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GEOMAGNETIC RAPID VARIATIONS AND ASSOCIATED 
IONOSPHERIC PERTURBATIONS AT MID LATITUDES 

ABSTRACT 

Observations using HF radiometers, a s e n s i t i v e 
riometer, and near v e r t i c a l - i n c i d e n c e Doppler sounding 
on three widely spaced fr e q u e n c i e s , were made to deter
mine the k i n d and frequency of occurrence of overhead 
ionospheric p e r t u r b a t i o n s , at sub-auroral l a t i t u d e s 
(L = 3.5), ass o c i a t e d w i t h magnetic v a r i a t i o n s , during 
the sunspot minimum period (1963-1966). I t was found 
that F l a y e r and sporadic E. l a y e r ( e l e c t r o n ) i o n i s a t i o n 
d e n s i t y (and p o s s i b l y c o l l i s i o n frequency and v e l o c i t y ) 
p e r t u r b a t i o n s , but not except during''storms" e n e r g e t i c 
p a r t i c l e p r e c i p i t a t i o n , are associated w i t h a l l types of 
magnetic r a p i d v a r i a t i o n s . The maximum a s s o c i a t i o n i s 
f o r 'Pt' m i c r o p u l s a t i o n s , the minimum f o r daytime mag
n e t i c bays. 

S t a t i s t i c s on the percentage of events of 
various kinds observed and on the percentage of hours 
when r e l a t e d events occurred are presented. 

The nature of the various a s s o c i a t i o n s i s 
discussed i n terms of the. c u r r e n t l y published t h e o r i e s 
of m i c r o p u l s a t i o n s and ionospheric p e r t u r b a t i o n . I t 
i s concluded that a v a i l a b l e t h e o r i e s r e q u i r e f u r t h e r 
e l a b o r a t i o n before the experimental r e s u l t s can be i n t e r 
preted to s p e c i f y unique processes f o r the various kinds 
of events. 

A new k i n d of event appearing to i n v o l v e modu
l a t i o n of e l e c t r o j e t currents by E re g i o n waves of 90 
seconds period was observed. 

Magnetic events without Doppler p e r t u r b a t i o n s 
were observed i n d i c a t i n g that observed a s s o c i a t i o n s 
are not merely d i r e c t magnetic p e r t u r b a t i o n of the mag-
ne t o i o n i c r e f r a c t i v e index but rat h e r r e q u i r e e l e c t r o n 
d i s t r i b u t i o n p e r t u r b a t i o n s . 



GRADUATE STUDIES 

F i e l d of Study: Geophysics 

Waves 
Quantum Mechanics 
Geophysics 
Elec tromagne tism 
Noise i n P h y s i c a l Systems 
Geomagnetism and Aeronomy 
D i g i t a l Computer C i r c u i t r y 

J.C. Savage 
F.W. Dalby 
J.A. Jacobs 

G.M. V o l k o f f 
R.E. Burgess 
T. Watanabe 

E.V. Bohn 

PUBLICATIONS 

Boyd, G.M. The conjugacy of magnetic disturbance 
v a r i a t i o n s . J . Geophys. Res. ^8, 1011-
1013 (1963) 

(cont.) 



Boyd, G.M.., H.J. Duffus and J . Kinnera. Radio fading : 

and the n a t u r a l electromagnetic background. 
Can. J . Phys. 43, 1951-1961 (1965). 

Boyd, G.M, S o l a r e c l i p s e magnetic observations and 
.Pc 1 geomagnetic m i c r o p u l s a t i o n s . E a r t h . P l a n . 
S c i . L e t t e r s 1_, 333-334 (1966). 

Boyd, G.M. and H.J. Duffus. The a s s o c i a t i o n between 
ULF geomagnetic f l u c t u a t i o n s and Doppler 
ionospheric observations. J . Atmos. Te r r . 
Phys, i n press (1967). 



GEOMAGNETIC RAPID VARIATIONS 

AND 

IONOSPHERIC PERTURBATIONS 

by 

GARY McINTYRE BOYD 

B.Sc. C a r l e t o n U n i v e r s i t y , 1 9 5 7 

M.Sc. U n i v e r s i t y o f Saskatchewan, 1 9 5 7 

A THESIS SUBMITTED IN PARTIAL FULFILMENT 
OP THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

i n the Department 

o f 

GEOPHYSICS 

We a c c e p t t h i s t h e s i s as c o n f o r m i n g t o 
t h e r e q u i r e d s t a n d a r d 

THE UNIVERSITY OF BRITISH COLUMBIA 

November, 19^7 



In p r e s e n t i n g t h i s t h e s i s i n p a r t i a l f u l f i l m e n t o f t h e r e q u i r e m e n t s f o r a n 

a d v a n c e d d e g r e e a t t h e U n i v e r s i t y o f B r i t i s h C o l u m b i a , I a g r e e t h a t t h e 

L i b r a r y s h a l l m a k e i t f r e e l y a v a i l a b l e f o r r e f e r e n c e a n d s t u d y . I f u r t h e r 

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

p u r p o s e s may be g r a n t e d by t h e H e a d o f my D e p a r t m e n t o r by h i s r e p r e s e n 

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

f i n a n c i a l g a i n s h a l l n o t be a l l o w e d w i t h o u t my w r i t t e n p e r m i s s i o n . 

D e p a r t m e n t n f 

T h e U n i v e r s i t y o f B r i t i s h C o l u m b i a 

V a n c o u v e r 8, C a n a d a 

D a t e 



GEOMAGNETIC RAPID VARIATIONS 

AND 

MID LATITUDE 

IONOSPHERIC PERTURBATIONS 

i 



ABSTRACT 

The ob j e c t o f t h i s s tudy i s to determine the k inds and 

f requency o f occu r rence o f d i r e c t a s s o c i a t i o n s between 

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

p e r t u r b a t i o n s a t s u b - a u r o r a l zone l a t i t u d e s . 

S imul taneous o b s e r v a t i o n s o f the magnet ic f i e l d and o f 

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

waves were made near Vancouver , B r i t i s h Columbia ( 5 ^ ° N 

geomagnetic l a t i t u d e ) d u r i n g the years o f low s o l a r a c t i v i t y 

1962-1967. 

The r a d i o measurements were made u t i l i s i n g 

i ) HP CW Dopp le r sounders on 2.7 and 4.6 MHz at near v e r t i c a l 

i n c i d e n c e i i ) a r i o m e t e r on 30MHz i i i ) VLP sky wave phase 

m o n i t o r i n g equipment on l8 .6KHz and i v ) a broad band HP 

r ad iomete r on 10 to 16MHz. 

The magnet1© measurements were made u s i n g 

i ) T e l l u r i c p o t e n t i a l l i n e s l i ) 3 component i n d u c t i o n p i c k 

up c o l l s i l l ) A rub id ium vapour magnetometer and 

i v ) S tandard obse r va to r y magnetograms. 

The p r i n c i p a l new o b s e r v a t i o n s found were 

1) D i r e c t a s s o c i a t i o n s o f t imes o f occu r rence and o f d i s -

turbancie 'waveform* between P l a y e r and s p o r a d i c E l a y e r HP 

Dopp le r r e c o r d s on the one hand, and magnet ic r e c o r d s o f 

P c 3 , Pc4 , Pe5 , P i l , P i2 m i c r o p u l s a t i o n s , S I , SSC, and H and 

D component ' t r a n s i t i o n ' magnet ic bays on the o the r 

l i 



i i ) Long t r a i n s o f s i n u s o i d a l o s c i l l a t i o n s o f about 90 

second p e r i o d i n the E r e g i o n . Sometimes these were u n 

accompanied by any magnet ic v a r i a t i o n s but when a magnet ic 

bay a l s o o c c u r r e d , 90 second p e r i o d m i c r o p u l s a t i o n s and 90 

second p e r i o d F l a y e r p u l s a t i o n s were a l s o observed 

i l l ) D i r e c t a s s o c i a t i o n o f normal E l a y e r r e f l e c t e d Dopp le r 

s i g n a l s w i th m i c r o p u l s a t i o n s o f p e r i o d l e s s than 150 second 

( P c 3 , P i l ) i v ) S i m i l a r i t i e s i n the s p e c t r a and t imes o f 

o c cu r r ence o f HP f a d i n g and m i c r o p u l s a t i o n a c t i v i t y v) No 

a s s o c i a t i o n between any form o f magnet ic v a r i a t i o n and the 

f r e q u e n t l y observed 3-30 minute p e r i o d dayt ime waves i n the 

D, E , and F r e g i o n s v i ) S c i n t i l l a t i o n o f cosmic n o i s e on 

v r i ome te r r e c o r d s and P11+P12 t ype m i c r o p u l s a t i o n events 

u s u a l l y occu r s i m u l t a n e o u s l y at n i g h t v i i ) up examples were 

found o f p u l s a t i n g r i o m e t e r a b s o r p t i o n ( i . e . e n e r g e t i c p a r t i c l e 

p r e c i p i t a t i o n ) d i r e c t l y a s s o c i a t e d w i th m i c r o p u l s a t i o n s . 

I t i s conc luded tha t i ) Most mot ions i n the F r e g i o n w i th 

c h a r a c t e r i s t i c t imes s h o r t e r than th ree mir.uttes a re d r i f t s 

r e s u l t i n g from e l e c t r i c f i e l d s as are some mot ions w i t h 

l o n g e r p e r i o d s i i ) Most l ong p e r i o d mot ions anywhere i n the 

i onosphere (and even sho r t p e r i o d mot ions i n the D and E 

reg ions ) are not p r i m a r i l y caused by e l e c t r i c f i e l d s . The 

most common dayt ime o s c i l l a t i o n s which extend throughout the 

i onosphe re appear to co r respond to the Brunt/V&isa ' la ' resonance 

i i i 



i i i ) Some mot ions o f the E l a y e r appear to be son i c waves. 

These waves appear to modulate bay e l e c t r o j e t s g i v i n g r i s e to 

the e l a s s o f P12 m i c r o p u l s a t i o n s and p u l s a t i n g d r i f t s i n the 

P r e g i o n i v ) The absence o f obse rvab le l ong p e r i o d m a g n e t i 

c a l l y a s s o c i a t e d mot ions i n the E l a y e r i s p robab l y due to the 

e f f e c t s o f r e c o m b i n a t i o n , and p o s s i b l y wind a c t i o n v) V e r t i c a l 

i n c i d e n c e Dopp le r sounding u s i n g s e v e r a l f r e q u e n c i e s and 

o b s e r v i n g s i t e s i s p robab l y the most s a t i s f a c t o r y way o f 

s t u d y i n g mot ions o f the e l e c t r o n gas i n the i o n o s p h e r e . 

T h i s a b s t r a c t i s approved 

i v 
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CHAPTER I 

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

The purpose o f t h i s s t u d y i s t o i n v e s t i g a t e t h e a s s o c 

i a t i o n between geomagnetic r a p i d v a r i a t i o n s , and i o n o s p h e r i c 

p e r t u r b a t i o n s a t s u b - a u r o r a l l a t i t u d e s . 

Geomagnetic v a r i a t i o n s , and m i c r o p u l s a t i o n s i n i t i a l l y 

a r i s e t h r o u g h the i n t e r a c t i o n o f t h e s o l a r wind- and t h e E a r t h ' s 

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

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

a m p l i t u d e , phase and s p a t i a l d i s t r i b u t i o n . The c o n d u c t i v i t y 

o f t h e E a r t h ' s s u r f a c e a l s o a f f e c t s t h e c h a r a c t e r o f t h e 

o b s e r v e d s i g n a l s . 

I i i ' - o r d e r t o use t h e m agnetic s i g n a l s t o o b t a i n i n f o r m a t i o n 

r e g a r d i n g the s o l a r w ind and m a g n e t o s p h e r i c p r o c e s s e s i t i s 

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

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

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

and may be d e t e r m i n e d f r o m a l o n g s e r i e s o f r e c o r d s . The 

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

t h e m agnetic d i s t u r b a n c e . I t s d e t e r m i n a t i o n t h e r e f o r e becomes 

a ma^or problem. I t c o u l d be o b t a i n e d by s i m u l t a n e o u s measure-

ments u s i n g s a t e l l i t e s and ground based d e t e c t o r ' s . T h i s approach 

however would n o t shed much l i g h t on the i o n o s p h e r i c p r o c e s s e s 

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

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

s t r e a m s , t h e winds and waves o f t h e n e u t r a l gas component, and 



t h e e l e c t r i c and magnetic f i e l d s i n , above and below t h e i o n o s 

phere a r e a l l i n t i m a t e l y r e l a t e d i n ways wh i c h have n o t y e t 

p r o p e r l y been d e l i n e a t e d . By u t i l i s i n g ground based i o n o s p h e r i c 

sounding t e c h n i q u e s t o g e t h e r w i t h ground based magnetic 

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

s a t i s f a c t o r y d e s c r i p t i o n o f t h e s e p r o c e s s e s may be d e v e l o p e d . 

T h i s t h e s i s i s an at t e m p t t o make a c o n t r i b u t i o n t o ward such a 

d e s c r i p t i o n . 
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1.1 The A s s o c i a t i o n o f Geomagnetic F i e l d F l u c t u a t i o n s w i t h  

I o n o s p h e r i c P e r t u r b a t i o n s a t M i d - l a t i t u d e s 

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

and i t s a s s o c i a t i o n w i t h t h e geomagnetic f i e l d has been under 

s t u d y f o r many y e a r s and i s now w e l l known. [ H i n e s e t a l i a 

(1965a)] . Recent work u s i n g s a t e l l i t e s [Helms and Lockwood ( 1 9 6 7 ) ] , 

and work based on t h e IGY o b s e r v a t i o n s has l e d t o an under

s t a n d i n g o f the morphology o f the major e q u a t o r i a l , a u r o r a l 

zone, and p o l a r anomalies$ a l t h o u g h the p h y s i c a l p r o c e s s e s 

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

u n c e r t a i n [ H i l l ( 1 9 6 3 ) ] . There r e m a i n however many problems 

a s s o c i a t e d w i t h t h e f o r m a t i o n and m o t i o n o f medium and s m a l l 
i 

s c a l e i o n i z a t i o n i r r e g u l a r i t i e s . I n p a r t i c u l a r t h e r e l a t i v e 

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

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

p e r t u r b a t i o n s i s n o t known [ H i n e s (196 l +)] . 

One o f t h e major problems i n t h e st u d y o f t h e a s s o c i a t i o n 

between i o n o s p h e r i c p e r t u r b a t i o n s and geomagnetic f l u c t u a t i o n s 

i s t he i s o l a t i o n o f i n d i v i d u a l e v e n t s . I n the a u r o r a l zone, 

and p a r t i c u l a r l y a t sunspot maximum so many d i s t u r b a n c e p r o c e s s e s 

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

d e c i d e xvhether t h e c o r r e l a t i o n , between c e r t a i n o b s e r v a t i o n s i s 

s i g n i f i c a n t o r n o t , s i n c e the s i g n a l t o n o i s e r a t i o i s poor 

because o f o v e r l a p p i n g e v e n t s o f d i f f e r i n g t y p e s . The .present 

s t u d y was conducted a t a s u b - a u r o r a l l a t i t u d e , and n e a r sunspot 

minimum, t h u s making p o s s i b l e a c l e a r d i s c r i m i n a t i o n between 

e v e n t s . 
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The c h a r a c t e r o f upper a t m o s p h e r i c p r o c e s s e s i s such 

t h a t d i r e c t e x p e r i m e n t a t i o n under c o n t r o l l e d c o n d i t i o n s i s 

r a r e l y p o s s i b l e . The r e g i o n i s n o t a c l o s e d system, and i t i s 

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

( S a t e l l i t e s b u r n up q u i c k l y a t 100 km. a l t i t u d e w h i l e b a l l o o n s 

c a nnot r e a c h such h e i g h t s ; o n l y r o c k e t s and f r e e f a l l i n g 

packages a r e a v a i l a b l e t o o b t a i n d i r e c t measurements.) 

I n o r d e r t o i d e n t i f y t he p h y s i c a l p r o c e s s e s o f t h e l o w e r 

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

v e h i c l e - s a m p l e d measurements w i t h i n d i r e c t l y o b t a i n e d r e s u l t s 

c o n c e r n i n g t e m p o r a l and s p a t i a l v a r i a t i o n s . These i n d i r e c t 

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

between ensembles o f ground based o b s e r v a t i o n s . I t i s f i r s t 

n e c e s s a r y t o d e c i d e what k i n d s o f o b s e r v a t i o n s a r e s u i t a b l e on 

th e b a s i s o f the known c h a r a c t e r i s t i c s o f t h e r e g i o n and t e c h n i c a l 

r e s o u r c e l i m i t a t i o n s . The second s t e p i n such an i n v e s t i g a t i o n 

i s t o r u n a number o f o b s e r v a t i o n s and t o dete r m i n e t h o s e w h i c h 

e x h i b i t any s i g n i f i c a n t a s s o c i a t i o n . The t h i r d s t e p i s t o r e f i n e 

w h atever t e c h n i q u e s appear h o p e f u l , i n t h e l i g h t o f a l l a v a i l a b l e 

knowledge. A t t h i s p o i n t s e v e r a l c o n f l i c t i n g t h e o r e t i c a l models 

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

d i s c r i m i n a t e between them, p r o g r e s s b e i n g made by t h e u s u a l 

method o f s u c c e s s i v e r e f i n e m e n t s o f t h e o r y and t e c h n i q u e . T h i s 

i s t he p r o c e d u r e w h i c h has been f o l l o w e d i n t h i s s t u d y . T h i s 

t h e s i s c o n c e r n s e x p e r i m e n t a l i n v e s t i g a t i o n s o f i n t e r a c t i o n s between 

c e r t a i n t y p e s o f i o n o s p h e r i c m o tions and magnetic " s i g n a l s ' . 

I n o r d e r t o make c l e a r what i s i n v o l v e d , a s h o r t summary w i l l . ' 

be g i v e n o f : 



a) m i d - l a t i t u d e magnetic p u l s a t i o n o b s e r v a t i o n s , 

b) m i d - l a t i t u d e i o n o s p h e r i c o b s e r v a t i o n s 

c) p r e v i o u s o b s e r v a t i o n s and s t u d i e s o f a s s o c i a t i o n s 

between magnetic and i o n o s p h e r i c e f f e c t s , and 

d) t h e o r i e s o f a s s o c i a t i o n . 

1.2 Geomagnetic F i e l d F l u c t u a t i o n s a t M i d - l a t i t u d e s 

By m i d - l a t i t u d e s , we mean geomagnetic l a t i t u d e s 

between a p p r o x i m a t e l y 1+0° and 60°, i . e . between t h e l a t i t u d e s 

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

l a t i t u d e s . (Vancouver i s l o c a t e d a t 55° N. geomagnetic l a t . ) 
) 

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

f r o m a few t e n t h s o f a second t o many h o u r s , a h o r i z o n t a l 

s p a t i a l coherence s c a l e v a r y i n g from a few hundred meters t o a 

few thousand k i l o m e t e r s , and an a m p l i t u d e s c a l e v a r y i n g f r o m a 

few m i l l i g a m i i i a s t o a few t e n s o f gammas a r e o b s e r v e d . (The 

t o t a l ambient f i e l d i s about 50,000 gammas.) The more r a p i d 

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

s c a l e l e n g t h s f o r coherence. These f l u c t u a t i o n s e x h i b i t 

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

p a r t i c u l a r a s s o c i a t i o n s w i t h sunspot c y c l e , and a u r o r a l 

a c t i v i t y . 

A t p r e s e n t , the s t a n d a r d c l a s s i f i c a t i o n i s t h a t g i v e n i n 

a r e s o l u t i o n o f IAGA a t B e r k e l e y i n 1963 [ J a c o b s e t a l i a (196k)]. 

T h i s c l a s s i f i c a t i o n d i v i d e s e v e n t s i n t o two c l a s s e s — i m p u l s i v e 

— " P i " , and c o n t i n u o u s wave t r a i n — " P c " . These a r e f u r t h e r sub

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

component : 
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IAGA M l c r o p u l s a t i o n C l a s s i f i c a t i o n Scheme 

P e l 0.2-5 s e c . I m p u l s i v e E v e n t s 
Pc2 5-10 s e c . P i l l-*+0 s ec. 
Pc3 10-U,5 s e c . P i 2 kO-150 s e c . 
PcH- ^5-150 s e c . 
Pc5 150-600 s ec. 

A s u r v e y o f m i c r o p u l s a t i o n i n v e s t i g a t i o n s i n t h e 0.1-10 cps 

range i s g i v e n by J a c o b s (1962). A r e v i e \ ^ paper by S a i t o (1967) 

d e a l i n g w i t h a l l t y p e s o f m i c r o p u l s a t i o n s has r e c e n t l y been 

p u b l i s h e d by ESSA/ITSA. M a g n e t i c storms and o t h e r l o n g e r 

p e r i o d v a r i a t i o n s a r e d i s c u s s e d by Chapman (1963). 

The magnetic f l u c t u a t i o n s w h i c h a r e o f i n t e r e s t i n 

connexi&n w i t h t h i s s t u d y a r e those w h i c h a r e o b s e r v e d d u r i n g 

sunspot minimum a t m i d - l a t i t u d e s , and x^hich a r e thou g h t t o i n v o l v e 

i o n o s p h e r i c p r o c e s s e s . They have t h e f o l l o w i n g c h a r a c t e r i s t i c s : 

p u l s a t i o n s o f c l a s s e s Pc-2 and Pc-3, a r e o b s e r v e d f o r a l a r g e 

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

sunspot minimum p e r i o d s and i n t h e da y t i m e . A l t h o u g h t h e y 

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

r e s o n a n c e s [Uatanabe (1959)] i t i s th o u g h t t h a t a t s u b - a u r o r a l 

l a t i t u d e s i o n o s p h e r i c c u r r e n t s may be i n v o l v e d , [ C a m p b e l l and 

M a t s u s h i t a (1962)] o r HM waves, [K a t o and Tamao ( 1 9 6 2 ) ] . 

Fc-h p u l s a t i o n s a r e f r e q u e n t l y o b s e r v e d a t n i g h t i n . 

m i d - l a t i t u d e s and e x h i b i t some a s s o c i a t i o n w i t h m agnetic 

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

be b a s i c a l l y s i m i l a r t o Pc-5 [ S a i t o ( 1 9 6 6 ) ] . 

The l o n g p e r i o d r e g u l a r p u l s a t i o n s , P c - 5 , a r e o c c a s i o n a l l y 

o b s e r v e d a t m i d - l a t i t u d e s [ 0 h l , ( 1 9 6 2 ) ] . I t i s s t i l l an open 

q u e s t i o n whether any i o n o s p h e r i c i n t e r a c t i o n i s i n v o l v e d . How

e v e r , t h e s e s i g n a l s e x h i b i t such e x c e l l e n t c o r r e l a t i o n a t 



conjugate stations [Nagatd. et a l i a (1963)3 despite the existence 

of d i f f e r i n g ionospheric conditions that one may i n f e r ionospheric 

i n t e r a c t i o n i s s l i g h t or n e g l i g i b l e . 

Short period pulsations Pc-1 are l e s s frequently observed 

at sunspot minimum. They are subject to attenuation i n traversing 

the ionosphere and although t h i s may r e s u l t i n heating [Francis and 

Karplus (1962)] the heating e f f e c t s are not l i k e l y to be 

detectable [Akasofu (I960) F a t k u l i n (1963)]. 

The i r r e g u l a r micropulsations Pi-1. and Pi-2 (together 

= P t ) . consist, of damped t r a i n s of pulsations l a s t i n g for a few 

minutes to tens of minutes. They have a broad spectrum but the 

larg e s t components are i n the 60-500 second period range. The 

amplitudes of Pi-2 i n mid-latitude are about 1Y peak to peak 

[Jacobs et a l i a (1965)]. They occur mainly i n the evening and 

night (lh - 06 LMT) and t h e i r onset frequently precedes a 

geomagnetic bay. [.Maple (1959)]. In the auroral zone Pi-2 are 

generally accompanied by Pi-1 pulsations, but at lower l a t i t u d e s 

the Pi-1. are frequencly missing—probably due to attenuation on 

propagation paths from the auroral zone [Chapman and Akasofu 

(1964)]. In the auroral zones Pt's are sometimes d i r e c t l y 

associated with pulsating aurora [Campbell (1961)]. Pi-2 

seem to occur simultaneously over the whole earth and ce r t a i n l y 

at conjugate stations [Campbell and Matsushita (1962)]. 

I t has been suggested by Jacobs and Westphal (1962) 

and others [ v i d . also Radoski (1967)] that the pulsation periods 

of Pi-1, Pi-2 (and possibly some Pc) micropulsations are 

related to the eigen periods of geomagnetic f i e l d l i n e s at 
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p a r t i c u l a r L v a l u e s o r l a t i t u d e s . Such an h y p o t h e s i s would 

a c c o u n t f o r the l a t i t u d e and d i u r n a l dependence o f t h e dominent 

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

I f t h i s i s t h e case t h e n , f o r the l o n g - p e r i o d p u l s a t i o n s 

w h i c h o r i g i n a t e on h i g h e r l a t i t u d e f i e l d l i n e s t o r e a c h mid-

l a t i t u d e s t h e y must prop a g a t e a c r o s s the f i e l d l i n e s e i t h e r i n 

t h e magnetosphere, o r h o r i z o n t a l l y i n t h e i o n o s p h e r e . There i s 

some e v i d e n c e t h a t 5-10 minute p e r i o d p u l s a t i o n s do n o t 

propag a t e a c r o s s t h e f i e l d l i n e s i n t h e magnetosphere [ P a t e l 

( 1 9 6 6 ) ] . H o r i z o n t a l p r o p a g a t i o n t h r o u g h the i o n o s p h e r e i s 

f a v o u r e d by R o s t o k e r (1965) (1967). Measurements u s i n g spaced 

magnetometers y i e l d a p p a r e n t h o r i z o n t a l p r o p a g a t i o n speeds I n 

the o r d e r o f a few t e n s o f k i l o m e t e r s per second, [ H e r r o n (1966) 

L a u r i e ( 1 9 6 3 ) ] . 

M a g n e t i c bays and sudden commencements a r e a l s o o f i n t e r e 

i n c o n n e x i o n w i t h i o n o s p h e r i c p e r t u r b a t i o n s , as i o n o s p h e r i c 

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

p r o d u c t i o n a t m i d - l a t i t u d e s [Chapman ( 1 9 6 3 ) ] . 

S t r e s s has been p l a c e d on m i d - l a t i t u d e c h a r a c t e r i s t i c s 

because a d i s t i n c t l y d i f f e r e n t mechanism i s o p e r a t i v e i n the 

a u r o r a l zones. I o n o s p h e r i c p e r t u r b a t i o n s i n the a u r o r a l zones 

a r e p r i n c i p a l l y caused by p a r t i c l e p r e c i p i t a t i o n from the 

magnetosphere. T h i s p r e c i p i t a t i o n may i t s e l f be caused by 

magnetohydrodynamic waves [ C o l e ( 196 1 *) ] , g i v i n g r i s e t o a 

c o r r e l a t i o n between magnetic p u l s a t i o n s o b s e r v e d on the ground 

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

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



Magnetic micropulsations may be observed by using 

induction c o i l s , earth-current electrodes, or sensitive 

magnetometers. A survey of techniques i s given by Duffus (1966). 

Long period varia t i o n s may be observed by regular suspended 

magnet variometers and other methods [VJhitham (I960)]. 

Note : For c l a s s i f i c a t i o n purposes, the periods of the 

dominant spectral components i n micropulsation events may be 

determined with s u f f i c i e n t accuracy by d i r e c t examination of 

wave-form records, without recourse to spectral analysis. 

[Fooks and Morgan (1967)]. 

1.3 Relevant Mid-latitude Ionospheric C h a r a c t e r i s t i c s 

An excellent survey of ionospheric c h a r a c t e r i s t i c s i s 

given by R a t c l i f f e and Weekes (I960). A comprehensive review 

of F region theory i s that of Rishbeth (1967). A survey of 

wave and d r i f t motions i s given by Hines (1963)• 

The ionosphere extends upwards from about 50 to 1000 km. 

The region between 50 and 85 km. i s known as the D region; 

that between 90 and 130 km. the E laye r j that between 130 

and 200 km. the layer; and that from 150 km. upwards the 

F2 l a y e r . The figures are not exact as the heights of the layers 

vary with time and place. Ionisation i n the D, E, and F^ 

layers i s produced by solar UV ra d i a t i o n , and disappears at 

sunset due to rapid recombination rates. F2 layer i o n i s a t i o n 

i s produced p a r t l y by photoiohisation and partly by p r e c i p i t a t i o n 

from the Magnetosphere; recombination and d i f f u s i o n rates are 
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s l o w and as a consequence the l a y e r i s p r e s e n t a l l n i g h t . The 

h e i g h t o f t h e maximum ( i . e . the p r i n c i p a l maximum i n t h e F 2 

l a y e r ) e l e c t r o n d e n s i t y i s about 250 lan. i n the a f t e r n o o n 

r i s i n g t o about 350 km. a t m i d n i g h t . The t o t a l e l e c t r o n c o n t e n t 

i n summer i s about t w i c e t h a t i n w i n t e r , b u t t h e peak 

e l e c t r o n d e n s i t y i s g r e a t e s t i n w i n t e r when most o f the i o n i s a t i o n 

i s c o n c e n t r a t e d i n a compressed l a y e r . 

The c o n d u c t i v i t y o f t h e i o n o s p h e r e [ C b y a s h i (1963)] i s 

a t e n s o r q u a n t i t y depending on the i o n and e l e c t r o n d e n s i t i e s and 

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

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

v a r i o u s i o n d e n s i t y models have been made by Maeda (1953) a n d 

by F a t k u l i n (1961+). A t Vancouver, t h e d i p a n g l e o f the E a r t h ' s 

m a g n e t i c f i e l d i s about 70° and i t i s t h e r e f o r e r e a s o n a b l e t o 

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

c o n d u c t i v i t y , and t r a n s v e r s e ( P e d e r s e n o r H a l l ) c o n d u c t i v i t y as 

synonymous w i t h h o r i z o n t a l c o n d u c t i v i t y . A l s o , a t about 120 km. 

a l t i t u d e t h e E-W and H-S h o r i z o n t a l c o n d u c t i v i t i e s a r e about t h e 

same a t t h e s e l a t i t u d e s . ( A t 120 km. a l t i t u d e . ) 

A t a l l h e i g h t s i n t h e E and F r e g i o n s p a r a l l e l 

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

The h o r i z o n t a l c o n d u c t i v i t y i s a maximum i n the r e g i o n between 

100 and 130 km. where i t i s about e q u a l t o one t e n t h t h e v e r t i c a l 

c o n d u c t i v i t y ; b o t h a r e a p p r o x i m a t e l y e q u a l t o the c o n d u c t i v i t y 

o f sea-water. Below ICC km., t h e c o n d u c t i v i t y f a l l s o f f v e r y 

r a p i d l y . I n the daytime i t i s n e g l i g i b l e a t 70 km, w h i l e a t 

n i g h t , i t i s n o t i m p o r t a n t below 90 km. [ F a t k u l . i n ( 1 9 6*0]. 
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I n g e n e r a l one may p i c t u r e a c o n d u c t i n g sphere s e p a r a t e d from 

an a n i s o t r o p i c a l l y c o n d u c t i v e medium by a v e r y t h i n d i e l e c t r i c 

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

and may r e s u l t i n time c o n s t a n t s as l o n g as one day f o r some 

c u r r e n t p a t h s [Wescott and Mather (196*+)]. A l t h o u g h such a model 

may be o f some use f o r t h e s t u d y o f l o n g p e r i o d w o r l d - w i d e 

m a g n e t i c changes, i t i s i n a d a q u a t e where r a p i d (1000 s e c . 

p e r i o d o r l e s s ) and l o c a l i s e d f l u c t u a t i o n s a r e concerned. 

I n s t e a d , we must c o n s i d e r the c o n d u c t i v i t y o f a p a r t i a l l y i o n i s e d 

gas i n a g r a v i t a t i o n a l f i e l d , w h ich depends on t h e c u r r e n t s 

f l o w i n g , and on the motions o f the n e u t r a l g a s , as w e l l as the 

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

I n the D r e g i o n below about 75 km., t h e c o l l i s i o n 

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

f r e q u e n c i e s . Thus the magnetic f i e l d has l i t t l e e f f e c t on 

m o t i o n e i t h e r e l e c t r o n s o r i o n s , and n e u t r a l winds move b o t h 

[ P o e v e r l e i n ( 1 9 6 7 ) ] . 

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

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

by the magnetic f i e l d . On the o t h e r hand, below l*+0 km. the 

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

f r e q u e n c y and t h e i o n s a r e n o t so c o n s t r a i n e d , b u t r a t h e r a re 

c o u p l e d t o the n e u t r a l gas. F o r example, p o s i t i v e i o n s s u f f e r 

about 100 c o l l i s i o n s per second w i t h n e u t r a l m o l e c u l e s [ N i c o l e t 

(196 . 2 ) ] . N e u t r a l gas winds and a t m o s p h e r i c wave motions w i l l 

t h e r e f o r e s e t up c u r r e n t s by moving the i o n s r e l a t i v e t o the 

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

r e g i on, x/hich w i l l r e s u l t i n secondary p e r t u r b a t i o n s o f t h e 
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electron density, and also i n d i s s i p a t i v e (tT.oule) heating which 

i n turn a l t e r s c o l l i s i o n frequencies. Both these e f f e c t s i n 

turn a l t e r the conductivity. 

Above 300 km. i n the F region, both ions and electrons 

tend to be 'frozen' into the magnetic f i e l d . The time constant 

f o r reaching v e l o c i t y equilibrium with the neutral gas varies 

from about 400 sec. at 250 km. to about ten hours at 550 km. 

[ R a t c l i f f e (1959)]. Consequently, i n the F region, rapid 

changes i n the charge d i s t r i b u t i o n are l e s s r e a d i l y produced by 

winds than by e l e c t r i c f i e l d s . However steady F region i o n i s a t i o n 

d r i f t s with speeds of about 20 m/sec. associated with neutral 

winds are observed [Rosenberg and Edwards (1964)]. 

Although v e r t i c a l currents may flow everywhere, the 

E region and lower F region, where the l a r g e s t horizontal 

currents must flow, contain complex wind systems. These xri.nds 

have a large horizontal scale of hundreds or even thousands of 

km. although t h e i r v e r t i c a l scale i s quite small. Wind shears 

involving a complete reversal of d i r e c t i o n with a change i n 

height of only 10 km. are occasionally observed.in the E layer. 

In the F layer the v e r t i c a l scale of wind shear i s about hO km. 

[Rosenberg and Edwards (1964)]. Rocket-borne observations of 

e l e c t r i c [Mozer and Bruston (1967)], and magnetic [Burrows and 

H a l l (1965)] f i e l d s i n the E region indicate that appreciable 

changes may occur i n passing through a height range of 20 km. 

I t i s possible that a number of current-lamina stacked on top 

of one another sometimes occur i n t h i s region, p a r t i c u l a r l y i n 

the daytime, and i n the auroral zones [ C a h i l l ( 1 9 5 9 ) ] . 
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The d r i v i n g energy to m a i n t a i n i o n o s p h e r i c c u r r e n t s may 

come f rom the lower atmosphere through wave and wind mot ion 

[Hansen et a l i a (1964) ]<, [Lauter (1967)] as w e l l as f rom the 

magnetosphere through hydromagnet ic waves and p a r t i c l e p r e c i p i t 

a t i o n . 

These v a r y i n g e l e c t r i c f i e l d s and c u r r e n t s i n the i onosphe re 

are the phenomena most l i k e l y to he a s s o c i a t e d w i th magnet ic 

f l u c t u a t i o n s obse rved a t ground l e v e l . B u t , they a re no t d i r e c t l y 

o b s e r v e a b l e , f o r example, r o c k e t exper iments are t r a n s i e n t , 

making i t d i f f i c u l t to d i s t i n g u i s h between tempora l and s p a t i a l 

v a r i a t i o n s . On the o the r hand , e l e c t r o n d e n s i t y i r r e g u l a r i t i e s 

and t h e i r mot ions are r e a d i l y o b s e r v e a b l e . I n s o f a r as these 

i r r e g u l a r i t i e s and mot ions a re r e l a t e d to e l e c t r i c f i e l d s and 

c u r r e n t s the l a t t e r can be de te rmined . I r r e g u l a r i t i e s are observed 

by r e c o r d i n g the c h a r a c t e r i s t i c s of- r a d i o waves pas s i ng th rough 

the i o n o s p h e r e . S i g n a l s o r i g i n a t i n g from r a d i o s t a r s , s a t e l l i t e s , 

o r ground-based t r a n s m i t t e r s may be u s e d . See f o r example, 

I onosphe r i c Radio P r o p a g a t i o n [Dav ies (1965 a ) ] . 

A t m i d - l a t i t u d e s , i r r e g u l a r i t i e s o f a few pe r cen t o f 

the ambient e l e c t r o n d e n s i t y and w i th a s c a l e s i z e r ang ing from 

a few meters to many k i l o m e t e r s are g e n e r a l l y p r e s e n t . Above the 

peak o f the l a y e r , A l l o u e t t e and o the r s a t e l l i t e exper iments 

have shown [Wi l lmore (1966)] t ha t we l l -deve loped i r r e g u l a r i t i e s 

a r e o f common o c c u r r e n c e . F r e g i o n i r r e g u l a r i t i e s tend to 

o c cu r i n l a r g e c o l l o c a t i o n s , hav ing a h o r i z o n t a l s c a l e s i z e 

between 200 and 2,000 k m . , c o n t a i n i n g i r r e g u l a r i t i e s whose 
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h o r i z o n t a l s c a l e s i z e v a r i e s from a few hundreds o f meters t o a 

few t e n s o f k i l o m e t e r s . These c o l l o c a t i o n s o f i r r e g u l a r i t i e s 

o c c u r d u r i n g m a g n e t i c a l l y q u i e t p e r i o d s as w e l l as d u r i n g d i s t u r b e d 

p e r i o d s . There a r e a l s o t r a n s i e n t i r r e g u l a r i t i e s and t r a v e l l i n g 

i o n o s p h e r i c d i s t u r b a n c e s (TID) [ H e i s s l e r ( 1 9 6 7 ) ] . Many o f the 

for m e r a r e a s s o c i a t e d w i t h magnetic storms and a u r o r a l , b u t 

TID's and o r d i n a r y m i d - l a t i t u d e s p o r a d i c E t e n d t o be a s s o c 

i a t e d w i t h q u i e t c o n d i t i o n s . 

I t has been shown by Mat u r r a (1959) and G r i g o r ' Y e v 

(1964) t h a t i r r e g u l a r i t i e s below a c e r t a i n h o r i z o n t a l s c a l e 

s i z e s h o u l d move w i t h t h e g e n e r a l i o n i c f l u x , and r e t a i n t h e i r 

shape over d i s t a n c e s o f a few h o r i z o n t a l s c a l e l e n g t h s . I n t h e 

E r e g i o n , i r r e g u l a r i t i e s s m a l l e r t h a n about ICO km. w i l l move 

w i t h the wind. I n t h e F r e g i o n , i r r e g u l a r i t i e s s m a l l e r 

t h a n a thousand km. w i l l move w i t h t h e i o n f l u x , and t h u s be 

gov e r n e d by e l e c t r i c f i e l d s r a t h e r t h a n b y ( n e u t r a l gas) winds. 

C o n s e q u e n t l y , t h e m o t i o n o f medium and s m a l l s c a l e i r r e g u l a r 

i t i e s i n t h e i o n o s p h e r e can p r o v i d e i n f o r m a t i o n about 

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

E and F r e g i o n s [ K a t o ( 1 9 6 4 ) ] . 
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s o l a r 
3 U K CTHiTO^Siaar^tj^gmaJmi 

EM 
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lonoapherlo 
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Wave 
Motions 

Eleotronlo 
D i s t r i b u t i o n 
Perturbations 

Magnetospherio processes 

Charged 
P a r t i c l e 
P r e o l p i t a t i o n 

Hydromagnetio 
and 
Ion - acoustic 
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magnetle 
WAVES 

lonospherio 
El e o t r l o 
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Radio Propagation 
Perturbations 
(Doppler s h i f t s 

absorption &o.) 

Observed 
Geomagnetlo, & Geoeleotrlo 
Variations 
( Mioropulsatlons and 

Bays ) 

r.lgtl.4.1. Disturbance Energy Flow Diagram 
The p r l n o l p a l prooesses r e l a t i n g solar disturbances 
to assoolated lonospherio and geomagnetlo perturbations 
and the most Important connexions between them as 
far as mid-latitude phenomena are concerned are shewn. 
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i - , 4) Theory o f I o n o s p h e r i c P e r t u r b a t i o n Dynamics 

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

pheonomena o c c u r i n g i n t h e i o n o s p h e r e w h i c h can i n v o l v e 

a s s o c i a t i o n s between i o n o s p h e r i c p e r t u r b a t i o n s and m agnetic 

v a r i a t i o n s . Only a b r o a d o u t l i n e o f the phenomena and t h e way 

i n w hich t h e y r e l a t e t o each o t h e r i s g i v e n h e r e . D i s c u s s i o n s 

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

i m p o r t a n c e a r e g i v e n i n a p p endix I I , s e c t i o n s A, B, and C. 

The t h e o r y o f measurement i s g i v e n i n C h a p t e r I I i n c o n n e x i o n 

w i t h each p a r t i c u l a r t y p e o f measurement. 

A f l o w d i a g r a m showing the v a r i o u s ways by w h i c h s o l a r 

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

m a ngetic v a r i a t i o n s i s shown i n F i g . 1 . 4 . 1 . The p r o c e s s e s w h i c h 

a r e r e l a t e d t o p a r t i c u l a r i o n o s p h e r i c v a r i a b l e s such as : e l e c t r o n 

d e n s i t y (IT ) , e l e c t r o n v e l o c i t y ( v ^ ) , e l e c t r o n - i o n and e l e c t r o n 

n e u t r a l c o l l i s i o n f r e q u e n c i e s (^ ej_? *^en^ a n c * i o n o s p h e r i c 

d i s t u r b a n c e c u r r e n t 

Here we a r e concerned w i t h the d i s t u r b a n c e s o u r c e 

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

v a r i a b l e s and the l i m i t i n g p r o c e s s e s such as attachment and 

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

b a t i o n s . There a r e ( a t l e a s t ) s i x i m p o r t a n t 'source' phenomena; 

t h a t i s , p r o c e s s e s w h i c h t r a n s f e r d i s t u r b a n c e energy from d i s t a n t 

(magnetosphere, a u r o r a l zones, l o w e r atmosphere) r e g i o n s t o the 

r e g i o n o f the i o n o s p h e r e overhead which i s observed. 



TABLE 1.4.1* see Appendix I I B 

INTERACTION 
S O U R C E \ ^ PROCESSES 
PHENOMENA"^, 
(see - ^ ^ ^ 
A p p e n d i x I I C) 

1) 
DIRECT 

CHARGED 
PARTICLE 

INJECTION 

2) 
MODULATION 

o f 
IONOSPHERIC 
CURRENTS 

3) 
PARALLEL 

and 
PEDERSEN 
DRIFTS 

h) 
HALL. 

FIELD 
INDUCED 
DRIFT 

INDUCTION.. 
•61 

DYNAMO 
EFFECT 

-z/-—y E 

JOULE 
HEATING 

( I 2 R ) 

a) IONOSPHERIC 
CURRENTS ( w i t h 
remote s o u r c e s ) 

NO NO YES YES NO NO YEfe 

b) PRECIPITATION 
FROM THE 

MAGNETO SPHERE 
YES YES NO NO NO NO NO 

c) WIND-BORNE 
IONIZATION 

IRREGULARITIES 
YES YES (VIA 6) (VIA 6) NO YES NO 

d) NEUTRAL GAS e t c . 
WAVES 

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

YES YES (VIA 6) (VIA 6) NO YES NO 

e) ULF.BM.WAVES e t c . 
HYDRO MAGNETIC 

WAVES 
NO YES YES YES YES ..NO YES 

f ) COMPRESSIONS o f 
t h e s e c , S i ) 

magnetosphere by 
t h e s o l a r wind 

NO (VIA 5) (VIA -5) NO YES NO NO 
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Then i n t h e o v e r h e a d r e g i o n t h e r e a r e s i x major 

i n t e r a c t i o n p r o c e s s e s w h i c h i n v o l v e i o n o s p h e r i c p e r t u r b a t i o n s 

d i r e c t l y a s s o c i a t e d w i t h l o c a l magnetic v a r i a t i o n s . 

A scheme o f the r e l a t i o n s h i p s between the s o u r c e 

phenomena and the v a r i o u s l o c a l i n t e r a c t i o n s w h i c h t h e y may 

e x c i t e i s g i v e n i n the t a b l e F i g , 1.2. A l l t h e s e p r o c e s s e s a r e 

s u b j e c t t t o l i m i t a t i o n s due t o r e c o m b i n a t i o n and d i f f u s i o n . 

The s o u r c e phenomena i n t a b l e 1:1,4.1*' .2 a r e as f o l l o w s : 

a) I o n o s p h e r i c C u r r e n t s 

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

a t some l o c a t i o n r e m o t e . ( a u r o r a l zone, e t c . ) from th e volume o f 

i o n o s p h e r e b e i n g o b s e r v e d : e l e c t r o j e t s , D_ c u r r e n t s , and c u r r e n t s 

f l o w i n g from the magnetosphere t o t h e i o n o s p h e r e (not l o c a l l y 

i n d u c e d c u r r e n t s . ) 

b) P a r t i c l e P r e c i p i t a t i o n 

The p r e c i p i t a t i o n o f e l e c t r o n s and i o n s ( w i t h e n e r g i e s 

o f a few KeV o r g r e a t e r ) d i r e c t l y i n t o t h e o b s e r v e d (over-head) 

volume o f i o n o s p h e r e ( u s u a l l y d u r i n g m agnetic s t o r m s , e t c . ) 

c) Wind-borne I r r e g u l a r i t i e s 

H o r i z o n t a l i r r e g u l a r i t i e s i n e l e c t r o n d e n s i t y c a r r i e d 

a c r o s s t h e f i e l d o f v i e w by i o n o s p h e r i c ( n e u t r a l component) winds. 
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d) N e u t r a l - g a s Waves and I o n - a c o u s t i c Waves 

A l l c l a s s e s ' o f waves n o t d i r e c t l y i n v o l v i n g m agnetic 

f i e l d s : i n f r a - s o n i c waves', B r u n t p e r i o d o s c i l l a t i o n s , i n t e r n a l 

gravity•waves. 

e) Hydromagnetic and ULF E l e c t r o m a g n e t i c Waves 

A l l c l a s s e s o f waves d i r e c t l y i n v o l v i n g magnetic^ 

f i e l d s : A l f v e n waves, hy d r o m a g n e t i c waves o f b o t h th e f a s t and 

s l o w modes, e l e c t r o m a g n e t i c waves p r o p a g a t i n g as s u r f a c e waves 

on the H a l l c o n d u c t i v i t y l a y e r i n t h e E r e g i o n e t c . 

f ) , M a g n e t o s p h e r i c Compressions 

V e r y l a r g e s c a l e m agnetic f i e l d d i s t u r b a n c e s such as 

Magnetosphere co m p r e s s i o n s due t o s o l a r wind f l u c t u a t i o n s w h i c h 

l e a d t o magnetic sudden i m p u l s e s and sudden commencements. (These 

are, however, sometimes t r e a t e d i n terms o f HM waves.) 

The i n t e r a c t i o n mechanisms i n t a b l e 1 . 4 . 1 * a r e a s - - f o l l o w s : 

, D i r e c t Charge I n j e c t i o n 

The i n t r o d u c t i o n o f more e l e c t r o n s i n t o t h e o b s e r v e d 

volume by t r a n s p o r t due t o c o u p l i n g w i t h n e u t r a l winds or waves, 

o r by d i r e c t p r e c i p i t a t i o n from the Magnetosphere, o r by 

s econdary i o n i s a t i o n due t o p r e c i p i t a t i o n , ( o r s o l a r f l a r e U.V. 

i n d u c e d i o n i s a t i o n . ) 
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2) M o d u l a t i o n o f Quasi - s t e a d y C u r r e n t s  

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

f l o w i n g i n the i o n o s p h e r e , t h e n any p r o c e s s w h i c h a l t e r s 

i o n o s p h e r i c c o n d u c t i v i t y (by a l t e r i n g N o r V*e) can p e r t u r b 

t h e c u r r e n t and l e a d t o magnetic v a r i a t i o n s . 

3.) P e d e r s e n and P a r a l l e l E l e c t r i c F i e l d D r i f t s 

These a r e d r i f t s o f e l e c t r o n s p a r a l l e l t o some a p p l i e d 

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

f i e l d l i n e s i f the c o l l i s i o n f r e q u e n c y i s a p p r e c i a b l e compared 

t o t h e e l e c t r o n ( o r i o n ) g y r o f r e q u e n c y , D r i f t p a r a l l e l t o the 

magnetic ambient f i e l d may o c c u r a t any a l t i t u d e above the D l a y e r . 
n 
\ 

*£) ' H a l l E l e c t r i c F i e l d D r i f t 

E l e c t r o n d r i f t s normal t o an a p p l i e d e l e c t r i c f i e l d and 

no r m a l t o t h e ambient magnetic f i e l d can o c c u r anywhere (above 

80 km) where the e l e c t r o n g y r o f r e q u e n c y i s g r e a t e r t h a n t h e 

e l e c t r o n ( I o n and n e u t r a l ) c o l l i s i o n f r e q u e n c y . 

5) I n d u c t i o n 

Changes i n the ambient magnetic f i e l d (due t o com p r e s s i o n 

o f the magnetosphere by a v e r y i n g s o l a r wind say) i n d u c e e l e c t r i c 

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

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

6) Dynamo E f f e c t 

E l e c t r o n s (and i o n s ) borne a c r o s s t h e magnetic f i e l d by 

n e u t r a l gas mo t i o n s g i v e r i s e t o a L o r e n t z e l e c t r i c f i e l d w hich 



c a n be mapped up t h e f i e l d l i n e s t o e f f e c t i o n i s a t i o n movements 

e l s e w h e r e . 

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

and a l s o h e a t i n g e f f e c t s , i s n o t w i t h i n t h e scope o f t h i s t h e s i s . 

However, i n ap p e n d i x HA, the c o n t i n u i t y e q u a t i o n f o r 

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

decay t i m e s f o r i r r e g u l a r i t i e s . 

I n a p p e n d i x I I B ? the i n t e r a c t i o n mechanisms (1 t o 6 i n 

F i g l ' . 2 ) a r e d i s c u s s e d . 

I n a p p e ndix l i e , t he c h a r a c t e r i s t i c s o f the v a r i o u s 

s o u r c e phenomena (a t o f i n 1.4.1* ') a r e r e v i e w e d . 

The d i s c u s s i o n o f the c o n t i n u i t y e q u a t i o n ( S e c t . 5,4) 

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

t i m e o f 10 sec. or l e s s i s v i r t u a l l y u n a f f e c t e d by t h e l o s s 

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

t i m e ( o r p e r i o d ) o f 100 sec. or l o n g e r w i l l be somewhat 

a t t e n u a t e d a t E and F^ l a y e r h e i g h t s i n t h e da y t i m e . 

T r a n s p o r t w i t h a p e r i o d o f one thousand seconds o r l o n g e r w i l l 

be s e v e r e l y a f f e c t e d i n t h e F^ l a y e r i n the d a y t i m e , and 

somewhat a t t e n u a t e d i n t h e E and l a y e r s . 

F i n a l l y , t r a n s p o r t w i t h a c h a r a c t e r i s t i c t ime l o n g e r 

t h a n an hour w i l l be damped everywhere i n t h e i o n o s p h e r e i n t h e 

d a y t i m e , and i n ' t h e l o w e r i o n o s p h e r e ( E r e g i o n and below) even 

a t n i g h t . 
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C u r r e n t e x p e r i m e n t a l t e c h n i q u e s p e r m i t t h e o b s e r v a t i o n 

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

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

p a r t i c u l a r a t h e o r y t a k i n g i n t o a c c o u n t n o n - l i n e a r i n t e r a c t i o n 

and mode-coupling i n t h e p r o p a g a t i o n o f ULF e l e c t r o m a g n e t i c and 

h y d r o m a g n e t i c waves i n t h e i o n o s p h e r e i s r e q u i r e d t o 

a c c o u n t f o r the o b s e r v e d phenomena. 

1 .5 - P r e v i o u s Work on t h e A s s o c i a t i o n Between M a g n e t i c 

F l u c t u a t i o n s and I o n o s p h e r i c P e r t u r b a t i o n s 

D u r i n g the p a s t decade a number o f r e f i n e d t e c h n i q u e s 

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

and t h e i r m o t i o n s . L i k e w i s e , s e n s i t i v e methods o f r e c o r d i n g 

n a t u r a l m a g n e t i c f l u c t u a t i o n s have been d e v e l o p e d . 



N o n e t h e l e s s , r e m a r k a b l y few d i r e c t comparisons between i o n o s p h e r i c 

d r i f t r e c o r d s and i a i c r o p u l s a t i o n r e c o r d s have been p u b l i s h e d . 

What has been done has been r e v i e w e d by M a t s u s h i t a (1965). I t i s 

found t h a t f rom t i m e t o t i m e p e r i o d s o f v e r y h i g h c o r r e l a t i o n seem 

t o o c c u r . Most o f t h e t i m e , however, t h e r e appears t o be l i t t l e o r 

no a s s o c i a t i o n ( Watt (1964)]. Most i o n o s p h e r e o b s e r v e r s have made 

comparisons \d.th K i n d i c e s , and many have l o o k e d a t r e g u l a r 

magnetograms I n c o n n e x i o n w i t h s c i n t i l l a t i o n and wind s t u d i e s . 

These comparisons have y i e l d e d a few v a l u a b l e r e s u l t s [ A l l a n , 

Aarons and Whitney (1964)]. 

That t h e major e f f e c t o f t h e i o n o s p h e r e on magnetic f i e l d v a r i a t 

i o n s i s caused by c u r r e n t s f l o w i n g i n t h e E r e g i o n r a t h e r t h a n by 

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

a s s e r t e d by McNish ( 1 9 3 7 ) , [ s ee a l s o D a v i e s (1966)]. T h i s was the 

f i r s t c o n c r e t e e v i d e n c e t h a t c u r r e n t s , h y p o t h e s i z e d by Chapman (1940) 

and o t h e r s , d o - i n f a c t f l o w . The r e s u l t was based on t h e t i m e 

c o n s t a n t s o f s o l a r f l a r e e f f e c t s on the magnetic f i e l d . These d i e d 

out t o o q u i c k l y t o have been produced by F^ r e g i o n i o n i s a t i o n 

enhancement, i t was t h o u g h t . The r e l a t i o n s h i p between i o n o s p h e r i c 

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

by Mae da (1959)j Hewish (1952) found an a s s o c i a t i o n between t h e 

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

r a d i o - s t a r s c i n t i l l a t i o n , and t h e magnetic i n d e x . The 

pr e s e n c e , a l o n e , o f i r r e g u l a r i t i e s , i n t h e F r e g i o n i s n o t 

s i g n i f i c a n t l y c o r r e l a t e d w i t h K^, i t i s o n l y t h e i r m o t i o n s which 

a r e [Kokurov (1963)]. The oc c u r e n c e o f some E r e g i o n i r r e g u l a r i t i e s 
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however, i s c o r r e l a t e d w i t h magnetic v a r i a t i o n s a t m i d - l a t i t u d e s 

[Thomas ( 1 9 6 2 ) ] . 

