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ABSTRACT 

I n 1961 a m a g n e t i c o b s e r v a t o r y was e s t a b l i s h e d a t 

F r e e t o w n , S i e r r a Leone (13° 13'W, 8° 28'N) j u s t n o r t h o f 

the d i p e q u a t o r . R e c o r d s f o r H, D and Z f o r the p e r i o d 

J u l y 1961 to June 1965, c o v e r i n g the r e c e n t minimum i n 

s u n s p o t a c t i v i t y , have been a n a l y s e d by the method due to 

Chapman and M i l l e r to g i v e the f i r s t f o u r s o l a r and l u n i -

s o l a r h a r m o n i c s o f the d a i l y v a r i a t i o n . The d a t a was 

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

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

m a g n e t i c a c t i v i t y i n d e x C i ^ 1.2. P r o b a b l e e r r o r s f o r a l l 

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

d i a l s . 

The s e a s o n a l changes o f the s o l a r terms show a movement 

of the e q u a t o r i a l c u r r e n t s y s t e m i n o p p o s i t i o n to the sun 

w i t h a l a r g e r s h i f t d u r i n g the n o r t h e r n summer months t h a n 

d u r i n g the n o r t h e r n w i n t e r months. The s e a s o n a l v a r i a t i o n s 

o f the l u n a r terms show s i m i l a r c h a n g e s i n d i c a t i n g t h a t the 

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

to the s o l a r c u r r e n t s y s t e m . 

The o c c u r r e n c e of p u l s a t i o n s i n the h o r i z o n t a l i n t e n 

s i t y o f p e r i o d a p p r o x i m a t e l y two m i n u t e s h a s been a n a l y s e d 

f o r the y e a r from March 1962 to F e b r u a r y 1963. Two maxima 

were found, one a t dawn and t h e second a t noon. The dawn 

maxima was a b s e n t d u r i n g n o r t h e r n w i n t e r months. 
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A s h o r t f i e l d s u r v e y was u n d e r t a k e n t o e n a b l e the 

p l o t t i n g o f m a g n e t i c c h a r t s f o r S i e r r a L e o ne. Measurements 

were a l s o made of t h e d a i l y v a r i a t i o n s a t t h r e e f i e l d 

s t a t i o n s i n S i e r r a Leone w h i c h c o n f i r m e d t h e d a y - t o - d a y 

v a r i a b i l i t y o f the d a i l y v a r i a t i o n s of t h e e q u a t o r i a l 

i o n o s p h e r i c c u r r e n t s y s t e m . 
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2. INTRODUCTION 

The E a r t h ' s m a g n e t i c f i e l d h a s f o r many c e n t u r i e s 

been the s u b j e c t o f s c i e n t i f i c i n v e s t i g a t i o n . Once the 

d i r e c t i o n a l p r o p e r t y of a p i e c e o f suspended l o d e s t o n e 

had been e s t a b l i s h e d , i t was m e r e l y a q u e s t i o n of time 

and a c c u r a c y o f o b s e r v a t i o n b e f o r e the phenomenon o f 

d e c l i n a t i o n was d i s c o v e r e d . The e x a c t d a t e i s u n c e r t a i n , 

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

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

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

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

c o v e r e d , t h a t i s , the a n g l e a t w h i c h a suspended magnet 

t i l t s from the h o r i z o n t a l t o w a r d s the e a r t h . I n 1576 

NORMAN c o n s t r u c t e d the f i r s t d i p - c i r c l e and d e s c r i b e d i t 

i n a work f i r s t p u b l i s h e d i n 1581. 

S h o r t l y a f t e r t h i s GILBERT ( 1 6 0 0 ) p u b l i s h e d 'Do 

Magnete' one o f the most i m p o r t a n t t r e a t i s e s oh the s u b j e c t 

of magnetism i n g e n e r a l . A p a r t from a d e s c r i p t i o n o f 

o r d i n a r y m a g n e t i c e f f e c t s , he d e a l t w i t h the E a r t h ' s mag

n e t i c f i e l d i n g r e a t d e t a i l , a l w a y s l a y i n g e m p h a s i s on t h e 

e x p e r i m e n t a l a p p r o a c h to t h e s u b j e c t . However, one s t a t e 

ment i n G i l b e r t ' s work was p r o v e d t o be i n c o r r e c t when 

GELLIBRAND ( 1 6 3 5 ) d i s c o v e r e d t h e s e c u l a r v a r i a t i o n i n the 

d e c l i n a t i o n o The s e c u l a r v a r i a t i o n i s t h e v e r y s l ow change 



i n magnitude and d i r e c t i o n o f t h e E a r t h ' s t o t a l f i e l d a t 

any one p o i n t on the s u r f a c e of the E a r t h . G i l b e r t h a d 

s t a t e d t h a t " t h e v a r i a t i o n ( i . e . d e c l i n a t i o n ) a t any one 

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

and c o n s t r u c t i o n must have been r e l a t i v e l y s l o w a s a 

f u r t h e r n i n e t y y e a r s were t o e l a p s e b e f o r e t h e non-

s e c u l a r v a r i a t i o n s were n o t i c e d . GRAHAM ( 1 7 2 4 ) found 

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

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

c o v e r e d by CANTON ( 1 7 5 9 ) , who found t h a t t h e mean r a n g e 

of the d a i l y v a r i a t i o n i n the d e c l i n a t i o n a t London on 

u n d i s t u r b e d d a y s was i n June n e a r l y t w i c e t h a t o b s e r v e d 

i n December. 

I n 1741 CE L C I U S and HIORTRR a t U p s a l a and GRAHAM i n 

London s t u d i e d the d a i l y v a r i a t i o n s i n the d e c l i n a t i o n on 

the same d a y s and d i s c o v e r e d t h a t l a r g e i r r e g u l a r v a r i a 

t i o n s o c c u r r e d a t both p l a c e s s i m u l t a n e o u s l y . A t the same 

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

was o b s e r v e d t o be d i r e c t l y c o r r e l a t e d w i t h the i n c i d e n c e 

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

At the b e g i n n i n g o f t h e n i n e t e e n t h c e n t u r y m a g n e t i c 

o b s e r v a t o r i e s were b e i n g s e t up i n v a r i o u s p a r t s o f t h e 

w o r l d , i n c l u d i n g a few i n t r o p i c a l l a t i t u d e s ; and i n 1834 

the G o t t l n g e n M a g n e t i c U n i o n was formed, whereby a number 
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of o b s e r v a t o r i e s c o r r e l a t e d t h e i r work and a g r e e d upon a 

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

VON HUMBOLDT had p r e v i o u s l y o r g a n i z e d t h i s t y p e of s i m u l 

t a n e o u s o b s e r v a t i o n programme on a w o r l d - w i d e b a s i s . The 

o b s e r v a t i o n s were l i m i t e d t o the d e c l i n a t i o n , c h i e f l y 

b e c a u s e a t t h a t time the o n l y i n s t r u m e n t s c a p a b l e of any 

r e a s o n a b l e d e g r e e o f a c c u r a c y were t h o s e f o r t h e measurement 

of t h i s q u a n t i t y . D u r i n g t h e s i x y e a r p e r i o d o f the 

M a g n e t i c U n i o n , t h i s s i t u a t i o n was r e c t i f i e d i n p a r t by 

LLOYD, who i n t r o d u c e d h i s m a g n e t i c b a l a n c e f o r t h e m e a s u r e -

merit o f v a r i a t i o n s i n t h e v e r t i c a l i n t e n s i t y . A l l of t h e 

a c c u r a t e i n s t r u m e n t s were, by now, u s i n g a lamp m i r r o r 

and s c a l e a r r a n g e m e n t f o r the measurements, t h e o b s e r v a 

t i o n s b e i n g made v i s u a l l y . A l t o g e t h e r some 50 s t a t i o n s 

p a r t i c i p a t e d t o a g r e a t e r or l e s s e r e x t e n t i n t h e p r o 

gramme drawn up by the G o t t i n g e n M a g n e t i c U n i o n w i t h a 

w o r l d - w i d e c o v e r a g e w h i c h e x t e n d e d t o New Z e a l a n d and 

T a s m a n i a a l t h o u g h by f a r t h e m a j o r i t y o f s t a t i o n s were i n 

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

The n e x t m a j o r advance i n the development o f m a g n e t i c 

o b s e r v a t i o n s was i n 1847, when a u t o m a t i c p h o t o g r a p h i c 

r e g i s t r a t i o n was i n t r o d u c e d a t the R o y a l O b s e r v a t o r y a t 

G r e e n w i c h . The i n s t r u m e n t s and r e c o r d i n g a r r a n g e m e n t s were 

d e s i g n e d by BROOKE ( 1 8 4 7 ) , who was s p u r r e d t o t h i s work 

f o l l o w i n g a m e e t i n g o f the B r i t i s h A s s o c i a t i o n a t Cambridge. 



He was a l s o awarded a p r i z e of £500 o f f e r e d by the 

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

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

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

magnetometers f o u r y e a r s l a t e r . The m a g n e t i c o b s e r v a t o r y 

by t h i s t i m e had t a k e n on an a p p e a r a n c e s i m i l a r t o t h a t 

o f a p r e s e n t day o b s e r v a t o r y , the main d i f f e r e n c e s b e i n g 

i n the a c c u r a c y o f t h e r e c o r d i n g i n s t r u m e n t s . Meanwhile 

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

i n i m p o r t a n c e a s t h e y were found to be r e l a t e d t o o t h e r 

phenomena. F o r example, SCHWABP. d i s c o v e r e d the e x i s t e n c e 

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

s u n s p o t s o v e r a p e r i o d o f 24 y e a r s and SABINE ( 1 8 5 1 ) soon 

showed t h e e f f e c t o f t h e 1 1 - y e a r s u n s p o t c y c l e i n a n 

e x t e n d e d s e r i e s of d e c l i n a t i o n measurements a t T o r o n t o . 

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

t i o n s was f o r e s h a d o w e d by STEWART ( 1 8 8 2 ) i n h i s t h e o r y o f 

the o r i g i n of the d a i l y v a r i a t i o n s o f the E a r t h ' s f i e l d . 

S t e w a r t r e v i e w e d e x p l a n a t i o n s o f t h e phenomena made by 

FARADAY and o t h e r s , and came t o t h e c o n c l u s i o n t h a t the 

d a i l y m a g n e t i c v a r i a t i o n s were due to e l e c t r i c c u r r e n t s 

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

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

the atmosphere by t h e h e a t i n g e f f e c t o f the s u n s h o u l d be 

r e g a r d e d a s ' c o n d u c t o r s moving a c r o s s l i n e s of m a g n e t i c 

f o r c e , and a r e t h u s the V e h i c l e of e l e c t r i c c u r r e n t s w h i c h 
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a c t upon t h e magnet'. S t e w a r t ' s p o s t u l a t e i s u s u a l l y 

c a l l e d t h e 'dynamo t h e o r y ' . SCHUSTER ( 1 8 8 9 ) s u p p o r t e d 

the t h e o r y and went f u r t h e r by p r o v i n g t h a t the g r e a t e r 

p a r t of t h e d a i l y m a g n e t i c v a r i a t i o n had i t s o r i g i n s 

o u t s i d e t h e E a r t h , and t h a t the r e m a i n d e r c o u l d be 

r e a s o n a b l y a t t r i b u t e d t o e a r t h c u r r e n t s i n d u c e d by the 

v a r y i n g e x t e r n a l f i e l d . CHAPMAN ( 1 9 1 9 ) improved t h e 

t h e o r y and c a r r i e d out an e x t e n s i v e a n a l y s i s of l u n a r 

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

e f f e c t i n t h e d a i l y m a g n e t i c v a r i a t i o n had been d i s c o v e r e d 

by K R E I L ( 1 8 5 0 ) from a s e r i e s o f n i n e y e a r s ' o b s e r v a t i o n s 

o f d e c l i n a t i o n a t P r a g u e . 

E x p e r i m e n t a l e v i d e n c e f o r the e x i s t e n c e of t h e c o n 

d u c t i n g l a y e r s i n the u p p e r a t m o s p h e r e , or i o n o s p h e r e a s 

i t i s now termed, was f o r t h c o m i n g i n 1925. E a r l i e r i n 

1901, MARCONI had s u c c e e d e d i n r e c e i v i n g w i r e l e s s s i g n a l s 

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

s i d e r a b l e i n t e r e s t a s t o the means of p r o p a g a t i o n o f t h e 

e l e c t r o m a g n e t i c waves round the c u r v e d s u r f a c e of the 

E a r t h . Once the p o s s i b i l i t y o f d i f f r a c t i o n had been 

e l i m i n a t e d , the e x i s t e n c e o f some form o f c o n d u c t i n g l a y e r 

i n t h e u p p e r atmosphere was g i v e n s e r i o u s c o n s i d e r a t i o n 

by b o t h H E AVISIDE ( 1 9 0 2 ) i n E n g l a n d and KENNELLY ( 1 9 0 2 ) 

i n A m e r i c a . D i r e c t e v i d e n c e f o r the e x i s t e n c e o f 

r e f l e c t i n g l a y e r s i n the u p p e r a t m o s p h e r e was found when 

APPLETON. and BARNETT ( 1 9 2 5 ) r e f l e c t e d r a d i o s i g n a l s back 



from the uppe r a t m o s p h e r e . A t ahout the same t i m e , 

B R E I T and TUVE ( 1 9 2 6 ) i n v e s t i g a t e d t h e u p p e r atmosphere 

u s i n g s h o r t d u r a t i o n ' p u l s e s ' , r e c e i v i n g t h e r e f l e c t e d 

s i g n a l s a t a p o i n t a few k i l o m e t r e s from t h e t r a n s m i t t e r . 

I n 1922 a m a g n e t i c o b s e r v a t o r y was e s t a b l i s h e d a t 

Huancuyd i n P e r u n e a r t h e m a g n e t i c e q u a t o r by t h e C a r n e g i e 

I n s t i t u t e o f Was h i n g t o n . From t h e r e s u l t s o b t a i n e d a t 

Huancuyo and o t h e r s t a t i o n s h a v i n g s m a l l d i p a n g l e s i t 

soon became a p p a r e n t t h a t t h e magnitude o f t h e d a i l y 

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

enhanced i n a narro w zone n e a r t h e m a g n e t i c e q u a t o r . 

F a r t h e r d i s c u s s i o n o f t h e s e r e s u l t s (EGEDAL 1947, CHAPMAN 

1951, MARTYN 1948) l e d t o t h e c o n c l u s i o n t h a t the abnormal 

v a l u e s a t Huancuyo were due t o a narrow band o f 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 c l o s e t o t h e d i p e q u a t o r . T h i s 

c u r r e n t hand was c a l l e d t h e e q u a t o r i a l e l e c t r o j e t by 

Chapman. Measurements i n r e c e n t y e a r s h a v e shown t h a t t h e 

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

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

s t i m u l a t e d t h e o r e t i c a l s t u d i e s o f t h e dynamo problem w h i c h 

had n o t a t t h a t t i m e b e en c o n f i r m e d q u a n t i t a t i v e l y . The 

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

t h a t t h e dynamo t h e o r y would be c o n f i r m e d q u a n t i t a t i v e l y 

b ut PEDERSON ( 1 9 2 7 ) h ad p o i n t e d out t h a t t h e c o n d u c t i v i t y 

v a l u e s w h i c h might be e x p e c t e d i n t h e i o n o s p h e r e were 

d e f i c i e n t f o r t h e p u r p o s e s o f t h e dynamo t h e o r y due t o 



t h e i n f l u e n c e o f t h e E a r t h ' s m a g n e t i c f i e l d . The s p i r a l 

m o t i o n s of t h e i o n s and e l e c t r o n s i n t h e s e r e g i o n s would 

slow up t h e i r motion p a r a l l e l t o a n e l e c t r i c f i e l d . 

However, P E K E K I S ( 1 9 3 7 ) showed t h a t t h e a m p l i t u d e o f a t 

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

i n c r e a s i n g the magnitude o f t i d a l v e l o c i t i e s t o be e x p e c t e d 

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

h e i g h t s t i l l d i d not produce c o n d u c t i v i t y v a l u e s s u i t a b l e 

f o r t h e p u r p o s e s o f the dynamo t h e o r y . T h i s was c o n f i r m e d 

by work on c u r r e n t i n d u c t i o n by ASHOUH and P R I C E ( 1 9 4 8 ) . 

MABTYN ( 1 9 4 8 ) t h e n s u g g e s t e d t h a t i f COWLING'S ( 1 9 3 3 ) 

work on the s o l a r a tmosphere c o u l d be a p p l i e d t o t h e i o n o * 

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

might be made good. C o w l i n g had c o n s i d e r e d t h e e f f e c t s o f 

t h e i n h i b i t i o n o f the t r a n s v e r s e c u r r e n t ( H a l l c u r r e n t ) by 

p o l a r i z a t i o n of t h e i o n i z e d medium; he found t h a t t h e 

e l e c t r o n c o n d u c t i v i t y i n c r e a s e d from t h e ' P e d e r s e n ' v a l u e 

t o t h a t w h i c h would be p r e s e n t i n t h e c o m p l e t e a b s e n c e o f 

a m a g n e t i c f i e l d . I t was soon a p p a r e n t t h a t t h i s s i t u a t i o n 

would o n l y be r e a l l y e f f e c t i v e i n e q u a t o r i a l r e g i o n s where 

t h e m a g n e t i c f i e l d l i n e s a r e n e a r l y h o r i z o n t a l . A t o t h e r 

l a t i t u d e s , the p o l a r i z a t i o n w h i c h was n e c e s s a r y t o i n h i b i t 

the H a l l c u r r e n t would l e a k away h o r i z o n t a l l y . 

BAKER and MARTYN ( 1 9 5 3 ) and BAKER ( 1 9 5 3 ) a t t e m p t e d a 

c o m p l e t e q u a n t i t a t i v e s o l u t i o n o f the dynamo t h e o r y f o r a 

s p h e r i c a l s h e e t i o n o s p h e r e o f f i n i t e t h i c k n e s s . 
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They found t h a t f o r the s e m i - d i u r n a l t i d e i n the 
e q u a t o r i a l i o n o s p h e r e the enhancement o f t h e c u r r e n t was 
by a f a c t o r of j u s t l e s s t h a n two. They f u r t h e r s t a t e d 
t h a t t h e f a c t o r was more l i k e l y t o be between two and 
f i v e . Thus the anomalous m a g n e t i c v a r i a t i o n s i n e q u a 
t o r i a l r e g i o n s were i n c l u d e d i n a t h e o r y of i o n o s p h e r i c 
c o n d u c t i v i t y b a s e d on t h e dynamo t h e o r y . HIKONO ( 1 9 5 0 , 
1952) and MAEDA>(1951) a t t a c k e d t h e same problem from a 
s i m i l a r v i e w p o i n t and produced r e s u l t s i n a g r e e m e n t w i t h 
B a k e r and M a r t y n ' s work. 

E x p e r i m e n t a l o b s e r v a t i o n s i n r e g i o n s c l o s e to t h e 

m a g n e t i c e q u a t o r were few and f a r between a t t h a t s t a g e . 

The e s t a b l i s h m e n t of new o b s e r v a t o r i e s f o r the i n v e s t i g a 

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

i n t h e n e x t s e c t i o n . I t became a p p a r e n t t h a t the e s t a b 

l i s h m e n t o f an o b s e r v a t o r y a t F r e e t o w n i n S i e r r a L e o n e 

w o u l d be o f v a l u e i n t h e w o r l d - w i d e s t u d y o f e q u a t o r i a l 

phenomena and i n 1961 the work w h i c h i s d e s c r i b e d i n t h i s 

t h e s i s was s t a r t e d . 



II 

3. THE GEOMAGNETIC OBSERVATORY AT FREETOWN 

3»1 R e a s o n s f o r e s t a b l i s h m e n t and s i t e 

The s t u d y o f the V a r i a t i o n s i n t h e E a r t h ' s m a g n e t i c 

f i e l d i n e q u a t o r i a l z o n e s was shown to be of i m p o r t a n c e 

by t h e r e s u l t s o b t a i n e d a t Huancuyo i n P e r u i n the p e r i o d 
a. 

1922-30. However, i t was hot u n t i l c o m p a r a t i v e l y r e c e n t l y — 

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

q u e n t l y a n i n c r e a s e i n r e s e a r c h f a c i l i t i e s t h a t the number 

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

More permanent s t a t i o n s and a l a r g e number of t e m p o r a r y 

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

t h e w o r l d - w i d e p r o j e c t s of t h e I.G.Y., I.G„C. and I.QoS.Y. 

I n t h e A f r i c a n e q u a t o r i a l zone, permanent o b s e r v a 

t o r i e s were s t a r t e d a t I b a d a n ( N i g e r i a ) i n 1955, A d d i s 

Ababa ( E t h i o p i a ) i n 1958, Z a r i a ( N i g e r i a ) i n 1958 and a t 

M'Bour ( S e n e g a l ) , F e r n a n d o Po, Bangui (Congo) and N a i r o b i 

( K e n y a ) . Of t h e s e , A d d i s Ababa and Z a r i a a r e c l o s e s t t o 

t h e m a g n e t i c e q u a t o r . F r e e t o w n w i t h a d i p a n g l e o f 1° 

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

p o i n t w e s t on t h e A f r i c a n c o n t i n e n t n e a r t o the m a g n e t i c 

e q u a t o r . F r e e t o w n i s n e a r l y 1000 m i l e s w e s t o f I b a d a n . 

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

g overned by economic f a c t o r s and a l s o the f a c t t h a t t h e 



Department of P h y s i c s p o s s e s s e d no equipment w i t h w h i c h 

t o c a r r y out a p r e l i m i n a r y m a g n e t i c s u r v e y . Oh t h e 

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

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

t o r y . However by t h i s time t h e o b s e r v a t o r y b u i l d i n g was 

c o m p l e t e and the s i t e had t o be a c c e p t e d . The o b s e r v a t o r y 

b u i l d i n g was c o m p l e t e d i n O c t o b e r 1960 and t h e f i r s t 

p h o t o g r a p h i c r e c o r d s o b t a i n e d i n J u n e 1961. 

The g e o g r a p h i c c o o r d i n a t e s o f t h e o b s e r v a t o r y w e r e 

o b t a i n e d by t r i a n g u l a t i o n from t h e t h r e e most d i s t a n t 

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

p o s i t i o n o f the o b s e r v a t o r y was d e t e r m i n e d a s 08° 28' 24 nN, 

13° 12* 57"W and 1150 f e e t (350 m e t r e s ) above mean s e a 

l e v e l . 

3.2 O b s e r v a t o r y d e s i g n 

The s t r u c t u r a l d e s i g n o f the o b s e r v a t o r y i s shown i n 

Diagram 1 w h i c h f o l l o w s , n o n - f e r r o u s b e i n g u s e d t h r o u g h o u t . 

The w a l l s o f the h u t were c o n s t r u c t e d from s a n d c r e t e b l o c k s 

shown i n s e c t i o n i n Diagram 1, the a i r h o l e s i n the b l o c k 

a s s i s t e d i n r e d u c i n g the e f f e c t of the e x t e r n a l t e m p e r a t u r e 

v a r i a t i o n s on t h e i n s t r u m e n t s i n t h e o b s e r v a t o r y . The 

c e i l i n g of t h e h u t was one i n c h t h i c k f i b r e b o a r d w i t h a 

second f i b r e b o a r d l a y e r above a s i x i n c h a i r s p a c e , The 

a i r i n t h e r o o f s p a c e above t h i s s e c o n d l a y e r was a b l e t o 
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c i r c u l a t e f r e e l y , there being a v e n t i l a t o r a t each *IN- 5. of 

the roof space. The roof was of l a r g e a s b e s t o s t i l e * 

f i t t e d to the wooden framework by aluminium hook b o l t s * 

Copper n a i l s and b r a s s screws were used throughout th*> con

s t r u c t i o n of the hut, the door l o c k s a l s o being made 

e n t i r e l y of b r a s s . 

The c o n t r o l hut, 110 metres from the observatory, con

s i s t e d of f i v e rooms one of which was a l l o c a t e d to the geo

magnetic work. The magnetic r e s e a r c h room contained dark 

room f a c i l i t i e s f o r p r o c e s s i n g the photographic r e c o r d s , a 

pendulum c l o c k f o r the time marks and the power s u p p l i e s 

for the lamps, The c l o c k produced 30 second e l e c t r i c a l 

p u l s e s which powered a c o n t r o l u n i t . The time mark c i r c u i t 

was closed every hour f o r e i g h t seconds which was s u f f i c i e n t 

time for a c l e a r l i n e to be produced on the r e c o r d . The 

time of c l o s u r e could be a d j u s t e d from f i v e to twelve 

seconds, the complete c i r c u i t being capable of c l o s u r e 

every f i v e minutes. To enable the time marks to be iden

t i f i e d apart from log book e n t r i e s , two a d d i t i o n a l c l o s u r e s 

were arranged i n a d d i t i o n to the r e g u l a r hourly c l o s u r e , 

one f i v e minutes before noon and the other f i v e minutes 

a f t e r midnight. 

