  p and A ,  

and 

(4-59) 

(4-60) 

Conditions (4-59) and (4-60) appl ied to Eq. (4-53) l ead  t o  t h e  f o l -  

lowing p a i r  of equations: 

P + KIA = K3 (4-61) 

and 

KIP + K4A = K2 (4-62 ) 

Solving Eqs. (4-61) and (4-62) simultaneously f o r  p and h y i e l d s  

K K2 - K3K4 

K: - K4 
w =  

and 

KlK3 - K2 
A =  2 

K1 - K4 

(4-63) 

(4-64 

(1 1 
'300' If t h e  f u n c t i o n  F is based upon t h e  assumed loss c o e f f i c i e n t  

t h e  i n t e g r a t e d  r a t e  of production of 0 ions  a t  s u n r i s e  implied by t h i s  

p a r t i c u l a r  E is  

- + 

(4-65) 
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Using the same day's  data but theore t i ca l  Faraday funct ions  based upon 

d i f f e r e n t  assumed values of 

u n t i l  the  pair  of numbers for 

p o s s i b l e  p is  found. 

other values are computed for Q [ O + ]  

and Q [0+1 r e s u l t i n g  i n  the  lowest 
'300' 90 

$300 90 
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Chapter V 

RESULTS 

Chapter I V  descr ibed a method f o r  determining Qgo[O+] ,  t h e  

in t eg ra t ed  r a t e  of product ion of O+ ions  a t  s u n r i s e ,  and '3001 tbCf 
magnitude of t h e  l i n e a r  loss c o e f f i c i e n t  a t  an a l t i t u d e  of 300 km, from 

Faraday r o t a t i o n  observa t ions .  The present  chapter  p re sen t s  t h e  r e s u l t s  

of an a o p l i c a t i o n  of t h e  a n a l y s i s  t o  d a t a  obtained a t  t h e  Univers i ty  of 

H a w a i i  dur ing  a per iod  extending from September 1964 through August 1966. 

Values of Q o [ O  + NZ], the  in t eg ra t ed  r a t e  of product ion of both 0 and 

N ions  f o r  X = 0, and va lues  of t h e  s o l a r  E W  photon f l u x  implied by 

t h e  r e s u l t s  a r e  a l s o  d iscussed .  

+ 4- + 
+ 
2 

A. Loss Coef f i c i en t  

The d a t a  reduct ion  process  out l ined  i n  Chapter I V  was  only appl ied  

i n  i ts  e n t i r e t y  t o  monthly averaged Faraday r o t a t i o n  measurements r a t h e r  

than  t o  each ind iv idua l  day ' s  da t a .  A va lue  of t h e  l o s s  c o e f f i c i e n t  was 

thus  obtained f o r  each month. La te r  t h e  loss c o e f f i c i e n t  was f ixed  a t  

i ts average va lue  and t h e  necessary F ' s  were computed i n  order  t o  d e t e r -  

mine Q [O'] on a day-to-day b a s i s  a s  descr ibed  i n  Sec t ion  B. 
- 

90 
Figure 31 i n d i c a t e s  t h e  q u a l i t y  of t h e  f i t  between t h e  computed 

Faraday r o t a t i o n  angles  and t h e  monthly averaged da ta  a s  a func t ion  of 

t h e  assumed magnitude of t h e  l o s s  c o e f f i c i e n t  a t  300 km. The f i g u r e s  

show t h e  root-mean-square d i f f e r e n c e  between computed and observed d a t a ,  

expressed a s  a percentage of t h e  t o t a l  i nc rease  i n  t h e  Faraday r o t a t i o n  

angle  between X = 100" and x = 87' .  I n  most cases  a w e l l  def ined 

va lue  of 

between theory  and t h e  da t a .  Furthermore, t h e  minimum p assoc ia ted  

w i t h  t h e  optimum value  of l3 

ment i s  indeed very  good. Figure 32 shows t h e  monthly averaged d a t a ,  

expressed i n  terms of t h e  ionospheric  e l e c t r o n  con ten t ,  t oge the r  w i t h  

t h e  best f i t t i n g  t h e o r e t i c a l  curves .  

was found, which r e s u l t e d  i n  the  b e s t  p o s s i b l e  agreement '300 

is u s u a l l y  about 1 pe rcen t ;  t h e  agree- 300 
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Fig. 31. THE ROOT-MEAN-SQUARE DIFFERENCE BETWEEN COMPUTED FARADAY 
ROTATION ANGLES AND MONTHLY AVERAGED DATA, FOR 100° 2 X 2 87O, 
AS A FUNCTION OF THE ASSUMED VALUE OF THE LOSS COEFFICIENT AT 
300 km. The r m s  d i f f e r e n c e  is expressed a s  a percent  of t h e  t o t a l  
i nc rease  i n  t h e  Faraday r o t a t i o n  angle  between X = 100° and 
X = 87O. No value  f o r  t h e  l o s s  c o e f f i c i e n t  was taken from t h e  
August 1966 d a t a .  
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F i g .  32. MONTHLY AVERAGED DATA (CROSSES),  EXPRESSED I N  TERMS OF 
THE ELECTRON CONTENT, SUPERIMPOSED UPON THEORETICAL CURVES (SOLID 
LINES) THAT CORRESPOND TO THE OPTIMUM VALUES OF 8300 OBTAINED 
FROM F I G .  31. 
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Figure 33 summarizes t h e  r e s u l t s  der ived from Fig. 31. On t h e  

average,  dur ing  t h e  2-year i n t e r v a l  covered, t h e  l o s s  c o e f f i c i e n t  a t  

300 km is  found t o  be 

(5-1) 
-5 -1 Average 8300 = 1.4 x 10 s 

A seasonal  v a r i a t i o n  of about 2 : l  is a l s o  observed, wi th  h igher  loss  

c o e f f i c i e n t s  occur r ing  i n  t h e  win te r .  

4 

3 
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1966 I 1964 I 1965 

Fig.  33. THE LOSS COEFFICIENT AT 300 km VS DATE. The po in t s  
p l o t t e d  represent  t h e  optimum values  obtained from F ig .  31. 

The e f f e c t  of t h e  observed l o s s  c o e f f i c i e n t  [Eq. (5-l)] on t h e  sun- 

rise e l e c t r o n  content is  shown i n  Figs .  34 and 35. The t o t a l  i nc rease  

i n  e l e c t r o n  conten t  by t h e  t i m e  t h a t  is 32 percent  l e s s  wi th  
-5 -1 

j3300 = 1.4 X 10 s 

t h e  f r e s h l y  produced 0 ions .  It is t h e  e f f e c t  of l o s s  on t h e  r a t e  of 

change of electron content ,  or on t h e  shape of t h e  e l e c t r o n  content  v s  

t i m e  curve,  t h a t  l eads  t o  t h e  determinat ion of 8 by t h e  present  

method. With @,,, = 0, t h e  t i m e  d e r i v a t i v e  of t h e  e l e c t r o n  content  

X = 87O 

than it would be i f  t h e r e  were no recombination of 
+ 

300 
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Fig.  34. THE EFFECT OF RECOMBINATION ON THE SUNRISE FARADAY 
ROTATION ANGLES AND ELECTRON CONTENT. The e l e c t r o n  content  
p r i o r  t o  X = 100' is taken  t o  be zero .  These curves were 
computed s p e c i f i c a l l y  f o r  1 November 1965. 

would cont inue  i nc reas ing  throughout t h e  s u n r i s e  per iod  s i n c e  t h e  i n t e -  
4- 

g r a t e d  r a t e  of product ion of 0  ions  cont inues  i nc reas ing .  But t h i s  is 

not t h e  ca se  when @300 # 0 ( F i g -  35) .  

Because t h e  de te rmina t ion  of 
'300 

is dependent upon t h e  exact  

shape of t h e  e l e c t r o n  con ten t  o r  Faraday r o t a t i o n  curves ,  monthly aver-  

aged d a t a  were used.  I f  t h e  l o s s  c o e f f i c i e n t  had been determined on a  

day-to-day b a s i s ,  random e r r o r s  i n  t h e  i n d i v i d u a l  d a t a  p o i n t s  would have 

l e a d  t o  l a r g e ,  and erroneous,  d a i l y  f l u c t u a t i o n s  i n  t h e  va lues  ob ta ined  

f o r  B 300 ' Computing 
300 

on a  day-to-day b a s i s ,  t h e r e f o r e ,  was not  

j u s t i f i e d ,  e s p e c i a l l y  i n  view of t h e  e x t r a  computer t i m e  t h a t  would have 

been r equ i r ed .  

The magnitude of t h e  l o s s  c o e f f i c i e n t  is a  d i f f i c u l t  q u a n t i t y  t o  

determine a c c u r a t e l y  because t h e  e f f e c t s  of l o s s  on t h e  e l e c t r o n  con- 

c e n t r a t i o n  a r e ,  i n  gene ra l ,  d i f f i c u l t  t o  s e p a r a t e  from t h e  e f f e c t s  of 

p roduct ion ,  d i f f u s i o n ,  and d r i f t .  In  t h e  presen t  ca se ,  it i s  t h e  a v a i l -  

a b i l i t y  of n e a r l y  cont inuous da t a  through a  per iod when t h e  e f f e c t s  of 
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Fig. 35. THE EFFECT OF RECOMBINATION ON THE RATE OF CHANGE 
OF THE SUNRISE FARADAY ROTATION ANGLES. These curves a r e  
d e r i v a t i v e s  of t hose  i n  Fig.  34. 

loss on t h e  e l e c t r o n  content  a r e  varying r a p i d l y  i n  a p r e d i c t a b l e  manner 

t h a t  allows f o r  t h e  determinat ion of @,,,. Other i n v e s t i g a t o r s  have 

used a v a r i e t y  of techniques i n  an e f f o r t  t o  measure t h e  same quan t i ty .  

Recently Prasad [1967] published a method f o r  computing B,,, from 

t h e  shape of a night t ime e l e c t r o n  dens i ty  p r o f i l e .  H i s  r e s u l t s  a r e  based 

upon da ta  taken  a t  Arecibo, Puer to  Rico, one night  i n  November 1965. H e  

found t h e  loss c o e f f i c i e n t  

agrees  reasonably w e l l  wi th  Eq. (5-1). 

-1 t o  be 1.07 X lom5 s , a value which %oo 

E a r l i e r  Mitra et a1  [1964] used another  method of a n a l y s i s  based 

dN/dt upon e l ec t ron  d e n s i t y  p r o f i l e s  a t  a t i m e  dur ing  t h e  n ight  when 

was found t o  be z e r o  a t  a l l  a l t i t u d e s .  Thei r  method i s  only app l i cab le  

nea r  t h e  geomagnetic equator  where v e r t i c a l  d i f f u s i o n  can be neglected.  