The F 2 i r r e g u l a r i t i e s w h i c h cause s c i n t i l l a t i o n a l s o cause 

one c l a s s o f 'spread F' on ionog r a i n s when t h e y a r e n o t shadowed 

by l o w e r l a y e r s o f 'smooth' i o n i s a t i o n d i s t r i b u t i o n . Spread F. 

[ B r i g g s ( 1 9 6 5 ) ] i s ob s e r v e d b o t h d u r i n g m a g n e t i c a l l y q u i e t and 

d i s t u r b e d p e r i o d s . No d i r e c t i n f o r m a t i o n i s o b t a i n e d f r o m a s i n g l e 

ionogram r e g a r d i n g t h e m o t i o n o f i r r e g u l a r i t i e s . However, B e c k e r 

(1961) has found t h a t sequences o f ionograms, t a k e n a few minutes 

a p a r t , do e x h i b i t v e r t i c a l m o t ions c o r r e l a t e d w i t h magnetic 

d e c l i n a t i o n changes. 

A r e l a t i o n between m i c r o p u l s a t i o n o c c u r r e n c e and F 

r e g i o n e l e c t r o n d e n s i t y was suggested by D u f f u s ( I 9 6 0 ) . 

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

d r i f t s , u s i n g a p u l s e t r a n s m i t t e r and spaced r e c e i v e r s , was 
SM. 

o r i g i n a t e d by M i t r a ( 1952), and has s u b s e q u e n t l y been improved t o 

y i e l d f u l l 3 component v e c t o r d r i f t v e l o c i t i e s [ K i y a o v s k y ( 1 9 6 3 ) ] . 

U s i n g t h i s t e c h n i q u e , F r e g i o n d r i f t s have been found t o c o r r e l a t e 

i n a g e n e r a l way w i t h dynamo c u r r e n t p a t t e r n s deduced from 

magnetograms [Kaz. .mirovsky ( 1 9 6 3 ) ] . As y e t , no s t u d i e s o f t h e 

a s s o c i a t i o n between r a p i d m a g n e t i c v a r i a t i o n s , and sp r e a d F , 

or 'wind' e x p e r i m e n t s , have been p u b l i s h e d , a l t h o u g h such 

a s s o c i a t i o n s have been l o o k e d f o r . 

A more s e n s i t i v e method o f measuring the motions o f 

i o n o s p h e r i c i r r e g u l a r i t i e s has been d e v e l o p e d by F i n d l a y ( 1 9 5 D 
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and by Thomas and M c N i c h o l ( 1 9 5 5 ). They r e c o r d e d the phase s h i f t 

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

When r a d i o w a v e l e n g t h s o f twenty t o f o r t y meters are u s e d , v e r y 

s m a l l i o n o s p h e r i c m o tions produce a p p r e c i a b l e phase changes. 

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

f e r e n c e caused by c o n t i n u o u s p u l s e t r a n s m i s s i o n s , and t h e wide 

r e c e i v e r bandwidth r e q u i r e d w i t h consequent s u s c e p t i b i l i t y t o 

i n t e r f e r e n c e . I f a b s o l u t e h e i g h t i n f o r m a t i o n i s n o t r e q u i r e d , 

continuous-wave t r a n s m i s s i o n s can be used. The s i m p l i f i e d CW 

approach has been f o l l o w e d by a number o f w o r k e r s , n o t a b l y 

Ogawa (I960) and M i r o k t a n and Drachen ( 1 9 5 9 ) . D a v i e s (1962a) 

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

fr e q u e n c y change, r a t h e r t h a n phase change, measurement. T h i s 

t e c h n i q u e i s v e r y s t r a i g h t - f o r w a r d and has pr o v e d e x c e p t i o n a l l y 

r e l i a b l e [ D a v i e s and Baker ( 1 9 6 6 ) ] . The p r i n c i p a l use t o whi c h 

D a v i e s 1 D o p p l e r f r e q u e n c y sounders have been put i s i n t h e stu d y 

o f s o l a r f l a r e e f f e c t s [Agy, Baker and Jones ( 1965)] . 

Chan, K a n j a l l a k o s , and V i l l a r d (1962) found t h a t phase 

p a t h r e c o r d i n g s , made from WWV and o t h e r s i g n a l s , c o r r e l a t e d 

w i t h c e r t a i n f e a t u r e s on magnetograms. Between October I960 

and September 1961, t w e l v e m agnetic sudden commencements wh i c h 

c o r r e l a t e d d i r e c t l y w i t h a b r u p t phase p a t h changes were o b s e r v e d . 

E x c e l l e n t c o r r e l a t i o n was a l s o o b t a i n e d d u r i n g f o u r magnetic 

storms w i t h K i n d i c e s rang i n g from 3 + t o 8 . One good 

example o f a P c - 5 m l c r o p u l s a t i o n e vent which was d i r e c t l y a s s o c 

i a t e d w i t h p e r i o d i c phase-path v a r i a t i o n s , was foun d . 



Similar examples exhibiting close association between ., 

regular magnetograms and'Dopplometer' records have been reported 
b y A s y , Baker and Jones (1965). Davies and Baker (1966) 

report that a 'ringing' Doppler signal i s observed associated 

with magnetic sudden commencements both day and night, and 

that occasionally frequency v a r i a t i o n s very similar to 

var i a t i o n s i n one or more components of the earth's magnetic 

f i e l d are observed. 

A detailed study of NBS F region 'Popplograms' was under

taken "by Lewis at.the i n s t i g a t i o n of t h i s author. [Lewis (1964)] 

Records of v e r t i c a l and oblique incidence paths covering the 

period 1961 to 1964 were compared with magnetograms at Boulder, 

Colorado. I t was found that rapid v a r i a t i o n s , of l e s s than four 

minutes period, were frequently well correlated} a Doppler 

frequency s h i f t due to phase-path changes,of between 0.1 to 0.4 

cycles per gamma of magnetic variation, being observed. The 

co r r e l a t i o n for longer period v a r i a t i o n s proved more d i f f i c u l t 

to assess. Sometimes changes i n the H component and sometimes 

changes i n the D component were -well correlated; but the 

frequency s h i f t only amounted to about 0.01 cycles per gamma, 

and events were sporadic. 

This work i s reported i n Lewis (1967): 

"Doppler frequency changes are suitably divided into two 
classes: rapid v a r i a t i o n s and slow changes according to 
whether or not the time scale df a change i s shorter 
than about 4 minutes. The o v e r a l l coincidence between 
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geomagnetic v a r i a t i o n s and D.oppler f r e q u e n c y changes i s 
poor. However i t . i s f o u n d t h a t r a p i d geomagnetic 
v a r i a t i o n s such as sudden i m p u l s e s and P i - 2 m i c r o 
p u l s a t i o n s accompany D.oppler f r e q u e n c y change w i t h a h i g h 
degree o f p r o b a b i l i t y . The c o r r e s p o n d e n c e between th e 
two i s a c t i v i t y - w i s e i n most c a s e s . Peak t o peak 
c o r r e s p o n d e n c e has been o b s e r v e d , however i n some c a s e s , 
when t h e D o p p l e r f r e q u e n c y changes amount t o a few t e n t h s 
o f a c.p.s. f o r magnetic v a r i a t i o n s o f u n i t s t r e n g t h 
(one gamma i n t h e s o u t h - n o r t h component). The c o i n c i d e n c e 
i s a l s o v e r y good f o r sudden commencements o f magnetic 
storms The c o r r e s p o n d e n c e i s , . I n most c a s e s 
i n d e f i n i t e f o r magnetic bays. When a c l e a r c o i n c i d e n c e 
i s seen the ratio,-.of t h e change o f f r e q u e n c y t o magnetic 
v a r i a t i o n i s o f t h e o r d e r o f a few h u n d r e d t h s o f a c.p.s. 
per gamma." 

No a c t u a l s t a t i s t i c s o f o c c u r r e n c e a r e g i v e n . A number o f 

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

sonograms, and magnetograms. He s t a t e d t h a t : 

"For e v e r y r a p i d e vent seen on the b o u l d e r magneto-
grams, a r a p i d D o p p l e r s h i f t o c c u r s s i m u l t a n e o u s l y . " p.1552 

( T h i s i m p l i e s a magnetic event o f a t l e a s t t h r e e gammas 

a m p l i t u d e and two or t h r e e m i n u t e s d u r a t i o n , s i n c e r e g u l a r - r u n 

B o u l d e r magnetograms were used.) L e w i s a l s o e x h i b i t s ( s u n r i s e 

e v e n t ) e v i d e n c e t h a t : 

"As t h e h e i g h t o f r e f l e c t i o n d e c r e a s e d t h e a m p l i t u d e 
o f A f d e c r e a s e d . " 

An a t t e m p t was made by Watt (1964) t o o b t a i n c o r r e l a t i o n s 

between pha s e - p a t h changes and r a p i d - r u n m i c r o p u l s a t i o n r e c o r d s 

d u r i n g an e x p e r i m e n t c a r r i e d o ut i n t h e summer o f 1963 a t 

S u f f i e l d , A l b e r t a . He c o n c l u d e d t h a t , a l t h o u g h p o s i t i v e 

c o r r e l a t i o n was o b s e r v e d o n l y on one i s o l a t e d o c c a s i o n y t h i s 

l a c k o f a s s o c i a t i o n was due t o t h e equipment c h a r a c t e r i s t i c s . 
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I o n o s p h e r i c s o u n d i n g s u s i n g the CW HF D o p p l e r t e c h n i q u e 

have been made by a nuraber o f o t h e r w o r k e r s : Fooks (1962), 

J o n e s (1964), Georges ( 1 9 6 7 ) , Weaver e t ' a l i a (1967). These 

w o r k e r s have n o t p u b l i s h e d r e p o r t s o f a s s o c i a t i o n s w i t h m a g n e t i c 

v a r i a t i o n s , [ D o n n e l l y ( 1 9 6 6 ) ] . 

I n summary o f the o b s e r v a t i o n a l f i n d i n g s i t may be 

s a i d ( a ) t : c l e a r - c u t a s s o c i a t i o n s between i o n o s p h e r i c HF r a d i o 

p r o p a g a t i o n p e r t u r b a t i o n s and m agnetic r a p i d v a r i a t i o n s have 

been o b s e r v e d f r o m time t o tim e by a number o f workers$ ahdc.(b) : 

the o r d e r o f magnitude o f th e p e r t u r b a t i o n s ( i n f r e q u e n c y and 

phase) a s s o c i a t e d w i t h m agnetic sudden-commencements, and bays 

has been measured. 

1.6 T h e o r i e s o f A s s o c i a t i o n Between M a g n e t i c R a p i d - v a r i a t i o n s  

and I o n o s p h e r i c P e r t u r b a t i o n s 

Some t h e o r e t i c a l work has been done d i r e c t l y r e l a t i n g 

HF D o p p l e r s h i f t s t o m a g n e t i c v a r i a t i o n s : R i s h b e t h and G a r r i o t t 

(1964), J a c o b s and Watanabe (1966). ( T h i s work i s t r e a t e d more 

f u l l y l a t e r . ) The p r e d i c t e d D o p p l e r s h i f t s a r e f o u n d t o be much 

s m a l l e r t h a n many o f t h o s e a c t u a l l y o b s e r v e d . [ D u f f u s and Boyd 

(1967)]. ...„.- - : ./> vr* 

A g r e a t d e a l o f work has been done on the m o t i o n and 

f o r m a t i o n o f v a r i o u s E and F r e g i o n i r r e g u l a r i t i e s i n 

c o n j u n c t i o n w i t h e l e c t r i c and m agnetic f i e l d v a r i a t i o n s . 

[ M a t s u s h i t a (1965)]. 
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The most n o t a b l y s u c c e s s f u l t h e o r y i s t h a t o f F a r l e y 

(1963). He r e l a t e s two-stream i n s t a b i l i t i e s caused by the 

e q u a t o r i a l e l e c t r o j e t c u r r e n t t o t h e f o r m a t i o n and m o t i o n o f 

f i e l d a l i g n e d i r r e g u l a r i t i e s i n the F r e g i o n . E i s p r e d i c t i o n s 

have been c o n f i r m e d by i n c o h e r e n t b a c k s c a t t e r s t u d i e s ^Bowles 

e t a l i a (I960) . A s i m i l a r p r o c e s s i s e x p e c t e d t o o c c u r i n v o l v i n g 

t h e a u r o r a l e l e c t r o j e t s . 

Dungey (1955) proposed t h a t h y d r o m a g n e t i c waves 

g e n e r a t e d i n t h e exo s p h e r e , and propagating downwards t h r o u g h 

t h e i o n i s e d medium might a c c o u n t f o r F r e g i o n i r r e g u l a r i t i e s 

h a v i n g a s s o c i a t e d magnetic p e r t u r b a t i o n s . C o l e (1964) proposed 

t h a t h y d r o m a g n e t i c wayes i n t h e magnetosphere may be r e s p o n s i b l e 

f o r t he a c c e l e r a t i o n and hence p r e c i p i t a t i o n o f charged 

p a r t i c l e s . I n t h i s case t h e HM waves would produce i o n o s p h e r i c 

i r r e g u l a r i t i e s and a l s o m agnetic f i e l d p e r t u r b a t i o n s . 

M a r t y n (1954) p o s t u l a t e d t h a t dynamo ( e l e c t r i c ) f i e l d s 

a s s o c i a t e d w i t h E r e g i o n c u r r e n t systems would be mapped t o 

th e F r e g i o n a l o n g the magnetic f i e l d l i n e s and would, l e a d 

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

F a r l e y (I960) however, has shown t h a t t h i s mechanism would n o t 

produce F r e g i o n i r r e g u l a r i t i e s a l t h o u g h i t c o u l d r e s u l t i n 

F r e g i o n d r i f t m o t i o n s , [ v i d . a l s o Kamiyama (1956) ] . 

M a g n e t i c f i e l d v a r i a t i o n s -are i m p l i c i t i n t h e wind-shear 

t h e o r y o f s p o r a d i c E f o r m a t i o n , but t h e y a r e thou g h t t o be 

r a t h e r s m a l l . [ A x f o r d e t a l i a (1966) ] . 
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V a r i o u s t h e o r i e s w h i c h do n o t s p e c i f i c a l l y i r a p l i c a t e 

m agnetic p e r t u r b a t i o n s c o n c e r n i n g the f o r m a t i o n and m o t i o n o f 

i o n i s a t i o n i r r e g u l a r i t i e s may i n d i r e c t l y be r e l a t e d t o magnetic 

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

changes o f c o n d u c t i v i t y . I n such c a s e s any ( e l e c t r o j e t ) c u r r e n t s 

f l o w i n g w i l l be modulated by the plasma motions. 

V a r i o u s a t m o s p h e r i c wave mo t i o n s and wind-borne 

i r r e g u l a r i t i e s c o u l d r e s u l t i n magnetic p e r t u r b a t i o n s . I n 

p a r t i c u l a r : 

i ) i n f r a - s o n i c waves, Maeda and Watanabe (1964) 

i i ) i o n - a c o u s t i c waves, D'Angelo and M i c h e l s e n (1967) 

i i i ) H e l m h o l t s ( s h e a r ) waves, Jones and Maude (1965) 

i v ) B r u n t / V a i s a l a waves, MacDonald (1963) 

y) i n t e r n a l g r a v i t y waves, H i n e s (1967) 

I n summary, i t may be s a i d t h a t i t i s v e r y u n l i k e l y 

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

i a t i o n o b s e r v e d between magnetic v a r i a t i o n s and i o n o s p h e r i c 

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

A l l t y p e s o f i n t e r a c t i o n do, however, s u f f e r f r om 

c o n s t r a i n t s imposed by a t m o s p h e r i c c o n d i t i o n s i n the i o n o s p h e r e . 

These c o n s t r a i n t s a r e d i s c u s s e d a t some l e n g t h i n t h e f o l l o w i n g 

c h a p t e r , as a r e the p o s s i b l e i n t e r a c t i o n p r o c e s s e s . 

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

e x p e r i m e n t a l r e s u l t s i s g i v e n i n c h a p t e r 3 i n c o n j u n c t i o n w i t h t he 

d e s c r i p t i o n s o f the e x p e r i m e n t s . 
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F i g . 3.1»1. Map o f the Vancouver V i c t o r i a r e g i o n 

shewing the l o c a t i o n o f the e x p e r i m e n t s , and the 

r a d i o p r o p a g a t i o n p a t h s . 
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CHAPTER I I 

| 
E x p e r i m e n t s 

2 . 1 G e n e r a l Account o f the Experiments,. P e r f o r m e d 

W i t h the e x c e p t i o n o f the e c l i p s e e x p e r i m e n t s , a l l the 

e x p e r i m e n t s were conducted i n the Vancouver - V i c t o r i a v i c i n i t y . 

F i g . 3 ' 1 « 1 i s a map o f t h i s a r e a shotting the l o c a t i o n s o f a l l 

t h e o b s e r v i n g equipment from which d a t a have been o b t a i n e d . 

The geomagnetic l a t i t u d e a t V i c t o r i a i s 54° N and LMT = UT - 8 h . 

The i n i t i a l e x p e r i m e n t was conducted d u r i n g a f o u r -

month p e r i o d i n the s p r i n g o f 1 9 6 3 . A 25 MHz r a d i o m e t e r was 

o p e r a t e d i n c o n j u n c t i o n w i t h i n d u c t i o n magnetometers a t 

VJestham I s l a n d . On a t l e a s t one o c c a s i o n a s i g n a l l e v e l 

enhancement o c c u r r e d i n d i r e c t a s s o c i a t i o n w i t h a n i g h t - t i m e 

P t m i c r o p u l s a t i o n e v e n t . However, i n t e r f e r e n c e , r e c e i v e r n o i s e , 

and g a i n d r i f t , made i t d e s i r a b l e t o seek o t h e r methods o f 

c o n t i n u i n g t h e st u d y o f the a s s o c i a t i o n found. 

I n o r d e r t o d e t e r m i n e whether the s i g n a l enhancements 

were due t o a d e c r e a s e i n cosmic n o i s e a b s o r p t i o n o r t o 

s c a t t e r i n g from i o n o s p h e r i c i r r e g u l a r i t i e s , two f u r t h e r 

e x p e r i m e n t s were implemented. A r a d i o m e t e r t o measure a b s o r p t i o n 

changes was i n s t a l l e d a t Westham I s l a n d , and a broad-band 

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

d e s i g n e d and b u i l t a t R o y a l Roads. 
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An Aerospace ARII 30 Mc. riometer, borrowed from the 
Stanford Research I n s t i t u t e , was i n s t a l l e d at•Westhan I s l a n d , 
a very q u i e t l o c a t i o n i n the F r a s e r R i v e r D e l t a . Two separate 
records were made; the r e g u l a r servo-diode records, and a 
r e c o r d of r a p i d v a r i a t i o n s i n the a.g.c. v o l t a g e . The a.g.c. 
r e c o r d had a f u l l s c ale range of about one d e c i b e l f o r 
v a r i a t i o n s i n s i g n a l s t r e n g t h w i t h a p e r i o d betweerii f i v e 
seconds and f i v e minutes. The r e g u l a r servo-diode record 
showed longer p e r i o d and d i u r n a l v a r i a t i o n s at much lower 
s e n s i t i v i t y . The riometer was operated i n d i r e c t c o n j u n c t i o n 
w i t h the i n d u c t i o n and f l u x g a t e magnetometers at Westham 
I s l a n d . The p e r i o d of o p e r a t i o n extended from November 1964 to 
March 1965. 

Simultaneously, at the Canadian Services Colleg-e, Royal 
Roads, ( j u s t West of V i c t o r i a ) a broadband HF radiometer was 
constructed and operated to monitor i o n o s p h e r i c a l l y r e f l e c t e d 
s i g n a l s . 

A broadly z e n i t h - d i r e c t e d antenna composed of a d i p o l e 
and an o r t h o g a n a l l y o r i e n t e d loop was used to d i s c r i m i n a t e 
a g a i n s t groundwave s i g n a l s from V i c t o r i a and p i c k up c i r c u l a r l y 

polarisedwaves. A bandwidth of about k MHz centered on Ik MHz 
was customarily used. The purpose of t h i s radiometer was to 
detect wide-band-coherent components i n the fading spectra of 
a l a r g e number of s i g n a l s at frequencies near the maximum-
useable-frequencies f o r t h e i r r e s p e c t i v e paths. I t was thought 
th a t t h i s should provide a s e n s i t i v e continuous measure of the 
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pre s e n s e o f F r e g i o n i r r e g u l a r i t i e s o f the t y p e t h a t cause 

'spread-F' on ionograms. 

I n c o n j u n c t i o n w i t h t h e r a d i o m e t e r . a t R o y a l Roads, 

a p a i r o f t e l l u r i c p o t e n t i a l r e c o r d i n g l i n e s (E W and N-S) were 

c o n s t r u c t e d and o p e r a t e d . The broad-band r a d i o m e t e r was 

o p e r a t e d from t h e f a l l o f 1963 u n t i l t h e f a l l o f 1 9 6 4 . 

A number o f examples o f a s s o c i a t e d e v e n t s were o b t a i n e d . 

From a n o t h e r p o i n t o f v i e w i t was c o n s i d e r e d d e s i r a b l e 

t o know as much as p o s s i b l e about the r o l e o f E r e g i o n 

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

s i g n a l s t h r o u g h the i o n o s p h e r e . One means o f s t u d y i n g t h e s e 

e f f e c t s i s t o make use o f the ' h o l e ' i n the c o n d u c t i n g E and 

l a y e r s which o c c u r s d u r i n g a s o l a r e c l i p s e . C o n s e q u e n t l y 

p a r t i c i p a t i o n i n the Defence R e s e a r c h Board P a c i f i c N a v a l 

L a b o r a t o r y e c l i p s e e x p e d i t i o n was a r r a n g e d . D u r i n g t h e J u l y 

2 0 , 1963 e c l i p s e , i n d u c t i o n and r u b i d i u m vapour magnetometers 

were o p e r a t e d a t Hay R i v e r , N.W.T. by P.N.L. s t a f f , and a 

r u b i d i u m vapour magnetometer a t F o r t V e r m i l i o n by the a u t h o r . 

The. p a t h o f t o t a l i t y i n t h e E r e g i o n l a y above Hay R i v e r 

w h i l e F r e g i o n t o t a l i t y o c c u r r e d above F o r t V e r m i l i o n . 

R e c ords were t a k e n f o r s e v e r a l days b e f o r e , d u r i n g and a f t e r 

t h e e c l i p s e , and were compared w i t h magnetograms o b t a i n e d from 

Meanook and o t h e r l o c a t i o n s . P c - 1 and 1 - 5 Hz m i c r o p u l s a t i o n s 

appeared t o have been a t t e n u a t e d by t h e e c l i p s e . Some e v i d e n c e 

o f an S c u r r e n t e f f e c t was a l s o o b t a i n e d [Boyd ( 1 9 6 6 ) ] . 
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By t h e summer o f 1 9 6 4 , i t was a p p a r e n t t h a t n e i t h e r the 

r i o m e t e r n o r t h e broadband r a d i o m e t e r were c a p a b l e o f p r o v i d i n g 

an unambiguous s e t o f d a t a f o r I o n o s p h e r i c m o t i o n s ' a s s o c i a t e d 

w i t h magnetic r a p i d v a r i a t i o n s . A l t h o u g h b o t h e x p e r i m e n t s 

p r o v i d e d many examples o f a s s o c i a t e d e v e n t s , and a l t h o u g h the 

r i o m e t e r r e c o r d s i n d i c a t e d t h a t ( s c i n t i l l a t i o n ) s c a t t e r i n g 

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

t h e enhancements o b s e r v e d , i t was f e l t t h a t a more d e f i n i t i v e 

e x p e r i m e n t was r e q u i r e d [ D u f f u s , Boyd and K i n n e a r ( 1 9 6 5 ) ] . 

Dr. K. D a v i e s (E.S.S.A.) s u g g e s t e d t h a t v e r t i c a l i n c i d e n c e 

HF D o p p l e r s o u n d i n g , a t e c h n i q u e w h i c h he had d e v e l o p e d , might 

prove most s u i t a b l e . 

A p r e l i m i n a r y s u r v e y , u t i l i z i n g E i S . S . A . D o p p l e r 

r e c o r d s was made by Mr. T. L e w i s o f U.B.C. He un c o v e r e d a 

dozen o r so examples o f Dop p l e r f r e q u e n c y v a r i a t i o n s p a r a l l e l i n g 

m agnetic v a r i a t i o n s , a f t e r l o o k i n g t h r o u g h about t h r e e y e a r s 

o f t h e B o u l d e r , C o l o r a d o r e c o r d s . 

On the b a s i s o f t h i s s u r v e y , i t was d e c i d e d t o conduct 

a D o p p l e r sounding e x p e r i m e n t , u t i l i z i n g t he s h o r t N-S p a t h 

between U.B.C. and R o y a l Roads. F r e q u e n c i e s o f 2.7 and 4 . 6 MHz, 

or 5«3 MHz. were t r a n s m i t t e d from Vancouver and r e c e i v e d 

on p o l a r i s a t i o n d i s c r i m i n a t i n g antennas a t R o y a l Roads. T h i s 

e x p e r i m e n t was o p e r a t e d m o r e - o r - l e s s c o n t i n u o u s l y from March 

1965 t o June 1 9 6 6 . 
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The D o p p l e r experiment i s t h e p r i n c i p a l one on which 

t h i s t h e s i s i s based. I n a d d i t i o n t o t h e HF D o p p l e r sounding 

i t was p o s s i b l e t o o b t a i n VLF D o p p l e r r e c o r d s by d i f f e r e n t 

i a t i n g t h e o u t p u t o f a'sky-wave phase m o i t o r i n g r e c e i v e r . 

The HPG phase r e c e i v e r was p r o v i d e d by Dr. J . B e l r o s e o f the 

Defence R e s e a r c h B o a r d , T e l e c o m m u n i c a t i o n E s t a b l i s h m e n t , 

Ottawa. The HPG t r a n s m i t t e r i s l o c a t e d about 120 km. E a s t 

o f R o y a l Roads, n e a r E v e r e t t , Washington. C o n s e q u e n t l y , as 

may be seen i n F i g . 2-1, the VLF D o p p l e r p a t h i s an E-W 

p a t h , w h i l e t h e HF Doppler p a t h i s a p p r o x i m a t e l y II-S i n 

geomagnetic c o - o r d i n a t e s . 

I n a d d i t i o n t o d a t a o b t a i n e d by the a u t h o r i n 

a s s o c i a t i o n w i t h P r o f e s s o r J . D u f f u s a t R o y a l Roads, d a t a were 

a l s o o b t a i n e d from a number o f o t h e r l o c a l s o u r c e s . The 

Westham I s l a n d (U.B.C. - P . N . L . ) m i c r o p u l s a t i o n d a t a have a l r e a d y 

been mentioned. E x t e n s i v e use was a l s o made o f r a p i d - r u n 

f l u x g a t e r e c o r d s s u p p l i e d hy Mr. B. Caner o f t h e Department 

o f Energy Mines and R e s o u r c e s magnetic o b s e r v a t o r y , n e a r 

V i c t o r i a , and o f ionograms from:the U n i v e r s i t y o f Washington. 

I n the f o l l o w i n g s e c t i o n s o f t h i s C h a p t e r , each o f the 

e x p e r i m e n t s i s d e s c r i b e d i n d e t a i l . 

T h e o r e t i c a l models r e l a t i n g measured v a r i a b l e s t o i o n o s p h e r i c 

parameters a r e g i v e n . These a r e f o l l o w e d by r e a s o n a b l y 

d e t a i l e d s p e c i f i c a t i o n s o f the equipment a c t u a l l y used. 
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2.2 Geomagnetic R a p i d V a r i a t i o n s I n t h e I o n o s p h e r e 

2.2.1 Theory o f Measurement 

F o r t h e purposes o f t h i s s t u d y a c o n t i n u o u s r e c o r d 

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

would be most d e s i r a b l e ; such r e c o r d s a r e n o t y e t a t t a i n a b l e 

by any known t e c h n i q u e . The b e s t t h a t can be done i s t o 

r e c o r d magnetic v a r i a t i o n s and e l e c t r i c p o t e n t i a l a t l o c a t i o n s 

on the e a r t h ' s s u r f a c e i n t h e immediate v i c i n i t y o f the r a d i o 

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

i o n o s p h e r e f r o m t h e s e r e c o r d s . 

The d i s a d v a n t a g e s o f t h i s method a r e t h o s e a r i s i n g f r om 

t h e f a c t t h a t the i o n o s p h e r e i s an a n i s o t r o p i c c o n d u c t o r and the 

e a r t h i s an inhomogeneous one. A l s o , c u r r e n t s and a s s o c i a t e d 

f i e l d s may e x i s t a t d i f f e r e n t h e i g h t s i n the i o n o s p h e r e , y e t 

o n l y the n e t e f f e c t o f a l l t h e s e I s measureable a t a d i s t a n c e . 

The ground i s n o t i n g e n e r a l u n i f o r m ana c o n s e q u e n t l y 

i n d u c e d c u r r e n t s t e n d t o have a p r e f e r r e d d i r e c t i o n , c h a r a c t e r 

i s t i c o f a g i v e n s t a t i o n . These c u r r e n t s ''are i m p o r t a n t as t h e y 

a c c o u n t f o r about one t h i r d o f the o b s e r v e d d i s t u r b a n c e f i e l d . 

[ P r i c e ( 1 9 6 5 ) ] . The ground c o n d u c t i v i t y i s , however, i n v a r i a n t 

w i t h time f o r the range o f f r e q u e n c i e s and s k i n depths 

i n v o l v e d . The n e t e f f e c t o f the ground i s t o d i s t o r t t h e 

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

t o t h e ' s t r i k e ' o f the e a r t h c o n d u c t i v i t y , and by d e c r e a s i n g 

the v e r t i c a l component. 
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S t u d i e s conducted i n t h i s l o c a l e i n v o l v i n g o b s e r v a t i o n s 

a t a number o f c l o s e l y spaced s t a t i o n s have sho^m t h a t e a r t h 

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

o r d e r o f magnitude, and the apparent o r i e n t a t i o n by t e n o r 

twenty degrees [ D u f f u s e t a l i a (1959) ,Lambert & C a n e r ( 1 9 6 5 ) i 

R o s t o k e r (1966) and Wescott and H e s s l e r (196 ) ] . 

A l t h o u g h ground c o n d u c t i v i t y i s time i n v a r i e n t , 

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

C o n s e q u e n t l y the changing c u r r e n t s i n d u c e d i n t h e E r e g i o n 

w i l l v a r y g r e a t l y w i t h time o f day, season, and w i t h the occ u r i * -

ence o f s p o r a d i c E i o n i s a t i o n , These changes w i l l a l t e r the 

r e l a t i o n s h i p between the f i e l d o b s e r v e d a t t h e ground and the 

magnetic f i e l d i n the F r e g i o n . 

F o r t h e s e r e a s o n s , a p r e c i s e t h e o r y r e l a t i n g magnetic 

f i e l d measurements a t t h e ground t o i o n o s p h e r i c f i e l d s i s 

n o t p r a c t i c a l : nor i s there, much p c i n t i n v e r y a c c u r a t e 

q u a n t i t a t i v e f i e l d measurements a t t h e ground s t a t i o n s . 

Two r a t h e r s i m p l e t h e o r e t i c a l models w i l l s u f f i c e : 

i f i t i s assumed t h a t an i n f i n i t e s h e e t c u r r e n t f l o w s i n t h e 

i o n o s p h e r e t h e n the h o r i z o n t a l d i s t u r b a n c e AH i s g i v e n 

a p p r o x i m a t e l y by : | AH | = 2TT J x 10^ y ( 3 . 1 ) 

[Heppner ( 1 9 5 8 ) ] where J i s i n amperes M"1. The e l e c t r i c 

f i e l d i n d u c e d i n the e a r t h ' s s u r f a c e i s g i v e n a p p r o x i m a t e l y 
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by : 

| AE | .= ^ £ | Lil | v o l t s km." 1 (3.2) 

where | AS | i s i n Y and T the s c a l e time o r p e r i o d i s i n 

sec. ( f o r T w i t h i n an o r d e r o f magnitude o f 60 sec.) [Heppner 

( 1 9 5 8 ) ] . 

I f , on the o t h e r hand, i t i s assumed t h a t h y dromagnetic 

waves are b e i n g t r a n s m i t t e d t h r o u g h the l o w e r i o n o s p h e r e 

t h e n i t would be d e s i r a b l e t o know what r e l a t i o n s h i p h o l d s 

between t h e i n c i d e n t magnetic f i e l d i n the F r e g i o n , the 

i n d u c e d c u r r e n t s t r e n g t h i n the E r e g i o n , and the magnetic 

and e l e c t r i c f i e l d s a t t h e e a r t h ' s s u r f a c e . 

I f t he e l e c t r i c f i e l d o f the i n c i d e n t wave i s J . t o 

the m e r i d i a n p l a n e (N-S) and the plasma motion l i e s i n t h e 

m e r i d i a n p l a n e , t h e n f o r a wave w i t h a p e r i o d o f 60 - 600 sec. 

and an E-W s c a l e o f about 1,000 km., the i n c i d e n t m a g n e t i c 

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

the i o n o s p h e r e [ N i s h i d a ( 1 9 6 4 ) ] . 

On the o t h e r hand, i f the i n c i d e n t wave e l e c t r i c f i e l d 

l i e s i n t h e m e r i d i a n p l a n e , but the plasma m o t i o n i s p e r p e n d i c u l a r 

t o i t , b o t h a t t e n u a t i o n and p h a s e - s h i f t o c c u r . The r a t i o o f 

the magnetic f i e l d B 1 (D), i n c i d e n t i n t h e F regiGn, t o the 

magnetic d i s t u r b a n c e h o r i z o n t a l component ob s e r v e d on the ground, 

B^ ( 0 ) , i s g i v e n , i n c.g.s. u n i t s ( a f t e r N i s h i d a ) by : 

(D) 2 W z n v 

o nr.l° -1 
where c = 3 x 1^ cm. s e c . . . 



, ' 8 -1 v i s t h e A l f v e n v e l o c i t y * 10 cm. sec. , 
-8 -1 1 

|k| i s the E-W s c a l e o f the HM.1 wave 10~ cm." = ^ 

(wave number), 

\p i s the magnetic d i p a n g l e = 72°, 

Z-j_ 2 t h e i n t e g r a t e d c o n d u c t i v i t i e s f r om bottom o f t h e 

i o n o s p h e r e (d = 100 km. = 10 cm.) t o t h e t o p 

(D = 300 km. = 3 x 107 cm.), 

i s the P e d e r s e n c o n d u c t i v i t y , 

S 2 t h e H a l l c o n d u c t i v i t y b o t h x l C ^ c.g.s. u n i t s . 

S u b s t i t u t i n g t h e s e v a l u e s 

B y ( D ) _ 
\(0) ~ 800 ( 3 , I f ) 

— a v e r y a p p r e c i a b l e a t t e n u a t i o n . The phase s h i f t f o r t h i s 

c ase i s about 90° . 

I n g e n e r a l , t h e o b s e r v e d ( P t ) magnetic p u l s a t i o n s a r e 

found t o be e l l i p t i c a l l y p o l a r i s e d i n t h i s v i c i n i t y , 

[ R o s t o k e r (1966)J and c o n s e q u e n t l y i t i s r a t h e r d i f f i c u l t 

t o e s t i m a t e what the i n c i d e n t f i e l d s may be. I t i s a l s o 

p o s s i b l e t h a t evanescent waves t r a n s m i t t e d h o r i z o n t a l l y 

t h r o u g h the i o n o s p h e r e , r a t h e r than v e r t i c a l l y i n c i d e n t waves, 

ar e i n v o l v e d . I n any c a s e , the d i s t u r b a n c e f i e l d i n the 

i o n o s p h e r e w i l l n o t be l e s s t h a n t w o - t h i r d s o f the d i s t u r b a n c e 

f i e l d o b s e r v e d on t h e ground. 
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U n l e s s p a r t i c u l a r assumptions are made t h e i o n o s p h e r i c 

d i s t u r b a n c e f i e l d s a r e u n c e r t a i n by one o r two o r d e r s o f 

magnitude. Hox/ever, as s u m p t i o n s r e g a r d i n g s o u r c e s and 

p r o p a g a t i o n modes can be made f o r s p e c i f i c c l a s s e s o f 

e v e n t s . 

I t i s a p p a r e n t from the f o r e g o i n g t h a t , a gpod 

s i g n a l - t o - n o i s e r a t i o and a f l a t ( o r known) f r e q u e n c y 

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

b r a t i o n i n t h e d e s i g n o f a magnetic m o n i t o r i n g system. 

2.2.2 Equipment Used f o r M a g n e t i c D i s t u r b a n c e R e c o r d i n g 

T e l l u r i c P o t e n t i a l System, R o y a l Roads 

F i g u r e Z.2.1 i s a map o f t h e R o y a l Roads e x p e r i m e n t a l 

s i t e showing the l o c a t i o n s o f the t e l l u r i c p o t e n t i a l l i n e s 

and e l e c t r o d e s , and a l s o the l o c a t i o n o f t h e r u b i d i u m - v a p o u r 

magnetometer and r a d i o equipment. The o n l y power l i n e s i n 

t h e v i c i n i t y a r e b u r i e d c a b l e s and do n o t u t i l i s e a ground 

r e t u r n . The s i t e i s a q u i e t v a l l e y i n a f o r e s t about a m i l e 

f r o m t h e n e a r e s t r o a d . 

F i g u r e £.2.2 i s a b l o c k diagram o f t h e t e l l u r i c 

p o t e n t i a l r e c o r d i n g system, i n c l u d i n g one c h a n n e l o f the 

s l o w speed FM r e c o r d e r and the t o t a l f i e l d magnetometer. 
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The p i c k - u p e l e c t r o d e s a r e t e n f o o t cadmiu. . aacgper. 

ground r o d s d r i v e n i n t o s t r e a m beds. C o n n e x i o n i s mv . \o 

s h i e l d e d l i n e s and t h e n t h r o u g h c a l i b r a t i o n 'pads' t< L.cv~ 

pass f i l t e r s , and f i n a l l y t o 8 c p s . chopper a m p l i f i e r . •which 

f e e d l o w - p a s s and band-pass f i l t e r s w h i c h i n t u r n , f->zd t h e . 

r e c o r d i n g u n i t s . 

The e q u i v a l e n t c i r c u i t o f t h e t e l l u r i c p i c k - u p s 

and t h e a c t u a l c i r c u i t s o f the c a l i b r a t i o n pads and l o w - p a s s 

f i l t e r s a r e shown i n F i g . 2.2.3. The h i g h - b a n d bandpass 

o u t p u t f i l t e r s a r e K r o h n - h i t e a d j u s t a b l e f i l t e r s , w h i c h a r e f'e&t 

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

v e r y l a r g e l o n g - p e r i o d s i g n a l s o c c u r . 

N e a r l y e v e r y event seen on the N-S t e l l u r i c l i n e 

was a l s o r e c o r d e d w i t h l a r g e r a m p l i t u d e on the E-W l i n e 

( F i g u r e Z.2.4), c o n s e q u e n t l y a f t e r an i n i t i a l t e s t p e r i o d o f 

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

made u s i n g o n l y the o u t p u t o f the E-W l i n e . A s i m i l a r 

predominance o f E-W s i g n a l has been found on t h e Dominion 

O b s e r v a t o r y t e l l u r i c p o t e n t i a l l i n e s l o c a t e d about 10 m i l e s 

n o r t h o f R o y a l Roads [C a n e r , (1966)]. 
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?..3.1 G e n e r a l N a t u r e o f HF Radiowave P r o p a g a t i o n 

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

medium as f a r as HF ra d i o - w a v e s a r e concerned. A l i n e a r l y 

p o l a r i s e d EM wave i n c i d e n t on the i o n o s p h e r e i s s e p a r a t e d i n t o 

two e l l i p t i c a l l y p o l a r i s e d waves, o f o p p o s i t e r o t a t i o n a l senses 

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

e l l i p t i c a l mode whi c h d e s c r i b e s a r i g h t - h a n d e d h e l i x when i t i s 

downcoiiiing i n the n o r t h e r n hemisphere i s c a l l e d t h e o r d i n a r y 

mode, and t h a t d e s c r i b i n g a l e f t - h a n d e d h e l i x t h e e x t r a - o r d i n a r y 

mode. P r o v i d i n g the r a d i o wave f r e q u e n c y i s g r e a t e r t h a n the 

e l e c t r o n g y r o - f r e q u e n c y I n the e a r t h ' s magnetic f i e l d . ( O t h e r , 

c o n v e n t i o n s a r e sometimes f o l l o w e d [ D a v i e s (1965)].) 

The h i g h e s t f r e q u e n c y which can be r e f l e c t e d 

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

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

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

s p e c i f i e d . The maximum u s e a b l e f r e q u e n c y f o r a 3?000 km. p a t h 

i n v o l v i n g one r e f l e x i o n from the F 2 l a y e r i s c a l l e d the 

'1 hop f 2 MUF 3 0 0 0 ' . The MUF u s u a l l y r e f e r s t o t h e e x t r a 

o r d i n a r y mode s i n c e t h e (X) MUF i s u s u a l l y g r e a t e r t h a n the 

(0) MUF by a t l e a s t h a l f a megacycle. The MUF's f o r z e r o 

p a t h l e n g t h a r e t h e s o - c a l l e d ' c r i t i c a l ' f r e q u e n c i e s o f t h e 

i o n o s p h e r i c l a y e r s . 
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1/2 
max so.G M 

ir m 
/ 

where i s t h e o r d i n a r y mode c r i t i c a l f r e q u e n c y 

N. max i s t h e maximum e l e c t r o n number d e n s i t y i n the 

l a y e r 

e i s t h e e l e c t r o n i c charge 

m i s t h e e l e c t r o n i c mass 

Above the c r i t i c a l f r e q u e n c i e s , waves pass t h r o u g h the> ionor-

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

r e f l e c t e d f r om t h e i o n o s p h e r e . A t t h e c r i t i c a l f r e q u e n c i e s , 

waves a r e r e t a r d e d s e v e r e l y , and sometimes d e v i a t e d i n t o 

h o r i z o n t a l p a t h s . The n e t e f f e c t I s one o f s t r o n g s o - c a l l e d 

' d e v i a t i v e ' a b s o r p t i o n , a t t h e c r i t i c a l f r e q u e n c i e s and l o w 

group v e l o c i t i e s a t f r e q u e n c i e s j u s t below t h e c r i t i c a l 

f r e q u e n c i e s . 

i o n o s p h e r e , and p a r t i c u l a r l y t h e D r e g i o n , has a b s o r p t i v e 

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

few hundred KHz a r e s t r o n g l y a b s orbed i n t h e daytime D 

r e g i o n . T h i s a b s o r p t i o n o c c u r s because t h e e l e c t r o n s s e t i n 

m o t i o n by t h e EH wave, f r e q u e n t l y c o l l i d e w i t h heavy p a r t i c l e s , 

b e f o r e they can r e - r a d i a t e t h e EM energy. The EM energy 

i s t h e r m a l i s e d o r absorbed. T h i s type o f a b s o r p t i o n i s c a l l e d 

n o n - d e v i a t i v e , as i t o c c u r s below the h e i g h t s where r e f r a c t i v e 

e f f e c t s a r e i m p o r t a n t . The e x t r a o r d i n a r y wave s u f f e r s g r e a t e r 

n o n - d e v i a t i v e a b s o r p t i o n t h a n t h e o r d i n a r y wave. 

I n a d d i t i o n t o i t s r e f r a c t i v e p r o p e r t i e s , t h e 
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Four r a d i o e x p e r i m e n t s were p e r f o r m e d . 

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

measured i n t h e f o u r t h , t h e D o p p l e r s h i f t was measured. 

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

w i t h the d i s c u s s i o n o f each o f the measuring t e c h n i q u e s . A 

f u l l f o r m a l t r e a t m e n t o f HF radiowave p r o p a g a t i o n i s g i v e n by 

Budden (1 9 6 1 ) , a l e s s f o r m a l but more comprehensive t r e a t m e n t 

i s g i v e n by D a v i e s (1965). 

2 . 3 . 2 . RADIOMETERS 

a) Narrow band Radiometer A m p l i t u d e f l u c t u a t i o n s i n 

HF r a d i o waves t r a n s m i t t e d t h r o u g h o r s c a t t e r e d from the 

i o n o s p h e r e a r e ( s t a t i s t i c a l l y and o f t e n d i r e c t l y ) r e l a t e d 

t o i o n i s a t i o n p e r t u r b a t i o n s . The n arrow band r a d i o m e t e r 

a t Westham i s l a n was o p e r a t e d on a c l e a r c h a n n e l ,at f i r s t 

2 0 . 1 MHz, l a t e r 2 5 . 0 MHz . S i n c e the antenna was a h a l f 

wave d i p o l e t e n f e e t above the ground l o w - a n g l e skywave 

s i g n a l s were, somewhat d i s c r i m i n a t e d a g a i n s t , w h i l e the 

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

waves, hence most o f the s i g n a l was cosmic n o i s e o r 

s c a t t e r e d r a d i a t i o n . O c c a s i o n a l d i s c r e t e e v e nts were 

caused by a i r c r a f t t r a n s m i s s i o n s . The antenna f e d a 

cascode p r e - a m p l i f i e r d i r e c t l y , I t i n t u r n f e d an HRO 50 

r e c e i v e r t h r o u g h a hundred f e e t o f RG9/BU c a b l e . The 

A,G.C. v o l t a g e o f the r e c e i v e r was r e c o r d e d on a s t r i p c h a r t . 

The r e c e i v e r bandwidth was about 3KHz. 
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b) The Broad band Radiometer Instead of looking at 

cosmic noise there i s some advantage i n looking at 

(lower frequency)specularly xtflected signals since these 

are more strongly perturbed by ionospheric i r r e g u l a r i t i e s . 

If a passive system i s to be used either standard 

transmissions such as WWV , or an ensemble of many signals 

may be monitored. Since overhead ionospheric conditions 

were of most interest the d i s t a n t l y r e f l e c t e d signals 

from WW (then i n Maryland) were not suitable. The signal 

from a single nearby station was not considered desireable 

since the station?s modulation c h a r a c t e r i s t i c s would 

predominate over ionospheric amplitude perturbations. 

But i f an ensemble of many stations i s received then the 

i n d i v i d u a l modulation c h a r a c t e r i s t i c s should average out 

while the e f f e c t s of ionospheric focussing and/or absorp

t i o n should add up and be more prominent. 

The broadband radiometer located at royal roads 

consisted of a d i r e c t i o n a l antenna (broadbanded as much 

as possible) feeding a receiver with an input bandwidth 

of about 4MHz which was usually centered somewhere i n 

the twelve to f i f t e e n MHz region. The signal l e v e l averaged 

over the 4MHz bandwidth and over a 10 second period, was 

recorded on a s t r i p chart . 
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2,5,3 The H i g h S e n s i t i v i t y R i ometer 

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

by L i t t l e , and L e i n b a c h (1959). R i o m e t e r s n o r m a l l y o p e r a t e 

t o g i v e t h e maximum amount o f i n f o r m a t i o n r e g a r d i n t y p i c a l 

a b s o r p t i o n e v e n t s h a v i n g a time s c a l e o f about an h o u r , and 

i n v o l v i n g 20 or 30 db. o f a b s o r p t i o n . S i g n a l s t r e n g t h 

r e s o l u t i o n i s u s u a l l y l i m i t e d t o 0.1 db. a t b e s t (commonly 

0.5 d b . ) . And the time r e s o l u t i o n o b t a i n e d w i t h the u s u a l 

r e c o r d i n g parameters i s about 3C sec. a t b e s t (commonly 60 

s e c ) . ( S e n s i t i v i t y i s about 4 t i m e s kTB ambient.) 

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

r e s o l u t i o n , and more r a p i d r e s p o n s e were r e q u i r e d i n o r d e r t o 

s t u d y a s s o c i a t i o n w i t h m i c r o p u l s a t i o n s i n t h e P i - 2 c l a s s . On 

t h e o t h e r hand l o n g term s t a b i l i t y and h i g h a c c u r a c y o f 

c a l i b r a t i o n were n o t r e q u i r e d . 

xne normal r e c o r d i s produced by a s e r v o system, and 

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

By c o n t i n u o u s l y a d j u s t i n g t h e o u t p u t o f a n o i s e d i o d e t o match 

the i n p u t f rom t h e a n t e n n a , problems due t o g a i n changes and 

r e c e i v e r n o i s e a r e o b v i a t e d . 

The r e c e i v e r was o p e r a t e d w i t h automatic, g a i n c o n t r o l 

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

depends on the i n t e g r a t i o n time o f t h e s e r v o n u l l d e t e c t o r 

and'on the t h e r m a l time c o n s t a n t o f t h e n o i s e d i o d e (0.5 s e c ) . 
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The a.g.c. time c o n s t a n t i s much s h o r t e r t h a n the s e r v o system 

r e s p o n s e t i m e but l o n g e r t h a n the di o d e / a n t e n n a s w i t c h i n g 

p e r i o d (about 2 i n s . ) . . T y p i c a l l y , the a.g.c. time c o n s t a n t i s 

about 0.5 s e c , and the s e r v o time c o n s t a n t about 100 sec. 

I n the r i o m e t e r u s e d , the Aerospace AR 1C0A, the 

a.g.c. v o l t a g e i s d i r e c t l y p r o p o r t i o n a l t o s i g n a l power over 

the normal o p e r a t i n g range. Hence, i t was d e c i d e d t o a m p l i f y 

and r e c o r d v a r i a t i o n s i n a.g.c. v o l t a g e . The a.g.c. s i g n a l , 

however, e x h i b i t s r a p i d f l u c t u a t i o n s due t o m u l t i p a t h f a d i n g 

and t o the l i m i t e d b andwidth o f the r e c e i v e r . That m u l t i p a t h 

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

i t s e l f was r e s p o n s i b l e f o r the slow f l u c t u a t i o n s when narrow 

i . f . bandwidths were t r i e d can be seen f r o m the f o l l o w i n g 

c o n s i d e r a t i o n s . F a d i n g broadband n o i s e has a c o r r e l a t i o n band

w i d t h o f about 3 KHz, and f o r f l u c t u a t i o n p e r i o d s l o n g e r t h a n 

10 s e c . , t h i s i s t h e d e t e r m i n i n g f a c t o r , r a t h e r t h a n t h e band

w i d t h l i m i t e d n o i s e . The ap p a r e n t f r e q u e n c y o f n o i s e from a 

f i l t e r i s g i v e n by Bendat as : f Q = C..58 f ^ , where f ^ i s the 

(upper) c u t - o f f f r e q u e n c y o f the f i l t e r . That i s , f o r a 3 KHz 

f i l t e r , would be about 1.6 KHz and f a r out o f t h e range 

(0 - 0.1 Hz) o f i n t e r e s t . Cn t h e o t h e r hand, t h e c o r r e l a t i o n 

bandwidth o f o r d i n a r y HF f a d i n g i s about 3 KHz and the f a d i n g 

r a t e may f r e q u e n t l y be i n the 0 - 0.1 Hz l?and. [ D a v i e s ( 1 9 6 5 ) ] . 
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I t was f o u n d t h a t by i n c r e a s i n g t h e I.F. bandwidth from 3 KHz 

t o 80 KHz f l u c t u a t i o n s below 1 Hz were v i r t u a l l y e l i m i n a t e d 

from t h e a m p l i f i e d a.g.c. o u t p u t d u r i n g q u i e t p e r i o d s . F o r t u n a t e l y , 

the ambient RF n o i s e l e v e l a t Westham I s l a n d was b e r y l o w , 

o t h e r w i s e such a l a r g e bandwidth c o u l d n o t have been u s e d . 

The e x p e r i m e n t a l arrangement used i s shown i n F i g . 2 ; 3 1 0 2 , 

A z e n i t h d i r e c t e d w ide-spaced 30 MHz y a g i - u d a antenna was u s e d . 

I t f e d a s i m p l e b a l u n and 200 f e e t o f RG9B/U C a b l e , \/hich f e d 

the A r l l - I O O A r i o m e t e r . A Boonton R a d i o A d m i t t a n c e meter was 

used t o s e t up the antenna and t o match t h e l i n e and t h e n o i s e 

d i o d e . The r e g u l a r r i o m e t e r r e c o r d was t a k e n on an E s t e r l i n e 

Angus r e c o r d e r o p e r a t i n g a t 3"/hf. The a.g.c. v o l t a g e was f e d 

t h r o u g h a c a p a c i t o r ( h i g h p a s s f i l t e r ) r e s i s t o r , network and 

i n t o a M a g n e t i c I n s t r u m e n t s Corp. D.C. a m p l i f i e r (model 759) 

w h i c h f e d an E s t e r l i n e Angus r e c o r d e r o p e r a t i n g a t 6"/hr. and 

gave a s e n s i t i v i t y o f 10 m i l l i v o l t s f u l l s c a l e ; e q u i v a l e n t t o 

about 3 db. o f s i g n a l s t r e n g t h f u l l s c a l e . 

2.4 HF CW D o p p l e r I o n o s p h e r i c Sounding  

2.4.1 Theory 

T h i s t e c h n i q u e s i m p l y i n v o l v e s i l l u m i n a t i n g the u n d e r s i d e 

o f t h e i o n o s p h e r e w i t h a f i x e d f r e q u e n c y continuous-wave r a d i o 

s o u r c e , and o b s e r v i n g the f r e q u e n c y spectrum o f the waves 

e c h o i n g back from the i o n o s p h e r e . I o n o s p h e r i c m o t i o n s and 

changes i n r e f r a c t i v e i n d e x l e a d t o D o p p l e r s h i f t s i n t h e 

r e c e i v e d s i g n a l [ D a v i e s (1962 a - d ) ] . 
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I f a p l a n e r a d i o wave r e p r e s e n t e d by: 

E = 3 0 exp i (£>s - 2rr f t ) ( s i s a space c o - o r d i n a t e ) h a v i n g 

a m p l i t u d e -E f r e q u e n c y f, and p r o p a g a t i o n v e c t o r k, i m p i n g e s upon 

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

wave w i l l s e t t h e e l e c t r o n i n m o t i o n , and t h e moving e l e c t r o n 

w i l l t h e n r e r a & i a t e a w a v e l e t o f f r e q u e n c y f , but advanced i n 

phase by 9C° i n t h e f o r w a r d (£) d i r e c t i o n w i t h r e s p e c t t o t h e 

i n i t i a l wave. 