The use of simple r e c t i f i e d mains u n i t s f o r the lamp 

s u p p l i e s was not p o s s i b l e due to the l a r g e v a r i a t i o n s i n 
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the mains supply v o l t a g e which u s u a l l y reached a maximum 

v a l u e of 240 v o l t s i n the e a r l y hours of the morning, 

f a l l i n g to a minimum i n the r e g i o n of 190 v o l t s d u r i n g the 

day and I n the e a r l y evening. I n a d d i t i o n there were f r e 

quent supply f a i l u r e s . To overcome these problems c a r 

b a t t e r i e s c o n t i n u o u s l y t r i c k l e - c h a r g e d from the mains were 

used. E l e c t r i c a l connections between the two huts were by 

a s i n g l e eight-way c a b l e , two w i r e s f o r the t r a c e lamp 

supply, two f o r the time mark c i r c u i t ' and the remaining 

four f o r the c a l i b r a t i o n c i r c u i t s . 

3.3 Observatory instruments and p r e l i m i n a r y adjustments 

The v a r i o m e t e r s used f o r the continuous measurement o f 

the h o r i z o n t a l and v e r t i c a l i n t e n s i t i e s and the d e c l i n a t i o n 

of the E a r t h ' s magnetic f i e l d have been d e s c r i b e d i n d e t a i l 

before (LA COUK and LAUHSEN), t h e r e f o r e only a b r i e f des

c r i p t i o n i s given here. Both the h o r i z o n t a l i n t e n s i t y and 

d e c l i n a t i o n v a r i o m e t e r s c o n s i s t of magnet systems i n c o r 

porating a m i r r o r suspended by f i n e quartz f i b r e s . The 

magnet system i n the h o r i z o n t a l i n t e n s i t y variometer i s 

a d j u s t e d so t h a t the magnet i s p e r p e n d i c u l a r to the d i r e c t i o n 

of the meridian through the variometer; the magnet system 

i n the declinometer i s suspended so that the magnet l i e s 

i n the meridian w i t h the suspending f i b r e t o r s i o n l e s s . The 

magnet system i n the v e r t i c a l i n t e n s i t y variometer i s of 



i n t e g r a l c o n s t r u c t i o n with two k n i f e edges f o r b a l a n c i n g 

on agate planes and a smooth ground upper s u r f a c e which 

a c t s as the r e f l e c t i n g m i r r o r . The magnet i s o r i e n t e d so 

that i t s a x i s of r o t a t i o n i s near to the meridian through 

the variometer. 

The magnetic meridian w i t h i n the observatory was 

obtained i n the f o l l o w i n g way. A hole had been l e f t i n 

the northern w a l l of the observatory which allowed d i r e c t 

v i s i o n of one of the t r i g o n o m e t r i c a l survey p o i n t s a l r e a d y 

used. With a Q.ii.M. (Quartz H o r i z o n t a l I n t e n s i t y 

Magnetometer) the angle between magnetic north and the 

survey p o i n t was obtained, the Q.H.M. was then r e p l a c e d by 

the t h e o d o l i t e and the t h e o d o l i t e a d j u s t e d to be magnetic 

north-south. T h i s l i n e was then t r a n s f e r r e d to readings 

on metre r u l e s permanently f i x e d to the i n s i d e s of the 

north and south w a l l s of the observatory. The hole i n the 

observatory w a l l was then c l o s e d . 

Knowledge of the magnetic north-south l i n e w i t h i n the 

observatory was n e c e s s a r y f o r the c o r r e c t s e t t i n g of the 

v a r i o m e t e r s . For the h o r i z o n t a l i n t e n s i t y variometer the 

l i n e from the r e f l e c t i n g m i r r o r to the r e c o r d i n g drum was 

a t an angle of 7° 30* to the meridian. The magnet system 

was thus a d j u s t e d to be a t an angle of 7° 30' to i t s 

r e f l e c t i n g m i r r o r so t h a t when the variometer was i n use 

the magnet a x i s was t r u l y p e r p e n d i c u l a r to the d i r e c t i o n of 
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the f i e l d . I f t h i s adjustment had not been c o r r e c t l y made 
then spurious recorded changes i n h o r i z o n t a l i n t e n s i t y are 
found due to normal d e c l i n a t i o n v a r i a t i o n s . For example, 
a t Freetown where H i s of the order of 30,000 y , i f the 
magnet were 2° out of adjustment then a change i n d e c l i n a 
t i o n of ten minutes of a r c would produce a spurious apparent 
change i n h o r i z o n t a l i n t e n s i t y , as recorded, of 3y(McCOMB 
1952, p.224). The ex-meridian angle f o r the d e c l i n a t i o n 
variometer was found to be 1° 11'; t h i s angle was sma l l 
enough f o r the r e f l e c t e d t r a c e from the variometer to be 
w e l l w i t h i n the a v a i l a b l e range on the r e c o r d i n g drum so 
tha t no adjustment to the magnet system was ne c e s s a r y . A 
t o r s i o n t e s t was c a r r i e d out on the variometer to ensure 
that there was no r e s i d u a l t o r s i o n i n the f i b r e (McCOMB 
1952). 

The v e r t i c a l i n t e n s i t y variometer, or magnetic balance 

was ad j u s t e d to the h o r i z o n t a l p o s i t i o n as d e s c r i b e d i n 

La COUR (1942) and i t s a x i s of r o t a t i o n brought to be near 

the meridian. 

Compensation f o r temperature v a r i a t i o n s was achieved 

i n the h o r i z o n t a l and v e r t i c a l i n t e n s i t y v ariometers by 

means of b i m e t a l l i c s t r i p s which supported a prism i n the 

o p t i c a l system* The length of the b i m e t a l l i c support was 

ad j u s t e d so th a t the motion of the prism due to temperature 
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changes c o r r e c t e d the d e v i a t i o n of the l i g h t path due to 

changes i n magnetic moment of the magnet system caused by 

the temperature changes. To ensure good compensation, the 

temperature of the var i o m e t e r s was a r t i f i c i a l l y v a r i e d by 

wrapping a heating c o i l round them. The h e a t i n g supply! 

a few v o l t s a . c , was c o n t r o l l e d by an automatic s w i t c h i n g 

d evice w i t h a four hour c y c l e , two hours on and two hours 

o f f . The temperatures of the var i o m e t e r s were r a i s e d by 

approximately 10°C during these c y c l e s . Adjustments were 

made to the length of the b i m e t a l l i c s t r i p s u n t i l the 

e f f e c t of these temperature V a r i a t i o n s was almost e l i m i n a t e d 

from the normal d a i l y v a r i a t i o n t r a c e . I t was not found 

p o s s i b l e to completely compensate f o r a temperature change 

of t h i s magnitude, however, a s the normal d i u r n a l tempera

ture v a r i a t i o n w i t h i n the observatory was 3°C or l e s s i t 

was considered t h a t s u f f i c i e n t compensation had been 

achie v e d . The compensation was l e s s s a t i s f a c t o r y f o r the 

h o r i z o n t a l i n t e n s i t y v ariometer due to i t s high s e n s i t i v i t y 

and l a r g e d a i l y v a r i a t i o n . As the d e c l i n a t i o n variometer 

i s p u r e l y a d i r e c t i o n r e c o r d e r temperature compensation i s 

not n e c e s s a r y . 

I n the normal La Cour variometer arrangement one lamp 

i s used to provide a l l of the t r a c e s from the three v a r i o 

meters and one lamp to provide the time marks on the r e c o r d . 

T h i s system was not used, i n d i v i d u a l lamps being used f o r 

each of the three v a r i o m e t e r s and three time mark bulbs 
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used i n s t e a d of one. The diagram of the instrument 

arrangement, Diagram 2, shows the p o s i t i o n s of the t r a c e 

lamps, these were a l l s i n g l e f i l a m e n t bulbs. Three time 

mark bulbs were used to e l i m i n a t e the problem of p a r a l l a x 

from the time-marks. The c o n s t r u c t i o n of the time mark 

bulb h o l d e r s i s shown i n Diagram 2. Each holder was 

screwed to the southern w a l l of the observatory behind 

the variometers approximately on the same s t r a i g h t l i n e as 

th a t between the r e c o r d i n g drum and the variometer l e n s . 

F i n a l adjustment was made by r o t a t i n g the wooden base of 

the holder about the s i n g l e screw holding i t to the w a l l 

and by a d j u s t i n g the screws holding the bulb holder to the 

wooden base. The i n t e n s i t i e s of the three t r a c e lamp bulbs 

were c o n t r o l l e d i n d i v i d u a l l y from a c o n t r o l board i n s i d e 

the observatory which a l s o contained an on-off s w i t c h . I n 

t h i s way i t was e a s i e r to obtain a balanced i n t e n s i t y r e c o r d . 

The i n t e n s i t y of the hour mark bulbs was c o n t r o l l e d from 

the c o n t r o l hut. The use of s i x bulbs i n s t e a d of two 

reduced c o n s i d e r a b l y the l o s s of re c o r d s due to bulb f a i l u r e . 

C a l i b r a t i o n of the variome t e r s was c a r r i e d out u s i n g 

two Helniholtz c o i l a r r a y s , one permanently i n p o s i t i o n 

round the v e r t i c a l i n t e n s i t y variometer, the other u s u a l l y 

round the h o r i z o n t a l i n t e n s i t y variometer but a l s o used on 

the d e c l i n a t i o n variometer. The c a l i b r a t i n g c u r r e n t i n 

the Helmholtz c o i l s was a d j u s t e d from the c o n t r o l hut, the 
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c u r r e n t b e i n g measured on an a c c u r a t e m i l l i a i u i H e t e r w h i c h 

had been p r e v i o u s l y checked by a p o t e n t i o m e t r i c nie t h o d . 

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

a l l t h r e e v a r i o m e t e r s . As the h o r i z o n t a l i n t e n s i t y v a r i o 

meter s u s p e n s i o n is under t o r s i o n d u r i n g normal use, no 

a t t e m p t was ataxic t o c a l i b r a t e the v a r i o m e t e r u n t i l some 

months a f t e r the uiagnet system had been suspended and the 

t o r s i o n i n t r o d u c e d . The f i b r e was under t o r s i o n f o r s i x 

u o n t h s b e f o r e t he eonuaeiicement of r o u t i n e r e c o r d i n g s i n 

June 1961. 

Two magnetometers l o r the d i r e c t d e t e r m i n a t i o n o f the 

two i n t e n s i t i e s and the d e c l i n a t i o n were a l s o o b t a i n e d . 

The Q..! .M. (Q u a r t z H o r i z o n t a l I n t e n s i t y liagne tome t o r ) was 

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

t i o n , and t h e B . A I . Z . (liagne tome t r i e Zero Balance) f o r t h e 

v e r t i c a l i n t e n s i t y . A s e t o f t h r e e y.l-i.M.'s were used t o 

cover the p o s s i b i l i t y o f m a l f u n c t i o n i n g o f one i n s t r u m e n t . 

The vj.M.'M. arid t h e B.M.Z. a r e secondary i n s t r u m e n t s h a v i n g 

been c a l i b r a t e d a t Hude Skov, the magnetic o b s e r v a t o r y 

m a i n t a i n e d by the Danish M e t e o r o l o g i c a l I n s t i t u t e . D u r i n g 

the f o u r y e a r p e r i o d 1961 t o 19(5..', each o f the Q.U.M.'s and 

the B.M.Z. were r e t u r n e d t o Hude Skov f o r c h e c k i n g and 

r e c a l i b r a t i o n . 

Due t o the f i e l d g r a d i e n t s i n the v i c i n i t y o f t h e 

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



C^.il.M. and ii.M.Z. were c a r r i e d o u t a t a w e l l - d e f i n e d 

p o s i t i o n . Funds were n o t a v a i l a b l e f o r a s e p a r a t e b u i l d i n g 

so a c o n c r e t e base was l a i d w i t h h o l e s f o r t h e t r i p o d l e g s 

near t o t h e o b s e r v a t o r y . The t r i p o d was always used w i t h 

i t s l e g s f u l l y e x t e nded so t h a t t h e magnetometers were a t 

a c o n s t a n t h e i g h t above the s u r f a c e o f the base. A c o n c r e t e 

p i l l a r was e r e c t e d t w e n t y - f i v e metres f r o m the base w i t h a 

f i x e d v e r t i c a l l i n e t o a l l o w d e c l i n a t i o n measurements t o be 

made; the a z i m u t h o f the l i n e j o i n i n g t h e c e n t r e o f t h e 

base p l a t f o r m t o the v e r t i c a l l i n e on t h e p i l l a r was ob

t a i n e d u s i n g a t h e o d o l i t e and t h e same s u r v e y p o i n t s used 

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

The p r i n c i p l e s and c o n s t r u c t i o n a l d e t a i l s o f t h e Q.Ii.M. 

and the ii.M.Z. have been g i v e n by La COUll i n numbers 15 and 

19 o f the Communications Magnetiqucs o f t h e Danish 

M e t e o r o l o g i c a l I n s t i t u t e . 
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4 . SOLAR AND LUNI-SOLAR DAILY VARIATIONS 
IN THE GEOMAGNETIC FIELD AT FREETOWN 

4.1 D e s c r i p t i o n of the data 

Magnetograms were f i r s t obtained on a r e g u l a r daily 
b a s i s a t Freetown during June 1961, and apar t from a p e r i o d 

i n August and September 1964 a complete s e r i e s of r e c o r d s 

were a v a i l a b l e to the end of 1966. As a l l of the computa

t i o n s were to be c a r r i e d out wi t h only l i m i t e d mechanical 

a i d s , a balance had to be found between the d e s i r a b i l i t y of 

having a l a r g e amount of data and the p r a c t i c a b i l i t y of 

managing the computations i n a reasonable l e n g t h of time. 

Data from 1 s t J u l y 1961 to 30th June 1965 was chosen f o r 

t h i s a n a l y s i s . T h i s period was almost s y m m e t r i c a l l y p l a c e d 

about the recent minimum i n sunspot a c t i v i t y , thus e n a b l i n g 

a high p r o p o r t i o n of the days a v a i l a b l e to be used i n the 

a n a l y s i s . The magnetograms were s c a l e d to provide mean 

hou r l y v a l u e s of H o r i z o n t a l I n t e n s i t y (H), Magnetic 

D e c l i n a t i o n (D) and V e r t i c a l I n t e n s i t y ( Z ) . The monthly 

mean curves f o r the three components f o r t h i s four y e a r 

period a r e shown i n F i g u r e s ( 1 - 1 2 ) . The o r d i n a t e s i n these 

curves r e p r e s e n t the d i s t a n c e i n m i l l i m e t r e s of the mean of 

the element concerned, f o r the i n t e r v a l between s u c c e s s i v e 

hours of Greenwich time, from an a r b i t r a r y b a s e l i n e on the 

photographic r e c o r d . For v a r i o u s reasons the b a s e l i n e t r a c e s 
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of a l l three elements were a l t e r e d a t d i f f e r e n t times 

during the four y e a r p e r i o d , thus the a c t u a l numerical 

value of any o r d i n a t e as shown i n these f i g u r e s has no 

s i g n i f i c a n c e . 

B i h o u r l y data was used f o r 20 out'of the 24 s e t s 

a n a l y s e d , h o u r l y data being used i n the remaining four s e t s . 

The omission of a l t e r n a t e h o u r l y v a l u e s provides a con

s i d e r a b l e saving of labour and i n t r o d u c e s only a s l i g h t 

l o s s of a c c u r a c y as the omitted v a l u e s are h i g h l y c o r r e 

l a t e d w i t h t h e i r neighbouring h o u r l y v a l u e s . 

4.2 Method of a n a l y s i s 

The method of a n a l y s i s used was that due to 

CHAPMAN and MILLER (1940). I t i s not considered n e c e s s a r y 

to give the development of the a n a l y s i s i n f u l l , but a 

d e s c r i p t i o n of the p r a c t i c a l treatment of the data and a 

d i s c u s s i o n of the determination of the e r r o r s Involved i s 

given. 

The purpose of the a n a l y s i s i s the determination of 

S p and (Tp, the amplitude and phase of the s o l a r d a i l y 

harmonic and L R and A Q, the amplitude and phase of the 

l u n i - s o l a r d a i l y harmonic; 

These q u a n t i t i e s are expressed i n the f o l l o w i n g way: 

S„ s i n ( p t + cr (1 ) 
and 

[nt - q ( t - f) + Xl L s i n (2) 



where t i s the mean s o l a r time measured from l o c a l midnight, 

X i s the mean lu n a r time measured from l o c a l lower 

t r a n s i t , 

p, n and q are small i n t e g e r s . 

The s o l a r d a i l y v a r i a t i o n i s expressed i n a s e r i e s of 

terms of type given by equation ( 1 ) . I n t h i s a n a l y s i s the 

f i r s t four terms of the s e r i e s have been determined ( i . e . 

p * 1 to 4 ) . 

The l u n a r d a l l y v a r i a t i o n i s expressed i n a s e r i e s of 

terms of type given by equation ( 2 ) . The only harmonics 

y e t d etected i n previous determinations of t h i s s e r i e s f o r 

l a r g e q u a n t i t i e s of d a t a are those f o r which q = 2. T h i s 

a s c r i b e s the l u n a r magnetic e f f e c t to the i n f l u e n c e of a 

pu r e l y s e m i - l u n a r - d i u r n a l g r a v i t a t i o n a l t i d e . I t i s a 

reasonable assumption t h a t the e f f e c t of the moon on the 

E a r t h ' s atmosphere i s purely g r a v i t a t i o n a l . The magnetic 

v a r i a t i o n s which are observed a t the s u r f a c e of the E a r t h 

a r e due to v a r i a t i o n s i n the e l e c t r i c a l s t a t e of the 

atmosphere. The l a r g e s t v a r i a t i o n s a r e e x p r e s s i b l e as 

harmonics of the s o l a r day and a r e due to the e f f e c t of 

the sun's g r a v i t a t i o n a l , i o n i z i n g and thermal a c t i o n s on 

the atmosphere. Therefore, magnetic e f f e c t s due to the 

moon's i n f l u e n c e a r e a consequence of the a c t i o n of the 

l u n a r g r a v i t a t i o n a l t i d e on the e l e c t r i c a l s t a t e of the 

atmosphere. I n t h i s a n a l y s i s the f i r s t four terms of the 



s e r i e s have been determined ( i . e . n = 1 to 4 ) . 

4.3 Treatment of the data 

The data f o r each magnetic element a t Freetown was 

d i v i d e d i n the f o l l o w i n g way. I n i t i a l l y a l l days w i t h 

magnetic a c t i v i t y index 1.2 were omitted from the 

a n a l y s i s * The nuinber of such " d i s t u r b e d " days during the 

period of the a n a l y s i s was sma l l and i t was not t h e r e f o r e 

thought reasonable to attempt a separate a n a l y s i s f o r t h i s 

group of days. 

The remaining data (Group I I ) was a n a l y s e d as a whole 

and a l s o as three s e t s when d i v i d e d a c c o r d i n g to L l o y d ' s 

seasons. The I n t e r n a t i o n a l Quiet Days were then separated 

from the data and a n a l y s e d i n a s i m i l a r way (Group I ) . 

L l o y d ' s seasons a r e : - D s e t (Northern W i n t e r ) : November, 

December, January, February; E s e t ( E q u i n o x ) : March, A p r i l , 

September, October; J s e t (Northern Summer): May, June, 

J u l y , August. Thus a t o t a l number of 24 s e t s have been 

a n a l y s e d . F u r t h e r s u b d i v i s i o n s of the d a t a were not con

s i d e r e d a d v i s a b l e due to the l a r g e probable e r r o r s which 

would a r i s e owing to the small number of days i n the 

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

The p r a c t i c a l method of a n a l y s i s used f o r the d e t e r 

mination of the s o l a r and l u n a r harmonics followed c l o s e l y 

t h a t proposed by TSCHU (1949). Each day i n a p a r t i c u l a r s e t 

was assigned a fx. number. JUL , the Greenwich hour angle of 
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the mean moon a t 1200 U.T. i s a measure of the age of the 
moon, and i s g i v e n by 

p s 2 4 f l - <*=SL> 
*— 2 n 

yU. t h e r e f o r e d e c r e a s e s from 24 to 0 i n the i n t e r v a l 

from one new mean moon to the next. V a l u e s of JUL to the 

n e a r e s t i n t e g e r have been compiled by BARTELS and FANSELAU 

(1937) for the p e r i o d 1850-1975 . 

The days i n the s e t were then r e w r i t t e n i n 24 groups 

according to t h e i r JX number. Days w i t h ^/u. numbers d i f f e r i n g 

by 12 were grouped together to form 12 groups, these 12 

lunar-age groups were denoted by r where r = o r — 1 2 

and r = 0 - 1 1 . I n a d d i t i o n to the 12 b i h o u r l y v a l u e s 

w r i t t e n down f o r any one day, the f i r s t v a l u e from the 

f o l l o w i n g day was a l s o i n c l u d e d i n t h a t day to enable the 

average n o n - c y c l i c change of the element during the day to 

be removed. 

The sums of the columns i n the groups were then formed 

g i v i n g a s e r i e s of 12 group sum sequences which f o r group r 

may be denoted by g ( s = 0-S) where s denotes the 
s, r 

p o s i t i o n of s u c c e s s i v e v a l u e s of the element i n the sequence. 

Where b i h o u r l y v a l u e s were used S s 12 , The group sum 

sequences have been p l o t t e d f o r the three components f o r 

each of the twelve l u n a r ages f o r each season and each group 

of days i n F i g u r e s 1 3 - 4 2 . The number of days i n each group, 
N , was a l s o determined, r 
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The group sum sequence g f o r each r , was then h a r -
s»r 

mon i c a l l y analysed to determine the f o l l o w i n g q u a n t i t i e s : -
A _ i / „ _ * ) + Y * C o s H l M (3) 
A p . r B V f c S , r ^ o . r 7 + £- bs,r S v ; 

3 = 0 

»,,r - *(Ss, r - 8 0 > r > + | " S „ > r -i» H 6 2 <«> 
where p = 1 to 4. 

The same a n a l y s i s was then a p p l i e d to the t o t a l sum 

sequence, g N , of the number of days i n each l u n a r age 

group g i v i n g e i g h t numbers Ap N , Bp N . These independent 

a n a l y s e s were then checked f o r each v a l u e of p according to 

the f o l l o w i n g equations. 

S o l a r Terms The f i r s t f our harmonics of the s o l a r d a i l y 

v a r i a t i o n were then determined u s i n g the q u a n t i t i e s A X I 

^ p, N 
and B i n the f o l l o w i n g way:-p,N 

P P S N P P S N 
where p = 1 to 4. 

A phase c o r r e c t i o n was n e c e s s a r y to the v a l u e s of 

to o b t a i n the true phase v a l u e s <Tp as d e f i n e d i n equation 

( l ) . T h i s was because the v a l u e s <T"p a r e the phases of 

the s o l a r harmonics r e f e r r e d to mean s o l a r time reckoned 

from the i n i t i a l v a l u e of each d a i l y sequence and mean l u n a r 

time reckoned from Greenwich lower t r a n s i t of the mean moon. 

The true phases were obtained from the f o l l o w i n g equation 
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CTp = <Tj - p(l5°. H'- L + L') (7) 

where L i s th/e Longitude West, i n degrees, of the s t a t i o n 
to which the data r e f e r ; 

L ' i s the Longitude West:, i n degrees, of the 
meridian of time - reckoning w i t h respect t o 
which the data were t a b u l a t e d ; 

H' i s the s o l a r hour of the i n i t i a l value of each 
d a i l y sequence, according t o the same time -
reckoning as L'. 