The r e s u l t s  publ ished show p,,, = 1 X 10 s over Huancayo, Peru, on 

October 11, 1958, and @300 = 2 X 10 s over Delhi,  Ind ia ,  on Sep- 

tember 12 ,  1958. These c o e f f i c i e n t s  a r e  approximately 10 t i m e s  l a r g e r  

than  those  obtained i n  t h i s  work. However, 1958 was a year  of very high 

-4 -1 

-4 -1 

s o l a r  a c t i v i t y  when, according t o  Nicolet  [1963], t h e  n ight t ime tempera- 

t u r e  of t h e  atmosphere was about 1300°K. The COSPAR model for t h e  n e u t r a l  
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atmosphere [CIRA 19651 shows t h e  concentrat ion of N 

t h e s e  condi t ions t o  be 20 t i m e s  g r e a t e r  t han  during per iods of minimum 

s o l a r  a c t i v i t y ,  such a s  1965. Thus, s i n c e  

n[N2] 

(within a f a c t o r  of 2 )  w i t h  those  reported by Mitra e t  a l .  

a t  300 km under 
2 

is p ropor t iona l  t o  
$300 

[see E q s .  (4-31) and (4-34)] t h e  results he re  are c o n s i s t e n t  

-4 -1 t o  be 1 X 10 s during a 
300 

R a t c l i f f e  et a1 [1956] found @ 

period of high solar a c t i v i t y ,  a value which is  a l s o  c o n s i s t e n t  with t h e  

p re sen t  r e s u l t s  i f  t h e  v a r i a t i o n  of n[N ] w i t h  s o l a r  a c t i v i t y  i s  taken 

i n t o  account.  The i r  r e s u l t s  were der ived from t h e  r a t e  of decay of t h e  
2 

e l e c t r o n  concen t r a t ion  a t  f i x e d  a l t i t u d e s  a t  n igh t .  It was assumed t h a t  

a t  n igh t  t h e  loss  term i n  t h e  c o n t i n u i t y  equation completely dominated 

t h e  production and t r a n s p o r t  terms. The authors  noted t h a t  t h i s  assump- 

t i o n  appeared t o  be v a l i d  during per iods of high s o l a r  a c t i v i t y  but 

d e f i n i t e l y  was n o t  v a l i d  during s o l a r  minimum cond i t ions .  

Quinn and Nisbet [1965] used measurements of t h e  night t ime e l e c t r o n  

d e n s i t y  p r o f i l e  below t h e  height  of the peak e l e c t r o n  concen t r a t ion ,  and 

a model above t h a t  a l t i t u d e ,  t o  de r ive  night t ime values  of T h e i r  

r e s u l t s  s c a t t e r  considerably,  but on t h e  average they found 

2 X s during per iods of low s o l a r  a c t i v i t y .  

f3,,,. 
- 

@,oo - -1 

Rishbeth [1964] compared values  of $300 obtained by s e v e r a l  o t h e r  

au tho r s  under widely varying condi t ions.  He found m o s t  of t h e  va lues  t o  
-5 -1 

be c o n s i s t e n t  w i t h  $ = l  X 10 s during per iods of low s o l a r  

a c t i v i t y .  
300 

(Fig.  33) is  s t i l l  puzzling. I f  a '300 
seasonal  v a r i a t i o n  i n  t h e  loss  c o e f f i c i e n t  is  t o  be invoked a s  an ex- 

p l ana t ion  for t h e  seasonal  anomaly (h ighe r  e l e c t r o n  con ten t s  i n  win te r  

than i n  summer), 

i nc rease .  A t  t h i s  po in t ,  n e i t h e r  t h e  seasonal  anomaly no r  t h e  observed 

i s  understood. seasonal  v a r i a t i o n  i n  $ 

The seasonal  v a r i a t i o n  i n  

would have t o  decrease i n  the  win te r  r a t h e r  t han  
'300 

300 

B. In t eg ra t ed  Production Rates 

+ 1. Production of 0 a t  Sunrise  

With t h e  loss c o e f f i c i e n t  determined on the  b a s i s  of monthly 
-5 -1 

is f i x e d  a t  1.4 X 10 s a s  i n  '300 averaged d a t a ,  t h e  value of 

Eq. (5-1). Dai ly  measurements of t h e  Faraday r o t a t i o n  a r e  then matched 
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t o  t h e o r e t i c a l  curves  computed on t h e  b a s i s  of t h i s  loss c o e f f i c i e n t  t o  

determine Q g O I O f ]  on a day-to-day b a s i s .  The loss c o e f f i c i e n t  could 

be allowed t o  vary on a month-to-month b a s i s  i n  l i n e  w i t h  the  da ta  i n  

Fig.  33, but r e s u l t i n g  va lues  of would not be s u b s t a n t i a l l y  

d i f f e r e n t .  Values obtained during June and J u l y  would tend t o  be about 

10 percent lower, and those  for December and January would be about 10 

percent  h ighe r  corresponding t o  t h e  f50 percent v a r i a t i o n  is  

Th i s  shows t h e  degree t o  which t h e  computations of Q g O I O f ]  

"decoupled" from t h e  r e s u l t s  of the  loss  c o e f f i c i e n t  c a l c u l a t i o n s .  

+ 
Q g O [ O  ] 

' 300 
a r e  

Figure 36 i n d i c a t e s  t h e  degree t o  which the  d a i l y  experimental 

d a t a  agreed w i t h  t h e  theory.  P l o t t e d  is  t h e  root-mean-square d i f f e r e n c e  

S O N D J F M A M J J A S O N D J F M A M J J A  

I .O 

$ 0.8 
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Fig.  36. THE ROOT-MEAN-SQUARE DIFFERENCE BETWEEN COMPUTED FARADAY 
Data ROTATION ANGLES AND DAILY MEASUREMENTS FOR 100' >_ x 2 87'. 

on a l l  days when p, 
g r e a t e r  t han  0.3 X 1016 m-2 were discarded.  

expressed i n  t e r m s  of e l e c t r o n  content ,  was 

between t h e  measurements and computed curves.  

simply due t o  random s c a t t e r  i n  t h e  measured d a t a ,  

has  an r m s  value of about 4.7O of Faraday r o t a t i o n  (see Sect ion 111-C) 

Most of t h e  d i f f e r e n c e  i s  

The  random e r r o r  i t s e l f  
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16 -2 or about 0.20 X 10 e l e c t r o n s  m when expressed i n  terms of e l e c t r o n  

conten t .  On t h e  average, p is  not much g r e a t e r  than what would be 

expected on t h e  b a s i s  of t h e  random e r r o r s  a lone.  
ob ta in ing  va lues  f o r  Q [ O + ] ,  a l l  days on which p exceeds 0.3 X 10 16 

90 
e l e c t r o n s  m were ignored. 

For t h e  purposes of 

-2 

The a c t u a l  d a t a ,  t oge the r  wi th  t h e  bes t  f i t t i n g  t h e o r e t i c a l  

curves  f o r  s e v e r a l  days,  a r e  shown i n  Fig.  37. Data f o r  t h e  1-hour 

i n t e r v a l  preceding X = looo a r e  included i n  t h e  f i g u r e .  A s t r a i g h t  

z -  
0 
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I- 
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D T I M E  

F i g ,  37. THE MEASURED DATA TOGETHER WITH THE BEST FITTING THEORETICAL 

is  
CURVES FOR SEVERAL DAYS I N  JANUARY 1965. The s t r a i g h t  l i n e  which 
bes t  f i t s  t h e  da t a  during the  1-hour i n t e r v a l  p r i o r  t o  
shown, a s  w e l l  a s  t h e  bes t  f i t t i n g  t h e o r e t i c a l  func t ion  for  
looo 2 X > ,  87O. 

X = 100’ 
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l i n e  was f i t  t o  t h e  night t ime da ta  i n  o rde r  t o  determine i t s  s l o p e  (see 

Sec t ion  I V - I ) .  A f t e r  c o r r e c t i n g  t h e  d a t a  f o r  t h e  night t ime s lope ,  a 

func t ion ,  F, was f i t  t o  t h e  sun r i se  d a t a  t o  determine Qsa[O+] a s  

descr ibed i n  Sect ion IV-J. I f  everything was i n  o rde r ,  t h e  s t r a i g h t  l i n e  

t h a t  was f i t  t o  t h e  night t ime d a t a  should match F a t  X = 100'. The 

d a t a  a r e  discarded f o r  days such a s  January 24 and 25, 1965, when t h i s  

matching does not occur.  

- 

- 

D a i l y  va lues  and a 30-day running mean of Qgo[O+] a r e  p l o t t e d  

i n  Fig.  38. The d a i l y  va lues  of Q [ O  ] p l o t t e d  i n  t h e  f i g u r e  a r e  a l s o  90 
+ 

Fig.  38. PLOT OF Qgo[O+] AND Qo[O+ + N i l  VS DATE. 
The s o l i d  l i n e  is a 30-day running mean. 

9 
t a b u l a t e d  i n  t h e  appendix. On t h e  average, 

c m  s during t h e  2-year i n t e r v a l ,  with considerable  day-to-day f l u c -  

t u a t i o n s  but no c l e a r  seasonal  v a r i a t i o n .  

excess  of a few percent ,  due t o  t h e  change i n  t h e  Earth-Sun d i s t ance ,  is  

expected.)  

mean with a s tandard dev ia t ion  of rt15 percent .  The lowest production 

r a t e s  a r e  obtained during t h e  summer of 1965. 

Qgo[O'] was about 1 . 7  X 10 
-2 -1 

( N o  seasonal  v a r i a t i o n  i n  

Values p l o t t e d  i n  F ig .  38 a r e  d i s t r i b u t e d  about t h e  running 
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Rishbeth and S e t t y  [1961] suggested t h a t  an inc rease  i n  t h e  

percent  of molecular n i t rogen  i n  t h e  atmosphere a t  F reg ion  a l t i t u d e s  

dur ing  t h e  summer could a t  least p a r t l y  account f o r  t h e  lower e l e c t r o n  

concent ra t ions  observed i n  t h e  summer months. They observed t h a t  t h e  

rate of increase of t h e  e l e c t r o n  concent ra t ion  a t  f i x e d  he igh t s  a t  sun- 

rise w a s  about t w i c e  as g r e a t  i n  win ter  as i n  summer dur ing  sunspot 

minimum condi t ions .  The seasonal  v a r i a t i o n  w a s  a t t r i b u t e d  t o  a seasonal  

v a r i a t i o n  i n  t h e  rate of product ion of observable  i o n s ,  which they ind i -  

c a t e d  could a t  least be p a r t l y  due t o  a poss ib l e  seasonal  v a r i a t i o n  i n  

atmospheric compos it ion. 

An i nc rease  i n  n[N ] r e l a t i v e  t o  n[O] would show up i n  2 
Fig.  38 a s  a decrease  i n  Qgo[O+]. 

observed, but t h e  so-cal led seasonal  anomaly was not very pronounced 

dur ing  t h i s  per iod of low s o l a r  a c t i v i t y  e i ther  [Yuen and Roelofs, 1967) .  

No pronounced decrease  was i n  f a c t  

+ 2 .  Product ion of 0 and N i  wi th  an Overhead Sun 

Figure  38 a l s o  con ta ins  a s c a l e  f o r  Q [ O +  + N i l ,  
g r a t ed  r a t e  of production of both O+ and N2 ions  f o r  an overhead sun. 

Once a model atmosphere is f i x e d ,  

Qg0[ 0'1. 