I f t h e e l e c t r o n has some i n i t i a l v e l o c i t y v t h e n t h e e l e c t r o n 

sees a wave D o p p l e r s h i f t e d i n f r e q u e n c y . The p e r i o d o f t h e 

wave as seen by t h e e l e c t r o n w i l l be t h e l e n g t h o f t i m e t a k e n by 

one wave l e n g t h t o pass t h e e l e c t r o n : t h i s i s 

t ' = ?y 
c-v.£ 

now iv = .c and f ' = 1 
t ' 

so t h a t f = (C-V.K ) ( f ) 
c 

o r f ' = f - f v.k. 

c 

T h i s I s t h e f r e q u e n c y t h a t t h e e l e c t r o n w i l l r e - r a d i a t e . The 

r e - r a d i a t e d f r e q u e n c y seen by a f i x e d o b s e r v e r w i l l be a g a i n 

D o p p l e r s h i f t e d . 
f " = f - f (v . k + v . e) • 

c 

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

t h e o b s e r v e r . I f t h e o b s e r v e r i s a t the t r a n s m i t t e r a ~ £ and 

f t . rr £ _ £f v . it. (2.4.1) 
c 
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T h i s i s t h e s i r a p l e moving m i r r o r e x p r e s s i o n f o r D o p p l e r s h i f t . 

I f many e l e c t r o n s a r e i n v o l v e d many waves w i l l be r e t u r n e d , 

each h a v i n g a D o p p l e r s h i f t a p p r o p r i a t e t o t h e v e l o c i t y o f t h e 

e l e c t r o n , which r e — r a d i a t e d i t ; s i n c e s u c c e s s i v e r e — r a d i a t i o n s 

a r e p o s s i b l e a broad d i s t r i b u t i o n o f f r e q u e n c i e s i s t o be e x p e c t e d 

i f t h e e l e c t r o n s a r e n o t a l l i n u n i f o r m m o t i o n . Moreover, t h e 

power spectrum r e c e i v e d w i l l depend on t h e geometry o f t h e r e f l e c 

t i n g r e g i o n , s i n c e t h e w a v e l e t s w i l l be r e — r a d i a t e d w i t h d i f f e r i n g 

phases and w i l l i n t e r f e r e w i t h each o t h e r . 

I f t h e e l e c t r o n s p o s s e s s t h e r m a l v e l o c i t y components as w e l l 

as an o r d e r e d v e l o c i t y , t h e t h e r m a l components w i l l s i m p l y 

broaden the D o p p l e r spectrum p r o v i d e d d e n s i t y o r t e m p e r a t u r e 

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

g r a d i e n t , t h e n more c o l l i s i o n s v r i . l l o c c u r on one s i d e o f a l a m i n a 

o f e l e c t r o n s t h a n on t h e o t h e r and t h e t h e r m a l v e l o c i t i e s w i l l 

n o t average t o aero but w i l l average t c a n e t d i f f u s i o n v e l o c i t y 

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

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

b u t a skewing o f i t o r a n e t D o p p l e r s h i f t . I n t h e pr e s e n c e o f 

a magnetic f i e l d t h e e f f e c t i s even more c o m p l i c a t e d s i n c e 

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

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

and the magnetic f i e l d . 

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

t o c o n s i d e r n o t m e r e l y the e l e c t r o n v e l o c i t y due t o a p p l i e d 

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

i n c o n j u n c t i o n w i t h d e n s i t y o f t e m p e r a t u r e g r a d i e n t s and t h e 

magnetic f i e l d . 

http://vri.ll
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The m i c r o s c o p i c p r o b l e m i s d e a l t w i t h by summing up t h e 

waves r a d i a t e d by t h e i n d i v i d u a l e l e c t r o n s . F o r t h e c a s e s o f 

i n t e r e s t t h e r e a r e many e l e c t r o n s i n an i o n o s p h e r i c r e g i o n s m a l l 

compared t o a w a v e l e n g t h . E l e c t r o n s i n such a r e g i o n move c o h e r 

e n t l y when a c t e d on by a wave, c o n s e q u e n t l y t h e i n d i v i d u a l e l e c t 

r o n d i s p l a c e m e n t s r may be r e p l a c e d by t h e b u l k p o l a r i z a t i o n 

m a t r i x [P] d e f i n e d by: [ P j = Ne [<r>] where N i s t h e 

e l e c t r o n number d e n s i t y and e i s t h e e l e c t r o n i c charge and 

[<r>] t h e average d i s p l a c e m e n t i n a l l t h e p r i n c i p a l d i r e c t i o n s 

f o r e l e c t r o n s i n a volume much s m a l l e r i n r a d i u s t h a n one wave

l e n g t h , but l a r g e enough t o c o n t a i n many e l e c t r o n s . [<r>] i s 

assumed t o be d e t e r m i n e d by t h e e l e c t r i c f i e l d and by c o l l i s i o n s 

and g r a d i e n t s i n H and t h e ambient magnetic f i e l d so t h a t [P] 

i s a m a t r i x o f t h e form: [p] = a [H] [E] where [!•!] i s t h e s u s 

c e p t i b i l i t y m a t r i x f o r t h e medium, a i s a s c a l a r parameter end. 

E i s t h e e l e c t r i c f i e l d v e c t o r , t h e n t h e d i s p l a c e m e n t m a t r i x 

[D] = [-£3] + [ P ] , may be used t o r e p l a c e E i n M a x w e l l 1 s 

e q u a t i o n s , which may t h e n be used t o d e r i v e t h e m a t r i x wave 

e q u a t i o n s f o r a n d E. 

The wave e q u a t i o n s i n t u r n may be used t c o b t a i n a d i s p e r s i o n 

e q u a t i o n , f rom which t h e phase v e l o c i t y and a t t e n u a t i o n f o r a 

s i m p l e harmonic p l a n e wave t r a v e l l i n g i n any d i r e c t i o n may be 

fo u n d i n terms o f t h e r e f r a c t i v e i n d e x m a t r i x . The r e f r a c t i v e 

i n d e x m a t r i x f o r a d r i f t i n g m a g n e t o - i o n i c medium i s d e r i v e d by 

Unz ( 1 9 6 5 ) . 

T h i s approach i s r a t h e r i n t r a c t a b l e and, a l t e r n a t e l y , a 

s c a l a r wave e q u a t i o n may be d e r i v e d by assuming t h a t t h e v e c t o r 
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f i e l d s a r e d e r i v e a b l e from a s c a l a r p o t e n t i a l , and t h a t t h e y a re 

' s l o w l y v a r y i n g 1 i n a d i s t a n c e comparable t o a wa v e l e n g t h . T h i s 

a s s u m p t i o n i s v a l i d e x c e p t i n r e g i o n s where r e f l e x i o n o r c o u p l i n g 

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

s c a l a r wave e q u a t i o n t o be v a l i d , s i m p l e harmonic p l a n e wave s o l u 

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

t h e medium i s n o t r a p i d l y t i m e v a r y i n g . . Donnely (1965) d e r i v e s 

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

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

s t r a t i f i e d plasma. A g a i n t h e s e c r i t e r i a a r e met everywhere 

except i n c o u p l i n g r e g i o n s . 

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

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

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

r e c e i v e r . The s i m p l e s t c o n c e p t i s t h a t o f t h e o p t i c a l phase 

p a t h . T h i s i s a p a t h which i s everywhere t a n g e n t i a l t o t h e normal 

t o t h e wave f r o n t s . The u s u a l d i f f e r e n t i a l e q u a t i o n f o r 

d e t e r m i n i n g t h e o p t i c a l phase p a t h i s d e r i v e d on the as s u m p t i o n 

t h a t i s l a r g e [ e . g . see t h e appendix t o G i l l ' s book, (1965)]. 
c 

T h i s a s s u m p t i o n does n o t h o l d f o r HF r a d i o f r e q u e n c i e s and t h e 
f 

d i f f e r e n t i a l e q u a t i o n o b t a i n e d i n t h e case o f - s m a l l does n o t 
c 

have a u n i q u e s o l u t i o n . 

A n o t h e r approach i s r e q u i r e d . The p a t h which a wave p a c k e t 

o r group t r a v e l s i s u n i q u e l y d e f i n e d , e x c e p t i n the c o u p l i n g 

r e g i o n , and t h e p r o j e c t i o n o f t h e phase v e l o c i t y onto t h i s p a t h 

a t e v e r y p o i n t can be d e t e r m i n e d . Hence i t i s customary t o 

employ t h e group r a y p a t h w i t h a cos ex! f a c t o r t o t a k e i n t o 
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account the f a c t that the wave front normal does not generally 

l i e along t h i s path; _-,oc i s the angle between the wave normal 

and the group path. The use of ray theory even for the coupling 

region where the assumption of a slowly varying medium does not 

hold has been j u s t i f i e d empirically [Titheridge (1967)] and 

t h e o r e t i c a l l y [Sudden (1961) p. 145, "an i n v e s t i g a t i o n of the 

r e f l e c t i o n or coupling process by ' f u l l wave1 theory shows that 

i n general the ray theory can s t i l l be considered to hold with 

only t r i v i a l modification. An exception to t h i s i s the 

phenomenon of p a r t i a l penetration and r e f l e c t i o n for frequencies 

near the penetration ( c r i t i c a l ) frequencies of an ionised layer."] 

Following the group ray path approach various authors 

[e.g. Davies (1962 c)] obtain expressions for the Doppler s h i f t 

of the form: 
f d 
c at ( j * 1 c o s <* d s ) ( 2 A . 2) 

Various techniques way be used to approximate solutions to t h i s 

equation. For instance, i f vertical, (normal) incidence i s assumed 

together with a ray path symmetrical.about the r e f l e x i o n point 

^ r , then expanding the time derivative as two p a r t i a l derivatives 

gives: Lt - ^ u , c ' i i + f ' r M . ds (2 . 4 . 3 ) 
r u t . J 0 dt 

Since u tends to zero as r i s approached the f i r s t term i s zero. 

For a uniform rate of v a r i a t i o n of electron density with height 

the major contribution to the i n t e g r a l term occurs near the 

height of r e f l e x i o n as Davies (private communication) pointed 
4-=-out with the following argument: Assume u =v I - kn , k = Co.6 

then - 75— " ^ r 2 and t h i s of course blows up as u tends to 
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z e r o . However t h e phase v e l o c i t y £~ a l s o t e n d s t o i n f i n i t y ; a n d 

so does t h e w a v e l e n g t h and t h e wave ne v e r r e a c h e s t h e p o i n t 

where u. = 0. 

Fooks (1962) r e f e r s t o v a r i o u s r e s u l t s o f d r i f t measurements 

whi c h gave v e l o c i t i e s c h a r a c t e r i s t i c o f a n a r r o w range o f h e i g h t s 

n e a r t h e c a l c u l a t e d h e i g h t o f r e f l e x i o n o f t h e HF sounding waves, 

and c o n c l u d e d t h a t f o r most Fi l a y e r r e f l e x i o n s , and some F l a y e r 

r e f l e x i o n s i r r e g u l a r i t i e s near t h e h e i g h t o f r e f l e x i o n a re most 

i m p o r t a n t i n p e r t u r b i n g t h e phase p a t h . 

To put i t i n o t h e r terms: F o r . many c a s e s o f r e f l e x i o n , 

when the sounding f r e q u e n c y i s away from c r i t i c a l f r e q u e n c i e s , 

i t may be shown t h a t as t h e r e g i o n o f r e f l e x i o n i s approached 

t h e r a t i o o f t h e wavelength t o the s c a l e h e i g h t ( f o r e l e c t r o n 

d e n s i t y v a r i a t i o n ) i n c r e a s e s m a r k e d l y , so t h a t i n e f f e c t r e f l e x i o n 

t a k e s p l a c e a b r u p t l y i n a r e g i o n s m a l l compared t o a w a v e l e n g t h . 

T h i s i s t h e case t o which t h e 'moving m i r r o r ' D o p p l e r e q u a t i o n 

a p p l i e s . I t i s : Lf = j ^ r (Z.h.k) 

E q u a t i o n 3'^«1+ p r o v i d e s a t l e a s t an o r d e r o f magnitude 

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

t o produce a g i v e n D o p p l e r s h i f t , when changes i n h e i g h t o f a 

s i n g l e r e f l e c t i n g l a y e r a r e t o be e x p e c t e d f r o m a g e n e r a l knowledge 

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

However s i n c e the wave e q u a t i o n i t s e l f f a i l s when sounding 

f r e q u e n c i e s c l o s e t o c r i t i c a l f r e q u e n c i e s a r e used e q u a t i o n s 

3.h.2 - h must be used w i t h some c a u t i o n . I n p a r t i c u l a r i t i s 

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

h e i g h t o c c u r r i n g near t h e h e i g h t o f r e f l e x i o n can be a c c o u n t e d 
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f o r o n l y by e m p i r i c a l f o r m u l a e o r by a f u l l - w a v e t h e o r y approach. 

T i t h e r i d g e (1967) The c o n t r i b u t i o n t o t h e D o p p l e r s h i f t c o r r e s 

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

t a b l e t o t i m e v a r y i n g g r a d i e n t s o f e l e c t r o n gas d e n s i t y and p r e s 

s u r e near t h e h e i g h t o f r e f l e x i o n , may o c c a s i o n a l l y be a p p r e c i a b l e 

A n o t h e r a s p e c t o f t h e D o p p l e r s h i f t d e t e r m i n a t i o n which i£ 

p a r t i c u l a r l y r e l e v a n t t o t h i s t h e s i s , i s e x e m p l i f i e d by t h e ques

t i o n : How much o f t h e D o p p l e r s h i f t may be a t t r i b u t e d t o p e r t u r 

b a t i o n o f t h e magnetic f i e l d parameter i n t h e e q u a t i o n f o r t h e 

r e f r a c t i v e i n d e x o f t h e m a g n e t o - i o n i c medium?. A c o n c l u s i v e 

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

c r i t i c a l f r e q u e n c i e s would be d i f f i c u l t t o o b t a i n . E x p e r i m e n t a l l y 

l a r g e magnetic changes are sometimes o b s e r v e d w i t h o u t r e l a t e d HF 

D o p p l e r changes, which s u g g e s t s t h e d i r e c t e f f e c t may be a s m a l l 

one. 

T h i s i s borne out by r a y - t r a c i n g c a l c u l a t i o n s p e r formed by 

J o n e s , and r e p o r t e d by D o n n e l l y (1966). Simple q u a s i - l o n g i t u d -

i c a l and q u a s i - t r a n s v e r s e r e f r a c t i v e i n d e x f o r m u l a e were used where 

a p p l i c a b l e t a k i n g i n t o a c c o u n t t h e e f f e c t o f • p e r t u r b a t i o n i n t h e 

e a r t h ' s magnetic f i e l d l e a d t o t h e c o n c l u s i o n t h a t f o r a l a r g e 
rd£E, dzl.Hrp 

magnetic dist u r b a n c e - — ^ r ^ o f O . l j and °* 0 . 0 5 » sec ~"~ 
c o n s t a n t f o r a l l h e i g h t s ) (AH- i s AH a l o n g B and AH^ I s AH 

p e r p e n d i c u l a r t o B ) t h e D o p p l e r s h i f t due t o d i r e c t magneto-

i o n i c p a t h p e r t u r b a t i o n i s l e s s t h a n 0.C1 Hz, which i s n e g l i g i b l e . 

[Most magnetic d i s t u r b a n c e s a t V i c t o r i a (1965 - 1966) d i d n o t 

i n v o l v e r a t e s o f change h i g h e r t h a n O.Cpl sec ~ ~ j w h i l e D o p p l e r 

s h i f t s o f 0 . 5 Hz were f r e q u e n t l y o b s e r v e d . ] 



I f t h e i o n o s p h e r e i s f a i r l y f l a t most o f t h e echo w i l l 

come f r o m the f i r s t F r e s n e l zone^whose r a d i u s i s about 5 km. 

f o r a 3 MIz wave r e f l e c t e d a t a h e i g h t z = 20C km. I f the 

i o n o s p h e r e i s 'rough' the r e f l e c t i n g r e g i o n i s broadened so 

t h a t t h e e f f e c t i v e r a d i u s may t y p i c a l l y be about 20 km. 

[ A l ' p e r t ( I 9 6 0 ) ] . O c c a s i o n a l l y ' t i l t s * o f t h e r e f l e c t i n g 

l a y e r may o c c u r and d i s p l a c e the r e f l e c t i n g r e g i o n h o r i z o n t a l l y . 

C o n c a v i t i e s and c o n v e x i t i e s many wav e l e n g t h s a c r o s s 

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

t h e wave. 

I f t h e wave were s i m p l y r e f l e c t e d a t a p l a n e boundary 

t h e d e t e r m i n a t i o n o f t h e phase p a t h would n o t be d i f f i c u l t , 

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

w h i c h r e - r a d i a t e d c h a r a c t e r i s t i c waves d e t e r m i n e d by t h e 

m a g n e t i c f i e l d . Two modes ar e n o r m a l l y p r e s e n t , and may be 

coupled? t h e o r d i n a r y (0) and the e x t r a - o r d i n a r y (X) modes o f 

c i r c u l a r p o l a r i s a t i o n . These modes> f o l l o w d i f f e r e n t p a t h s . 

F i g . 2 , 4 . 1 i s a s c h e m a t i c r e p r e s e n t a t i o n o f t h e day

ti m e r a y - p a t h s between Vancouver and V i c t o r i a f o r t h e sounding 

f r e q u e n c i e s used. B Q i s t h e E a r t h ' s m a g n e t i c f i e l d . The 

u p - g o i n g waves a r e l i n e a r l y p o l a r i s e d i n the (geomagnetic) 

E-W p l a n e . The down-coming waves a r e e l l i p t i c a l l y p o l a r i s e d 

i n the r i g h t handed (0) or l e f t handed (X) sense. ( S i n c e by-

a n d - l a r g e , p r o p a g a t i o n i s q u a s i - l o n g i t u d i n a l , the e l l i p s e s are 

n e a r l y c i r c u l a r . ) (The ' S p i t z e ' o r cusp i n t h e r a y - p a t h o c c u r s 

i n the 0 r a y o n l y . ) 



F i g . 2 A . 1 . SCHEMATIC DIAGRAM 

HF r a y - p a t h s (2.7 MHz) between Vancouver and V i c t o r i a 

a t about 1800 LMT ( t h e p a t h s l i e a p p r o x i m a t e l y i n t h e 

magnetic m e r i d i a n p l a n e . ) 
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The p r i n c i p a l r e f r a c t i o n e f f e c t s f o r t h e 0 and X'' 

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

v a r i e s f rom about two t o f i f t y km. depending on t h e e l e c t r o n 

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

When i r r e g u l a r i t i e s a r e p r e s e n t a m u l t i p l i c i t y o f 

r a y - p a t h s o c c u r , and t h e v a r i o u s phase p a t h s may d i f f e r by 

hundreds o f w a v e l e n g t h s a t t i m e s o f s e v e r e 'spread F' 

o c c u r r e n c e . T h i s l e a d s t o i n c r e a s e d D o p p l e r bandwidths. 

The o b s e r v e d D o p p l e r s h i f t s r e p r e s e n t t h e time r a t e 

o f change o f p a t h - l e n g t h f o r v a r i o u s p a t h s , and t h e b r e a d t h 

o f the spectrum or bandwidth i n d i c a t e s the v e l o c i t y s p r e a d 

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

l e n g t h a r e t h e r e s u l t o f a number o f causes : 

i ) V a r i a t i o n i n the h e i g h t ( o r l o c a t i o n ) o f the 

r e f l e x i o n ( c o u p l i n g ) r e g i o n (a l a r g e e f f e c t ) . , 

I i ) v a r i a t i o n i n e l e c t r o n v e l o c i t y at the h e i g h t o f 

r e f l e x i o n , 

i i i ) v a r i a t i o n i n e l e c t r o n d e n s i t y below th e h e i g h t o f 

r e f l e x i o n , 

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

r e g i o n , 

v) v a r i a t i o n i n e l e c t r o n v e l o c i t y i n the r e f l e x i o n 

r e g i o n , 
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v i ) - v a r i a t i o n i n e l e c t r o n - i o n and e l e c t r o n - n e u t r a l 

c o l l i s i o n f r e q u e n c i e s i n the r e f l e x i o n r e g i o n , 

v i i ) v a r i a t i o n i n the ambient magnetic f i e l d and hence 

i n u and i n the © and X r a y - p a t h s . 

I n g e n e r a l , t h e e l e c t r o n v e l o c i t y changes a f f e c t t h e 

r a y - p a t h l e s s t h a n the e l e c t r o n d e n s i t y changes ( . i r r e g u l a r i t y , 

d r i f t ) t T h e s e mechanisms o f phase p a t h v a r i a t i o n nave been 

I n d i v i d u a l l y t r e a t e d by s e v e r a l a u t h o r s ,but no comprehensive 

t h e o r y o f Do p p l e r s h i f t due t o r e f l e x i o n from a moving 

a n i s o t r o p i c , inhomogeneous, d i s p e r s i v e , m a g n e t o - i o n i c medium 

i s a v a i l a b l e . 

The t h e o r y o f the Dop p l e r e f f e c t f o r waves t r a n s 

m i t t e d i n or t h r o u g h a d i s p e r s i v e and inhomogeneous medium 

has been d e v e l o p e d by G i l l (1965), and t h e problem o f r e f l e x i o n 

f r o m a moving medium i s t r e a t e d by Unz (1965). Agy, B a k e r , 

and Jones (1965), v i d . t h e i r a p p e n d i c e s I - I I I , have extended 

D a v i e s ' (1962) t r e a t m e n t o f Doppler s h i f t f o r the v e r t i c a l 

I n c i d e n c e r e f l e x i o n problem, but they n e g l e c t e d the e a r t h ' s 

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

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

p r e v i o u s work and o f magnetic e f f e c t s i s g i v e n by D o n n e l l y (1966) 

The o b l i q u e p r o p a g a t i o n case w i t h a magnetic f i e l d has been 

t r e a t e d by T s e d i l i n a (1962) and a g e n e r a l d i s c u s s i o n g i v e n 

by D a v i e s and Baker (1966). 
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S i n c e th e i n t e r p r e t a t i o n o f D o p p l e r s h i f t s depends 

s t r o n g l y on how c l o s e t h e e x p l o r i n g f r e q u e n c y i s t o t h e i o n o s 

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

as a f u n c t i o n o f t i m e o f day and season were c a l c u l a t e d f o r 

1 9 6 5 . The f Q F 2 was e s t i m a t e d u s i n g t h e HBS/ITSA p r e d i c t i o n 

s y stem ( t e c h . n o t e 2 , Bl 5 1 3 6 1 ). The f F 1 was e s t i m a t e d 

u s i n g d a t a f r o m P e t r i e and Stevens ( 1 9 6 5 ) . These r e s u l t s 

were t h e n a d j u s t e d so t h a t o b s e r v e d s u n r i s e and s u n s e t ( 4 . 6 MHz 

f a d e - i n and f a d e - o u t t i m e s ) f i t t e d the p r e d i c t i o n s . The 

r e s u l t s f o r (1965) a r e p l o t t e d i n F i g . 2 A . 2 . Ionograms were 

o b t a i n e d f r o m th e U n i v e r s i t y o f Washington i n S e a t t l e and 

t h e s e r e s u l t s were a l s o i n c o r p o r a t e d . However, the Ionosonde 

o n l y o p e r a t e d i n t e r m i t t e n t l y , and few ionograms were o b t a i n e d . 

The n a t u r e o f t h e dependence o f AF on c r i t i c a l 

f r e q u e n c y and upon the h e i g h t o f t h e l a y e r (h ) i s c l e a r l y 

i l l u s t r a t e d by Agy, Baker and J ones (1965) i n t h e i r f i g u r e s : 

( 2 . 1 , 2 . 2 , 2 . 3 ) , see F i g u r e s 2- 1+«3 and These f i g u r e s 

were drawn on t h e b a s i s o f c a l c u l a t i o n s made f o r p a r a b o l i c 

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

assumed t h e 1 p h a s e - p a t h 1 model f o r D o p p l e r s h i f t . 

I n F i g u r e s 2 . 4 . 3 and 2 . 4 . 4 , p . 6 ' 9 and 70, the phase p a t h 

which i s d e f i n e d by the i n t e g r a l term i n e q ' n . 2 . 4 % 2 i s r e p r e s e n t e d 

b y ' p ! h Q i s the h e i g h t o f the ' b o t t o m ' o f the p a r a b o l i c i o n o s p h e r e 

h ^ i s the h e i g h t o f maximum e l e c t r o n d e n s i t y . f c i s t h e c r i t i c a l 

f r e q u e n c y ( e . g . ^Q^) ° f the l a y e r . A l l t h r e e o f t h e s e parameters 

are v a r i e d i n d e p e n d e n t l y t o g i v e t h e t h r e e s e t s o f c u r v e s . 
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DOPPLER SHIFT, A f, FOR VERTICAL PROPAGATION 
WITH REFLECTION IN PARABOLIC F LAYER 

f c »lOMc/s, h 0 «200 km, h m «300 km 

. f dP ?K 
A f c~dh0 dt 

JL «?P _ _f_ .ap d f c 

~.c ah m di c dfc dt . (2.4.5) 

IONOSPHERIC PROFILE 

J 4 5 t ? » 9 10 

PLASMA FREQUENCY, Mc/S fC 
(c) 

4 5 S I I 9 10 

FREQUENCY, Mc/s fC 
(b) 

4 5 5 T 8 
FREQUENCY, MC/s 

(c) 

II 12 J 4 5 6 I 8 » 
• FREQUENCY, Mc/s 

(d) 

10 

Fig. 2.4.3. D e t e r m i n a t i o n , o f D o p p l e r s h i f t . 

A f t e r Agy,Baker & Jones,(1965) 
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IONOSPHERIC PROFILE 

f c « i O M c / s , h 0 « 2 0 0 k m , h m - 3 0 0 k m 

L »P d h o X »P * m f ap dfc 

c afc dt 
Af . - J_ SJL u , ,o T dP 
A f c a h 0 " d T ~ ~ ~ 

tn 
C d h m d t 

• r • •? •• t "J — "T 1 I l l 

-

k 
n 0 

l , 1.. I I I . I I i 

2 3 4 5 6 7 8 9 10 
PLASMA FREQUENCY, Mc/S fe 

(o) 

10 15 20 25 

FREQUENCY, McA 
(c) 

30 35 

K UJ 
Q-
to 
UJ _l o >-o 

10 15 20 25 
FREQUENCY, Mc/s 

(b) 
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1400 
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£ soo 
o: TOO 
£ too 
(3 500 (-

^ 400 

° 300 h 

<J 100 

0 

30 

10 IS 20 25 

FREQUENCY, McA 
(d) 

F i g . 2.4.4. D o p p l e r s h i f t , A f , f o r o b l i q u e 

i n c i d e n c e p r o p a g a t i o n , w i t h r e f l e c t i o n i n a c h a n g i n g 

p a r a b o l i c F l a y e r . ( A f t e r Agy, Bake r , and Jo n e s , 1965) 

35 



As w e l l as t h e v e r t i c a l - i n c i d e n c e c u r v e s , c u r v e s f o r 

o b l i q u e i n c i d e n c e w i t h 200 km. s t a t i o n s p a c i n g were g i v e n . 

By c o m p a r i s o n , i t i s ap p a r e n t t h a t t h e 80 km. s p a c i n g used 

i n t h i s e x p e r i m e n t may be c o n s i d e r e d as ' v e r t i c a l ' i n c i d e n c e 

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

S i n c e the medium i s t i m e - v a r y i n g , inhomogeneous, 

a n i s o t r o p i c and d i s p e r s i v e , an e x a c t a n a l y t i c e x p r e s s i o n f o r 

the D o p p l e r s h i f t s i s n o t r e a d i l y w r i t t e n , i n o r d e r t o make use 

o f p r e c i s e D o p p l e r and wave p r o p a g a t i o n , e q u a t i o n s d e t a i l e d 

models o f the i o n o s p h e r e f o r t h e s p e c i f i c t i m e s o f i n t e r e s t 

a r e r e q u i r e d . S i n c e ionograms were n o t a v a i l a b l e f o r t h e ti m e s 

when most o f the i m p o r t a n t Doppler e v e n t s o c c u r r e d , q u i t e simple 

D o p p l e r s h i f t e q u a t i o n s were used. 

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

b a t i o n i n the i n t e r v e n i n g I onosphere was c o n s i d e r e d t h e s i m p l e 

moving m i r r o r D o p p l e r e q u a t i o n was used. I t i s : 

Af = =F ^ . ( z - ^ 
A f i s the Doppler f r e q u e n c y s h i f t 

f i s the c a r r i e r f r e q u e n c y 

h' i s the h e i g h t o f r e f l e x i o n assuming v e r t i c a l 

i n c i d e n c e 

c i s the v e l o c i t y o f l i g h t i n vacuo 
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On t h e o t h e r hand, when r e f l e x i o n from a f i x e d l a y e r 

w i t h p e r t u r b a t i o n s due t o changes i n a l a y e r below was 

s u s p e c t e d , an approximate e q u a t i o n g i v e n by Agy, Baker and 

Jones (1965) was t r i e d . 

k i s a c o n s t a n t 

2̂ - i s t h e r a t e o f change o f . e l e c t r o n d e n s i t y assumed 

c o n s t a n t over the h e i g h t range from h^ up t o t h e 

h e i g h t o f r e f l e x i o n h f t. 

(To e s t i m a t e t h e r e l a t i v e D o p p l e r s h i f t t o be e x p e c t e d f o r the 

o r d i n a r y and e x t r a o r d i n a r y waves was r e p l a c e d by f + fAHYo 

i n e q u a t i o n ( 3 . 4 . 2 ) where t h e + s i g n was used f o r th:- 0 x/ave 

and t h e - s i g n f o r the X wave.) These e q u a t i o n s a r e o n l y 

approximations-, some o f t h e assumptions u n d e r l y i n g t h e i r 

d e r i v a t i o n s and the l i m i t a t i o n s t o w h i c h t h e y a r e s u b j e c t 

a r e d i s c u s s e d i n Appendix I I I 

I f t h e D o p p l e r s h i f t i s found t o v a r y a p p r o x i m a t e l y 

as f t h e n i t i s l i k e l y due t c v e r t i c a l m o t i ons o f t h e r e f l e c t i n g 

l a y e r . I f i t v a r i e s as 1/ f , i t i s p r o b a b l y due t o e l e c t r o n 

d e n s i t y v a r i a t i o n below t h e h e i g h t o f r e f l e x i o n . I f t h e 

D o p p l e r s h i f t v a r i e s as a h i g h e r power o f f , t h e n i t may 

be due t o v a r i a t i o n s i n t h e c o l l i s i o n f r e q u e n c y , o r h e i g h t 

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



73 

ft.4.2 D o p p l e r Sounding  

a) The Equipment 

V e r t i c a l i n c i d e n c e CW D o p p l e r sounding r e q u i r e s : 
« 

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

i i ) sounding f r e q u e n c i e s chosen t o a v o i d i o n o s p h e r i c 

c r i t i c a l f r e q u e n c i e s and t o r e f l e c t f r om t h e l a y e r 

o f i n t e r e s t , 

i i i ) v e r t i c a l l y d i r e c t e d antennas spaced and o r i e n t e d 

t o e l i m i n a t e d i r e c t ground wave t r a n s m i s s i o n between 

t r a n s m i t t e r and r e c e i v e r , and p r e f e r a b l y d e s i g n e d to 

s e p a r a t e m a g n e t o - i o n i c p o l a r i s a t i o n modes, 

i v ) n a r r o w bandwidth r e c e i v e r s t o e l i m i n a t e i n t e r - " 

f e r e n c e problems, 

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

v i ) s e n s i t i v e f r e q u e n c y meters and spectrum a n a l y s e r s 

t o d e t e r m i n e the D o p p l e r spectrum, 

v i i ) s u i t a b l e r e c o r d i n g systems. 

The system used meets t h e s e r e q u i r e m e n t s i n l a r g e 

measure. 

The equipment used i n v e r t i c a l i n c i d e n c e D o p p l e r 

sounding c o n s i s t e d o f t r a n s m i t t e r s on the U.B.C. Campus a t 

Vancouver, and r e c e i v e r s a t R o y a l Roads ne a r V i c t o r i a , 

80 km. t o t h e s o u t h o f the t r a n s m i t t e r s , ( r e f e r t o F i g . 2.1.1.). 



Frequency 
M u l t i p l i e r 
U n i t s 

100 KHz. 
C r y s t a l 
S t anda rd . 

(W.E. D17560) 

4.6 MHz 
100 Watt 
T r a n s m i t t e r 

( E l co ) 

— n — 

1 
2 . 7 MHz. 
100 Watt 

3 A X Antenna 

S.W.R. 
B r i d g e 

3/8 9̂  Antenna 

I T 
Network 

- 1 
H a l f - h o u r l y 
s t a t i o n b reak .eyer 

F i g , 2 . 4 . 5 . VE9CF T r a n s m i t t i n g system , U . B .C . Geophys i c s 
l a b o r a t o r y Vancouver B .C . 
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The t r a n s m i t t e r i n s t a l l a t i o n i s s h o r n i n b l o c k diagram 

i n F i g . £ . 4 . 5 . A Western E l e c t r i c D17560 100 KHz c r y s t a l 
9 

f r e q u e n c y s t a n d a r d w i t h a s t a b i l i t y o f + 3 p a r t s i n 1 0 ' per 

day i s the b a s i c s i g n a l s o u r c e . The 100 KHz i s m u l t i p l i e d 

up by C l a s s C f r e q u e n c y m u l t i p l i e r s t a g e s t o o b t a i n the 

r e q u i r e d c a r r i e r f r e q u e n c i e s 2700 KHz and 4600 KHz. These 

m u l t i p l i e r s a r e w e l l damped and t h e c a r r i e r f r e q u e n c i e s m a i n t a i n 

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

The f r e q u e n c y m u l t i p l i e r i s f o l l o w e d by a m p l i f i e r s 

and s e r v e s as an e x c i t e r f o r two E i c o t y p e 720, 90 w a t t 

t r a n s m i t t e r s . (These t r a n s m i t t e r s have been e x t e n s i v e l y 

m o d i f i e d f o r c o n t i n u o u s o p e r a t i o n on f i x e d f r e q u e n c y . ) 

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

k e y s the t r a n s m i t t e r s f o r one minute e v e r y h a l f hour w i t h 

t h e c a l l l e t t e r s VE9CF. SWR b r i d g e s i n s t a l l e d i n t h e 

f e e d l i n e s a r e used t o a d j u s t t h e JT n e t w o r k s w h i c h f e e d t h e 

an t e n n a s , and a r e a r r a n g e d t o shut t h e equipment o f f i f t h e 

. SWR r a t i o exceeds a p r e s e t l e v e l ( i n t h e event o f antenna 

f a i l u r e ) . 

The t r a n s m i t t i n g antennas a r e s h o r t i n v e r t e d L 

antennas suspended .40 f t . a b o v e the ground. C o n s e q u e n t l y t h e y 

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

o t h e r w i s e a r e o r i e n t e d t o have a n u l l t o t h e so u t h - w e s t , i n 

t h e d i r e c t i o n o f t h e r e c e i v e r s . The 7 T t y p e matching n e t w o r k s 

were c a r e f u l l y d e v e l o p e d and enable an SWR o f 1 .3=1 or 

b e t t e r t o be m a i n t a i n e d a t a l l t i m e s . 
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2.7 MHz. 4 . 6 MHz. 1 8 . 6 KHz. 

Te l emet ry . 
D i s c r i m i n a t o r s 
F i l t e r s & 
A m p l i f i e r s f( Dopp le r ) 

F requency 
Me t e r s / 
D i s c r i m i n a t o r s 

Cha r t Recorder ! 
* H 6 Channe l 

JL 
Recorder 

7 Channe l 
s low speed 

F i g . 2 . 4 . 6 . Rad io R e c e i v i n g & R e c o r d i n g System 
P h y s i c s L abo ra to r y Roya l Roads V i c t o r i a B .C. 
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The f r e q u e n c y s t a n d a r d ' s 1 0 0 t h harmonic i s a d j u s t e d 

t o z e r o b e a t w i t h the 10.0 MHz WVJV s i g n a l r e c e i v e d on an 
\ 

RCA AR-91 r e c e i v e r , w h i c h i s a l s o used t o check f o r s p u r i o u s 

r a d i a t i o n . The t r a n s m i t t e r o u t p u t f r e q u e n c i e s a r e counted t o 

t h e n e a r e s t 0.1 Hz once a month t o check system o p e r a t i o n . 
i • 
1 

The r e c e i v i n g ; i n s t a l l a t i o n i s shown i n b l o c k d i a g r a m 
i n F i g . A.6. The system c o n s i s t s o f a n tennas, r e c e i v e r s , 

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

f r e q u e n c y m e t e r s , a c h a r t r e c o r d e r , and a s l o w speed tape 

r e c o r d e r , A p hotograph o f t h e 2.7 MHz p o l a r i m e t e r antenna 
i s shown i n F i g . £A.7. T h i s form o f antenna i s d i s c u s s e d 
i n J a s i k ( 1 9 6 1 ) . 

The 2.7 MHz p o l a r i m e t e r r e c e i v e r i s shown i n b l o c k 

d i a g r a m form i n F i g . 2A.8. Crthqgcnal tuned l o o p and d i p o l e 

a ntennas f e e d tuned r a d i o f r e q u e n c y (6AH6) prer-amplifiers 

w h i c h a r e matched t o (RG9BTJ ) c o a x i a l l i n e s about 

2 0 0 f e e t l o n g e x t e n d i n g t o t h e r e c e i v e r t r a i l e r . 

I n the t r a i l e r the l o o p and d i p o l e s i g n a l s a r e 

combined w i t h s u i t a b l e t e r m i n a t i n g pads t o o b t a i n t h e o r d i n a r y 

and e x t r a - o r d i n a r y c i r c u l a r p o l a r i s a t i o n components. (Two 

o f the s i x p o s s i b l e S t o k e s components.) (The i s o l a t i o n 

between modes a c t u a l l y o b t a i n e d i s o n l y about 15 db. because 

o f d i f f i c u l t i e s i n s e t t i n g - u p and p h a s i n g t h e antennas 

and f e e d system.) 



79 

DIPOLE 

COMBINE 

MATCHED RG-GBU 
LINES 

SPLIT COMBINE* 

TRF AMP 

MIX 

HARMONIC 
GENERATOR 

MIX 

" IF AMPS 

TRF AMP 

100 KHZ 
REF OSC MIX 

V V LOCAL 
OSCILLATOR 

MIX 

' IF AMPS 

AOC 
DET/AMP 

PHASE 
DET 

V V 
PHASE 

DET 

V LOG 
AF AMI A 

X - LEVEL 

L 0 G \ / F A M P y 

AGC 
DET/AMP 

X - B E A T 
FREOUENCY 
OUTPUT 

O - B E A T O - L E V E L 
FREOUENCY 
OUTPUT 

F i g . 2.4.8. 2.7 MHz. P o l a r i m e t e r D o p p l e r R e c e i v e r 
B l o c k Diagram. 
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The combining n e t w o r k s f e e d two s e p a r a t e r e c e i v e r s 

w i t h a common L.C. and r e f e r e n c e s t a n d a r d . These r e c e i v e r s 

each c o n s i s t , o f : an RF a m p l i f i e r (cascode 6 J 4 s ) w i t h 

l a r g e dynamic range , m i x e r u n i t s w h i c h c o n v e r t t h e 2.7 MHz 

s i g n a l down t o 455 KHz by m i x i n g i t w i t h t h e o u t p u t o f a s t a b l e 

( d o u b l e oven) c r y s t a l l o c a l o s c i l l a t o r . The m i x e r s f e e d 

s p e c i a l n a r r o w band C o l l i n s t y pe 65010 s i x c r y s t a l , c r y s t a l 

f i l t e r s - ( 5 0 Hz bandwidth a t 455 KHz) whi c h were custom made 

f o r t h i s e x p e r i m e n t . The r e c e i v e r i s shown i n photograph 

£ . 4 . 9 . 

Because o f the n a r r o w bandwidth o f the c r y s t a l 

f i l t e r s t h e l o c a l o s c i l l a t o r has t o be q u i t e s t a b l e , b u t 

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

i n t e r f e r e n c e . 

I n o r d e r t o o b t a i n b e a t f r e q u e n c i e s a n o t h e r Western 

E l e c t r i c 100 KHz f r e q u e n c y s t a n d a r d was used a t t h e r e c e i v e r s 

t o f e e d a harmonic g e n e r a t o r . The 2 7 t h and 4 6 t h h a r m o n i c s 

a r e s e l e c t e d and f e d t o t h e 2.7 and 4 . 6 MHz r e c e i v e r r e f e r e n c e 

c h a n n e l s . The r e f e r e n c e s i g n a l i s mixed w i t h t h e same l o c a l 

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

i n s t a b i l i t y problems. [ D a v i e s et al. {\3G1) The r e s u l t i n g 455 KHz 

i s t h e n a m p l i f i e d and combined i n a phase d e t e c t o r w i t h t h e 

r e c e i v e d s i g n a l . The o u t p u t o f t he phase d e t e c t o r i s a b e a t 

f r e q u e n c y i n the neig h b o u r h o o d o f 50 Hz ( d e t e r m i n e d by the o f f s e t 

o f t h e 100 KHz f r e q u e n c y s t a n d a r d . ) 
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1 4 3 5 2 

F i g . Z*^»9* 2.7 MHz P o i a r i a e t s r Receiver} 152 Loop input 
3 Dipole in-put, k&$ cascode RF ampli f i e r s , 6 mixers with 
c r y s t a l IF f i l t e r s , 7 IF amplifiers with a.g.c, and phase 
detectors, 8 Local O s c i l a t o r 3.155MHz. 9 C r y s t a l standard 
lOOKHs. 10 W W receiver, 11 Power supplies. 
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A c o n s t a n t l e v e l b e at f r e q u e n c y o u t p u t i s r e q u i r e d 

f o r t h e Fl'i t e l e m e t r y m o d u l a t o r s and i s o b t a i n e d by u s i n g 

a.g.c. and l o g a r i t h m i c a u d i o a m p l i f i e r s (Thompson BA - 2 ) 

o r z e n e r - d i o d e c l i p p e r s . 

The a.g.c. i s o b t a i n e d by r e c t i f y i n g some o f t h e 

be a t f r e q u e n c y s i g n a l . .A time c o n s t a n t o f about 10 s e c . 

i s u s e d . The a.g.c. v o l t a g e i s a l s o p r o v i d e d as an o u t p u t so 

t h a t s i g n a l s t r e n g t h v a r i a t i o n s and hence t h e presence o f 

a b s o r p t i o n o r deep f a d i n g may be r e c o g n i z e d . 

The 4 . 6 MHz r e c e i v e r i s s i m i l a r t o t h e 2 . 7 MHz r e c e i v e r , 

e x c e p t t h a t a s i m p l e h a l f - w a v e d i p o l e i s employed r a t h e r 

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

combined ( l i n e a r ) p o l a r i s a t i o n mode i s r e c o r d e d . 

b) The VLF 'Doppler' Equipment 

VLF s i g n a l s from NPG, 125 km. e a s t (geomagnetic) o f 

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

antennas and a s p e c i a l r e c e i v e r p r o v i d e d by Dr. J . B e l r o s e 

o f D.R.T.E., Ottawa. 

The sky wave i s o f t h e 0 mode and i s r e f l e c t e d 

a t about 80 km. i n t h e da y t i m e , and a t a somewhat h i g h e r 

a l t i t u d e a t n i g h t . The w a v e l e n g t h i s about 15 km.; 
* 

c o n s e q u e n t l y a v e r t i c a l l a y e r v e l o c i t y o f 100 m/sec. c o r r e s p o n d s 

t o a phase s h i f t o f 50°/sec. o r a Do p p l e r s h i f t o f 0 . 0 1 3 Hz. 

The r e c e i v e r l o c a t i o n i s shown i n F i g . 2 . 2 . 1 
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» 

The D.R.T.E. VLF r e c e i v e r compares t h e phase o f t h e 

s k y wave w i t h t h a t o f t h e ground wave and p r o v i d e s a DC 

o u t p u t v a r y i n g from z e r o t o p l u s 150 V as t h e phase d i f f e r e n c e 

v a r i e s from z e r o t o 360°. [ S t r a k e r ( 1 9 5 5 ) ] . 

T h i s 'phase' o u t p u t v o l t a g e i s d i f f e r e n t i a t e d by a 

s e r i e s c a p a c i t o r and f e d t h r o u g h a l o w pass f i l t e r i n t o the 

FM t e l e m t r y system and thence t o t h e l a b o r a t o r y , and t o 

c h a n n e l s i x o f t h e B r u s h 20 cm/hr. c h a r t r e c o r d e r . 

Three d i f f e r e n t s e r i e s c a p a c i t o r s were used l e a d i n g 

t o t h r e e d i f f e r e n t r e s p o n s e c u r v e s . T h i s equipment was n o t 

o p e r a t e d on a c o n t i n u o u s b a s i s . A comm e r c i a l phase t r a c k i n g VLF 

r e c e i v e r w i t h a 10 u second A phase f u l l s c a l e o u t p u t was used 

t e m p o r a r i l y i n t h e F a l l o f 1965. 

c) R e c o r d i n g 

A t t h e l a b o r a t o r y the. o u t p u t o f t h e B e n d i x TDA-2 

FM t e l e m t r y demodulators i s passed t h r o u g h K r o h n - H i t e 

310 AB f i l t e r s tuned t o t h e s i g n a l ( h e a t ) f r e q u e n c y . These 

a r e s e t f o r a bandwidth o f about 10 Hz. The o u t p u t o f the 

EH f i l t e r s i s f e d t o H e w l e t t P a c k a r d t y p e 500 BR f r e q u e n c y 

meters o p e r a t i n g on t h e i r 3 Hz f u l l s c a l e r a n g e . 

The o u t p u t o f the f r e q u e n c y meters (a dc v o l t a g e 

G-3V a p p r o x i m a t e l y ) i s f e d t o t h e B r u s h RD 166V s i x c h a n n e l 

t h e r m a l - w r i t i n g r e c o r d e r , a l o n g w i t h t h e VLF s i g n a l and the 

o u t p u t s o f t h e t e l l u r i c p o t e n t i a l a m p l i f i e r s . 
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1 

F i g . 2.4.10. Tape Recording and D i g i t i s i n g 
Equipment. Right to l e f t 1/2" slow speed 
7 t r a c k tape rec o r d e r , 1" m u l t i p l e speed 
Ampex FiL, 7 t r a c k tape recorder. D i g i t a l 
voltmeter and paper tape punch.' 
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Time s i g n a l s a r e i m p r e s s e d e v e r y 3° d i n . by a mains .... 

d r i v e n commutator, and the k e y - b r e a k s o f VE9CF show up as 

t i m e marks e v e r y h a l f h o u r . Manual time marks a r e a p p l i e d 

d a i l y u s i n g wYV as a r e f e r e n c e s o u r c e . 

The s i g n a l s a r e f e d t o a slow speed tape r e c o r d e r 

as w e l l as t o t h e c h a r t r e c o r d e r . The s l o w speed tape r e c o r d e r 

i s a custom b u i l t seven c h a n n e l 1/2 i n . u n i t o p e r a t i n g a t 

0.075 " / s e c . on r e c o r d , a n d 7-1/2 " / s e c . on p l a y b a c k . (A 

speed-up f a c t o r o f 100.) Other tape r e c o r d e r s and o t h e r speeds 

were sometimes used. The tape r e c o r d e r s a r e shown i n F i g . 

2-A.1C. 

The speeded-up p l a y - b a c k s i m p l i f i e s spectrum a n a l y s i s 

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

e v e n t s . 

The ' D o p p l e r ' s h i f t n o i s e l e v e l o f t h e r e c e i v e r s i s 

about 0 . 0 5 Hz. "The f u l l , s c a l e range o f the D o p p l e r c h a r t 

r e c o r d s i s n o r m a l l y 0.75 Hz ( a l t h o u g h 1Hz, 2Hz and 10 Hz 

f u l l s c a l e r a n g e s were used from time to. t i m e ) . The f u l l 

r a n ge o f the tape system c o r r e s p o n d s t o about 5 Hz. 

I n a c t u a l p r a c t i c e the s m a l l e s t D o p p l e r s h i f t s w h i c h 

can be r e s o l v e d a r e 0.1 Hz. I t was found t h a t w i t h t h e 

somewhat n o i s y RF s i g n a l s a v a i l a b l e t h e f r e q u e n c y meters 

worked much b e t t e r t h a n d i g i t a l c o u n t e r s s e t t o count t h e 

p e r i o d o f the beat f r e q u e n c y i n m i l l i s e c o n d s . 
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The l i m i t i n g f a c t o r i n r e c e i v e r performance i s random 

phase f l u c t u a t i o n o c c u r r i n g i n the v a r i o u s tuned a m p l i f i e r s . 

These f l u c t u a t i o n s have a bandwidth o f about 0.02 t o 0.05 Hz 

( i . e . about 10° phase a n g l e . ) The r e c e i v e r n o i s e l e v e l i s w e l l 

below t h e background n o i s e l e v e l a t t h e antenna due t o s f e r i c s , 

QRM , e t c . 

A number o f a t t e m p t s were made t o b u i l d a v e r y h i g h 

r e s o l u t i o n s p e c t r o m e t e r t o d i s p l a y 1/100 Hz i n 2.7 MHz and c o v e r 

a 10 Hz band. V a r i o u s c r y s t a l f i l t e r s w i t h f r e q u e n c y m u l t i 

p l i c a t i o n were us e d , but a l l t h e analogue t e c h n i q u e s f a i l e d f o r 

one r e a s o n or a n o t h e r . 

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

sample t h e 20 Hz h e t e r o d y n e d RF s i g n a l . T h i s s i g n a l was used t o 

g a t e a h i g h f r e q u e n c y s t a b l e o s c i l l a t o r , w hich was c o u n t e d . 

The s t a i r c a s e o u t p u t o f a c o n v e n t i o n a l decade s c a l e was 

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

and the i n t e n s i t y c o n t r o l was g a t e d t o show o n l y the f i n a l 

v a l u e o f the i n t e g e r count f o r each c y c l e o f o s c i l l a t i o n o f 

t h e h e t e r o d y n e d RF s i g n a l . A second o s c i l l o s c o p e -

t r a c e showed th e p o s i t i o n o f t h e t e n s s c a l e r e a d o u t . The 

s i g n a l was averaged by the CR0 camera f i l m e m u l s i o n , so 

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

w i d t h was o b t a i n e d . As i t t u r n e d o u t , t h e d i s c r i m i n a t i o n o f 

t h i s d e v i c e was h i g h e r t h a n needed. I t showed t h a t t h e 

b a n d w i d t h o f t h e RF s i g n a l was o f the o r d e r o f 1/10 Hz i n 

2.7 .MHz a t q u i e t t i m e s , i n c r e a s i n g t o 10 Hz d u r i n g s e v e r e 
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m a g n e t i c storms. The expanded scales o f t h e H e w l e t t - P a c k a r d 

f r e q u e n c y meters a r e adequate f o r t h e s e bandwidths and make 

c o n v e n i e n t r e c o r d s . 

C o n v e n t i o n a l (Ampex 9221) Fll r e c o r d e r d i s c r i m i n a t o r s 

a r e used t o r e p r o d u c e t h e Dop p l e r s h i f t f r e q u e n c y f rom t h e tape 

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

f r o m t h e r e c o r d i n g speed t o t h e p l a y b a c k speed, s u f f i c i e n t 

f r e q u e n c y m u l t i p l i c a t i o n i s i n t r o d u c e d t o g i v e 1/10 Hz 

f r e q u e n c y r e s o l u t i o n . T h i s i s a t t h e expense o f g r e a t e r time 

r e s o l u t i o n on the r e c o r d s . I t appears t h a t a t i m e r e s o l u t i o n 

l i m i t o f about 10 s e c . i s adequate because o n l y l a r g e r m i c r o -

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

D o p p l e r s h i f t s g r e a t e r t h a n 1/10 Hz, and t h e s e have r e l a t i v e l y 

l o n g p e r i o d s . 

A t i m e c o n s t a n t o f no more t h a n 1/2 second was 

( g e n e r a l l y ) used on t h e f r e q u e n c y meter o u t p u t s , so t h a t l a r g e 

n o i s e s p i k e s would n o t be i n t e g r a t e d and s p o i l t h e r e c o r d . 

Some i n t e g r a t i o n was r e q u i r e d however, t o e l i m i n a t e the 

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

o p e r a t i o n o f the f r e q u e n c y meter. 

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

f e d i n t o t h e s e f r e q u e n c y meters the o u t p u t sicLngs f r o m t h e 

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

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

Hence-the p r e s e n c e o f two o r more m a g n e t o - i o n i c components 

c o u l d be seen on the 4.6 MHz beat s i g n a l even a f t e r passage 
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t h r o u g h the f r e q u e n c y meter p r o v i d i n g t he d i f f e r e n c e i n beat 

f r e q u e n c y was g r e a t e r than 0.2 Hz and l e s s t h a n 5 Hz. 

The ?00 BR f r e q u e n c y meters have a n o i s e l e v e l o f 

about 0.02 Hz ( w i t h 1/2 sec. time c o n s t a n t ) and a maximum-

d r i f t r a t e (on r e g u l a t e d mains) o f 0.1 Hz per day. 

TABLE* 2. 5 . 1 * SUMMARY OF OBSERVING TECHNIQUES 
AND IONOSPHERIC REGIONS OBSERVED . 

IONOSPHERIC TIME OBSERVING TECHNIQUE 
LAYER OF DAY AND PARAMETERS 

F 
2 

DAY -4. 6 MHz Doppler 
- Broadband Radiometer 

F NIGHT - 2.. 7 MHz Doppler 
- Riometer SCINTILLATION 
- Radiometers 

F 
1 

sunrise 
& 

sunset 

- 2.7 MHz Doppler 
( layer i s present at midday 

but blanketed by the E layer 
for 2.7 MHz.) 

E DAY - 2.7 MHz Doppler 
- ( the solar eclipse experiment 

Boyd ( 1 9 6 6 ) ) 

E 
sporadic 

summer 
evenings 
mainly 

- lonosonde .Seattle 
- 2.7 & 4.6 MHz Doppler 

E NIGHT - VLF (NPG/NPN) skywave PHASE 

D DAY - VLF skywav e. PHASE 
- Riometer ABSORPTION 
- 2.7 MHz AMPLITUDE 
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CHAPTER I I I 

R e s u l t s 

3.1 G e n e r a l N o t e s on t h e Data A n a l y s i s P r o c e d u r e 

Two approaches were f o l l o w e d i n t h e a n a l y s i s o f t h e recor i 

o b t a i n e d f r o m the s i m u l t a n e o u s i o n o s p h e r i c and -..geomagnetic 

e x p e r i m e n t s . The f i r s t a p proach was t o examine t h e o v e r a l l 

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

o f t h i s method o f a n a l y s i s was t o de t e r m i n e what k i n d s o f 

e v e n t s a r e r e l a t e d , and when t h e s e a s s o c i a t i o n s o c c u r . The 

second approach f o l l o w e d was t o examine i n d i v i d u a l e v e n t s w h i c h 

were t y p i c a l o f .various c l a s s e s o f e v e n t s . The, purpose i n 

s t u d y i n g the i n d i v i d u a l e v e n t s was t o dete r m i n e q u a n t i t a t i v e l y 

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

I n b o t h a n a l y s i s programs measures o f c o n f i d e n c e were 

o b t a i n e d , and the f i n a l d a t a was t h e n p l o t t e d or o t h e r w i s e 

d i s p l a y e d i n whatever manner seemed b e s t t o f a c i l i t a t e comparison 

w i t h t h e o r e t i c a l p r e d i c t i o n s . 
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3 .2 The Narrow Bandwidth Radiometer E x p e r i m e n t 

A r a d i o m e t e r was o p e r a t e d on 2 0 . 1 o r 2 5 . 6 MHz w i t h a band
w i d t h o f "5KH.Z a t V/estham I s l a n d i n the s p r i n g o f 1 9 6 3 . S e v e r a l 

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

a s s o c i a t e d w i t h e v e n i n g and n i g h t time m i c r o p u l s a t i o n s a c t i v i t y . 