For the Freetown data the above parameters had the 
f o l l o w i n g v a l u e s : -

L s 13° 13' , L' = 0° , H' = \ hours. 
Lunar Terms The sequences NT. and A„ . B obtained • *» r p,r' - p , r 
from equations (3) and (4) were then subjected t o a simple 
harmonic a n a l y s i s t o determine t h e i r f i r s t harmonic com
ponent which give the f o l l o w i n g q u a n t i t i e s 

ii ii 
Nj B L N c o s H T ; N = E. N r s i n ^ 

* r 12 1 , 0 £~o 12 
(8) 

P ' A +*o P ' r 12 P > B ho P ' r 12 
BP A - ^ B p r c o a — ' B p B - f B » r s l n — < 1 0> p» -rao p » r 12 p» Jr^ p» 12 

where p = 1 t o 4. 
At t h i s stage i n the a n a l y s i s , before t a k i n g the 

f i n a l steps i n the c a l c u l a t i o n o f the l u n a r amplitudes and 
phases, a f u r t h e r check was made t o e l i m i n a t e c a l c u l a t i o n 
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e r r o r s i n the f o l l o w i n g way. C a l c u l a t i o n of the 18 numbers 
t o be de r i v e d from equations (8)-(lo) was c a r r i e d out f o r 
the seasonal set groups a t the same time as the ' a l l - d a y s ' 
group. The sum of the corresponding values of N, . , A, A 

J. | A 1 | A 

etc* f o r the three seasonal sets had t o be equal t o the 
app r o p r i a t e value obtained from the ' a l l - d a y s ' group. A f t e r 
t h i s check the f o l l o w i n g q u a n t i t i e s were determined:-

% - < A
P,A * Bp,B> " h ( Ap,N- N l f A - B p N . N l f B ) (11) 

VP = ( BP,A - Ap,B> - h ( B
P,N- N1,A + Ap,N- N l f B ) < 1 2> 

II 
where N = £Z N , the t o t a l number of days i n the s e t . The values of L and A n were then c a l c u l a t e d from 

n n 

\ " i n X ' n = L ^ • U P < 1 3> 

T>=» 
f o r n = 1,2,3,4, 

[ ( N 1 A ) 2 + ( N 1 B ) 2 ] ] 
where K * 0.4943 S N 1 - i£—J > (15) - N2 i 

Values of D m p ? j are given i n TSCHU (1949), Table 2 
which i s an a b s t r a c t from CHAPMAN and MILLER (1940). I t 
should be noted t h a t the terms p = 1, n = 3 and p = 2, n = 3 
i n Tschu's Table 2 are i n c o r r e c t . The c o r r e c t values are 
given i n LEATON, MALIN and FINCH (1962) and are i n c o r p o r a t e d 
i n the f o l l o w i n g statement of 0 f o r b i h o u r l y data. 

mps 
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D where m . raps 
S = 12. 

2 
n M ' n = 1,2,3,4 ; M = 29.5306; 

n = 1 
2 
3 
4 

P = 1 
1.0720 
-0.0 360 
-0.0118 
-0.0061 

2 
0.1445 
1.0286 

-0.0495 
-0.0184 

3 
0.1163 
0.0994 
1.0150 
-0.0556 

4 
0.1112 
0.0710 
0.0871 
1.0114 

As p r e v i o u s l y mentioned h o u r l y data was used f o r the 
f i r s t f o u r of the 24 sets analysed so t h a t D had t o be 

raps 
c a l c u l a t e d f o r the case S s 24. The f a c t o r s D are 

taps 
expressible i n terms of the determinant whose elements are 
(_l) n"P a where x ' mps 

mps = | . s i n [ K ( • - * ) ] . ̂ c o t [ * ^ " " P ) ] + c o t ( M > | 

where as before m = n - ^, n = 1, 2,3,4, p s= 1,2,3,4 and 
M the number of mean s o l a r days i n the mean period of the 
moon i s equal to 29.5306. 

D f o r S = 24 mps 

n 1 
2 
3 
4 

p = 1 
1.0735 

-0.1479 
0.1194 
-0.1188 

2 
0.0347 
1.0313 

-0.0102 
0.1696 

-0.0103 
0.0460 
0.9973 

-0.0908 

4 
0.0049 

-0.0160 
0.0506 
1.0169 

The f i g u r e 0.4943 x S i n the q u a n t i t y K i n equation (15 
i s the product 4 * _ x .§ where the f a c t o r 1.01152 r 1.01152 2 
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c o r r e c t s the q u a n t i t i e s Ap^» B p ^ t e t c . f o r the e f f e c t o f 
grouping according to the i n t e g e r r (CHAPMAN and MILLER 
(1940) s e c t i o n 13) and i s the f a c t o r a p p l i c a b l e t o sum
mations f o r deter m i n i n g F o u r i e r c o e f f i c i e n t s . 

A f a c t o r __£ where = i s sometimes used 
s i n Op 

to compensate f o r the use of mean h o u r l y values r a t h e r than 
instantaneous values. This f a c t o r , however, i s very small 
and was not included i n t h i s a n a l y s i s , and w i l l not a f f e c t 
the phase angles obtained. 

I n the same way t h a t a phase c o r r e c t i o n was necessary 
t o the s o l a r term phase angles given by equation ( ? ) , a 
phase c o r r e c t i o n had t o be a p p l i e d t o the lu n a r term phases 
deriv e d from equations (13) and (14) t o enable the harmonics 
to be expressed i n terms of t and f as d e f i n e d i n equation 
( 2 ) . The ap p r o p r i a t e c o r r e c t i o n s were d e r i v e d from 

X u = X n •»• ^ - 15° . m H' 4-m(L - L') (16) 
o 

where m = n - — as before and_L,L' and H' were, defi n e d i n 
equation ( 7 ) . 

For Freetown L = 13° 13* , L' = 0° , U' = & hours. 
The phase c o r r e c t i o n s a p p l i e d t o the data f o r the 

so l a r and lu n a r terms were as f o l l o w s : -
«~j = <S~i -r- 5° 43' X x = + 6° 13' 
a~ 2 = <S~2 • n ° 26' X 2 = X 2 4- 11° 56' 



22° 52' 

17 * 17~ 39' 
I X. + 23° 22 4 

The r e s u l t s of the a n a l y s i s are given I n Table 1 t o 6 
and i n the harmonic d i a l s , Figures 44-91. 
4.4 Determination, of Probable E r r o r s 

The d e t e r m i n a t i o n of the v e c t o r s represented by 
equations ( l ) and (2) from the o b s e r v a t i o n a l data i n e v i t a b l y 
i n v o l v e s a measure of a c c i d e n t a l e r r o r . The ends of the 
vec t o r s of a number o f determi n a t i o n s form a cloud of p o i n t s 
around the end of the mean v e c t o r . For a l a r g e number o f 
p o i n t s the e r r o r theory developed i n CHAPMAN and BARTRLS 
(1940) pages 572-581 may be used and probable e r r o r c i r c l e s 
drawn i n d i c a t i n g equal d e n s i t y of the cloud of p o i n t s . 
However, f o r a smaller number of p o i n t s , such as the number 
involved i n t h i s a n a l y s i s , some law of e r r o r must be 
assumed. The method used i n t h i s a n a l y s i s i s t h a t developed 
by MILLER (1934) which assumes t h a t the e r r o r v e c t o r s have 
a Gaussian d i s t r i b u t i o n . S l i g h t a l t e r a t i o n s were necessary 
due t o the f a c t t h a t here the phases of the i n d i v i d u a l 
d e t e r m i n a t i o n s d i f f e r by e x a c t l y 30°. The p r a c t i c a l t r e a t 
ment of the data f o r the d e t e r m i n a t i o n of the e r r o r s has 
been described i n TSCHU (1949) and more f u l l y i n LEATON, 
MALIN and FINCH (1962). A b r i e f statement of the method 
w i l l be giv e n here. 

For each value of p the values o f A obtained from 
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equation (3) were d i v i d e d by the corresponding N̂ ,. This 
was repeated f o r a l l values o f r . For a p a r t i c u l a r p the 
mean of thu 12 q u a n t i t i e s A„ „/N„. was found and subtracted 
from each of the o r i g i n a l values t o give 12 r e s i d u a l s 
^\a_ . The corresponding values /^b „ were determined p,r ° p,r 
from the q u a n t i t i e s 13̂  p/Nr» The mean, R, of the 12 
q u a n t i t i e s 1( A a ) ^ ( b„ „ ) 2 * was then c a l c u l a t e d 

and also L = |j [ | U p ) 2 + ( V p ) 2 ] ^ * T h e r a t i o L / R w a s t h e n 

c a l c u l a t e d and f o r values of L/R le s s than 0.75 the 
corresponding value of f ( L / f i ) obtained from Tschu's Table 3 
was m u l t i p l i e d by H t o give the v e c t o r probable e r r o r ( p . e . ) , 
t h a t i s the radius of the probable e r r o r c i r c l e , f o r the 
p t h s o l a r harmonic. The corresponding v e c t o r probable e r r o r 
f o r the l u n i - s o l a r harmonic was obtained by m u l t i p l y i n g the 
so l a r harmonic p.e. by the f o l l o w i n g f a c t o r s according t o 
the value of n. 

n - 1 2 3 4 
M U l F a c i £ r n S - 1.09 1.0S 1.04 1.03 

When the r a t i o L/K was g r e a t e r than 0.75 an extension of 
the method was necessary. This has been shown by MILLER 
(1934). 

From the r e s i d u a l s a„ „. A b,̂  obtained above 
p,r» p,r 

the f o l l o w i n g q u a n t i t i e s were d e r i v e d f o r each value of r 
A* a. = Aan , cos (30r)° - A bB r sin(30r)° (17) P.r p*r p,r 
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A b ^ m A» „ sin(30r)°+ Ab n r cos(30r)° (18) p,r p,r p,r x ' v ' 
The mean o f the twelve q u a n t i t i e s A a was then 

p,r 
subtracted from each of the values to y i e l d 12 r e s i d u a l s 
A a p r and s i m i l a r l y f o r A b p r to give A b p r« The 
mean H' of the 12 q u a n t i t i e s f( A a ) 2 + ( £k'b ) 2 P ' 

L P» r P» r -i 
was then found. The v e c t o r probable e r r o r of the p*"*1 s o l a r 
harmonic was then given by 0.0495 R'„ The corresponding 
v e c t o r probable e r r o r s of the l u n i - s o l a r harmonics were 
obtained i n the way o u t l i n e d i n the basic method. I t should 
be noted, as has already been pointed out by CHAPMAN (1952), 
t h a t i n Tschu's Table 4 which corresponds t o equations (17) 
and (18) above, the sighs i n the columns 'B ' and 'C ' 
should be reversed. 

F o l l o w i n g the treatment of the data i n o b t a i n i n g the 
so l a r and l u n i - s o l a r harmonics, the v e c t o r probable e r r o r s 
have not been cor r e c t e d f o r the smoothing due to the use o f 
mean h o u r l y values. The v e c t o r probable e r r o r s are given i n 
Tables 1 to 6 and the probable e r r o r c i r c l e s are p l o t t e d i n 
the harmonic d i a l s , Figures 44-91. 

The s i g n i f i c a n c e of the v e c t o r s obtained i n t h i s type 
of a n a l y s i s has been f u l l y discussed by LEATON, MALIN and 
FINCH (1962) who show t h a t a v e c t o r can be considered s i g 
n i f i c a n t i f i t s amplitude i s g r e a t e r than 2.08 times i t s 
vec t o r probable e r r o r . 



4.5 Discussion o f the r e s u l t s 
(a) Solar. Terms 

( i ) H o r i z o n t a l I n t e n s i t y - Table 1 and Figures 44-51. 
A l l of the 32 det e r m i n a t i o n s are c l e a r l y s i g n i f i c a n t , 

the probable e r r o r c i r c l e s on the harmonic d i a l s showing 
t h a t the seasonal changes of amplitude and phase although 
not being l a r g e are d e f i n i t e l y r e a l . The p a t t e r n o f the 
changes i n the I n t e r n a t i o n a l Quiet Days group (Table 1 ( a ) , 
Figures 44-47) i s s i m i l a r to t h a t o f the l a r g e r group of 
days (Table 1 ( b ) , Figures 48-51). Nine out of the 16 
amplitudes are l a r g e r i n the Quiet Days group than the 
corresponding values i n the l a r g e r group but t h i s i s not 
s u f f i c i e n t evidence t o make any statement about the e f f e c t 
o f magnetic a c t i v i t y on the h o r i z o n t a l i n t e n s i t y s o l a r 
v a r i a t i o n . 

The most marked change i s the seasonal change between 
the D set (November, December, January, February) and the 
J set (May, June, J u l y , August). I n a i l cases ( s j t o s^) 
the amplitudes i n the J set are markedly smaller than those 
f o r the D set. The f i r s t maximum of the f i r s t three har
monics a l l occur l a t e r i n the J set than the D set. This 
change i s reversed i n the f o u r t h harmonic phases. The E 
set amplitudes are s i m i l a r t o the D set being i n a l l cases 
l a r g e r than the J set values. This seasonal change w i l l be 
mentioned l a t e r i n a d i s c u s s i o n of the r e s u l t s as a whole. 
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( l i ) D e c l i n a t i o n - Table 3 and Figures 52-59. 
The 32 D e c l i n a t i o n determinations are a l l c l e a r l y 

s i g n i f i c a n t , probable e r r o r s f o r the l a r g e r amplitudes 
being only a few per cent. There i s no c l e a r d i f f e r e n c e 
between the I n t e r n a t i o n a l Quiet Days, G group (Table 3(a) 
and Figures 52-55) and the l a r g e r group of days (Table 3(b) 
and Figures 56-59) i n d i c a t i n g t h a t w i t h the data a v a i l a b l e 
l i t t l e can be said about the e f f e c t of magnetic a c t i v i t y 
on the s o l a r d a i l y v a r i a t i o n i n the D e c l i n a t i o n . Eleven 
out of the 16 amplitudes determined are smaller i n the 
Quiet Days group than i n the l a r g e r group but the d i f f e r e n c e s 
are f o r the most p a r t small and w i t h i n the probable e r r o r 
values. 

There is a l a r g e seasonal change both i n phase and 
amplitude between the D set and the J set. For the f i r s t 
three harmonics the amplitude i n the J set i s approximately 
double t h a t i n the D set. I n the f o u r t h harmonic the 
amplitudes are almost i d e n t i c a l . The d i f f e r e n c e s i n time 
of occurrence of the maxima of a^, s^ and s^ are j u s t over 
two hours w i t h the J set maximum oc c u r r i n g e a r l i e r i n each 
case. For s^ the D set maximum leads the J set maximum by 
n e a r l y three and a h a l f hours, a r e v e r s a l of the s i t u a t i o n 
i n the other three harmonics. The E set amplitudes are 
s i m i l a r t o the D set values f o r S j , Sg and s^ w i t h phases 
approximately midway between the D set and J set f i g u r e s . 
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For $ 4 the amplitudes are approximately one h a l f the D set 
and J set values w i t h the phase being almost the same as 
the D s e t . 

( i l l ) V e r t i c a l I n t e n s i t y - Table 5 and Figures 60-67. 
The 32 V e r t i c a l I n t e n s i t y determinations are again a l l 

c l e a r l y s i g n i f i c a n t . The p a t t e r n of changes i n the 
I n t e r n a t i o n a l Quiet Days group (Table 5(a) and Figures 60-63) 
i s s i m i l a r t o t h a t of the l a r g e r group o f days (Table 5(b) 
and Figures 64-67). Fourteen out of the 16 amplitudes are 
smaller i n the Quiet Days ,group than the l a r g e r group but 
only three of the d i f f e r e n c e s are l a r g e r than the sum o f the 
two probable e r r o r s i n v o l v e d . The remaining two amplitudes 
are almost i d e n t i c a l so t h a t i t may be said t h a t the data 
suggest t h a t the s o l a r harmonic amplitudes f o r the v e r t i c a l 
i n t e n s i t y increase s l i g h t l y i n magnitude w i t h i n c r e a s i n g 
magnetic a c t i v i t y . F u r t h e r a n a l y s i s p a r t i c u l a r l y of a l a r g e 
enough group of 'Disturbed* days would make t h i s t r e n d 
c l e a r e r . 

The seasonal change between the D set and the J set i s 
again the most obvious f e a t u r e of the harmonic d i a l s . For 
S j , B^ and s^ the J set amplitude i s l a r g e r than t h a t o f 
the D s e t , f o r s^ the d i f f e r e n c e i s reversed. The phase 
d i f f e r e n c e s between the D and J set values increase from 
20 minutes i n s^ t o 2\ hours f o r s^, i n s^ the D set leads 
but i n the remaining three harmonics the J set leadSo 
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(b) Lunar Terms 
( i ) H o r i z o n t a l I n t e n s i t y - Table 2 and Figures 68-75. 

A l l but one of the 32 determinations of the l u n a r har
monics are s i g n i f i c a n t . The amplitudes are i n a l l cases 
l a r g e r i n the Quiet Days group (Table 2(a) and Figures 
66-71) than i n the l a r g e r group o f days (Table 2(b) and 
Figures 72-75). The d i f f e r e n c e s are l a r g e r than the sum 
of the probable e r r o r s i n v o l v e d . However, before any con
c l u s i o n s can be drawn concerning the e f f e c t of magnetic 
a c t i v i t y on the amplitudes i t must be remembered t h a t the 
h o r i z o n t a l i n t e n s i t y Quiet Days group was analysed using 
h o u r l y values and not b i h o u r l y values which were used f o r 
a l l the other groups. Even though the o m i t t e d h o u r l y values 
are s t r o n g l y c o r r e l a t e d with the neighbouring values i t i s 
po s s i b l e t h a t by using a l l 24 h o u r l y means t h a t the r e l e v a n t 
f e a t u r e s are accentuated. The corresponding d i f f e r e n c e i n 
the s o l a r term amplitudes i s f a r from c l e a r so t h a t i t may 
be reasonable to say t h a t i n c r e a s i n g magnetic a c t i v i t y causes 
the amplitudes of the l u n a r harmonic terms i n the h o r i z o n t a l 
i n t e n s i t y to decrease. Once again, f u r t h e r a n a l y s i s and 
the i n c l u s i o n of 'Disturbed' days would make t h i s c l e a r . 

I n the Quiet Days group the E set amplitudes are the 
l a r g e s t f o r the f i r s t three harmonics, f o r L 4 the D set 
amplitude i s the l a r g e s t . The d i f f e r e n c e s are of the same 
order of magnitude as the sum o f the probable e r r o r s . 
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The seasonal phase changes between the 0 set and the 
J set decrease i n magnitude from f o u r hours f o r to j u s t 
under one hour f o r L.. I n a l l cases the D set values lead 

4 
the J set. The U set amplitudes are also i n a l l cases 
l a r g e r than the J set values, a s i m i l a r r e s u l t to t h a t 
obtained f o r the s o l a r terms, 
( i i ) D e c l i n a t i o n - Table 4 and Figures 76-83. 

The l u n a r harmonics i n the D e c l i n a t i o n show a phase 
change of almost 180° between the D set and the J set. 
This phase change i s apparent i n both the Quiet Days group 
(Table 4(a) and Figures 76-79) and the l a r g e r group (Table 
4(b) and Figures 80-83). The E set values are i n many cases 
s i m i l a r t o e i t h e r the D or J set so t h a t when the seasonal 
sets are brought together f o r the ' A l l Days' set the 
r e s u l t a n t amplitudes are very small. This i s p a r t i c u l a r l y 
the case w i t h the Quiet Days group where none o f the f o u r 
A l l Days determ i n a t i o n s are s i g n i f i c a n t w i t h the probable 
e r r o r s being an order of magnitude g r e a t e r than t h e amplitudes.. 
These f i g u r e s have not been included i n the harmonic d i a l s . 

For the l a r g e r group of days the Amplitudes are l a r g e r 
and are j u s t s i g n i f i c a n t . The E set values i n t h i s group 
f o r and are s i m i l a r i n phase t o the J set and i t i s 
only the f i r s t and f o u r t h harmonics t h a t have i n d i v i d u a l 
c h a r a c t e r i s t i c s . 
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T h i r t e e n out o f the 16 J and D set determinations are 
s i g n i f i c a n t , f o r the J set i n both groups being v e r y 
small w i t h probable e r r o r i n both cases l a r g e r than the 
amplitude and phase s i m i l a r to the 0 set r a t h e r than 
e x a c t l y opposite as one would expect from the p a t t e r n of 
the f i r s t three harmonics. 

( i t 1) V e r t i c a l I n t e n s i t y - Table 6 and Figures 84-91. 
Twenty out o f the 32 determinations are s i g n i f i c a n t . 

T h i r t e e n of these are i n the l a r g e r group of days (Table 
6(b) and Figures 88-91) w i t h L j , and L g being s i g n i f i c a n t 
f o r a l l sets. I n the Quiet Days group (Table 6(a) and 
Figures 84-87) there i s a phase change between the D and J 
sets of n e a r l y 180° f o r L j , L 2 and Lg, and 120° f o r L 4 . 
Thus the r e s u l t a n t amplitudes i n the A l l Days set are small 
and only one of these, L 2» i s s i g n i f i c a n t . I n the l a r g e r 
group of days the phase d i f f e r e n c e s are al s o present but 
w i t h d i f f e r i n g magnitudes, being 130° f o r L j , 90° f o r Lg, 
150° f o r L 0 and 140° f o r LA. 

The amplitudes f o r the J set are mostly l a r g e r than 
those o f the D s e t , a s i m i l a r r e s u l t to t h a t obtained f o r 
the s o l a r terms. These changes i n amplitude depend on the 
mean seasonal p o s i t i o n of the i n t e n s i f i c a t i o n of the equa
t o r i a l ionospheric c u r r e n t system and, as w i l l be seen i n 
the f o l l o w i n g s e c t i o n , agree w i t h the seasonal changes 
observed i n the h o r i z o n t a l i n t e n s i t y terras. 



4.6 General comments on the r e s u l t s 
The d a i l y magnetic v a r i a t i o n s measured a t an observatory 

on the Earth's surface are due to the c i r c u l a t i n g c u r r e n t 
systems i n the ionosphere above the s t a t i o n and the c o r r e s 
ponding cu r r e n t systems induced i n the Ea r t h i n the r e g i o n 
of t h e s t a t i o n . For s t a t i o n s w i t h low magnetic l a t i t u d e s , 
i . e . close t o the magnetic equator, the s i t u a t i o n i s more 
complex than f o r m i d - l a t i t u d e s t a t i o n s . Middle l a t i t u d e 
s t a t i o n d a i l y magnetic v a r i a t i o n s are mainly caused by one 
c i r c u l a t i n g c u r r e n t system, e i t h e r the n o r t h e r n or southern 
hemisphere v o r t e x . S t a t i o n s near the magnetic equator l i e 
underneath the r e g i o n of the ionosphere where the two 
v o r t i c e s combine to produce a strong east-west c u r r e n t d u r i n g 
the s u n l i t hours. I n a d d i t i o n , due t o the closeness t o the 
h o r i z o n t a l of the magnetic f i e l d l i n e s i n t h i s r e g i o n , there 
i s an enhanced c o n d u c t i v i t y i n the east-west d i r e c t i o n g i v i n g 
r i s e t o a very strong narrow r e g i o n o f c u r r e n t flow known as 
the e q u a t o r i a l e l e c t r o j e t . The e q u a t o r i a l e l e c t r o j e t i s p a r t 
of the middle l a t i t u d e c u r r e n t system and as t h i s i s subject 
t o seasonal v a r i a t i o n s i n s t r e n g t h and p o s i t i o n i t i s to be 
expected t h a t d a i l y magnetic v a r i a t i o n s observed w i t h i n the 
r e g i o n of i n f l u e n c e of the e l e c t r o j e t w i l l have v a r i a t i o n s 
of a seasonal nature. Thus as Freetown i s a s t a t i o n l y i n g 
j u s t t o the n o r t h o f the magnetic equator, one would expect 
the v a r i a t i o n s i n n o r t h e r n summer ( J s e t ) t o be s t r o n g l y 
i n f l u e n c e d by the n o r t h e r n c u r r e n t system. I n n o r t h e r n 
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w i n t e r (D set) the v a r i a t i o n s would s t i l l be i n f l u e n c e d by 
the n o r t h e r n system but t o a l e s s e r e x t e n t . 

However, i t has been shown by HAGAN and SUGUIRA (1967) 
and other authors t h a t the no r t h e r n hemisphere c u r r e n t system 
i s stronger i n n o r t h e r n summer than the southern system i n 
southern summer. This asymmetry means t h a t the 'centre l i n e ' 
of the j o i n i n g of the two c u r r e n t systems w i l l be f a r t h e r t o 
tiie south of the mean equinox p o s i t i o n i n the n o r t h e r n 
summer than i t w i l l be to the n o r t h o f t h i s p o s i t i o n d u r i n g 
n o r t h e r n w i n t e r . I n the h o r i z o n t a l i n t e n s i t y a t Freetown 
t h i s would mean D set d a i l y v a r i a t i o n s of l a r g e r amplitude 
than J set values. This i s found to be the case f o r a l l of 
the s o l a r and lunar harmonics determined i n t h i s a n a l y s i s . 
The equinox values (E set) f o r the s o l a r and lunar harmonics 
are a l l s i m i l a r i n magnitude to the D set values and con
s i d e r a b l y l a r g e r than the J set values again showing the 
l a r g e r s h i f t of the c u r r e n t system d u r i n g the no r t h e r n summer 
months. 