Qo[O + N2] = Iw 
i o n i z a t i o n  e f f i c i e n c y  is  100 pe rcen t ;  t h a t  is, each inc ident  photon pro- 

duces one ion .  The r e l a t i o n s h i p  between Q [ O + ]  and Qo[O+ + N i l  i s  

determined by computing t h e  former i n  terms of Iw through a numerical 

i n t e g r a t i o n  of Eq. (4 .19) .  Resul t s  f o r  a two-consti tuent model atmo- 

sphere a r e  shown i n  Fig.  39, where t h e  parameter K ,  a s  der ived from 

e i t h e r  Eq. (4-23) or Fig. 22, is used t o  provide a measure of t h e  r e l a -  

t i v e  concent ra t ions  of 0 and N A s  K i nc reases  ( w i t h  I,, and hence 
2'  

Qo[O+ t N i l ,  remaining c o n s t a n t ) ,  Q [0 ] decreases  s i n c e  a smal le r  

po r t ion  of t h e  inc iden t  i on iz ing  f l u x  is  then  a v a i l a b l e  for producing 0 

ions .  

i nc reases .  

t h e  i n t e -  
0 + 

Qo[Of + N i ]  is propor t iona l  t o  

To determine t h e  p r o p o r t i o n a l i t y  cons tan t ,  f i r s t  no te  t h a t  
+ + f o r  a two-consti tuent model atmosphere where t h e  

90 

+ 
+ 90 

The r a t i o  Qo[O+ + Ni]/Qgo[O+] must t h e r e f o r e  inc rease  a s  

+ + 
The Q [0 + N ] s c a l e  i n  Fig. 38 is  based upon a = 7 

0 2 
assumption, corresponding t o  t h e  COSPAR model atmosphere of F ig .  3. T h i s  

s c a l e  does depend upon t h e  choice of K ,  t o  t he  ex ten t  ind ica ted  by 

F ig .  39, but the  va lues  shown f o r  QgO[O+] 

the assumed K .  The r a t e  of production of 0 ions  is ,  t o  be s u r e ,  a 

a r e  v i r t u a l l y  independent of 
+ 
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Fig. 39. THE RATIO Q [Of + N ~ ] / Q g o [ O + ]  VS I C .  
0 

H1 
It  has been assumed t h a t  t h e  s c a l e  height  
of atomic oxygen is 40 km. The asymptotic 
va lue  of t h e  r a t i o  a s  approaches zero  i s  
Ch(X,H1) eva lua ted  a t  X = 90'. 

func t ion  of t h e  r e l a t i v e  concent ra t ions  of 0 and N but i t  is not nec- 

e s sa ry  t o  know t h e  atmospheric composition accu ra t e ly  t o  determine 

Q90[O+].  This  fo l lows  because Qgo[O+]  is der ived d i r e c t l y  from the  

measured inc rease  of observable  ion iza t ion  a t  s u n r i s e .  F igure  22, however, 

i n d i c a t e s  t h a t  K is ,  i n  f a c t ,  f a i r l y  w e l l  known. 

2 '  

G a r r i o t t  and Smith [1965], s tudying production r a t e s  i n  t h e  F 

r eg ion ,  appl ied  a somewhat d i f f e r e n t  technique of a n a l y s i s  t o  t h e  September, 

October,  and November 1964 d a t a  used i n  t h i s  work. A q u a n t i t y  Q was 

def ined  as t h e  in t eg ra t ed  ra te  of product ion of 0 ions f o r  an overhead 

sun i f  t h e  atmosphere w e r e  composed only  of atomic oxygen. Neglecting 

t h e  effects of loss, Qo was found to be 1 . 4  X 10 cm s . The pres-  

e n t  s tudy  i n d i c a t e s  t h a t  t h i s  value should be increased by about 30 per-  

cen t  t o  account for t h e  recombination of 0 ions  (see Fig .  34 ) .  Bence 

Qo should be about 1 -8  X 10 cm s . To compare 

i n  Fig. 38, cons ider  Fig.  40, With an overhead sun, t h e  in t eg ra t ed  r a t e  

0 + 

10 -2 -1 

+ 
1 0  -2 -1 t o  t h e  r e s u l t s  

QO 

SEL-67-102 98 



I .o 

T =  700°K 
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+ N  z 

+ + 
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0 

0 0.5- 

Y 
CY 

0 
100 80 60 40 20 0 

SOLAR ZENITH ANGLE (XI, degrees 

Fig.  40. THE TOTAL ION PRODUCTION, Q[O+ + N i l ,  AND 
THE O+ ION PRODUCTION, Q[O+] ,  VS SOLAR ZENITH ANGLE. 
A two-consti tuent atmosphere is assumed with a temper- 
a t u r e  of 700'K and K = 7. 

+ of production of 0 ions i n  a two-consti tuent atmosphere wi th  K = 7 is  

only about one-third of t h e  t o t a l  production. Since Q [0  + N 2 ]  aver-  

ages 4.5 x 10 cm s f o r  September through November 1964, Q [ O + ]  

must t h e r e f o r e  average about 1 .5  X 10 c m  s . The q u a n t i t y  Qo[O'] 

should,  and i n  f a c t  does, approximately agree  wi th  Q a s  determined by 

t h e  e a r l i e r  work i n  1965. 

+ + 
0 10 -2 -1 

0 10 -2 -1 

0 

C. So la r  EW Flux 

To t h e  ex ten t  t h a t  t h e  ion iza t ion  e f f i c i e n c i e s  a r e  100 percent ,  
+ 

Qo[O + N i ]  i s  equal t o  t h e  t o t a l  i on iz ing  photon f l u x  i n  the  165 t o  

911 range. F igure  38 would thus  i n d i c a t e  t h a t ,  on t h e  average, t h e  

t o t a l  s o l a r  E W  f l u x  was about 4.5 X l o l o  photons/cm /s. According t o  

Hinteregger e t  a 1  119651, t h e  f l u x  i n  t h i s  range dur ing  per iods of low 

s o l a r  a c t i v i t y  is about 5 X 10 photons/cm /s ( s e e  Table 1 i n  Chapter 

2 

10  2 
11). 
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In a r ev iew paper,  Allen [1965] published a t a b l e  of solar f l u x  values 

obtained by averaging da ta  from seve ra l  o t h e r  au thors .  H e  found t h e  

t o t a l  f l u x  between 165 and 911 A t o  be 4 .1  X 10" photons/cm /s. 

published da ta  show t h e  EW photon f l u x  i n  t h i s  band t o  be 2.4 x 10 

2 
Other 

10 

photons/cm 2 /s [Norton et a l ,  19631 and 4.73 X 10" photons/cm 2 /s 

[Watanabe and Hinteregger ,  19621. 

day-to-day v a r i a t i o n  i n  Qo[O+ + N i l  
A l l  of t h e s e  values  a r e  wi th in  t h e  

shown i n  Fig.  38. 

Sunrise  measurements of t h e  ionospheric  e l ec t ron  content  cannot pro- 

v i d e  a d e t a i l e d  p i c t u r e  of t h e  s o l a r  E W  spectrum such a s  can be obtained 

wi th  a rocket-borne spectrometer .  With t h e  advent of geos ta t ionary  s a t e l -  

l i t es ,  however, t h e s e  measurements do provide a convenient and inexpensive 

means of observing day-to-day v a r i a t i o n s  i n  t h e  t o t a l  E W  f l u x .  Unfortu- 

n a t e l y ,  a t  present  no o t h e r  da t a  a r e  a v a i l a b l e  aga ins t  which t h e  measure- 

ments of 

measures of t h e  E W  f l u x .  

+ 
Q [Of  + N ] 0 2 can be checked t o  determine t h e i r  v a l i d i t y  a s  d a i l y  

Neupert e t  a 1  [1964] d id  ob ta in  continuous measurements of t h e  f l u x  

of t h e  170 t o  300A range f o r  2 months i n  1962 from t h e  OSO-I s a t e l l i t e .  

They found t h a t  though t h e  i n t e n s i t i e s  of d i f f e r e n t  emission l i n e s  var ied  

d i f f e r e n t l y  a s  a func t ion  of s o l a r  a c t i v i t y ,  t h e r e  was an o v e r a l l  cor re-  

l a t i o n  between t h e  t o t a l  f l u x  i n  t h i s  p a r t  of t h e  spectrum and t h e  s o l a r  

r a d i o  f l u x  a t  10.7 c m .  Presumably t h e r e  is a l s o  a t  l e a s t  a rough cor re-  

l a t i o n  between 10.7 em Solar  f l u x  and t h e  t o t a l  f l u x  between 165 and 911 A .  
Figure 41  shows t h e  r e s u l t s  of a c ros sco r re l a t ion  between Q90[O+], 

Qo[O+ + N g ] ,  and t h e  10.7 c m  f l u x ,  SlOa7, a f t e r  a 30 day running mean 

had been sub t r ac t ed  from each. A s i g n i f i c a n t ,  though not l a r g e ,  cor re-  

l a t i o n  is  observed. Notice t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  is pe r iod ic ,  

w i t h  a per iod roughly corresponding t o  t h e  sun ' s  27 day per iod oi r o t a t i o n .  

On a long-term b a s i s ,  Fig.  42 shows t h e  in t eg ra t ed  production r a t e s  t o  be 

inc reas ing  a t  about t h e  same r a t e  a s  

o r  

during 1966. 
'10.7 

The c o r r e l a t i o n  between Q,,~o+I and slOs7 i n d i c a t e s  t h a t  va r i a -  

by 1-1/2 
'10.7 t i o n s  in  t h e  product ion r a t e  tend t o  l a g  v a r i a t i o n s  i n  

days.  I f  t h e  l a g  is  r e a l ,  it would i n d i c a t e  t h a t  f l u c t u a t i o n s  i n  t h e  E W  

f l u x  l a g  corresponding f l u c t u a t i o n s  i n  t h e  10.7 c m  f l u x ,  a s i t u a t i o n  which 

would c e r t a i n l y  be i n t e r e s t i n g ,  though somewhat d i f f i c u l t ,  t o  expla in .  

Other s i m i l a r  observa t ions  have been repor ted ,  however. MacDonald [I963 I 
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F i g .  41.  COEFFICIENT OF CORRELATION BETWEEN Qso[O+] 
AT TIME t AND S10,7 AT TIME ( t  - 2 ) .  P o i n t s  on 
the  curve are  c o m p u t e d  a t  1-day increments i n  2 .  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I  I 

Qso CO'l - 
Sl0.7 

.... ........ - 

e".... - 

S O N D J F M A M J J A S O N D J F M A M J J A  
1964 1 1965 I 1966 

F i g .  42.  THIRTY-DAY RUNNING MEANS OF Q90[O'] AND THE SOLAR 
RADIO FLUX AT 10.7 cm VS DATE. 
w a s  obtained from F i g .  38. 

T h e  running m e a n  of Q90[O+]  
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w i t h  upper atmo- 
'10.7 observed a 2 day t i m e  s h i f t  when c o r r e l a t i n g  

sphere temperatures der ived from s a t e l l i t e  d rag  da ta .  He i n t e r p r e t e d  t h e  

l a g  as i n d i c a t i n g  t h a t  a p a r t i c l e  f l u x  from the sun was r e spons ib l e  for 

t h e  f l u c t u a t i o n s  i n  temperature.  But a p a r t i c l e  f l u x  should have no in -  

f l u e n c e  on Qgo[O+]. 

Faraday r o t a t i o n  d a t a  var ies  r a p i d l y  wi th  the  s o l a r  z e n i t h  angle  near  

s u n r i s e .  Any production due t o  a p a r t i c l e  f l u x  would not behave i n  t h i s  

manner and would not  be r e f l e c t e d  i n  t h e  measurements of Q g 0 [ O f ] .  