One o f t h e s e e v e n t s w h i c h o c c u r r e d between I83O h o u r s and 2100 

h o u r s LMT on May 1 4 t h , 1963 i s i l l u s t r a t e d i n F i g . 3 .2.1. A 

f l u c t u a t i n g i n c r e a s e i n s i g n a l s t r e n g t h o f about ILIV o c c u r s 

a t the same t i m e t h a t m i c r o p u l s a t i o n s o f about 100 seconds 

p e r i o d , and 3Y- p.p. (peak t o peak) a m p l i t u d e o c c u r . (The 

p u l s a t i o n r e c o r d has been passed t h r o u g h a f i l t e r and a d i o d e so 

t h a t e x c u r s i o n s i n o n l y one d i r e c t i o n appear.) 

On May 7, 1963 a s e r i e s o f enhancements o f 20 MHz 

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

e v e n t s between m i d n i g h t and t h r e e a.m. The event (0800 - 1100 

U.T.) and t h e p r e c e d i n g q u i e t p e r i o d (0500 - 0800 U.T.) a r e 

shown i n F i g . 3.2.2. The r e c o r d s were smoothed, and a m p l i t u d e -

e n v e l o p e i n d i c e s were s c a l e d a t one minute i n t e r v a l s . 

C o r r e l a t i o n c o e f f i c i e n t s , power, s p e c t r a , c o h e r e n c e , 

and phase d r i f t were computed f o r t h e c o n t r o l p e r i o d and f o r t h e 

e v e n t p e r i o d . 

I t was f o u n d t h a t RF ( R a d i o Frequency) s i g n a l s t r e n g t h 

enhancements were s i g n i f i c a n t l y c o r r e l a t e d (1&, l e v e l ) w i t h the 

'Xg' ( p r o b a b l y Pc-4) m i c r o p u l s a t i o n b u r s t s . The peak c o r r e l a t i o n 

0.64 o c c u r r e d w i t h the RF b u r s t s l a g g i n g the m i c r o p u l s a t i o n s 

by t h r e e m i n u t e s . Some o f t h e parameters computed are p l o t t e d 



F i g . 3 . 2 . 1 . Signal enhancement on 2 5 MHz narrow band radiometer 
commencing at the same time as evening P i - 2 micropulsations. 
The micropulsation signal was fed through a f u l l wave r e c t i f i e r 
and integrator. 



F i g . y . 2 . 2 . Radiometer.I s i g n a l strength enhancements associated w i t h PI-2 m i c r o p u l s a t i o n s . 
(Smooth curves have been dravn on the records, these were d i g i t i s e d and c o r r e l a t i o n c o e f f i c i e n t s 

were computed.) 
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X component • 
Micropulsations 

RFsign&X s t r e n g t h 
20 mz , 

A) Lags At e 60 s . 
:AUTOCORRELATION PLOTS • i 
0800 - , 1059 GMT May 7, 1963 

. 5 E v e n t P e r i o d 0 8 0 0 - 1059 1 

C o n t r o l : P e r i o d 0500 - 07 ^ 

May 7, 1963 

o 

o 
u 

V800 4-80 
B) P u l s a t i o n P e r i o d Bands 
COHERENCE PLOTS 

120 SEC, 
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i n F i g . 3 . 2 . 3 . I t appears from the c r o s s - s p e c t r u m (see a p p e n d i x 

6 . 3 ) t h a t a component o f about t h i r t e e n m i n u t e s p e r i o d was 

r e s p o n s i b l e f o r most o f t h e c o r r e l a t i o n . 

A number o f o t h e r e v e n t s o f a l e s s c l e a r - c u t n a t u r e were 

o b s e r v e d b e f o r e the r a d i o m e t e r was removed from s e r v i c e . ( T h i s 

i n s t r u m e n t was c o n s i d e r e d a temporary e x p e d i e n t because o f 

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

4 . 3 H i g h S e n s i t i v i t y R i o m e t e r R e s u l t s 

The r i o m e t e r was o p e r a t e d from March 12, 1964 u n t i l 

Feb. 28, 1965. D u r i n g t h i s p e r i o d , 23O days o f good q u a l i t y 

r e c o r d s were o b t a i n e d . ( R e g u l a r r i o m e t e r r e c o r d s , h i g h s e n s i t 

i v i t y a.g.c. r e c o r d s and 3 component i n d u c t i o n magnetograph 

r e c o r d s were s i m u l t a n e o u s l y r e c o r d e d . ) 

The r e g u l a r r i o m e t e r ( s e r v o - d i o d e ) r e c o r d s y i e l d e d 

s a t i s f a c t o r y q u i e t - d a y c u r v e s and e x h i b i t e d a number o f minor 

a b s o r p t i o n e v e n t s . However, no e v i d e n c e o f d i r e c t a s s o c i a t i o n 

between m i c r o p u l s a t i o n e v e n t s and a b s o r p t i o n was f o u n d . 

The h i g h - s e n s i t i v i t y a.g.c. r e c o r d s d i d however, e x h i b i t 

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

c h a r a c t e r ( p r o b a b l y s c i n t i l l a t i o n ) commencing a t the o n s e t o f 

P i - 2 m i c r o p u l s a t i o n e y e n t s . A t y p i c a l e v ent i s shown i n F i g . 

9 . 3 . 1 , ( S e p t . 22, 1964). By t a b u l a t i n g the number o f n i g h t s on 

w h i c h m i c r o p u l s a t i o n e v e n t s o c c u r r e d ( a m p l i t u d e g r e a t e r t h a n 0.05 

T / sec.) and t h e number o f n i g h t s on w h i c h s c i n t i l l a t i o n 

( o f a t l e a s t 0.1 db a m p l i t u d e w i t h g r e a t e r t h a n 3 m i n u t e s 



~r r-

I 
• i -

1 .̂3-3.1 SEPT2a* '3<£3 \oi<x> o4oo 05"CVJ 

Fi£. 3 ' 3 . ' l . R i o m e t e r A.G.C. ' s c i n t i l l a t i o n s ' and s i g n a l s t r e n g t h enhancement o c c u r r i n g i n 
c o n j u n c t i o n w i t h a P i - 2 m i c r o p u l s a t i o n e v e n t . (The downward s p i k e s on t h e r i o n e t e r r e c o r d s 
r e s u l t e d f r o m t h e mains b e i n g t r a n s f e r r e d t o and fr o m an a u x i l i a r y power u n i t . ) 
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• d u r a t i o n ) o c c u r r e d , and t h e number o f n i g h t s on w h i c h t h o s e 

©Vents o c c u r r e d t o g e t h e r , a c o n t i n g e n c y t a b l e was o b t a i n e d : 

l l i e i ' o p u l s a t i o n s 

. SCINTILLATION 
PRESENT 

11 
NO SCINTILLATION 

12 
No M i c r o - p u l s a t i o n s 7 200 

(The t e s t i n d i c a t e s t h i s a s s o c i a t i o n c o n f i g u r a t i o n has 

a p r o b a b i l i t y o f l e s s t h a n 0.1% o f o c c u r r i n g by chance.) 

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

e i t h e r cosmic n o i s e s c i n t i l l a t i o n , o r l e s s p r o b a b l y (due t o 

th e smooth envelope o f t h e n o i s e ) b a c k s c a t t e r o f HF r a d i o 

s i g n a l s , was b e i n g r e c e i v e d , and t h a t i n g e n e r a l t h e average 

s i g n a l l e v e l i n c r e a s e d r a t h e r t h a n decrease\&.£; d u r i n g t h e s e 

e v e n t s , a l t h o u g h on some o c c a s i o n s s l i g h t d i p s o£ f i v e m i n u t e s 

' p e r i o d ' o c c u r e d w h i c h may have been caused by a b s o r p t i o n . 

On t h e r a r e o c c a s i o n s when magnetic storms o c c u r r e d and where 

a u r o r a l t y p e a b s o r p t i o n was seen t o g e t h e r w i t h m i c r o p u l s a t i o n s , 

t h e complex n a t u r e o f t h e e v e n t s and t h e l o w c h a r t speed masked 

any d i r e c t a s s o c i a t i o n . ( C o n s e q u e n t l y l i t t l e can be s a i d 

c o n c e r n i n g ' s u c h p e r i o d s . ) 

3:. 4 Broad-band Radiometer R e s u l t s 

Broad-band (6-16 MHz) r a d i o m e t e r r e c o r d s were made a t 

R o y a l Roads from September 1963 u n t i l September 1964. 

The r a d i o m e t e r r e c o r d s e x h i b i t e d s e v e r a l e v e n t s each 

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

e v e n t s . I n F i g . 3 .4.1 a t y p i c a l n i g h t t i m e event (O3OO LMT) 



B 

0200 

— * - • • • r— . 

1000 U T August ,31,1964 

COM-0-t He 

!2oo U T 

F i g . 3 . U . I . B road band HF Rad iometer s i g n a l f l u c t u a t i o n s ( A ) , and P i-2 
magnet i c m i c r o p u l s a t i o n s ( B ) , (C) I s the 1TPG, VLF sljywave phase r e c o r d , 
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i s i l l u s t r a t e d . M a g n e t i c m i c r o p u l s a t i o n s o f about two m i n u tes 

p e r i o d ( P c - 4 ) appear i n b u r s t s on the t e l l u r i c p o t e n t i a l r e c o r d s , 

and a r e accompanied by r a p i d f l u c t u a t i o n s i n HF s i g n a l s t r e n g t h . 

(The 1 8 . 6 KHz sky-wave phase r e c o r d i s a l s o p e r t u r b e d but i s 

w i t h o u t any d i r e c t a s s o c i a t i o n w i t h t h e P t ' s . ) The HF s i g n a l 

and the t e l l u r i c p o t e n t i a l s i g n a l were r e c o r d e d (FM) on 

magnetic t a p e . The t a p e s were p l a y e d - b a c k t h r o u g h a sweeping-

f i l t e r t y p e spectrum a n a l y s e r and dynamic s p e c t r a were r e c o r d e d 

on f i l m . F i g u r e 3 . 4 . 2 shows the s p e c t r a o f f l u c t u a t i o n s o f RF 

( t h e d i f f e r e n c e between C and X v e r t i c a l l y i n c i d e n t r a d i o 

waves i n t h e band 6 - 1 6 MHz) compared w i t h the s p e c t r a o f the 

geomagnetic f l u c t u a t i o n s ( t e l l u r i c c u r r e n t s ) a t t h e same t i m e . 

An i d e a o f t h e r e s o l u t i o n may be o b t a i n e d from t h e f a i n t but 

c o n t i n u o u s l i n e a t 1.0 x 1 0 " ^ Hz on- thetelWitvecorl w h i c h i s due 

t o 60 Hz p i c k u p when the speeded up s i g n a l i s r e - r e c o r d e d . 

B o t h s p e c t r a a r e t h e r e f o r e q u i t e b r o a d . 

B o t h s p e c t r a f a l l o f f a t t h e h i g h f r e q u e n c y end. 

A l s o , t h e c a p a c i t o r c o u p l i n g o f the t e l l u r i c c u r r e n t a m p l i f i e r 

makes i t appear t o f a l l o f f s l i g h t l y a t the l o w f r e q u e n c y 

end. 

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

have r a t h e r s i m i l a r r e gimes f o r the days s t u d i e d : i n c r e a s i n g 

about l o c a l dawn, r i s i n g t o a maximum i n t h e f o r e n o o n , p a s s i n g 

t h r o u g h a s l i g h t minimum a t noon. S l i g h t a c t i v i t y s t a r t s about 
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F i g . 3 .4.2. C o m p a r i s o n o f dynamic s p e c t r a , Top 

12h 24h 12h 
21« 2 2 * 
HF r a d i o m e t e r d e t e c t e d o u t p u t , 

B o t t o m t e l l u r i c E.W. p o t e n t i a l o u t p u t , f o r a f o u r . d a y p e r i o d . (White i s s t r o n g 
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IhOO h o u r s l o c a l t i m e , and i n t h e case o f t h e r - f . ^ i n c r e a s e s 

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

R e c o r d s f o r 2h c o n s e c u t i v e days were s c a l e d i n t o h o u r l y 

average a m p l i t u d e i n d i c e s c o n s i s t i n g o f seven i n c r e m e n t s ; C r o s s 

c o r r e l a t i o n s o f p a i r s o f c o r r e s p o n d i n g r - f • and t e l l u r i c .ampli

tude ' i n d i c e s f o r a s p e c i f i c hour o f each day were n o t s i g n i f i c a n t 

e x c e p t a t 1400 l o c a l time (2200 U..T.). A t 2200 U.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 r=0.71 i s h i g h l y s i g n i f i c a n t ( 1 % ) . I t 

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

b o t h r - f • • a n d t e l l u r i c s i g n a l s . F i g u r e h.h.2 was chosen as an 

example o f s i g n a l s h a v i n g a s i m i l a r f r e q u e n c y c o n t e n t . However, 

i t a l s o shows the t y p i c a l i n c r e a s e o f r - f . f l u c t u a t i o n about 

2200 U.T. I n t h i s p a r t i c u l a r case t h e t e l l u r i c s i g n a l was 

a l r e a d y f a i r l y h i g h and the change i s l e s s n o t i c e a b l e . 

T a k i n g d a t a p a i r s f r o m a l l h o u r s o f the day, and a c c o u n t 

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

r - f . and t e l l u r i c a m p l i t u d e s a r e s i g n i f i c a n t l y ( 1 % ) , c o r r e l a t e d 

w i t h r = 0 . 3 3 . The l a r g e d i u r n a l v a r i a t i o n i n s i g n a l a m p l i t u d e 

o b s c u r e s the r e l a t i o n s h i p e x c e p t f o r about one hour i n t h e 

a f t e r n o o n . 

N e i t h e r t h e r - f . n o r t e l l u r i c s i g n a l s were s i g n i f i c a n t l y 

c o r r e l a t e d -with t h e l o c a l K i n d e x d u r i n g t h e p e r i o d s t u d i e d ̂  

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

t h e range 0.006 - 0.6 Hz a r e a b e t t e r i n d i c a t o r o f r - f . 

f l u c t u a t i o n i n t h i s rangje t h a n a r e l a r g e r s l o w e r changes i n t h e 

geomagnetic f i e l d . " 



HF f l u e t u o t i o n Index 

j j 1 r \ s 1 1 i 1 s i 1 
0 2 ~if 6 8 10 12 l U 16 18 . 2 0 22 2h 

LOCAL TIME 
F i g . 3 A « 3 » shows the d i u r n a l average o f l o c a l K i n d e x f o r a 12 day p e r i o d , and 
the same 12 days o f geomagnet ic and RF r e c o r d s . The n i c r o p u l s a t i o n ."nd HF 
f l u c t u a t i o n r e c o r d s v e r e s c a l e d u s i n g o n l y t h r e e d i v i s i o n s o f a m p l i t u d e . They a re 
s i g n i f i c a n t l y c o r r e l a t e d to the l ° / o l e v e l tron 0 C 0 0 h t o 1400* bu t the HF even ing ' 
a c t i v i t y i s n o t m i r r o r e d I n the T e l l u r i c curve . 
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F i g u r e 3 . 4 . 1 d i s p l a y s the r e l a t i o n s h i p t h a t e x i s t s between 

i s o l a t e d e v e n t s i n t h e e a r l y morning h o u r s , when r - f . and 

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

de-emphasized by a v e r a g i n g a m p l i t u d e s o v e r an h o u r , and hence th e 

l a c k o f c o r r e l a t i o n n o t e d above i s n o t p a r t i c u l a r l y s u r p r i s i n g . 

F i g u r e 3 . 4 . 3 shows the d i u r n a l v a r i a t i o n s o f l o c a l K 

i n d e x , 100 days o f geomagnetic r e c o r d , and 12 days o f s i m u l t a n e o u s 

geomagnetic and RF r e c o r d s . I n t h e 100 day h i s t o g r a m , t a k e n i n 

19535 t h e Pj. a c t i v i t y i s suppressed by m u l t i p l y i n g the average 

f i e l d change by i t s d u r a t i o n -- t h u s c o n t i n u o u s daytime a c t i v i t y 

p roduces a l a r g e r v a l u e . The two 12 day r e c o r d s were s c a l e d u s i n g 

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

c a n t l y c o r r e l a t e d t o t h e 19b l e v e l f r om 0C00 h o u r s t o 1400 h o u r s , 

but the RF e v e n i n g a c t i v i t y i s n o t m i r r o r e d i n t h e t e l l u r i c 

c u r v e . 

The r a d i o m e t e r , as u s e d , was n o t c a p a b l e o f p r o v i d i n g 

a c c u r a t e q u a n t i t a t i v e i n f o r m a t i o n . C o n s e q u e n t l y , once the 

a s s o c i a t i o n o f HF f a d i n g and m i c r o p u l s a t i o n a c t i v i t y had 

been c o n f i r m e d , and t h e i r s p e c t r a l s i m i l a r i t i e s ( d i s - s i m i l a r i t i e s ) 

had been i n v e s t i g a t e d t h i s e x p e r i m e n t was t e r m i n a t e d . F u r t h e r 

d e t a i l s o f t h e r e s u l t s o f t h i s e x p e r i m e n t a r e g i v e n by D u f f u s , 

Boyd and K i n n e a r (1965). 

3 . 5 V e r t i c a l I n c i d e n c e HF/CW Do p p l e r E x p e r i m e n t R e s u l t s 

H e a r - v e r t i c a l i n c i d e n c e sounding on 2.7 and 5 . 3 MHz 

was s t a r t e d i n the s p r i n g o f 1965. Ho us a b l e r e c o r d s were 

o b t a i n e d from the 5 . 3 MHz c h a n n e l . I n march, 1965, u s e a b l e r e c o r d s 
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were o b t a i n e d on t h e 2.7 MHz c h a n n e l and t h i s c h a n n e l remained 

i n use u n t i l A p r i l 17, 1966. I n August 1965 a 4.6 MHz c h a n n e l 

was added and c o n t i n u e d i n s e r v i c e u n t i l A p r i l 1966. 

S i x c h a n n e l c h a r t r e c o r d s ( a t 20 cm/hr) were made, o f 

the o u t p u t o f s e n s i t i v e f r e q u e n c y - m e t e r s measuring D o p p l e r 

f r e q u e n c y d e v i a t i o n , o f t e l l u r i c p o t e n t i a l and o f VLF 

sky-wave phase. Slow speed FM t a p e r e c o r d i n g s were a l s o 

made t h r o u g h o u t t h i s p e r i o d . 

The D o p p l e r bandwidth was g e n e r a l l y 0 . 0 5 t o 0.2 Hz 

i n c r e a s i n g a t t i m e s t c as much as 15 Hz. The D o p p l e r d e v i a t i o n s 

r e c o r d e d v a r i e d from 0.1 Hz t o 10 Hz. The time r e s o l u t i o n f o r 

changes was n o r m a l l y 5 - 1 0 seconds. 

A) Type o f E v e n t s 

V a r i o u s types o f e v e n t s were f o u n d t o o c c u r on the 

HF D o p p l e r r e c o r d s , n o t a b l y : 

i ) C y c l e by c y c l e a s s o c i a t i o n s between q u a s i - s i n u s o i d a l 

f r e q u e n c y s h i f t s and P i - 1 and P i - 2 m i c r o p u l s a t i o n s . 

i i ) C y c l e by c y c l e A f a s s o c i a t i o n s w i t h P c - 3 and P c - 4 

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

i i i ) D i r e c t a s s o c i a t i o n s between f r e q u e n c y s h i f t and 

magnetic D o r H bays, 

i v ) I n c r e a s e s i n D o p p l e r bandwidth a s s o c i a t e d w i t h 

m i c r o p u l s a t i o n s and bays. 

v) I m p u l s i v e f r e q u e n c y s h i f t s a s s o c i a t e d v/ith 

m a g netic sudden i m p u l s e s and sudden commencments. 
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v i ) S u n r i s e and sun s e t e v e n t s a p p a r e n t l y i n v o l v i n g 

m a g n e t i c . v a r i a t i o n s * and f r e q u e n c y s h i f t . 

v i i ) Quasi.-) s i n u s o i d a l D o p p l e r f r e q u e n c y v a r i a t i o n s n o t 

a s s o c i a t e d w i t h any l o c a l magnetic d i s t u r b a n c e . 

B) The P e r i o d o f O p e r a t i o n 

The 2.7 MHz c h a n n e l o p e r a t e d s a t i s f a c t o r i l y f o r about 

233 days (+ 8 % depending on time o f day) between March 1965 

and A p r i l 30, 1 9 6 6 . The 4 . 6 MHz c h a n n e l o p e r a t e d f o r about 113 

days between Aug. 1 8 , 1965 and A p r i l 30, 1 9 6 6 . S u n r i s e on 

4 . 6 MHz g e n e r a l l y o c c u r r e d between 1400 h o u r s " a n d 1700 h o u r s UT 

w h i l e s u n s e t o c c u r r e d between 0200 h o u r s and 0700 h o u r s UT . 

When the HF sounding f r e q u e n c i e s were ne a r t h e c r i t i c a l 

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

p r o p a g a t i o n c o n d i t i o n s p r e v a i l e d t h a n when t h e y were below the 

c r i t i c a l f r e q u e n c y bands. I n g e n e r a l , t h e t r a n s i t i o n p e r i o d s 

o c c u r r e d n e a r s u n r i s e and s u n s e t . F i g . 2 . 4 . 2 i n d i c a t e s when 

t h e s e t i m e s o c c u r r e d . I t was p r e p a r e d f r o m l o c a l ionograms 

supplemented by p r e d i c t i o n L t e c h n i q u e s v 

The p o s s i b l e f r e q u e n c y l o c a t i o n s o f the sounding 

f r e q u e n c y a r e : 

DAYTIME ( o r s p o r a d i c E) 

DAYT IME ONLY 
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e) f x F x < f < f / 2 • " 

f ) f G F 2 * f <; f x F 2 

g) f J ? 2 ^ f ( n o s i g n a l e x c e p t d u r i n g 
s t o r m s , e t c . ) 

I n bands a, c, e, t h e e x p l o r i n g wave s u f f e r s b u t 

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

r e f l e c t e d . ( A l t h o u g h t h e X mode i s absorbed more t h a n t h e 0 

i n t h e daytime.) 

I n the c r i t i c a l f r e q u e n c y bands b, d, f , s e v e r e 

r e t a r d a t i o n o c c u r s . The X mode s i g n a l s t r e n g t h may be g r e a t e r 

t h a n t h e 0 ; and most i m p o r t a n t , t h e phase p a t h i s s e n s i t i v e l y 

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

r e f l e c t i o n . The sounding f r e q u e n c i e s were chosen t o l i e i n 

bands a, c, e, as much as p o s s i b l e . I n band g no c o h e r e n t 

r e f l e c t i o n s o c c u r . 

C I ) S y n o p t i c S t a t i s t i c s o f M a g n e t i c - v a r i a t i o n - a s s o c i a t e d  

D o p p l e r S h i f t s 

The r e l a t i v e f r e q u e n c y o f o c c u r r e n c e o f the v a r i o u s t y p e s 

o f event (on 2.7 MHz.) as a f u n c t i o n o f time o f day f o r the 

p e r i o d March t o October 1965 i s shown i n F i g . 3.5.1. The 

average l o c a l K i n d e x f o r t h i s p e r i o d was 2.5. There were 125 

days on w h i c h t h e 2.7 MHz c h a n n e l o p e r a t e d s a t i s f a c t o r i l y . ( I n 

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

hour o f t h e day may be l o o k e d upon r o u g h l y as p e r c e n t a g e s o f 

o c c u r r e n c e . ) There was some d i f f i c u l t y i n d i s t i n g u i s h i n g 

between some sudden i m p u l s e s and P i e v e n t s . A l s o the d i s t i n c t i o n 
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between P i and Pc events frequently was made mainly on the basis 
of the time of day, because even i n the morning very few cases 
of long t r a i n s of pulsations were observed. Anything from 4 a.m. 
to 2 p.m. was considered to be Pc. Anything i n the appropriate 
frequency bands, from 2 p.m. to 4 a.m. was considered to be P i . 
By an 'associated event', cycle by cycle correspondence of the 
dominant period i n the magnetic v a r i a t i o n and of the doppler 
frequency s h i f t i s implied. Periods when both channels were 
merely active are not considered to constitute associated events. 

C2) , The Seasonal V a r i a t i o n i n the Occurrence of Associated  
Events (Types i , i i , i i i ^ page 114) 

The seasonal v a r i a t i o n i s complicated by the diurnal 
v a r i a t i o n and by the seasonal v a r i a t i o n i n magnetic a c t i v i t y . 
By considering only the night-time 1 to 4 a.m. period (0900 -

1200 U.T.) diurnal effects are minimized ,\ Table J . 5.1* gives 
the percentage of 'good' (0900 - 1200 U.T.) operating periods 
on which associated pulsation events occurred for the four 
seasons, together with the sums of the IZ0 indices f or thesame periods 
Table ?„5.1* 
1 to 4 a.m. 
0900 - 1200 UT 

SPRING 

?eb. Mar. Apr. 
L965 

SUiiMuiR 
May June 
July 1965 

F A I i L 

Aug. Sept, 
Oct. 1965 

WINTER• 
Nov. Dec. 1965 
Jan. 1966 

good operating 
hours on which 
associated event£ 
occurred 

18 3 13 19 

Local K index 
suras, the same 
hours 

205 202 198 172 



~~ 2.7 mz 

L M T . • • •• noon 
Fig, 3 .5.1* Percentage of 'good'days vhen magnetically associated 
Doppler events occurred as a function of tine of day. One yearV results 
April 1965 - April 1966. 
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I t does no t appear t h a t v a r i a t i o n s i n l o c a l magnet ic (storm/bay) 

d i s t u r b a n c e account f o r the seasona l v a r i a t i o n i n a s s o c i a t e d 

magnet i c p u l s a t i o n / D o p p l e r e v e n t s . A l o c a l m l c r o p u l s a t i o n a c t i v i t y 

i n d e x ( any th ing l a r g e r than 0.05 i/sec. l a s t i n g l o n g e r than 5 

minutes was a s s i g n e d i n d e x l j any th i ng l e s s , i n d e x 0) was comp i l ed 

f o r the good o p e r a t i n g hours f o r the (0900 - 1200 U .T . ) p e r i o d . 

F o r the s p r i n g months, the sum o f t h i s i n d e x (as a pe r cen t o f 

the maximum p o s s i b l e sum) was 51& , f o r the summer months 49 

f o r the f a l l months 59%' , and f o r the w in t e r months 4 9 % . 

Tha t i s , P i - 2 t s o c c u r r e d about h a l f the t ime th roughout the 

y e a r . 

C^) The D i u r n a l V a r i a t i o n o f A s s o c i a t e d Event Occur rence 

The d i u r n a l v a r i a t i o n o f o c cu r r ence o f 2 .7 MHz a s s o c i a t e d 

even t s f o r the f o u r seasons i s shown i n F i g . 3-5.2. The numbers 

o f hours w i t h events as a percentage o f the number o f ' g o o d ' 

hou r s a t a g i v e n t ime o f day i s p l o t t e d as a f u n c t i o n o f t ime o f 

day . 

S i m i l a r d i a l p l o t s f o r the 4.6 MHz channe l a re shown 

i n F i g . 3.5.3 c o n s i d e r i n g bo th s e t s o f d i a l s t o g e t h e r i t I s 

c l e a r t h a t a s s o c i a t e d even ts occur throughout the twenty- four hour 

p e r i o d , and p a r t i c u l a r l y • f r e q u e n t l y (20% o f the t ime) near 

the hours o f s u n r i s e and sunse t , (compare w i t h F i g . 2.4.2.) 

In o rde r to es t ima te how much o f the d i u r n a l v a r i a t i o n 

depends on the presence or absence o f m i c r o p u l s a t i o n s and how 

much on i o n o s p h e r i c c o n d i t i o n s , a more d e t a i l e d s tudy was made o f 
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SPRING ( F .H .A .66 ) 
LMT 12 

18 06 

SUMMER (M. J . J .6 5 ) 

12 

18 06 

18 

FALL ( A . S . 0 . 6 5 ) 

12 
sot 

WINTER (N.D.J. 65-66) 

06 18 

2k 2h 
F 1K. 3 . 5 . 2 . Seasona l and d i u r n a l v a r i a t i o n 2.7 MHz Dopp le r 
events a s s o c i a t e d d i r e c t l y w i th magnet ic m i c r o p u l s a t i o n s . 
Pe rcentage o f ' g o o d ' days when an event o c c u r r e d i n a g i v e n 
h o u r o f the day i s shown. 



I l l 

SPRING (F.M.A.66) SUMMER ~ 

FALL (A . S .O . 65) WINTER ( N . D . J . 65-66) 

2h • 2h 

F i g . 3.5.1. Seasona l and d i u r n a l v a r i a t i o n 4.6 MHz Dopp le r 
nvents a s s o c i a t e d r/ i th magnet ic m i c r o p u l s a t i o n s . Pe rcentage 
o f ' g o o d ' days when an event o c c u r r e d i n a g i v e n hour a re 
sho ' .T i . 
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12 

60? 

06 

2 .7 HK£ 24 LMt. 
ASSOCIATED EVENTS 

12 
60% 

i e 06 

2.7 MHz 24 
A f GREATER THAN 0 .25 Hz 

"TELLURIC (E*W) POTENTIAL 
12 

IP 

24 
AH GREATER THAN 0 . 0 5 V s e c " 1 ! 

MARCH, 3,9$$ 
12 

06 

2,7 MHg . 24 
ASSOCIATED'EVENT S 

06 

ASSOCIATED EVENTS 
TELLURIC (E-W) POTENTIAL 

12 • 

18 06 

AH GREATER THAN 0.05Y sec -1 

F i g . 3 . 5 * 4 D i u r n a l v n r i n t i o n o f a s s o c i a t e d events , and o f a l l 

e v e n t s . Percentages o f ' g o o d ' h o u r s . 
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two months d a t a ( J u n e - 1 9 6 5 , March 1 9 6 6 ) . The d i u r n a l v a r i a t i o n 

o f a c t i v i t y i n the 0 . 0 0 5 - 0 . 1 Hz m l c r o p u l s a t i o n band, and the 

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

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

3 . 5 A . (Note t h a t j u s t b e f o r e s u n s e t v i r t u a l l y a l l m i c r o -

p u l s a t i o n e v e n t s were 'seen' by the D.oppler sounder.) 

W h i l e the d i u r n a l d i s t r i b u t i o n o f e v e n t s does r e f l e c t 

the. m agnetic a c t i v i t y d i s t r i b u t i o n , p r o x i m i t y t o i o n o s p h e r i c . 

c r i t i c a l f r e q u e n c i e s , i . e . s u n r i s e o r s u n s e t , a l s o seems 

i m p o r t a n t i n d e t e r m i n i n g the l i k e l i h o o d o f an a s s o c i a t i o n . 

S i n c e , the. e v e n i n g and morning ( P i and Pc) m i c r o p u l s a t i o n 

r e g i m e s have d i s t i n c t c h a r a c t e r i s t i c s i t seemed a d v i s a b l e t o 

s t u d y t h e i r a s s o c i a t i o n w i t h D.oppler s h i f t s s e p a r a t e l y . F u r t h e r , 

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

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

were f i r s t examined. 

Ch) M i d n i g h t E v e n t s S y n o p s i s 

F o r t h e p e r i o d A p r i l - Sept. 1 9 6 5 , h o u r s w i t h D o p p l e r 

s h i f t s on 2.7 MHz g r e a t e r t h a n 0.2 Hz and bandwidths g r e a t e r 

t h a n 0.2 Hz o c c u r r i n g between (07CC - C 8 5 9 z ) were t a b u l a t e d 

t o g e t h e r w i t h the o c c u r r e n c e o f t e l l u r i c p o t e n t i a l a c t i v i t y o f 

a m p l i t u d e g r e a t e r t h a n 0.02 gammas/second i n the 0 . 0 0 5 t o 0.1 

Hz band. The r e s u l t s a r e g i v o n i n t a b l e s 3>5.2*and 3 . 5 . 3 * 
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Magne t i c ^ - ^ . 

D o p p l e r S h i f t 
> 0.2 Hz 

B.W. <, 0.2 Hz 

D o p p l e r S h i f t 
< 0.2 Hz 

B.W. "S 0.2 Hz 

Peak t o Peak 
T e l l u r i c P o t . 
A m p l i t u d e 
£ 0.02 Y/sec. 

• ,: 28 11 

T e l l u r i c P o t 
e n t i a l 
A m p l i t u d e 
< 0.028 T/sec. 

19 30 

(8>8 h o u r s t o t a l ) 

T a b l e 3 « 5 . 2 * A s s o c i a t i o n Between D o p p l e r S h i f t s a t M i d n i g h t 
and T e l l u r i c M i c r o p u l s a t i o n s . ( D o p p l e r 
B a n d w i d t h L e s s Than 0.2 Hz) 

I t i s a p p a r e n t t h a t t h e r e i s a marked a s s o c i a t i o n between 

D o p p l e r s h i f t s and t e l l u r i c p o t e n t i a l ; i*.e. magnetic m i c r o -

p u l s a t i o n a c t i v i t y ( o f t y p e s P i - 2 and P i - 1 ) g i v e s r i s e t o 

D o p p l e r s h i f t s about 1^% o f the t i m e i t o c c u r s . 

Magne Wc*"-^^ 
D o p p l e r Bandwidth 

> 0.2 Hz 
D o p p l e r B a n d w i d t h 

<. 0.2 Hz 
No d i r e c t a s s o c ' n . 

PP a m p l i t u d e 
£ 0.02V / s e c . 

•36 24 

< 0.02 t / s e c . 47 30 

(137 h o u r s t o t a l ) 

T a b l e 3 .5.3*- A s s o c i a t i o n o f D o p p l e r B a n d w i d t h a t M i d n i g h t , and 
T e l l u r i c M i c r o p u l s a t i o n s . 
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^ D o p p l e r bandwidth i n t h i s case meant t h e envelope a m p l i t u d e 

a v e r a g e d o v e r 20 seconds o f u n r e s o l v e d e x c u r s i o n s o f the f r e 

quency meter o u t p u t . I f two o r more i n d e p e n d e n t s i g n a l s o f 

s i m i l a r a m p l i t u d e a r e p r e s e n t t h e f r e q u e n c y meter o s c i l l a t e s -

between the dominant f r e q u e n c y o f one s i g n a l and t h a t o f the_ 

o t h e r . C o n s e q u e n t l y the bandwidth as d e f i n e d above i s r o u g h l y 

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

t o m u l t i p a t h p r o p a g a t i o n . J 

There does not appear t o be a marked a s s o c i a t i o n between 

i n c r e a s e d D o p p l e r bandwidth and t e l l u r i c a c t i v i t y . However, i t 

i s t o be n o t e d t h a t i t i s d i f f i c u l t t o d i s t i n g u i s h between 

i n c r e a s e d bandwidth and r a d i o i n t e r f e r e n c e (QRM). I n d i v i d u a l 

e v e n t s , where D o p p l e r bandwidth i n c r e a s e s a r e seen t o be r e l a t e d 

t o magnetic d i s t u r b a n c e , have been o b s e r v e d . 

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

w i t h P i - 2 p u l s a t i o n s i n t h e presence and i n t h e absence o f P i - 1 

p u l s a t i o n s and o f magnetic bays. ( > 1 5 Y l a s t i n g l o n g e r t h a n 15 

m i n u t e s i n D o r H ) o c c u r r i n g between 11 p.m. and 1 a.m. 

(0700 - 0859 UT) between March 1965 and Sept. 1965- These 

r e s u l t s a r e g i v e n i n t a b l e 3 .5.V.* 

T a b l e 3 . 5 . M i A s s o c i a t i o n Between P i - 2 M i c r o p u l s a t i o n s and 
Do p p l e r S h i f t s (2.7 MHz) 

a) i n t h e pr e s e n c e o r absence o f P i - 1 r i d e r s : 

Magne t i c 
D i r e c t D o p p l e r 
S h i f t A s s o c i a t i o n 

No D i r e c t 
A s s o c i a t i o n 

P i - 2 " 
w i t h P i - 1 r i d e r s 15 9 

P i - 2 
w i t h o u t r i d e r s 7 8 
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T a b l e 3.5.4* p a r t b ) • ^ ' 
i n the pr e s e n c e o r absence o f H or D Bays 
(> 1 5 Y , & > 15 m i n u t e s ) 

RH 
Magne t i c ^ ^ ^ 

D i r e c t D o p p l e r 
A s s o c i a t i o n w i t h P i - 2 

No D i r e c t 
Assodn w i t h P i - 2 

P i - 2 w i t h Bay 7 9 

P i - 2 w i t h o u t 
Bay 

12 11 

A p p a r e n t l y the p r e s e n c e o f P i - 1 g r e a t l y enhances t h e prob

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

pr e s e n c e o f an H o r D bay does n o t . T h i s i s borne o u t by 

th e f a c t t h a t t h e average l o c a l i n d e x a t t i m e s when a s s o c i a t e d 

e v e n t s o c c u r r e d was 2 . 6 w h i l e t h e average i n d e x when no 

a s s o c i a t i o n was found was 2 . 5 (average o f 113 p e r i o d s 0900 -

1200 UT) ( L o c a l H, and D i n d i c e s a l s o had about t h e same 

aver a g e v a l u e s a t t h e s e t i m e s ) . 

A s s o c i a t i o n o f r j o p p l e r s h i f t s w i t h magnetic bfrys i s 

n o t as f r e q u e n t as w i t h P i - 2 p u l s a t i o n s . C o n s i d e r i n g t h e p e r i o d 

March 1 5 t o Sept. 17, 1965 (0700 - 0859 UT) d i r e c t a s s o c i a t i o n s 

w i t h H o r D bays o f a m p l i t u d e g r e a t e r t h a n 15 V and d u r a t i o n 

g r e a t e r t h a n 15 m i n u t e s o c c u r r e d on o n l y 4 o f t h e 63 ' g o o d 1 * ^ 

n i g h t s w h i l e bays o c c u r r e d on 23 o f t h e s e n i g h t s . 

• l ' g o o d ' h e r e ( a g a i n ) means p e r i o d s when b o t h the m l c r o p u l s 
a t i o n equipment and a t l e a s t one c h a n n e l o f the D o p p l e r 
equipment were o p e r a t i n g w i t h s a t i s f a c t o r y s e n s i t i v i t y 
and n o i s e l e v e l . 'Good' p e r i o d s o c c u r r e d about h a l f t h e 
t i m e , down time o c c u r r e d more f r e q u e n t l y March, A p r i l and 
May, t h a n i n the o t h e r months, so t h a t t h e r e s u l t s a r e more 
r e p r e s e n t a t i v e o f t h e June t o September p e r i o d . 
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There a r e a l s o m a g n e t i c v a r i a t i o n s w i t h p e r i o d s 

between 5 and 1 5 m i n u t e s w h i c h a r e f a i r l y common. Between t h e 

h o u r s o f 10 p.m. and k a.m. (0600 - 1200 UT) d u r i n g t h e months 

o f June and October 1965 Doppler s h i f t s a s s o c i a t e d w i t h t h e s e 

l o n g p e r i o d v a r i a t i o n s o c c u r r e d on about a q u a r t e r o f the f o r t y 

'good' n i g h t s , t h e s e t e n n i g h t s t u r n e d o u t t o be 3 5 % o f the 

number o f n i g h t s when was g r e a t e r t h a n 2 . 

The magnitude o f t h e Doppler s h i f t a s s o c i a t e d w i t h a 

g i v e n a m p l i t u d e magnetic d i s t u r b a n c e , as a f u n c t i o n o f the 

p e r i o d o f t h e m agnetic d i s t u r b a n c e ^ i s one o f t h e most i m p o r t a n t 

s t a t i s t i c s t o be o b t a i n e d . 

F o r a l l good r e c o r d s t a k e n between 0700 h o u r s and 

0859 h o u r s U.T. between March 1 5 , 1 9 6 5 , and A p r i l 3 0 , 1966, 

t h e magnitude and sense o f t h e r a t i o o f Doppler s h i f t t o m agnetic 

H component d i s t u r b a n c e a m p l i t u d e (peal: t o peak) as a f u n c t i o n 

o f p e r i o d was t a b u l a t e d . i h e magnitudes o f t h i s i & t i o a r e . 

p l o t t e d i n F i g . ' 3 . 5 . 5 :
 : These 

r e s u l t s have an u n c e r t a i n t y o f about 1 5 % s i n c e p e r i o d s o t h e r 

t h a n the dominant one may have c o n t r i b u t e d t o t h e a m p l i t u d e s 

measured. However, s i n c e t h e r e l a t i o n s h i p between m a g n e t i c 

a m p l i t u d e s a t ground l e v e l and t h o s e i n t h e i o n o s p h e r e I s 

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

w o r t h w h i l e i n g e n e r a l , ( p a r t i c u l a r e v e n t s w i l l be d e a l t w i t h 

l a t e r ) . 
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From F i g . 3 . 5 . 5 i t i s a p p a r e n t t h a t r e l a t i v e l y g r e a t e r 

D o p p l e r s h i f t s o c c u r f o r s h o r t e r p e r i o d f l u c t u a t i o n s . F o r most 

o f t h e e v e n t s w i t h p e r i o d s l o n g e r t h a n 90 seconds th e D o p p l e r 

s h i f t s were e i t h e r d i r e c t l y i n phase o r out o f phase ( + 10 sec.) 

w i t h t h e p u l s a t i o n s . F o r e v e n t s w i t h dominant p e r i o d s o f l e s s 

t h a n 90 seconds th e phase f r e q u e n t l y assumed i n t e r m e d i a t e v a l u e s . 

A p l o t o f t h e sense o f t h e D o p p l e r s h i f t i s g i v e n i n F i g . 3 . 5 . 6 

f o r t h o s e c a s e s i n w h i c h i t c o u l d be s p e c i f i e d . ( I f AH i s 

c o n s i d e r e d + n o r t h w a r d s and A f i s c o n s i d e r e d + f o r i n c r e a s i n g 

f r e q u e n c y when b o t h are + t o g e t h e r , o r b o t h - t o g e t h e r , one 

speaks o f a p o s i t i v e sense. 

The sense o f D.oppler s h i f t a t s h o r t p e r i o d s , <300 seconds, 

a p p e a r s t o be random w h i l e f o r l o n g e r p e r i o d s i t g i v e s some 

e v i d e n c e o f b e i n g n e g a t i v e . However, o f the 60 e v e n t s whose 

p e r i o d s and phases were c l e a r l y d i s t i n g u i s h e d , 30 had a p o s i t i v e 

sense and 3 ° had a n e g a t i v e sense. 

I t was f o u n d t h a t the r a t i o Af/AH d i d n o t depend i n 

sense o r magnitude on whether D o r H bays were p r e s e n t e r 

upon t h e v a l u e o f t h e l o c a l i n d e x . 

The d i s t r i b u t i o n o f dominant s p e c t r a l ( p e r i o d ) peaks 

f o r t h e m i d n i g h t a s s o c i a t e d e v e n t s i s g i v e n i n F i g . 3«5.7. The 

gap between t h e peak a t 70 - 80 seconds and t h e b r o a d peak 

between 100 - 300 seconds i s p a r t i c u l a r l y n o t i c e a b l e . 

F i n a l l y as p a r t o f t h e s t u d y o f m i d n i g h t e v e n t s a 

t a b u l a t i o n was made o f o c c a s i o n s ( d u r i n g t h e March 1 9 6 5 -

A p r i l 1966 p e r i o d ) when VLF skywave p h a s e - s h i f t s o c c u r r e d i n 
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d i r e c t a s s o c i a t i o n w i t h P i - 2 m i c r o p u l s a t i o n s . There were 17 

P i - 2 e v e n t s w i t h a p p a r e n t l y a s s o c i a t e d VLF phase s h i f t s . B u t 

t h e r e were 19 P i - 2 e v e n t s w h i c h o c c u r r e d when the VLF r e c e i v e r 

was f u n c t i o n i n g p r o p e r l y b u t x/hen i t s r e c o r d e x h i b i t e d no 

e v i d e n c e o f a s s o c i a t e d s i n u s o i d s . The e v e n t s h a v i n g VLF 

phase s h i f t s a l s o e x h i b i t e d HF floppier s h i f t s i f an HF 

c h a n n e l was f u n c t i o n i n g . A t n i g h t , t h e VLF phase c h a n n e l i s 

g e n e r a l l y much more d i s t u r b e d t h a n the 2.7 MHz c h a n n e l , hence 

a s s o c i a t i o n i s much more d i f f i c u l t t o e v a l u a t e . 

0 5") Noon E v e n t s S y n o p s i s 

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

o c c u r r e d between 11 a.m. (1900 z ) and 3 p.m. (2259 z . ) on 

35 o f t h e 119 days between March 2 0 , 1965 and A p r i l 3 0 , 1966 

when e i t h e r o r b o t h D o p p l e r c h a n n e l s were o p e r a t i n g . T h a t i s 

t o say t h a t about 2 9 % o f the good o b s e r v i n g p e r i o d s y i e l d e d 

a s s o c i a t e d e v e n t s . The m a j o r i t y o f t h e s e e v e n t s o c c u r r e d on the 

4 . 6 MHz c h a n n e l . Of 25 e v e n t s 'seen' on 4 . 6 MHz, 13 were n o t 

seen on 2 .7 MHz; however t h e r e was o n l y one event seen on 2 .7 MH2 

w h i c h was n o t seen on 4 .6 KHz ( a l l c h a n n e l s i n good o r d e r ) . 

Moreover, o f the 12 e v e n t s seen on b o t h c h a n n e l s , 8 had l a r g e r 

floppier s h i f t s on 4 .6 MHz t h a n on 2 .7 MHz; one had t h e same 

(+ 5 % ) D o p p l e r s h i f t , w h i l e t h r e e e x h i b i t e d l a r g e r D.oppler 

s h i f t s on 2 .7 MHz. These r e s u l t s a r e p l o t t e d i n F i g . 3 . 5 . 8 . 

The r a t i o o f Af/AH f o r the noon e v e n t s as a f u n c t i o n o f 

the dominant m i c r o p u l s a t i o n p e r i o d i s p l o t t e d i n F i g . 3 . 5 - 9 . 

The r a t i o i n c r e a s e s :Mth.'de.creasing\t.pul:satii£si p e r i o d i c i t y . 
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The d i s t r i b u t i o n o f p u l s a t i o n p e r i o d s f o r a s s o c i a t e d 

e v e n t s i s p l o t t e d i n F i g . 3 .5. 1 0 . N e a r l y a l l the e v e n t s a t noon 

were o f Pc-3 o r Pc-1*- t y p e , and o f s h o r t e r p e r i o d t h a n t h e 

m a j o r i t y o f m i d n i g h t e v e n t s . 

The phase r e l a t i o n s h i p between t h e q u a s i - p e r i o d i c 2.7 

and k.6 KHz D o p p l e r s h i f t s v a r i e d f r o m t i m e t o t i m e . B o t h 

i n phase, and 180° out o f phase, c o n d i t i o n s o c c u r r e d . A g i v e n 

phase r e l a t i o n tended t o p e r s i s t f o r f i v e m i n u t e s o r more. B o t h 

g r a d u a l and a b r u p t phase t r a n s i t i o n s o c c u r r e d . Moreover t h e 

phase o f t h e D o p p l e r s h i f t s changed w i t h r e s p e c t t o t h a t o f t h e 

t e l l u r i c p o t e n t i a l p u l s a t i o n s , ( o r H o r D component ma g n e t i c 

p u l s a t i o n s ) . I t i s perhaps more c o r r e c t t o t h i n k i n terms o f t i m e 
d i s p l a c e m e n t f a t h e r t h a n phase s h i f t . 

. . . A t t h e s e s h o r t e r daytime 

m i c r o p u l s a t i o n p e r i o d s ( P c - 3 ) , even an 1 8 0 ° phase s h i f t r e p r e s e n t s 

a t i m e d e l a y o f o n l y about kO seconds. (The 20 cm/hr c h a r t s 

c o u l d be s c a l e d t o + 10 seconds, t h e o c c a s i o n a l , 100 cm/hr 

c h a r t c o u l d be s c a l e d t o + 3 s e c o n d s ) . The time d i s p l a c e m e n t s 

v a r i e d f r o m l e s s t h a n t h r e e seconds t o a maximum o f about 

f i f t y seconds. 

.'Assuming t h a t t h e r e f l e x i o n ' p o i n t s ' f o r 2.7 MHz and 

k.6 MHz d i f f e r e d by a t l e a s t 20 km, w h i c h i s p l a u s i b l e i n v i e w 

o f t h e ionograms, t h e n t h e minimum group v e l o c i t y (as p o i n t s on 

i r r e g u l a r waveforms a r e matched t h i s i s p r o b a b l y _ g r o u p r a t h e r 

t h a n phase v e l o c i t y ) between r e f l e x i o n p o i n t s would be about 

kOO m/sec w h i l e t h e average would be about 5 km/sec. The a c t u a l 
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P o p p l e r s h i f t s on 4 . 6 KHz ranged from 0 .05 Hz t o 0 . 5 Hz w h i c h 

f o r the s i m p l e moving m i r r o r i n t e r p r e t a t i o n would r e p r e s e n t 

v e r t i c a l v e l o c i t i e s o f o n l y about 1 t o 6 m/sec. However, i n the 

case o f smooth s i n u s o i d a l waves t h e r e i s an u n c e r t a i n t y i n 

v e l o c i t y o f ± d/27rnt, where d i s the assumed s e p a r a t i o n and t 

i s the p e r i o d o f the s i n u s o i d a l waveform, and n i s an i n t e g e r . 

A s s o c i a t i o n s w i t h magnetic bays were n o t found a t noon. 

T h i s was n o t j u s t due t o t h e r e g u l a r l o n g p e r i o d daytime D o p p l e r 

v a r i a t i o n s ( p o s s i b l y i n t e r n a l g r a v i t y waves or B r u n t r e s o n a n c e 

waves), because p e r f e c t l y q u i e t D oppler t r a c e s sometimes o c c u r r e d 

a t the same t i m e s as B and H. bays. 

Note: 
— F l a r e - t y p e e v e n t s were, n o t s p e c i f i c a l l y t a b u l a t e d . 

C6) S u n r i s e and P o s t S u n r i s e E v e n t s 

At 4 . 6 MHz i o n o s p h e r i c s u n r i s e , o r w i t h i n t h e two 

s u c c e e d i n g h o u r s , on s e v e n t e e n days, e v e n t s i n v o l v i n g magnetic 

p u l s a t i o n s and D o p p l e r s h i f t s on b o t h 2.7 and 4 . 6 MHz o c c u r r e d . 

Most e v e n t s were o f t h e Pc t y p e a l t h o u g h t h e r e were some P i 

and ' u n c e r t a i n ' t ype e v e n t s . 

' The 4 . 6 MHz D o p p l e r s h i f t was i n v a r i a b l y g r e a t e r t h a n 

t h e 2.7 MHz D o p p l e r s h i f t , and the D o p p l e r s h i f t appeared t o be 

d i r e c t l y p r o p o r t i o n a l t o f r e q u e n c y , as may be seen i n F i g . 3-5.11. 

The r a t i o Af/AH i n Hz/gamma as a f u n c t i o n o f p u l s a t i o n 

p e r i o d i s p l o t t e d i n F i g . 3.5.12. Most o f t h e v a l u e s a r e i n t h e 

n e i g h b o u r h o o d o f 0 .05 t o 0.1 Hz/gamma. He s y s t e m a t i c dependence 

on p e r i o d i s apparent from the s m a l l number of e v e n t s (17) 

a v a i l a b l e . 
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Pig. 3.5.11 Ratio of Doppler s h i f t on i*.6MHz to s h i f t 
2.7MHz. Events occurring at 300km SUNRISE and during 
the following two hours. (1965-1966) 
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The t i m e d i s p l a c e m e n t between c o r r e s p o n d i n g 4.6 and 2.7 

Mhz Doppler s h i f t s ( r e l a t e d t o p u l s a t i o n s ) was measured f o r 

34 p u l s a t i o n g r o u p s . (The d i s p l a c e m e n t s between two o r more 

p a i r s o f peaks o r t r o u g h s i n the q u a s i - s i n u s o i d s were measured 

and a v e r a g e d i n each case.) The r e s u l t s a r e p l o t t e d i n F i g . 3 . 5 ; 13* 

I t i s seen t h a t most e v e n t s were s i m u l t a n e o u s w i t h i n + t e n seconds. 

(Even a t " s u n r i s e when the r e f l e x i o n ' p o i n t s ' o f the two sounding 

waves s h o u l d d i f f e r by many (20 - 50) km. The few e x c e p t i o n s , 

e v e n t s i n v o l v i n g l a r g e time d e l a y s ( l o w group v e l o c i t i e s ) , w e r e 

l o n g p e r i o d e v e n t s w i t h p e r i o d s o f f i v e m i n u t es o r more. 

The s h o r t e r p e r i o d e v e n t s e x h i b i t e d o ut o f phase 

(180° + 20°) Doppler waveforms between :.the 2.,,7MH£. raid 4.6 •MHz 

r e c o r d s i n 13 o u t o f 29 c a s e s . (The sense o f the s u n r i s e D oppler 

s h i f t was checked t o make sure t h a t f r e q u e n c y s h i f t i n v e r s i o n was 

n o t t h e r e s u l t o f i m p r o p e r h e t e r o d y n i n g ) . Cn t h r e e days t h e 

2.7 KHz waveforms went i n and out o f phase w i t h t h e 4.6 MHz 

Doppler waveforms d u r i n g s i n g l e e v e n t s . 

I n c o n s i s t e n c y o f phase o r 'sense' o f the Doppler 

s h i f t a l s o o c c u r s w i t h r e s p e c t t o t h e magnetic H component, 

and t h e t e l l u r i c E-¥ p o t e n t i a l . F o u r t e e n o f twenty e v e n t s 

s t u d i e d e x h i b i t e d A f i n c r e a s e s c o r r e s p o n d i n g t o AH d e c r e a s e s . 

The r e m a i n i n g s i x had A f i n c r e a s i n g as AH i n c r e a s e d . 

The d i s t r i b u t i o n o f dominant p u l s a t i o n p e r i o d s o f 

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

i s g i v e n i n F i g . 3 . 5.14. There i s a n o t a b l e gap i n a s s o c i a t e d 
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>event a c t i v i t y between 70 and 90 seconds p e r i o d s , and an a l m o s t 

complete absence o f a s s o c i a t e d e v e n t s w i t h p e r i o d s g r e a t e r 

t h a n 500 seconds. 