As the p o s i t i o n o f the c u r r e n t system v a r i e s w i t h season, 
the d a i l y v a r i a t i o n t h a t w i l l be observed a t any f i x e d s t a t i o n 
w i l l depend on the v a r i a t i o n w i t h l a t i t u d e of the d a i l y 
v a r i a t i o n . This l a t i t u d e dependence i s of great importance 
i n the narrow zone near the magnetic equator due to the e f f e c t 
of the e q u a t o r i a l e l e c t r o j e t . Experimental d e t e r m i n a t i o n s o f 
the l a t i t u d e dependence of the d a i l y v a r i a t i o n o f the h o r i 
z o n t a l i n t e n s i t y have been made i n recent years i n A f r i c a by 
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GNWUMECHILLI (1959) i n N i g e r i a , GODIVIER and CRENN (1965) 
i n Tschad, i n South America by FORBUSH and CASAVKRDE (1961) 
and i n I n d i a by YACOB and KHANNA (1963). Experimental 
surveys have a l s o been made o f the l a t i t u d e dependence o f 
the d a i l y v a r i a t i o n o f the v e r t i c a l i n t e n s i t y i n N i g e r i a by 
RIVERS (1964) and i n South America by FORBUSH and CASAVERDE 
(1961). This work has been summarized by CHAPMAN and 
RAJA RAO (1965) who have shown t h a t there are l o n g i t u d i n a l 
v a r i a t i o n s i n these parameters. I n co n s i d e r i n g the e f f e c t s 
of t h i s l a t i t u d i n a l v a r i a t i o n on the r e s u l t s obtained a t 
Freetown cue must only consider r e s u l t s obtained i n the 
A f r i c a n zone and more p a r t i c u l a r l y West A f r i c a . The 
general form of the l a t i t u d e bMi-V 
v a r i a t i o n f o r the h o r i z o n t a l 
and v e r t i c a l i n t e n s i t y i s 
given i n the rough Sketch A 
where the d a i l y range f o r 
both i n t e n s i t i e s i s p l o t t e d 
a g ainst l a t i t u d e n o r t h and $ 
south o f the p o s i t i o n of 
maximum H range and zero Z 

range. SKETCH R 

The approximate p o s i t i o n of Freetown i s marked on the 
l a t i t u d e a x i s , being i n the re g i o n of 1° l a t i t u d e n o r t h o f 
the magnetic equator and t h e r e f o r e s l i g h t l y more than 1° 
n o r t h of the p o s i t i o n of maximum h o r i z o n t a l i n t e n s i t y range 



45" 

a s t h e p o s i t i o n o f maximum h o r i z o n t a l i n t e n s i t y d a i l y r a n g e 
l i e s between the m a g n e t i c and g e o g r a p h i c e q u a t o r s . T h u s a 
s e a s o n a l s h i f t o f t h e ' o r i g i n * o f the s k e t c h w o u l d a f f e c t 
the o b s e r v e d d a i l y r a n g e s of the two i n t e n s i t i e s a t a 
s i n g l e s t a t i o n l i k e F r e e t o w n i n o p p o s i t e s e n s e s . I f the 
' o r i g i n ' , o r c e n t r e o f the c u r r e n t s y s t e m , moved s o u t h 
t h e n t h e d a i l y r a n g e s i n t h e h o r i z o n t a l i n t e n s i t y would 
d e c r e a s e . However, f o r the same southward motion, p r o v i d e d 
i t was s m a l l , the v e r t i c a l i n t e n s i t y r a n g e s would i n c r e a s e . 
I f t h e movement were v e r y l a r g e , i . e . o f t h e o r d e r o f two 
or t h r e e d e g r e e s o f l a t i t u d e t h e n the v e r t i c a l i n t e n s i t y 
r a n g e s c o u l d d e c r e a s e a s w e l l . F o r a n o r t h w a r d motion o f 
the c e n t r e o f the s y s t e m the h o r i z o n t a l r a n g e s would 
i n c r e a s e w h i l s t the v e r t i c a l i n t e n s i t y r a n g e s would d e c r e a s e . 
These c o n s i d e r a t i o n s assume a c o n s t a n t c u r r e n t s t r e n g t h and 
d i s t r i b u t i o n f o r the e q u a t o r i a l c u r r e n t s y s t e m w h i c h i s not 
t h e c a s e a s the s t r e n g t h h a s been found to be g r e a t e s t 
d u r i n g the E q u i n o x p e r i o d (0NW1JMECHILLI and OGBUEHI) so 
t h a t t h e a p p l i c a t i o n o f t h i s s k e t c h t o the r e s u l t s o b t a i n e d 
a t F r e e t o w n i s n o t s t r a i g h t f o r w a r d . I n a d d i t i o n the d a y - t o 
day v a r i a b i l i t y o f t he e n t i r e w o r l d w i d e c u r r e n t s y s t e m i s 
w e l l e s t a b l i s h e d . To i n v e s t i g a t e s e a s o n a l c h a n g e s i t i s 
t h e r e f o r e b e s t t o c o n s i d e r the Group I I d a t a a s t h e r e a r e 
t h e n a p p r o x i m a t e l y 400 d a y s i n e a c h o f the s e a s o n a l s e t s 
and a r e a s o n a b l e mean s i t u a t i o n s h o u l d be a p p a r e n t . F i g u r e 
18 shows the s e a s o n a l s e t mean d a i l y v a r i a t i o n f o r t h e 



h o r i z o n t a l i n t e n s i t y . V i s u a l i n s p e c t i o n shows c l e a r l y 

the s m a l l e r magnitude of the J s e t d a i l y v a r i a t i o n a s com

pared to the E and D s e t v a l u e s w h i c h h a s a l r e a d y been 

s e e n from the r e s u l t s of the a n a l y s i s . I t c a n t h u s be 

s a i d t h a t the h o r i z o n t a l i n t e n s i t y r e s u l t s show t h a t t h e r e 

i s a s e a s o n a l movement o f the c e n t r e o f e q u a t o r i a l c u r r e n t 

s y s t e m i n o p p o s i t e s e n s e to t h a t of the sun, and t h a t t h e 

s h i f t o f t h e s y s t e m from the e q i i i n o x i a l p o s i t i o n i s 

g r e a t e r i n t h e n o r t h e r n summer months th a n i n the n o r t h e r n 

w i n t e r months. To e m p h a s i z e t h i s e d i f f e r e n c e , a p l o t h a s 

been made ( F i g u r e 43) of the d i f f e r e n c e s between t h e e q u i -

n o x i a l d a i l y v a r i a t i o n and t h e o t h e r two s e a s o n a l d a i l y 

v a r i a t i o n s f o r both Groups I and I I . F o r t h i s f$raph the 

v a l u e s have been c o n v e r t e d i n t o gammas w i t h a r b i t r a r y z e r o 

l e v e l s . The t»7o p a i r s of g r a p h s have s i m i l a r s h a p e s w i t h 

the l a r g e s t d i f f e r e n c e b e i n g 35 gaiai'ia f o r J-K i n Group I I . 

T h i s d i f f e r e n c e i s not j u s t an a m p l i t u d e d i f f e r e n c e a s t h e 

phase of the maximum o c c u r s l a t e r i n the .1 s e t "than i n the 

E s e t . 

The v e r t i c a l i n t e n s i t y c u r v e s show t h e same e f f e c t 

( F i g u r e 3 8 ) . I n t h i s c a s e the J s e t range i s a p p r o x i m a t e l y 

30°/° g r e a t e r t h a n the-'Ti s e t v a l u e i n d i c a t i n g t h a t d u r i n g 

the n o r t h e r n summer months the c e n t r e of the e q u a t o r i a l 

c u r r e n t s y s t e m has moved s o u t h so t h a t F r e e t o w n i s n e a r e r 

to t h e p o s i t i o n of maximum v e r t i c a l i n t e n s i t y d a i l y v a r i a t i o n . 
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The d i f f e r e n c e c u r v e s a r e a l s o p l o t t e d on F i g u r e 43 w i t h 

the J - E v a l u e b e i n g t h e l a r g e s t d i f f e r e n c e , i n t h i s c a s e 

p o s i t i v e . 

The s i m i l a r f i g u r e s f o r ' t h e D e c l i n a t i o n ( F i g u r e s 28 

and 43) show d i f f e r e n t f e a t u r e s o f t h e d a i l y v a r i a t i o n w h i c h . 

need to be e x p l a i n e d more f u l l y . The D e c l i n a t i o n a t 

F r e e t o w n i s West o f N o r t h and an i n c r e a s e i n o r d i n a t e i n 

F i g u r e 28 c o r r e s p o n d s t o a d e c r e a s e i n the v a l u e o f the 

a n g l e o f d e c l i n a t i o n . V a r i a t i o n s i n the a n g l e o f d e c l i n a 

t i o n a t t h e s u r f a c e o f t h e E a r t h i n d i c a t e the p r e s e n c e o f 

n o r t h - s o u t h c u r r e n t s i n the i o n o s p h e r e . A southward d i r e c t e d 

c u r r e n t component would d e c r e a s e the a n g l e of d e c l i n a t i o n a t 

F r e e t o w n w h e r e a s a n o r t h w a r d d i r e c t e d c u r r e n t would i n c r e a s e 

the a n g l e o f d e c l i n a t i o n . 

I f the m a g n e t i c e q u a t o r 

c o i n c i d e d w i t h t h e geo

g r a p h i c e q u a t o r t h e n t h e 

d a y t i m e e q u i n o x i a l i o n o 

s p h e r i c c u r r e n t s y s t e m w h i c h 

would r e s u l t i n t h i s 
S K E T C H B 

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

be a s shown i n rough S k e t c h 

B t a k e n from CHAPMAN and 

BARTELS ( 1 9 4 0 ) , p.696. I n 

v i 

• 

c < 



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

s t a t i o n s i t u a t e d a t p o i n t p would be o f t h e form shown 

i n S k e t c h C. 

The m a g n e t i c e q u a t o r does n o t , however, c o i n c i d e w i t h 

the g e o g r a p h i c e q u a t o r and i n the r e g i o n of F r e e t o w n t h e 

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

d i r e c t i o n of the m a g n e t i c e q u a t o r a t t h e s u r f a c e of the 

E a r t h makes an a n g l e o f a p p r o x i m a t e l y 30° t o the l i n e s of 

l a t i t u d e . The s i t u a t i o n i n t h e upper atmosphere o v e r t h e 

South A t l a n t i c Ocean and West A f r i c a i s t h e r e f o r e complex 

and t h e a c t u a l f l o w p a t t e r n s o f t he i o n o s p h e r i c c u r r e n t 

s y s t e m w i l l not conform t o the i d e a l i z e d p i c t u r e o f S k e t c h B. 

HAGAN and SUGIURA ( 1 9 6 7 ) have 

shown t h a t the n o r t h e r n i o n o s p h e r i c 

c u r r e n t v o r t e x i s m o d i f i e d i n t h i s 

r e g i o n i n the way shown i n S k e t c h 

D w h i c h g i v e s an i m p r e s s i o n of the 

c u r r e n t s y s t e m s a t a p p r o x i m a t e l y 

1000 h o u r s U.T. on a day n e a r t h e 

e q u i n o x e s . 

The v a r i a t i o n i n t h e D e c l i n a t i o n 

on s u c h a day would be of the form 

found a t F r e e t o w n and shown i n 

S k e t c h E ( f r o m F i g u r e 2 8 ) . The 

c u r r e n t s y s t e m shown i n S k e t c h D 

t e n d s t o f o l l o w t h e l i n e o f the S K E T C H E 



m a g n e t i c e q u a t o r so t h a t i n t h e e a r l y morning t h e r e i s a 

s m a l l southward d i r e c t e d c u r r e n t component. T h i s s o u t hward 

component i s soon changed i n t o a n o r t h w a r d component w h i c h 

i n c r e a s e s i n magnitude w i t h t h e i n c r e a s i n g s t r e n g t h o f the 

e q u a t o r i a l e l e c t r o j e t s y s t e m . The n o r t h w a r d component t h e n 

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

The h o r i z o n t a l and v e r t i c a l i n t e n s i t y r e s u l t s have 

i n d i c a t e d a southward s h i f t o f the c e n t r e o f the c u r r e n t 

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

s h i f t d u r i n g the n o r t h e r n w i n t e r . S k e t c h F shows t h e 

n o r t h e r n summer D e c l i n a t i o n d a i l y 

v a r i a t i o n b e i n g t h e mean of 432 

d a y s . T h i s shows a s t r o n g s o u t h 

ward c u r r e n t component e x i s t i n g 

u n t i l n e a r l y 0900 U.T. By t h i s 
Oboo | zoo \%oo 

time the e q u a t o r i a l enhancement o f 
S K E T C H F 

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 w e l l 

e s t a b l i s h e d and from 1100 U.T. onwards t h e n o r t h w a r d com

ponent t a k e s o v e r h a v i n g a maximum a t a b o u t 1400 U.T. t h e n 

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

r e l a t i v e l y l a r g e s e a s o n a l southward s h i f t o f t h e c e n t r e of 

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

The mean d a i l y v a r i a t i o n o f the D e c l i n a t i o n from 425 

da y s f o r n o r t h e r n w i n t e r i s shown i n S k e t c h G ( f r o m F i g u r e 

2 8 ) . T h i s shows a n o r t h w a r d d i r e c t e d c u r r e n t component i n 

r 



So 

t h e morning w h i c h r e a c h e s a 

maximum a t 0900 and d e c a y s to 

the n i g h t t i m e l e v e l by 1100 

and t h e n a much s t r o n g e r t i o e 

n o r t h w a r d component w h i c h S K E T C H G 

r e a c h e s a maximum a t 1500 and 

u n d e r n e a t h t h e r e g i o n o f t h e 

o b s e r v e d i f F r e e t o w n was 

c u r r e n t s y s t e m shown by t h e 

Such a v a r i a t i o n would be 

t h e n d e c a y s t o w a r d s s u n s e t . 

r 
d o t t e d l i n e - i n S k e t c h II w h i c h S K E T C H H 

would a g r e e w i t h the c e n t r e of 

t h e s y s t e m h a v i n g moved s l i g h t l y n o r t h w a r d from t h e e q u i -

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

groups i n F i g u r e 43 show t h e s e a s o n a l change v e r y c l e a r l y . 

I n t h e c u r v e d e p i c t i n g the d i f f e r e n c e between t h e n o r t h e r n 

summer mean d a i l y v a r i a t i o n and t h e e q u i n o x i a l mean d a i l y 

v a r i a t i o n ( J - E ) i n the morning h o u r s , t h e r e i s a n e t s o u t h 

ward c u r r e n t w h i l s t i n the o t h e r d i f f e r e n c e c u r v e (D-E) 

t h e r e i s a n e t n o r t h w a r d c u r r e n t a t t h e same time i n t h e 

morning. 

The D e c l i n a t i o n v a r i a t i o n s a s o b s e r v e d a t F r e e t o w n 

t h u s c o n f i r m the e x i s t e n c e o f the d i s t o r t i o n o f t h e 

n o r t h e r n c u r r e n t v o r t e x due to the shape o f t h e m a g n e t i c 
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e q u a t o r and a l s o c o n f i r m the r e s u l t s from t h e h o r i z o n t a l 

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

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

4 .7 I n d u c e d ocean c u r r e n t s 

I n r e c e n t y e a r s g e o m a g n e t i c v a r i a t i o n r e s u l t s from 

some c o a s t a l o b s e r v a t o r i e s have been shown to c o n t a i n c o n 

s i d e r a b l e c o n t r i b u t i o n s from i n d u c e d c u r r e n t s I n the n e a r b y 

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

p e r i o d v a r i a t i o n s t h a n i n t h e v a r i a t i o n s o f p e r i o d s s i x 

h o u r s and l o n g e r . The magnitude of t h e s e e f f e c t s w i l l a l s o 

depend on t h e p r o x i m i t y to the s t a t i o n of t h e deep o c e a n . 

O f f t h e c o a s t of S i e r r a Leone the c o n t i n e n t a l s h e l f i s 

a p p r o x i m a t e l y 100 kms from t h e s h o r e l i n e w i t h t h e w a t e r 

d e p t h out t o t h a t d i s t a n c e b e i n g 50 m e t r e s o r l e s s . T h i s 

v e r y wide c o n t i n e n t a l s h e l f e x t e n d s up t h e West A f r i c a n 

c o a s t t o the Gambia and s o u t h o f F r e e t o w n f o r a d i s t a n c e 

of ISO kras so t h a t i n d u c t i o n e f f e c t s a t t h e F r e e t o w n 

o b s e r v a t o r y , w h i c h i s 10 kms from the c o a s t l i n e , s h o u l d be 

sm a l 1 . 

4.8 C o m p a r i s o n s w i t h o t h e r l o w - l a t i t u d e s t a t i o n s 

( i ) S o l a r d a i l y v a r i a t i o n s 

I n the t a b l e s g i v e n below the r e s u l t s o b t a i n e d from 

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

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

the t h r e e components. 



TABLE A 

H o r i z o n t a l I n t e n s i t y - A n n u a l V a l u e s 

U n i t - 1 G amma 

S t a t i o n s l 8 2 S 3 S 4 
F r e e t o w n 37.1 290° 20.6 107° 8.9 305° 2.8 168 

I b a d a n 1 41.0 266° 19.0 113° 8.7 334° 3.4 198 
2 

Huancuyo 53.2 282° 28.6 106° 12.5 304° 12.5 163 
3 

K o d a i k a n a l 38.8 277° 22.5 103° 9. 5 308° 1.7 150 
4 

S i n g a p o r e 21.5 285° 9.6 112° 4.3 322° - -
4 

Bombay, 18.6 280° 9.8 114° 3.5 316° 

1 - ALEXANDER and ONWUMECHILLI 1 9 5 9 ( 1 ) 
2 - JOHNSTON and McNlSU 1932 
3 - Til IRUVEGADATHAN 1954 4 - SCHMIDT 1926 

I t s h o u l d be p o i n t e d out t h a t t h e F r e e t o w n and 

Huancuyo r e s u l t s r e f e r t o p e r i o d s of s u n s p o t minimum 

a c t i v i t y , the S i n g a p o r e and Bombay r e s u l t s r e f e r to a 

p e r i o d of r e l a t i v e l y low s u n s p o t a c t i v i t y , w h i l e the 

I b a d a n r e s u l t s r e f e r t o a 20 month p e r i o d e n d i n g i n J u n e 

1957, a p e r i o d of r e l a t i v e l y h i g h s u n s p o t a c t i v i t y . Thus 

the F r e e t o w n f i g u r e s would be s l i g h t l y h i g h e r t h a n t h e 

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

p e r i o d s were a v a i l a b l e . T h i s i s to be e x p e c t e d due t o 

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

I b a d a n . T h e r e i s a c l e a r d i s t i n c t i o n between t h e magnitud 

of t h e a m p l i t u d e s a t t he f i r s t f o u r s t a t i o n s w h i c h a l l l i e 
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w i t h i n t h e r e g i o n o f i n f l u e n c e o f t h e e q u a t o r i a l e l e c t r o j e t 

and Bombay and S i n g a p o r e w h i c h a l t h o u g h b e i n g low l a t i t u d e 

s t a t i o n s a r e n o t c l o s e enough t o the m a g n e t i c e q u a t o r f o r 

the e l e c t r o j e t to have any g r e a t e f f e c t on t h e h o r i z o n t a l 

i n t e n s i t y . 

TABLE B 

Y e r t l e a l . I n t e n s i t y - A n n u a l V a l u e s 

S t a t i o n s-^ 

F r e e t o w n 7.0 

I b a d a n 1 18.7 
2 

S i n g a p o r e 6.9 
o 

Bombay 5. 3 
1 - ALEXANDER and ONWUMECH1LL1 1 9 5 9 ( 1 ) 
2 - SCHMIDT 1926 

The F r e e t o w n r e s u l t s when compared w i t h I b a d a n c l e a r l y 

show t h e e f f e c t of t h e d i s t a n c e o f t h e s t a t i o n s from the 

c e n t r e of the e q u a t o r i a l c u r r e n t s y s t e m . I b a d a n l i e s i n 

the r e g i o n o f maximum v e r t i c a l component e f f e c t to t h e 

s o u t h o f t h e c u r r e n t s y s t e m . The S i n g a p o r e and Bombay 

a m p l i t u d e s a r e comparab l e t o t h e F r e e t o w n r e s u l t s e v e n 

though t h e s t a t i o n s a r e much f a r t h e r away from t h e c e n t r e 

o f the c u r r e n t s y s t e m . T h i s i s due to t h e f a c t t h a t the 

v e r t i c a l i n t e n s i t y e f f e c t o f the e l e c t r o j e t e x t e n d s t o much 

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

U n i t - 1 Gamma 

8 2 8 3 S 4 
258° 5*8 59° 2.2 250° 0.6 78° 

272° 12.4 104° 4.6 311° 2.5 219° 

278° 3.9 93° 1.7 315° - -
84° 4.5 309° 4.2 148° 



( s e e S k e t c h A ) . F o r some d i s t a n c e o u t s i d e t h e l a t i t u d e o f 

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

t h a n t h a t a t a s t a t i o n s u c h a s F r e e t o w n w h i c h i s 

r e l a t i v e l y c l o s e to the c e n t r e o f t h e s y s t e m . 

TABLE C 

D e c l i n a t i o n - U n i t 1 Gamma 

S e a s o n a l V a l u e s - N o r t h e r n Summer ( J ) , N o r t h e r n W i n t e r (D) 

S t a t i o n S l S 2 S 3 S 4 

F r e e t o w n J 
D 

12.4 
6.6 

40° 87° 8.1 
4.7 

239° 
173° 

4.3 
2,1 353° 

1.3 
1.5 

339® 
206° 

I b a d a n * J 
D 

10. 3 
2.9 

232° 
341° 

9.1 
6.5 

9 5 o 237° 
4.1 
3.5 

314° 
127° 

3.6 
1.5 

217° 
5° 

a, 
S i n g a p o r e 

J 
D 

4.4 
10.5 

359° 
189° 

5.7 
8.0 

230° 
15° 

3.0 
3.3 

107°. 
233° 

.-

2 
Bombay 

J 
D 

10.4 
1.3 

3 1 o 184° 
10.9 
1.3 

255° 
113° 

8.1 
1.9 51° 

- -

1 - ALEXANDER and ONWUMECHILLI 1 9 5 9 ( 1 ) 2.- SCHMIDT 1926 

S e a s o n a l v a l u e s h a v e been g i v e n i n t h i s c a s e a s the 

v a r i a t i o n between the J and 0 months i s a n i m p o r t a n t pheno

menon. F r e e t o w n , I b a d a n and Bombay have s i m i l a r s e a s o n a l 

c h a n g e s b o t h i n a m p l i t u d e and phase w h i l s t a t S i n g a p o r e t h e 

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

Bombay a r e b o t h n o r t h o f the m a g n e t i c e q u a t o r w i t h Bombay 

b e i n g more t h a n 10°N o f the m a g n e t i c e q u a t o r d u r i n g the 

p e r i o d a n a l y s e d by S c h m i d t . I b a d a n and S i n g a p o r e a r e both 

s o u t h of t h e m a g n e t i c e q u a t o r . The above r e s u l t s , however, 

i n d i c a t e t h a t t h e s e a s o n a l c h a n g e s i n t he d e c l i n a t i o n a r e 



not g o v e r n e d , t o s u c h a l a r g e e x t e n t a s t h e o t h e r compo

n e n t s , by the p o s i t i o n o f the s t a t i o n w i t h r e s p e c t t o the 

m a g n e t i c e q u a t o r . S i m p l e i n s p e c t i o n o f the above f i g u r e s 

does not i n f a c t g i v e t h e f u l l p i c t u r e . As h a s been 

mentioned i n t h e p r e v i o u s s e c t i o n , t h e shape of the mean 

d a i l y v a r i a t i o n c u r v e s f o r t h e two s e a s o n s ( e . g . s k e t c h e s 

E and P) show t h a t the s t r o n g s o u thward c u r r e n t component 

i n t h e morning i n J months p r o d u c e s a l a r g e r d a i l y range 

t h a n t h a t i n the D months w h i c h oh a n a l y s i s g i v e s t h e 

s e a s o n a l d i f f e r e n c e s shown i n T a b l e C above, 

( i i ) L u n a r d a i l y v a r i a t i o n s 

D e t e r m i n a t i o n of the t e r m s i n the d a i l y m a g n e t i c 

v a r i 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 p h a s e o f the moon p r o 

v i d e s i n f o r m a t i o n w h i c h a l l o w s s t u d y of the l u n a r w ind 

s y s t e m w h i c h p r o d u c e s t h e t i d e s . The l u n a r t i d e s b e i n g 

p u r e l y g r a v i t a t i o n a l i n o r i g i n a r e t h u s more amenable t o 

m a t h e m a t i c a l a n a l y s i s . However, the l u n a r e f f e c t s a r e 

u s u a l l y v e r y s m a l l when compared w i t h the s o l a r d a i l y 

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

q u i r e d b e f o r e a s a t i s f a c t o r y d e t e r m i n a t i o n can be made. 

F o r t u n a t e l y i n e q u a t o r i a l r e g i o n s the enhancement o f the 

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

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

d e t e r m i n a t i o n s may be made w i t h r e l a t i v e l y s h o r t p e r i o d s 

o f d a t a . Thus l u n a r h a r m o n i c s have been d e t e r m i n e d f o r 



e q u a t o r i a l s t a t i o n s t h a t have o n l y been e s t a b l i s h e d i n 

r e c e n t y e a r s . The Group I I v a l u e s from the p r e s e n t 

a n a l y s i s have been u s e d i n the f o l l o w i n g c o m p a r i s o n s . 