The ion production being observed i n  t h e  s u n r i s e  

A s  a check, a c r o s s c o r r e l a t i o n  between QgO[O+] and t h e  geomagnetic 

a c t i v i t y  index was a l s o  computed. There is no reason t o  expect t h e  pro- 

duc t ion  r a t e s  t o  be c o r r e l a t e d  with K 
c o r r e l a t i o n  exis ts  (F ig .  43) . 

and apparent ly  no s i g n i f i c a n t  
P' 

+ 0.3 

n 

L 

n "0 0.0 
U 

0 
8 

v 
L 

-0.3 - 60 -30 0 + 30 + 60 
TIME SHIFT (71,  d a y s  

Fig. 43. COEFFICIENT OF CORRELATION BETWEEN Qgo[o+] AT 
TINlE t AND .Z Kp AT TIME ( t  - T ) .  K p  is  summed over , 

a 12-hour i n t e r v a l  ending a t  l o c a l  s u n r i s e .  P o i n t s  on t h e  
curve a r e  computed a t  1-day increments i n  7 .  

D. Nighttime Ionosphere 

As a byproduct of t h e  c u r v e - f i t t i n g  process  used t o  determine 

QgO[O+], information regarding t h e  p resunr i se  ionosphere is  a l s o  
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obtained.  The parameter p i n  Eqs. (4-51) and (4-63) is p ropor t iona l  t o  

t h e  v e r t i c a l  ionospheric  e l e c t r o n  content a t  X = 100". 

7 g ives  the r a t e  of change of t h e  e l e c t r o n  content during t h e  1 hour 

p r i o r  t o  X = looo. 

In  Eq. (4-50), 

F igu re  44 shows t h e  e l e c t r o n  content  a t  X = looo. The higher elec- 

t r o n  con ten t s  p re sen t  a t  n i g h t  i n  t h e  summer are c o n s i s t e n t  with t h e  

1964 

i z 
W 

S O N D J F M A M J J  A S O N D  J F M A M J  J A 
1963 I 1966 

5 - 
W z a z 
3 
v) 
W ~ a 
n 

0 

Fig. 44. ELECTRON CONTENT AT X = 100" VS DATE. 

was found t o  be less i n  t h e  summer. Figure 45 shows 300 f ac t  t h a t  /3 

t h e  s lope  of t he  e l e c t r o n  content  curves p r i o r  t o  s u n r i s e .  In  t h i s  ca se ,  

t he  r e l a t i v e l y  l a r g e  rates of decay of t h e  e l e c t r o n  content during t h e  

summer a r e  not c o n s i s t e n t  w i t h  t h e  sma l l e r  loss c o e f f i c i e n t s ,  but obser- 

v a t i o n s  i n d i c a t e  t h a t  t h e  night t ime i o n i z a t i o n  a t  sunspot minimum is not 

governed by  a simple l o s s  process  a lone [da Rosa and Smith, 19671. 

E. Factors  Af fec t ing  Accuracy 

1. Assumptions Previously Considered - 
( a )  The n e u t r a l  atmosphere a t  F region a l t i t u d e s  is  isothermal 

and composed of two c o n s t i t u e n t s ,  atomic oxygen and molec- 
u l a r  n i t rogen ,  i n  d i f f u s i v e  equi l ibr ium. 
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(b) 

(c)  

Molecular n i t rogen  ions  recombine i n s t a n t l y  and thus  d o  
not c o n t r i b u t e  t o  t h e  observable  ion iza t ion .  

The recombination of atomic oxygen ions  is gover 
l i n e a r  l o s s  law w i t h  a loss  c o e f f i c i e n t  t h a t  decreases  
exponent ia l ly  wi th  a l t i t u d e .  

The ambipolar d i f f u s i o n  c o e f f i c i e n t  is 3 X 10 
300 km and inc reases  exponent ia l ly  with a l t i t u d e .  

A l l  of t h e  ions  produced a t  s u n r i f e  a r e  t h e  r e s u l t  of 
s o l a r  EW f l u x  i n  t h e  911 t o  165 A range. 

The i o n i z a t i o n  e f f i c i e n c i e s  of t h e  atmospheric const  it- 
uen t s  a r e  on the  average 100 percent ,  and t h e  ion iza t ign  
c r o s s  s e c t i o n s  a r e  cons tan t  throughout t h e  911 t o  165 A 
range. 

10 2 
(d )  

(e) 

( f )  

c m  / s  a 

For the purposes of t h i s  s t u d y ,  t h e s e  assumptions a r e  a l l  v a l i d  

and have a l ready  been considered i n  Chapter I V .  

. .  
w 
=E 
+ -10 
I- 
I 
0 

z 

- 

- 

-I 5 

Fig.  45. THE RATE OF CHANGE OF THE EJSCTRON CONTENT DURING 
THE 1 HOUR PRECEDING X = 100' VS DATE. 
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2.  V e r t i c a l  D r i f t  

An assumption t h a t  has not been covered previous ly  is t h e  

neglec t  of a l l  d r i f t s  of i o n i z a t i o n  due t o  e lectromagnet ic  f o r c e s .  

A v e r t i c a l  movement of t h e  i o n i z a t i o n  w i l l  not d i r e c t l y  a f f e c t  

t h e  columnar e l e c t r o n  content  of t h e  ionosphere, though i t  may do so  in -  

d i r e c t l y  through i ts  effect on t h e  recombination r a t e s .  An upward d r i f t ,  

f o r  example, w i l l  cause t h e  ion iza t ion  t o  begin moving, a s  soon a s  i t  is 

produced, t o  reg ions  where t h e  l o s s  c o e f f i c i e n t  i s  sma l l e r .  The e f f ec -  

observed under these condi t ions  w i l l  be lower than t i v e  va lue  of 

t h e  t r u e  va lue  i f  t h e  effects of t he  d r i f t  a r e  not taken i n t o  account. 
'300 

The product ion and l o s s  r a t e s  a r e  increas ing  r ap id ly  enough 
+ throughout the  s u n r i s e  per iod s o  t h a t  a t  any i n s t a n t  most of t h e  0 ions  

recombining pe r  second a r e  ions  produced wi th in  t h e  previous t e n  minutes.  

Since decreases  exponent ia l ly  wi th  a l t i t u d e  with a s c a l e  height  of 

22.8 km 

'300 22.8 km p e r  1 0  min, or about 38 m / s ,  w i l l  not r e s u l t  i n  e r r o r s  i n  

of more than a f a c t o r  of 2 .  The a c t u a l  v e r t i c a l  d r i f t  v e l o c i t y  a t  sun- 

rise is not known. 

a t  300 km a t  n igh t  during s o l a r  minimum condi t ions .  

observed downward n ight t ime v e l o c i t i e s  ranging from 7 t o  15 m / s  dur ing  

s o l a r  maximum cond i t ions .  A t  s u n r i s e  when t h e  ionosphere i s  by no means 

i n  equi l ibr ium,  it would be d i f f i c u l t  t o  p red ic t  what v e r t i c a l  v e l o c i t i e s  

might be p re sen t .  I f  t h e  v e r t i c a l  d r i f t s  a r e  not s i g n i f i c a n t l y  l a r g e r  

t han  those  observed a t  n i g h t ,  t he  r e s u l t i n g  e r r o r s  i n  

l a r g e r  than about 40 percent .  

(H2 = 40/1.75 = 22.8), a v e r t i c a l  d r i f t  amounting t o  less than 

Prasad [1967] observed a downward v e l o c i t y  of 17  m / s  

Mitra et a1  [1964] 

w i l l  not be '300 

The effect of a v e r t i c a l  d r i f t  on t h e  determinat ion of Q [o'] 90 
and Qo[O+ + N z ]  

content  is  only a second-order e f f e c t ;  t h a t  is ,  a v e r t i c a l  d r i f t  a f f e c t s  

the  s u n r i s e  i n c r e a s e  i n  e l e c t r o n  content  only through i ts  e f f e c t  on the 

loss r a t e s ,  but l o s s  i n  t u r n  has only a r e l a t i v e l y  small  e f f e c t  on t h e  

e l e c t r o n  conten t  before  

is  n e g l i g i b l e  s i n c e  i ts  e f f e c t  on t h e  t o t a l  e l e c t r o n  

X = 87' (F ig .  34) .  

3. Horizontal  D r i f t  

The e f f e c t s  of a ho r i zon ta l  d r i f t  can e a s i l y  be inves t iga t ed  

numerical ly  by changing t h e  manner i n  which the  incremental  e l ec t ron  
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d e n s i t y  p r o f i l e s  a r e  added i n  computing N . ( z ) .  I f  v is taken t o  be 

a constant  westward d r i f t  v e l o c i t y ,  Eq. (4-9) would become 
-1 W 

i 

nj (z, ti-tj + j - 
V 7 W 

N i b )  = 

j=1 

(5-2) 

where @s is  def ined  by Eq. (4-12). Some i n t e r p o l a t i o n  is  r 

when &/vw is  not an i n t e g r a l  mu l t ip l e  of At .  Equation (5-2) t akes  

i n t o  account the f a c t  t h a t  t h e  incremental  e l e c t r o n  d e n s i t y  p r o f i l e s  

begin moving t o  the  w e s t  a f t e r  being produced. 

AS a test of the e f f e c t  of an e a s t  t o  w e s t  d r i f t ,  Eq, (5-2) 

was s u b s t i t u t e d  f o r  Eq. (4-9) and t h e  a n a l y s i s  was reappl ied  t o  t h e  

October and November 1965 d a t a .  

r e s u l t i n g  va lues  of Q [O ] t o  decrease by 12 percent  over t h o s e  based 

upon a v = 0 assumption. The same r e su l t s  a r e  obtained by  applying 

an a n a l y t i c a l  approach used by Rishbeth and S e t t y  [1961] t o  es t imate  the  

e f f e c t  of a ho r i zon ta l  d r i f t  on t h e  e f f e c t i v e  production r a t e s  a t  s u n r i s e .  

A 50 m / s  e a s t  t o  w e s t  d r i f t  caused t h e  
+ 

90 

W 

Morriss [1967] found i r r e g u l a r i t i e s  i n  t h e  F region during 1964 

and 1965 t o  be d r i f t i n g  westward w i t h  a v e l o c i t y  of about 50 m / s  dur ing  

t h e  day and eastward w i t h  about t h e  same v e l o c i t y  a t  n igh t .  It does not 

n e c e s s a r i l y  fo l low t h a t  the background i o n i z a t i o n  d r i f t s  wi th  t h e  same 

v e l o c i t y  a s  t h e  small  i r r e g u l a r i t i e s ,  but t h e  background d r i f t  v e l o c i t y  

i t s e l f  is r a t h e r  d i f f i c u l t  t o  measure; If i n  f a c t  t h e  magnitude of t h e  

east-west d r i f t  v e l o c i t y  a t  s u n r i s e  is  no g r e a t e r  than 50 m / s ,  t h e  errors 

introduced i n  Q [0  ] should be no more than  12 percent .  + 
90 

A cons tan t  ho r i zon ta l  d r i f t  has l i t t l e  e f f e c t  on t h e  determin- 

a t i o n  of t h e  loss c o e f f i c i e n t ,  but the  d r i f t  most l i k e l y  does not remain 

cons tan t  dur ing  the s u n r i s e  pe r iod ,  Again r e f e r r i n g  t o  an  approximate 

a n a l y t i c a l  t rea tment  by Rishbeth and S e t t y ,  a l i n e a r l y  inc reas ing  v 
W ’  

a t  a l a t i t u t d e  of 20°N, w i l l  make $ a t  a l l  a l t i t u d e s  appear t o  be 

smal le r  by  about 6 x 10 s f o r  each 1 . O  m/s/hr i n  dv /dt . Though 

t h e  loss  c o e f f i c i e n t  was s p e c i f i e d  i n  terms of i ts  magnitude a t  300 km, 

p r imar i ly  f o r  comparison wi th  o t h e r  published da ta ,  m o s t  of t h e  recombin- 

a t i o n  t akes  p l ace  near  t h e  peak of t h e  l a y e r  of i o n i z a t i o n  a t  s u n r i s e ,  

about 230 km. A t  t h i s  a l t i t u d e ,  $ = 21($300) = 3 X 10 s . To a f f e c t  

-7 -1 
W 

-4 -1 
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t h i s  va lue  of B b y  10 pe rcen t ,  dv /dt would need t o  be 50 m/s/hr ,  

which is  a p o s s i b i l i t y  i f  the  da ta  of Morriss mentioned above a r e  i n  

f a c t  r e p r e s e n t a t i v e  of v . 
W 

W 

4.  Temperature of t h e  Neutral  Atmosphere 

The temperature  of t h e  n e u t r a l  atmosphere i n  t h e  F region ' 'as 

assumed t o  be 700°K i n  accordance wi th  both CIRA 1965 and Jacchia  [1965b] 

models for per iods  of l o w  s o l a r  a c t i v i t y .  The assumed temperature of 

700°K r e s u l t s  i n  an atomic oxygen s c a l e  he igh t ,  , of 40 km. Through 

i t s  inf luence  upon the  v e r t i c a l  d i s t r i b u t i o n  of t h e  n e u t r a l  c o n s t i t u e n t s ,  

and consequently upon Ch(X,H), t h e  assumed temperature does a f f e c t  t h e  

t h e o r e t i c a l  Faraday r o t a t i o n  func t ions  used i n  t h e  c u r v e - f i t t i n g  process .  