07) Sunset and P r e - s u n s e t E v e n t s 

The two hour p e r i o d p r e c e d i n g 4 . 6 MHz i o n o s p h e r i c 

s u n s e t was examined on a l l r e c o r d s a v a i l a b l e . There were 3̂ -

e v e n i n g s when D o p p l e r s h i f t s o c c u r r e d on b o t h 2.7 and 4 . 6 MHz 

c h a n n e l s i n a s s o c i a t i o n w i t h magnetic v a r i a t i o n s . 

The magnitude o f Dop p l e r s h i f t on 4 . 6 MHz compared 

t o t h a t on 2.7 MHz f o r t h e s e e v e n t s i s p l o t t e d i n F i g . 3-. 5 . 1 5 -

The D o p p l e r s h i f t appears t o be d i r e c t l y p r o p o r t i o n a l t o 

f r e q u e n c y (+ 1096) f o r t h e m a j o r i t y o f s u n s e t e v e n t s . 

The r a t i o Af/AH as a f u n c t i o n o f p u l s a t i o n p e r i o d 

i s p l o t t e d i n F i g . 3 . 5 - 1 6 . S h o r t e r p e r i o d p u l s a t i o n s r e s u l t 

i n much l a r g e r D o p p l e r s h i f t s t h a n do l o n g e r p e r i o d ones. 

The time d i s p l a c e m e n t s ( d i f f e r e n c e s between t i m e s o f 

o c c u r r e n c e o f s i m i l a r waveform peaks and t r o u g h s ) between 4 . 6 

and 2.7 MHz Dop p l e r s h i f t s , a s s o c i a t e d v d t h p u l s a t i o n s , are-

p l o t t e d i n F i g . 3 . 5.17. Most d e l a y s a r e l e s s t h a n + 10 

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

p e r i o d s l o n g e r t h a n 3^0 seconds, f o r w h i c h the p a i r s o f r e c o r d s 

sometimes e x h i b i t e d l o n g d e l a y s i n the o r d e r o f 2 - 6 m i n u t e s . 

Of 28 waveform groups a n a l y s e d , 21 were i n phase on 

the two D o p p l e r c h a n n e l s , w h i l e seven were out o f phase. On 
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s e v e r a l o c c a s i o n s phase was o b s e r v e d t o r e v e r s e d u r i n g the c o u r s e 

o f an ho u r . 

The phase d i f f e r e n c e between t h e 2 . 7 MHz floppier 

waveform and t h e t e l l u r i c (E-W) p o t e n t i a l r e c o r d a l s o r e v e r s e d 

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

any g i v e n event. F o r 12 o f n i n e t e e n e v e n t s t h e floppier waveform 

e x h i b i t e d A f i n c r e a s e s a s s o c i a t e d w i t h AH d e c r e a s e s , w h i l e t h e 

o t h e r seven e v e n t s e x h i b i t e d A f i n c r e a s e s a s s o c i a t e d w i t h AH 

i n c r e a s e s . There was no s y s t e m a t i c dependence on p e r i o d as f a r 

as t h e 's e n s e 1 o f the s h i f t was concerned. 

The d i s t r i b u t i o n o f dominant p u l s a t i o n p e r i o d s i s 

p l o t t e d i n F i g . ' 3 . 5 . 1 8 . Most e v e n t s were i n the 90 t o 150... 

second p e r i o d range,:, however a f a i r number w i t h p e r i o d s i n e x c e s s 

o f 300 seconds d i d o c c u r . 

3.6 P a r t i c u l a r D o p p l e r E v e n t s 

Three groups o f e v e n t s a r e p r e s e n t e d . Group A c o n t a i n s 

samples o f each t y p e o f magnetic d i s t u r b a n c e studied,. Group B 

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

a t t h e time o f a s s o c i a t e d D o p p l e r and ;magne.tic p e r t u r b a t i o n s - . 

Group C c o n t a i n s examples o f e v e n t s s t u d i e d i n c o n s i d e r a b l e 

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

i n c h a p t e r two. 
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• 3L6A1) P i - 2 / P i - l E v e n t (March 20, 1966. 06^0z) f P t l 

T h i s event i s shown i n P i g . 3 . 6 . 1 . There was no magnetic 

bay. (K_£= 2 ) . I t i s a p p a r e n t t h a t t h e D o p p l e r s h i f t i n d u c e d 

by the (35 s e c . p e r i o d ) P i - 1 p u l s a t i o n component a t 2226 LMT 

(0.1+0 Hz /Y) i s r e l a t i v e l y much g r e a t e r t h a n t h a t a s s o c i a t e d w i t h 

t h e P i - 2 (100 s e c . p e r i o d ) component a t 2235 LHT (0 . 1 3 Hz A ) . 

The phase r e l a t i o n s h i p between the m i c r o p u l s a t i o n s and 

t h e D o p p l e r p u l s a t i o n s i s c o n s t a n t (+ 5 seconds) and 180° out o f 

phase; — an i n c r e a s e i n H c o r r e s p o n d s t o a f r e q u e n c y d e c r e a s e . 

S i m i l a r l y , P i - 2 / P i - l e v e n t s were t h e most numerous t y p e observed} 

e v e r 200 examples were r e c o r d e d i n t h e p e r i o d May 1965 - A p r i l , 1966. 

Ionograms t a k e n e a r l i e r and l a t e r on t h e 2 0 t h o f March 

showed no e v i d e n c e o f s p o r a d i c E . The echo t h e r e f o r e i s a 

F r e g i o n echo. [ B o t h the 0626 and the 0645z e v e n t s appear t o be 

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

sonagrams. ( H i g h l a t i t u d e g e o p h y s i c a l d a t a , U n i v e r s i t y o f 

A l a s k a , March (1966).) But t h e 0626z event was accompanied by 

r i o m e t e r a b s o r p t i o n w h i l e t h e C645z event was n o t . ( A l s o the 

0645 event had an a d d i t i o n a l l o n g p e r i o d component on t h e 

t e l l u r i c c h a r t r e c o r d . ) ] 

3-.6A2) • 4 Event ( F e b r u a r y 19. 1966, 20^0z) 

T h i s event i s shown i n F i g . 3.6.2. T h i s was a magnet

i c a l l y d i s t u r b e d p e r i o d . (K^ = 4 ) . However, t h e major p o r t i o n 
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o f t h e storm ended a t 2 0 0 0 z (noon), and o n l y s n a i l bays (20 -

30 Y ) o c c u r r e d a t t h e time o f t h e p u l s a t i o n s . From about 

2105z. t o 2125z (1305 - 1325 LMT) an 80 second p e r i o d Pc-4 

component was a s s o c i a t e d w i t h l a r g e D o p p l e r p u l s a t i o n s on 4.6 MHz 

(Af/AH = 0 . 0 9 Hz / Y ) . C a r e f u l s c r u t i n y o f the 2.7 MHz t r a c e s d i d 

n o t r e v e a l any c o r r e s p o n d i n g D o p p l e r s h i f t s a t a l l . A t t h i s t i m e 

o f day (noon) and y e a r , 2.7 MHz i s r e f l e c t e d f r om the E l a y e r ; 

4.6 MHz from the F^ l a y e r . About 25 e v e n t s s i m i l a r t o t h i s o c c u r 

3.6A^,) P c - 4 Event ( F e b r u a r y 21, 1966 2 ^ 0 z ) • 

See F i g . 3 . 6 . 3 . T h i s was a m a g n e t i c a l l y q u i e t p e r i o d 

(K^, = 2 ) , and t h e r e were no magnetic bays p e r s e n t . I n c o n t r a s t 

w i t h the noon r e c o r d ( F i g . ' 3 . 6.2), t h i s l a t e a f t e r n o o n r e c o r d 

e x h i b i t s p u l s a t i o n s on 2.7 MHz as w e l l as on 4 . 6 MHz i n d i r e c t 

a s s o c i a t i o n w i t h t h e m i c r o p u l s a t i o n s . (There was a l s o a r a t h e r 

marked change i n the smoothness o f t h e 2.7 MHz r e c o r d , w h i c h 

became much more a c t i v e when the t r a n s i t i o n from E t o F 

l a y e r r e f l e x i o n took p l a c e a t about 23OOZ.) ( S e a t t l e ionograms 

e x h i b i t e d S ( n o i s y ) or C (equipment f a i l u r e ) c o n d i t i o n f o r 

b o t h e v e n t s , A2 and A 3 . However, on F e b r u a r y 22, a t OlCOz 

(1700 LMT') t h e f c F 2 was 6.5'MHz. The f E was 3 MHz and no 

E was p r e s e n t . About 20 e v e n t s s i m i l a r t o t h i s o c c u r e d . s r 

3.6A4) Sudden Impulse Event ( A p r i l 4 , 1966, 0905z) 

See F i g . 3 . 6 . 4 . T h i s was a m o d e r a t e l y d i s t u r b e d 

a f t e r n o o n . (K =3) • The magnetic i m p u l s e had a peak, t o peak 

amplitude- o f 1 . 6 'ganna3 i n t h e H component and 1.1 gammas 

i n t t h e D .component, and a q u a s i - p e r i o d o f about 100 seconds. 
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The a s s o c i a t e d 4.6 MHz Dop p l e r s h i f t i s about 0.9 Hz p.p. 

(Af/AH 0.6 H z / y ) . The 2.7 KHz o r d i n a r y node s h i f t i s about 0.7 

Hz ( 0 . 4 K z / y ) . The r a t i o o f t h e 4.6 A f t o t h e 2.7 A f i s 

1 . 5 : 1 , w h i l e t h e r a t i o o f f r e q u e n c i e s i s 1.7 : 1 , so t h a t A f 

v a r i e s a p p r o x i m a t e l y as f . 

The t h r e e (4.6 MHz and 2.7 MHz 0 and X) D o p p l e r 

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

e o u s l y (+ 5 s e c o n d s ) . They a l l l a g the E-W t e l l u r i c p o t e n t i a l 

c h a n n e l by about 20 seconds. An H component d e c r e a s e c o r r e s 

ponds t o a f r e q u e n c y i n c r e a s e . (The V/estham Xg component 

f i t t e d t h e 4.6 MHz p u l s e f o r m b e s t . ) There were about 10 

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

•-3..6A5 Sudden Commencement Event ( J u l y 6, 1965. 0951z) 

See F i g . 3.6.5. T h i s e v e n i n g (0151 LMT) sudden 

commencement if as f o l l o w e d by a. l a r g e storm It = 5 , K D = 5 . 

The 3C i m p u l s e was about 5Y p.p. i n II and 

6Y p.p. i n D and o f about 200 seconds q u a s i - p e r i o d . The 

D o p p l e r f r e q u e n c y s h i f t on 2.7 MHz was out o f phase w i t h t h e 

H component change, (H i n c r e a s e A f d e c r e a s e ) but 

s i m u l t a n e o u s w i t h i n 5 seconds and o f a m p l i t u d e 0.6 Hz 

(A f /AH = 0.12 K z / r ) . About 15 s i m i l a r sudden commencement 

a s s o c i a t i o n s were r e c o r d e d . 

3.6A6 I s o l a t e d Bay E v e n t s (November 6, 1965, 12*30z) 
( O c t o b e r 2^. 1965. 07^ 0 z ) 

See F i g . 3.6.6. The bay a t 4 : 3 0 A.M. ( 1 2 3 0 z ) has 

an a m p l i t u d e o f 6 gammas i n t h e - H component and an a s s o c i a t e d 
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2.7 MHz D o p p l e r s h i f t o f 0.25" Hz (Af/Ah = 0 . 0 9 K z / Y ) . The 

bay's d u r a t i o n - i s about 12 M i n u t e s . H d e c r e a s e s c o r r e s p o n d 

toAf i n c r e a s e (K^ = 2 ) . 

See F i g . 3 . 6.7. T h i s bay j u s t b e f o r e m i d n i g h t 

(K^ = 3) i n v o l v e s a D component sense t r a n s i t i o n . I t s 

a m p l i t u d e i n c r e a s e i n the K component i s 13 gammas and i t s 

d u r a t i o n about t e n m i n u t e s . The a s s o c i a t e d f r e q u e n c y d e c r e a s e 

i s 0 . 5 Hz. (Af / A h = 0 . 0 9 Hz/Y). The D o p p l e r bandwidth o f 

t h i s r e c o r d i s u n u s u a l l y g r e a t b e i n g about 0 . 3 H z , i n d i c a t i n g 

m u l t i p a t h p r o p a g a t i o n w i t h v a r y i n g D o p p l e r s h i f t s , as w e l l as 

p o s s i b l e r a p i d r a t e s o f change o f Do p p l e r s h i f t . About t e n 

e v e n t s o f t h i s t y p e were r e c o r d e d . 

3.6A7) M a g n e t i c Storm ( F e b r u a r y 2"3, 1966 0800z) 

See F i g . 3 . 6.8. The l o c a l K i n d e x was 5 d u r i n g t h i s 

e v e n t . P i - 1 and P i - 2 m i c r o p u l s a t i o n s accompany a s e r i e s o f 

bays. 

The 2.7 MHz Do p p l e r bandwidth i n c r e a s e s f r o m 0.1 Hz 

a t 073Cz t o about 1.0Hz a t 0 9 0 0 z . (B .ndwidth i n c r e a s e s up t o 

as :;:;uch as 10 Hz a r e o b s e r v e d t o accompany magnetic s t o r m s ) . 

The 37 gamma H i n c r e a s e between 0759z and 0 8 0 5 z i s a s s o c i a t e d 

w i t h a D o p p l e r f r e q u e n c y i n c r e a s e o f about 1 . 9 H z . ( A f / A h = 

G.C5Hz/Y). The Dop-pler s h i f t l e a d s t h e E-W t e l l u r i c p o t e n t i a l 

v a r i a t i o n by about 3 m i n u t e s . 

The P i - 2 p u l s a t i o n s a r e a s s o c i a t e d w i t h D o p p l e r 

s h i f t s , and t h e P i - 1 p u l s a t i o n s may be but t h e r e c o r d i s t o o 

d i s t u r b e d t o de t e r m i n e t h i s . 
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. F i g . . 3 . 6 . 7 . - Magne t i c - D Component- 1 t r a n s i t i o n 1 bay and 2.7 MHz 
"Doppler s h i f t . The H component a s s o c i a t i o n i s b e s t w i t h t he 
T Joppler r e c o r d l e a d i n g by about 3 m inu tes and H I n c r e a s i n g 
c o r r e s p o n d i n g t o f d e c r e a s e . • 
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end E-W t e l l u r i c p o t e n t i a l . (The z component has been e m i t t e d f o r 
c l a r i t y . ) H i n c r e a s i n g c o r r e s p o n d s t o f i n c r e a s i n g . The P e p p i e r 
r e c o r d i s v i r t u a l l y s i m u l t a n e o u s w i t h t h e H component r e c o r d . (The 
t e l l u r i c r e c o r d l a g s by about h m i n u t e s . ) 

o 
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The S e a t t l e ionogram a t 0700z was n o i s y (S) but the 

^z?2 w a s ' ^ s t i ^ a t e d a t about 5 MHz and E g was n o t e v i d e n t . 

About e l e v e n e v e n t s o f t h i s t y p e were r e c o r d e d . 

3.6A3) 'Non-Magnetic' E v e n t (March 24, 1966, OCIOz) 

See F i g . 3,6 . 9 . T h i s event o c c u r r e d a t a m a g n e t i c a l l y 

q u i e t p e r i o d . (Ej = C) and t h e r e was no d e t e c t a b l e a c t i v i t y 

on the m i c r o p u l s a t i o n r e c o r d s or on the magnetograms. K a t 

C o l l e g e A l a s k a was 1, and no t e l l u r i c o r cosmic n o i s e a b s o r p t i o n 

o c c u r r e d . 

The 2.7 and 4.6 MHz c h a n nels e x h i b i t s t r i k i n g 

s i n u s o i d a l p u l s a t i o n s o f 90 - 120 second p e r i o d . B o t h E 

and F r e g i o n motions a r e i n phase, however t h e i r r e l a t i v e 

a m p l i t u d e s v a r y c o n s i d e r a b l y . A time d i s p l a c e m e n t o f about 

10 seconds•between the p e r t u r b a t i o n s on t h e two f r e q u e n c i e s 

c o r r e s p o n d s t o an a p p a r e n t v e r t i c a l v e l o c i t y o f about 15 

km./sec. 

A t 1615" LMT ( 0 0 l 5 z ) the r a t i o between t h e 4 . 6 

and 2.7 MHz f r e q u e n c y s h i f t s i s 1 . 3 : 1 w h i c h i s r a t h e r l e s s 

t h a n t h e f r e q u e n c y r a t i o 1.7:1, i n d i c a t i n g t h e r e l a t i v e l y 

g r e a t e r i m p o r t a n c e o f i o n i s a t i o n m o t i o n i n t h e E r e g i o n . 

The D oppler v e l o c i t i e s a r e i n t h e n e i g h b o u r h o o d o f 1 0 - 1 2 

m/sec. 

Another good example ( F i g . 3 . 6.10) was r e c o r d e d on 

J a n u a r y 6 , 1 9 6 6 , a t 1900 - 2 3 C 0 z . (Two o r t h r e e o t h e r 

somewhat n o i s i e r and s h o r t e r - l i v e d e v e n t s o f s i m i l a r c h a r a c t e r 

were a l s o r e c o r d e d . ) A g a i n the dominant p e r i o d i s 90 - 120 

s«c6nrl«t. The t f i l l n p i r. n n t ^ n t . i . ' i l wcnvrl s l i n y s no aRsnm'ntpd 
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F i g . 3 . 6 . 9 . 2.7 and 4 . 6 MHz Dopp le r p u l s a t i o n s o f about 90 
s e c . p e r i o d unaccompanied by t e l l u r i c p o t e n t i a l o r magnet i c 

r p u l s a t i o n s . 
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F i g . ?.6.1Q.r Ionospheric pulsation event January 6, 1966. 'A' Is the l o v 
band t e l l u r i c p o t e n t i a l channel, 0.07 Y rec"*l f u l l scale. 'B' i s the 2.7 MHz 
Doppler channel 0.6 Hz f u l l scale e x h i b i t i n g l a r g e 90 second period pulsations. 
'C i s the high band t e l l u r i c channel 0 . 0 0 5 Y sec" 1 f u l l scale. The t e l l u r i c 
records shoK t h e i r normal background noise. The V i c t o r i a nagnetograms were 
quiet at t h i s time. 
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a c t i v i t y . The r e g u l a r magnetograms show no hays, o r o t h e r 

d i s t u r b a n c e ( K ^ = 0 ) . The C o l l e g e A l a s k a i n d e x was 

a l s o 0 and a g a i n no t e l l u r i c o r r i o m e t e r p u l s a t i o n s were 

o b s e r v e d t h e r e . 

3.6A9) Low-Freauency Wave E v e n t (March 10*. 1966, O^OOz) 

See F i g . 3.6.11. T h i s was a l s o a m a g n e t i c a l l y q u i e t 

p e r i o d 1 ( K ^ = 2 ) . Some P i - 2 p u l s a t i o n s o c c u r r e d a t about 

0 3 45z and show up on the D o p p l e r r e c o r d s b u t t h e r e were no 

ma g n e t i c v a r i a t i o n s o r bays i n the 10 - 20 minute p e r i o d 

r a n g e . 

The p e r i o d o f t h e p o s s i b l e 'waves' i s about 6 - 1 2 

m i n u t e s . A t 0306z t h e VLF ( 1 8 . 6 KHz) phase d i p c o r r e s p o n d s 

t o a D r e g i o n m o t i o n upward w i t h a speed o f about 60 m/sec. 

The 2.7 MHz D o p p l e r s h i f t c o r r e s p o n d s t o an E r e g i o n upward 

v e l o c i t y o f about 20 m/sec. and the 4.6 MHz D o j j p l e r s h i f t 

c o r r e s p o n d s t o an F r e g i o n v e l o c i t y o f about 40 m/sec. 

upward. A t t h i s t ime t h e e n t i r e i o n o s p h e r e appears t o _ b e 

moving i n phase. ( A g a i n a t O332 t h e c o r r e s p o n d i n g v e l o c i t i e s 

were : D r e g i o n 4 5 m/sec. up; E r e g i o n 30 m/sec. up; F 

r e g i o n 50'm/sec. up.) About f i v e e x a c t l y s i m i l a r e v e n t s were 

r e c o r d e d . B u t , waves o f about t h i s p e r i o d were common- .-• 

p l a c e on t h e daytime 4.6 MHz ( F r e g i o n ) r e c o r d s . 

3.6 ;B1) p r o x i m i t y t o C r i t i c a l F r e q u e n c i e s 

I o n o s p h e r i c S u n r i s e E v e n t ( F e b r u a r y 2~3, 1966. I5 0 0 z ) 

See F i g . 3..6.12. T h i s event i l l u s t r a t e s t he e f f e c t 
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F i g . 3 . 6 . l i j Long p e r i o d (10 min.) i o n o s p h e r i c m o t i o n s o b s e r v e d on 18.6 .KHz 
2.7 MHz and 4.6MHz D o p p l e r c h a n n e l s ( 0 3 1 0 z ) b u t n o t on t h e t e l l u r i c p o t e n t i a l 

-'or magnetic 1 r e c o r d s . ( There a r e a l s o some P i - 2 p u l s a t i o n s a t 0 3 4 5 and-04-10 . 
whic h appear on b o t h t h e HF D o p p l e r and t h e t e l l u r i c r e c o r d s . I o n o s p h e r i c 

^ s u n s e t o c c u r s , f o r t h e 4,6 MHz r e c o r d a t 0410..) 
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•F ig . ^ . 6 . 1 2 . I o n o s p h e r i c s u n r i s e accompanied by P i-2/P I- l m i c r o p u l s a t i o n s 
and a s s o c i a t e d 2.7 and 4.6MHz Dopp l e r s h i f t s . 

O N 
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o f t h e p r o x i m i t y o f D o p p l e r sounding f r e q u e n c i e s t o i o n o s p h e r i c 

c r i t i c a l f r e q u e n c i e s . ( 1500z = 0700 LMT.) 

The 2.7 MHz 0 p o l a r i s a t i o n wave was o n l y i n t e r 

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

o c c u r r e d on the X c h a n n e l . I t i s p r o b a b l e t h a t the ^ 0 F p 

but n o t t h e f
x

F 2 dropped below 2.7 MHz, and t h e r e s u m p t i o n 

o f s i g n a l a t l 4 5 0 z i n d i c a t e s the f Q
F 2 ^ a s e x c e e d e d 2.7 MHz. 

Then, a t 1 5 2 3 s , the f x F 2 exceeded 4 . 6 MHz and t h e 4 . 6 MHz 

c h a n n e l came i n . 

F o r t u n a t e l y t h e r e o c c u r r e d a P i - 1 w i t h P i - 2 m i c r o 

p u l s a t i o n e v ent j u s t a t t h i s t i m e . The P i - 2 p u l s a t i o n s o f 

about 4 m i n u t e s p e r i o d a re c l e a r l y seen t o be a s s o c i a t e d w i t h 

D o p p l e r s h i f t s on a l l t h r e e HF c h a n n e l s . D e s p i t e t h e g r e a t 

a m p l i t u d e o f the P i - 1 p u l s a t i o n s t h e y do n o t seem t o be accomp

a n i e d by comparable D o p p l e r s h i f t s . A t 1 5 2 6 z , a AH i n c r e a s e o f 

5Y c o r r e s p o n d s t o a 4 . 6 MHz A f de c r e a s e o f 1 . 2 Hz, (Af/Atfl = 0 . 2 

H z / y ) . The 0 p o l a r i s a t i o n . 2 .7 MHz f r e q u e n c y d e c r e a s e was 

r o u g h l y about 0 . 6 Hz. (Af/AH) = 0 . 1 2 H z / y ) . 

The Af/AH r a t i o s f o r t h e modes n e a r e s t c r i t i c a l 

f r e q u e n c i e s a r e l a r g e r t h a n average. A l s o the r a t i o 

between A f 4 . 6 MHz and A f 2.7 MHz X components i s 4 : 1 , 

w h i c h i s a p p r e c i a b l y l a r g e r t h a n t h e r a t i o s found when the 

c r i t i c a l f r e q u e n c i e s a r e n o t near the sounding f r e q u e n c i e s --

(th e average t h e n b e i n g about 1 . 8 : 1 ) . (However, the r a t i o 

between the 4 . 6 MIz A f and the 2.7 MHz (0) A f i s about 2 : 1 , which 



Pc - 2 /Pc - 3 . Band 
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0 . 0 5 

2.7MHz (X compoifent) D o p p l e r 
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xxxxx 
( s t a t i o n b r e a k ) 

• Fis..3.6.IX "'.'..] Compar i son o f Dopp l e r s h i f t s f o r 0 and X components 
I- a s s o c i a t e d "with Pc-4 m i c r o p u l s a t i o n s • 
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i s c l o s e r t o the average. I n t e r p r e t a t i o n i s r e n d e r e d d i f f i c u l t 

by the p r o b a b l e f o r m a t i o n o f F 1 and E l a y e r s w i t h c r i t i c a l 

f r e q u e n c i e s a p p r o a c h i n g 2.7 MHz.) 

A t n i g h t i n the w i n t e r and e a r l y s p r i n g the D o p p l e r 

s h i f t on t h e 0 component on t h e 2.7 LIHs tends t o be s l i g h t l y 

g r e a t e r t h a n on the X component as would be e x p e c t e d , 

s i n c e the I s a ^ a lo'- rsr f r e q u e n c y t h a n t h e I' X
F2 ' 

T h i s e f f e c t i s i l l u s t r a t e d i n F i g . 3 . 6 . 1 3 . (March 7, 1966, 

lOGOz). The r e c o r d was t a k e n a t 2 - 3 A.M. 

A t l C 5 0 z an H d e c r e a s e o f 3 ^ o c c u r r e d , accompanied 

by a 2.7 MHz 0 component f r e q u e n c y i n c r e a s e o f 0.29 

(+ 0 . 0 5 ) Hz and an X component f r e q u e n c y i n c r e a s e o f 

0.16 <+ 0 . 0 5 ) Hz. 

The r a t i o between th e 0 and X component s h i f t s was 

1 . 8:1 ; a t 0954z the r a t i o was. about 1 ; 3:1. ( U n f o r t u n a t e l y , 

no ionograms were a v a i l a b l e f o r t h i s d a t e . ) 

T h i s (March 7, 1966) r e c o r d a l s o i s an example o f 

a s s o c i a t i o n w i t h a Pc-4 e v e n t (no P i - 1 r i d e r s a r e p r e s e n t ) 

( K j = 2 ) . The Af/AH r a t i o f o r the X c h a n n e l a t ' 0 9 5 7 a 

i s 0.07Hz/Y (+ 10 % ) . The P i - 2 dominant p e r i o d i s about 

150 seconds. (The l a r g e e x c u r s i o n s on the VLF r e c o r d 

a r e due t o h o u r l y t r a n s m i t t e r phase o f f s e t . ) 

3.6B2) S p o r a d i c E E v e n t (August 12, 1965, 0600z) 

I n F i g . .-6.14 ( a , b, c, d) f o u r ionograms a r e 

r e p r o d u c e d . These were t a k e n a t S e a t t l e a t G 3 3 C 2 , 0400z, 
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D o p p l e r p u l s a t i o n s when r e f l e x i o n o c c u r r e d a t a s p o r a d i c E l a y e r . 
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06C0z and G630z. They show t h e development o f a s p o r a d i c 

E l a y e r . 

a) A t C 3 3 O Z , the F r e g i o n echoes a r e c l e a r l y seen. The 

f F 0 i s about 6 MHz and t h e r e i s no Es echo. 

b) A t 0 4 0 0z, an Es echo has begun t o appear, but; i t 

does n e t b l a n k e t , o r c u t - o f f , the F r e g i o n echoes 

w h i c h a r e s t i l l s t r o n g e r t h a n the Es echo. 

c) A t 0600 the Es l a y e r i s now w e l l e s t a b l i s h e d , and 

b l a n k e t i n g the F r e g i o n . There a r e m u l t i p l e 

(M t y p e ) Es echoes, and t h e f E s i s about 6 MHz. 

d) A t 0630z, t h e Es i s s t i l l b l a n k e t i n g b u t t h e f E s 

has dropped t o about 4 . 5 MHz. 

F i g u r e 3.6 . 1 5 , i l l u s t r a t e s t h e D o p p l e r and t e l l u r i c 

p u l s a t i o n r e c o r d s o b t a i n e d a t t h e same time as t h e ionograms. 

D u r i n g the p e r i o d p r e c e d i n g the" Es and l a t e r d u r i n g the 

p e r i o d when b l a n k e t i n g Es o c c u r r e d , P i - 2 m i c r o p u l s a t i o n s 

a l s o o c c u r r e d . A t 0540z, a AH i m p u l s e o f 3Y P»p. and 

about 90 seconds p e r i o d i s a s s o c i a t e d w i t h a 2.7 KHz f r e q u e n c y 

s h i f t o f about 0.6 Hz. (Af/AH = 0.2Hz/Y). The bandwidth o f 

the D o p p l e r c h a n n e l a t t h i s time i s 0.1 Hz. L a t e r a t 0604z, 

when b l a n k e t i n g Es had d e v e l o p e d , a P i - 2 o f 3 . 5 Y p.p. (AH) 

and about 80 seconds p e r i o d o c c u r r e d . T h i s was a s s o c i a t e d 

w i t h a D o p p l e r s h i f t o f 0.8 Hz; (Af/AH = 0.2Hz/Y). That i s , 

o f t h e same o r d e r as f o r t h e F r e g i o n echo. However, now 

t h e D o p p l e r bandwidth has i n c r e a s e d t o about 0 . 5 Hz and remains 

b r o a d u n t i l the s p o r a d i c E d i s a p p e a r s . S e v e r a l o t h e r p a i r s 

o f no-Es/Es e v e n t s were i n v e s t i g a t e d , a l l o c c u r r i n g a t n i g h t , 
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and t h e same g e n e r a l r e s u l t was o b t a i n e d . That i s : f o r a 

g i v e n p e r i o d i c i t y o f p u l s a t i o n the Af/AH r a t i o f o r F 2 

l a y e r and f o r E l a y e r r e f l e x i o n s i s about t h e same, b u t "' 

th e D o p p l e r band.vri.dth i s c o n s i d e r a b l y i n c r e a s e d whenever E g 

o c c u r s . 

The phase s h i f t between the t e l l u r i c p u l s a t i o n s and 

the D o p p l e r s h i f t s i s n o t c o n s t a n t b u t no s y s t e m a t i c change 

a s s o c i a t e d w i t h F 0 v s . E„ r e f l e x i o n was found. 
<L s 

3.6 B 3) Noon E v e n t s (August 8 . 1965. 2 2 0 0 z ) 
( F e b r u a r y 2 0 . 1966. 21^0z) 

The most s t r i k i n g d i f f e r e n c e between daytime and 

n i g h t - t i m e r e s u l t s i s t h a t t h e 2.7 KHz c h a n n e l does n o t show 

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

w h i l e the 4.6 MHz c h a n n e l , d o e s . F i g * 3.6.16 i l l u s t r a t e s an 

e a r l y a f t e r n o o n Pc e v e n t , w i t h peak-to-peak a m p l i t u d e s o f 

about 4 gammas, w h i c h i s n o t a s s o c i a t e d w i t h any 2.7 MHz 

D o p p l e r s h i f t s v i s i b l e above the n o i s e l e v e l , ( w h i c h was 

. 0 . 0 5 H z ) . • 

F i g . 3.6.17 i l l u s t r a t e s a P i - l / P i - 2 event ( o f about 

5 gammas p.p.) a t 1325 LMT w h i c h was accompanied by 4.6 MHz 

D o p p l e r s h i f t s ( o f about 0 . 3 H z ) . A l t h o u g h the 2.7 KHz 

r e c o r d i s somewhat n o i s y i t i s a p p a r e n t t h a t no comparable 

D o p p l e r s h i f t s o c c u r r e d . 

3.6 B4) O b l i q u e P r o p a g a t i o n ( F e b r u a r y 17, 1966. 0 6 3 0 z ) 

F i g . 3 . 6 . I 8 i l l u s t r a t e s a l a t e e v e n i n g (2215 LMT ) 

http://band.vri.dth
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F i g . 3.6.17.; Noon m l c r o p u l s a t i o n event and c o r r e s p o n d i n g 4.6 MHz 
D o p p l e r p u l s a t i o n s , w i t h o u t D o p p l e r p u l s a t i o n s on 2.7 MHz. 
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F i g . 3 . 6 . 1 8 . P i-2 m i c r o p u l s a t i o n s and Dopp l e r p u l s a t i o n s on 
*i-.6 MHz i( O b l i q u e p ropaga t i on ) and on the 2.7 MHz c h a n n e l s , and 
p o s s i b l e ^ o n the 18 .6 KHz c h a n n e l . 
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i m p u l s i v e e vent f o r w h i c h a 4.6 MHz r e c o r d was o b t a i n e d . The 

r e c e i v e d s i g n a l was n o t due t o VE9CF as t h e h a l f - h o u r l y s t a t i o n 

b r e a k s were n o t r e c o r d e d , and a l s o l o n g p e r i o d d r i f t s t y p i c a l 

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

A p p a r e n t l y a d i s t a n t 4.6 MHz s i g n a l was r e c e i v e d . 

A AH n e g a t i v e i m p u l s e o f 2 gammas was a s s o c i a t e d w i t h a D o p p l e r 

s h i f t o f 0.15 Hz (0.07HZ/Y) on t h e 2.7 MHz (X) c h a n n e l 

and w i t h a 4.6 MHz ( o b l i q u e ) D o p p l e r s h i f t o f 1 . 3 Hz (0.6Hz/y) 

w h i c h i s v e r y l a r g e . T h i s tends t o i n d i c a t e t h a t l a r g e r D o p p l e r 

e f f e c t s a r e o b s e r v e d f o r o b l i q u e p r o p a g a t i o n . (However, t h e 

p r o x i m i t y o f 4.6 MHz t o t h e MUF f o r t h e p a t h from t h e 

unknown t r a n s m i t t e r i s unknown.) 

The 2.7 M z (0) c h a n n e l i s r a t h e r d i s t u r b e d and 

th e p u l s a t i o n s o n l y bear a rough resemblance t o t h o s e on t h e 

o t h e r HF c h a n n e l s . 

3.6C1 Phase Change o r Time D i s p l a c e m e n t 2.7 v s . 4 . 6 MHz 
( F e b r u a r y 21. 1966, 1733z) 

F i g . 3.6.19 i s an e n l a r g e d t r a c i n g o f a morning 

D o p p l e r / P c - 3 r e c o r d . 

From 1731 t o 1733z t h e 4.6 and 2.7 MHz f r e q u e n c y 

s h i f t s a r e i n phase w h i l e f r o m 1733 t o 1737^ t h e y a r e 180° 

o u t o f phase. T h i s sudden phase s h i f t c o r r e s p o n d s t o a time 

d i s p l a c e m e n t o f 20 + 2 seconds. 

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

phase r e v e r s a l s a l s o o c c u r b u t i s d i f f i c u l t t o d e c i d e whether 

o r n o t the o c c a s i o n a l n o i s e b u r s t i s r e s p o n s i b l e f o r the 
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F i g . 3.6.19 Pc3 event (traced) showing t r a n s i t i o n from in-phase to 
out-of-phase Doppler waveforms. 
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temporary out o f phase f r e q u e n c y o f f s e t , r a t h e r t h a n 

e l e c t r o d y n a m i c p r o c e s s e s o r p r o p a g a t i o n d e l a y s . 

3 .602 Time D i s p l a c e m e n t o r Phase Change 2.7 MHz and 18 . 6 KHz 
(September 7. 1965, 05Wz) 

See F i g . 3 . 6 . 2 0 and 3 . 6 . 2 1 . A P i - l / P i - 2 event o c c u r r e d 

a t 0530 - O6O3Z (2130 - 2200 LMT) accompanied by 2.7 MHz and 

1 § . 6 KHz phase p a t h changes. (The 18.6 KHz s i g n a l was 

r e f l e c t e d f r om t h e E l a y e r and phase changes o f t h e sky wave 

a r e r e c o r d e d . The D o p p l e r v e l o c i t i e s a r e e q u a l t o t h e ti m e 

d e r i v a t i v e s <of t h i s r e c o r d c o n s e q u e n t l y a one-to-one 

c o r r e s p o n d e n c e w i t h t h e 2.7 MHz r e c o r d would n o t be e x p e c t e d j 

t h e r e would be a 90° phase change even i f b o t h were r e f l e c t e d 

f r o m a s i n g l e m o v i n g - m i r r o r . ) 

The 2.7 MHz r e c o r d i s i n - p h a s e w i t h the t e l l u r i c 

p o t e n t i a l r e c o r d , but l a g s i t by 15 ± 5 seconds, t h r o u g h o u t 

t h e e v e n t . An H component i n c r e a s e c o r r e s p o n d s t o a 

f r e q u e n c y d e c r e a s e (upward, motion) t h r o u g h o u t . 

The VLF r e c o r d e x h i b i t s v a r y i n g phase w i t h r e s p e c t 

t o t he t e l l u r i c and 2.7 MHz D o p p l e r r e c o r d s ; sometimes i n phase, 

sometimes 180° out o f phase, sometimes i n between. 

I t i s a l s o o f i n t e r e s t t o n o t e t h a t t h e r e g u l a r 90 

second p e r i o d p u l s a t i o n s commenced on t h e VLF r e c o r d a t 

about C43Q£ an hour b e f o r e t h e y appeared on the 2.7 MHz 

r e c o r d and c n t h e t e l l u r i c p o t e n t i a l r e c o r d . The VLF 

p u l s a t i o n s d i d , however, d i e - o u t a t the same time as t h e HF 

p u l s a t i o n s a t 0603z. 
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F i g . • . • 3 * 6 . 2 0 . 9 0 'second p e r i o d p u l s a t i o n s o c c u r r i n g on the 1 8 . 6 KHz sky-wave phase r e c o r d s and l a t e r 
o c c u r r i n g on both the 2.7 MHz Dopp l e r and E-'/J T e l l u r i c p o t e n t i a l r e c o r d s . 



F i g . 3 . 6 . 2 1 . T r a c i n g o f r e g u l a r magnetogram f o r the p e r i o d o f the event 
o f F i g . 4 . 6 . 2 0 showing m i c r o p u l s a t i o n s o c c u r r i n g In c o n j u n c t i o n vriLth the 
D component bay a t 0 5 3 0 z and s u b s e q u e n t l y . 
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The o c c u r r e n c e o f the t e l l u r i c and HF p u l s a t i o n s 

was s i m u l t a n e o u s w i t h t h e o n s e t o f a p o s i t i v e D bay o f 

about 15Y a m p l i t u d e as may be seen i n F i g . 3.6.21 ( K ^ = 3)« 

The p u l s a t i o n s had a peak-to-peak a m p l i t u d e o f about 

3Y i n t h e H component. The 2.7 MHz A f was about 0.7 Hz 

p.p. (Af/AH = C.2Hz/T). T h i s i s e q u i v a l e n t t o a v e r t i c a l 

v e l o c i t y o f about 10 m/sec. 

The VLF p u l s a t i o n s were o f about 8 m i c r o s e c o n d s A0 

peak-to-peak ( a t 90 s e c . _ p e r i o d ) w h i c h c o r r e s p o n d s t o a v e r t i c a l 

v e l o c i t y o f m/sec. (on the b a s i s o f s i m p l e r e f l e x i o n f r om 

a moving m i r r o r ) . 

The phase s h i f t s between the 18.6 KHz and t h e 2.7 MHz 

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

10 - 50 seconds w h i c h might r e p r e s e n t v e r t i c a l v e l o c i t i e s 

o f about 2 - 1 0 km/sec, assuming a 100 km. s e p a r a t i o n i n 
1 

E and F l a y e r r e f l e x i o n h e i g h t s . (Ho ionograms were 

a v a i l a b l e f o r t h i s e v ent.) 

One c u r i o u s a s p e c t o f t h i s r e c o r d i s t h a t t h e P t 

( P i - l / P i - 2 ) e v e n t a t C620z i s n o t a s s o c i a t e d w i t h any VLF 

p u l s a t i o n s a l t h o u g h i t i s a s s o c i a t e d w i t h 2.7 MHz p u l s a t i o n s . 

3 .6.C3) M i c r o p u l s a t i o n s W i t h o u t P o p p l e r S h i f t s 

F i g . 3.6.22 i l l u s t r a t e s a P t m i c r o p u l s a t i c n e vent which 

o c c u r r e d a t lHOz,•»March,7, -1966, and was n o t accompanied by 

any a p p a r e n t a s s o c i a t e d p u l s a t i o n s o f e i t h e r the 2.7 MHz o r 

the : V L F . r a d i o c h a n n e l s 



- -j 0 2 3 0 LMT O33O LMT 
T i p . 3.;i,6.22. P i - 2 , Pi-1 Mlcropulsation event not accompanied. 
* y any' " a s s o c i a t e d "> Doppler pulsations, or by any apparently 
associated VLF phase changes. 
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J.7 Records A n a l y s e d by Machine Computation 

Tape r e c o r d e d D o p p l e r and t e l l u r i c p u l s a t i o n r e c o r d s 

were f i l t e r e d and d i g i t i s e d , and c h a r t r e c o r d s were d i g i t i s e d 

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

r e p l o t t e d by machine o r p r i n t e d out t o check f o r e r r o r s . Then 

the means were removed and t h e r e c o r d s were a n a l y s e d u s i n g 

t h e P a c i f i c ITaval L a b o r a t o r y computer w i t h computer programme 

61-11, w h i c h f o l l o w s t h e method o f Nunk et a l i a ( 1 9 5 9). 

The programme computes : t h e a u t o c o v a r i a n c e f o r each 

i n p u t c h a n n e l . The s p e c t r a and l o g s p e c t r a f o r each c h a n n e l . 

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

v a l u e o f t h e c o r r e l a t i o n , c o h e r e n c e , and the phase a n g l e . 

See appendix s e c t i o n 6.6, f o r d e f i n i t i o n s o f t h o s e q u a n t i t i e s . 

F i g u r e 3.7.1 shows a machine p l o t o f d i g i t i s e d d a t a . 

Two magnetic components, th e D and the H were d i g i t i s e d 

t o g e t h e r w i t h the 2.7 HHz D o p p l e r r e c o r d . The s a m p l i n g 

i n t e r v a l was 15" seconds. The t o t a l r e c o r d l e n g t h was 29 

minutes - (0700 - 080Cz, June 4, 1965). F i g . 3.7.2 i s a 

p l o t o f t h e coherence v s . p u l s a t i o n p e r i o d f o r the June h 

r e c o r d . The D t r a c e i s t h e coherence between Doppler s h i f t 

and t h e D component. T h i s coherence i s v e r y l o w f o r p e r i o d s 

l o n g e r t h a n two hundred seconds, because th e l a r g e D bay 

i s n e t r e f l e c t e d i n t h e D o p p l e r r e c o r d . The maxima a t 

130 seconds and 90 and 70 seconds p e r i o d s are p r o b a b l y • 

s i g n i f i c a n t . The H t r a c e i s the coherence between the 
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F i g . ?. 7.1 Machine p l o t o f _ p r e v i o u s l y d i g i t i s e d , r e c o r d s . 
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F i g . 3.7«3. Records d i g i t i z e d f o r s p e c t r a l a n a l y s i s . The s t a t i o n b r e a k s i n 
the D o p p l e r r e c o r d were i n t e r p o l a t e d a c r o s s , and b o t h r e c o r d s 
were f i l t e r e d t o a v o i d a l i a s i n g e f f e c t s . 

j 
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D o p p l e r f r e q u e n c y and the magnetic H component. I t i s h i g h 

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

i s g e n e r a l l y h i g h e r t h a n the D component coherence i n t h e 

80 t o s e v e r a l hundred seconds p e r i o d r a n g e , but somewhat l o w e r 

f o r s h o r t e r p u l s a t i o n p e r i o d s (however, t h e s e a r e l e s s 

c e r t a i n because t h e y a r e a p p r o a c h i n g t h e sampling r a t e . 

S i x t y l a g s were u s e d i n computing the coherence.) 

F i g u r e 3.7 . 3 shows"a d i g i t i z e d - e v e n t w i t h two r e c o r d s : 

t o t a l m a g n e t i c i n t e n s i t y (»F) and 2.7 MHz D o p p l e r b e a t - f r e q u e n c y 

s h i f t s . (Af) Both r e c o r d s were f i l t e r e d and sampled 

( 3 . 5 second i n t e r v a l s ) and t h e i r coherence computed. Peaks 

i n coherence were f o u n d a t : 500 - 2000 seconds ( c o h . = O . 3 2 ) , 

70 - 85 seconds (coh. = 0 . 0 3 ) , kO - 50 seconds ( c o h . = 0.07) 

and a t 28 - 32 seconds p e r i o d ( c o h . = 0.20). (The F o u r i e r 

t r a n s f o r m o f t h e i n - p h a s e c o r r e l a t i o n c o - e f f i c i e n t R f o r 

t h e lo\irest f r e q u e n c y band was 0.58). 

The v a r i a t i o n o f Af/AH as a f u n c t i o n o f p u l s a t i o n 

p e r i o d was i n v e s t i g a t e d f o r a number o f e v e n t s . Log power 

s p e c t r a were p l o t t e d a g a i n s t l o g p e r i o d . Then v a r i o u s 

f u n c t i o n s : o f t h e p e r i o d were added t o t h e l o g s p e c t r a . 

F o r example : i n F i g . 3.7.4, T' r e p r e s e n t s a l o g D o p p l e r 

s h i f t s pectrum t o w h i c h an co* dependence has been added. 

T° i s the o r i g i n a l A f spectrum. T 1 / / 2 c o r r e s p o n d s t o 
1/2 

an co dependence. 
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F i g . 3.7*4. Log power sp e c t r u m v s . l o g p e r i o d w e i g h t e d w i t h t h r e e 

d i f f e r e n t d e p e n d e n c i e s on p e r i o d . ( P e r i o d T = 2#7Ct) ) 
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-"GEOMAGNETIC 

- D O P P L E R Power Spectra 
~ i — 1 — 

IOO IOOO ( S T O R M Y ) 
L O O PERIOD (8EC) 

F i g . 3 - 7 . 5 Geomagnetic disturbance- spectra • 
compared to 2 . 7 MHz Doppler spectra weighted 

+1/2 
by an<& deoendence factor. 
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F i g u r e 3.7.5 shows a group o f s i m u l t a n e o u s power 

s p e c t r a f o r w h i c h the D o p p l e r s h i f t s have been a d j u s t e d 
1/2 

a c c o r d i n g t o an to , dependance- of. cvi/.Cs). ( C ) . .The 

g e n e r a l agreement between t h e c u r v e s i s q u i t e good. I n each 

case the a r e a between t h e c u r v e s i s l e s s t h a n i f o t h e r powers 

o f co were used. T h i s c r i t e r i o n o f a r e a was chosen because 

the c o m p u t a t i o n produces a h i g h d e n s i t y o f d a t a p o i n t s a t 

s h o r t p e r i o d s (as may be seen from F i g u r e 3.7.4), whereas the 

energy d e n s i t y i s g r e a t e s t and t h e system n o i s e i s l e a s t a t 

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

about 0 . 9 r e g a r d l e s s o f w h i c h power o f co i s u s e d , and does 

n o t s e r v e t o d i s t i n g u i s h betxreen them. 

E x a m i n a t i o n o f F i g u r e 3.7.4 w i l l show t h a t t h e p o i n t s 

r e p r e s e n t i n g the p o s i t i o n o f t h e l o n g e s t p e r i o d w i l l have 

a g r e a t e f f e c t upon t h e a r e a between the two c u r v e s , and hence 

upon our c o n c l u s i o n . There a r e s e v e r a l d i f f i c u l t i e s a s s o c i a t e d 

w i t h t h e c o m p u t a t i o n o f t h i s f i n a l p o i n t . F i r s t , any e r r o r 

due t o a d.c. b i a s w i l l i n t r o d u c e e x t r a power a t t h e l a s t 

p o i n t . . Second, t h e ba n d w i d t h o f the a r i t h m e t i c f i l t e r i s 

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

C o r r e c t i o n s have been made f o r th e s e e f f e c t s . T h i r d , the 

a r i t h m e t i c f i l t e r has s i d e bands w h i c h w i l l i n t r o d u c e power, 

f r o m d i f f e r e n t p a r t s o f t h e spectrum. T h i s has n o t been 

compensated f o r ; t h e s i d e bands a r e n o t l a r g e , and i n the 

absence o f any v e r y l a r g e peaks e l s e w h e r e i n t h e spectrum, 

t h e i r s m a l l e f f e c t on the l a s t p o i n t s s h o u l d be comparable f o r 

the p a i r s o f s p e c t r a shown i n F i g u r e 3.7.5. D i s r e g a r d i n g 
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P i g . 3»7.6 Daytime records used f o r spectra and 
coherence c a l c u l a t i o n s . ( s u b s e q u e n t l y f i l t e r e d p r i o r t o 
d i g i t i s a t i o n ) . . 
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F i g . 3 .7.7 The spectra of the t e l l u r i c p o t e n t i a l and Doppler records f o r 
the period 0A00 - 0430Z, May 3 1 , 1965. 



185-

COHERENCE WITH 2.7 MHz DOPPLER FREQUENCY:VARIATION 



185 

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

i n F i g . 3 . 7 . 5 i s s t i l l q u i t e good. 

S p o r a d i c E- Ev e n t 

Cn May 31^1965 a t 04C0z (2CC0 LMT) 2 .7 MHz echoes were 

r e c e i v e d from a dense s p o r a d i c E l a y e r , ( s e e n on S e a t t l e 

ionograms) and a m i c r o p u l s a t i o n e vent o c c u r r e d . 

F i g u r e 3 . 7 . 6 shows t h e B r u s h c h a r t r e c o r d f o r t h i s 

e v e n t . D o p p l e r and t e l l u r i c r e c o r d s f o r t h e p e r i o d 0400 -

044Cz were f i l t e r e d and d i g i t i z e d ( a 2 . 2 9 second samp l i n g 

i n t e r v a l was u s e d ) . S p e c t r a and c o h e r e n c i e s were computed. 

F i g . 3-.7.7 shows t h e s p e c t r a o f the two s i g n a l s . F i g . 

3 . 7 . 8 shows t h e ( a b s o l u t e ) v a l u e o f t h e coherence as a 

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

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

( s p e c t r a l peaks) o f : 587 seconds, 98 seconds, 49 seconds, 

and 33 seconds. (The peaks a t 1 8 . 3 seconds r e p r e s e n t t h e 

wow-frequency o f t h e s l o w speed FM t a p e - r e c o r d e r , 

3 t § . Summary o f R e s u l t s 

a ) The i n i t i a l r a d i o m e t e r e x p e r i m e n t r e s u l t s ( s e c t i o n 3.2) 

e s t a b l i s h e d t h a t i n c r e a s e s , and f l u c t u a t i o n s i n 20 MHz n o i s e 

l e v e l a r e a s s o c i a t e d w i t h n i g h t - t i m e P i - 2 a c t i v i t y . I t was 

n o t c l e a r , however, whether t h e s e changes i n s i g n a l s t r e n g t h 

were due t o s c i n t i l l a t i o n , or. f o r w a r d s c a t t e r i n g o f HF 

t r a n s m i s s i o n s , o r t o a b s o r p t i o n f l u c t u a t i o n s . 
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b) The h i g h s e n s i t i v i t y r i o m e t e r e x p e r i m e n t r e s u l t s s e c t i o n 

( 3 . 3 ) showed t h a t 30 MHz s c i n t i l l a t i o n o f about 0 . 5 db 

a m p l i t u d e was d e f i n i t e l y a s s o c i a t e d w i t h n i g h t - t i m e P i - 2 

a c t i v i t y o f about 0 . 0 5 Y/sec. a m p l i t u d e . W h i l e on the o t h e r 

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

moderate d i s t u r b a n c e , no p u l s a t i n g a b s o r p t i o n e v e n t s were 

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

c) The a s s o c i a t i o n between r a d i o wave p e r t u r b a t i o n s and m i c r o 

p u l s a t i o n s was o n l y d emonstrated on a s t a t i s t i c a l b a s i s i n the 

c a s e o f t h e e a r l y r a d i o m e t e r , and o f t h e r i o m e t e r r e s u l t s . 

The broad-band r i o m e t e r r e s u l t s ( s e c t i o n 3 . 4 ) showed c l e a r l y 

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

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

and t h a t t h e r a d i o m e t e r - o b s e r v e d a s s o c i a t i o n was n o t j u s t a 

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

r e l a t e d t o m agnetic sto r m s , e t c . ( I n p a r t i c u l a r , the c o r r e l a t i o n 

between t e l l u r i c - p o t e n t i a l - p u l s a t i o n s and HF f a d i n g i s 

h i g h e r t h a n t h e c o r r e l a t i o n between e i t h e r and t h e m agnetic 

K i n d e x . 

d) The CW D o p p l e r e x p e r i m e n t r e s u l t s ( s e c t i o n 3.5> 3 * 6 , 

3 . 7 ) l e a d t o a much more d e t a i l e d c h a r a c t e r i s a t i o n o f t h e 

phenomena. 

P o s s i b l y the b e s t way t o summarise th e r e s u l t s i s t o 

examine what a p p e a r s t o o c c u r i n f i r s t l y t h e l o w e r F r e g i o n 

and s e c o n d l y t h e E r e g i o n o f the i o n o s p h e r e and t h e n t o 

make some comments on t h e p e c u l i a r i t i e s o f the D o p p l e r 
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s o u n d i n g t e c h n i q u e as e v i d e n c e d i n the r e s u l t s . 

e) I f one c o n s i d e r s o n l y t h e l o w e r F r e g i o n f rom 140 t o 

300 km. a l t i t u d e , a few g e n e r a l i s a t i o n s may he made : 

1) R e g i o n s o c c a s i o n a l l y as s m a l l as 10 km., b u t u s u a l l y 

somewhat l a r g e r t h a n 10 km. i n h o r i z o n t a l s c a l e move 

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

m agnetic f i e l d v a r i a t i o n s o b s e r v e d a t ground l e v e l . 

2) The v e r t i c a l i n c i d e n c e D o p p l e r s h i f t f o r a g i v e n 

magnitude o f magnetic change i s r o u g h l y p r o p o r t i o n a l 

t o t h e square r o o t o f t h e f r e q u e n c y o f th e . m a g n e t i c 

p u l s a t i o n , o r t o the i n v e r s e o f the square r o o t o f the 

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

The c o r r e s p o n d i n g e l e c t r o n gas speed i s g i v e n 

a p p r o x i m a t e l y (' . ( e q u a t i o n 2.4.4.) by v K 3 x 10 

co^AH (,3.8.1) where : v i s i n m/sec. and H i s i n Y and 

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

The v e r t i c a l speed seems a l m o s t c o n s t a n t w i t h h e i g h t 

between 140 and 3^0 km. However, time s h i f t s ( o r phase 

s h i f t s ) i n t h e o r d e r o f 20 seconds f r e q u e n t l y e x i s t 

between t h e (complex) F-̂  and F 2 l a y e r echo waveforms. 