TABLE D 

H o r i z o n t a l I n t e n s i t y - U n i t 1 Gamma 

An n u a l V a l u e s 

S t a t i o n 

F r e e t o w n 

L l *1 
2.77 4.5 

L 2 

4.33 

%2 

8.2 

L 3 *3 
2.75 1. 

L 4 
2 0.69 3.8 

I b a d a n * 0.88 6.6 3.99 7.2 0.50 5 . 5 0.07 0.9 

Huancuyo^ - - 5.24 9.1 - - - -
H o r i z o n t a l I n t e n s i t y - U n i t 1 Gamma 

S e a s o n a l V a l u e s of L 2 

S t a t i o n 

F r e e t o w n 3.20 

%2 

9.1 4.58 8.2 

L 2 

5.76 

*2 D * 
7.4 

I b a d a n 1 3.37 7.3 3.82 7.3 4.70 7.0 

A d d i s Ababa 2 2.30 6.6 6.17 8.5 6.36 7.1 

Huancuyo^ 2.55 9.9 5.53 9.1 7.62 8.2 
4 

K o d a i k a n a l 1.43 5.1 2.28 8.1 3.32 4.3 

t 2 - L u n a r h o u r of the f i r s t maximum 

1 - ALEXANDER and ONWUMECHILLI 1 9 5 9 ( 2 ) 2 - GOUIN 1960 

3 - MATSUSHITA 1967 4 - RAJA RAO 1961 

The s e r a i - d i u r n a l term ( L 2 ) i s the dominant a m p l i t u d e 

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

r e l a t i v e l y much l a r g e r t h a n t h o s e found a t I b a d a n f o r t h e 

p e r i o d 1955-57. 
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The s e a s o n a l v a r i a t i o n s o f t h e s e m i - d i u r n a l l u n a r 

t i d e i n t h e second p a r t o f T a b l e D show f o r the s t a t i o n s 

concerned- t h a t i n e v e r y c a s e the a m p l i t u d e s i n c r e a s e from 

n o r t h e r n summer months t h r o u g h the e q u i n o x months t o 

n o r t h e r n w i n t e r months. F r e e t o w n ( 8 . 5 ° N ) f I b a d a n (7.5°N) 

and A d d i s Ababa (9°N) a r e a l l s i t u a t e d n o r t h o f t h e geo

g r a p h i c e q u a t o r on t h e A f r i c a n c o n t i n e n t . Huancuyo (12°S) 

i s some 20° s o u t h g e o g r a p h i c a l l y o f t h e s e s t a t i o n s and i n 

South A m e r i c a . F r e e t o w n and Huancuyo have N o r t h d i p 

l a t i t u d e s w h i l e I b a d a n and A d d i s Ababa a r e s o u t h of t h e 

d i p e q u a t o r . The ra n g e Of d i p l a t i t u d e s b e i n g a p p r o x i 

m a t e l y 4° so t h a t a l l o f t h e s e s t a t i o n s a r e d i r e c t l y 

i n f l u e n c e d by the e q u a t o r i a l c o n d u c t i v i t y anomaly. 

MATSUSHITA and MAEDA ( 1 9 6 5 ) have shown t h a t t h i s t y p e 

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

s t a t i o n s . They a l s o showed t h a t t h e r e i s a s l i g h t s h i f t 

o f the p o s i t i o n o f maximum l u n a r s e m i - d i u r n a l v a r i a t i o n 

t o w a r d s t h e w i n t e r h e m i s p h e r e . 

TABLE E 
V e r t i c a l I n t e n s i t y - U n i t 1 Gamma 

S e a s o n a l V a l u e s o f L n 

S t a t i o n 

F r e e t o w n 
I b a d a n 1 

2 
Addi s Ababa 
1 - ALEXANDER and ONIVUMECHILLI 1 9 5 9 ( 2 ) 2 - GOUIN 1960 

X2 L 2 *2 E 
L 2 %2 D * 

1.78 10.5 1.47 9.8 0.87 7.5 
2.69 7.8 2.07 7.6 3.04 7.2 
0.64 11.1 0.79 7.7 1.62 1.4 



The s e a s o n a l v a r i a t i o n i n the s e m i - d i u r n a l l u n a r 

t i d e i n t h e v e r t i c a l i n t e n s i t y f o r I b a d a n and A d d i s Ababa 

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

a r e l a r g e phase d i f f e r e n c e s . Both t h e I b a d a n and A d d i s 

Ababa r e s u l t s were o b t a i n e d d u r i n g p e r i o d s o f J i i g h s u n s p o t 

a c t i v i t y . The F r e e t o w n f i g u r e s r e f e r t o a p e r i o d o f 

minimum a c t i v i t y , and w o uld t h e r e f o r e be e x p e c t e d t o be 

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

by s u n s p o t a c t i v i t y t h a n the s o l a r h a r m o n i c s . The i u i p o r -
i 

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

the s t a t i o n w i t h r e s p e c t t o the r e g i o n of maximum v e r t i c a l 

i n t e n s i t y d a i l y v a r i a t i o n e i t h e r s i d e of the e q u a t o r i a l 

c o n d u c t i v i t y anomaly. When v i e w e d i n t h i s way the above 

r e s u l t s a r e c o n s i s t e n t and show a g e n e r a l movement of t h e 

e q u a t o r i a l e l e c t r o j e t n o r t h w a r d s from J months t o D months, 
TABLE F 

D e c l i n a t i o n - U n i t 1 Minute 
S e a s o n a l V a l u e s o f Lg 

S t a t i o n L g t ^ l»2 t g L g t g 
J E D 

F r e e t o w n 0.15 6.3 0.05 6.1 0.13 0.6 
I b a d a n 1 0.18 6.0 ( 0 . 0 7 ) 6.3 0.20 10.6 
A d d i s A b a b a 2 0.13 7.3 0.20 9.7 0.3.3 11.8 
H u a n c u y o 3 0.14 7.9 0.19 8.3 0.08 9.3 
1 - ONWUMECHILLI 1960 2 - GOUIN 1960 
3 - MATSUSHITA 1967 
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The s e m i - d i u r n a l l u n a r v a r i a t i o n i n the d e c l i n a t i o n 

a t F r e e t o w n i s s i m i l a r t o t h a t o b t a i n e d a t I b a d a n i n t h a t 

d u r i n g the E q u i n o c t i a l months the t i d e i s v a r i a b l e i n 

p h ase g i v i n g r i s e t o a s m a l l r e s u l t a n t a m p l i t u d e . I n 

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

s i g n i f i c a n t and the F r e e t o w n f i g u r e i s o n l y b a r e l y s i g 

n i f i c a n t . The p hase d i f f e r e n c e s between the J and D B e t s 

a r e s i m i l a r f o r the t h r e e A f r i c a n s t a t i o n s b u t much 

l a r g e r t h a n t h a t a t Uuancuyo. The a m p l i t u d e d i f f e r e n c e s 

between the s o l s t i c i a l s e t s a r e s m a l l and w i t h i n the 

e r r o r l i m i t s . I t a p p e a r s t h a t F r e e t o w n and I b a d a n l i e 

i n the t r a n s i t i o n r e g i o n between the n o r t h e r n and s o u t h e r n 

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

d u r i n g the s o l s t i c i a l months, J and D, a r e r e s p e c t i v e l y 

i n f l u e n c e d by the n o r t h e r n and s o u t h e r n s y s t e m s . T h i s 

means t h a t the s o u t h e r n l u n a r c u r r e n t s y s t e m s t r e t c h e s w e l l 

i n t o the n o r t h e r n h e m i s p h e r e d u r i n g n o r t h e r n w i n t e r . 



Go 

5. SHORT PEKIOP VARIATIONS 

S h o r t p e r i o d v a r i a t i o n s , or p u l s a t i o n s , i n the geo

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

h i g h s e n s i t i v e equipment w i t h f a s t c h a r t s p e e d s . However, 

c e r t a i n t y p e s o f p u l s a t i o n s , the pc 3 and pc 4, c a n f r e 

q u e n t l y be c l e a r l y o b s e r v e d on normal magnetograras. The 

p e r i o d s of t h e s e p u l s a t i o n s l i e w i t h i n the range 1 to 10 

m i n u t e s so t h a t the paper speed of the normal magnetugrain 

(15 mm/hour) does not a l l o w i n v e s t i g a t i o n s o f v a r i a t i o n s 

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

P u l s a t i o n s ol t h i s t y p e were a p p a r e n t on the normal 

magnetograms a t F r e e t o w n in 1962 and a s t u d y was made Of 

the 12 month p e r i o d from March 1962 t o F e b r u a r y 1963. The 

p u l s a t i o n s were most c l e a r l y v i s i b l e on the h o r i z o n t a l 

component t r a c e . P u l s a t i o n s were o c c a s i o n a l l y t o be s e e n 

a t t h e same time on t h e d e c l i n a t i o n t r a c e but o n l y r a r e l y 

were t h e y v i s i b l e on the v e r t i c a l component t r a c e . The 

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

had an e f f e c t on t h e o c c u r r e n c e o f the p u l s a t i o n s i n t h e 

t h r e e components. The h o r i z o n t a l component t r a c e o n l y was 

s t u d i e d i n d e t a i l . P u l s a t i o n s were s a i d t o o c c u r i n any 

hour i f t h e y were c l e a r l y v i s i b l e on t h e magnetogram and 

p e r s i s t e d f o r t e n m i n u t e s o r more i n t h a t h o u r . The number 

of p u l s a t i o n s o c c u r r i n g a t e a c h hour was p l o t t e d f o r the 12 

months ( F i g u r e 9 3 ) . The p r o b a b i l i t y of o c c u r r e n c e was 



p l o t t e d for the three seasonal s e t s and f o r the y e a r ' s 

data as a whole. ( F i g u r e 9 4 ) . The curve f o r the complete 

y e a r ' s data shows two maxima, the f i r s t a t 0700 and the 

second a t 1200 hours. The J s e t and E s e t curves have 

s i m i l a r c h a r a c t e r i s t i c s but i n the D s e t curve the morning 

maximum i s completely absent. I t i s p o s s i b l e that the 

absence of the morning maximum i n the D s e t months i s due 

to the f a c t that these months were the l a s t four of the 12 

months considered and the number of p u l s a t i o n s v i s i b l e on 

the magnetograms was becoming s m a l l e r . The January and 

February 1963 curves show a general low l e v e l of p u l s a t i o n 

occurrence w i t h no c l e a r maximum or minimum period i n the 

February curve. The midday maximum i s not present through

out the year s t u d i e d w i t h low v a l u e s being obtained f o r 

June, J u l y and October 1962. There i s a tendency f o r an 

i n c r e a s e i n p u l s a t i o n a c t i v i t y around 1800 hours j u s t 

before sunset but not n e a r l y as marked as that found by 

HUTT0N (1960) f o r continuous p u l s a t i o n a c t i v i t y a t Legori 

i n Ghana. 

A c o r r e l a t i o n study has been made of the occurrence 

of the p u l s a t i o n s with worldwide magnetic a c t i v i t y u s i n g 

the published K index v a l u e s . A t o t a l of 2613 three hour 

periods were a v a i l a b l e during the 12 month per i o d . The 

i n d i c e s were d i v i d e d i n t o four groups as f o l l o w s : -
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1 - K p from 0 o to 1-

2 - K p from 1 0 to 2-

3 - from 2 0 to 3-
P ° 

4 " K p ^ 3» 

The annual and seasonal curves for the occurrence of 

t h i s type of p u l s a t i o n with i n c r e a s i n g magnetic a c t i v i t y 

have been p l o t t e d ( F i g u r e 9 5 ) . There i s no c l e a r connection 

between the occurrence of p u l s a t i o n s and magnetic a c t i v i t y . 

For the northern w i n t e r months there i s a decrease i n 

occurrence of p u l s a t i o n s with the hig h e r l e v e l s of 

a c t i v i t y which may be a s s o c i a t e d with the absence of the 

morning maximum during these months. For the other 

seasons there i s a general i n c r e a s e i n occurrence of 

p u l s a t i o n s w i t h i n c r e a s i n g magnetic a c t i v i t y . A more 

d e t a i l e d study i s necessary to see i f p a r t i c u l a r l e v e l s 

of a c t i v i t y are a s s o c i a t e d with the norning, midday and 

evening peaks of occurrence. 

OSBORNE and RIVERS (1963) gave a p r e l i m i n a r y account 

of a comparison between the p u l s a t i o n s observed a t Freetown 

and those observed a t Tamale, a temporary magnetic s t a t i o n 

e s t a b l i s h e d i n Northern Ghana with a dip angle of 1.2° 

south. I n i t i a l l y r e c o rds from both Freetown and Taraale 

f o r March 1962 were used, t a k i n g note only of those times 

for which magnetograms were good a t both s t a t i o n s , 663 

hours out of a t o t a l of 774 hours. At Freetown, p u l s a t i o n s 



occurred during 270 hours g i v i n g a p r o b a b i l i t y of 

occurrence of 0.41. At Tamale the p u l s a t i o n s occurred 

during 100 hours g i v i n g a p r o b a b i l i t y of occurrence of 

0.15. The d i f f e r e n c e between these two f i g u r e s was 

almost c e r t a i n l y due to d i f f e r e n t s e n s i t i v i t i e s a t the 

two s t a t i o n s , 1.3 y/rara a t Freetown and 3.1 y/mm a t Taraale. 

When p u l s a t i o n s were observed a t Tamale the p r o b a b i l i t y 

that they were a l s o noted a t Freetown was 0.85. When 

p u l s a t i o n s were not recorded a t Tamale the p r o b a b i l i t y 

of occurrence at Freetown was 0.31. These v a l u e s suggest 

that e s s e n t i a l l y the same events were o c c u r r i n g a t both 

s t a t i o n s but that the t h r e s h o l d value f o r d e t e c t i o n was 

d i f f e r e n t . The noon maximum observed a t Freetown through

out the year was absent a t Tamale i n the March records and 

when the comparison was extended to the same period as 

covered by the Freetown r e s u l t s a s i m i l a r s i t u a t i o n was 

found with only one maximum of occurrence found a t Tamale. 

I n the northern w i n t e r months when the Freetown morning 

maximum was absent the Tamale maximum occurred a t 1000,some 

three hours l a t e r than during the r e s t of the y e a r . I t 

seems l i k e l y that the lower s e n s i t i v i t y of the Tamale 

records did not permit the d e t e c t i o n of the noon p u l s a t i o n s 

observed at Freetown. 

The occurrence curves a t Freetown are s i m i l a r to those 

obtained at M'Bour (HAHSCZUS 1965) over a longer period 
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with more s e n s i t i v e equipment ( s e n s i t i v i t y 0.12 ^/ram) 

s p e c i a l l y designed f o r re c o r d i n g t h i s type of phenomenon. 

The d i u r n a l v a r i a t i o n curves a t M'Bour show two p r i n c i p a l 

maxima, one a t s u n r i s e and the other a t noon. The s u n r i s e 

maximum v a r i e s throughout the year with the time of s u n r i s e 

being l a t e r i n northern w i n t e r months. 



6.1 S e c u l a r v a r i a t i o n i n S i e r r a Leone 

I t i s not p o s s i b l e to say a grea t d e a l about the 

s e c u l a r v a r i a t i o n i n S i e r r a Leone due to the l a c k of 

data. The e a r l i e s t r e c ords of magnetic f i e l d measurements 

i n S i e r r a Leone date from 1911 with the f i r s t v i s i t of 

s c i e n t i s t s from the Carnegie I n s t i t u t e o f Washington. 

Four s t a t i o n s were occupied i n the period 1911-12 

(BAUEK and FLEMING 1915), three of these being reoccupied 

in 1925 (FI S K 1927). A comprehensive survey of French 

West A f r i c a (O.K.S.T.OM. M'BOUH 1958) was c a r r i e d out 

during the period 1953-58 and s i n c e 19(30 the w r i t e r has 

made v a r i o u s measurements throughout S i e r r a Leone. 

Use has been made of the above measurements and of the 

r e s u l t s due to VESTINE e t a l (1959) i n c o n s t r u c t i n g the 

s e c u l a r v a r i a t i o n graphs f o r the h o r i z o n t a l and v e r t i c a l 

i n t e n s i t i e s and the d e c l i n a t i o n ( F i g u r e 9 2 ) . These graphs 

have been p l o t t e d f o r Bo which occupies an approximately 

c e n t r a l p o s i t i o n i n S i e r r a Leone. There i s a s i m i l a r amount 

of data a v a i l a b l e f o r Bo a s f o r Freetown but Bo i s not 

a f f e c t e d by l o c a l anomalies as i s Freetown. As can be seen 

from the graphs the r a t e of change of h o r i z o n t a l i n t e n s i t y 

appears to be s m a l l e r i n 1965 than during the p e r i o d 1925-

1945, being of the order of 2 gammas per year. The 1965 

r a t e of change of D e c l i n a t i o n i s approximately 10* per year 
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and the 1965 r a t e of change of v e r t i c a l i n t e n s i t y i s 80 

gammas per year. A l l these r e s u l t s are n e c e s s a r i l y uncer

t a i n due to the amount of smoothing and e x t r a p o l a t i o n 

involved. 

6.2 World Magnetic Survey 

As the S i e r r a Leone c o n t r i b u t i o n to the World Magnetic 

Survey i t was hoped to reoccupy the e a r l y Carnegie s i t e s 

and to e s t a b l i s h new repeat s t a t i o n s i n S i e r r a Leone. Two 

of the Carnegie s i t e s , Freetown and Do, were i d e n t i f i e d but 

found to be u n s u i t a b l e f o r reoccupation due to r e c e n t 

b u i l d i n g . The s i t e a t Moyamba was lo c a t e d from old maps 

a t the Government Survey Department and found to be now 

w i t h i n the b u i l d i n g of a l a r g e secondary s c h o o l . The 

fou r t h s i t e a t Bniima was too f a r from Freetown to be 

v i s i t e d i n the time a v a i l a b l e . New s i t e s were t h e r e f o r e 

e s t a b l i s h e d , where p o s s i b l e u s i n g S i e r r a Leone Government 

secondary survey points which are l e s s l i k e l y to be d i s 

turbed and could t h e r e f o r e more e a s i l y be reoccupied a t a 

fu t u r e date. 

Headings a t the f i r s t s t a t i o n v i s i t e d were i n i t i a l l y 

attempted j u s t before dawn commencing a t 0430 GMT but 

d i f f i c u l t y was experienced i n t a k i n g the readings with any 

speed due to co n s i d e r a b l e condensation on the instruments. 

A l l subsequent readings were taken a t dusk w i t h i n a four 

month period from January to May 1965. I n November 1964 



Or, K. A. Wienert, D i r e c t o r of the Geophysical Observatory 

a t F u e r s t e h f e l d b r i i c k i n Western Germany, spent four days 

a t Freetown during a UNESCO-IAGA sponsored tour of magnetic 

o b s e r v a t o r i e s i n A f r i c a . The purpose of the tour being to 

check observatory standards and to compare the instruments 

i n use with a standard s e t of QlIM's which he c a r r i e d w ith 

him. As a r e s u l t of these comparisons, small c o r r e c t i o n s 

were d e r i v e d for Freetown's QUM 506 and QHM 507. These are 

the c o r r e c t i o n s mentioned i n the r e s u l t s t a b l e which 

f o l l o w s . I t should be noted that the d e c l i n a t i o n measure

ments a t Bo are almost c e r t a i n l y i n c o r r e c t . T h i s may be 

due to i n c o r r e c t readings or an i n c o r r e c t bearing s u p p l i e d 

by the Survey Department. Every e f f o r t w i l l be made to 

check t h i s reading by s i t e reoccupation i n 1968. The mag

n e t i c c h a r t s shown o v e r l e a f have been drawn from t h i s 

survey data and the O.R.S.T.O.M. survey data mentioned 

e a r l i e r . 
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SUMMARY OF W... M. S. READ ING S 

1. ROKUPR 9° 00» 44" N 12° 57* 16" ff 
62.0' above M.S.L. 

S i t e d e s c r i p t i o n ! - At the Hice Research I n s t i t u t e , 

Rokupr, pa r t of N j a l a U n i v e r s i t y C o l l e g e , U n i v e r s i t y of 

S i e r r a Leone. Next to the Meteo r o l o g i c a l S t a t i o n over

looking r i c e t r i a l paddies to the Great S c a r c i e s r i v e r . 

F i f t y f e e t from centre of road past M e t e o r o l o g i c a l S t a t i o n , 

marked by concrete beacon s e t j u s t below ground l e v e l and 
i n s c r i b e d W.M. S. 1965. Be a r i ng s -W.M.S. 1965 to corner 

of a i r temperature thermometer scre e n n e a r e s t road 

N 310° 22' 40" E, W.M.S. 1965 to concrete survey beacon 

R.C.S. 167 at edge of road N 28° 14 1 30" E. 

Readings 

(a ) H o r i z o n t a l i n t e n s i 

Date QHM GMT H C o r r e c t i o n F i n a l Value 

14 .1.65 506 0540 0.31338 -8 Y 0.31330 
14.1.65 506 1812 0.31335 - 8 V .0.31327 
14i~.1.65 506 1820 0.31334 - 8 * 0.31326 
14.1.65 507 1832 0.31343 -16 * 0.31327 
14.1.65 507 1838 0.31342 -16 * 0.31326 
15.1.65 507 0446 0.31350 -16 y 0.31334 
15.1.65 507 0455 0.31351 -16 * 0.31335 
15.1.65 506 0518 0.31341 -8 * 0.31333 
15.1.6-5 506 0530 0.31338 - 8 * 0.31330 



io 

(b) D e c l i n a t i o n 

Date QHM GMT D C o r r e c  F i n a l 
t i o n Value 

14.1.65 506 0547 N 13° 36•.0 W -2' .0 N 13°34' .< 
14.1.65 506 1824 N 13° 24 ' . 5 W -2' .0 N 1 3°22'. 
14.1.65 507 1835 N 13° 23*.8 W + 1 • .8 N 13°25». 

15.1.65 507 0450 N 13° 33 1.5 W + 1T.8 N 13°35'. 
15.1.65 506 0518 N 13° 33'.0 W -2* .0 N 13°31'. 

( c ) V e r t i c a l i n t e n s i t y A l l r eadings u s i n g BMZ 246. 

Date Time Value Date Time Value 

14.1.65 0446 0. 01193 15.1.65 04,21 0.01200 
14.1.65 0452 0. 01195 15.1.65 0424 0.01201 
14.1.65 1749 o. 01189 
14.1.65 1754 0. 01193 

2. LUNGI Bench Point SLS 71/58/BP1. 

08° 37' 17" N 13° 12' 33" W 

85.0 f t . above M.S.L. 

S i t e d e s c r i p t i o n : - E x i s t i n g bench point BP1 of 

SLS 71/58 used. Bench point s i t u a t e d 12' from centr e of 

road outside A i r p o r t Manager's house near to t e n n i s court 

next to the old A i r p o r t H o t e l , approximately one mile from 

A i r p o r t Terminal buiildings. Bearing used f o r D e c l i n a t i o n 

readings BP1 to BP9 N 335° 21» 04". 
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Readings 

Date Q1IM GMT 

13.4.65 506 0805 
13.4.65 506 0811 
13.4.65 506 1807 
13.4.65 506 1813 

14.4.65 506 0746 
14.4.65 506 07 52 
14. 4.65 506 1826 
14.4.65 506 1833 

(b) D e c l i n a t i o n 

Date QHM GMT 
13.4.G5 506 0807 
13.4.65 506 1810 
14.4.65 506 0749 
14.4.65 506 1831 

H 

0.31255 
0.31257 
0.31250 
0.31250 

0.31246 
0.31247 
0.31247 
0.31248 

C o r r e c t i o n F i n a l Value 

( c ) V e r t i c a l i n t e n s i t y 

Date 

13.4.65 
13.4.65 

-0.00008 
-0.00008 
-0.00008 
-0.00008 

-0.00008 
-O.00008 
-0.00008 
-0.00008 

D 

N 13°40'.2W 
N 13°39'.7W 
N 13°43 ,.0W 
N 13°41 ,.6W 

BMZ 246 

Time Value 

0. 31247 
0.31249 
0.31242 
0.31242 

0.31238 
6.31239 
0.31239 
0.31240 

C o r r e c 
t i o n 

F i n a l 
Value 

-2 ! .0 N . 2W 
-2' .0 N 13°37• ,7W 
-2' .0 N 13°41' .OW 
-2' .0 N 13°39' ,6W 

0745 
1821 

0.0044 2 
0.00449 

3. BO Bench point PB C512 

07° 59' 01" N 11° 44* 26" W 

325 f t . above M.S.L. 

S j t e d e s c r i p t i o n : - E x i s t i n g bench point PB C512 used. 