An e r r o r  i n  t h e  assumed temperature  w i l l  consequently lead  t o  e r r o r s  i n  

t h e  determinat ion of both Q [O'] and B3,,. The magnitude of t h e  

e r r o r s  is  m o s t  e a s i l y  inves t iga t ed  by varying t h e  n e u t r a l  cons t i t uen t  

s c a l e  he igh t s ,  recomputing - F, and then  not ing  t h e  e f f e c t s  on t h e  

r e s u l t i n g  product ion r a t e s  and l o s s  c o e f f i c i e n t s .  

90 

I n  one case ,  whi le  holding t h e  concent ra t ions  of 0 and N con- 

s t a n t  a t  200 km,  t h e  assumed temperature was increased by 100°K (14 per- 

c e n t ) ,  which corresponds to  an inc rease  of 6 km i n  

c i e n t  a t  300 km was held cons tan t  a t  1 .4  X 

d a i l y  d a t a  f o r  October and November 1965 were reprocessed.  The va lues  

obta ined  from t h e  cu rve - f i t t i ng  process  for Q [ O  ] decreased by approx- 

imately 5 percent  over t hose  shown i n  F ig .  38. Varying f3 

to  f i n d  t h e  b e s t  f i t t i n g  l o s s  c o e f f i c i e n t  f o r  t he  October and November 

1965 monthly average d a t a  y ie lded  values  50 percent  l a r g e r  than were ob- 

t a ined  wi th  the  T = 700°K assumption. 

2 

. The l o s s  c o e f f i -  H1 
s-l a s  before ,  and t h e  

+ 
90 

i n  o rde r  300 

I n  another  case ,  where t h e  assumed va lue  of T was decreased 
4- from 700 t o  600"K, r e s u l t i n g  experimental  va lues  f o r  

by 6 percent whi le  those  f o r  B 
Qgo[O ] increased 

decreased by 30 percent .  
300 

Data taken dur ing  t h e  recent  per iod of low s o l a r  a c t i v i t y  in-  

d i c a t e  t h a t  the n ight t ime temperature  of t h e  n e u t r a l  atmosphere was 

almost c e r t a i n l y  wi th in  100°K of t h e  assumed temperature of 700'K [ Jaceh ia ,  

19671. Furthermore, CIRA 1965 shows t h a t  the temperature  increase  p r i o r  

t o  x = 87" should amount t o  less than  50°K. Poss ib l e  e r r o r s  i n  t he  

assumed temperature  should therefore not s e r i o u s l y  a f f e c t  t h e  product ion 

10 7 SEL-67-102 



r a t e s  der ived i n  t h i s  work, though the  repor ted  loss c o e f f i c i e n t s  a r e  

sub jec t  t o  e r r o r s  which could be a s  l a r g e  a s  50 percent .  

5. Ion and Elec t ron  Temperature 

I n  choosing t h e  d i f f u s i o n  c o e f f i c i e n t  i n  Sec t ion  IV-F, it was 

assumed t h a t  t h e  ions  and e l e c t r o n s  both had temperatures  of 

same a s  t h e  temperature  of t h e  n e u t r a l  atmosphere. The Lon temperature 

a t  300 km does remain near  t h e  temperature  of t h e  n e u t r a l s ,  but t h e  

e l e c t r o n  temperature  begins inc reas ing  r a p i d l y  a t  s u n r i s e  (or  even be- 

f o r e )  t o  a daytime l e v e l  of 1800 t o  2200°K dur ing  s o l a r  m i n i m u m  peri 

[Evans, 19671. 

When t h e  ions  and e l e c t r o n s  a r e  not i n  thermal equi  

i s  t h e  average of t h e  ion and e l e c t r o n  temperatures  t h a t  d e t e  

ambipolar d i f f u s i o n  c o e f f i c i e n t .  Though t h e  average i s  c e r t a  

t han  700°K, it is not more than  twice a s  g r e a t  before  X =  87". In Sec- 

t i o n  IV-F it was shown t h a t  a factor-of-2 error i n  t h e  va lue  of t 

d i f f u s i o n  c o e f f i c i e n t  produces n e g l i g i b l e  e f f e c t s  upon t h i s  ana lys i s .  

6. Conjugate Point  E f f e c t s  

Carlson [1966] has observed p resunr i se  

ionosphere t h a t  a r e  apparent ly  due t o  a r r i v a l  of 

t h e  magnetic conjugate  point  along f i e l d  l i n e s .  

hea t ing  e f f e c t s  i n  t h e  

ene rge t i c  e l e c t r o n s  from 

Such e f f e c t s  a r e  observed 

only during seasons when t h e  conjugate  point  is  i l lumina ted  p r i o r  t o  t h e  

ionospheric  po in t  being s tud ied .  Though it apparent ly  is poss 

enough e l e c t r o n s  t o  a r r i v e  from t h e  conjugate  point  t o  cause an inc rease  

i n  t h e  F region e l e c t r o n  temperature ,  it is  very un l ike ly  that t h e y  could 

no t i ceab ly  change t h e  e l e c t r o n  conten t .  This  e f f e c t ,  when it is p resen t ,  

should not t h e r e f o r e  a f f e c t  t h e  determinat ion of Q [o 3 or @ 

thermore, for a s t a t i o n  i n  Hawaii, t h e  conjugate  point  is only i l lumina ted  

+ 
90 

p r i o r  t o  t h e  ionospheric  po in t  during 3 months i n  t h e  win te r .  

on t h e  e l e c t r o n  content  w e r e  observed which can be a t t r i b u t e d  t o  conjugate  

poin t  i o n i z a t i o n .  

N o  e f f e c t s  
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F .  Overa l l  Est imate  of Accuracy 

I t  is be l ieved  t h a t  t h e  running mean of Qgo[O+] shown i n  Fig. 38 

is  accura t e  t o  wi th in  k l 5  percent .  

t h e  mean wi th  a s tandard dev ia t ion  of f15 pe rcen t .  A c o r r e l a t i o n  between 

Q ~ ~ [ o + I  and slOa7 (see Sec t ion  C ) ,  however, i n d i c a t e s  t h a t  a t  l e a f t  

p a r t  of t h e  day-to-day v a r i a t i o n  observed i n  Q [O+] is  r e a l .  

D a i l y  va lues  of Qg,[O+] vary about 

90 
Since t h e  columnar e l e c t r o n  content  a t  s u n r i s e  is t o  a g r e a t e r  

ex ten t  determined by product ion of ion-e lec t ron  p a i r s  than b y  loss, 

i s  determined wi th  less accuracy than  Q [O']. It is  d i f f i c u l t  t o  p l ace  

p r e c i s e  l i m i t s  on t h e  p o s s i b l e  e r r o r s ,  but t h e  value given i n  Eq. (5-1) 

should be accu ra t e  t o  wi th in  a f a c t o r  of 2 .  

%oo 
90 

A s  a r e su l t  of some u n c e r t a i n t i e s  regarding the  exact  composition of 

t h e  n e u t r a l  atmosphere, t h e  i o n i z a t i o n  e f f i c i e n c i e s  of 0 and N and t h e  

temperature  of the  atmosphere, somewhat more e r r o r  is involved i n  t h e  

determinat ion of s o l a r  EW photon f l u x  va lues  than i n  t h e  determinat ion 

of  Qgo[O 3. 
EW f l u x  t o  wi th in  f30 percent .  

2 '  

+ It should s t i l l ,  however, be poss ib l e  t o  spec i fy  t h e  s o l a r  

109 SEL-67-102 





Chapter V I  

CONCLUSION 

The method of a n a l y s i s  presented allows f o r  t h e  determinat ion of 
+ both t h e  in t eg ra t ed  r a t e  of product ion of 0 ions  and t h e  magnitu 

t h e  l i n e a r  l o s s  c o e f f i c i e n t  i n  the  F region a t  s u n r i s e .  The only 

requi red  a r e  measurements of t h e  amount of Faraday r o t a t i o n  imposed 

t ransmiss ions  from geos t a t iona ry  s a t e l l i t e s .  It  has  been 

in t eg ra t ed  r a t e  of product ion of 0 ions  and t h e  magnitude 

c o e f f i c i e n t  a t  300 km can be determined without an accura te  knowledge of 

t h e  composition of t h e  n e u t r a l  atmosphere. On the b a s i s  of recent  da t a  

regarding t h e  composition of the  atmosphere, however, t h e  t o t a l  f l u x  of 

s o l a r  r a d i a t i o n  i n  the extreme u l t r a v i o l e t  po r t ion  of t h e  spectrum m 

a l s o  be deduced. 

+ 

The ana lys i s  has  been appl ied  t o  Faraday r o t a t i o n  measurements made 

by observing Syncom 111 i n  Hawaii between September 1964 and August 1966. 

Values of Qgo[O+] ,  t h e  in t eg ra t ed  r a t e  of production of 0 ions- a t  sun- 

rise, were computed on a d a i l y  b a s i s .  

1 .7  X 10 c m  s . Daily va lues  f l u c t u a t e d  about t h e  mean wi th  a s t an -  

dard dev ia t ion  of 215 percent .  N o  seasonal  v a r i a t i o n  was  observed. 

Rather, a gradual  i nc rease ,  presumably due t o  increas ing  s o l a r  a c t i v i t y ,  

occurred during 1966. a r e  tabu- 

l a t e d  i n  the  appendix. 

+ 

On t h e  average, Qgo[O+] was 
9 -2 -1 

The d a i l y  va lues  obtained f o r  Qgo[Of ]  

The magnitude of t h e  l i n e a r  l o s s  c o e f f i c i e n t  a t  300 km,. 
@,,,J 

was 

S-*, w i t h  determined on a monthly average b a s i s .  It averaged 1 .4  X 

win te r  va lues  tending  t o  be about 50 percent higher  than  t h e  average, and 

summer va lues  about 50 percent lower. 