T h i s may i n d i c a t e v e r t i c a l group v e l o c i t i e s i n the 

o r d e r o f 5 k m / s e c , o r may j u s t be due t o the t i l t e d 

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

3) A s s o c i a t e d F r e g i o n v e r t i c a l m o t i o n s o c c u r b o t h 

i n the daytime and a t n i g h t . However, an a s s o c i a t i o n 

I f any w i t h v e r y l o n g p e r i o d (>20,minutes) e v e n t s was 

n o t d e t e c t e d i n t h e daytime and t h e magnitude o f the 
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v e r t i c a l speed a s s o c i a t e d w i t h e v e n t s w i t h p e r i o d s 

l o n g e r t h a n 300 seconds (and a l l o w i n g f o r AH 

' a m p l i t u d e ) was r a t h e r l e s s by day t h a n by n i g h t . 

f ) I f one c o n s i d e r s t h e E r e g i o n (90 - 170 km.) t h e n the 

p i c t u r e i s somewhat d i f f e r e n t . 

1) By day t h e r e appear t o be few d e t e c t a b l e E r e g i o n 

v e r t i c a l m o t i o n s a s s o c i a t e d w i t h m agnetic r a p i d 

v a r i a t i o n s . By n i g h t , however, t h e r e g u l a r E r e g i o n 

(as o b s e r v e d by VLF ) e x h i b i t s (100 second p e r i o d ) 

p u l s a t i o n s f r om time t o time w h i c h a r e sometimes 

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

S p o r a d i c E l a y e r s e x h i b i t t h e same 100 second 

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

v a r i a t i o n s a s s o c i a t e d w i t h bays (sudden commencements), 

and o t h e r c l a s s e s o f m i c r o p u l s a t i o n s , n o t a b l y P i - 2 . 

( S p o r a d i c E l a y e r s , however, f r e q u e n t l y r e s u l t i n 

m u l t i p l e echoes w h i c h produce a n o i s y D o p p l e r r e c o r d 

making the i n v e s t i g a t i o n o f s h o r t p e r i o d p u l s a t i o n s 

d i f f i c u l t . ) 

2) The v e r t i c a l speed f o r a g i v e n magnitude o f magnetic 

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

t h e n i g h t - t i m e E r e g i o n as f o r t h e ( n i g h t - t i m e ) F 

r e g i o n , e x c e p t i n the case o f t h e predominant 90 

second p e r i o d waves w h i c h r e s u l t i n Af/AH r a t i o s 

as l a r g e as 1 Hz/Y on o c c a s i o n . T h i s would c o r r e s p o n d 

t o a v e r t i c a l speed o f i o n o s p h e r i c m o t i o n o f about 20 -

60 m/sec. f o r a t y p i c a l e v ent (moving m i r r o r a p p r o x i m a t i o n ) . 
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g) No i n f o r m a t i o n was o b t a i n e d on the n i g h t - t i m e D r e g i o n . 

Ho examples o f VLF sky wave phase p u l s a t i o n a s s o c i a t e d e v e n t s 

were f o u n d f o r t h e daytime D r e g i o n . 

h) I n the case o f b o t h E and F r e g i o n echoes t h e phase 

r e l a t i o n s h i p between the h o r i z o n t a l II component and t h e 

v e r t i c a l d r i f t tended t o be f a i r l y s t a b l e f o r i n t e r v a l s o f 

f i v e m i n u t e s o r l o n g e r ; and u s u a l l y f o r an e n t i r e event ( I f 

t h e p u l s a t i o n s i n the event were o f p e r i o d g r e a t e r t h a n 70 

s e c o n d s ) . I n more t h a n h a l f o f the c a s e s an upward v e r t i c a l 

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

was t r u e f o r most o f t h e r e m a i n i n g c a s e s . 

i ) The p e r c e n t a g e o f D o p p l e r p e r t u r b a t i o n s n o t 

a s s o c i a t e d w i t h any m agnetic d i s t u r b a n c e (no wave

f o r m s i m i l a r i t y o r no m agnetic d i s t u r b a n c e p r e s e n t 

g r e a t e r t h a n 0 . 0 1 Y s e c " 1 ) was i n v e s t i g a t e d f o r t h e 

2.7 MHz c h a n n e l f o r June 1 9 6 5 . The o v e r a l l p e r c e n t a g e 

o f D o p p l e r p e r t u r b a t i o n s g r e a t e r t h a n 0 . 2 5 Hz l a s t i n g 

f o r l o n g e r t h a n t h r e e rain, a s s o c i a t e d w i t h m agnetic 

p e r t u r b a t i o n s was 56 ?£>. The p e r c e n t a g e v a r i e d f rom 

a l o w o f about 10 % around noon t o a h i g h o f about 

90 °/6 i n t h e l a t e e v e n i n g . 

3 . 9 C u r r e n t R e s u l t s 

A t p r e s e n t t h e r e s t i l l e x i s t s c o n s i d e r a b l e D o p p l e r / 

t e l l u r i c p o t e n t i a l d a t a r e c o r d e d on m agnetic t a p e , some o f 

w h i c h i s c u r r e n t l y b e i n g . a n a l y s e d . However, i t does n o t 

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

t h e r e s u l t s o r c o n c l u s i o n s p r e s e n t e d i n t h i s t h e s i s . 
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1) Chan & V l l l a r d , 1 9 6 2 . 5) Becker, 1965 ,&others. 9) Georges,1967. 
2) Davies & Baker,1966. 6) Oguti, 1 9 6 3 . 10) Sato, 1 9 6 5 . * 
3) Lewis, 1967 . 7) Campbell,Parasarathy,1962. 11) Bowman,1965. 
4) Watt, 1964. 8) Thomas,1962. 12) S e c h r i s t& F e l p e r l n l 9 6 2 . 

Note starred* workers report auroral zone observations , a l l others mentioned 
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CHAPTER IV  

CONCLUSIONS ' 

T h i s c h a p t e r c o n s i s t s o f f o u r s e c t i o n s : S e c t i o n 4 . 1 

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

e v e n t s and t h e obs e r v e d a s s o c i a t e d i o n o s p h e r i c p e r t u r b a t i o n s . 

S e c t i o n 4 . 2 p r e s e n t s c o n c l u s i o n s w i t h r e g a r d t o the c h a r a c t e r i s t i c s 

o f t h e e x p e r i m e n t a l t e c h n i q u e s . S e c t i o n 4 . 3 p r e s e n t s recommend

a t i o n s r e g a r d i n g f u r t h e r t h e o r e t i c a l work, and S e c t i o n 4 . 4 p r e s e n t s 

recommendations r e g a r d i n g f u r t h e r e x p e r i m e n t a l work i n the a r e a 

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

Ij. . 1 C o n c l u s i o n s C o n c e r n i n g t h e V a r i o u s Types o f E v e n t s 

These a r e t r e a t e d i n s e p a r a t e s e c t i o n s as f o l l o w s 

4 . 1 . 1 P c - 1 , P c - 2 

4 - 1 . 2 P c - 3 

4 . 1 . 3 P c - 4 , P c - 5 

4 . 1 . 4 P i - 1 

4 . 1 . 5 P i - 2 

4 . 1 . 6 S i , s s c 

4.1.7 Bays and Storms 

4 . 1 . 8 (90 - 120 sec.) waves 

4 . 1 . 9 ( 5 - 1 5 min.) Daytime waves. 

4 . 1 . 1 P c - 1 , P c - 2 M i c r o p u l s a t i o n s ( T <. 10 sec.) 

The r a d i o f r e q u e n c y e x p e r i m e n t s were n o t c a p a b l e o f 

r e s o l v i n g p e r t u r b a t i o n s i n t h i s h i g h e s t f r e q u e n c y range. 
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C o n s e q u e n t l y no r e s u l t s were o b t a i n e d . Moreover, i t i s u n l i k e l y 

t h a t e i t h e r t h e r i o m e t e r o r the 'Dopplometer' can be adapted t o 

s t u d y such r a p i d s m a l l v a r i a t i o n s . 

4 . 1 . 2 Pc-3 M i c r o p u l s a t i o n s 

These a r e c o n t i n u o u s t r a i n s o f p u l s a t i o n s o c c u r i n g 

m a i n l y I n t h e morning and h a v i n g p e r i o d s i n t h e 10 - 45 sec. 

r a n g e . 

a) Pc-3 e v e n t s a r e seen on t h e (4.6 MHz) D o p p l e r r e c o r d s i m p l y i n g 

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

w i t h them. Pc-3 a r e seen on about 3 p e r c e n t o f 'good' h o u r s o f 

morning D o p p l e r r e c o r d s i n t h e summer and on about 10 p e r c e n t o f 

h o u r s o f 'good' time on w i n t e r mornings. About twenty p e r c e n t o f 

t h e Pc-3 seen on t h e t e l l u r i c p o t e n t i a l r e c o r d s show up on F 

r e g i o n D o p p l e r r e c o r d s . 

b) Pc-3 a s s o c i a t e d d i s t u r b a n c e s o c c u r i n t h e F r e g i o n s i n c e 

t h e y f r e q u e n t l y appear o n l y on the F r e g i o n r e f l e c t e d (4.6 MHz) 

c h a n n e l . 

I t i s p r o b a b l e t h a t the absence of daytime E l a y e r echoes 

h a v i n g D o p p l e r s h i f t s a s s o c i a t e d w i t h Pc3 i s due t o the 

absence of a p p r e c i a b l e e l e c t r i c f i e l d s , o r t o n e u t r a l wind 

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

s i n c e the r e c o m b i n a t i o n time c o n s t a n t i s about 100 s e c . 

. ( v i d . a p p endix I I A ) 
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c) The magnitude o f t h e D o p p l e r s h i f t s as a f u n c t i o n o f 

p e r i o d f o r P c - 3 i s u n c e r t a i n because o f t h e s m a l l number o f 

(good) r e c o r d s a c t u a l l y s t u d i e d . (17) and t h e l i m i t e d p e r i o d 

range i n v o l v e d . The l a r g e s t r a t i o s were as l a r g e as any 

o b s e r v e d (1 H z / Y ) , w h i l e most examples l a y i n t h e 0.1 - 0 . 4 

Hz/Y range ( e . g . F i g . 3 . 5 . 1 0 ) . 

d) 2.7 and 4 . 6 MHz r e c o r d s e x h i b i t e d m i c r o p u l s a t i o n wave-forms 

(180°) out o f phase w i t h each o t h e r on a t l e a s t two o c c a s i o n s 

( e . g . F i g . 3 . 6 . C I ) i n d i c a t i n g a v a r i a t i o n o f i o n o s p h e r i c 

p e r t u r b a t i o n w i t h h e i g h t . The i o n o s p h e r i c p e r t u r b a t i o n , more

o v e r , must have an e f f e c t i v e v e r t i c a l speed o f t h e o r d e r o f a 

few km./sec. t o a c c o u n t f o r t h e r e s u l t s . T h i s i s t o be c o n t r a s t 

w i t h t h e D o p p l e r v e l o c i t i e s w hich ( e q u a t i o n 2 . 4 . 4 ) on t h e b a s i s 

o f t h e moving m i r r o r a p p r o x i m a t i o n a r e o f t h e o r d e r o f 10 m/sec. 

W h i l e the Do p p l e r v e l o c i t y depends on t h e a m p l i t u d e and k i n d --

( N e , VN , *De) o f p e r t u r b a t i o n , t h e apparent v e r t i c a l speed 

depends on t h e d i r e c t i o n and speed o f p r o p a g a t i o n o f t h e 

d i s t u r b a n c e . The h i g h a p p a r e n t v e r t i c a l speeds can be acc o u n t e d 

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

e) I n t e r a c t i o n Mechanisms 

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

( 5 . 3 - 2 ) i s r e s p o n s i b l e f o r P c - 3 s i n c e t h e y are o b s e r v e d i n assoc 

i a t i o n w i t h overhead i o n o s p h e r i c p e r t u r b a t i o n s when no magnetic 

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

n o t l i k e l y t o be i n v o l v e d a t t h e s e l a t i t u d e s , as no r i o m e t e r 
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a b s o r p t i o n was o b s e r v e d i n a s s o c i a t i o n w i t h (morning) P c - 3 e v e n t s . 

T h i s i s i n agreement w i t h W i l h e l m (1967) who found o n l y 'poor 

i n t e r r e l a t i o n ' between daytime Pc e v e n t s and a u r o r a l zone X - r a y 

b u r s t s and r i o m e t e r d a t a . 

The magnitudes o f t h e D o p p l e r s h i f t o b s e r v e d a r e j u s t 

c o m p a t i b l e w i t h a H a l l d r i f t mechanism where the e l e c t r i c f i e l d 

i s the r e s u l t o f i n d u c t i o n . C o n s i d e r a 1Y change o c c u r r i n g 

i n 15 s e c . ( t = 30 s e c ) . Then i f t h e s c a l e o f t h e i n d u c t i o n 

r e g i o n i s 200 lun. [ v i d . P a t e l ( 1 9 6 6 ) ] , t h e E f i e l d w i l l be about 

0.07 x 1 0 ' 9 x 2 x 1 0 5 V i a - 1 u s i n g e q u a t i o n ( 5 - 3.10).. P u t t i n g t h i s 

f i e l d i n t o t h e H a l l d r i f t e q u a t i o n ( 5 . 3 . 8 ) and t a k i n g cos I = 0 . 3 

t o o b t a i n v , and t h e n u s i n g e q u a t i o n ( 2 . 4 . 4 ) t o e s t i r a a t e t h e 

D o p p l e r s h i f t , y i e l d s Af/AH = 0.002 Hz/Y w h i c h i s much l e s s t h a n 

t h e average v a l u e o b s e r v e d on 4.6 MHz ( F i g . 3 . 5.10). 

However, as a r e v e r s a l o f t h e sense o f A f w i t h r e s p e c t 

t o t h a t o f AH was o b s e r v e d d u r i n g the c o u r s e of each of a 

number of e v e n t s e i t h e r complex" E r e g i o n , c u r r e n t s i n t e r v e n e d . 

o r H a l l , d r i f t which would have a c o n s t a n t sense was not 
r e s p o n s i b l e f o r t h e s e o b s e r v a t i o n s . 

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

F r e g i o n e v i d e n c e d by t h e d i f f e r e n c e s i n 4.6. and 2.7 asHz echoes 

might be a c c o u n t e d f o r by h o r i z o n t a l c u r r e n t l a m i n a s t a c k e d 

above one a n o t h e r and f l o w i n g i n d i f f e r e n t d i r e c t i o n s . 

f ) Source Phenomena 

The r e s u l t s are compatable w i t h EM/hydromagnetic 

wave t h e o r y p-/atanabe (1959)] and somewhat l e s s so w i t h t h e t h e o r y 

t h a t i o n o s p h e r i c c u r r e n t s ( i n t h e E r e g i o n ) are r e s p o n s i b l e f o r 
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t h e o b s e r v a t i o n o f P c - 3 a t r a i d - l a t i t u d e s [ S a i t o ( 1 9 6 6 ) ] . A 

h o r i z o n t a l l y p r o p a g a t i n g (F r e g i o n ) d i s t u r b a n c e i s f a v o u r e d by 

the r e s u l t s . C o n s e q u e n t l y i t i s c o n c l u d e d t h a t a t l e a s t 20 p e r c e n t 

o f t h e P c - 3 o b s e r v e d a t r a i d - l a t i t u d e s a r e n o t due t o t h e ' p r o p a g a t i o n ' 

o f EM waves i n the s p h e r i c a l waveguide between t h e e a r t h and t h e 

i o n o s p h e r e , as such p r o p a g a t i o n would be u n l i k e l y t o r e s u l t i n 

measureable i o n o s p h e r i c p e r t u r b a t i o n s i n t h e F r e g i o n and none 

i n t h e E r e g i o n . 

k.1.3 P c - 4 , P c - 5 

These r e g u l a r p u l s a t i o n s i n t h e 4 5 - 150 sec. and 

150 - 600 s e c . p e r i o d r a n g e s o c c u r m a i n l y between 4 a.m. and 

3 p.m. l o c a l t i m e . A s s o c i a t e d D o p p l e r s i n u s o i d s and P c - 4 , 5 

p u l s a t i o n s \ i r e r e o b s e r v e d on from 10 t o 30 p e r c e n t o f the 'good' 

h o u r s , d u r i n g t h e daytime span 4 a.m. - 3 p.m. About one P c - 4 

e v e n t i n f o u r seen on the t e l l u r i c p o t e n t i a l r e c o r d s showed up 

on t h e Do p p l e r r e c o r d s . C o m p a r a t i v e l y few P c - 5 e v e n t s were r e c o r d e d , 

most e v e n t s l y i n g i n the 90 - 150 sec. p e r i o d range. (See 

s e c t i o n s y. 5-C5, 3 . 5 . 0 6 ) . Sometimes P c - 4 ' s o b s e r v e d on t h e 

Do p p l e r r e c o r d s were a l s o accompanied by P c - 3 ( e . g . 3 . 6 . A 2 ) . At 

n o o n . ( v i d . s e c t i o n 3 . 5 . 0 5 ) b o t h 4 . 6 . and 2.7.MHz c h a n n e l s 

e x h i b i t e d P c - 4 ; however, the Do p p l e r s h i f t s on 4 . 6 MHz were 

g e n e r a l l y l a r g e r . As the ^^2 w a s u s u a H y i r e H above 4 . 6 .MHz 

a t noon, t h e l a r g e r D o p p l e r s h i f t s p r o b a b l y i n d i c a t e l a r g e r 

p e r t u r b a t i o n s i n the F 2 l a y e r , t h a n i n the F l a y e r where 

2.7 MHz was o f t e n r e f l e c t e d . The absence o f any p e r t u r b a t i o n s 

file:///irere
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on some 2.7 MHz noon r e c o r d s may have been due t o E l a y e r 

r e f l e x i o n . S i n c e t h e p e r i o d o f t h e s e Pc-4, Pc-4 p u l s a t i o n s a r e 

comparable t o t h e r e c o m b i n a t i o n time c o n s t a n t i n t h e E l a y e r 

( a p p e n d i x I I A) i t i s p r o b a b l e t h a t d i s t u r b a n c e s i n t h e E r e g i o n 

a r e a t t e n u a t e d by r e c o m b i n a t i o n . I t i s a l s o p o s s i b l e t h a t winds 

may smear out t h e p e r t u r b e d i o n i s a t i o n i n t h e E r e g i o n ( v i d . 

3. .6.A2). 

A t s u n r i s e ( v i d . s e c t i o n 3 . 5 . C 6 ) t h e 4.6 MHz Pc-4 

D o p p l e r s h i f t s e x h i b i t e d a g r e a t e r Af/AH r a t i o (up t o 0.4 H Z / Y ) 

t h a n a t noon (up t o 0.2 H Z / Y ) w h i l e t h e 2.7 MHz c h a n n e l showed an 

o p p o s i t e e f f e c t (Af/ZiH max dawn = 0.17 H z / Y , £f/AH max noon = 

0 . 5 H Z / Y ) . T h i s e f f e c t i s p r o b a b l y due t o t h e p r o x i m i t y t o c r i t i c 

f r e q u e n c i e s . The 4.6 MHz c h a n n e l b e i n g a t f x F 2 a t d a m and w e l l 

below f P , a t noon w h i l e t h e 2.7 MHz c h a n n e l i s below f F 0 o 2. o 2 
a t dawn but i n t h e v i c i n i t y o f f F, o r sometimes f E a t noon, and 

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

o c c u r n e a r c r i t i c a l f r e q u e n c i e s . 

I t i s c o n c l u d e d t h a t Pc-4 f r e q u e n t l y r e s u l t i n F 

r e g i o n i o n o s p h e r i c p e r t u r b a t i o n s a t m i d - l a t i t u d e s , w h i l e E 

r e g i o n p e r t u r b a t i o n s a re p r o b a b l y 'damped-out' by r e c o m b i n a t i o n . 

The Pc-4, 5 p e r i o d d i s t r i b u t i o n h i s t o g r a m , s e c t i o n 

3 . 5.C5, i n d i c a t e s a gap i n t h e spectrum i n t h e 70 - 90 sec. 

p e r i o d range s i m i l a r t o t h a t o b s e r v e d by Wescott e t a l . (1964) f o r 

t h e same L v a l u e . T h i s i s n o t t h e case f o r t h e n i g h t - t i m e 

regime however (see s e c t i o n 4.1 . 8 ) . 



a) Pc-4, Pc-5 I n t e r a c t i o n Mechanisms 

D o p p l e r s h i f t s a r e o b s e r v e d f o r Pc-4, 5 when no 'bays' 

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

r u l e d o u t as a g e n e r a l mechanism. The t h e o r y o f ( h i g h l a t i t u d e ) 

t o r s i o n a l o s c i l l a t i o n s w h i c h i s g e n e r a l l y a c c e p t e d [ S a i t o ( 1 9 6 7 ) ] 

does n e t i m p l y : charge i n j e c t i o n , p a r a l l e l e l e c t r i c f i e l d d r i f t s , 

and dynamo e f f e c t s . A t s u b - a u r o r a l l a t i t u d e s e i t h e r the e l e c t r i c 

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

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

head by m i d - l a t i t u d e ' f i e l d - l i n e s ' o s c i l l a t i n g might be e x p e c t e d 

t o produce H a l l d r i f t i n t h e F r e g i o n . T h i s i s compatable w i t h 

most o f t h e o b s e r v a t i o n s . 

C o n s i d e r a Pc-4 o f a m p l i t u d e l y . I f t h i s i s produced by 

an i n f i n i t e c u r r e n t s heet 20 km. t h i c k i n t h e E r e g i o n , t h e n 
— Pi P 

by e q u a t i o n (2.1) the c u r r e n t d e n s i t y i s 3-2 x 10" amps m~ . 

[ v i d . P a u l s o n e t a l (1965) and Harang ( 1 9 3 9 ) ] . Then u s i n g Ohms 

l a w a n d , t a k i n g the c o n d u c t i v i t y t o be 1 0 _ i + mho m "^[Obayashi (1963)] 

E = 3 x l C ^ v m . P i t t i n g t h i s i n t o the H a l l d r i f t e q u a t i o n 

( 5 - 3'8) and t a k i n g cos I = C . 3 , we have v r 7 = 6 m s e c . - 1 . T h i s 

would g i v e a Af/AH r a t i o o f 0.1 Hz/Y on t h e b a s i s o f the moving 

m i r r o r a p p r o x i m a t i o n and f = 2.7 MHz. However, the c a l c u l a t i o n s 

are' sc crude t h a t even o r d e r o f magnitude agreement i s o f i n t e r e s t . 
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However, o c c a s i o n a l examples o f the sense o f AH r e v e r s i n g w i t h 

r e s p e c t t o t h a t o f A f suggest t h a t f o r some P c - 4 e v e n t s t h a t 
e i t h e r H a l l d r i f t i s not i n v o l v e d , or the e l e c t r i c f i e l d s l e a d T 

i n g t o the d r i f t a r e not u n i f o r m w i t h h e i g h t . No a b s o r p t i o n was 
o b s e r v e d i n a s s o c i a t i o n w i t h P c - 4 , 5 e v e n t s h e r e , so t h a t l o c a l 

e n e r g e t i c p r e c i p i t a t i o n i s u n l i k e l y t o be i n v o l v e d a t m i d - l a t i t u d e s . 

I n t h e a u r o r a l zones, p r e c i p i t a t i o n may be i n v o l v e d w i t h some 

Pc-4, 5 p u l s a t i o n s [ S a t o ( 1 9 6 3 ) , W i l h e l m ( 1 9 6 7 ) ] . 

^.1.4 P i - 1 . M i c r o p u l s a t i o n s 

M i c r o p u l s a t i o n s o f f r e q u e n c y h i g h e r t h a n 0.1 Hz (10 sec. 

z) were n o t u s u a l l y r e c o r d e d . P i r l e v e n t s i n t h e 3^ - *+c s e c . 

p e r i o d range were o c c a s i o n a l l y o b s e r v e d t o be accompanied by 

s i m i l a r q u a s i - s i n u s o i d a l D o p p l e r s h i f t s . However, no c a s e s o f 

Pi-1 a s s o c i a t e d D o p p l e r s h i f t s o c c u r r e d i n the absense o f P i - 2 . 

C o n s e q u e n t l y P i - 1 a r e d e a l t w i t h as p a r t o f t h e P t phenomenon 

under t h e n e x t h e a d i n g 4.1 . 5 , P i - 2 / P t . 

Examples o f the t y p e o f P i - 1 d i r e c t l y a s s o c i a t e d w i t h 

e n e r g e t i c p a r t i c l e p r e c i p i t a t i o n [ M i l t o n e t a l . (1967)] were 

n o t i d e n t i f i e d i n e x a m i n a t i o n o f the r i o m e t e r a.g.c. and Westham 

I s l a n d m l c r o p u l s a t i o n r e c o r d s , and a r e above the upper f r e q u e n c y 

r e s o l u t i o n c u t - o f f o f t h e D o p p l e r e x p e r i m e n t s . The VLF phase 

equipment was e i t h e r n o t w o r k i n g o r n o t s e n s i t i v e enough t o 

ob s e r v e the ( P i - 1 ) storm time p u l s a t i o n s o f the t y p e o b s e r v e d 

by S e c h r i s t (1962). 
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4.1.5 Pi-2 and P t M i c r o p u l s a t i o n s 

These u s u a l l y o c c u r m a i n l y i n the ev e n i n g and a t n i g h t 

d u r i n g t h e s o - c a l l e d ' s p l a s h ' p r e c i p i t a t i o n regime w i t h w h i c h t h e y 

a r e a s s o c i a t e d i n the a u r o r a l zone [ W i l h e l m ( 1 9 6 7 ) , N i s h i d a (1964 o ) 3 

I n the a u r o r a l zone magnetic hays and P i - 1 accompany t h e Pi -2 , 

w h i l e a t lo\/er l a t i t u d e s t h e P i - 1 and bays a r e f r e q u e n t l y 

a b s e n t [ S a i t o ( 1 9 6 6 ) ] . 

One o f the main r e s u l t s o f t h i s s t u d y i s t h a t Pi-2 

e v e n t s i n v o l v i n g F i - 1 r i d e r s a r e alm o s t i n v a r i a b l y o b s e r v e a b l e 

(Af>0.1Hz) on HF D o p p l e r s i g n a l s r e f l e c t e d from the F r e g i o n w i t h i n 

one o r tiro h o u r s o f s u n s e t ( s e c t . 3-5.C7) i f th e y a r e o b s e r v e d 

on t e l l u r i c p o t e n t i a l r e c o r d s ( w i t h a s e n s i t i v i t y o f C.01Y sec. "*"). 

About 3 ^ °/t o f e a r l y e v e n i n g h o u r s e x h i b i t Pi-2 a s s o c i a t e d D o p p l e r 

e v e n t s . At o t h e r t i m e s the m a j o r i t y o f Pi-2 w i t h P i - 1 e v e n t s a r e 

seen on b o t h E and F l a y e r r e f l e c t e d waves. T h i s l e a d s us t o 

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

p r o p e r l y chosen HF f r e q u e n c i e s and the D o p p l e r sounding t e c h n i q u e . 

( T h i s i s a much more s p e c i f i c c o n c l u s i o n t h a n t h a t o f L e w i s (1966) 

who r e f e r r e d t o r a p i d v a r i a t i o n s and t o D o p p l e r frequenc?/- change 

i n g e n e r a l , whereas h e r e , s p e c i f i c s i m i l a r i t y o f waveforms 

between the D o p p l e r s h i f t and t h e magnetic K component i s i m p l i e d . ) 

When P i - 1 a r e n o t p r e s e n t i t p r o b a b l y i n d i c a t e s t h a t t h e 

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

s i n c e I o n o s p h e r i c a t t e n u a t i o n i s g r e a t e r f o r the h i g h e r 

f r e q u e n c i e s [ R o s t o k e r (1966 a ) ] I n f a c t , t h e l o w f r e q u e n c y Pi-2 

components may be j u s t the magnetic f i e l d due t o d i s t a n t , 

a u r o r a l zone e l e c t r i c c u r r e n t s . C o n s e q u e n t l y the p o o r e r 

a s s o c i a t i o n w i t h i o n o s p h e r i c motion i n the absence o f the 
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P i - 1 I s u n d e r s t a n d a b l e . The f a c t t h a t the presence o r absence o f 

bays does n o t seem t o e f f e c t t h e p r o b a b i l i t y o f s e e i n g overhead 

P i - 2 i o n o s p h e r i c p e r t u r b a t i o n s ( t a b l e 3.5A) tends t o e l i m i n a t e 

t h e m o d u l a t i o n o f i o n o s p h e r i c c u r r e n t s ( 5 . 3-2) as a mechanism t o 

a c c o u n t f o r m i d - l a t i t u d e P t ' s . [See a l s o K a t o and Vfatanabe ( 1 9 5 6 ) ] . 

I n t h i s r e g a r d i t i s t o be n o t e d t h a t a s p e c i a l c l a s s o f P i 2 

D o p p l e r e v e n t s i n t h e 90 - 110 sec. p e r i o d range a r e f r e q u e n t l y 

a s s o c i a t e d w i t h bays a t V i c t o r i a ; (see s e c t i o n 4 . 1 . 8 f o r f u r t h e r 

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

S i n c e s e n s i t i v e r i o m e t e r r e c o r d s d i d n o t show a b s o r p t i o n 

i n a s s o c i a t i o n w i t h P t ( s e c t i o n 3 . 3 ) i t i s u n l i k e l y t h a t t h e 

m i d - l a t i t u d e P t s i g n a l s a r e produced d i r e c t l y by e n e r g e t i c p a r t i c l e 

p r e c i p i t a t i o n . S i n c e the sense of D o p p l e r s h i f t , o r motion 

w i t h r e s p e c t t o the sense of magnetic v a r i a t i o n r e v e r s e s b o t h 

b o t h w i t h i n p a r t i c u l a r e v e n t s , and from event t o event, i t would 
seem t h a t the H a l l d r i f t mechanism i s i n a p p r o p r i a t e f o r p i - 1 + 

P12 ( i . e . P t ) e v e n t s . T h i s i s a c o n c l u s i o n t o be' tempered 

by c o n s i d e r a t i o n of the p o s s i b i l i t y of complex i o n o s p h e r i c 

e l e c t r i c c u r r e n t d i s t r i b u t i o n s , and consequent d i f f e r e n c e s 

between the summed magnetic e f f e c t o b s e r v e d a t the ground and 
the l o c a l i o n o s p h e r i c f i e l d a t the h e i g h t o f r a d i o r e f l e x i o n . 

The s h o r t e r p e r i o d p u l s a t i o n s produce l a r g e r D o p p l e r 

s h i f t s [ S e c t i o n 3 . 5 . 0 4 , 3 . 5 .07, 3 - .7 . 1 ] w h i c h v a r y r o u g h l y as 
JL 

co2 i n agreement w i t h H i s h b e t h ' s e q u a t i o n f o r A l f v e n waves ( 5 . 4 ) . 

However, the A f magnitude i s l a r g e r t h a n t h i s e q u a t i o n would 
p r e d i c t . . . . . . . 
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The a p p a r e n t h o r i z o n t a l p r o p a g a t i o n v e l o c i t i e s o b s e r v e d 

by H e r r o n (1966) and the p o l a r i s a t i o n and d i s p e r s i o n c h a r a c t e r i s t i 

measured by R o s t o k e r (1967) t e n d t o r u l e out t h e h o r i z o n t a l 

p r o p a g a t i o n o f s o n i c (v z 3^0 m sec. -"'" ) waves. V e r t i c a l dov/n-

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

s i m u l t a n e o u s 2.7 and k.6 MHz D o p p l e r r e c o r d s near s u n s e t ( s e c t i o n 

3 . 5 . 0 7 ) and s u n r i s e ( s e c t i o n 3.6.Bl) show time d i s p l a c e m e n t s o f 10 

seconds, o r l e s s between the complex waveforms; c o n s e q u e n t l y 

v e r t i c a l a p p a r e n t v e l o c i t i e s must be o f the o r d e r o f 5 km/sec. 

( f o r 50 km. d i f f e r e n c e i n 2.7 and k.6 h e i g h t s o f r e f l e x i o n ) 

w h i c h i s t o o h i g h f o r v e r t i c a l dovm\irard s o n i c wave p r o p a g a t i o n . 

The time c o n s t a n t s ( |p f o r E r e g i o n c u r r e n t s w i t h 

a u r o r a l zone o r i g i n s a r e t o o l o n g ( s e c t i o n 5.k) t o enable such 

c u r r e n t s t o a c c o u n t f o r the h i g h e r f r e q u e n c y components o f P t ' s . 

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

components cannot be a c c o u n t e d f o r by l a r g e c u r r e n t systems 

[ R o s t o k e r (1966a)]. C o n s e q u e n t l y e l e c t r i c c u r r e n t s o r i g i n a t i n g i n 

t h e a u r o r a l zone a r e n o t f a v o u r e d t o a c c o u n t f o r P t ' s . 

The a s s o c i a t i o n w i t h r a d i o s c i n t i l l a t i o n ( s e c t i o n 3 . 3 ) 

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

t h e peak o f t h e F r e g i o n , as s c i n t i l l a t i o n p r o d u c i n g 

i r r e g u l a r i t i e s a r e t h o u g h t t o do [ H e i s s l e r ( 1 9 6 7 ) ] . I t i s p r o b a b l 

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

m a g n e t i c a l l y ( K n , and K = 0 t o 2) q u i e t t i m e s a t m i d - l a t i t u d e s 

a r e i n t i m a t e l y r e l a t e d w i t h P t phenomena. 
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F i n a l l y i t i s c o n c l u d e d t h a t e l e c t r o d y n a m i c d r i f t 

( e i t h e r Peeler sen, p a r a l l e l , o r H a l l ) a s s o c i a t e d w i t h ULF/EM waves 

i n t h e I o n o s p h e r e (which nay o r i g i n a t e f r o m downcoming HM waves 

o r f r o m a u r o r a l zone p u l s a t i n g p r e c i p i t a t i o n ) i s p r o b a b l y r e s p o n s i b l e 

f o r t h e m a j o r i t y o f P t D o p p l e r e v e n t s o b s e r v e d a t m i d - l a t i t u d e s . 

The p r o p a g a t i o n v e l o c i t i e s and d i s p e r s i o n c h a r a c t e r i s t i c s 
_ i 

and t h e (Af/AH) dependence on co2 a l l f a v o u r such waves. However, 

i t has n o t been p o s s i b l e t o r u l e out shock waves ( 5«*+) w h i c h might 

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

f u r t h e r work w i t h spaced HF r e f l e x i o n p o i n t s i s d e s i r a b l e t o 

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

1^.1.6 S i , s s c 

M a g n e t i c sudden i m p u l s e s and sudden commencements a r e 

r o u g h l y s i m u l t a n e o u s a l l o v er t h e g l o b e , and a r e f r e q u e n t l y 

a s s o c i a t e d w i t h r i o m e t e r a b s o r p t i o n i n c r e a s e s ( i n d i c a t i n g 

p r e c i p i t a t i o n ) i n the a u r o r a l zone [ S a _ t o ( 1 9 6 3 ) ] . F i v e sudden 

commencements were i d e n t i f i e d on the (1965) t e l l u r i c p o t e n t i a l 

r e c o r d s u s i n g p u b l i s h e d d a t a from magnetic o b s e r v a t o r i e s . Of 

t h e s e , tiro e x h i b i t e d d i r e c t a s s o c i a t i o n w i t h 2.7 MHz D o p p l e r 

i m p u l s e s . [ ( 3 . 6 . A 5 ) J u l y 6 , 0 9 5 l z , Nov. 1 2 , l V 3 0 z ] . The D o p p l e r 

t r a c e s were too d i s t u r b e d on the o t h e r t h r e e o c c a s i o n s t o be c e r t a i n 

t h a t t h e i m p u l s e s r e a l l y were a s s o c i a t e d w i t h t h e SSC. On J u l y 

6 , t h e Af/AH r a t i o was 0 . 1 2 Hz/Y and the sense was t h a t t o be 

e x p e c t e d f o r H a l l d r i f t . The event o c c u r r e d near m i d n i g h t and 

i n v o l v e d F l a y e r r e f l e x i o n . On Nov. 1 2 , the 2.7 MHz Af/AH 
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r a t i o was about 0.04 Hz/Y and a g a i n a AH i n c r e a s e was a s s o c i a t e d 

w i t h a A f d e c r e a s e . L e w i s (1967) found Af/AH r a t i o s o r 0.01 

to 0.04 Hz/Y f o r ssc e v e n t s . I t appears t h a t l a r g e r r a t i o s a r e 

p o s s i b l e . • Moreover, the 2.7 MHz f r e q u e n c y was p r o b a b l y about the 

same ' d i s t a n c e ' from t h e f Q F 2 a t 04512= 9PM, 120° W. LMT,as a t l 4 3 0 z 

( 6 : 3 0 a.m.), so t h a t t h e l a r g e r r a t i o was u n l i k e l y t o have been 

due t o the p r o x i m i t y t o c r i t i c a l f r e q u e n c i e s . 

E l e v e n sudden i m p u l s e s ( r e p o r t e d i n JGR) were s e l e c t e d 

on the 1965 t e l l u r i c r e c o r d s . Of t h e s e , two d e f i n i t e l y e x h i b i t e d 

no a s s o c i a t e d Doppler s h i f t s (Aug. 2 , 0 1 l 6 z , Dec. 1, 1 2 2 5 z ) . 

V e r y c l e a r c u t a s s o c i a t i o n s were obse r v e d on Aug. 2 , 0 527z (Af/AH 

0 . 2 Hz/Y) and on Dec. 4 , 1445z ( 0 . 0 5 H z / Y ) . The o t h e r e v e n t s 

showed more or l e s s s i m i l a r i m p u l s e s but on n o i s y o r c o n f u s e d 

c o m p l i c a t e d r e c o r d s . A v e r y c l e a n s i w&s r e c o r d e d ( A p r i l 4 , 

1966) ( s e c t i o n 3 . 6 . A 4 ) when A f / A H 2 7 = 0 . 4 Hz/Y , and 

Af/AH^ 6 = 0 . 6 Hz/Y. The Af/AH r a t i o s f o r s i ' s appear t o v a r y 

from 0 . 0 5 Hz/y t o 0.6 Hs/Y. However, the l a t t e r v a l u e was o b t a i n e d 

when t h e 4.6 MHz f r e q u e n c y was q u i t e c l o s e t o the MUF. The* 

sense o f the Doppler s h i f t s agreed w i t h H a l l d r i f t t h e o r y . 

The magnitude o f t h e ( A f / A H 2 7) r a t i o i s s m a l l e r t h a n 

t h a t p r e d i c t e d f o r m a g n e t o s p h e r i c c o m p r e s s i o n ( 5 » 4 . f ) by J a c o b s 

and Watanabe (1966). The A f ^ ^'Af' 2 ^ r a t i o was about 1 . 5:1 -

1 . 8 : 1 f o r the s i , and i t i s c o n c l u d e d t h a t the h e i g h t o f r e f l e x i o n 

" e f f e c t s . a r e f a v o u r e d over the e f f e c t s o f the medium below the 

h e i g h t o f r e f l e c t i o n c o n s i d e r e d by Ja c o b s and V/atanabe which' 

would g i v e a 1/f v a r i a t i o n i n A f . 
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R i o m e t e r r e c o r d s were n o t a v a i l a b l e f o r t h e s e events and t h e 

p r e s e n c e or absence o f p r e c i p i t a t i o n o f e n e r g e t i c p a r t i c l e s 

r emains an open q u e s t i o n . 

Of t h e v a r i o u s s o u r c e mechanisms, m a g n e t o s p h e r i c 

c o m p r e s s i o n o r p o s s i b l y an HM/EK shock wave a r e f a v o u r e d . 

C u r r e n t s i n d u c e d i n t h e a u r o r a l zone by p r e c i p i t a t i o n [ S a t o (1963)] 

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

w i d e s p r e a d hemisphere-wide s i m u l t a n e i t y , t e n d t o r u l e o ut 

wind-borne i r r e g u l a r i t i e s and h o r i z o n t a l l y p r o p a g a t i n g s o n i c waves. 

As magnetic bays f r e q u e n t l y do n o t o c c u r , a t t h e same time as 

t h e s i or s s c , m o d u l a t i o n o f i o n o s p h e r i c c u r r e n t s by a ( n e u t r a l 

o r i o n - a c o u s t i c ) downcoming wave i s n o t i n d i c a t e d . 

4.1.7 M a g n e t i c Bays and M a g n e t i c Storms 

a) Bays 

By magnetic bays a r e meant v a r i a t i o n s (> 15 y) i - n o n e o r 

more o f the magnetic components l a s t i n g f o r l o n g e r t h a n 15 min. 

S m a l l e r bay e v e n t s o f 5 t o 15 min. p e r i o d are d i f f i c u l t t o d i s t i n g u i s h 

f r o m g i a n t p u l s a t i o n s and l o n g p e r i o d P i - 2 . The d i u r n a l d i s t r i 

b u t i o n o f o c c u r r e n c e o f bays a t V i c t o r i a f o r 1964 has been p u b l i s h e d 

by R o s t o k e r (1966 b ) . V i r t u a l l y no bays were o b s e r v e d (4) between 

11 a.m. and 4 p.m. i n t h a t y e a r . C o n s e q u e n t l y i t i s n o t s u r p r i s i n g 

t h a t no examples o f D o p p l e r r e c o r d s e x h i b i t i n g a s s o c i a t i o n w i t h 

bays were found a t noon ( s e c t . 3 . 5.C4). However, a t s u n r i s e 

(+ 2 h.) a number o f bays (12) appeared on the magnetograms 

(1965) b u t not on the 2.7 MHz ( o r 4 . 6 MHz) D o p p l e r r e c o r d s ( 3 . 5.C6). 

T h i s absence may be due t o t h e e f f e c t o f r e c o m b i n a t i o n ( s e c t . 5 .2) 
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as l o n g p e r i o d m i c r o p u l s a t i o n s were a l s o a b s e n t i n t h e daytime; o r 

i t may be due t o t h e f a c t t h a t the bays were n o t D ' t r a n s i t i o n ' 

bays and hence p r o b a b l y d i d n o t i n v o l v e c u r r e n t systems 

d i r e c t l y o v e r h ead, [ v i d . R o s t o k e r (1966 b ) ] . Around m i d n i g h t i t 

was found t h a t 15 p e r c e n t o f a l l t h e o b s e r v e d bays ( s e c t i o n 

3.5.C4) were accompanied by 2.7 MHz Dop p l e r v a r i a t i o n s o f 

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

b a ys. These a c c o u n t f o r about 25 p e r c e n t o f a l l bays seen a t 

n i g h t . I t i s c o n c l u d e d t h a t i f the c u r r e n t p r o d u c i n g a magnetic 

bay i s c o n c e n t r a t e d i n the overhead r e g i o n , t h e n F l a y e r 

p e r t u r b a t i o n s t h e r e a r e t o be e x p e c t e d accompanying the 

t r a n s i t i o n bay, i f t h e event o c c u r s d u r i n g the i o n o s p h e r i c n i g h t . 

I n t h e daytime i t i s u n c e r t a i n whether absence o f overhead 

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

a s s o c i a t i o n . C l e a r - c u t a s s o c i a t i o n s w i t h Sq v a r i a t i o n s were 

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

might b r i n g out such v a r i a t i o n s , as t h e r e c o r d s were g e n e r a l l y 

p e r t u r b e d i n the daytime ( s e c t i o n 3 . 1 . 9 ) . 

The Af/AH r a t i o f o r bays was u s u a l l y i n the 0 . 0 1 -

0 . 1 H z / Y range ( e . g . 3 . 6 . A 6 ) and the sense was u s u a l l y t h a t t o 

be e x p e c t e d f o r K a i l d r i f t ( AH i n c . -*• A f d e c ) . C o n s e q u e n t l y i t 

i s h i g h l y p r o b a b l e t h a t e l e c t r i c f i e l d s , and H a l l d r i f t ( 5 - 3 - 4 ) 

a s s o c i a t e d w i t h overhead c u r r e n t s (;$.4a) ( e l e c t r o j e t s ) a r e 

r e s p o n s i b l e f o r t h e " m a j o r i t y o f the bay a s s o c i a t e d A f p e r t u r b a t i o n s , 

I t i s a l s o p o s s i b l e t h a t J o u l e h e a t i n g ( 5 . 3 - 7 W h i c h may l e a d t o 

i n c r e a s e d e l e c t r o n c o l l i s i o n f r e q u e n c i e s ^ i n the presence of a 

g r a d i e n t i n d e n s i t y may r e s u l t i n d e t e c t a b l e D o p p l e r s h i f t s . 
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R u s t e r (1965) s u g g e s t s t h a t H a l l . d r i f t a s s o c i a t e d w i t h 

a bay c u r r e n t system would g i v e too h i g h a v e l o c i t y t o e x p l a i n 

h i s measurements. However, t h i s c o n c l u s i o n depends on t h e assumed 

c u r r e n t d i s t r i b u t i o n . B e c k e r e t a l . (1965) o b s e r v e d a bay o f 

60Y and h h o u r s d u r a t i o n accompanied by a v e r t i c a l F r e g i o n 

t r u e h e i g h t d i s p l a c e m e n t o f 200 km. ( e f f e c t i v e l y a v e r t i c a l 

v e l o c i t y o f 10 m / s e c . " 1 ) . The c o r r e s p o n d i n g Af/AH r a t i o f o r 

v e r t i c a l i n c i d e n c e D o p p l e r sounding u s i n g t h e moving m i r r o r 

a p p r o x i m a t i o n i s about 0,02 Hz/Y. [ R i s h b e t h (1963) a l s o f a v o u r s 

e l e c t r i c f i e l d s a s s o c i a t e d w i t h l o c a l i o n o s p h e r i c currents,]] 

b) Storms 

The few i o n o s p h e r i c / g e o m a g n e t i c storms o c c u r r i n g i n 

1965/1966 were i n v a r i a b l y a s s o c i a t e d w i t h p e r t u r b e d D o p p l e r and 

r a d i o m e t e r r e c o r d s . However, the i n t e r p r e t a t i o n o f the r e c o r d s 

was u s u a l l y i m p o s s i b l e because t h e y were to o n o i s y . Moderate 

storm e v e n t s such as t h a t d i s c u s s e d i n 3.6.A7 d i d however, 

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

t o t h e main H o r D component e x c u r s i o n s . Af/AH r a t i o s 

o f about 0.01 - 0.1 Hz/y were fo u n d . Computer a n a l y s i s r e v e a l e d 

an a s s o c i a t i o n e x t e n d i n g t o s h o r t e r p e r i o d v a r i a t i o n s and the 

Af/AH r a t i o v a r i e d r o u g h l y as co 2, which suggests HM/EM ULF 

waves, s e c t i o n 5 A . E . The ' n o i s y ' c h a r a c t e r o f the storm-time 

D o p p l e r r e c o r d s was p r o b a b l y due t o the presence o f m u l t i p l e 

t r a n s m i s s i o n p a t h s e x h i b i t i n g d i f f e r i n g D o p p l e r s h i f t s . Some o f 
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t h e p a t h s might s i m p l y be m u l t i p l e echoes, between t h e ground and 

one r e g i o n o f the i o n o s p h e r e ; such echoes would s u f f e r a d d i t i o n a l 

a b s o r p t i o n on each pass. T h e r e f o r e i t i s more l i k e l y t h a t echoes 

from a number o f l e d g e s o r ' t i l t s ' o c c u r d u r i n g storms. • . _ 

I t i s c o n c l u d e d t h a t d u r i n g storms, more and s m a l l e r ' r e f l e c t i n g ' 

i r r e g u l a r i t i e s a r e p r e s e n t w i t h i n the f i e l d o f view"" (a r e g i o n ..of 

h o r i z o n t a l s c a l e s i z e r o u g h l y 2CC km.) o f c o u r s e , d i f f r a c t i o n 

and i n t e r f e r e n c e e f f e c t s g r e a t l y c o m p l i c a t e the p i c t u r e and a t 

storm t i m e s one cannot c o n s i d e r t h e s i z e o f an i d e a l i s e d p l a n a r 

f i r s t f r e s n e l zone as b e i n g i n d i c a t i v e o f the s i z e o f the 

r e f l e c t i n g r e g i o n . 

4 . 1.6 90 - 120 Sec. P e r i o d Waves 

Waves i n the 90 - 120 sec. p e r i o d range a r e o c c a s i o n a l l y 

o b s e r v e d i n the Dop p l e r r e c o r d s unaccompanied by any d e t e c t a b l e 

magnetic d i s t u r b a n c e . When two f r e q u e n c y c h a n n e l s a r e a v a i l a b l e , 

the l a r g e r e f f e c t i s on the l o w e r f r e q u e n c y one ( e . g . 3 . 6 . A 8 ) . 

T h i s tends t o f a v o u r t h e E r e g i o n r a t h e r t h a n t h e F r e g i o n 

as the r e g i o n o f maximum d i s t u r b a n c e ( v i d . . e q u a t i o n 2 . 4 . 3 ) , 

s i n c e a A f dependence on 1/f i s ex p e c t e d f o r e l e c t r o n 

d e n s i t y v a r i a t i o n s below the h e i g h t o f r e f l e x i o n , and a l s o 

s i n c e the l o w e r f r e q u e n c y i s r e f l e c t e d l o w e r down i n t h e i o n o s 

phere. T h i s c o n c l u s i o n i s f u r t h e r r e i n f o r c e d by the presence 

o f dominant 90 sec. p e r i o d components i n Dop p l e r s i g n a l s 

r e f l e c t e d from s p o r a d i c E ( e . g . 3 . 6 . B 2 ) , 
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When t h e s e waves were o b s e r v e d w i t h o u t m i c r o p u l s a t i o n s 

t h e r e were no magnetic bays and t h e K i n d i c e s were z e r o b o t h 

a t V i c t o r i a and i n t h e a u r o r a l zone a t C o l l e g e ( e . g . 3 . 6.A8). 

However, d u r i n g d i s t u r b e d c o n d i t i o n s , 90 - 120 s e c . i o n o s p h e r i c 

•waves' and m i c r o p u l s a t i o n s were f r e q u e n t l y o b s e r v e d a t V i c t o r i a 

( v i d . f i g u r e 3 „ 5 . 5 ) . I n f a c t the p r i n c i p a l band o f n i g h t - t i m e 

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

90 -.110 s e c . band. T h i s i s i n c o n t r a s t t o the o b s e r v a t i o n s 

r e p o r t e d by Wescott (1964) t a k e n a t C o l d Bay, where l i t t l e o r 

n o m l c r o p u l s a t i o n a c t i v i t y was o b s e r v e d i n t h i s band. C o l d 

Bay has a s i m i l a r geomagnetic L v a l u e (3) t o V i c t o r i a , but 

i s a t a h i g h e r , g e o g r a p h i c l a t i t u d e ; c o n s e q u e n t l y a t m o s p h e r i c 

p r o p e r t i e s ( d e n s i t y , t e m p e r a t u r e , t e m p e r a t u r e g r a d i e n t ) which 

depend more on g e o g r a p h i c t h a n on geomagnetic c o - o r d i n a t e s 

may be o f i m p o r t a n c e . I n t h i s r e g a r d the event d e s c r i b e d i n 

S e c t i o n 3 . 6 .C2 ( S e p t . 7, 1965,'• 053O2) i s o f p a r t i c u l a r i n t e r e s t . 

T h i s event began w i t h s m a l l 90 s e c . p e r i o d p u l s a t i o n s on t h e 

VLF ( 1 8 . 6 KHz) phase r e c o r d presumably due t o E r e g i o n 

m o t ions w h i c h were n o t accompanied by magnetic o r t e l l u r i c 

m i c r o p u l s a t i o n s . Then a t 0 9 3 0 z , a m agnetic bay o c c u r r e d (see 

F i g . 3 . 6 . 2 1 ) and, s i m u l t a n e o u s l y , 90 s e c . p e r i o d 2.7 MHz 

( F 2 l a y e r ) D o p p l e r s h i f t p u l s a t i o n s and magnetic m i c r o p u l 

s a t i o n s . I t would appear t h a t t h i s i s an example o f an i n f r a -

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

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

r e p r e s e n t a speed but r a t h e r j u s t t h e mapping o f a v a r y i n g 

e l e c t r i c f i e l d a s s o c i a t e d w i t h the modulated e l e c t r o j e t up i n t o 
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t h e F r e g i o n a l o n g t h e i n c l i n e d f i e l d l i n e s . (There i s a l s o 

a t l e a s t about 50 km. h o r i z o n t a l s e p a r a t i o n between VLF and 

HF r e f l e x i o n r e g i o n s . ) A s i m i l a r event was r e c o r d e d a t 0800z 

Sept. 7, 1965? and o t h e r e v e n t s w i t h o u t VLF r e c o r d s but 

e x h i b i t i n g smooth 90 - 100 sec. p e r i o d s i n u s o i d a l s i m u l t a n e o u s 

i o n o s p h e r i c and m agnetic p u l s a t i o n s ( w i t h o u t any P i - 1 or o t h e r 

h i g h f r e q u e n c y components) were o b s e r v e d . 

The c h a r a c t e r i s t i c s o f t h e s e waves w h i c h have been 

e s t i m a t e d (90 - 120 sec. p e r i o d , h e i g h t range 90 - 180 km.) 

agree v e r y w e l l w i t h t h e t h e o r e t i c a l l y p r e d i c t e d c h a r a c t e r i s t i c s 

o f i n f r a s o n i c waves u n d e r g o i n g d u c t e d p r o p a g a t i o n i n the E 

r e g i o n ( v i d . F i g . V, Wickersham (1965), a l s o a p p e n d i x s e c t i o n 

5 A . D ) . 

4.1.9 5 - 15 min. P e r i o d Daytime Waves 

The daytime Doppler r e c o r d s f r e q u e n t l y (about 20 

p e r c e n t o f a l l days) e x h i b i t e d q u a s i - s i n u s o i d a l o s c i l l a t i o n s 

o f 5 - 15 min. p e r i o d l a s t i n g f o r an hour or more. These 

'waves' were n o t accompanied by magnetic p u l s a t i o n s , . An un

u s u a l l y f i n e example i s shown and d i s c u s s e d i n s e c t i o n 3.6.A9. -

P r o b a b l y the most i n t e r e s t i n g a s p e c t o f t h e s e p e r t u r b a t i o n s i s 

t h a t D, E and F l a y e r s seem t o be moving i n the same 

( v e r t i c a l ) d i r e c t i o n a t about the same speed. The p e r i o d range 

i s t h a t o f t h e B r u n t / V a i s a l a r esonance [HacDonald (1963)] and 

waves a s s o c i a t e d - w i t h t h i s resonance ( H e l m h o l t z or s u r f a c e 

g r a v i t y waves) a r e p r o b a b l y r e s p o n s i b l e f o r the o b s e r v e d 

phenomena. I n t e r n a l g r a v i t y waves would n o t be e x p e c t e d t o 
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e x h i b i t a l m o s t -unchanged v e r t i c a l v e l o c i t y t h r o u g h o u t t h e i o n o s 

phere [ H i n e s (1965 a) s e c t . 5.4]. I f t h e motions are m a i n l y o f 

a v e r t i c a l c h a r a c t e r , s i n c e t h e d i p a n g l e i s 72°, o n l y s l i g h t 

dynamo e f f e c t s would r e s u l t , and t h e absence o f a s s o c i a t e d 

magnetic p u l s a t i o n s i s n o t s u r p r i s i n g . These waves were n o t 

o b s e r v e d i n t h e company o f magnetic bays ( o r f o r YLX> 2) so 

t h a t i t i s unknown whether t h e y might modulate e l e c t r o j e t s o r 

n o t . 