Bench point s i t u a t e d a t the side of the road from Bo to 

Magb.uraka approximately f i v e m i l e s from the r a i l w a y s t a t i o n , 
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a t the main entrance to C h r i s t the King C o l l e g e , the 

Roman C a t h o l i c Secondary School a t Ho. Bearing used f o r 

d e c l i n a t i o n C512 to C514 N 185° 29' 45" E. C514 i s 

330 yards towards Bo town from C512 on the same si d e of 

the road. 

Read i rigs 

(a) H o r i z o n t a l i n t e n s i t y 

Date QIIM GMT H C o r r e c t i o n F i n a l Value 

24.4.65 506 1804 0. 31019 -0.00008 0.31011 
24.4.65 506 1810 0. 31025 -0.00008 0.31017 
25.4.65 507 1828 0. 31019 -0.00016 0.31003 
25.4.65 507 1831 0. 31014 -0.00016 0.30998 
25.4.65 506 1854 0. 31011 -0.00008 0.31003 
25.4.65 506 1859 0. 31008 -0.00008 0.31000 

(b) D e c l i n a t i o n 

Date QHM GMT 

24.4.65 
25.4.65 
25.4.65 

50b 
507 
506 

1807 
1830 
1856 

D 

N 19"13'.8W 
N 19013'.4W 
N I ^ l S * .4W 

Co r r e c 
t i o n 
-2'.0 
•M',8 
-2' .0 

F i n a l 
Value 

N 1 9 9 l l ' . 8 V 
N 19°15 ,.2W 
N 19°13-,.4W 

( c ) V e r t i c a l i n t e n s i t y 

Date GMT Value 

24.4.65 
24.4.65 
25.4.65 

1755 
1820 
1810 

-0.00582 
-0.00575 
-0.00568 

Date 

25.4.65 
25.4.65 
25.4.65 

GMT 

1814 
1843 
1845 

Value 

-0.00568 
-0.00569 
-0.00568 
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4. MAKENI Bench P o i n t PB B411 
08° 52' 43" N 12° 0 2 1 08" W 
300 f t . above M.S.L. 

S i t e d e s c r i p t i o n ; - E x i s t i n g bench point PB B411 used. 

Bench point s i t u a t e d outside Government F o r e s t r y O f f i c e on 

road from Makeni to Teko. Bearing used for d e c l i n a t i o n 

B4-11 to 11412 N 157° 32' 16" E. B412 i s 429 f t . towards 

Teko from 13411 on the same s i d e of the road. 

Readings 

(a) H o r i z o n t a l i n t e n s i t y 

Date QliM GMT H C o r r e c t i on F i n a l Value 

29.fl.65 50G 1823 0.31193 -0.00008 0.31185 
29.5.65 506 1829 0.31193 -0.00008 0.31185 
29.5.65 506 1851 0.31194 -0.00008 0.31186 
29.5.65 506 1857 0.31193 -0.00008 0.31185 
30.5.65 507 1757 0.31218 -0.00016 0.31202 
30.5.65 507 1807 0.31211 -0.00016 0.31195 
30.5.65 507 1828 0.31215 -0.00016 0.31199 
30.5.65 507 1834 0.31207 -0.00016 0.31191 

(b) D e c l i n a t i o n 

Date QHM GMT D Co r r e c 
t i on 

F i n a l 
Value 

29.5.65 506 1825 N 13°6' . 3W -2 • . 0 N 13°4*.3W 
29.5.65 506 1855 N 13°6' .7W -2•.0 N 13°4'.7W 
30.5.65 507 1802 N 13°5' .6W • l ' . S N 13°7'.4W 
30.5.65 507 183L N 13°6' .217 •••l'.S N 13°8'.OW 

( c ) V e r t i c a l i n t e n s i t y BMZ 246 
Date 

29.5.65 
29.5.65 
29.5.65 
29.5.65 

GMT 
1758 
1802 
1841 
1907 

Value 
0.60467 
0.00464 
0.00459 
0.00454 
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7. FIELD MEASUREMENTS 

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

V a r i o u s surveys of the d a i l y ranges of the h o r i z o n t a l 

i n t e n s i t y have been made i n e q u a t o r i a l r e g i o n s as part of 

the study of 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 system. 

E a r l y measurements were made i n South America, v a r i o u s 

p a r t s of A f r i c a and i n I n d i a using the Quartz H o r i z o n t a l 

Force Magnetometer (Q.H.M.). These surveys provided s e r i e s 

of instantaneous readings with the i n h e r e n t u n c e r t a i n t y 

of whether the a c t u a l d a i l y range had been measured or 

whether the readings had been unduly a f f e c t e d by the 

f l u c t u a t i o n s which often occur i n these r e g i o n s even on 

very q u i e t days. 

ONWUMECHILLI (1959) i n 1956 f i r s t used a portable 

h o r i z o n t a l i n t e n s i t y magnetometer i n c o r p o r a t i n g continuous 

photographic r e g i s t r a t i o n i n h i s study of the e q u a t o r i a l 

e l e c t r o j e t i n N i g e r i a . H1VEHS (1964) i n 1958-59 c a r r i e d 

out a s i m i l a r survey of the v e r t i c a l i n t e n s i t y i n t h i s 

region using the same method of continuous r e g i s t r a t i o n . 

FORBUSH and CASAVERDE (1961) backed by g r e a t e r r e s o u r c e s 

and using commercially made equipment c a r r i e d out an 

ext e n s i v e survey of three components (H,D,Z) i n South 

America during the I.G.Y.-I.G.C. period. I t was apparent 

that the information which could be obtained from such 

surveys was of g r e a t e r r e l i a b i l i t y i f a t l e a s t two 
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components were sim u l t a n e o u s l y measured, p r e f e r a b l y the 

h o r i z o n t a l and V e r t i c a l i n t e n s i t i e s . The survey made i n 

S i e r r a Leone was thus planned to measure the h o r i z o n t a l and 

v e r t i c a l i n t e n s i t i e s u s i n g continuous photographic r e g i s 

t r a t i o n during the m a g n e t i c a l l y q u i e t p e r i o d of e a r l y 1964. 

T h i s p e riod was a l s o chosen as the time of y e a r when the 

roads i n S i e r r a Leone were i n t h e i r most reasonable s t a t e . 

I t was decided to attempt to measure H and Z a t four f i e l d 

s t a t i o n s s i m u l t a n e o u s l y i n a d d i t i o n to the permanent 

observatory a t Freetown. 

The s i t u a t i o n s of the f i e l d s t a t i o n s i n r e l a t i o n to 

the magnetic equator are shown i n map o v e r l e a f . Unfor

t u n a t e l y f o r v a r i o u s reasons i t was not found p o s s i b l e to 

e s t a b l i s h the most remote s t a t i o n a t Mattru-Jong, so t h a t 

records were only olbtained from the s t a t i o n s a t Rokupr, 

Makeni and N j a l a . 

The magnetometers used i n the survey were designed by 

the author and c o n s t r u c t e d i n the department workshop, 

which a t t h a t time possessed only a small l a t h e and a h a l f 

i nch d r i l l , so t h a t c o n s t r u c t i o n was slow and a c c u r a c y 

d i f f i c u l t to a c h i e v e . 

7.2 Magnetometer design 

The magnet systems used were I d e n t i c a l to those used 

i n the observatory magnetometers and were obtained from 

the Danish M e t e o r o l o g i c a l I n s t i t u t e . Apart from mechanical 
design problems the c h i e f d i f f i c u l t y was to produce v a r i o 
meters w i t h l i t t l e or no temperature c o e f f i c i e n t s . 
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Temperature compensation i s achieved i n v a r i o u s ways 
i n commercial magnetometer systems, the o p t i c a l method used 
i n the observatory arrangement having already been des
c r i b e d . These systems are expensive and almost impossible 
to c o n s t r u c t i n a small workshop. I t was t h e r e f o r e 
decided to attempt t o e l i m i n a t e the d a i l y temperature 
v a r i a t i o n by p l a c i n g the variometers i n holes i n the 
ground shielded from d i r e c t s u n l i g h t by t r e e s and other 
cover. A surface d a i l y temperature v a r i a t i o n of 20°C i s 
b a r e l y measurable a t a depth of f o u r f e e t . C l e a r l y , the 
d a i l y temperature v a r i a t i o n a t the bottom of a hole w i l l 
be l a r g e r than t h a t i n the s o l i d earth a t the same depth; 
however, a considerable r e d u c t i o n i n the magnitude of the 
v a r i a t i o n was achieved by t h i s method, the d a i l y temperature 
v a r i a t i o n w i t h i n the magnetometers being reduced by an order 
of magnitude t o the r e g i o n o f 2-3°C. 
7.2.1 H o r i z o n t a l I n t e n s i t y Magnetometer 

The f o l l o w i n g diagrams show the main f e a t u r e s o f the 
h o r i z o n t a l i n t e n s i t y magnetometer. Diagram 1 shows the 
o p t i c a l system which was used to give reasonable s e n s i t i v i t y 
values. The s i n g l e f i l a m e n t lamp a t the base of the mag
netometer was shielded apart from a narrow s l i t i n the 
d i r e c t i o n o f the suspended magnet system. The r e f l e c t e d 
ray from the m i r r o r of the magnet system then passed i n t o 
the r i g h t angle prism, which could be r o t a t e d , through a 
lens which could be a d j u s t e d t o focus the image then v i a 
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two surface aluminised m i r r o r s t o the plano-convex lens 
f i t t e d t o the top of the variometer frame. The piano-
conyex lens served to focus the l i n e image to a sharp 
p o i n t on the photographic paper i n s i d e the camera. A 
f i x e d base-line t r a c e was obtained from a 1 cm diameter 
surface aluminised m i r r o r f i x e d to the base o f the v a r i o 
meter. The r e f l e c t e d ray from t h i s m i r r o r passed through 
the same o p t i c a l path as the ray from the magnet system. 
Diagram 2 shows the suspended magnet system and the clamping 
device. The f i n e quartz f i b r e suspensions were f i x e d to 
the upper support and the magnet system i n the manner des
c r i b e d i n CHAPMAN and BART-ELS (1940), p.93. The upper sus
pension support which was turned fromt a s o l i d piece of brass 
could r o t a t e w i t h i n a phosphor bronze c o l l a r which was 
f i t t e d t o the top p l a t e of the variometer. A good f i t was 
obtained by la p p i n g the brass i n the phosphor bronze c o l l a r . 
To a s s i s t smooth r o t a t i o n d u r i n g normal use over a long 
p e r i o d a h i g h v i s c o s i t y grease was used. 

The clamping device operated on the magnet system a t 
the lower end o f the suspension. The wing nut a t the l e f t -
hand side of Diagram 2 was outside the variometer casing, 
the s h a f t having a l e f t - h a n d thread a t one end and a r i g h t -
hand thread a t the ot h e r , so t h a t on r o t a t i o n of the wing 
nut the two halves of the clamp e i t h e r moved together or 
ap a r t . When closed, the ends of the clamp, which were made 
from copper s t r i p , gripped the small brass c y l i n d e r a t the 
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top of the m i r r o r , and on a p p l y i n g a small amount of 
e x t r a pressure the two halves o f the clamp moved upwards 
s l i g h t l y , t h u s f r e e i n g t h e quartz suspension from a l l 
s t r e s s . A f t e r i n i t i a l attempts a t the f i r s t f i e l d s t a t i o n 
to mount the suspension i n the f i e l d , the magnet systems 
were mounted i n the l a b o r a t o r y a t Freetown and t r a n s p o r t e d 
i n the clamped p o s i t i o n to the f i e l d s t a t i o n . 

The main s t r u c t u r e o f the variometer consisted o f a 
base p l a t e and top p l a t e o f gauge duraluminium separated 
by f o u r nine inch brass hexagon s e c t i o n rods. Beneath the 
suspended magnet a t h i c k block of copper was f i x e d to 
a s s i s t i n damping sh o r t period a r t i f i c i a l o s c i l l a t i o n s . 
There was a. hole i n the upper p l a t e which allowed d i r e c t 
v i s i o n of the suspended magnet system d u r i n g adjustment of 
the variometer. During normal use t h i s hole was covered 
by the camera base. Between the.base and top p l a t e s the 
variometer was enclosed i n a f n t h i c k asbestos tube. The 
upper and lower rims of the tube f i t t e d i n t o grooves i n 
the duraluminium p l a t e s w i t h rubber r i n g s t o a s s i s t i n 
making the j o i n t s l i g h t t i g h t . The e n t i r e i n s i d e of the 
Variometer was p a i n t e d w i t h matt black p a i n t to prevent 
s t r a y r e f l e c t i o n s fogging the photographic r e c o r d . 
7.2.2 V e r t i c a l I n t e n s i t y Magnetometer 

The main f e a t u r e s o f the magnetometer are shown i n 
Diagram 3. The magnet system used was s i m i l a r t o t h a t 
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used i n the v e r t i c a l i n t e n s i t y magnetometer i n the 
observatory a t Freetown. Changes i n the v e r t i c a l i n t e n s i t y 
recorded by the instrument were r e g i s t e r e d p h o t o g r a p h i c a l l y 
by a spot of l i g h t from a s i n g l e f i l a m e n t lamp which was 
r e f l e c t e d from the upper surface of the balanced magnetic 
needle. 

Having reduced the e f f e c t s of the temperature v a r i a 
t i o n by p l a c i n g the magnetometer i n a hole i n the ground, 
the main problem w i t h the v e r t i c a l i n t e n s i t y magnetometer 
was the requirement t h a t the k n i f e edges of the magnetic 
needle should be c o n s i s t e n t l y i n the same p o s i t i o n on the 
agate planes. Only i n t h i s way would s t a b i l i t y o f 
s e n s i t i v i t y be achieved a t each f i e l d s t a t i o n . Much time 
was t h e r e f o r e spent on the design and c o n s t r u c t i o n o f the 
device f o r clamping the magnet and lowering i t i n t o p o s i t i o n 
on the agate planes. D e t a i l s o f the f i n a l arrangement as 
i t was used at a l l the f i e l d s t a t i o n s are given i n the 
f p11owlng - ske tch . 

0 0 
CZ3 

SKETCH b S K E T C H C 



The base of the support was a l | r " diameter brass 
c y l i n d e r w i t h a -|" hole reamed through i t s c e n t r e . The 
agate planes were mounted i n grooves on the top of t h i s 
c y l i n d e r . A second brass c y l i n d e r was able t o s l i d e 
smoothly w i t h i n the c y l i n d r i c a l h o l e , the top o f t h i s 
c y l i n d e r being shaped t o f i t the underneath of the mag
n e t i c needle (Sketch B). The bottom of the c y l i n d e r was 
s l o t t e d t o take the cam which was used to r a i s e and lower 
i t . The upper p a r t o f the clamp consisted o f a dur-
alurainium p l a t e which was f i x e d to the l a r g e r brass 
c y l i n d e r (Sketch A ) . The height of t h i s p l a t e above the 
agate planes could be adjusted and locked i n p o s i t i o n by 
means of lock nuts on the mounting screws. There was a 
c i r c u l a r hole i n the centre of the p l a t e which e x a c t l y 
f i t t e d the top of the magnetic needle (Sketch C). The 
lower edge of t h i s hole was beve l l e d so t h a t i f the magnet 
was not i n the c o r r e c t p o s i t i o n , r a i s i n g the c e n t r a l 
c y l i n d e r by means o f the cam would centre the needle i n 
the clamp. On l o w e r i n g , the needle would then be i n the 
c o r r e c t p o s i t i o n on the agate planes. The clamp could be 
r a i s e d and lowered from the outside o f the variometer by 
means of the knob a t the bottom r i g h t o f Diagram 3. 

The o p t i c a l system was s i m i l a r t o t h a t used i n the 
h o r i z o n t a l f o r c e magnetometer c o n s i s t i n g o f a s i n g l e 
f i l a m e n t lamp, a lens t o focus the l i n e image and two 
surface aluminised m i r r o r s to extend the o p t i c a l , path. A 



plano-convex c y l i n d r i c a l lens was used to focus the l i n e 
image i n t o a spot on the photographic paper i n the camera. 
The f i x e d b ase-line tra c e was obtained from a small sur
face aluminised c i r c u l a r m i r r o r which was f i x e d to the 
upper p a r t of the clamping device. 

Due t o the extreme hum i d i t y values which are en
countered i n S i e r r a Leone i t was necessary to have the 
balanced magnet i n an a r t i f i c i a l l y d r i e d environment. 
The magnet support and clamp were enclosed i n a perspex box. 
A hole was d r i l l e d through the base p l a t e i n t o the box and 
a rubber tube connected the box to a b o t t l e of s i l i c a g e l . 
I n t h i s way the s i l i c a g e l could be renewed w i t h o u t d i s 
t u r b i n g the magnet system. The s e a l i n g of the box and the 
var i o u s j o i n t s i n the system was such t h a t the s i l i c a g e l 
only needed changing every three or fo u r weeks. 

The outer casing of the v e r t i c a l i n t e n s i t y magneto
meter consisted of an asbestos tube one inch i n t h i c k n e s s . 
Apart from a s s i s t i n g i n the r e d u c t i o n of temperature 
e f f e c t s , the weight o f the tube made the magnetometer very 
s t a b l e . The i n s i d e of the tube and the magnetometer were 
painted w i t h matt black p a i n t to reduce the e f f e c t of 
s t r a y r e f l e c t i o n s . 
7.3 The magnetometer cameras 

The cameras f o r a l l the magnetometers were con s t r u c t e d 



a t Freetown, each one c o n s i s t i n g o f an adapted barograph 
clock mounted i n s i d e a l i g h t t i g h t aluminium box. The 
base of the box f i t t e d on the top of the a p p r o p r i a t e 
magnetometer located i n p o s i t i o n by a d d i t i o n a l s t r i p s o f 
aluminium screwed to the top o f the magnetometer. A f i n e 
s l i t was cut i n the camera base p l a t e to allow the i n c i 
dence of the spots o f l i g h t on the photographic paper. 
The camera s h u t t e r was a s t r i p o f brass on the i n s i d e o f 
the baseplate which could be moved over the s l i t by means 
of two rods which protruded from the side of the camera 
box. When the s h u t t e r was closed the camera could be 
simply l i f t e d from the magnetometer and taken t o a s u i t a b l e 
place f o r the development of the record. The barograph 
clock had interchangeable gears which allowed e i t h e r one 
r e v o l u t i o n i n 25 hours or one r e v o l u t i o n i n seven and a 
h a l f days. During the p r e l i m i n a r y adjustment and c a l i b r a 
t i o n p e r i o d the f a s t e r speed was used, but throughout the 
normal, o p e r a t i o n of the magnetometers the slower speed was 
used so t h a t the records o n l y needed changing weekly. The 
paper speeds w i t h the d i f f e r e n t sets of gears were 11.4 mm 
per hour and 1.7 mm per hour f o r normal working. 

The power supply f o r the s i n g l e f i l a m e n t bulbs was 
obtained from a s i x v o l t heavy duty car b a t t e r y t r i c k l e 
charged from the mains where p o s s i b l e . The i n t e n s i t i e s of 
the lamps i n the two magnetometers could be v a r i e d 



independently by means of potentiometers at the supply 
uni t . 
7.4 C a l i b r a t i o n Of the magnetometers 

The magnetometers were c a l i b r a t e d a t the f i e l d s t a t i o n s 
by two d i f f e r e n t methods. F i r s t l y , by the a p p l i c a t i o n o f a 
known f i e l d using a Uelmholtz c o i l a r r a y and measuring the 
d e f l e c t i o n produced e i t h e r v i s u a l l y or p h o t o g r a p h i c a l l y . 
Secondly, by t a k i n g s e r i e s o f readings w i t h the QHM and 
uMZ and comparing the values w i t h those of the ordina.tes on 
the photographic records at the corresponding times. An 
example o f the s e n s i t i v i t y determinations i s g i v e n i n 
Figure 96 f o r the H o r i z o n t a l and V e r t i c a l I n t e n s i t y magneto
meters a t Rokupr. S i m i l a r graphs were obtained a t Njala 
and Makeni. 

7.5 Discussion of the r e s u l t s 
The f u n c t i o n i n g of the magnetometers a t the three 

f i e l d s t a t i o n s was not as good as had been expected. The 
h o r i z o n t a l i n t e n s i t y magnetometer f u n c t i o n e d f a i r l y w e l l 
p a r t i c u l a r l y a t liokupr where se v e r a l weeks continuous 
records were obtained. The magnetometers were only i n 
s t a l l e d a t Makeni and N j a l a f o r s i x weeks and there were 
several f a u l t s d u r i n g t h i s p e r i o d . 

Figure 97 shows the records obtained f o r the h o r i z o n t a l 
i n t e n s i t y a t the three f i e l d s t a t i o n s and Freetown f o r the 
period 14-20 March 1964. The average ranges f o r the four 
s t a t i o n s f o r t h i s p e r i o d were as f o l l o w s : -
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ROKUPR 95 MAKENI 101 FREETOWN 118 £ , NJALA 157 
The range being d e f i n e d as the d i f f e r e n c e between the mean 
of the three hour period 1100-1300 and the mean of the 
values 0000-0100 and 2300-2400 on the same day. 

The above values decrease as expected w i t h i n c r e a s i n g 
distance from the magnetic equator. i s j a l a was j u s t south 
of the magnetic equator d u r i n g the per i o d of the survey 
and was probably very close to trie p o s i t i o n of maximum 
h o r i z o n t a l i n t e n s i t y range. 

I n s p e c t i o n o f Figure 97 shows the considerable day-to
day v a r i a b i l i t y of the e q u a t o r i a l c u r r e n t system which has 
been w e l l e s t a b l i s h e d . On some days l o c a l f e a t u r e s of the 
v a r i a t i o n are apparent. r o r example, 14 March records f o r 
Freetown and Makeni are s i m i l a r but Hokupr and N j a l a are 
of a d i f f e r e n t type. On 16 March the d a i l y range a t 
Freetown was g r e a t e r than t h a t a t Njal*. i n d i c a t i n g a 
poss i b l e northward s h i f t of the c u r r e n t system on th a t day. 
I t i s c l e a r from t h i s v a r i a b i l i t y and the presence of l o c a l 
f e a t u r e s t h a t much more data i s r e q u i r e d before an attempt 
could be made to analyse the s t r u c t u r e of the cu r r e n t 
system i n t h i s r e g i o n . The s t a t i o n a t Rokupr was func
t i o n i n g i n t e r m i t t e n t l y f o r n e a r l y 12 months but there are 
very few periods when records were a v a i l a b l e f o r a l l f o u r 
s t a t i o n s a t the same time so t h a t no a n a l y s i s of t h i s data 
has yet been attempted. 



The v e r t i c a l i n t e n s i t y magnetometers proved to be 
Very d i f f i c u l t to operate i n these regions where the t o t a l 
v e r t i c a l f o r c e i s so small. The magnetometer a t N j a l a f o r 
example was only j u s t s t a b l e when undisturbed so t h a t i t 
was h a r d l y s u r p r i s i n g t h a t so few records were obtained. 
There was, i n f a c t , no s i n g l e occasion when a l l three 
f i e l d magnetometers were f u n c t i o n i n g c o r r e c t l y a t the 
same time. However, some records were Obtained a t each 
of the f i e l d s t a t i o n s and i f i t were po s s i b l e to spend 
more time w i t h the magnetometers i n the f i e l d more u s e f u l 
r e s u l t s could d e f i n i t e l y be achieved. I t i s hoped to 
r e - e s t a b l i s h these s t a t i o n s i n the near f u t u r e . 

The f o l l o w i n g photograph shows the magnetometers 
i n s t a l l e d i n the p i t a t Rokupr. 
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8. SUMMARY 
The work described i n t h i s t h e s i s has provided a 

f a i r l y comprehensive p i c t u r e of the v a r i a t i o n s i n the geo
magnetic f i e l d a t Freetown d u r i n g a p e r i o d of low s o l a r 
a c t i v i t y . 

The F o u r i e r a n a l y s i s described i n s e c t i o n 4 provides 
c h a r a c t e r i s t i c s o f the s o l a r and lunar d a i l y v a r i a t i o n s i n 
a standard form s u i t a b l e f o r use i n the s p h e r i c a l harmonic 
analyses t h a t are c a r r i e d out to provide complete w o r l d 
wide r e p r e s e n t a t i v e c u r r e n t systems f o r these v a r i a t i o n s . 
Early analyses of t h i s type were unable to incl u d e the 
e q u a t o r i a l anomaly mainly due to l a c k of data from these 
regions and also due to the l a r g e number of harmonics r e 
quired to give a complete d e s c r i p t i o n o f the f i e l d . Recent 
work by MATSUSHITA and MAEDA 1965(1) and ( 2 ) , and HAGAN 
and SUGIURA 1967 has improved tue accuracy of the f i t of 
the r e p r e s e n t a t i v e c u r r a n t systems t o the observed v a r i a 
t i o n s i n e q u a t o r i a l regions. 