With t h e  u s e  of a two-consti tuent model atmosphere w i t h  charac te r -  

istics very s i m i l a r  t o  t h e  COSPAR atmosphere [CIRA 19651, va lues  of t h e  

in t eg ra t ed  r a t e  of product ion of both 0 

Qo[O+ + N i l ,  w e r e  der ived from QgO[O+] .  Taking Qo[O+ + N2] a s  a 

measure of t h e  s o l a r  E W  f l u x  between 165 and 911 A ,  values  of t h e  f l u x  

were obtained t h a t  a r e  i n  good agreement w i t h  da t a  from rocket-borne 

spectrometers .  But un l ike  rocket  experiments,  t h e  method used here for 

measuring t h e  s o l a r  f l u x  can be appl ied e a s i l y  on a day-to-day bas i s .  

+ + and N2 ions  f o r  an overhead sun, 
+ 
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It would seem d e s i r a b l e  f o r  s e v e r a l  reasons t h a t  t h i s  s tudy be con- 

t inued .  In  t h e  f i r s t  p l ace ,  its cont inua t ion  would permit a s tudy of 

t h e  e f f e c t s  of i nc reas ing  s o l a r  a c t i v i t y  on t h e  r a t e  of production of 

e l e c t r o n s .  Knowledge of t h e  v a r i a t i o n  of e l e c t r o n  production r a t e s  w i t h  

s o l a r  a c t i v i t y  would provide a va luable  input  t o  numerous t h e o r e t i c a l  

s t u d i e s  of t h e  ionosphere. 

An ex tens ion  of t h i s  s tudy  would a l s o  provide d a i l y  values  of t h e  

i n t e g r a t e d  e l e c t r o n  product ion r a t e  t o  over lap  d a i l y  measurements of t h e  

s o l a r  EW f l u x ,  which should soon be a v a i l a b l e  from s e v e r a l  of t h e  OS0 

s a t e l l i t e s .  Since t h e s e  t w o  q u a n t i t i e s  a r e  d i r e c t l y  r e l a t e d ,  a knowledge 

of e i t h e r  t h e  t o t a l  EW f l u x  or the  in t eg ra t ed  product ion r a t e  a t  sun r i se  

implies  a knowledge of t h e  o the r ,  provided an accu ra t e  c a l i b r a t i o n  be- 

tween t h e  two has been e s t a b l i s h e d .  Overlapping measurements of t h e  

product ion r a t e s  and EW f l u x  would allow t h i s  c a l i b r a t i o n  t o  be obtained.  

The r e l a t i o n s h i p  between t h e  t w o  could then  be checked aga ins t  t h e  r e l a -  

t i o n s h i p  used i n  t h i s  s tudy ,  which was based upon assumptions regarding 

t h e  atmospheric composition, i o n i z a t i o n  cross s e c t i o n s ,  and i o n i z a t i o n  

e f f i c i e n c i e s .  Once t h e  c a l i b r a t i o n  has been e s t a b l i s h e d ,  measurements of 

t h e  i n t e g r a t e d  product ion r a t e s  could be converted more r e l i a b l y  i n t o  

va lues  of t he  s o l a r  E W  f l u x  during t h e  September 1964 through August 1966 

i n t e r v a l .  These va lues  would be e s p e c i a l l y  use fu l  because t h e y  would most 

l i k e l y  be t h e  only measurements of t h e  EW f l u x  a v a i l a b l e  on a day-to-day 

b a s i s  dur ing  t h e  recent  per iod of IQSY. 

F i n a l l y ,  if t h i s  s tudy  were t o  be continued now t h a t  a l a r g e  q u a n t i t y  

of s u i t a b l e  e l e c t r o n  conten t  d a t a  is becoming a v a i l a b l e  from ATS s a t e l -  

l i tes,  product ion r a t e s  could be obtained s imultaneously f o r  s t a t i o n s  a t  

widely separa ted  l a t i t u d e s .  Since t h e  EW f l u x  is t h e  same a t  a l l  l a t i -  

tudes  ( a f t e r  accounting f o r  a s o l a r  z e n i t h  angle  dependence), t h e  pres-  

ence or absence of s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  product ion r a t e  among 

d i f f e r e n t  s t a t i o n s  would confirm or deny a l a t i t u d i n a l  dependence i n  t h e  

composition of t h e  n e u t r a l  atmosphere. 
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Appendix A 

TABULATION OF INTEGRATED PRODUCTION RATES AND NIGHTTIME 
RATE OF CHANGE OF ELECTRON CONTENT 

The t a b l e s  on t h e  fol lowing pages con ta in  l i s t i n g s  of t h e  da t a  

p l o t t e d  i n  F igs .  38 and 45 of Chapter V. The q u a n t i t i e s  t abu la t ed  a r e :  

SLOPE : 

Q90 : 

QO : 

The r a t e  o f  change of t h e  e l e c t r o n  content  during t h e  1-hour 

i n t e r v a l  p r i o r  t o  x = 100° i n  u n i t s  of 10 cm s 8 -2 -1 

+ The in t eg ra t ed  r a t e  of production of 0 ions  a t  s u n r i s e ,  

Q90[O+], i n  u n i t s  of 10  9 c m  -2 s -1 

+ 
The i n t e g r a t e d  r a t e  of production of both O+ and N ions 2 + + f o r  an overhead sun,  Qo[O + N2] ,  i n  u n i t s  of 

l o l o  c m  s -2 -1 

The 2-year period covered by t h e  d a t a  extends from September 1964 

through August 1966. 
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OAT€ 

9 8 64 
9 9 64 
9 14 64 
9 15 64 
9 16 64 
9 17 64 
9 19 64 
9 72 64 
9 24 64 
9 25 64 
9 26 64 
9 28 64 
9 29 64 
10 2 64 
10 3 64 
10 4 64 
10 8 64 
10 9 64 
10 10 64 
10 11 64 
10 12 64 
10 14 64 
10 15 64 
10 16 64 
10 17 64 
10 18 64 
10 19 64 
10 26 64 
10 28 64 
10 29 64 
10 31 h4 
11 2 64 
11 7 64 
11 4 h4 
11 5 64 
11 h 64 
11 7 64 
11 8 64 
11 9 64 
11 10 64 
11 14 64 
11 15 64 
11 16 64 
11 17 64 
1 1  18 6 4  
11 19 64 
1 1  20 64 
11 21 64 

SLOPE Q90 

-2.19 
-0.69 
0.33 

-1 e 39 
0.38 

-2.31 
-1.22 
-0.92 
-0.68 
0.08 
0.30 
0.30 

0.30 
0.46 
0.22 

-0.43 
0.46 

-0.24 

0.71 

-0.76 
0.79 

-0.54 
0.63 
0.05  

-0.33 
-0.05 
0.07 
0.28 

-0.49 
0.16 

-0.54 
0.00 

-0.33 
0.18 
0.07 

-0.43 
0.00 

-0.28 
-0: 2 5 
-1.37 
0.18 

-1.03 
0.41 
0.04 
0.42 

-0.26 
0.23 
0.11 

1-62 

1.37 
1.54 
1.55 
1.58 
1-38 
1.65 
1.28 
1.34 
1.43 

1.65 

1.42 
1.37 
1.18 
1.61 
1-43 
1.83 
1.43 
1.37 
1.63 
1.70 

1.32 
1.37 

1.53 
1.51 
1.77 
2.13 
1.85 
1.94 
1.46 
1-83 
1.80 
1.87 
1.90 
1.62 
1.93 
1.53 
1.77 
1.63 
2.02 
1.61 
2.17 

2.05 
1.56 
1.91 

1.68 

1.78 

1.75 

QO 

4.28 
4.38 
3.64 
4.07 
4.10 
4.19 
3.67 
4.18 
3.40 
3.54 
3.78 
3.76 
3.64 
3.14 
4.26 
3.78 
4.84 
3.80 
3.62 
4.31 
4.51 
3.62 
3.49 
4.05 
3.99 
4.68 
5.64 
4.90 
5.15 
3.87 
4.84 
4.77 
4.96 
5.03 
4.29 
5.12 
4.05 
4.69 
4.31 
5.35 
4.26 
5.74 
4.71 
5.42 
4.14 
5-07 
4.63 
4.44 
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DATE 

1 1  22 6 4  
11 2 4  6 4  
11 25 6 4  
11 27 6 4  
11 29 6 4  
11 2 9  6 4  
11 30 64 
12 I 6 4  
12  2 6 4  
12  3 6 4  
12 5 6 4  
12 R 6 4  
12 12 6 4  
12 13 6 4  
1 2  15 6 4  
12 16 6 4  
12  17 6 4  
1 2 ’ 1 9  64 
1 2  21 6 4  
1 2  22 6 4  
12 23 6 4  
12  2 4  6 4  
12 25 6 4  
12 26 6 4  
12 27 6 4  
12 29 6 4  
12 29 6 4  
12 30 6 4  
12 31 6 4  

1 1 6 5  
1 3 6 5  
1 5 65 
1 6 6 5  
1 9 65 
1 11 6 5  
1 12 65 
1 1 3  6 5  
1 14 65 
1 1 5  65 
1 17 6 5  
1 18 6 5  
1 2 1  65 
1 23 65 
1 26 6 5  
1 27  55 
1 28 6 5  
1 29 6 5  
1 30 6 5  

SLOPE 

-0.2’) 
0 -42  
0.37 

0.41 
0.64 
1.09 
0.18 
0.15 
0.38 

0.61 
-1.05 

0.60 
0.55 

0.65 
0.44 

-0. 1 6  
-0.12 

0.28 
0.44 
0.31 
0.. 43 

-0.90 
0.41 

-0.61 

0.32 

0.80 

0.66 
-0.24 
-0.56 

0.05 
-0.28 

0.43 
0.24 
0181 

-1.12 
0.45 
0.29 

-0.RO 
0.10 
0.33 

-0.57 
-0.73 
-0.55 

0.52 
0.18 
0.33 
0.56 

-0.02 

090 

1.52 
1.58 
1 e43 
2.04 
1.67 

1.67 
1.40 

1.66 
1 a63 
1.31 
1.39 
1.58 
2.18 
1.41 
1 e43 
1.60 
1.77 
1.47 
1.77 

1.52 
1.40 
1.32 
1.08 
1.52 
1 e35 

1.63 

2.09 
1.59 
1.76 
1.54 
1.32 
1.19 
1.35 
1.49 
1.81 
1.16 
1.32 
1.66 
1.33 
1.45 
1.41 
1.51 
1 - 5 7  
1.49 
1.45 
1.42 
1.52 
1.62 

BO 

4.03 
4.19 
3.79 
5.40 
4.42 
3.71 
4.42 
4.39 
4.33 
3.46 
3.68 
4.18 
5.77 
3.74 
3. 7 8  
4.25 
4.69 
3.89 
4 - 4 8  
4.31 
4.02 
3.71 
3.51 
2.85 
4.04 
3.59 
5.53 
4.21 
4.66 
4.09 
3.51 
3.15 
3.58 
3.94 
4.80 
3.07 
3.49 
4.39 
3.53 
3.84 
3.74 
4.01 
4.15 
3.96 
3.85 
3.76 
4.02 
4.28 
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DATE 