The f i n d i n g s i n s e c t i o n . .1 a r e summarised i n T a b l e s 4.1.1*& 2* 

The s \ p b o l s used i n the main p a r t o f F i g . k. 1. 2*. me an as f o l l o w s 

A) T h i s p r o c e s s or phenomena i s f a v o u r e d s t r o n g l y , by t h e 
r e s u l t s o f t h i s s t u d y . 

B) T h i s p r o c e s s i s f a v o u r e d weakly by t h i s study.* 

0) N e i t h e r t h i s s t u d y n o r o t h e r s r u l e t h i s p r o c e s s o u t , b u t 
no d e f i n i t e s u p p o r t f o r i t has been found. 

X) T h i s s t u d y does n o t r u l e t h i s o u t , but o t h e r s t u d i e s appear 
t o . 

Y) T h i s s t u d y r u l e s t h i s o u t ; o t h e r s t u d i e s l e a v e t h e m a t t e r 
open. 

Z) B o t h t h i s s t u d y and o t h e r s r u l e t h i s p r o c e s s out* 

II.A. means n o t a p p l i c a b l e . 

U. means u n c e r t a i n . 

The i n t e r a c t i o n p r o c e s s e s (1 - 7) a r e t h o s e d i s c u s s e d i n 

a p p e n d i s I I s e c t i o n 5.3? w h i l e the s o u r c e phenomena a r e t h o s e 

d i s c u s s e d i n appendix I I , s e c t i o n 5.4.. 



•tf vO 
£± O 
I—' 
W I 
P 
c+ H 
H* rv> o o 0 
co to 

v CD 
VT! O 
o o 
H 
e 

co 

cd 
fa 

o 

H 

- 0 

VP. 

M 
o 

VJ1 
o 
H 
e 
ON 

c t 

! 
rv> 
v n 
o 
H 
0 

o O 
A 

-r 
ii 

U> 

v r 

, V 0 
\-> 

e o 
IV) 

e 
U> 

U> 
O 

a 
CO 
o 

G J 

IV) 
vr, H 

O 

( D CO W 
> 0 ) 

X 5 O 
-OP) p 
CD M 

f i O 

CD 
*< 

c+ 
O 

•XJ O 

0 
o 

CO o K 
O K y " 
CO O td 
" " o • " 

O CO 
> td o a 

tr 1 

W M W 
5 

M 

P 
cn to 

0 a* o 
O H 

CD 
td 
M td a c 

O H M 
£ a P 

tr1 

co K 

o 

co 
PERCENTAGE OF MAGNETIC AH,fcj> 
EVENTS ACCOMPANIED BY 
SIMILAR HF DOPPLER Af 
PULSATION WAVEFORMS 

1-3 
> 
td 

I—1 

o 
o 
o 

td 
o 
td 

a 

H i i o 
ro 
o 

noon 
+ 2 h. 

o o 
a 

o 
m i d n i g h t 
+ 2 h. 

PERCENTAGE OF 
OBSERVING HOURS 
WHEN EVENTS 
ARE SEEN. 

X E 
K ! E 

IONOSPHERIC HEIGHT 
REGION WHERE 

OBSERVED. 

td s 
H3 

K l 1) PARTICLE INJECTION •x) 
o 
O H 
td £3 
CO H3 
co td 
td td 
co > 

o 
H3 

^ - N H 
O O • £3 

U ) 

K ! K ! 2) MODULATION OF CURRENTS 

cd 

o td td td 3) PARALLEL DRIFT 
cd td cd o h) HALL DRIFT 

K i td td td 5) INDUCTION 
td to 6) DYNAMO ACTION 

td o 7) JOULE HEATING 

td td a) CURRENTS 
o b) PRECIPITATION 

tsi tsi c) WIND-BORNE IRREGULARITIES 

K 

o 
CO 
o g 

o td 
/•—s 
ON 
• 
-r 

tsi 
o 

C<3 d) NEUTRAL GAS WAVES 
td e) HM/EM WAVES 

cd ><! f ) COMPRESSION INDUCTION 
( v i d . s e c t . 6 A ) 

TI2 



212. 

^ ^ . C o n c l u s i o n s R e g a r d i n g Measurement Techniques  

ft.2;! HF Radiometer 

I t i s c o n c l u d e d t h a t : 

i ) w h i l e HF r a d i o m e t e r s r e c e i v i n g i o n o s p h e r i c a l l y -

p r o p a g a t e d s i g n a l s r e c o r d e v e n t s d i r e c t l y a s s o c i a t e d 

w i t h magnetic m i c r o p u l s a t i o n e v e n t s , t h e t e c h n i q u e 

i s n o t s u i t e d f o r p r o v i d i n g q u a n t i t a t i v e i n f o r m a t i o n 

p e r t i n e n t t o t h e d e t e r m i n a t i o n o f t h e phenomena 

i n v o l v e d . •.„•<: ', .ons : f ; and 

i i ) HF p r o p a g a t i o n p e r t u r b a t i o n s a r e more d i r e c t l y 

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

l o c a l K Index. 

4.2.2 R a p i d Response .Riometer 

I t i s c o n c l u d e d t h a t a s e n s i t i v e r i o m e t e r w i t h wide 

bandwidth and r a p i d r e s p o n s e t i m e can be v a l u a b l e i n 

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

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

See s e c t i o n 3 . 3 * 

The r i o m e t e r can p r o v i d e i n f o r m a t i o n w i t h r e g a r d t o 

t h e p r e s e n c e o r absence o f e n e r g e t i c p a r t i c l e p r e c i p i t a t i o n , 



and whether i t i s modulated a t m l c r o p u l s a t i o n f r e q u e n c i e s . 

The r i o m e t e r i s q u i t e s e n s i t i v e t o c o l l i s i o n f r e q u e n c y p e r t u r 

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

e f f e c t s , and c o n s e q u e n t l y c o u l d be used t o r e s o l v e an a m b i g u i t y 

i n D o p p l e r measurements ( a l t h o u g h a m p l i t u d e o r puse-type 

a b s o r p t i o n measurements would a l s o be d e s i r a b l e i n t h i s r e g a r d 

t o l o c a l i s e the h e i g h t o f a b s o r p t i o n ) . The r i o m e t e r can be 

u sed t o o b s e r ve s c i n t i l l a t i o n s due (presumably) l a r g e l y t o 

i r r e g u l a r i t i e s above the peak o f t h e F r e g i o n , and c o n s e q u e n t l y 

t o d e t e r m i n e whether p e r t u r b a t i o n s o b s e r v e d below the F 

r e g i o n peak by o t h e r t e c h n i q u e s e x t e n d upwards. T h i s i s 

p a r t i c u l a r l y i m p o r t a n t s i n c e most s a t e l l i t e r e c o r d s are i n t e r 

m i t t e n t . That s c i n t i l l a t i o n was o b s e r v e d r a t h e r t h a n i o n o -

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

commercial r a d i o t r a n s m i s s i o n s i n t h e 30 MHz band are u s u a l l y 

o f an I n t e r m i t t e n t n a t u r e , w h i l e the ' s c i n t i l l a t i o n 3 r e c o r d s 

e x h i b i t e d a smooth envelope over p e r i o d s a p p r o a c h i n g h a l f 

an h our. 

4.2.? HF CW Doppler Sounding . 

S i n c e even when f o u r Doppler c h a n n e l s o p e r a t e d 

s i m u l t a n e o u s l y , they i n v o l v e d r e f l e x i o n from q u i t e d i f f e r e n t 
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i o n o s p h e r i c l o c a t i o n s , i t was n o t p o s s i b l e t o e v a l u a t e t h e 

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

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

o f r e f l e x i o n . F o r the m a j o r i t y o f e v e n t s , A f v a r i e s d i r e c t l y 

w i t h c a r r i e r f r e q u e n c y . S u n r i s e and s u n s e t e v e n t s , however, 

e x h i b i t e d h i g h e r t h a n n o r mal v a r i a t i o n s on the h i g h e r f r e q u e n c y 

( s e c t i o n s 3 , 5 . 0 6 , 3 . 5 . C 7 . 3 . 6 . B I ) . T h i s c o u l d be a t t r i b u t e d 

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

a c t u a l i n c r e a s e i n i o n o s p h e r i c v e l o c i t y w i t h h e i g h t . A t 

s u n r i s e t h e l o w e s t r a t i o A f ^ ^ / A f 2 7 was 1 : 1 , w h i l e a t 

s u n s e t t h e l o w e s t r a t i o was o n l y s l i g h t l y below t h a t . However 

a t noon ( s e c t . 3 . 5 . 0 5 ) one event gave a r a t i o o f 0 . 2 : 1 . T h i s 

m i g h t i n d i c a t e an i n c r e a s e d i m p o r t a n c e f o r the f " 1 t e r m s , or 

more l i k e l y t h e e f f e c t o f r e c o m b i n a t i o n i n damping m o t i o n s a t 

l o w e r h e i g h t s ( s e c t . 3 . 6 . B 3 ) . 

M u l t i p l e echoes sometimes 'confuse' the D o p p l e r 

r e c o r d s , p a r t i c u l a r l y d u r i n g magnetic storms, a t s u n r i s e and 

s u n s e t , a n d d u r i n g b l a n k e t i n g s p o r a d i c E e v e n t s ( s e c t . 3.6.B2). 

Under t h e s e c i r c u m s t a n c e s t h e sonogram t e c h n i q u e o f D a v i e s 

(1962) i s s u p e r i o r t o the f r e q u e n c y meter/FM d i s c r i m i n a t o r 

t e c h n i q u e . A t o t h e r times, and p a r t i c u l a r l y when c i r c u l a r l y 

p o l a r i s e d antennas a r e u s e d , the f r e q u e n c y meter t e c h n i q u e 

y i e l d s a ' c l e a n e r ' r e c o r d w i t h somewhat b e t t e r time r e s o l u t i o n 

t h a n t h e sonogram t e c h n i q u e . The 2 . 7 MHz c h a n n e l w i t h t h e 50 Hz 

I F bandwidth gave a n o t i c e a b l y c l e a n e r s i g n a l t h a n the one w i t h 

a 200 Hz bandwidth p r o b a b l y due t o QRM r e d u c t i o n . I t i s n o t 

d e s i r a b l e t o use h i g h powered t r a n s m i t t e r s or any more g a i n 
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t h a n n e c e s s a r y i n the r e c e i v e r s , because o f m u l t i p a t h b r o a d e n i n g 

o f t h e a p p a r e n t D o p p l e r bandwidth. 

I n the development o f the D o p p l e r e q u a t i o n ( a p p e n d i x 

I I I ) i t was assumed t h a t v e r t i c a l i n c i d e n c e was. i n v o l v e d and 

t h a t v a r i a t i o n s i n r a y p a t h 3 c o u l d be i n t e r p r e t e d as v a r i a t i o n s 

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

about t h e ' p o i n t ' o f r e f l e x i o n t h e n t h i s w i l l n o t be the case 

even a t v e r t i c a l i n c i d e n c e ) . A t o b l i q u e i n c i d e n c e , e s p e c i a l l y 

f o r E-W p r o p a g a t i o n , h o r i z o n t a l as w e l l as v e r t i c a l i o n o s p h e r i c 

m o t i o n s p e r t u r b the p a t h l e n g t h . C o n s e q u e n t l y i t i s n o t s u r 

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

g i v e n m agnetic d i s t u r b a n c e (C.6 Hz / Y v s . 0.1 H Z / Y , v i d . s e c t . 

3.6.Bh) when o b l i q u e i n c i d e n c e s i g n a l s a r e used. However, t h e 

a d d i t i o n a l c o m p l e x i t i e s i n v o l v e d i n d e t e r m i n i n g the l o c a t i o n 

and n a t u r e o f the p e r t u r b a t i o n s do n o t f a v o u r the use o f 

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

e v e n t s . 

I t was found t h a t v e r t i c a l speeds e s t i m a t e d u s i n g the 

t i m e d i s p l a c e m e n t between complex 2.7 and 4.6 MHz D o p p l e r 

p u l s a t i o n waveforms ... (which f o r r e a s o n a b l e d i s t a n c e s betx/een 

r e f l e x i o n p o i n t s g e n e r a l l y were o f t h e o r d e r o f some km. sec. -"') 
dz 

d i d n o t agree w i t h v e l o c i t i e s ^ = o b t a i n e d u s i n g t h e 

s i m p l e moving m i r r o r e q u a t i o n , w h i c h gave v e l o c i t i e s t h e 

o r d e r o f a few l a . s e c . " ^ o r l e s s . . H o r i z o n t a l l y moving d i s t u r b a n c e 

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

i t may s i m p l y a r i s e because the D o p p l e r v e l o c i t y depends on 

the a c t u a l e l e c t r o n p e r t u r b a t i o n s w h i c h a r e r e l a t e d t o t h e 
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a m p l i t u d e o f any wave m o t i o n as w e l l as t o t h e group v e l o c i t y o f 

th e d i s t u r b a n c e . However, i n the case o f a s i n u s o i d a l d i s t u r b a n c e 

a p p r o a c h i n g t h e Dop p l e r sounder, one would e x p e c t t h e average 

v a l u e about which t h e p u l s a t i n g f r e q u e n c y e x c u r s i o n s o c c u r t o 

be s h i f t e d f r om t h e t r a n s m i t t e d f r e q u e n c y . I n g e n e r a l , such 

mean f r e q u e n c y d i s p l a c e m e n t s were n o t observed. <~.Twcu. . ,.;h ,;c 

or t h r e e examples o f a s y m m e t r i c a l D o p p l e r waveforms were 

f o u n d , b u t n o t when the 2 . 7 and 4 . 6 MHz c h a n n e l s were b o t h 

o p e r a t i n g . 

R e i n f o r c i n g the r e s u l t s o f c a l c u l a t i o n s i n appendix 

I I I , c o n c e r n i n g p o s s i b l e d i r e c t magnetic e f f e c t s i s t h e f a c t 

t h a t D o p p l e r s h i f t s on 2 . 7 MHz and 4 . 6 MHz sometimes ( e . g . S e c t . 

3 . 6 . C I ) e x h i b i t ( m l c r o p u l s a t i o n ) waveforms 180° out o f phase 

w i t h each o t h e r . I t i s u n l i k e l y t h a t t h e magnetic d i s t u r b a n c e 

f i e l d s h o u l d r e v e r s e c o m p l e t e l y between the two h e i g h t s o f 

r e f l e x i o n when b o t h a r e above t h e E l a y e r . T h i s i m p l i e s 

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

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

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

a f f e c t t h e r a d i o - w a v e . (The d i s t a n c e i s much s m a l l e r t h a n t h e 

w a v e l e n g t h o f any p o s s i b l e HM/EM ULF wave, and t h e peak 

c o n d u c t i v i t y r e g i o n where d i s t u r b a n c e c u r r e n t s f l o w i s below 

b o t h r e f l e x i o n h e i g h t s . ) 
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ft. 3 RecoKuaen^ationsuegarding; F u r t h e r T h e o r e t i c a l Work 

ft. 1.1 Theory o f Measurement 

S i n c e v e r t i c a l i n c i d e n c e D o p p l e r sounding has prove d 

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

v a r y i n g r a p i d l y w i t h t i m e , and s i n c e no o t h e r t e c h n i q u e i s 

e q i a l l y s u i t a b l e f o r t h i s purpose ( i n t e g r a t i o n t i m e s r e q u i r e d f o r 

s a t i s f a c t o r y S/K r a t i o s u s i n g i n c o h e r e n t b a c k s c a t t e r r a d a r 

a r e too l o n g t o p e r m i t t h e st u d y o f r a p i d m i c r o p u l s a t i o n s ) i t 

i s recommended t h a t a t h e o r y f o r the c a l c u l a t i o n o f D o p p l e r 

s h i f t s based on f u l l wave t h e o r y be d e v e l o p e d i n a s u i t a b l e form 

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

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

d i v e r g e n c e s e x p l i c i t l y i n c l u d e d as ( p o s s i b l e ) i n p u t v a r i a b l e s . 

(An e x t e n s i o n o f the approach t a k e n by G i l l (1965) and t h a t o f 

Unz (1965) might prove f r u i t f u l . ) 

^,.3.2 T h e o r i e s o f I o n o s p h e r i c P r o c e s s e s 

a) A t h e o r y p r e d i c t i n g the a m p l i t u d e and p o l a r i s a t i o n o f 

mag n e t i c p e r t u r b a t i o n s t o be e x p e c t e d due t o the m o d u l a t i o n 

o f an E r e g i o n s heet c u r r e n t by i n f r a - s o n i c waves o r i o n -

a c o u s t i c waves ( o r o t h e r gas m o t i o n s n o t d i r e c t l y i n v o l v i n g 

m a g n e t i c v a r i a t i o n s ) i s much t o be d e s i r e d ( f o r t h e i n t e r 

p r e t a t i o n o f r e s u l t s such as tho s e shown i n F i g . 3.6.20. 
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b) A c o m p u t a t i o n a l t h e o r y o f hydromagnetic wave p r o p a g a t i o n 

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

gas v e l o c i t y [ r a t h e r t h a n t o t h e e l e c t r i c and magnetic f i e l d 

components as has been done by P r i n c e B o s t i c k and Smit h (19642 

would a l s o be u s e f u l . 

Recommendations R e g a r d i n g F u r t h e r E x p e r i m e n t a l Work 

4 . 4 . 1 

I t has been e s t a b l i s h e d t h a t s e v e r a l d i s t i n c t t y p e s 

o f l o w - f r e q u e n c y w a v e - l i k e d i s t u r b a n c e s pass t h r o u g h the 

i o n o s p h e r e q u i t e o f t e n and t h a t some o f t h e s e a r e accompanied 

by d i r e c t l y a s s o c i a t e d magnetic v a r i a t i o n s . 

D e t e r m i n a t i o n o f the p r e c i s e n a t u r e o f t h e s e d i s t 

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

By u s i n g t h e Dop p l e r sounding t e c h n i q u e i t i s p o s s i b l e t o 

d e t e r m i n e t h e v e r t i c a l and h o r i z o n t a l components o f t h e 

p r o p a g a t i o n v e l o c i t y o f t h e d i s t u r b a n c e s , ; w h i l e the e x t e n t t o 

w h i c h t h e n e u t r a l atmosphere p a r t i c i p a t e s i s measureable by 

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

e l e c t r o n gas.waves i n t h e i o n o s p h e r e c o u l d a l s o be r e a d i l y 

measured u s i n g 3 D o p p l e r c h a n n e l s . 

C o n s e q u e n t l y t h e p r i n c i p a l recommendation i s t h a t 

a s u i t a b l e D o p p l e r sounding f a c i l i t y be e s t a b l i s h e d i n 

c o n j u n c t i o n w i t h an ionosonde a t a p r o j e c t i l e o r r o c k e t l a u n c h i n g 

r a n g e . 
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W h i l e D o p p l e r r e s o l u t i o n o f 0 . 0 5 Hz can he o b t a i n e d 

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

s e n s i t i v i t y o f a t l e a s t 5 m / s e c , I t may be o b j e c t e d t h a t t h e 

i n t e r p r e t a t i o n o f t h e Do p p l e r s h i f t s i n terms o f e l e c t r o n d r i f t 

v e l o c i t y i s u n c e r t a i n . 

The u n c e r t a i n t i e s i n i n t e r p r e t a t i o n can l a r g e l y be 

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

i ) I f ionograms a r e t a k e n h a l f - h o u r l y , s u i t a b l e 

sounding f r e q u e n c i e s may be chosen t o a v o i d c r i t i c a l 

f r e q u e n c i e s and t o r e f l e c t from known h e i g h t l e v e l s . 

Moreover, the ionograms may be used t o c a l c u l a t e 

t h e a c t u a l HF p r o p a g a t i o n p a t h s , 

i i ) I f t h r e e s p a c e d ' r e c e i v e r s a r e u s e d , and f r e q 

uency and p o l a r i s a t i o n d i v e r s i t y employed, o v e r l a p p i n g 

i n f o r m a t i o n on h o r i z o n t a l and v e r t i c a l v e l o c i t y 

components o f a k i n d which would enable an e s t i m a t i o n 

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

g r a d i e n t s t o be e v a l u a t e d , c o u l d be o b t a i n e d . 

( I n p a r t i c u l a r f r e q u e n c y d i v e r s i t y o f the t y p e 

s u g g e s t e d by K i y a n o v i s k y (1964) i n v o l v i n g two 

f r e q u e n c i e s chosen such t h a t the 0 wave o f t h e 

l o w e r f r e q u e n c y would be r e f l e c t e d a t t h e same 

h e i g h t as t h i X wave o f t h e h i g h e r f r e q u e n c y , 

would prove v a l u a b l e i n t h i s r e g a r d . ) 
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i i i ) I f t h e D o p p l e r s h i f t were compared w i t h s i m u l t 

aneous measurements made on t h e d r i f t o f e l e c t r i c 

a l l y c harged c h e m i c a l t r a i l s r e l e a s e d f rom p r o j e c t 

i l e s [ F d p l e t . a l . (1967)] a d i r e c t e v a l u a t i o n , o f . : d r i f t 

v e l o c i t y and D o p p l e r s h i f t c o u l d be o b t a i n e d , 

i v ) H i g h e r o r d e r s p e c t r a l p r o c e s s i n g may a l s o p r o v i d e 

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

D o p p l e r c h a n n e l . [Hasselman e t a l . ( 1 9 6 3 ) ] . E v e n 

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

o v e r time p e r i o d s o f t h e o r d e r o f an hour can be 

measured v e r y a c c u r a t e l y . 

v) I n o r d e r t o d e t e r m i n e whether th e 'speeds' 

measured by v e r t i c a l i n c i d e n c e D o p p l e r sounding a r e 

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

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

i t would be d e s i r a b l e t o combine v e r t i c a l i n c i d e n c e 

D o p p l e r sounding w i t h i n c o h e r e n t b a c k s c a t t e r r a d a r , 

v i ) F a r a d a y r o t a t i o n measurements from s a t e l l i t e s 

c o u l d be compared w i t h D o p p l e r s h i f t measurments 

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

ments o f moving i r r e g u l a r i t i e s by moving s a t e l l i t e s 

on t h e one hand, and t h e a m b i g u i t i e s c o n c e r n i n g 

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

e l e c t r o n v e l o c i t y changes i n g i v i n g r i s e t o D o p p l e r 

s h i f t s o f r e f l e c t e d HF waves on the o t h e r , 

v i i ) More s o p h i s t i c a t e d approaches t o D o p p l e r i n s t r u m e n t 

a t i o n might be employed: a ' c h i r p ' or sawtooth 

f r e q u e n c y sweep over a s e l e c t e d range o f f r e q u e n c i e s 
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( w i t h a sweep r a t e a t l e a s t f i v e t i i a e s h i g h e r t h a n 

t h e h i g h e s t m l c r o p u l s a t i o n f r e q u e n c y t o he observed) 

m i g h t prove v a l u a b l e i n s o r t i n g o u t e l e c t r o n gas d e n s i t y 

g r a d i e n t and v e l o c i t y e f f e c t s [ Benjamin ( 1 9 6 6 ) ] . 

A l t e r n a t i v e l y t h e use o f c l o s e spaced f r e q u e n c i e s 

[ B e l l o ( 1 9 6 5 ) ] has c o n s i d e r a b l e advantages i f tuned 

antennas are employed. The beat f r e q u e n c y i n t h e 

Do p p l e r r e c e i v e r c o u l d be ' c l e a n e d up' by u s i n g a 

c o r r e l a t i o n d e t e c t o r [Lee e t a l i a ( 1 9 5 0 ) ] . 

C o r r e l a t i o n a n a l y s i s o f t h e ty p e used by HcGee (1966) 

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

v e l o c i t i e s . 

j f . 4 . 2 

A second recommendation i s t h a t the D o p p l e r sounding 

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

a s s o c i a t e d m o tions be used t o e v a l u a t e r e c o m b i n a t i o n r a t e s 

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

A t n i g h t , magnetic bays a r e sometimes seen t o be 

accompanied by D o p p l e r s h i f t s w h i c h f o l l o w the bay f a i t h f u l l y 

f o r two o r t h r e e min. and t h e n t r a i l o f f a l t h o u g h the bay 

may c o n t i n u e t o deepen (see F i g . 3 . 6 . 7 ) . T h i s would te n d 

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

r e c o m b i n a t i o n . 
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I n t h e daytime s o l a r f l a r e i o n i s a t i o n t i m e -

c o n s t a n t r e s u l t s c o u l d he supplemented hy m i c r o p u l s a t i o n D o p p l e r 

r e s u l t s , ( i n p a r t i c u l a r s o l a r f l a r e s i n v o l v i n g magnetic i m p u l s e s 

may g i v e d i f f e r e n t D o p p l e r s h i f t s t o t h o s e w i t h o u t . 

A t h i r d recommendation i s t h a t v e r t i c a l i n c i d e n c e 

D o p p l e r sounding be employed a t c o n j u g a t e p o i n t s t a t i o n s i n -

c o n j u n c t i o n w i t h m i c r o p u l s a t i o n s t u d i e s ( p a r t i c u l a r l y P c - 4 , 5 ) • 

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

t h e g e o g r a p h i c e x t e n t o f r e g i o n s o f h i g h coherence i s r a t h e r 

l a r g e (1000 km.) so t h a t i t i s d i f f i c u l t t o a s s o c i a t e 

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

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

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

s m a l l r e g i o n (5 - 50 km.) overhead and i s i n h e r e n t l y b e t t e r 

s u i t e d t o d e t e r m i n i n g whether p a r t i c u l a r m i c r o p u l s a t i o n 

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

( p r o v i d e d t h e . D o p p l e r p e r t u r b a t i o n s a r e n o t s i m p l y t h e r e s u l t 

o f magnetic f i e l d changes a l o n e . ) 
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-.5.2 Appendix I I A 

The C o n t i n u i t y E q u a t i o n f o r t h e E l e c t r o n Gas ( o r F l u i d ) i n the  

I o n o s p h e r e 

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

between geomagnetic v a r i a t i o n s and i o n o s p h e r i c r a d i o w a v e 

p r o p a g a t i o n p e r t u r b a t i o n s i s t h a t w h i c h p e r t a i n s t o t h e e l e c t r o n 

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

and r e l a t e s them t o e l e c t r i c c u r r e n t s , o r magnetohydrodynamic 

waves i n t h e i o n o s p h e r e . I n p a r t i c u l a r p r o c e s s e s w h i c h can 

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

i n t e r e s t . 

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

g i v e n by the e q u a t i o n o f c o n t i n u i t y : 

gf - = q - L ( n ) - D ^ ( tt)- v .V(Nv) (5.2 .1) 

( S i m i l a r e q u a t i o n s a p p l y t o t h e i o n s and n e u t r a l p a r t i c l e s ; 

however, a t t h i s j u n c t u r e , o n l y t h e e l e c t r o n gas e q u a t i o n i s 

c o n s i d e r e d . ) 

I n t h i s e q u a t i o n : 

N i s the i o n o r e l e c t r o n number d e n s i t y 

q i s t h e r a t e o f p r o d u c t i o n by p h o t o - i o n i s a t i o n 

L(N) i s the r a t e o f l o s s by d i s s o c i a t i v e r e c o m b i n a t i o n , 

and by a t t a c h m e n t t o n e u t r a l m o l e c u l e s 

D v ( K j r e p r e s e n t s l o s s by ( i s o t r o p i c ) d i f f u s i o n 

v* .V(Nv) r e p r e s e n t s t r a n s p o r t by v a r i o u s d r i f t p r o c e s s e s 
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There a r e two t y p e s o f terms i n v o l v e d i n t h e c o n t i n u i t y 

e q u a t i o n ; t h o s e w h i c h r e p r e s e n t p o s s i b l e i n t e r a c t i o n s between 

ma g n e t i c f i e l d changes and t h e e l e c t r o n d e n s i t y d i s t r i b u t i o n 

and t h o s e w h i c h m e r e l y a f f e c t t h e r a t e o f such changes. The 

p r o c e s s e s w h i c h c o n t r o l q , L(N) and -D v 2 ( a r e i n 

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

magn e t i c and e l e c t r i c f i e l d s and c o n s e q u e n t l y t h e s e may be 

r e g a r d e d as r e s p o n s e - l i m i t i n g terms. Many o f the p r o c e s s e s 

w h i c h e f f e c t t h e term "v . VXNv) , t h a t i s t o say l e a d t o 

o r d e r e d m o t i o n o r d r i f t o f charge d e n s i t y o r d i r e c t l y dependent 

on e l e c t r i c and magnetic f i e l d s , a r e p o s s i b l e i n t e r a c t i o n terms 

i n f a c t . 

The l i m i t i n g terms w i l l be c o n s i d e r e d f i r s t . They 

a r e as f o l l o w s : 

i ) q , t h e p r o d u c t i o n o f e l e c t r o n s by photo-

i o n i s a t i o n a t a r a t e o f q e l e c t r o n s m J sec. . P r o d u c t i o n 

by p r e c i p i t a t i o n when i t o c c u r s must be t r e a t e d s e p a r a t e l y 

[ L i c h t e n s t e i n ( 1 9 6 6 ) ] . 

q depends on t h e c o s i n e o f t h e s o l a r z e n i t h a n g l e 

and t h e r e f o r e a t t a i n s i t s maximum v a l u e n e a r noon, and a t a 

h e i g h t o f about 150 km. F o r sunspot minimum and m i d - l a t i t u d e , 
9 -1 —1 q max. i s about 10 e m ° s e c . - . [ A l ' p e r t ( I 9 6 0 ) ] 

7 -1 -1 

A sudden i n c r e a s e i n q o f 10 e m J sec. would 

r e s u l t i n a new e q u i l i b r i u m v a l u e o f N g i n about 30 min. i n 

th e E r e g i o n [ L i c h t e n s t e i n (1966)]. E q u i l i b r i u m i s re a c h e d 

l a r g e l y because o f the second term L(N) , t h e l o s s r a t e . 
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i i ) L(N) . Be low 200 km. the l o s s c o e f f i c i e n t i s 
p 

a p p r o x i m a t e l y equa l to a N s i n c e d i s s o c i a t i v e r e c o m b i n a t i o n 

w i t h c o e f f i c i e n t a , i s the dominant l o s s mechanism. 

The r e l a x a t i o n t ime f o r i o n i s a t i o n decay w i l l be 

a p p r o x i m a t e l y ~C = A - ^ - . (However, A p p l e t o n (1953) d e r i v e s 

a t ime cons t an t ~C = • T h i s r e p r e s e n t s the t ime l a g 

between the moment o f maximum i o n i s a t i o n p r o d u c t i o n and the 

moment when maximum I o n i s a t i o n i s obse r ved . ) 



E f f e c t i v e R e c o m b i n a t i o n C o e f f i c i e n t s and R e l a x a t i o n Times 
TABLE 5 . 2 . 1 * 

r 
Layer 

Time N/m3 a 
1 - i.-

Source 

D Bay -12 ? -1 3 x 10 ^ m~> sec ± 33 sec B e l r o s e (1965) 

D ITight No v a l u e a v a i l a b l e f 

E Day 1 0 1 1 1 . 1 x I O " 1 3 m 3 s e c " 1 100 sec N o r t o n (1963) j 

E N i g h t 3 x 1 0 5 lO"1^ m 3 s e c " 1 3 x 1 0 ^ sec 
E s t i m a t e c o n s i d e r i n g ! 
t h a t a v a r i e s 
i n v e r s l e y w i t h temp. 

F l Day 5 x 1 0 1 1 0.6 x 1 0 " 1 3 m 3 s e c " 1 33 sec N o r t o n (1963) F l Day 5 x 1 0 1 1 

2 x l O " 1 ^ m 3 s e c " 1 1 0 3 sec 
• 

B e l r o s e (1965) 

F l Day 5 x 1 0 1 1 

S o l a r f l a r e s t u d i e s [ D a v i e s e t a l i a ] t e n d t o f a v o u r N o r t o n ' s v a l u e . 

F l N i g h t 6 x 1 0 9 5 x l O " 1 ^ m 3 s e c " 1 
k 

3 x 10 sec A l ' p e r t (I960) 

F 2 Day 1 - 2 x 1 0 " 1 6 m 3 s e c " 1 10^ sec A l ' p e r t (I960) 
p . i o i 

F 2 N i g h t 1 0 1 1 . 1 x 1 0 " 1 5 m 3 s e c " 1 
LL 

10^ sec A l ' p e r t (I960) 
p. 106 j 
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Attachment C o e f f i c i e n t s and R e l a x a t i o n Times 1,= — 
' [9 

L a y e r Time 1. Source 

F 2 Day 2. 5 x l O ' I f s e c " 1 4-xlO-^sec B a t e s and N i c o l e t (1962) 

F 2 N i g h t 5x10 J sec 
k 

2x10 sec McCrary (1966) 

TABLE 5,2.3* 

I t i s a p p a r e n t f r o m t h e s e r e l a x a t i o n t i m e s t h a t 

i r r e g u l a r i t i e s p roduced by q u a s i - s i n u s o i d a l m o t i o n s o f t h e 

e l e c t r o n gas 'with p e r i o d s l o n g e r t h a n about 100 seconds i n t h e 

day t i m e E r e g i o n w i l l be a t t e n u a t e d ; w h i l e a t n i g h t o r i n 

t h e F 2 r e g i o n i r r e g u l a r i t y m o t i o n s w i t h p e r i o d s l o n g e r t h a n 

a bout t e n m i n u t e s w i l l be a t t e n u a t e d by e l e c t r o n l o s s t h r o u g h 

r e c o m b i n a t i o n s . 

i i i ) Not o n l y w i l l l o s s p r o c e s s e s t e n d t o smooth out 

moving i r r e g u l a r i t i e s b u t d i f f u s i o n w i l l a l s o do so. The 

i o n l o s s r a t e by d i f f u s i o n i s e s t i m a t e d t o be o n l y 5 % o f 

th e l o s s , r a t e by r e c o m b i n a t i o n a t 150 Ion. However, a t h i g h e r 

a l t i t u d e s , d i f f u s i o n becomes more i m p o r t a n t t h a n r e c o m b i n a t i o n 

[ W h i t t e n and P o p p o f f ( 1 9 6 5 ) ] . 

The c h a r a c t e r i s t i c time f o r d i f f u s i o n i s g i v e n by 

L 2 ••'.-r 

— g = LJJ where L i s a c h a r a c t e r i s t i c l e n g t h f o r i r r e g u 

l a r i t y and D i s 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 t h e d i r e c t i o n 
2 2 1 

c o n c e r n e d . I n the E r e g i o n D i s about 4x10 m s e c " 
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[ A l ' p e r t ( I 9 6 0 ) ] and an i r r e g u l a r i t y 5 km. i n diameter, o f t w i c e 

t h e ambient e l e c t r o n d e n s i t y w i l l d i f f u s e away i n about t h r e e 

h o u r s . R o t h w e l l ( 1963) g i v e s decay t i m e s f o r F" r e g i o n i o n r 

i s a t i o n due t o d i f f u s i o n a l o n g the magnetic f i e l d l i n e s a t 

m i d d l e and h i g h l a t i t u d e s , They a r e : a t 250 km. "£ = 4-00 s e c , 

a t 450 km. "C = 1 h o u r , a t 550 km. "C= 10 h o u r s . D i f f u s i o n 
S> j> 

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

t h e D r e g i o n and i n the F r e g i o n up t o 105"lea., t u r b u l e n c e 

f r e q u e n t l y appears t o occuTj l e a d i n g t o the r a p i d f o r m a t i o n 

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

I n summary : t r a n s p o r t w i t h c h a r a c t e r i s t i c time o f 

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

T r a n s p o r t p e r t u r b a t i o n s w i t h a p e r i o d o f 100 sec. w i l l be 

somewhat a t t e n u a t e d a t E and F 1 h e i g h t s i n t h e daytime. 

T r a n s p o r t w i t h a p e r i o d o f a thousand seconds w i l l be 

s e v e r e l y a t t e n u a t e d i n the m i d d l e i o n o s p h e r e i n the daytime 

and somewhat a t t e n u a t e d i n t h e E and t h e F 2 r e g i o n s . 

T r a n s p o r t w i t h a c h a r a c t e r i s t i c t i m e l o n g e r t h a n an h o u r - w i l l 

be damped everywhere i n the i o n o s p h e r e i n the d a y t i m e , and i n 

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

Ordered M o t i o n 

The o r d e r e d m o t i o n i s r e p r e s e n t e d by the "v .V(Nv) 

t e r m i n t h e c o n t i n u i t y e q u a t i o n . I n the F r e g i o n the 

e l e c t r o n m o t i o n s c o n s i s t o f g y r a t i o n s about t h e magnetic 

f i e l d upon w h i c h d r i f t m o t i o n s a r e superimposed; under t h e s e 
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c i r c u m s t a n c e s , o n l y the m o t i o n o f t h e g u i d i n g c e n t r e s i s 

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

t h e i o n o s p h e r e the c o l l i s i o n f r e q u e n c i e s approach and exceed 

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

T h i s term may he expanded : 

V. (Nv) = v . V f t + N V. v 

\ . ̂ I J r e p r e s e n t s t h e t r a n s p o r t o f (VN) i r r e g u l a r i t i e s o r 

o t h e r g r a d i e n t s ( e . g . v e r t i c a l m o t i o n o f an i o n o s p h e r i c 

l a y e r as a w h o l e ) . 

N V. v r e p r e s e n t s c o m p r e s s i o n s and r a r e f r a c t i o n s such as 

t h o s e e n c o u n t e r e d i n (magnetosonic, hydromagnetilfeoor i o n -

a c o u s t i c ) wave p r o p a g a t i o n . 

No g e n e r a l r e l a t i o n s h i p between - J J - J T - as g i v e n by 

t h e c o n t i n u i t y e q u a t i o n and v e can be w r i t t e n s i n c e d i f f e r e n t 

phenomena i n v o l v e e n t i r e l y d i f f e r e n t d e p endencies on • 

F o r example, a v e r t i c a l d r i f t v e l o c i t y i n t h e downward 

d i r e c t i o n may a t t e n u a t e i r r e g u l a r i t i e s above th e peak 

o f t h e F l a y e r , where t h e VN^ i s n e g a t i v e , and a t t e n u a t e 

i r r e g u l a r i t i e s on the u n d e r s i d e o f t h e F l a y e r where the 

. VN< i s p o s i t i v e ( M artyn's T h e o r y ) . 
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5.1 Appendix I I B 

I n t e r a c t i o n Mechanisms 

( R e f e r t o t a b l e 1 . 4 . 1 * ) 

The i n t e r a c t i o n mechanisms t h r o u g h x/hich t h e v a r i o u s 

s o u r c e phenomena a c t t o b r i n g about d i r e c t l y a s s o c i a t e d 

p e r t u r b a t i o n s o f (N , v , J , -D , T ) t h e v a r i a b l e s c e ' e 7 ' e e 
c h a r a c t e r i s i n g the o b s e r v e d phenomena, a r e as f o l l o w s : 

1) D i r e c t e l e c t r o n gas m o t i o n , 

2) M o d u l a t i o n o f q u a s i - s t e a d y i o n o s p h e r i c c u r r e n t s 

:' \3) P e d e r s e n , arid p a r a l l e l ( t o B Q ) , e l e c t r i c - f i e l d 

i n d u c e d d r i f t s , 

: 4 ) H a l l f i e l d i n d u c e d d r i f t s , 

5) I n d u c t i o n o f E f i e l d s , and c u r r e n t s , 
* 6) Dynamo e f f e c t , and 

2 
• :•?) J o u l e ( I R) h e a t i n g . 

I t i s v e r y d i f f i c u l t t o prove t h a t any o f t h e s e 

mechanisms d o ' o c c u r . However, v a r i o u s t y p e s o f o b s e r v a t i o n s a re 

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

mechanisms. The s t r o n g e s t c o n t r a - i n d i c a t i v e o b s e r v a t i o n i s 

mentioned i n c o n n e x i o n w i t h each mechanism. C o n s e q u e n t l y i t 

i s p o s s i b l e by p r o c e s s o f e l i m i n a t i o n t o e s t i m a t e w h i c h 

mechanisms a r e most l i k e l y . 
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.(1), D i r e c t M o t i o n 

P r e c i p i t a t i o n ( o r o t h e r n o n - e l e c t r o d y n a m i j t r a n s p o r t ) 

o f e l e c t r o n s and i o n s i n t o t h e r e g i o n between 70 and 130 kin. 

a l t i t u d e where t h e e l e c t r o n s a r e more m o b i l e t h a n t h e p o s i t i v e 

I o n s ) can r e s u l t i n e l e c t r i c c u r r e n t s 

and c o n s e q u e n t l y i n magnetic f i e l d p e r t u r b a t i o n s . I f the 

i n f l u x o f e l e c t r o n s i s l a r g e enough i t w i l l c o n s t i t u t e a 

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

[Maeda and Watanabe, s e c t i o n 4 . 3 . 2 ( 1 9 6 4 ) , e s t i m a t e s a wave • 

p r e s s u r e o f rp =.10 ' dyne cm . 

I f a r e v e r s a l o f the sense o f m o t i o n w i t h h e i g h t i s 

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

l i n e s i s i n v o l v e d . I f t h e r e i s no e v i d e n c e o f a b s o r p t i o n 

( r i o m e t e r ) o f a p u l s a t i n g n a t u r e t h e n i t i s u n l i k e l y t h a t 

i n j e c t i o n o f e n e r g e t i c p a r t i c l e s i s o c c u r r i n g . 

(.2) M o d u l a t i o n o f a Steady I o n o s p h e r i c C u r r e n t . 

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

s l o w l y : v a r y i n g e l e c t r i c * c u r r e n t s ( s u c h as t h e Sq c u r r e n t f l o w i n g 

i n t h e i o n o s p h e r e i n t h e 70 - 200 km. h e i g h t r a n g e , and l e a d 

t o m agnetic p e r t u r b a t i o n s [ M a t s u s h i t a ( 1 9 6 5 ) ] . 

I o n o s p h e r i c c o n d u c t i v i t y depends on the d e n s i t y and 

m o b i l i t y o f t h e e l e c t r o n s and i o n s . C o n s e q u e n t l y any p r o c e s s 

(wave m o t i o n , wind-borne Impulse) w h i c h i n j e c t s o r r e d i s t r i b u t e s 
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e l e c t r o n s I n a r e g i o n where c u r r e n t s a r e f l o w i n g w i l l t e n d t o 

modulate the c u r r e n t s . Presumably p e r t u r b a t i o n s i n e l e c t r o n 

d e n s i t y o f a few p e r c e n t would produce p e r t u r b a t i o n s o f the Jq 

and o t h e r c u r r e n t s o f the o r d e r o f a few p e r c e n t , and a 

' s t e a d y ' magnetic v a r i a t i o n ^ o f about a hundred Y c o u l d t h e n 

e x h i b i t o b s e r v e a b l e p u l s a t i o n s o f a Y o r so i n a m p l i t u d e . 

I f t h e l o c a l i n d e x i s z e r o , or i f t h e r e are no 

m a gnetic bays o c c u r r i n g t h e n t h e r e are no i o n o s p h e r i c e l e c t r i c 

c u r r e n t s o f s u f f i c i e n t m a g n i t i u d e t o be modulated and g i v e a 

measurable d i s t u r b a n c e and t h i s mechanism can be r u l e d o u t . 

( D E l e c t r i c F i e l d D r i f t s . P e d e r s e n D r i f t , and E P a r a l l e l t o B Q  

D r i f t 

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

B o t h e magnetic f i e l d has no e f f e c t and a f o r c e g i v e n by eE H 

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

B o t h i s f o r c e • ' • - s t i l l - e x i s t s and r e s u l t s ' i n P e d e r s e n d r i f t , but 

H a l l d r i f t ( v i d . f f . s e c t i o n ) a l s o o c c u r s . 

I n the case o f p a r a l l e l d r i f t due t o an a p p l i e d E 

f i e l d a l o n e th e e q u a t i o n o f m o t i o n i s : 

Terms a r e dropped t h a t r e p r e s e n t second o r d e r e f f e c t s , o n l y . 

( F o r i n s t a n c e , e l e c t r o n gas prcjssure (P ) w h i c h depends on 

. p e r t u r b a t i o n s i n II and T w h i c h a r i s e f r om "v w h i c h i s o b t a i n e d 

f r o m the e l e c t r i c a c c e l e r a t i o n p r o c e s s . ) 



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

e x p e r i m e n t s ( s u n s p o t minimum, n i g h t t i m e , 150 km. a l t i t u d e ) 

T ) i i s about 4 x 1 0 " 1 s e c " 1 (600° K and 1 0 9 e l e c t r o n s / m 3 , w h i c h i s 

v e r y much l e s s t h a n T) o n» the l a t t e r b e i n g about 1 0 3 s e c ' 1 

[ N i c o l e t ( 1 9 6 2 ) ] . C o n s e q u e n t l y the term may be o m i t t e d . 

( T h i s i s q u i t e i m p o r t a n t s i n c e t h e p o s i t i v e i o n s a r e a l s o 

a c c e l e r a t e d by the a p p l i e d e l e c t r i c f i e l d . ) The e q u a t i o n o f 

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

= -et4 f^e,, l ^ - ^ ^ H ( 5 . 3.2) 

I f a s i n u s o i d a l component i s c o n s i d e r e d and-y^ i s t a k e n as 

z e r o , t h e n : 

%H - • " G # / 5 X / / ^ ( 5 . 3 . 3 ) 

E l e c t r o n d r i f t produced by an e l e c t r i c f i e l d p a r a l l e l t o t h e 

ambient magnetic f i e l d can o c c u r a t any h e i g h t i n t h e 

i o n o s p h e r e . P e d e r s e n d r i f t , however, i s o n l y e f f e c t i v e 

b e l o w an a l t i t u d e o f about 180 km., where t h e c o l l i s i o n 

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

g y r o f r e q u e n c i e s . 

A c c o r d i n g t o Mozer and B r u s t a n (1967) e l e c t r i c f i e l d s 
-A 

p a r a l l e l t o BQ as l a r g e as 20 mv/m have been measured. 
_» 

A t 15'0 km. a l t i t u d e such a p a r a l l e l . E f i e l d would r e s u l t 

i n a v e r t i c a l e l e c t r o n d r i f t v e l o c i t y o f t h e o r d e r o f 3,CC0 

km/sec. - T y p i c a l E f i e l d s i n t h e F r e g i o n a t n i g h t are-

more l i k e l y t o be o f t h e o r d e r o f 1 - 3 mv/m. i n a h o r i z o n t a l 

d i r e c t i o n and l e s s t h a n t h a t v e r t i c a l l y [ H a e r e n d a l e t a l (1967)] 
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I f the sense o f n o t i o n o f the i o n o s p h e r i c e l e c t r o n gas 

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

i n t h e E r e g i o n t h a n i n t h e F r e g i o n i t i s u n l i k e l y t h a t 

e l e c t r i c f i e l d s a c t i n g p a r a l l e l t o the magnetic f i e l d , o r i n 

the P e d e r s e n mode a r c i n v o l v e d , because an e l e c t r i c f i e l d 

r e v e r s i n g wi t h h e i g h t i s u n l i k e l y ( w a v e l e n g t h s o f EM/HM 

waves a r e too l o n g ) and because the h i g h e r c o l l i s i o n r a t e s i n 

t h e E r e g i o n reduce the e f f e c t i v e n e s s o f E f i e l d i n d u c e d 

d r i f t t h e r e . 

(k) H a l l ( P e r p e n d i c u l a r ) D r i f t 

~* _>> 
I f an e l e c t r i c f i e l d E i s a p p l i e d normal t o B Q 

t h e n an e l e c t r o n d r i f t n o r m a l t o b o t h E and B Q w i l l r e s u l t . 

(The e l e c t r o n gyro o r b i t s a r e t r a n s l a t e d so t h a t t h e p a r t i c l e s 

f o l l o w c y c l c i d a l p a t h s . ) 

E x c e p t near b o u n d a r i e s , t h e m o t i o n o f the g u i d i n g 

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

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

i n the absence o f c o l l i s i o n s ^ % * r " ^ t ' 

a t 

F o r s l o w l y v a r y i n g f i e l d s 
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( I n f a c t imposes no r e s t r i c t i o n i n the 

m i c r o p u l s a t i o n p e r i o d range.) 

The LHS ~ 0 and i t can be seen t h a t .r £~ 

i s a s o l u t i o n since 

I n t h e p r e s e n c e o f c o l l i s i o n s e q u a t i o n ( 5 . 3 A) m a y be s p l i t 

i n t o two e q u a t i o n s : one i n the d i r e c t i o n normal (ri) t o 

lr and B„ ( i . e . the + $ x "B d i r e c t i o n . ) 

0 * ££** & W • ( 5 - 3 . 5 ) • 

and one I n t h e d i r e c t i o n p a r a l l e l (p) t o 1r~ 

° * & % +\ ( % r ^ ) + ^ : (it - i y ( 5 . 3 . 6 ) 

(Note t h a t t h e s u b s c r i p t j _ means x t o B ) 

The s o l u t i o n o f ( 5 . 3 . 5 ) i s t h a t a l r e a d y o b t a i n e d f o r the H a l l 

d r i f t : 
—* 

^ ( 5 . 3 . 7 ) 

w h i l e t h e s o l u t i o n f o r ( 5 . 3 . 6 ) i s a P e d e r s e n d r i f t v e l o c i t y 

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

t h e r e i s a c o n s t r a i n t between E ( - n ) a n d ^ ( p ) * ̂ n s l I f l P l e 

case w h e r e ^ z ) . s 0 and it = 0 . 
w X i 

— ,ec&l. - hr I - * , i ( 5 . 3 . 8 ) 
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The p r i n c i p a l e f f e c t o f c o l l i s i o n s i s t o add a 

Ped e r s e n d r i f t component t o the d r i f t v e l o c i t y and as "9en .= 

approaches ( / j j e ) "the e l e c t r o n gyro f r e q u e n c y , t o a t t e n u a t e 

the H a l l d r i f t . C o n s e q u e n t l y below 70 km. where « J ^ - e 

H a l l d r i f t i s n o t e f f e c t i v e f o r e l e c t r o n s . ( F o r i o n s 

~ "*He o c c u r s a t 1 2 0 k i n*) 

The most complete t r e a t m e n t o f t h e r e l a t i o n s h i p 

between H a l l d r i f t m o t i o n s i n t h e i o n o s p h e r e and the D o p p l e r 

s h i f t t o be e x p e c t e d w i t h HF v e r t i c a l i n c i d e n c e sounding i s 

t h a t g i v e n by J a c o b s and Watanabe (1966). Another t r e a t m e n t 

o f t h e problem i s t h a t o f R i s h b e t h and G a r r i o t t (196Jf) who 

make t h e s i m p l e a s s u m p t i o n t h a t t h e i o n o s p h e r e a c t s l i k e a 

moving m i r r o r and the e l e c t r o n . v e l o c i t y i s equated t o t h e 

v e l o c i t y o f change i n r e f l e c t i o n h e i g h t . J a c o b s and Watanabe 

(1 9 6 6 ) , on t h e " o t h e r hand, d e a l w i t h t h e more complex case 

i n which i t i s assumed t h a t changes o f the i n t e g r a t e d e l e c t r o n 

d i s t r i b u t i o n below the h e i g h t o f r e f l e c t i o n have an i m p o r t a n t 

e f f e c t on the o b s e r v e d D o p p l e r s h i f t o f HF r a d i o - w a v e s 

r e f l e c t e d f r om the i o n o s p h e r e . B o t h e f f e c t s a r e t o be 

ex p e c t e d under c e r t a i n c o n d i t i o n s , ( v i d . C h a p t e r I I ) 
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A c c o r d i n g t o R i s h b e t h and G a r r i o t t (196H-), t h e 

v e r t i c a l e l e c t r o n v e l o c i t y i s g i v e n ( a p p r o x i m a t e l y ) by 

cos I (5.3.9a) 

o r 

v w 2 A B cos I (5.3.9b) 

x n o r t h 

y e a s t 

I = d i p a n g l e 
-1 2 f = E-W c o n d u c t i v i t y i n mho m 

(MK8 u n i t s ) 

The v e r t i c a l v e l o c i t i e s t o be ex p e c t e d depend 

m a i i y on the E-W e l e c t r i c f i e l d . As an upper bound, c o n s i d e r 

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

t h r o u g h a c t i v e a u r o r a e w h i c h a r e about 80 mV/m [Kavadas 

and Johnson (1963)]. Such a f i e l d would l e a d t o a v e r t i c a l 

v e l o c i t y o f 480 m s " 1 a t 72° d i p a n g l e . On the o t h e r hand a 

t y p i c a l m l c r o p u l s a t i o n e vent a t m i d - l a t i t u d e s i s o n l y about 

5Y peak t o peak ( a t 200 s e c . p e r i o d ) and t h i s would y i e l d a 

v e r t i c a l v e l o c i t y o f about 7 x 1C""3 m s " 1 . The 'sense' 
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o f t h e a c t i o n o f c o u r s e , remains c o n s t a n t w i t h h e i g h t i f t h e 

e l e c t r i c f i e l d sense does n o t change. 

I f t h e sense o f t h e i o n o s p h e r i c m o t i o n (up/down) i s 

o b s e r v e d t o r e v e r s e w i t h r e s p e c t t o the N-3 magnetic or E-W 

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

d r i f t i s i n v o l v e d i n such e v e n t s . 

I f t he sense o f i o n o s p h e r i c m o t i o n r e v e r s e s w i t h the 

h e i g h t (up i n the F 2 l a y e r down i n t h e F^ l a y e r say) t h e n i t 

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

u n l i k e l y t h a t t h e E f i e l d would r e v e r s e d i r e c t i o n w i t h h e i g h t 

( e x c e p t p o s s i b l y d u r i n g major d i s t u r b a n c e s l o c a t e d i n t h e 

a u r o r a l zone. [ H u t c h i n s o n and Shuman (1961)].) 

(5) I n d u c t i o n 

I f a magnetic f i e l d v a r i a t i o n o c c u r s (due f o r 

example t o c o m p r e s s i o n o f the magnetosphere by the v a r y i n g 

s o l a r wind p r e s s u r e ) i t can i n d u c e e l e c t r i c f i e l d s and hence 

e l e c t r o n d r i f t m o t i o n s i n t h e i o n o s p h e r e [Ashour and F e r r a r o 

( 1 9 6 2 ) ] . The p r o c e s s i s r e p r e s e n t e d most s i m p l y by M a x w e l l ' s 

e q u a t i o n - _ ~̂ >% 

I f a ( h o r i z o n t a l ) s c a l e l e n g t h L c h a r a c t e r i s i n g t h e r e g i o n 

o f the i o n o s p h e r e e f f e c t e d can be s p e c i f i e d t h e n : 

( I n d u c t i o n w i l l a l s o r e s u l t i n i o n o s p h e r i c e l e c t r i c c u r r e n t s 

w h i c h w i l l m o d i f y the mag n e t i c d i s t u r b a n c e as o b s e r v e d below 

t h e i o n o s p h e r e . ) 
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I f no magnetic d i s t u r b a n c e i s o b s e r v e d , t h i s 

mechanism i s , o f c o u r s e , r u l e d o u t . O t h e r w i s e , as t h e a c t u a l 

m o t i o n s a r e due t o H a l l d r i f t or P e d e r s e n d r i f t , t h e c o n s i d e r 

a t i o n s a p p l y i n g t o t h o s e mechanisms a r e the r e l e v a n t ones. 