A new method of a n a l y s i s has r e c e n t l y been introduced 
by PRICE and WILKINS 1963 and ap p l i e d to data f o r the Sq 
f i e l d of 1932-3; the same method has been used f o r I.G.Y. 
data by PRICE and STONE 1964. This method i s more f l e x i b l e 
than s p h e r i c a l harmonic a n a l y s i s as account can be taken 
of small r e g i o n a l anomalies w i t h o u t a f f e c t i n g other r e g i o n s , 
and f u r t h e r , adjustments can be made to tne a n a l y s i s as 
more data becomes a v a i l a b l e w i t h o u t the n e c e s s i t y of -



r e p e a t i n g t h e whole a n a l y t i c a l process. The r e s u l t s from 
Freetown as presented i n t h i s t h e s i s are not i n a s u i t a b l e 
form f o r t h i s type of a n a l y s i s . 

Both types of world-wide a n a l y s i s produce s i m i l a r 
r e p r e s e n t a t i v e c u r r e n t systems f o r t h e q u i e t day s o l a r 
d a i l y v a r i a t i o n s w i t h one main c u r r e n t Vortex i n both the 
nor t h e r n and southern hemispheres. I n a l l the analyses 
mentioned above considerable asymmetry between the n o r t h e r n 
and southern v o r t i c e s has been found and evidence has a l s o 
been found f o r p e n e t r a t i o n of the v o r t i c e s i n t o the 
opposite hemispheres. 

The r e s u l t s obtained a t Freetown as described i n 
sec t i o n 4 are such as would be caused by asymmetry i n the 
ionospheric c u r r e n t system i n t h i s r e g i o n . 

The seasonal v a r i a t i o n s are i n the same sense as those 
found f o r the A f r i c a n zone f o r the I.G.Y. period by PRICE 
and STONE but the present r e s u l t s i n d i c a t e a l a r g e r seasonal 
movement i n o p p o s i t i o n t o the sun during the nort h e r n summer 
months. Price and Stone found t h a t f o r the I.G.Y. there 
was a l a r g e r s h i f t d u r i n g the n o r t h e r n w i n t e r months. I t i s 
l i k e l y t h a t the present data shows the l o c a l s i t u a t i o n 
c l e a r l y , but i t would be unwise to assume t h a t seasonal 
changes throughout the A f r i c a n zone are s i m i l a r , p a r t i c u 
l a r l y i n view of the known l o n g i t u d i n a l v a r i a t i o n s of the 
e q u a t o r i a l c u r r e n t system. 
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Comparison of the r e s u l t s w i t h those from other 
low l a t i t u d e s t a t i o n s show t h a t Freetown i s a t y p i c a l 
e q u a t o r i a l s t a t i o n l y i n g near the boundary between the 
n o r t h e r n and southern ionospheric c u r r e n t systems. 
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HORIZONTAL INTENSITY GROUP I FIG. 13. 
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HORIZONTAL INTENSITY-GROUP I- D SET FIG. 17 

130 

IIO 
90 

70 

50 

/1 -0 , I2 

I \ N=8 

/ \ 

130 

IIO 

90 

70 

.„ SO 
* K i r * If • 

06 12 18 24 
/ U 3,15 

1,13 

N=8 

A 
\ 

icq-

8 0 

60 
r*-»*vi,lJ.Q-i«* , r 

-I l_ 

lOOf 

80 

60 

4 0 

, * \ N " 6 I3OL 
/ \ 
* \ noh 

* \ 90H I 
" ****** yd-

120 

lOO 

SO 

60 

40| 

06 12 18 24 

0 6 12 18 24 

M»2,I4 

A N»5 

/ \ 
\ 

-1 l_ 

N=6 

A 
\ 
V 

lOOj-

80 

60 

fc«4C+ 

0 6 12 18 24 

06 12 18 24 

A 
J * N-5 \ 

/ 
******** 

/ \ N = 7 B O -

\ ^ 
/ \ 9 1 

06 12 18 24 

>i .7; 19 
A 

/ 
\ 

i3d-

IIO 

90 

70 

70I- ,**•* 
• * w l r *** 

120 

IOO-

80 • 

60 

40[ 

/ 

/ I N * 7 IIO 

\ 
\ 

90 

70 

5C+ 

06 12 18 24 
;u • IO, 22 

A N=7 

A 
/ \ 

06 12 18 24 
li .8,20 

\ N.S 

. \ 

130 

IIO 

90L 

70 

06 12 18 24 
Jl= 11,23 

A 

\ 

N-9 

06 12 18 24 06 12 18 24 06 12 18 24 



HORIZONTAL INTENSITY—GROUP 3E 
FIG. 18. 

ALL SEASONS 

\ 

N .116'B | O Q 

90 

80 

70 

60 

SO 

J SET 

N-402 

06 12 18 24 

r - X ^ 

06 

V 
18 2A 

E SET D SET 

n 80 
N-.338 N-428 7 0 

50 

40 
x y 

X. 

30 

J 20 \ 
x X 

06 12 8 24 06 12 16 24 



HORIZONTAL INTENSITY- GROUP H •- ALL SEASONS F I G ' l 9 ' 
p. • Oil2 

80 

60 

46 

2 0 

A 
80 

4d 

>1, l;fr 

A N-IOI 80 

6 0 

I \ 40 
tr. 

# • 2,14 

/ 
A N = IOO 

\ 

06 12 18 24 . 06 12 18 24 06 \2 18 24 

SO 

60 

40i 

20 

3 ' 1 5 

A N - ' ° 4 eo 
60 

4 0 

* IN 

A 
V 

w * - 2 f c Of 

>L=4 ;I6 

N-95 

* 

\ 
SO 

6Gi 

V . 
4 0 

* > 

A N -99 

I 
06 12 18 24 t 06 12 18 24 06 12 18 24 

BOl 

60 

40 

20 

)±* 6/18 

A N " ° ° 8 0 
c 

60 

40 

/L-7/19 

f N=93 90 

7 0 

50 
V 

JU. = 8,20 

A* 
4 

80 

60 

40 

2 0 

06 12 18 24 ( 06 12 18 24 06 12 18 24 
>l»9,2l 

j \ N t ~ 8 0 | B O | 

60 \ I \ 60 

J=93 

4 0 
X 

>t= 10,22 

A N = 93 

40 

>1 - (I, 23 

A N, 95 

/ \ 
06 12 18 24 06 12 18 24 06 12 18 24 



HORIZONTAL INTENSITY - GROUP I I - J SET F I G - 2 ° -

JJ- - 2,14 

lOOf 

80 

60: 

4 0 

./t* 0,1-2 

NV30 

/ 
f* 

\ 
SO 

60 

IOC' 

8Q 

60 

4 0 | 

06 12 18 24 
>JL-3,15 

N «-38 

A 
/ \ 

>4--i,l3 

/v N=38 

SO 

/ y 6 0 

40k 

A 

9Q| 

70 

x 
50 

06 12 (8 24 
/i-4,16 

N*35 

N = 36 
X \ 

ft 

Y 
\ ^ X ' X 

A 
X * 

lOOf 

8Q 

06 12 18 24 
^.--6,18 

/ \ * 

lOO 

8Q 

60 

40 

A 
N.33 | 0 0 

/ \ 
x - x - * 

1 

\ x-x-x-

06 12 18 24 
^ 9, 21 

06 12 18 24 
/L-7,1'9 

06 12 18 24 
^=5,17 

N -33 
.A X x 

/ \ 
\. 

Y - X - * ' * 

80 

60 
A 
/ \ 

N=35 ,20 

lOO 

8 0 

V 4P 

06 12 18 24 
/L-8,20 

N-31 

A 

V 

IIO 

90 

70 

50 

A 
N»32 lOOf" 

8 0 

60 

„.x-*-x-* 

06 12 18 24 
>l=IO,22 

, N.=30 ,oo|-

" \ 80I 

60 

? 6 12 18 24 ~ 06 12 18 24 

Q6 12 18 24 
; i =11,23 

N-31 

f\ 
\ 

06 12 18 2 4 



HORIZONTAL INTENSITY- GROUP I E - E SET FIG. 21. 

BO 

60 

40 

20 I 
i > * ' 

N»3.l BO 

60 

4Q 

20 

/ I - 1,13 

60 

40 7. \ 
20 

06 12 IB 
^=3,15 

i% N-24 

7 

BOl 

60 

401 

20 

^ N i 2 S 80 

\ 
\ 

60 

40 

\ 20k-

06 12 IB 24 

06 12 IB 24 06 12 IB 24 
" - ^ = 5,17 

* * M=28 

A-4,16 

\ N 

\ 
70 

50 

30 

iCf 

r*i N-30 

\ 

70[ 

SO 

30 

IO ^ . ^ 1 0 ^ ' 

N=28 

06 12 IB 24 0 6 12 IB 24 

Jl» ft, 20 

/ A N 

06 12 18 24 
>L= IO,22 

N-29 BO 

60 

40 

20 

06 12 IB 24 
yi=IL23 

A N=26 

06 12 IB 24 06 12 18 24. 06 12 18 24 



HORIZONTAL INTENSITY— GROUPTX-D SET F I G ^ 2 

90 

70 

50 

30 

IO: 

90| 

70 

50 

30 

to 

> L - 0 , I 2 

1 N-37 

k 1 

J \ 

90 

70 

SO 

30 

06 12 IB 24 
M15

 9 0 

}L'«'i,!3 90 

5.0" 

30 

V x J O 

^2,14 

•/>. 
N=40 

/ 

. / \ 30 
-v 

06 12 IB 24 , 
M'4,16 go 

4 . 

06 12 IB 24 

A N-32 

/ \ K 

\ 

7d 

5 0 

3 a 

* JO 

IOO 
06 12 . IB 24 

>L*6,I8 |OOl 

N = 36 

\ 

06 12 IB 24 . 
IOO 

• 

AW, 19 

\ <20 

90 

70 

50 

30 

IOk 

^ 2 1 
06 12 16 24 

90 
* ^ N-33 

70 

50 

30 / 

06 12 18 24 

0 6 12 18 24 
10,22 9 0 

06 12 18 24 
8,20 

J 

*' * 
Nr34 

70 

50 

30 

0 6 12 IB 24 
11,23 

fJrS8 

«r 

/ 

Q6 12 18 24 06 12 18 24 



DECLINATION — GROUP L FIG. 23. 

ALL SEASONS 

N--228 
48 

47 

46 

46 

4 4 

43 

/ 
V 

H / 

4 9 

48 

46 

45 

4 4 

4 3 \ 

0 6 12 18 24 

J SET 

N«78 

/ 

4 / 
/ 

0 6 12 18 24 

48 

47 

46 

45 

44 

43 L 

E SET 

N»73 
48 

\ ^ « 
\ / 4 6 

\ / 45 

4 4 

43 

0 6 12 18 24 

D S E T 

N e 77 

V * 

/ 

06 18 24 



DECLINATION - GROUP I - ALL SEASONS F I G 2 4 -

44 

42 
4 0 

3 8 h 

N • 19 
45 

\ / 
K^r 41 

39 
• 

47 

45 

43 

41 

06 12 18 24 
>U3,I5 

1,13 

N*20 

\ / 

5 0 

-,-4B| 

46 

44 h 

N. 21 

v / 
48 

44 

42 
- < — J 1 i _ 

0 6 12 18 24 
j l .4,16 

/1 = 2,I4 

N= 19 

N . 21 53 

-" '51 

49 

4 7 

06 12 18 24 
/ I . 5 17 

N - 14 

52 

50 

4 8 

46 

0 6 12 18 24 06 12 IS 24 0 6 12 18 24 
>i« ft, 2 0 >1-6,I8 

N : 17 52 

Set 

W 48 

46 \ 

-V . \ 

N «= 16 4 9 

V ^ - * 7 f 

45 

43 

49 

47 

45 

0 6 12 18 24 06 12 18 24 
/ i * IO,22 

N = I9 49 

N-16 

\ 

/I a 9,21 

N=I7 4 7 

\ / " 43 L 

41 

• , 

\ 47 

45 

43 

06 12 18 24 
/L« 11,23 

N = 29 

\ / 



DECLINATION - GROUP I - J SET 

p. -- 0,\2 

37 

35 

33 

31 

\ 
K- N-6 45 

\ / ^ 

39 I-

C>6 12 18 24 
/L--3,I5 

^ - 1,13 

/ \ N = 8 45 

\ 
39 

49 

47 

N--IO 

45 

43 r 

\ / 
V -

59 

*-57 

55 

531-

» i i 

57 

55 

53 

51 

0 6 12 18 24 
/L * b, 18 

N=6 

0 6 12 18 24 
jl«4,l6 

FIG. 25. 

>i - 2,14 

N=7 

\Z 

N -5 57f . / 

55 

53 

51 

0 6 12 18 24 
5,17 

r\ n 6 

\ 
\ / 
- I • 

56 

54 

\ / 52h 

5 0 

0 6 12 18 24 0 6 12 18 24 
/L -8 ,20 >L -7, 19 

N.-8 38 

36 

32 

N=4 

\ r 
0 6 12 18 24 06 12 18 24 0 6 \2 18—24 

A-9,21 

56f 

54 

52 

SO 

N e 4 

\ 
\ / 

34 

32 

30|-

28 

• 

/ I . IO,22 

A N ° 4 47 / \ .45 

/ 43 

41 

• i 

>l« l l ,23 

/*<• 
N * IO 

\/ 
Q6 12 18 24 Q6 12 18 24 06 12 18 24 



DECLINATION - GROUP I - E S E T 

54 

52 

SO 

4.8 

N=5 

x ~ y x » v - X -

* / 

47 

41 

* U 1,13. 

/ A 

N-5 

57 

55 
\ * 53 

51 

• i , 

FIG. 26. 

* l 2 , 1 4 

N^7 

Ob 12 IB 24 0 6 12 18 24 0 6 12 18 24 

43 

41 

39 

37 

/L-3,15 . 

N*5 

r . 37 

35 

41 

J9 

/1 = 4,I6 

N = lO 

<>»X 

411 

x~89 

37 

35 

Ji» 5,17 

N=3 

K~K 

*-*-x.x' \ x 
X RT \ ' 

* 

0 6 12 18 24 0 6 12 18 24 Q6 12 18 24 
>L -- 6,18 

47 r 

45 

43 

41 

N--4 53 

x ^ l 

'V 49 

\ 

47 

43 

41 

39 

37 

0 6 12 18 24 
>l.-9,2l 

N .̂6 

|L-7,I9 

N s 4 

N 53 

* *< J 

v x y ; > 49 
47 

-x». 

' • 

p.« 8,20 

' N-7 

V-/' 

52 

48 

46 

0 6 12 18 .24, ; 0 6 12 18 24 
AL«. 10,22 

N=8 53 

* / ^ 51 
X / 

W 49 

47 
• - * 

p.» r i, 23 

N =9 

K / 

/ 

I » ; 1 i 

0 6 12 IB 24 06 12 IB 24 06 12 18 24 



DECLINATION—-.GROUP I - D SET F , G " 2 1 ' 

43 

41 

3?; 

37 

/1*0, I2 

N =8 43 

39 J. 

37 

i i -

49 

47 

45 

43 

0 6 12 18 24 
/L--3,I5 

M3 

NV7 

•x P ^ X x - j / \ / 45 

47| 

43 

41 

N =6 52 

*x.*^x' N - / 
\ / 4 8 x' 

46 

0 6 12 18 24 

JX. = 2,14 

N = 5 

V . / 

— • — • i , 

>U 4,16 

N^6 56 

* ' k *54| 

\ ^ 52 

5 0 

51 

49 

47 h 

45 

06 12 18 24 0 6 12 18 24 

0 6 12 18 24 
A * 5,17 

N - 5 

/ 

* • • r 
^=6,18 

N * 7 47 

w \ rk'is 

\ v y 4 3 i 

41 

/ L - - 7 , 19 

N»4 

\ / 

57 

^.v-55 

53^ 

51 

0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 

0 6 12 18 24 
) L * 8 , 2 0 

N =5 

55 

53 

51 

4 9 

VK-X 

M-9,21 

N -7 49 

X - S X ' 
\ / 

X * 

• J U I I 

45 

43 

A * IO/22 

N =7 49 

r * - 4 7 

45 

43 

M s 11,23 

N- IQ 

0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 



DECLINATION- G R O U P U 

A L L SEASONS J S E T 

N*432 N--I223 49 49 x 
/ X 

/ 
X 

48 

X 

\ / 47 47 

/ 4 6 4 6 / 
x 

/ 
X 45 45 / 

4 4 4 4 

• 

0 6 18 0 6 12 12 24 18 24 

D S E T E S E T 

N= 366 N«425 49 49 

48 r *-*-x~x * - * 8 

A 
* x 

\ * 47 47 x 
/ X / V 46 46 

4 5 4 5 

44 44 

06 12 18 0 6 18 12 24 24 



50 

48 \ 

46 

4 4 

DEC LI NAT I ON - G ROUP IT-ALL SEASONS F I G " 2 9 ' 

>1-I;I3 L /»--2,l4 

N.fOl 
49 

\ * ' 47 

45 

43 

N»I07 
50h 

. - ' -ash*-*.* '" '*- , . 

4 6 

44 

5C+ 

48 

46 

44 

0 6 12 18 24 
>L,3,I5 

N«I05 

\ / 
x * 

,x-« 

N=I07 5? 

>f->f-V' X ' \ 

V x 
. . . - 5 ° 

48 

46 

0 6 12 18 24 
/I-4,16 

N=99 49 

47 

43 

0 6 12 18 24 
JUr6j ie 

i i i 

0 6 12 18 24 
p. - 5,17 

N - 107 

\ 

-1 • 

50 | 

48 

46 

4 4 

N-.I04 49 

v-47 

45 

43 

0 6 12 18 24 . 06 12 18 24 
p.-- 8,20 A -7,19 

N -98 set 

\ S 
46 

4 4 

J • 

0 6 12 18 24 06 12 18 24 
>l= IO,22 

N =IOO 

- » 1 i 

s o l 

48 

46 

4 4 

/I-=9,21 

N*98 5 0 

\ 
V. * 

46 

44! 

i i 

N-lOO 50| 

-4* 

46 

4 4 

0 6 12 18 24 
}L * 11, 23 

N -97 

\ X 

X 

0 6 12 18 24 0 6 '3 ^ ^ ^ io ^ 



DECLINATION - GROUP U - J SE T FIG. 3Q. 

M - '; 1 3 I- }L - 2,14 

5C+ 

4ft 

46 

44 I-

s\ N>34 * \ 47 

\ / 43 

41 

i i 

N ' 4 0 4 C « 

/ 
,47 

4 5 

43 

0 6 12 18 24 06 12 18 24 

N -38 

/ 

\ / 

491 

47 

45 

43 

N=37 51 
K 

\ 49 k-jc-* 

45 

0 6 12 je> 24 
)X- .6/18 : 

Al. 4,16 

N-36 

/ \ 
49 

45 

43 

0 6 12 18 24 

N= 37 

• \ 
v . , 

53 

51 1 

N-34 c . i 51 

49 I-

47 

.49 

47 

45f-

0 6 12 18 24 
/ U 9,21 

0 6 12 IS 24 06 12 18 24 
/ l = 8,20 / l . 7,19 

N--39 

x 

43 

49 

J 7 

N-34 

47 

45 

43 

41 

fx'*-

N =35 49 

\ 
V ^ * 

* i 
/ 45 F 

43 

0 6 12 18 24 0 6 12 18 2A 
)X- IO,22 

* N=33 4 9 

\ f 
\ 1 

45 

43 

fL-- 11,23 

N = 3 5 
.tt 

\ 
x 

V /" 
0 6 12 18 24 0 6 12 16 24 06 12 18 24 



s o 

46 

4 4 

DECLINATION-GROUP g — E SET F I G 3 1 

^ - ° ^ 2 , >1-I,I3 , ^=2,14 

N ' 3 3 j,f* 
« f \ 

X / 47 

4 5 

431 

N-32 
5C+ 

\ 48 
v. X 

46 

441-

N = 27 
X - X - X 

06 12 18 24 0 6 12 IB 24 0 6 \2 18 24 

49 

47 

45 r 

43 

N ' 3 2 SO 

X / 
V.X 

48 

46 

441 

)L> 4,16 

N-31 49 

x-x-n-x'̂ y 
\ x - y 45 

43 

N=32 

47k^«^«" 'x 
\ / 

•̂x 
r - X 

0 6 '2 18 24 06 12 IB 24 0 6 12 18 24 
>I.6,I8 

4B 

46 N - - ^ , , * - . 

4 4 

4 2 

N = 32 49 

\S AS 
43 

06 12 18 24 
>L-9,2I 

J l . 7,19 

N-29 52 

—* s ^--soh—x>x.„ 
\ / 48h 

46 

50| 

48 

46 

44 

N-31 50 
- X 

\ / 48 

46 

4 4 

0 6 12 18 24 
/l= IO,22 

)L> 8,20 

N-29 

r - X 

V II 

V 

N-31 49 

47 
/ 

K 

V . 7 45 

43 

\ / 
" / 

0 6 12 18 24 
>L> 11,23 

N-27 

\ 

° 6 12 IB 24 06 12 18 24 06 12 18 24 



DECLINATION - GROUPH-D SET F I G - 3 7 

}l* 0,12 

S O 1 

48 

46 

44 

N«34 
51 

47 

45 

0 6 12 15 24 
M'3,15 

)L*1,13 

N«35 
51 

47 

45 

1 i 

SO 

48 

46 

49 

N«38 53 

/ 
49 

47 

06 12 18 24 
/L=6,I8 

0 6 12 18 24 
/ l - 4,16 

N.32 4 B 

\ ' * 44 

42 

>L. 2,14 

N- 4 0 

/ 

I I 

0 6 i2 18 24 
; 5,17 

N'38 

49 

47 

45 

431 

N--38 48 

« ' *^6 
\ / 
\ / 4 4 

42 

06 12 15 24 0 6 12 18 24 
/ L =7,19 

N - 3 0 50' 

v 48 

V 
46 

441-

j >- 1 i 
0 6 12 18 24 0 6 12 18 24 

>u s ^ o 

N-37 

« I I L. 

/I-9,21 

52 

5 0 

48 

46 

N ,32 s o 

46 

4 41 

* 

>l = IO,22 

N -.36 5 0 

48 
i f " * " * 

4 4 

0 6 12 18 24 
J l * 11,23 • 

N--35 

06 12 18 24 0 6 12 18 24 0 6 12 18 24 



VERTICAL INTENSITY —GROUP I FIG. 33. 

ALL SEASONS 

38 r 

39 
i 

/ 
40h 

41 -

42 

43 
44 
45 

9 6 

N>222 
43 

4 0 h 

* ^45 

46 

47 

48 

44 

SO-

12 18 

J S E T 

N -74 

/ 
24 0 6 12 18 24 

E SET D SET 

N -71 N -77 

K 

\ 
4cr * 

\ "36 41 

42 37 

43 38 

44 39 

x 45 40 

46 41 
• • 

06 12 18 0 6 24 12 8 24 



VERTICAL INTENSITY- GROUP I -ALL SEASONS 
FIG. 34. 

46 

48 h 

SO 

52 

/L -0 , I 2 

N*I9 

X - X - * 

1 / 

43 

45 

47 

49 

^.--1,13 

N-21 

\ / 32 

34 • 

36 • 

/ L « 2,14 

N-16 

H - X - * v 

\ / k k 

\ / 

37 

39 

41 h 

43 

0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 
5,17 3,15 

N=2I 39 

43 
r 

*S 451-

/ l «4,I6 

N*2I 

• 

/ 
33 

35 

37 

39 

39 

41 

43 

45 

_ 0 6 12 18 24 
jl-6,18 

N-13 

/ 

N«I5 

/ 

/ "-42 

4 4 

» 46 

481-

X 

/ 

0 6 12 18 24 06 12 18 24 
J l . 7,19 

N--I6 

40| 

\ 4 4 

46 

p. .8,20 
N-16 

A 

/ 

39 

41 h 

43 

45 

0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 
JL= 11,23 fl.9,21 

N ; | 7 ^ 3 8 

\ / 4 0 

42 

4 4 

i / 

\ / 
x/ 

/ I - 10,22 

N a | 9 ^ * v 38 

4o 

42-

44-

\ 
it 

/ \ 
N --28 

\ r * 

\ / 
0 6 12 18 24 0 6 12 18 24 0 6 13 IA OA 



47 

49 K 

51 

53 

55 

VERTICAL INTENSITY- GROUP I - J SET F l 6 3 5 

M * 2,14 > L * 0 , I 2 4 3 , 

47 

49 X 

/ 

40 

42 

44 

x-x-f X 

0 6 12 18 24 
39 

41 

43 

45 

47 

)l . 3,15 31 
si. 

x*V / 

37 

39 

0 6 12 16 24 
/^4 , I6 36 

38 

4C+ 
.x-x 

\ / 42 

4 4 

06 12 18 24 

/ 
N=5 i*-** 

1 
X 

/ 
0 6 12 18 24 

48 \ ^=6,18 4 4 

x 
5 C + x - x V » N-4 / 

52 

54 

56 

48| 

50 

52 

0 6 - 12 18 24 

/«-'7,l9 57 

N-8 S9 

\ / 
x • 

63 

65 

36 h 

38 

4 0 

42 

44 

0 6 12 18 24 
>U9,2I 39 

I f N*4 

0 6 12 Id 24 

N«4 

X / 
X it 

X - X -

/ 
x 4 1 

^x-x-x 
* 43 

\ 
X 

, / 
X J « 

45 

47 

06 12 18 24 
>i.lO,22 4 , 

^ I N ' 4 

I 45 

47 

49 

OA I? IR S>4 

"61 iT 18 24 
>l* 11,23 

/ I N»IO 

x 

V; 
/ 

Oft 19 Ifl OA Oft 19 IR 34 



46 

48 

5C 

52 

54 

40 

42 

4 4 

46 

48 

29 

31 

33 

35 

37 

S O 

52 

54 

56 

58 

V E R T I C A L I N T E N S I T Y - G R O U P I - E S E T 

>L-0, I2 45 

r - k v * 

N--5 

V. 