1 31 65 
2 1 65 
7 2 65 
2 3 65 
2 4 65 
2 5 65 
7 6 65 
2 8 65 
2 9 65 
2 LO 65 
2 11 65 
2 12 65 
2 13 65 
2 14 65 
2 15 65 
2 16 65 
2 17 65 
2 18 65 
2 20 65 
2 21 65 
2 22 65 
2 23 65 
2 24 65 
2 25 65 
2 26 65 
2 28 65 
3 1 65 
3 2 h5 
3 5 65 
3 7 65 
3 8 435 
3 10 65 
3 11 65 
3 14 65 
3 15 65 
3 19 65 
3 20 65 
3 25 65 
3 27 65 
3 30 65 
3 31 65 
4 1 65 
4 2 65 
4 4 65 
4 5 6 5  
4 7 65 
4 8 65 
4 LO 65 

SLOPE 

-0.23 
-0.41 
0.12 
0.85 
0.75 
0.09 

-0.24 
-0.10 
-0.07 
-0.42 
-0.03 
0.25 

-0.43 
-0.17 
-0.07 
-0.18 
0.59 

-0.16 
0027 

0.41 
-0.30 
-0.57 
0.45 
0.67 
0.30 

-0.84 
4.45 
-0.23 
-0.30 
-0.25 
-0.73 
-1.17 
-0.33 
0.33 

01 07 

-0 e 37 
0.41 
0.77 

-0.23 
-0.10 
-0.14 
-0.60 
-0.41 
-0.82 
-1.76 
-0.40 
-1.14 
-0.52 

Q90 

1.40 
2.03 
1.20 
1.38 
1.51 
1.56 
1.78  
1.60 
1.80 
1.63 
1.11 
1.45 
1.67 
1.87 
1.54 
1 e60 
1.34 
1.45 
1-45 
1 e42 
1.54 
1-94 
1.76 
1.63 
1.64 
1.34 
1.57 

1.72 
2,03 
1.63 
1.81 
1.97 
1.76 
1.23 
1-07 

1.34 

1.40 
1.51 
1.45 
1.60 
1.66 
1.63 
1.42 
1.55 
1.48 
2.23 
1.75 
1*23 

QO 

3.72 
5.38 
3.17 
3.56 
4.00 
4.13 
3.66 
4.23 
4.77 
4*33 
2.95 
3.85 
4.43 
4.81 
4.08 
4.23 
3.54 
3.85 
3.83 
3.75 
4.09 
5.14 
4.67 
4.32 
4.35 
3.55 
4.17 
3.56 
4.56 
5.39 
4. 31 
4. A 0  
5.21 
4.67 
3.25 
2.84 
3.71 
3.99 
3.85 
4.25 
4.40 
4.31 
3.77 
4.10 
3.92 
5.90 
4.64 
3.25 
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DATE 

4 15 65 
4 16 65 
4 20 h5 
4 24 65 
4 25 65 
4 27 65 
4 28 65 
4 29 65 
5 3 65 
5 4 65 
5 6 65 
5 7 65 
5 9 65 
5 10 65 
5 11 65 
5 12 65 
5 13 65 
5 14 h5 
5 15 65 
5 16 65 
5 17 65 
5 18 65 
5 19 65 
5 20 65 
5 21 65 
5 22 65 
5 23 65 
5 2 5  65 
5 26 65 
5 27 65 
5 28 65 
6 1 65 
6 2 65 
6 3 65 
h 4 65 
6 5 65 
6 7 65 
6 8 65 
6 9 65 
6 10 65 
6 1 1  65 
6 12 65 
6 13 65 
6 16 65 
6 18 65 
6 20 65 
6 21 65 
6 23 65 

SLOPE 

0.01 
-0 .51  
-1.4b 
1.35 

-0.87 
-0.03 
0.18 
1.22 

-0.23 
-0.36 
0.32 

-1.23 
0.50 

-1.65 
-0.56 
-2.56 
-0.29 
-0.60 
-1.63 
-1.23 
0.47 

-0.78 
-0.8R 
0.26 

-2 66 
-4.31 
-5.16 
-1.14 
-1.67 
-1.25 
0.88 

-0.75 
-1.31 
-0.35 
-3  67 
-2.56 
-7.06 

-8.05 
-0 46 

-0 90 
-1.92 
-0.88 
-1.20 
-4.16 
-1.22 
-1.18 
0.48 

-0.76 

Q90 

1.59 

1.60 
1.26 

1.14 
1.43 
1.13 
1.63 

0.92 
1.30 
1.39 
1.98 
1-69 
1.70 

1.67 
1.23 
1 .h? 
1.74 
l.h3 

1 e 4 2  

1.55 

1.60 

1.71 

1.62 
1.66 
1.99 
1.80 
1.44 
1 e40 
1.52 
1.50 
1.18 
1.20 
1.33 
1.09 
1.78 
1-35 
2.18 
1-49 
1.68 
1.64 
1.72 
1 e03 
1.45 
1.97 
1.54 
1.47 

1-34 
1.27 

RO 

4.21 
3.77 
4-23 
3.34 
4.12 
3.02 
3.79 
3.00 
4.33 
4.24 
2.45 
3.44 
3.69 
5.26 
4.49 
4.51 
4.54 
4.42 
3.27 
4.33 
4.62 
4.31 
4.30 
4.40 
5.28 
4.76 

3.72 
4.03 
3.97 
3.14 
3.18 
3.53 
2.90 
4.72 
3.56 
5.78 
3.94 
4.46 
4.35 
4.55 
2.72 
3.84 
5.22 
4.07 
3.90 
3.37 
3-56 

3.82 
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DATE 

6 24 6 5  
6 28 6 5  
7 1 6 5  
7 2 65 
7 3 6 5  
7 4 65 
7 5 65 
7 9 65 
7 10 65 
7 11 65 
7 1 2  65 
7 13 6 5  
7 1 5  65 
7 17 65 
7 23 65 
7 24 65 
7 2 7  65 
7 28 65 
8 3 65 
8 5 65 
8 7 65 
8 8 65 
8 9 65 
8 11 65 
8 12  65 
8 13  6 5  
8 1 4  65 
8 15  65 
8 16 65 
8 1 8  65 
8 19 65 
8 21 6 5  
8 23 65 
8 25 65 
8 26 55 
8 77  6 5  
8 25 65 
R 29 65 
8 30 65 
8 31 6 5  
9 1 65 
9 2 65 
9 3 65 
9 5 6 5  
9 9 6 5  
9 1 3  65 
9 1 4  65 
9 15 65 

SCOPE 

-4.46 
-0.85 
-2.17 
-3.33 

1.26 
-1.05 
-2.46 
-1.08 
-7.99 
-1.17 

0.87 
-5.82 
-1.20 
-0 -56  

1.04 
-2.49 
-1.90 
-1.12 

0-12  
-8.84 
-2.18 
-0.80 
-1.59 
-1.53 
-0.73 

-1.26 
-3.26 
-0 40 

0.39 
-1.11 
-0.51 
-3.33 
-0.53 
-0.19 
-0.54 
-2.06 
-0.19 
-0 * O R  
-1.32 
-1.98 
-1.55 

0.19 
-0.31 
-0.38 
-0.17 
-0.09 

0.12 

-3.15 

Q90 

1.95 
1.38 
1.53 
1 - 8 6  
0 - 9 2  
1.14 
1.48 
1 e40 
2.12 
1.30 
1.17 
1.54 
1.84 
1.44 
1.09 
1.12 
1.39 
1.14 
1.34 
2.12 
1.10 
1.17 
1.32 
1.22 
1 e66 
1.61 
1.15 
1.25 
1.02 
0.97 
1.94 
0.98 
1.57 
1.03 
0.96 
1.31 
1.48 
1.11 
1.13 
1.34 
1.33 
1.36 
1.03 
1.06 
1.12 
1.48 
1.25 
1.15 

QO 

5.16 
3.66 
4.06 
4 - 9 2  
2.44 
3.01 
3.93 
3.72 
5.63 
3.44 
3.10 
4.07 
4.87 
3.81 
2.89 
2.98 
3.68 
3.03 
3.55 
5.63 
2.92 
3.11 
3.50 
3.24 
4.39 
4.26 
3.06 
3.32 
2.71 
2.56 
5.14 
2.59 
4.15 
2.73 
2.54 
3.46 

2.94 
2.99 
3.54 
3.53 
3.61 
2.72 
2.82 
2.97 
3.92 
3.31 
3.06 

3.92 
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DATE 

9 16 65 
9 18 65 
9 20 65 
9 21 65 
9 22 65 
9 25 65 
9 27 65 
9 28 65 
9 30 65 
10 1 65 
10 3 65 
10 4 65 
10 6 65 
10 7 65 
10 8 65 
10 9 65 
10 LO 65 
10 11 65 
10 13 65 
10 14 65 
10 15 65 
10 16 65 
10 17 65 
10 18 65 
10 19 65 
10 20 65 
10 21 65 
10 22 65 
10 23 65 
10 25 65 
10 26 65 
10 27 65 
LO 29 65 
10 30 65 
10 31 65 
11 1 65 
11 2 65 
11 3 65 
11 4 65 
11 5 65 
11 6 65 
11 7 65 
11 8 65 
11 9 65 
11 LO 65 
11 11 65 
11 13 65 
11 14 65 

SLOPE 

0.65 
-0.43 
-0.71 
-0.22 
-0.10 
-0 93 
-0.35 
0.16 
-0. LO 
-1.14 
-0.15 
-0.63 
0.38 

-0.48 
-0.15 
-0.84 
-0.11 
0.03 

-0 30 
-0.73 
0.11 
0.04 

-0.64 
00 21 

-0.51 
0.31 

-0.25 
-0 76 
-0.74 
-0.01 
0.30 
0.50 
-0.18 
-0.70 
-0.91 
-0.41 
-0.02 
0.17 

-0.36 
-0.03 
-0.10 
0.60 
0.15 

-0.11 
-0 * 48 
0.53 

-0.16 
0.05 

090 

1.54 
1.56 
1.51 
1.15 
1.26 
1-58 
1.37 
1.35 
1.51 
1.61 
1.74 
1.74 
1.77 
1.82 
1 e62 
1.58 
1.49 
1.61 
1.50 
1.71 
1.39 
1.34 
1.22 
1.12 
1.55 
1.32 
1.49 
1.61 
1.85 
1.72 
1.53 
1.69 
1.47 
1.51 
1.92 
2.08 
1-61 
1.52 
2.09 
1.51 
1.62 
1-83 
1.70 
1-59 
1.51 
1.43 
1.49 
1.57 

QO 

4.07 
4-13 
4.00 
3.04 
3.34 
4.19 
3-64 
3.57 
3.99 
4.27 
4.60 
4.61 
4.6~ 
4.81 
4.29 
4.19 
3.95 
4. 27 
3.97 
4.53 
3.69 
3.56 
3. 22 
2.98 
4.12 
3.51 
3.94 
4. 27 
4.90 
4.55 
4.06 
4.47 
3.89 
3.99 
5.10 
5.50 
4.27 
4.03 
5.53 
3.99 
4.28 
4.85 
4.51 
4.21 
4.01 
3.80 
3.95 
4.16 
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DATE 

11 16 65 
1 1  17 65 
11 18 65 
11 19 65 
11 20 65 
11 21 65 
11 22 65 
1 1  2-3 45 
11 24 65 
11 25 65 
11 26 65 
11 27 65 
12 2 65 
12 4 65 
12 6 65 
12 9 65 
12 10 65 
12 11 65 
12 12 65 
12 14 65 
12 15 65 
12 16 65 
12 17 65 
12 18 65 
12 20 65 
12 21 65 
12 24 65 
12 25 65 
12 26 65 
12 27 65 
12 29 65 
12 30 65 
1 1 66 
1 2 66 
1 3 66 
1 5 66 
1 6 66 
1 7 66 
1 9 66 
1 12 66 
1 13 66 
1 14 66 
1 15 66 
1 16 66 
1 17 66 
1 19 66 
1 20 66 
1 22 66 