An upper l i m i t on t h e e l e c t r i c f i e l d s produced 

by t h i s mechanism i s s e t by t h e maximum o b s e r v e d r a t e s o f 

ma g n e t i c f i e l d change (o./ Y/sec.J and the maximum s c a l e o f a 

d i s t u r b a n c e r e g i o n » 1000 km. ( e x c e p t f o r w o r l d w i d e Sc, S i 

e v e n t s ) , c o n s e q u e n t l y f o r magnetic i n d u c t i o n . 

E « 1 mVm~1 

max 

(6) Dynamo E f f e c t 

I f c o n d u c t i n g i o n o s p h e r i c plasma i s moved a c r o s s the 

magn e t i c f i e l d l i n e s ( f o r i n s t a n c e t r a n s p o r t e d by winds o r 

waves o f t h e n e u t r a l gas) t h e n an e l e c t r i c f i e l d w i l l be s e t 

up and dynamo ( H a l l and Pedersen) c u r r e n t s w i l l f l o w 

[ A k a s o f u and De W i t t ( 1 9 6 5 ) ] . The e l e c t r o n v e l o c i t y and 

d e n s i t y d i s t r i b u t i o n s w i l l be p e r t u r b e d , and the c u r r e n t s 

w i l l r e s u l t i n magnetic p e r t u r b a t i o n s . 

I f IT i s s u p p l i e d (by c o l l i s i o n c o u p l i n g from ZJ~ say) 

o r ^ 

T h i s p r o c e s s i s e f f e c t i v e i n the E r e g i o n . 
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Mechanisms E and F a r e , as i t were, i n t e r m e d i a t e 

between th e s o u r c e phenomena and t h e o t h e r i n t e r a c t i o n 

mechanisms, because t h e y l e a d t o e l e c t r i c f i e l d s w h i c h t h e n 

produce d r i f t s by mechanisms C and D. See c h a r t i n C h a p t e r 

I -, F i g . 1 . 2 . 

An upper l i m i t on the e l e c t r i c f i e l d s produced by 

t h i s mechanism i s s e t by t h e maximum wind v e l o c i t i e s 

o b s e r v e d w h i c h a r e o f the o r d e r o f 500 m/sec. 

E « 25 mVm"1. 
max 

( J ) J o u l e H e a t i n g 

A f u r t h e r mechanism wh i c h s h o u l d bo mentioned i s 

J o u l e h e a t i n g [ C o l e ( 1 9 6 2 ) ] , which may be i m p o r t a n t i n 

c o n n e x i o n w i t h a u r o r a l e l e c t r o j e t s ( b u t see : F a t k u l l i n 

( 1 9 6 3 ) ] . I t i s l e s s l i k e l y t o be i m p o r t a n t i n c o n n e x i o n w i t h 

h y d r o m a g n e t i c wave energy d i s s i p a t i o n [ A k a s o f u ( I 9 6 0 ) ] . 

P e r t u r b a t i o n s o f t h e r e c o m b i n a t i o n p r o c e s s have 

a l s o been c o n s i d e r e d o f p o s s i b l e i n t e r e s t i n c o n n e x i o n w i t h 

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

[ K i n g ( 1 9 6 6 ) ] . 

I f no magnetic d i s t u r b a n c e i s o b s e r v e d , J o u l e 

h e a t i n g i s r u l e d o u t . A c c o r d i n g t o Walker ( 1 9 6 6 ) , "an e l e c t r i c 
- 2 - 1 

f i e l d g r e a t e r t h a n 3 - 5 x 1C Vm i s needed t o r a i s e t h e 

e l e c t r o n t e m p e r a t u r e s i g n i f i c a n t l y , even "at h i g h a l t i t u d e s " . 
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Such an e l e c t r i c f i e l d would be a s s o c i a t e d w i t h ( P e d e r s e n o r 
6 —2 

H a l l ) c u r r e n t s o f the o r d e r o f 10" amp m~ [Obayashi ( 1 9 6 3 ) ] . 

A l i n e c u r r e n t 20 km. square o f *+C0 amperes a t 150 km. would 

g i v e a m a g n e t i c f i e l d d i s t u r b a n c e o f 1/2T. 
Af(gammas) . = ^ ^ f e ^ 1 

As most c u r r e n t s would n o t be c o n f i n e d t o a 20 km. h o r i z o n t a l 

w i d t h t h i s i s t h e extreme l o w e r l i m i t on t h e s i z e o f 

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

i n the i o n o s p h e r e . 

• TABLE 
5.3» 1 O b s e r v a t i o n s Tending t o E l i m i n a t e I n t e r a c t i o n P r o c e s s e s 

1) P a r t i c l e I n j e c t i o n 

2 ) M o d u l a t i o n o f C u r r e n t s 

3 ) P a r a l l e l and P e d e r s e n 
D r i f t 

4 ) H a l l d r i f t 

5) I n d u c t i o n 
and 

6-.) Dynamo A c t i o n 

7 ) J o u l e H e a t i n g 

— r e v e r s a l o f sense o f A f w i t h 
h e i g h t , 

— absence o f ( r i o m e t e r ) 
a b s o r p t i o n . 

-- absence o f m a g n e t i c bays. 
— Kg = 0. 

— r e v e r s a l o f A f sense w i t h 
h e i g h t , 

— A f , E l a y e r g r e a t e r t h a n 
A f , F l a y e r . 

— r e v e r s a l o f A f sense w i t h 
r e s p e c t t o AH sense, 

— Af i n c r e a s e f o r AH i n c r e a s e , 
-- r e v e r s a l o f A f sense w i t h 

h e i g h t . 

— absence o f magnetic 
d i s t u r b a n c e , 
( o t h e r w i s e v i d . (B) and ( C ) . 

absent o r 
s m a l l m a g n e t i c d i s t u r b a n c e , 
and absence o f ( r i o m e t e r ) 
a b s o r p t i o n . 
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*>k Appendix I I C 

Source Phenomena 

By 'source phenomena' i s meant t h e phenomena w h i c h 

have been i d e n t i f i e d as p o s s i b l e s o u r c e s f o r i o n o s p h e r i c 

d i s t u r b a n c e s and magnetic m i c r o p u l s a t i o n s o b s e r v e d . a t mid-

l a t i t u d e s . These phenomena a r e r e l a t e d t o t h e o b s e r v a t i o n s 

t h r o u g h i n t e r a c t i o n mechanisms ( t a b l e 1.4.1* and ap p e n d i x 

5.3). They a r e : 

a) i o n o s p h e r i c e l e c t r i c c u r r e n t s 

b) char g e d p a r t i c l e p r e c i p i t a t i o n 

c ) wind-borne i o n i s a t i o n i r r e g u l a r i t i e s 

d) n e u t r a l gas waves and i o n - a c o u s t i c waves 

e) h y d r o m a g n e t i c and ULF EM waves 

f ) m a g n e t o s p h e r i c c o m p r e s s i o n s . 

A b r i e f d e s c r i p t i o n o f t h e phenomena i n c l u d i n g the most 

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

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

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

a p p e n d i x . 

5 .4 .a) I o n o s p h e r i c E l e c t r i c C u r r e n t s 

I ) H o r i z o n t a l C u r r e n t s 

These may be s e t up by e l e c t r i c f i e l d s a p p l i e d i n 

t h e a u r o r a l zone by p r e c i p i t a t i o n o r i n d u c t i o n 

e f f e c t s o c c u r r i n g t h e r e . [Ashour and F e r r a r o ( 1 9 6 2 ) ] . 

The e l e c t r i c f i e l d a s s o c i a t e d w i t h a g i v e n c u r r e n t i s 
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o b t a i n a b l e f r o i a a g e n e r a l i s e d Ohm's l a w i n v o l v i n g 

t h e t e n s o r c o n d u c t i v i t y o f the i o n o s p h e r e [ O b a y a s h i 

( 1 9 6 3 ) ] , To a rough a p p r o x i m a t i o n CT~ h o r i z o n t a l i s 

about l C _ l f mho m"1 so t h a t E « 10^ 1. MRS .5.4.1) 

The r a t e o f b u i l d u p and decay o f such c u r r e n t s may 

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

r a d i u s b and c r o s s s e c t i o n r a d i u s a. The i n d u c t a n c 

L ~ B I n — (IffiS u n i t s ) ( 5 . 4 . 2 ) o a 

F o r a 1G0G km. r a d i u s l o o p o f 100 km. X - s e c t i o n 

r a d i u s ^ L ~ 8 Hy. The r e s i s t a n c e o f such a l o o p i s 

i f 2<£ _ o L 
R = r r r - — r -~ <̂  olims so t h a t t h e ti m e c o n s t a n t ^ 

s e c . T h i s p r o v i d e s an upper l i m i t on the r a t e a t 

w h i c h a l a r g e i o n o s p h e r i c c u r r e n t may be s e t up 

by an a p p l i e d e l e c t r i c f i e l d . C o n s e q u e n t l y 

magnetic o r i o n o s p h e r i c d i s t u r b a n c e s w i t h t i m e 

c o n s t a n t s l e s s t h a n about 5 seconds a r e n o t l i k e l y 

t o be due t o a u r o r a l r e t u r n c u r r e n t s , 

i i ) C u r r e n t s between the magnetosphere and the 

i o n o s p h e r e . 

S e m i - v e r t i c a l f i e l d - a l i g n e d e l e c t r i c c u r r e n t s may 

f l o w i n l o o p s between t h e magnetosphere and t h e 

i o n o s p h e r e [ S w i f t (1965 a ) , Cummings and B e s s l e r 

( 1 9 6 7 ) ] . Such c u r r e n t s may i n v o l v e o b s e r v e a b l e 

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

a t i o n s o f a s p a t i a l l y l o c a l i s e d : c h a r a c t e r . 
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C u r r e n t s o f 10 amperes d i s t r i b u t e d over an a r e a 

o f about 10 ia*" ( i . e . F r e g i o n v e r t i c a l c u r r e n t 
—10 2 

d e n s i t i e s o f about 10~ amp/m ) a r e needed t o 
ac c o u n t f o r o b s e r v e d 100 sec. p e r i o d p u l s a t i o n s o f 

ICY a m p l i t u d e . I f F r e g i o n e l e c t r o n d r i f t s a r e 
o _o t o be 'seen', t h e n about 10 ' e l e c t r o n s m J must be i n 

9 ~\ 
n a t i o n (assuming a background He o f 5 x 10 e/nr 3). 

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

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

U s i n g ( 5 A . 1 and 5«*+ . 2 ) and t a k i n g an average 

c r - = 1 0 ~ 6 mho m f 1 and b = 5 , 0 0 0 km. the time 

c o n s t a n t f o r a c u r r e n t l o o p between the magnetosphere 

and the i o n o s p h e r e i s p o s s i b l y about 2 , 0 0 0 s e c . 

F r o b a b l y o n l y r a t h e r " l o n g p e r i o d magnetic d i s t u r b a n c e s 

c o u l d be s e t up by a ma g n e t o s p h e r i c e l e c t r i c f i e l d . 

5.4.b) Charged P a r t i c l e P r e c i p i t a t i o n 

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

s e c o n d a r y e l e c t r o n s and o f p e n e t r a t i n g a t l e a s t t o the l o w e r 

F r e g i o n ( p a r t i c l e e n e r g i e s > 0 . 2 kev) a r e d i s c u s s e d . 

P r e c i p i t a t i o n o f 2 - 3 kev e l e c t r o n s may l e a d t o d e t e c t a b l e 

h e a t i n g e f f e c t s [Nathan ( 1 9 6 6 ) ] . There i s a l s o e v i d e n c e t h a t 

c u r r e n t systems c a u s i n g magnetic bays may be t r i g g e r e d by a 

sudden i n t e n s i f i c a t i o n and e x p a n s i o n o f e l e c t r o n p r e c i p 

i t a t i o n . [Brown and Campbell ( 1 9 6 2 ) .. T h i s event r e s u l t e d 

i n c l e a r l y i d e n t i f i a b l e 30 db. r i o m e t e r a b s o r p t i o n ! ] M i r r o r i n g 

T a k i n g j = eN v t h e n e e w h i c h 



264 

p e r i o d s f o r p r e c i p i t a t i n g p a r t i c l e s at a (60° geomagnet ic 

l a t i t u d e ) s u b - a u r o r a l l a t i t u d e are g i v e n by Pau l sen and 

Shepherd (1966) f o r v a r i o u s p a r t i c l e e n e r g i e s and h e i g h t s o f 

p e n e t r a t i o n . These p e r i o d s are a l l 13 s e c . The t ime f o r 

the m i r r o r p o i n t to d r i f t around the e a r t h i s found ( the d r i f t 

v e l o c i t y i s 0 .19 km./sec . ) to he about one day. I f magneto-

hydromagnet i c waves are i n v o l v e d i n the p a r t i c l e a c c e l e r a t i o n 

[Co l e (1964)] then o the r p e r i o d i c i t i e s might occur i n the 

p r e c i p i t a t i o n . 

I f a s e n s i t i v e r i ome te r f a i l s to d e t e c t any p u l s a t i n g 

a b s o r p t i o n , the l i k e l i h o o d o f o c cu r r ence o f the r e q u i r e d minimum 

p r e c i p i t a t e d f l u x o f p a r t i c l e s e n e r g e t i c enough to produce a p p r e c 

i a b l e secondary i o n i s a t i o n (and the reby a f f e c t i o n o s p h e r i c 

c u r r e n t s ) i s sma l l [ G l e d h i l l e t a l ( 1967 ) ] . The c r i t i c a l f l u x a. 
4 -2 -1 i appears to be o f the o rde r o f 10 e l e c t r o n s cm sec o f 40 kev 

energy i n o rde r to produce d i s t u r b e d v a l u e s o f f m in . and h ' F 

a t L = 4;. 

5 . 4 .C Wind-borne I o n i s a t i o n I r r e g u l a r i t i e s 

I f ~i) n i s l a r g e enough so t h a t h o r i z o n t a l g r a d i e n t s 

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

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

i s t i c s w i l l o c c u r , as w i l l magnet ic p e r t u r b a t i o n s due to dynamo 

a c t i o n and p o s s i b l y due to the modu l a t i on o f s teady i o n o s p h e r i c 

c u r r e n t s . ' 
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I n t h e F r e g i o n ?) „ i s n o t g r e a t enough"for 'the. winds 
en 

t o be c a p a b l e o f t r a n s p o r t i n g i r r e g u l a r i t i e s [Maeda ( 1 9 5 9 ) ] . 

I n t h e E r e g i o n the m o t i o n o f i r r e g u l a r i t i e s has been 

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

[ H i n e s (1963)] t h a n w i t h winds [Goodwin ( 1 9 6 6 ) ] . Below ICO km, 

t u r b u l e n c e may g e n e r a t e magnetic f l u c t u a t i o n s [Moffat ( 1 9 6 2 ) ] . 

Winds i n the E r e g i o n have speeds o f about 50 - 150 

in s e c - 1 [ F o p l e t a l ( 1 9 6 7 ) ] . A c c o r d i n g t o M e g i l l and C a r l e t o n 

(1963) t h e s e winds may l e a d t o dynamo f i e l d s o f t h e o r d e r o f 

5 mVm"1 and may g i v e measure-able magnetic e f f e c t s i n the daytime. 

An upper l i m i t on t h e p e r i o d i c i t y o f a s s o c i a t e d 

i o n o s p h e r i c and magnetic p u l s a t i o n s caused by wind-borne 

i r r e g u l a r i t i e s may be e s t i m a t e d . The s m a l l e s t o b s e r v e a b l e 

i r r e g u l a r i t y w i l l be o f t h e o r d e r o f 10 km. ( t h e s i z e o f t h e 

f i r s t F r e s n e l zone) f o r a r e f l e c t e d r a d i o w a v e , and t h e maximum 

wi n d v e l o c i t y i s about 150 m s e c - 1 so t h a t a 70 sec. s c a l e 

t i m e , o r 140 s e c . p e r i o d i s about t h e s h o r t e s t t h a t can be 

e x p e c t e d . 

•5.4d) N e u t r a l Gas and I o n - a c o u s t i c Waves 

The v a r i o u s t y p e s o f n e u t r a l gas waves ( a c o u s t i c 

or i n f r a s o n i c waves, B r u n t - V a i s a l a waves, t h e r m o b a r i c o r 

i n t e r n a l g r a v i t y waves, H e l m h o l t z waves) a r e grouped t o g e t h e r 

w i t h i o n - a c o u s t i c waves s i n c e none o f t h e s e waves i n t r i n s i c a l l y 

i n v o l v e m agnetic p e r t u r b a t i o n s . They may g e n e r a t e m a g n e t i c 

p e r t u r b a t i o n s by moving i o n i s a t i o n i f ^en i s l a r g e enough 
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( i . e . i n t h e E and F i l a y e r s ) e i t h e r "by s e t t i n g tip., 

dynamo c u r r e n t s o r by m o d u l a t i n g " . e x i s t i n g c u r r e n t s . 

i ) A c o u s t i c / i n f r a - s o n i c waves 

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

has been d i s c u s s e d by Maeda and Watanabe (1964). 

The p r o p a g a t i o n c h a r a c t e r i s t i c s o f t h e waves have 

been d i s c u s s e d by P r e s s and H a r k r i d e r (1962) and 

by P f e f f e r (1962) and Meecham (1965). O b s e r v a t i o n s 

o f waves t a k e n t o be i n f r a s o n i c waves have been 

r e p o r t e d by Maeda ( 1 9 6 5 ) , S h r e s t h a (1967),Georges 

(1967) and o t h e r s . C o m p r e s s i o n a l waves, f o r wh i c h 

t h e p a r t i c l e m o t i o n may be i n t h e d i r e c t i o n o f 

p r o p a g a t i o n , can propagate i n t h e E and F 

r e g i o n s o f the i o n o s p h e r e [ P f e f f e r ( 1 9 6 2 ) ] . I f 

t h e waves depend m a i n l y on the e l a s t i c c o l l i s i o n 

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

a r e a c o u s t i c or i n f r a s o n i c waves. I f t h e y i n v o l v e 

i o n s and t h e ambient magnetic f i e l d i s i m p o r t a n t 

i n d e t e r m i n i n g p r o p a g a t i o n c h a r a c t e r i s t i c s , t h e n we 

speak o f ma g n e t o s o n i c , o r m a g n e t o - a c o u s t i c h y d r o -

m a g n e t i c waves [ S t i x ( 1 9 6 2 ) ] . 

i i ) C h a r a c t e r i t s t i c o f S o n i c Waves 

The range o f h e i g h t s a t wh i c h t h e s e waves o c c u r l i m i t s 

t h e range o f wave f r e q u e n c i e s . Around 300 km. the 

i o n - n e u t r a l c o l l i s i o n f r e q u e n c i e s a r e o f the o r d e r 

o f one c o l l i s i o n per sec. and c o n s e q u e n t l y o n l y 

waves o f c o n s i d e r a b l y l o w e r f r e q u e n c i e s can 
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p r o p a g a t e . Below 70 km, t h e i o n s and e l e c t r o n s a r e 

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

waves o c c u r i n the 10 « 100 s e c , p e r i o d range. 

Between 70 and 120 km, e l e c t r o n - s o u n d waves may 

p r o p a g a t e . 

The p o s i t i v e t e m p e r a t u r e / h e i g h t g r a d i e n t above 100 

km, and t h e n e g a t i v e g r a d i e n t below 80 km, s h o u l d 

r e s u l t i n t h e d u c t i n g o f waves ( o f a hundred s e c . 

p e r i o d o r l e s s ) i n t h e l o w e r i o n o s p h e r e . [Meecham 

(196!?)]. The most f a v o u r a b l e f r e q u e n c i e s f o r such 

d u c t i n g l i e between 0 . 0 1 4 and 0.006 Hz. The l o w e r 

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

o c c u r s when g r a v i t y b e g i n s t o become I m p o r t a n t i n t h e 

e q u a t i o n o f m o t i o n . The V a i s a l a o r B r u n t resonance 

f r e q u e n c y ( w h i c h i s about 0 . 0 0 4 Hz but v a r i e s w i t h 

h e i g h t , t i m e o f day, and t e m p e r a t u r e ) i s ne a r t h e 

l o w e r f r e q u e n c y l i m i t f o r . i n f r a s o n i c waves : 

somewhat below t h i s f r e q u e n c y , i n t e r n a l s - g r a v i t y , o r 

t h e r m o b a r i c waves may pr o p a g a t e [Maeda ( 1 9 6 5 ) ] . 

A t a g i v e n h e i g h t a p a r t i c u l a r p e r i o d and wave

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

. i f p r e s s u r e waves a r e e x c i t e d i n an i s o t h e r m a l 

atmosphere, s i m i l a r t o the n i g h t - t i m e s u b - a u r o r a l -

z o n e - l a t i t u d e atmosphere, a t 140 km, 100 s e c . p e r i o d 

waves a r e f a v o u r e d , w h i l e at. 100 Ion. a l t i t u d e 10 

s e c . waves a r e f a v o u r e d [Maeda and Watanabe ( 1 9 6 3 ) ] . 
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The magnitudes o f group v e l o c i t i e s o f i n f r a s o n i c 

waves and magnetosonic waves a t 100 t o 200 km. a l t i t u d e s 

a r e i n t h e n e i g h b o u r h o o d o f 270 t o 320 m/sec. The group v e l o c i t y -

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

o f the o r d e r o f 3p0 m/sec. f o r p r o p a g a t i n g waves, and a l s o 

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

however, s t r o n g l y t e m p e r a t u r e dependent and h i g h e r speeds may 

o c c u r i n t h e daytime i o n o s p h e r e p a r t i c u l a r l y above 30° km. 

[Heecham ( 1 9 6 5 ) ] . Shock waves moving f a s t e r t h a n t h e speed o f 

sound may a l s o be p o s s i b l e . 

S o n i c waves may be produced by e l e c t r i c c u r r e n t s o r 

by hydromagnetic waves, e i t h e r o f w h i c h may i n d e p e n d e n t l y 

r e s u l t i n o b s e r v a b l e m i c r o p u l s a t i o n s , o r s o n i c waves may 

p e r t u r b e x i s t i n g e l e c t r i c c u r r e n t s and t h e r e b y produce magnetic 

p u l s a t i o n s , o r s o n i c waves may t h e m s e l v e s produce dynamo e f f e c t s 

or charge motions-. - r e s u l t i n g i n magnetic p e r t u r b a t i o n s . 

Depending on w h i c h mechanisms a r e i n v o l v e d t h e r e l a t i o n s h i p 

between magnetic p u l s a t i o n s and i o n o s p h e r i c e l e c t r o n gas motions 

w i l l v a r y . 

I f magnetosonic waves a r e g e n e r a t e d by an e l e c t r i c 

c u r r e n t no wave motions w i l l be d e t e c t a b l e u n t i l t h e c u r r e n t 

r e a c h e s a c e r t a i n t h r e s h o l d v a l u e [ F a r l e y ( 1 9 6 3 ) ] . T h i s 

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

waves. The o b s e r v e d r e q u i r e d e l e c t r o n gas v e l o c i t y i s about 

360 m/sec. [Bowles e t a l ( 1 9 6 3 ) ] and the c o r r e s p o n d i n g magnetic 
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d i s t u r b a n c e a t t h e E a r t h ' s s u r f a c e i s about 80Y [Osborne and 

S k i n n e r ( 1 9 6 3 ) ] . C o n s e q u e n t l y t h i s mechanism can o n l y be 

e x p e c t e d i n t h e p r e s e n c e o f a l a r g e bay o r magnetic storm. ( H i g h 

f r e q u e n c y waves would p r o b a b l y o n l y be g e n e r a t e d i n the a u r o r a l 

zone.) 

I f i n f r a s o n i c waves a r e the r e s u l t o f downcoming 

hy d r o m a g n e t i c waves i n t h e a u r o r a l zone, [Maeda and Watanabe 

(1 9 6 4 ) ] o r a r e t h e remains o f d i s t a n t l y o r i g i n a t i n g magneto-

s o n i c waves [ S e s s l e r (1964)] the o b s e r v e d magnetic d i s t u r b a n c e 

w i l l p r opagate i n d e p e n d e n t l y o f the s o n i c waves and no s i m p l e 

r e l a t i o n need p r e v a i l between wave c h a r a c t e r i s t i c s and t h e ob s e r v e d 

m a g n e t i c d i s t u r b a n c e . 

I f t he s o n i c waves p e r t u r b overhead magnetic c u r r e n t s 

a g a i n no s i m p l e r e l a t i o n s h i p between wave a m p l i t u d e and magnetic 

d i s t u r b a n c e i s t o be e x p e c t e d . I f the w a v e l e n g t h o f the s o n i c 

waves i s l e s s t h a n a hundred km. and t h e w i d t h o f t h e c u r r e n t 

s h e e t i s g r e a t e r t h a n t h a t , p e r t u r b a t i o n p r o b a b l y won't be 

o b s e r v e a b l e a t ground l e v e l . (A 100 km. w a v e l e n g t h c o r r e s p o n d s 

t o a p e r i o d o f about 200 sec.) A l s o i n t h i s case t h e p r e 

e x i s t i n g c u r r e n t w i l l r e s u l t i n a magnetic, bay whose a m p l i t u d e 

i s many t i m e s g r e a t e r t h a n t h a t o f t h e p u l s a t i o n s . 

I f s o n i c waves r e s u l t i n dynamo e f f e c t s t h e s e may be 

t r e a t e d i n t h e same way as dynamo e f f e c t s due t o winds o r 

i n t e r n a l g r a v i t y waves, i . e . 
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E = ra t , J E j ( v o l t s / m ) = ( 0 . 0 ? ) £ _ | v | (km/sec.) ( C 5 A . 3 ) 

T h i s e l e c t r i c f i e l d raay t h e n be t a k e n as t h e e l e c t r i c 

f i e l d f o r t h e c a l c u l a t i o n o f the p e r t u r b a t i o n magnetic f i e l d and 

t h e H a l l d r i f t o f e l e c t r o n s as i n s e c t i o n ( 5 . 3 ) ; however, the 

i n t e r a c t i o n i s a c t u a l l y v e r y c o m p l i c a t e d . [See Macleod ( 1 9 6 6 ) ] . 

A u s e f u l e x p r e s s i o n f o r t h e change i n phase-path o f r a d i o waves 

t o be e x p e c t e d from an i n f r a - s o n i c wave has been g i v e n by B a r r y , 

G r i f f i t h s and Tanzer ( 1 9 6 6 ) . 

D i u r n a l and s e a s o n a l e f f e c t s on magnetosonic wave 

p r o p a g a t i o n a r e l a r g e l y due t o t e m p e r t u r e v a r i a t i o n i n t h e 

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

o c c u r . 

i i i ) B r u n t / V a i s a l a Resonance Waves 

These waves a r e c h a r a c t e r i s e d by m a i n l y v e r t i c a l 

p a r t i c l e m o t i o n , and by a f r e q u e n c y which v a r i e s 

l i n e a r l y w i t h t h e te m p e r a t u r e g r a d i e n t and i n v e r s e l y 

w i t h t e m p e r a t u r e [ l l a c d o n a l d ( 1 9 6 3 ) ] . At 100 - 125 km. 

a l t i t u d e t h e V a i s a l ' a f r e q u e n c y i s about V mln. o r 

t h e B r u n t p e r i o d .is about 250 s e c . but. may v a r y 

c o n s i d e r a b l y , a c c o r d i n g t o l l a c d o n a l d . The B r u n t 

r e s o n a n c e o c c u r s a t a f r e q u e n c y between t h e f r e q u e n c y 

r a n g e s o f i n f r a - s o n i c and i n t e r n a l g r a v i t y waves. 

S i n c e the p a r t i c l e m o t i o n i s l a r g e l y v e r t i c a l . B r u n t 

r e s o n a n c e waves s h o u l d n o t be as e f f e c t i v e i n p r o d u c i n g 

e l e c t r i c f i e l d s and c u r r e n t s o f d e t e c t a b l e magnitude 
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a t t h i s l a t i t u d o (magnetic d i p a n g l e 72°) as a c o u s t i c 

o r i n t e r n a l g r a v i t y waves i n v o l v i n g h o r i z o n t a l gas 

m o t i o n s . 

i v ) I n t e r n a l G r a v i t y o r Tharmobaric G r a v i t y v/av^s. 

l l u c h o f the d i s c u s s i o n c o n c e r n i n g s o n i c waves and 

wind-borne i r r e g u l a r i t i e s a l s o a p p l i e s t o i n t e r n a l 

g r a v i t y waves. The d i s t i n c t i v e c h a r a c t e r i s t i c s a re 

as f o l l o w s : 

I n t e r n a l g r a v i t y waves may propagate t h r o u g h o u t t h e 

atmosphere ; however, waves o f p e r i o d l e s s t h a n about 

f i v e . min. a r e c o n f i n e d t o t h e l o w e r atmosphere. 

[ P i t t e w a y and H i n e s ( 1 9 6 5 ) , Macdonald ( 1 9 6 3 ) ] . The 

h i g h f r e q u e n c y c u t - o f f i n the i o n o s p h e r e i s approx

i m a t e l y a t t h e V a i s a l a o r B r u n t f r e q u e n c y . U s i n g t h e 

f o r m u l a o f H i n e s and P i t t e w a y , t h e c u t - o f f p e r i o d f o r 

the m i d - l a t i t u d e n i g h t - t i m e i o n o s p h e r e a t 150 km. 

i s about 1+50 s e c . At 300 km. i t i s about 2 x 1C V 

s e c . [ F r i e d m a n ( 1 9 6 6 ) ] . 

The group v e l o c i t y i s u s u a l l y somewhat l e s s t h a n t h e 

phase v e l o c i t y w h i c h has a magnitude o f about 300 

m/sec. G r a v i t y waves may g e n e r a t e c u r r e n t s by dynamo 

a c t i o n i n t h e E r e g i o n , i n wh i c h case o n l y v e r y s m a l l 

m a g n e t i c p e r t u r b a t i o n s would o c c u r . They may p e r t u r b 

e x i s t i n g c u r r e n t systems i n wh i c h case the s i z e o f 

the d i s t u r b a n c e would depend on the magnitude o f 

t h e e l e c t r o j e t c u r r e n t as w e l l as on t h e g r a v i t y wave 

c h a r a c t e r i s t i c s . 
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I n t e r n a l g r a v i t y waves show a downward, phase p r o g r e s s i o n 

(when energy i s p r o p a g a t i n g upward) and c h a r a c t e r i s t i c 

r e l a t i o n s h i p s between v e r t i c a l and h o r i z o n t a l wave

l e n g t h s and p e r i o d . They a r e m a i n l y v e l o c i t y waves 

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

A c c c r d i r g to. Goodwin (1966) i o n i s a t i o n i r r e g u l a r i t i e s 

i n t h e f orm o f l o n g (thousands o f Inn.) f r o n t s o r 

r i d g e s o n l y about 9 - 2 4 km. i n w i d t h and f r e q u e n t l y 

e x t e n d i n g up i n t o the F r e g i o n , a r e o b s e r v e d a t 

m i d - l a t i t u d e s . The f r o n t s sometimes o c c u r i n groups 

spaced about 20 km. a p a r t and move (N-S) away from th e 

a u r o r a l zone and p e r p e n d i c u l a r t o t h e i r l o n g (E-W) 

d i m e n s i o n . 

V e l o c i t i e s a r e o f the o r d e r o f magnitude 12 - 75 m/sec""'" 

c o n s e q u e n t l y the a p p a r e n t p e r i o d o f a m u l t i p l e f r o n t 

d i s t u r b a n c e would be about 200 t o 2000 sec. Goodwin 

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

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

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

e x i s t i n g (Sq e l e c t r o j e t ) c u r r e n t s s h o u l d be p o s s i b l e . 

A n o t h e r example o f i o n o s p h e r i c m o tions w h i c h may be 

a t t r i b u t e d t o i n t e r n a l g r a v i t y waves i s p r e s e n t e d by 

Georges (1967). 

Waves o f i o n i s a t i o n i n t h e F^ l a y e r a r e n o t l i k e l y 

t o be produced by i n t e r n a l g r a v i t y waves, because o f 

poor n e u t r a l - e l e c t r o n c o u p l i n g . W:ves w i t h p e r i o d s 

s h o r t e r t h a n about f o u r min. or w i t h t r u e group 
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v e l o c i t i e s a p p r e c i a b l y h i g h e r t h a n the l o c a l speed o f 

sound (~ 300 m s e c " 1 ) a r e n o t l i k e l y t o be i n t e r n a l 

g r a v i t y waves, n o r are waves i n v o l v i n g p r e d o m i n a n t l y 

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

f l u c t u a t i o n s . 

v) I o n - A c o u s t i c Waves 

I o n - a c o u s t i c waves nay o c c u r i n the i o n o s p h e r e due 

t o v e r t i c a l gradient:;-, i n e l e c t r o n d e n s i t y [D'Angelo 

and M i c h e l sen (1967)], o r t o o t h e r causes [ ( S c a r f , Crook 

and F r e d r i c k s (1965) p. 3 0 4 7 . ] 

L i k e n e u t r a l gas waves, i o n - a c o u s t i c waves do n o t 

d i r e c t l y i n v o l v e magnetic p e r t u r b a t i o n s * b u t u n l i k e the 

n e u t r a l waves, t h e y nay be a s s o c i a t e d w i t h e l e c t r o n 

d e n s i t y v a r i a t i o n s h i g h i n the i o n o s p h e r e and i n t h e 

magnetosphere. I n the r e g i o n 150 - 250 km. where t h e 

P e d e r s e n c o n d u c t i v i t y i s a p p r e c i a b l e , i o n - a c o u s t i c 

waves may p e r t u r b any p r e v a i l i n g h o r i z o n t a l i o n o s p h e r i c 

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

,54.e) Hydromagnetic and ULF E l e c t r o m a g n e t i c Waves i n t h e  

Ion o s p h e r e 

i ) Hydromagnetic Wav<;s 

The p r o p a g a t i o n o f nydromagnetic waves i n the i o n o s p h e r e 

has been d i s c u s s e d by L e h n e r t (1956) and by Watanabe 

( 1 9 6 2 ) . The range o f p e r i o d s f o r which, t r u e HM waves 

can propagate a t v a r i o u s h e i g h t s i n the i o n o s p h e r e i s 

l i m i t e d . Over much o f t h e s p e c t r a l range o f p r i n c i p a l 

i n t e r e s t ( 0 . 0 0 1 - 0 . 1 Ez) and i n the l o w e r E r e g i o n 
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and t h e l o w e r F r e g i o n t h e i o n o s p h e r e behaves l i k e 

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

waves do n o t p r o p a g a t e but r a t h e r may s e t - u p ULF 

e l e c t r o m a g n e t i c waves. The c a l c u l a t i o n o f a c t u a l 

p r o p a g a t i o n parameters and d i s p e r s i o n e q u a t i o n s f o r a 

g i v e n i o n o s p h e r i c model may o n l y be c a r r i e d o ut 

n u m e r i c a l l y and by l i n e a r i s i n g the e s s e n t i a l l y non

l i n e a r e q u a t i o n s d e s c r i b i n g the m o tions o f t h e v a r i o u s 

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

An e x c e l l e n t development o f t h e t h e o r y I s t h a t o f 

P r i n c e and B o s t i c k ( 1 9 6 3 ) . However, t h e y do n o t 

emphasize th e major d i f f i c u l t y w h i c h r e s u l t s f r o m t h e 

f a c t t h a t t h e w a v e l e n g t h s o f hydromagnetic waves i n 

t h e 0 . 0 1 Hz range a r e o f t h e o r d e r o f 10 km.while 

t h e s c a l e h e i g h t s o f t h e i o n o s p h e r e (T e,N v a r i a t i o n ) 

a r e o f t h e o r d e r o f a few t e n s o f km. a t most. 

C o n s e q u e n t l y r e f r a c t i o n and mode c o u p l i n g problems 

a r e severe.. 

R i s h b e t h and G a r r i o t t (19£4) assume a h i g h l y i d e a l i s e d 

s i t u a t i o n i n v o l v i n g a s i m p l e down-coming A l f v e n wave 

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

c o u p l e d t o such a wave ( H a l l d r i f t ) i n t h e F r e g i o n 

i s g i v e n by : 



where £B i s the a m p l i t u d e o f the magnetic d i s t u r b a n c e i n the 

n o r t h w a r d d i r e c t i o n _J__ t o B Q , l« e« the ™ d i r e c t i o n , V the 

v e l o c i t y i n t h e same d i r e c t i o n , m^ t h e average i o n mass, N g 

t h e e l e c t r o n number d e n s i t y , ^ 1 t h e f r e q u e n c y o f c o l l i s i o n s o f 

an e l e c t r o n w i t h n e u t r a l p a r t i c l e s , and « t h e a n g u l a r f r e q u e n c y 
1/2 

o f t h e hy d r o m a g n e t i c wave. T h i s e q u a t i o n g i v e s c o 

dependence on AB, b u t t h e a c t u a l dependence o f v on 0 0 i s 

r e l a t e d t o t h e d i s p e r s i o n c h a r a c t e r i s t i c s o f the meduim, and 

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

f a s h i o n . The c o m p l e x i t y o f t h e v a r i a t i o n s i n phase v e l o c i t y 

and a t t e n u a t i o n may be g a t h e r e d from P r i n c e and B o s t i c k (1964) 

and G r e i f i n g e r and G r e i f i n g e r (1965) . 

I n a d d i t i o n t o t h e ' f a s t ' HM waves t h e r e a r e a l s o 

waves wh i c h propagate more n e a r l y a t t h e speed o f sound i n the 

meduim fVJatanabe (1961$] and i n v o k e magnetic f i e l d p e r t u r b a t i o n s . 

An attempt was made t o d e r i v e more a c c u r a t e r e l a t i o n 

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

magnetic p e r t u r b a t i o n f i e l d o f HM waves o f v a r i o u s t y p e s , 

but i t was found t h a t no g e n e r a l r e l a t i o n s c o u l d be d e r i v e d 

and each case r e q u i r e s a v e r y f u l l and e x p l i c i t s p e c i f i c a t i o n 

o f p a r a m e t e r s . 

i i ) ULF / EM waves 

I t appears more l i k e l y t h a t e l e c t r o m a g n e t i c waves, 

i n t h e C .01 Hz range may prop a g a t e i n t h e i o n o s p h e r e , 

t h a n HM waves. [Watanabe ( 1962 )]. B o t h o r d i n a r y 

EM waves, and EM s u r f a c e waves depending on t h e 
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t r a n s v e r s e H a l l c o n d u c t i v i t y peak o c c u r r i n g n e a r 120 km. 

may p r o p a g a t e . [ R o s t o k e r (1965) (1966) ] . However, 

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

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

may be q u i t e i m p o r t a n t i n d e t e r m i n i n g r e l a t i o n s h i p s 

betx/een e l e c t r i c f i e l d s i n t h e i o n o s p h e r e and 

magnetic f i e l d s o b s e r v e d a t ground l e v e l . 

I f o b s e r v a t i o n s show., l o w p r o p a g a t i o n v e l o c i t i e s ( l e s s 

t h a n 300 m/sec. [ L e h n e r t (1956)] or absence o f 

d i s p e r s i o n , t h e n i t i s u n l i k e l y t h a t e i t h e r EM o r 

- HM waves a r e i n v o l v e d . 

S i n c e t h e x/avelengths o f / t h e s e waves a r e v e r y g r e a t i t 

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

d i r e c t i o n w i t h h e i g h t w i t h i n the i o n o s p h e r e i f such 

waves a r e r e s p o n s i b l e f o r the e l e c t r o n d r i f t s . 

5.k.f), Sudden Commencement I n d u c t i o n 

A sudden i n c r e a s e i n s o l a r wind p r e s s u r e may produce 

an e l e c t r i c f i e l d i n t h e i o n o s p h e r e by i n d u c t i o n due t o t h e 

comp r e s s i o n o f t h e f i e l d l i n e s o f the magnetosphere. [ D e s s l e r , 

F r a n c i s and P a r k e r ( I 960 ) ] . 

An ap p r o x i m a t e v a l u e f o r t h e average e l e c t r i c f i e l d 

may be e s t i m a t e d by t a k i n g the l i n e i n t e g r a l around a p a r a l l e l 

o f l a t i t u d e . [ J a c o b s and Watanabe ( 1 9 6 6 ) ] . 



• 277 

cp E . ds = J J A & ) . dA ( 5 . 4 . 5 ) 

•'• • JEF n _ f Co k an \ [ a f t e r J a c o b s and Watanabe (196'6>] 

R i s t h e r a d i u s o f the e a r t h , \ Q i s t h e magnetic l a t i t u d e 

Where : n* i s magnetic p e r t u r b a t i o n , 

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

at i s an element o f p a t h l e n g t h , 
_> 
dA i s an element o f a r e a , 

V i s e l e c t r o n d r i f t speed, e 
m _ 2 j r , where T i s t h e time s c a l e o f the sudden 

4~T 
c o m p r e s s i o n . 

^ h T h i s e l e c t r i c f i e l d v a r i e s as 

or c o n s i d e r i n g a F o u r i e r component ipHhf 
C o n s e q u e n t l y , u s i n g the K a i l d r i f t r e l a t i o n t h a t 

|Ve|*|E| we g e t Lfj co ( 5^ .6 ) 

f o r t h i s sudden commencement model. 

(However, o t h e r types' o f modal, i n v o v l i n g h y d romagnetic waves, 

have been proposed f o r sudden commencement e f f e c t s . 

[StegeTman and K e n s c h i t z k i ( 1 9 6 4 ) ] . A f t e r J a c o b s and Watanabe 

the e x p e c t e d D o p p l e r s h i f t a t 54° l a t i t u d e would be about : 

if = % 5 £B ( i n . gammas) (5.4.7) . 
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TABLE 

e r v a t I o n s Tending, to E l i m i n a t e Source Phenomena 

a) c u r r e n t s 

b) e n e r g e t i c - p a r t i c l e 
p r e c i p i t a t i o n 

c) wind-borne i r r e g u l a r 
i t i e s 

d) n e u t r a l gas waves and 
i o n - a c o u s t i c waves 

a l s o f o r v a r i o u s t y p e s : 

i n t e r n a l g r a v i t y waves-

B r u n t A a i s a l a 
r e s o n a n c e 

i n f r a s o n i c waves 

A f p e r i o d s h o r t compared t o L/R 
ti m e c o n s t a n t o f h y p o t h e t i c a l 
c u r r e n t . 
no magnetic d i s t u r b a n c e . 

absence o f r i o m e t e r a b s o r p t i o n , 
absence o f f a d i n g ( s o u n d i n g o r o t h e r ) 
o f r e c e i v e d s i g n a l s t r e n g t h s . 

A f change too r a p i d f o r s m a l l e s t 
o b s e r v e a b l e ( 1 s t F r e s n e l zone) 
i r r e g u l a r i t i e s t o pass by a t t h e 
h i g h e s t p r o b a b l e wind speed. 

s i m u l t a n e o u s h i g h (>1 km. s e c ' 1 ) 
v e r t i c a l and h o r i z o n t a l p r o p a g a t i o n 
v e l o c i t i e s . 
absence o f magnetic bay f o r 
mechanism (2) app. 6 . 3 . 

p e r i o d s l e s s t h a n 5 min. 
absence o f d i s p e r s i o n w i t h h e i g h t . 

p e r i o d l e s s t h a n 2 min. or 
g r e a t e r t h a n 10 min. 
r e v e r s a l o f A f w i t h h e i g h t . 

p e r i o d s l o n g e r t h a n 10 min. 
F r e g i o n d i s t u r b a n c e only.-

i o n - a c o u s t i c waves 

e) HM/EM ULF waves 

f ) c o m p r e s s i o n i n d u c t i o n 
e f f e c t . 

g) P r o p a g a t i o n between 
t h e e a r t h and t h e 
I o n o s p h e r e , 

- A f , E l a y e r g r e a t e r t h a n A f , F l a y e r . 

- l o w (<1 km. sec ^) v e r t i c a l propag
a t i o n v e l o c i t y . 

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

- g e o g r a p h i c a l l y l o c a l i s e d (500 km.) 
magnetic d i s t u r b a n c e . 

- r e v e r s a l o f A f w i t h h e i g h t . 

- A f , F l a y e r , g r e a t e r t h a n A f , E l a y e r 
i f p e r i o d s h o r t e r t h a n E l a y e r 
r e c o m b i n a t i o n t i m e . 
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APPENDIX I I I 

) . D e t a i l e d S p e c i f i c a t i o n s o f t h e T e l l u r i c P o t e n t i a l System 

S e p a r a t i o n o f e l e c t r o d e s N-S 440 m., E-W 510 m. 

Source r e s i s t a n c e (E-W) 285 - 0 _ 

Normal DC p o t e n t i a l (E-W) 120 mV s' _ . 

I n p u t impedance o f f i l t e r 4000S.c.t. 

DC a t t e n u a t i o n b e f o r e a m p l i f i e r 3 2 db. 

60 Hz a t t e n u a t i o n b e f o r e a m p l i f i e r 95 db. 

A m p l i f i e r s : L i s t o n B e c k e r model 14 , s e r i a l numbers : 

3 2 0 , 4 h i , 4 4 6 

Maximum p o s s i b l e g a i n ( f o r 1:1 S/N r a t i o ) 110 db. 

As n o r m a l l y used (C4, F 1 0 ) g a i n o v e r a l l f r om l i n e t o o u t p u t i s 

50 db. ("he a m p l i f i e r s a r e u s e d - w e l l , w i t h i n t h e i r d r i f t , n o i s e 

l e v e l , and g a i n c a p a b i l i t i e s , ' ; 

The f r e q u e n c y r e s p o n s e o f the system i s g i v e n i n F i g . 5 .5*1 

The phase s h i f t i n F i g . 5 . 5 . 2 , 

The i m p u l s e r e s p o n s e i n F i g . 5 . 5 . 3 

The f r e q u e n c y r e s p o n s e o f the slow-speed tape r e c o r d - p l a y - b a c k 

system, is:.shown' i n " F i g . 5 . 5 . 4 

The t e l l u r i c p o t e n t i a l a m p l i t u d e as a f u n c t i o n o f the D and H 

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

o b s e r v a t o r y i s g i v e n i n F i g . 5 . 5 . 5 

The performance c a p a b i l i t i e s o f t h i s system a r e more 

t h a n adequate f o r m o n i t o r i n g r a p i d geomagnetic v a r i a t i o n s , and 

l o c a t i n g dominant s p e c t r a l peaks, and d e t e r m i n i n g t h e i r o r d e r 

o f magnitude. 



AMPLITUDE 
mm p e r mV p e r Km. 

100 -

10 

1.0 

0.1 

Low F r e q u e n c y Band 
s w i t c h ' A * c l o s e d 

0.0001 

FREQUENCY 

0.001 0.01 0.1 1.0 10. 
Hz 

F i g . 5 . 5 . 1 , , F r e q u e n c y Response o f the T e l l u r i c P o t e n t i a l C h a r t - r e c o r d i n g s y s t e m 

The two "bands a r e r e c o r d e d s e p a r a t e l y t o a i d i n d i s t i n g u i s h i n g m i c r o p u l s a t i o n 
c l a s s e s . S w i t c h ' A f i s shewn i n F i g . X . . 2 . 3 . I t i s u s e d t o a t t e n u a t e m a g n e t i c 
s t o r m s and d i u r n a l e l e c t r o c h e m i c a l p o t e n t i a l v a r i a t i o n s . 



PHASE ANGLE 
by which chart record 
LAGS input signal 
3 6 0 ° - * 

0 . 0 0 0 1 0 . 0 0 1 0 . 0 1 0.1 1.0 1 0 . 0 

FREQUENCY Hz 
F l S . 5 . 5 . 2 . Phase Shift as a function of micropulsation frequency 

Telluric potential chart records Low Frequency Band channel 
(switch fA* closed) 



High 
Frequency 
Band 

Low 
Frequency 
Band 

Fig.5 . 5 * 3 . Transient Response of the T e l l u r i c P o t e n t i a l recording 
system. A square wave of 0.01 Hz and 2.0V pp. amplitude 
was applied to the c a l i b r a t i o n pad input. 

CO 



AMPLITUDE 
V o l t s o u t p u t 
p e r mV p e r Km i n p u t 

10.0~~« 

0.0001 0.001 0.01 0.1 1.0 10 

FREQUENCY 

F i g . 5.5*4 F r e q u e n c y Response o f the FM s l o w s p e e d Tape R e c o r d e r 
( Measured from r e c o r d i n p u t 5.6 Inches p e r minute t o 

p l a y b a c k o u t p u t ? \ Inches p e r s e c o n d ; i n p u t f r e q u e n c i e s 
a r e u s e d i n the p l o t , o u t p u t f r e q u e n c i e s a r e 80X i n p u t . 
f r e q u e n c i e s . ) 
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S c a l e 
D i v i s i o n s 
p e r 
Gamma i n 
m a g n e t i c 
H 

component j 

1 0 0 

10 

1.0 

CO 

F l g . 5.j?.5 

0 . 0 0 0 1 0 . 0 0 1 
M i c r o p u l s a t i o n F r e q u e n c y 

C a l i b r a t i o n C u r v e f o r E-W T e l l u r i c p o t e n t i a l r e c o r d s i n terms 
o f N-S ( H component) m a g n e t i c r e c o r d s from the V i c t o r i a 
M a g n e t i c O b s e r v a t o r y . Twenty e v e n t s o c c u r r i n g i n J u n e a n d 
J u l y 1 9 6 5 were u s e d . 



285 
b) S p e c i f i c a t i o n s o f t h e V a r i a n R u b i d i u m Vapour Magnetometer. 

(Used a t R o y a l Roads, and on the e c l i p s e p r o j e c t ) 

Type : V a r i a n , mdel : X49 - 5 3 0 , S e r i a l Ho. 4. 

S e n s i t i v i t y 0.01 Y. max., 0.1 Y as used. 

Time r e s o l u t i o n + 5 seconds (20 cm./hr. c h a r t speed) 

+ 0 . 2 seconds magnetic tape r e c o r d . 

(The n o i s e l e v e l o f t h e i n s t r u m e n t i s 1 0 ~ 2 Y R.M.S.) 

E c l i p s e - C a l i b r a t i o n = 2 Y f u l l s c a l e V a r i a n c h a r t . 

R o y a l Roads c a l i b r a t i o n = 20 Y f u l l s c a l e b r u s h c h a r t . 

c) S p e c i f i c a t i o n s o f t h e U.B.C./P.Nt.L. Westham I s l a n d S t a t i o n 

i ) m agnetic i n d u c t i o n m i c r o p u l s a t i o n equipment : 

R e f e r e n c e s : 

D.R.B. Canada, P.N.L. Tech. Rep. B 427. 

P. J . Evans (I960) Lab. n o t e : 60-11. 

S p e c i f i c a t i o n s : 

3 component mu-metal c o r e d c o i l s . 

F r e quency range 0.02 - ' 5 .0 Hz. 

A m p l i t u d e r e s o l u t i o n b e t t e r than.0.001 Y / s e c . 

Time r e s o l u t i o n : 1 sec. E s t e r l i n e Angus c h a r t . 

R e c o r d a t 6"/hr. 

i i ) F l u x g a t e 3 component magnetometer 

PSC Type T 613 

Am p l i t u d e r e s o l u t i o n 2 Y 

Time r e s o l u t i o n 9 s e c . L and IT c h a r t r e c o r d e r 

8 1 1/nr. 
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5-.6 Appendix IV 

ffata R e d u c t i o n 

Some d a t a r e d u c t i o n was performed u s i n g analogue 

s p e c t r a l a n a l y s i s equipment. 

Some o f t h e d a t a was d i g i t i s e d and f e d i n t o t h e PNL 

Raytheon 250 computer and v a r i o u s s t a t i s t i c s computed. [The 

program was w r i t t e n by Lokke n , J.E., M a u n s e l l , C.P. and Van 

A n d e l , H.W.H. and i s d e s c r i b e d i n PNL L a b o r a t o r y Note 61 -11, 

( 1 9 6 1 ) ] . The approach i s based on t h e methods o f Blackman and 

Tukey (195&) and Goodman (1957). [See a l s o T i n t n e r (1965) 

p a r t 3.] 

The program i s used t o compute t h e a u t o c o r r e l a t i o n 

and s p e c t r a o f two I n p u t s i g n a l s , and t h e n t h e c r o s s - s p e c t r a and 

th e c o h e r e n c i e s . 

The o u t p u t v a r i a b l e s a r e : 

k t h e l a g number o r f r e q u e n c y band i n d e x number, 

A^ t h e a u t o c o r r e l a t i o n f u n c t i o n f o r c h a n n e l 1, 

X t h e pow^r/Frsquency spectrum f o r c h a n n e l 1, 

Log X t h e l o g a r i t h m o f t h e above, 

t h e a u t o c o r r e l a t i o n f u n c t i o n f o r c h a n n e l 2, 

Y t h e spectrum f o r c h a n n e l 2, 

Log Y l o g spectrum f o r c h a n n e l 2, 
C + D 

E<.7~~2— — the c o v a r i a n c e o f 1 and 2 w i t h 1 l a g g i n g = C 
p l u s t h e c o v a r i a n c e o f 1 and 2 w i t h 2 l a g g i n g = D 
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F~ :#5*> — the s i g n o f F i n d i c a t e s the d i r e c t i o n o f 

skevne3S o f t h e c r o s s c o r r e l a t i o n f u n c t i o n , 

g^; — t h e co-spectrum (X Y) g i v e n by 

\ ' -• f { l 1 - 0 E « ) -d + c o s n 1 > < c o s *=* > + E ( o ) _ 

"Wj, : the q u a d r a t u r e spectrum (same as 2 above, e x c e p t 

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

•W, 1 F o u r i e r t r a n s f o r m e d 
Q - ,J£—,. Y c o r r e l a t i o n c o e f f i c i e n t s 

X Y \ 
k k J 

R the coherence as a f u n c t i o n o f f r e q u e n c y band 

— t h e phase a n g l e as a f u n c t i o n o f f r e q u e n c y band 
-1 W k 

= t a n jT* ( P h i = 0 i f the c r o s s c o r r e l a t i o n 
®k i s s y m e t r i c a l about 0 l a g s . ) 

j£* l a g number. = 1/2 f o r k = 0 and m 

= 1 o t h e r w i s e 

m = maximum l a g . 

The coherence f u n c t i o n peaks, whenever the same 

f r e q u e n c y components a r e p r e s e n t i n the two r e c o r d s . The phase 

ang le (^ ) i n d i c a t e s t h e phase d i f f e r e n c e between such a s s o c 

i a t e d components. 