/ 

47 

x 49 

51 

53 

0 6 12 18 24 
^ 3,15 44 

JL-1,13 

N --5 

24 

* N26 
x x x 

V 

V 

28 

30 

32 

06 12 18 24 

J L : 2 , I 4 

N=5 

X'*\ 

\ X 

,/ 

46 
' " X - X - X - K 

* / 
x 50 

52 

06 12 18 
^ >L-6,I8 31 

/ \ N«4 33 
x—x. 

/ ^ 5 

M-4,16 

N = IO 

w 
X X 

39 

J 1 

43 

45 

47 

0 6 12 18 24 
\ A M ' 5 , 1 7 x 

/ N - 3 
x̂ x-

X 

/ 
06 12 18 24 0 6 12 18 24 

/ 37 

39 

**-x . 

M*7,f9 37 

N-4 3 9 

\ / 41 
X-x. 

W 
43 

451-

0 6 12 18 24 0 6 12 18 24 

) i«8,20 

«r-\ V N^7 

i i 
/ 

- X - ' * X 

Mm 9>2I 33 

N = 6 

\ / 1 
39|-

41 

/ ! • IO,22 30 

N--8 32 

^x' X 

\ 
\ 34 x 

\ 
B6 

38l 

0 6 12 18 24 
M = 11,23 

~* N-9 

V 

Q6 12 18 24 06 12 18 24 06 12 18 24 



42 

44 
46 

48 

5 0 

25 

27 

29 

31 

33 

/L--CM2 

N«8 

VERTICAL INTENSITY - G R O U P I - D SET FIG. 37. 

37 

* v 39 / \ 

\ / V i 

43 

45 \ 

V . / 

A- 1,13 26 
N-8 -

x x 

5 \ 2 8 
X 

30 

32h 

34 
Ob 12 18 24 

>^ 3 > 1 5 3Q 

X
 N e 6 „ 

H K _ X - * ' \ 
\ / 

/ 
34 

36 

38 

06 12 18 24 
A-4,16 2 3 

>L- 2,14 

N»5 

/ 
v / 

N.6 xN 25 
/ V 

27 

29 
1 # 

34 

36 

38 

4C+ 

42 

06 12 18 24 0 6 12 18 24 
A-6,18 4 3 | . ji-7,19 24 

N=4 2 6 

06 12 18 24 
H-5,17 

V * / X \ N-5 x / ^ x x , W 

\ • 
X 

/ 

V x X x«~xx 

/l N-7 -45 

47 

49 

51 

27 

29 

31 

33 

35 r 

©6 12 18 24 
9»2I 36 

* -x . 
X I ^28 

30 

32 

96 12 18 24 
JL» 8,20 

N= 5 
v.. -

/ X T : 

-x-x-x 
N--7 / 

/ 
X 

/ 
/ 

4 0 

42 

44h 

^ x ' \ 

06 12 18 24 06 12 18 24 
M '0 ,22 36 

N e ? ^ 3 8 

42 

44f 

H* 11,23 

N»9 

x-x^x" X 

/ 
K / 
N . X / 

06 12 18 24 06 12 18 24 06 12 is 24 



VERTICAL INTENSITY- GROUP K 

ALL SEASONS J SET 

/ N-.1187 N« 4 3 38 44 

39 Y* x^45 

4 0 46 

41 47 

48 42 

43 49 

4 4 SO 

J 45 51 

06 12 18 24 06 12 18 24 

E SET D S E T 37 33 

K 

N*340 38 34 N-434 

39 
^ X " 

4 0 36 

41 37 

38 42 

39 43 

44 4 0 

• 

0 6 06 12 18 12 18 24 24 



37 

39 

41 

43 

45 \ 

V E R T j C A L INTENSITY — G R Q U P g - A L L S E A S O N S 
— - — 

^•'J'S 3 5 I- > i -2 , l4 

F IG. 39. 

N=100% 4 0 

^*_X ' ^ x 

\ . / * 
44h 

46 

\ 
X 

NM03 3 ? 

X - X - X - * 

/ 39 
x 

41 

43 

N = 99 
K - X - x 

0 6 12 18 24 0 6 12 18 24 0 6 12 IB 2 4 
3SV 

37 

39 

41 

4 3 

p 3,15 35 

N = f 0 2 

/ 

37 
/ » X - * _ K 

39 

/ 41 

4 3 

- > — J • 

^ s 4,16 3 6 

N = 95 

\ 
38 

w - X - X 

» 4 0 

\ ? 4 2 / 
4 4 

• 

xx. ' 

>L-5, I7 

N - 9 9 
-x 

^ / 
X 

/ 
0 6 

38 

4 0 

4 2 

4 4 

46 

0 6 12 18 2 4 

37 
N = I O O 

x 

/ 4' 
V " ' \ 

i / 
V.* 

43 

45 

• i 

^-7 ,19 37 
N - 9 6 

39 

\ / 
> I x 43 

4 5 

0 6 12 18 24 
| t - 8 , 2 0 

N* IOO 
A 

\ /" * / 

V 
/ 

0 6 12 18 2 4 0 6 12 18 2 4 0 6 12 18 2 4 
36 

38 

4 0 

4 2 

441-

H s V 3 6 

N--94 

\ / 
X / 

* -8B 

4CH 

4 2 

4 4 

M - ' ° > 2 2 3 ? 

N » 9 7 

39 h 

X * 

4 3 

4 5 

• • 

/1.11,23 
N» 102 

/ 
0 6 12 18 2 4 0 6 12 18 2 4 0 6 12 18 2 4 



VERTICAL INTENSITY - GROUP I I - J S E T ^ t G - 4 Q -

4 4 

46.: 
• 

48 -

SO 

52 

x ^1,0,12 4 4 

N = 32 
/ 

x 

\ 7 

* 6 | 

48 

S O 

52 

41 

43. 

451 

47 

491 

0 6 12 18 24 

J l - 3,15 

>L-1,13 4 0 
„ N»38 x -

/ * \ . - K ' * 2 
X 

4 4 

/ 46 

48 

JL<2,14 

N«35 

/ 

\ / 
I 

/ ' " « N»36 

I X 

40F 

4 4 

48 

42 

44 

4 6 

4 8 \ 

5 0 

0 6 12 18 24 
JL--6 7 I8 4| 

N - 3 0 

0 6 12 18 24 

4 3 >U4,I6 

7 

V 

,*-45| 

47 

49 

51 

0 6 12 1% 24 

p S , l 7 

N - 34 

/ 
V/' 

8 / 

0 6 12 18 24 

0 6 12 18 24 
K - 7,19 4 4 

46 N*33 

/ 

0 6 12 18 2 4 
}L = 8 ,20 

42 

44 

46 

48 

SO 

>l-9,2l 4 2 . / * >L-IO,22 44. ^.-11,23 
/ \ / * 

N --35 

/ 

/ 

K - » r - * ^ 4 ) 

4 6 

48 

5 0 

0 6 12 18 24 

0 6 12 18 2 4 0 6 12 18 24 

Nf33 

k 

I 46 

4 8 

50| 

52 

U-K-* \ N*35 ^**V*Nr 

0 6 12 18 2 4 0 6 12 18 24 



VERTICAL INTENSITY - G R O U P I E - E S E T 

3 7 

3 9 
41 

4 5 

J L . Q . I 2 3 6 

N«32 

\ 

38 

x

x - * - 4 0 

42 

4 4 

>i = 1,13 

N - 28 

\ , _ x - * ' * N * 

\ 

35 

37 

39 
*x 

41 

43 

3 4 • 

36 • 

38 

401-

4 2 

0 6 12 18 24 0 6 12 18 24 
I 

/I =3,15 35 

FIG. 4! . 

^ = 2,14 

N - 2 4 

N=28 37 

X 3 9 -

41 • 

43 

« 4,16 35 

N=28 3 7 v 
k x 

- k - x " 
X ^ K 

/ 39 

/ 

v/ 
411 

43 

0 6 12 18 24 

37 • Ji-- 6,18 35 

39 
/ 

» x ' \ 
32 

/ * 
It 

7 

41 / 39 

4 3 • / 
/ 
c 41 

4 5 4 3 

0 6 12 18 24 

0 6 12 18 24 

>i * 5,17 

S \ N = 27 

/ 

0 6 12 18 24 

^ 7 > 1 9 34 

N-28 

• J 

• • 

/ 
X 

• J 

36 
, x . 

.** 38 

4 0 

42 

0 6 12 18 2A 
/ l » 8 ,20 

N =29 

X 

/ 
.X 

/ 

34 

36 

38 I-

4 0 

4 2 

^ 9,21 36 

N - 2 7 3 8 

\ / 4 0 

42 

4 4 h 

0 6 12 18 24 
>l. IO,22 37 

N " ' 2 9 "̂ 9 I- x . N = 2 8 . 
>C-H 

/ ^"41 

43 

4 5 

0 6 12 18 2* 
fL> 11,23 

0 6 12 18 24 0 6 12 18 2 4 0 6 12 18 24 



VERTICAL INTENSITY - GROUP I I - D S E T F I G - 4 2 -

31 

33 

35 

37 

39 

31 

33 

35 

37 

39 

3 5 

37 

39 

41 

43 

29 

31 ". 

33 

3 5 

3 7 

N-36 

33; 

35 

J -
\ / 41 

0 6 |2 18 2 4 
> l , 3,15 3 , 

N • 37 

/ 

J U 2 , I 4 

v N-4D 

/ 

V! 

/ 

35 

37 

39 

0 6 12 18 2 4 
^-4,16 3 2 

36 

0 6 12 18 24 
/ U 6 , I 8 34 

N-38 

1/ 
38 

40 | 

36 

/ 
* 38 

/ 
4 0 

4 2 

0 6 12 18 2 4 
9,21 s o 

N =32 32 

/ S 4 

3 6 

38 

0 6 12 18 24 
^ *7,I9 32 

N*3I . K . 
/ *v 

0 6 12 18 24 
/ L . 5 / 7 

, K N » 3 8 / \ 

x 

/ 

V * ' * / 
«34| 

36 

38 

4 0 

/ 
ft K 

0 6 12 18 24 

0 6 12 18 24 
10,22 3 | 

N--35 33 

0 6 12 18 24 
^ 8 , 2 0 

N-38 
x 

/ V k . ' * 

/ 

Vi 

/ 

V 

v VJ5 

37 

39 

0 6 12 18 24 

0 6 12 18 24 
yjL--11,23 

N=39 

/ 
A 

1 / 1/ 
0 6 12 18 24 



HORIZONTAL I N T E N S I T Y F I G . 4 3 . 

6 0 

5 0 
4 0 

3 0 

2 0 

IO 

GROUP I 

\ / 
\ / 

x J - E 

D - E 

\ I \ / 
X X 

6 0 
8 
5 0 

40I 

3 0 

2 0 

10 

G R O U P JL 
X - * ~ X \ 

\ X 

x / J - E 
X 

\ A : 
D - E 

x- *~ K - x 

1 1 

0 6 12 18 24, 

6 0 

5 0 

4 0 l 

3 0 

2 0 

IO 

G R O U P I 
D E C L I N A T I O N 

V / J - E 

X / D - E 
kx.x 

5 0 

4 0 

30| 

26 

IO 

0 6 12 18 24 

GROUP I E 

X' ' 

x 

X / - ^ D _ E 

06 12 18 24 

V E R T I C A L I N T E N S I T Y 

5 0 

4 0 

3 0 

2 0 

IO 

G R O U P I 

, * V J - E 

x - X 

x' "X 

D - E 

50! 

4 0 

3 0 

2 0 

10 

0 6 12 18 2 4 

G R O U P TX 

/ \ J _ E 

„ D - E 

0 6 12 18 2 4 0 6 12 18 24 



12 
FIG. 44 . 

AOs 
r l 4 

HORIZONTAL INTENSITY 
G R O U P I 

SI 

22 \ 
o 



0 6 

0 5 

. 0 4 

HORIZONTAL INTENSITY 
GROUP I 

S 2 

0 3 

0 2 

'Ol 

2 0 « — 



0 4 F I G . 4 6 . 

HORIZONTAL I N T E N S I T Y 
0 5 GROUP I 7 0 3 

I O O K 

B O K 

6 0 « 

/ / 4 0 * 
/ 

0 2 0 6 

'Ol 
\ 

0 7 

O 



0 3 
F IG. 47. 

HORIZONTAL INTENSITY 
GROUP I 

S 4 

\ <3> 
\ 

\ \ 
\ 

\ 

O O 



12 F IG 4 8 

4 0 a -

HORIZONTAL INTENSITY 
GROUP I I 

3 ° « - SI 

2 0 * -

IO y 

2 2 

O o 



0 6 FIG 49 

\ 0 5 0 7 

HORIZONTAL I N T E N S I T Y 
GROUP I E 

Ox 

15 r 

l l \ 
2 0 x — J 

Ol 

O O 



HORIZONTAL INTENSITY 
G R O U P I E 

5 3 

I 2 0 « 

I O Q » 



0 3 FIG. 51 

HORIZONTAL INTENSITY 
GROUP n 

S 4 

3* 4« ^5* 2 s 

O O 



12 
F I G . 5 2 . 

IO 4 

D E C L I N A T I O N 
GROUP I 

51 

18 

\ 

o6" N 

\ 2 0 

/•o 

/•2' 

1-4 

2 2 0 2 

O O 



0 6 

\ 0 5 

DECLINATION 
CROUP I 

S 2 

l-O 

o« 
0 4 

OA 

\ \ 

K D 0 3 

0 2 

Ol 

O O 



G 4 F I G 5 4 

0 5 0 3 DECLINATION 
G R O U P I 

0 6 0 2 

\ 
0 3 

OS 

\ 
Ol 0 7 

O O 



0 3 FI6.;55. 

° : /6 

DECLINATION 
G ROUP I 

S4 

0,/r> 

0 0 8 
02 OA 

\ \ 0-Q4 
\ \ • V 

05 01 

O O 



2 FI6. 56; 

14 

DECLINATION 
GROUP II 

SI 

0 6 18 

\ 
\ 

0-6' 

\ 0 4 2 0 

l-O' 

• 

1-2 

/ O S 0 2 22 



06 FIG. 57. 

\ 05 0 7 

DECLINATION 

CROUPn 

• IO 

0 4 

X 
—0-4! 

\ 

\ 
0 3 

/ 

I 

0 2 

Ol 



0 4 FIG. 58. 

\ 0 5 DECLINATION 0 3 
GROUP XX 

06 0 2 

\ 9 

\ 

07 01 



0 3 FIG. 59. 

DECLINATION 
GROUPIE 

S 4 

0 - 2 0 

i OI6 

0-12 

OOB 

J 

/ 
\ 

Ol Ol 

o O 



12 FIG. 60. 

7* 

6tt 

5». 

4* 

VERTICAL INTENSITY 
GROUP'I 

SI 

22 



06 FIG.6I. 

05 07 

VERTICAL INTENSITY 
GROUP I 

0 4 

0 3 09 

\ 
4OI D 10 

5O* 

feO* 

/Ol Ol 

O o 



0 4 FIG. 62. 

VERTICAL INTENSITY 
GROUP I 05 03 

\ 

2-Oa 

l-O* 

\ 
06 02 

\ 
07 

O o 



03 FIG. 63. 

VERTICAL INTENSITY 
GROUP I 

S 4 



12 FIG. 64; 

\ IO 14 

6* 

5 * 

A* 

3 * 

2* 

0 6 18 

0 4 VERTICAL INTENSITY 
GROUP II 

SI 

20 

L 22 

O 



VERTICAL INTENSITY 
GROUP H 

S2 

04 -^08 

0 3 09 

\ \ 
02 O 

Ol 



04 FIG. 66. 

VERTICAL INTENSITY 
GROUPn 

03 

3-Oa 

2-Ox 

D 

\ IO« 

06 02 

07 Ol 

d o 



U 3 FIG. 67. 

VERTICAL INTENSITY 
GROUP H 

\ 

\ 

\ 
\ 0-4* 

0 6 * 

O-B* 
Ol 

D 
1-2* 

O O 



12 FI6.68. 

IO 14 

HORIZONTAL INTENSITY 
GROUP T_ 

L 

0 6 2 * 
4 * 5* \ 6* 

\ \ 
0 4 

0 2 22 

O O 



06 FI6. 69. 

0 7 

\ 
\ 

\ 
\ 

\ 
\ 

/ 

HORIZONTAL INTENSITY 
GROUP! 

L2 



04 F I6 .70 . 

HORIZONTAL INTENSITY 
GROUPT 

L 3 



0 3 

HORIZONTAL INTENSITY 
GROUP I 

L 4 

-3-O t f 



12 FIG. 72. 

\ 14 10 

HORIZONTAL INTENSITY 
GROUPU 

LI 

06 18 Vsr % 

\ 
E 

\ 

\ 

0 4 20 

\ 02 22 



U b FIG.73. 

\ 07 0 5 

HORIZONTAL INTENSITY 

GROUP n 
L 2 

D 

OE 

\ \ 

\ 
\ &o* AO* 3-0* 

09 03 

10 0 2 

L 
o o 



HORIZONTAL INTENSITY 
0 3 GROUP I 

L 3 

0 2 

Is 
\ 

Ol 

O O 



Q3 ' 

HORIZONTAL INTENSITY 
. GROUP I 

L 4 

OB* 



12 F IG 76 

/ DECLINATION 4 
GROUP I 

LI 

fO' 

D 

\ 

18 

20 

O I O 

0-I4 

X 
I 

18 

O O 



06 
FIG 77 

0-78' \ 07 0 5 
0 / 6 

0-/4 

O./p 

OHO 

OOR 

DECLINATION 
GROU P I 

L 2 

0 2 

CH5L 

0-14 

1 01 



0 4 F IG . 78 

0 3 

AO 

0 O 8 

DECLINATION 
G R O U P ! 

L3 

06 

0 0 8 

O-IO 

0-I2 

Z 0 1 07 

O O 



0 3 

DECLINATION 
G R O U P ! 

tit 

\ 

Q.Q2 

0-03 

\ 

O-OA 

0-05 

O O 



12 FIG. SO. 

DECLINATION 
GROUP H 

LI 

0 / 2 f . 

— 0-O8' 

JOT 

D 

22 

O 



DECLINATION 
GROUPIE 

L2 

o-oft 

O O 



\ 
03 

DECLINATION 
GROUP nr 

L 3 

O-IO 
V 

CK)6' 

O-O 

0 2 

0 0 4 

0 0 6 

o-oa 



0 3 F I G. 8 3. 

D E C L I N A T I O N 
G R O U P I E 

L 4 

0 2 

1 0 -02 

O O 3 

1 0 0 4 Ol 

O O S 

O O 



"2 

VERTICAL INTENSITY 
GROUPE 

LI 

\ 
•ft* 

0-4* 

0 6 * 



0 6 F I G . 85. 

0 5 07 

V E R T I C A L INTENSITY 
G R O U P ! 

L 2 

0 3 

/ / 
0 8 * / / 

l-6« 0 2 

2-0* 

2-4* 

L 
O O 



0 4 FIG. 86. 

VERTICAL INTENSITY 
GROUP I 

Q3 
1-2 x 

VOis 

0 8 * 

0-6* 

0-4< 

0 2 06 

04X 

0 6 * 

O S * 

» O K 

\ 
Ol 07 



0 3 

V E R T I C A L INTENSITY 
GROUP X 

L 4 

0 -6* 

-0-4* 

0 3 * 

\ 



12 FIG 88 

VERTICAL INTENSITY 
GROUP JL 

LI 

VQ« 



06 FIG. 89. 

-\ 
V E R T I C A L INTENSITY 

GROUPIE 
L 2 

\ 
0 3 

/ 

0 2 

o O * 

o o 



0 4 

VERTICAL INTENSITY 

oV GROUP 31 

02 

\ 

\ 
\ 

6 

01 



0 3 FIG.9I 

VERTICAL INTENSITY 
GROUPJT 

°*o 
• A '6 

\ 
Oft 



O C C U R R E N C E O F SHORT PERIOD VARIATIONS. FfG.92 

NUMBER 

15 

10 

5 

15 

IO 

5 

\ / V MARCH 
* / ^ 1962 

V 

NUMBER 

15 

10 

5 

A A y 
XX x V X 

12 18 24 
1*1 A P R I L 

1962 

0 6 

15 • 

IO • 

5 

12 
x 

18 
MAY 
1962 

24 

0 6 

IS > 

IO 

5 

12 18 24 
JUNE 

* 1962 

•xx* 
X . KX X 

x' 

15 

IO-

5 

06 12 18 
JULY 

* 1962 

24 

,x* 
/V 

X XXX 

X 

X Y y / \ 

15 

IOI 

5 

06 12 18 24 
K AUGUST 

/ * 1962 
x / \ > * v 

x \ x* 

, / V 
1 i 

S E P T E M B E R 
1962 

X x 
x \ 

X X > ' 

15 

10 

5 

06 
x 

/V 
*x / •Vi \ 

12 18 24 
O C T O B E R 

1962 

x v x. 
l X X 

* X 

xy 

151 

IO 

5 

06 
x 

"A' 

I X 
18 24 
NOVEMBER 

v 1962 

* V ^ X 

15 -

IO • 

5 

0 6 12 18 24 
^ DECEMBER 

1962 x'\ 
K x' \ /* 

/ " V \ 
\ 

y . x 

15 

IO 

5 

0 6 12 18 
JANUARY 

1963 

24 

x V \ 
xx 

A 
yX 

15 • 

IO-

5 

06 12 18 
FEBRUARY 

1963 

24 

\ ^ x N x \ / V X ^ \ , A 



O C C U R R E N C E OF SHORT PERIOD VARIATIONS. F I G 9 3 

OCCURRENCE 
% 
,R 
AO 

3 0 

20 

10 

50 

4 0 

30 

2 0 

IO 

ANNUAL MEAN - MARCH 1962 TO FEBRUARY 1963 

x 

/ \ / 
' * - X - X - . K ^ * 

06 12 18 24 
NORTHERN .SUMMER 

MONTHS 

SO • 

4Q-

3 0 -

2 0 -

IO • 

)6 k 12 

\ 
\ 

/ / \ ; 

18 24 
EQUINOX MONTHS 

\ x 

0 6 
•• 

12 
SO 

4 0 

30| -

20 

IO 

18 
NORTHERN WINTER 

MONTHS 

i 
24 

» / 

X.—-*-

/ 



OCCURRENCE OF PULSATIONS WITH MAGNETIC ACTIVITY. F I G - 9 4 -

OCCURRENCE 

5 0 

4 0 

30 V 

ANNUAL MEAN 

6 0 

50 

4 0 

30 

NORTHERN 
SUMMER 

1 - Kp O cto I -

2 - K p l 0 t o 2 -

3 - Kp 2 C to 3 -

4 - K p ^ 3 0 

70T EQUINOX 

6 0 

5 0 

4 0 

NORTHERN 60 
WINTER 

50 

30 

• i 



S E C U L A R VARIATION IN SIERRA LEONE. F I G - 9 5 -

HORIZONTAL INTENSITY 

31,200 • 

3l,IOO 

31,000 

V E R T I C A L INTENSITY 

1920 1940 1960 

DEGREES 
WEST | 8 

17 

16 

15 

14 

DECLINATION 

*5000 

•4000 

+3000 

+2000 

+IOOO 

O F 

® 
\ 

-i , i_ 
1920 1940 1960 

1920 1940 1960 

KEY • - OBSERVED V A L U E S , CARNEGIE SURVEYS & RIVERS 

X _ EXTRAPOLATED VALUES, VESTINE 

© - EXTRAPOLATED VALUES. F R E N C H WEST AFRICA 
SURVEYS 



FIG. 96 CALIBRATION CURVES ROKUPR 

M M 

VERTICAL INTENSITY 2 0 
VARIOMETER 

15 

IO 

1 1 
3 0 MAMPS 10 15 20 

MM 
HORIZONTAL INTENSITY 

VARIOMETER 

GAMMAS 
• L I 10 15 20 25 30 



FIG. 97. 