SLOPE 

-0.01 
-1.04 
-0.18 
0.35 
0.00 
0.68 

-0.06 
-0.21 
-0.71 
0.14 
0.92 
0.09 

-0.51 
1-04 
0.87 
1.36 

-2.00 
0.18 

-0.21 
-0.32 
0.65 
-0.14 
0.36 
0.05 
0.00 
0.02 
0.18 

-0.18 
-0.01 
0.25 
0.76 

-0.27 
0.34 
1.25 
1.00 
0.30 
-0.79 
-0.02 
0.49 
0.50 
0.34 
0.01 
0.93 

-0.37 
0.81 
-2.01 
-0.31 
0.58 

Q90 

1.54 
1.67 
1.68 
1 m65 
1-50 
1.45 
1.72 
1.45 
1.55 
1.17 
1.15 
1.57 
1.74 

1.17 
0.97 

1-25 

1.60 
1.36 
1.38 
1.20 
1.27 
1.25 
1.39 
1.59 
1.35 
1.56 
1.73 
1.51 
1.69 
1.48 
1.74 
1.36 
1.45 
1.26 
1.36 
1.40 
1.77 
1.51 
1- 51 
1.11 
1.39 
1.82 
1 e43 
1;72 
1 :42 

2.16 
1 e92 

2.14 

QO 

4.08 
4.43 
4.45 
4.38 
41.20 
3.83 
4.55 
3.83 
4.12 
3.11 
3.05 
4.16 
4.60 
3.30 
3.10 
2.58 
4.23 
3.60 
3.67 
3.17 
3.37 
3.31 
3.69 
4.22 
3.57 
4.13 
4.59 
4.00 
4.47 
3.91 
4.60 
3.61 
3.85 
3.35 
3.60 
3.72 
4.69 
3.99 
3r 99 
2.93 
3.69 
4-81 
3.78 
4.55 
3.75 
5.09 
5.72 
5-66 
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DATE 

1 2 4  66 
1 26 6 6  
1 27 66 
1 28 66 
1 29 6 6  
1 30 6 6  
1 31 6 6  
2 1 6 6  
2 2 66 
2 3 66 
2 4 66 
2 6 66 
2 7 66 
2 8 6 6  
2 9 66 
2 10  6 6  
2 11  6 6  
2 12 6 6  
2 14 66 
2 16  6 6  
2 1 8  6 6  
2 20 6 6  
2 21  6 6  
2 22 66 
2 23 6 6  
2 25 66 
2 26 66 
2 27 6 6  
2 28  66 
3 1 6 6  
3 3 6 6  
3 4 6 6  
3 5 6 6  
3 6 6 6  
3 7 6 6  
3 8 6 6  
3 9 66 
3 10 6 6  
3 11 6 6  
3 12 6 6  
3 13  6 6  
3 15 6 6  
3 16 6 6  
3 17 6 6  
3 1 8  6 6  
3 26 66 
3 27 66 
4 1 6 6  

SLOPE 

-0.23 
0.70 

-0.17 
-0.33 
-0.02 
-0.40 

0.18 
0.58 

-0.19 
0.03 
0.36 
0.98 
0.44 
0.14 

-0.63 
-0 * 32 

0.13 
-0.23 
-0.36 
-0.86 

Oe.58 
0.04 

-0- 15 
0.22 

-0.36 
-0.55 

0.49 
0.03 

0.44 

-0.90 
0.62 

-0 37 
0.66 
0.24 

-0 29 
-0.54 

O * O l  
0.12 

-0.25 
0.23 
0.20 

-0 46 
0048 

-0.13 
0.43 
0. 16 
0.09 

-0.42 

Q90 

1.63 
1.15 
1.47 
1.53 
1.52 
1.73 
1.42 
1.45 
1.57 
1.56 
1.26 
1.34 
1 0 2 6  
1.51 
1.36 
1.79 
1-46 
1.49 
1.80 
1.86 
1.50 
1.76 
1.39 
1.70 
1 - 8 2  
1 e66 
1.32 
1.27 
1 e40 
1.76 
1.20 
1.31 
1 - 3 8  
1.37 
1.46 
1.40 
1.50 
1.75 
1.49 
1.73 
1.72 
1.85 
1.69 
1 - 7 2  
2.05 
1.89 
1.27 
7.25 

QO 

4.32 
3 - 0 4  
3.90 
4.06 
4 - 0 3  
4.59 
3.75 
3.85 
4.16 
4-13  
3.33 
3.56 
3.33 
4.00 
3.60 
4.74 
3.87 
3.96 
4.78 
4.94 
3.97 
4.67 
3.68 
4.50 
4.81 
4.40 
3.50 
3.37 
3.70 
4.67 
3- 19 
3.48 
3.67 
3.62 
30 88 
3.70 
3.98 
4.63 
3.95 
4.59 
4 0 5 5  
4-91 
4.47 
4.57 
5.44 
5 - 0 1  
3.36 
5.95 
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OAT E 

4 3 66 
4 5 66 
4 6 66 
4 7 6 6  
4 8 66 
4 9 6 6  
4 10 66 
4 11 6 6  
4 1 2  6 6  
4 14 6 6  
4 1 5  6 6  
4 16 6 6  
4 17 6 6  
4 1 8  6 6  
4 1 9  66 
4 20 6 6  
4 21 6 5  
4 23 66 
4 2 4  6 6  
4 2 5  6 6  
4 26 66 
4 30 66 
5 1 6 6  
5 2 6 6  
5 3 6 6  
5 4 6 6  
5 6 6 6  
5 7 66 
5 8 6 6  
5 9 6 6  
5 1 0  6 6  
5 11 6 6  
5 13  6 6  
5 16 66 
5 17 66 
5 18 6 6  
5 19 6 6  
5 21 66 
5 2% 66 
5 23 6 6  
5 2 4  6 6  
5 25  6 6  
5 28 6 6  
5 2 9  66 
5 30 6 6  
6 1 6 6  
6 3 66 
6 5 66 

SLOPE 

0.16 
0.03 
0.25 

-0.65 
-0.10 
-1 03 
-1 76 
-0.43 
-0. 38 
-1 56 
-0.78 
-0.24 
-0.85 
-0.86 
-0 97 
-0.36 
-0.51 
-0.29 

0.19 
-0083 
-0.13 
-4.29 

0.12 
-1.05 
-1.58 

0.78 
-4.58 

0 - 5 2  
1.34 
0.76 
0.41 
0.92 
2.10 
1.56 

-2.95 
-1.77 

0.38 
(-0.92 
-1 * 0 6  
-3.49 
-1.27 
-3.32 . 
-1.24 
-3.88 
-2 92 
-1.50 
-1.81 
-2.58 

Q90 

1.67 
1.42 
1.84 
1.97 
2.21 
1.92 
20 15 
2.05 
1.97 
2.09 
2 - 0 1  
1.88 
2 .oo 
2.08 
1.83 
1.97 
2.30 
1.80 
1.62 
2.37 
2.12 
2.37 
2.01 
2 - 4 1  
2.13 
1.43 
2.79 
2.11 
2.01 
1.78 
1.89 
2.07 
1 - 2 7  
1-74 
2.10 
2 - 2 1  
1.95 
2.25 
2.43 
1.71 
1.92 
2.03 
2.14 
2.02 
1.72 
1.86 
1.31 
2.01 

QO 

4.43 
3.76 
4.87 
5.22 
5.85 
5.09 
5 - 6 9  
5.43 
5.21 
5.53 
5.32 
4.99 
5.29 
5.51 
4.86 
5.21 
6.09 
4 - 7 8  
4.29 
6.29 
5.62 
6.29 
5.32 
6.39 
5-65 
3.80 
7.40 
5.58 
5.33 
4.72 
5.00 
5.48 
3.36 
4.62 
5.56 
5.85 
5-18  
5.95 
6.44 
4.54 
5.08 
5.38 
5.67 
5.34 
4.57 
4.94 

5.33 
3.48 
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DATE 

6 7 6 6  
6 9 66 
6 11 6 6  
6 12 66 
6 13 6 6  
6 14 6 6  
6 15 6 6  
6 16 6 6  
6 18 fi6 
6 19  6 6  
6 20  66 
6 24 6 6  
6 27 66 
h 28 66 
6 30 66 
7 1 6 6  
7 2 6 6  
7 3 66 
7 4 56 
7 5 6 6  
7 6 66 
7 7 66 
7 11 6 6  
7 13 6 6  
7 16 6 6  
7 17 66 
7 18 6 6  
7 20 66 
7 2 1  66 
7 22 66 
7 23 66 
7 25  66 
7 26 66 
7 27 66 
7 28 66 
7 30 6 6  
8 1 66 
8 3 66 
8 4 66 
8 7 66 
8 8 6 6  
8 10 66 
8 12 6 6  
8 14  66 
8 15 6 6  
8 16 6 6  
8 18 6 6  
8 21 66 

SLOPE 

-2.77 
-1.26 
-2.13 
-1 e 9 2  
-0.75 
-5.33 
-4.12 
-3.24 
-2.67 
-3.68 
-0.68 
-5 83 
-5.57 
-1.76 
-1 82 
-6.50 
-6.64 
-1 * 88 
-2.82 
-1.85 
-2.18 
-3.91 
-0.51 
-1.45 
-2.07 
-5.91 

-10.02 
-2.91 
-2.01 
-1.54 
-9.44 
-1.12 
-1.91 
-5.14 
-1.52 

0.33 
-0.21 
-2 4 3  
-3.43 
-9.03 
-0 8 3  
-3.10 
0.90 

-1.33 
-2.46 

0.25 
-2.08 
-1.99 

990 

1.69 
2.17 
1.65 
2.45 
1.31 
1.62 
1.97 
1.92 
1.41 
1.13 
1.78 
1.52 
2.37 
1.83 
1.82 
2.47 
2.56 
1.48 
1.59 
1.61 
1.76 
1.89 
1.98 
1 -90  
1.46 
2.66 
2.88 
2.05 
2.37 
1-72 
1.72 
2.02 
2.46 
1.90 
1.22 
1.86 
2-13 
2.50 
1.88 
2.71 

2.30 
1.82 
1.73 
1.73 
1.58 
1.46 
1-86 

1.94, 

90 

4.48 
5.75 
4.38 
6.48 
3.47 
4.30 
5.22 
5.09 
3.73 
4.59 
4.71 
4.04 
6.27 
4.85 
4.83 
6.55 
6.78 
3.93 
4.22 
40 27 
4.66 
5 - 0 1  
4.97 
5.03 
3.87 
7.06 
7.64 
5.43 
6 - 2 9  
4.55 1 

4.57 
5 -36  
6.52 
5.03 
3.23 
4.92 
5.65 
6.63 
4.98 
7.19 
5.14 

4.82 
4.59 
4.59 
4.20 
3.88 
4.94 

6. a9 
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DATE SCOPE 

8 22 66 -0.89 
8 25 66 -1.15 
8 26 66 -0.94 
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Q90 

2.19 
1 e98 
2.35 

124 

QO 

5.61 
5.26 
6.24 
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