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

I n  o r d e r  t o  d i s c u s s  models  of t h e  e a r t h ' s  magne t i c  f i e l d  i t  i s  

n e c e s s a r y  t o  u n d e r s t a n d  t h e  u s e  t o  which they  w i l l  b e  p u t  and t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I e x p e c t e d  r a n g e  of t h e i r  v a l i d i t y .  The e v a l u a t i o n  o f  e x p e r i m e n t a l  

d a t a  b o t h  of t h e  f i e l d  i t s e l f  and of  charged p a r t i c l e s  t r a p p e d  i n  t h a t  

f i e l d  r e q u i r e  a d e t a i l e d  and a c c u r a t e  r e f e r e n c e  f i e l d  s t r u c t u r e  th roughou t  

t h e  magnetosphere .  T h e o r e t i c a l  s t u d i e s  a r e  g e n e r a l l y  n o t  as p a r t i c u l a r  

and have  f r e q u e n t l y  s u b s i s t e d  on even a d i p o l e  a p p r o x i m a t i o n  t o  t h e  main 

f i e l d .  However, a s  o u r  knowledge of t h e  f i e l d  and p a r t i c l e  f l u c t u a t i o n s  

e x t e n d s  outward  from t h e  e a r t h  t o  t h e  magne tosphe r i c  boundary  and i n t o  

t h e  a n t i s o l a r  t a i l  r e g i o n s ,  even t h e  t h e o r e t i c a l  worke r s  w i l l  r e q u i r e  a 

b e t t e r  model t h a n  t h a t  of t h e  e x t r a p o l a t e d  d i p o l e .  

Fo r  most e x p e r i m e n t a l  work t h e  d i p o l e  approx ima t ion  i s  i n a d e q u a t e  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
any a l t i t u d e  s i n c e  t h e  main f i e l d  i s  very  i r r e g u l a r  near t h e  e a r t h ,  and 

beyond a few e a r t h  r a d i i  where i t  becomes more d i p o l a r ,  t h e  d i s t o r t i o n s  

due  t o  o t h e r  e f f e c t s  become s i g n i f i c a n t .  Also ,  as e x p e r i m e n t a l  work 

on t h e  f i e l d  i t s e l f  n e a r  t h e  e a r t h  becomes more p r e c i s e ,  even  t h e  r e l a t i v e l y  

small t i m e  v a r i a t i o n s  i n  t h e s e  r e g i o n s  w i l l  need t o  b e  c o n s i d e r e d .  

I n  o r d e r  t o  b e t t e r  d e f i n e  t h e  scope  of magne t i c  f i e l d  models t h a t  

are  i n  t h e  p r o c e s s  of b e i n g  deve loped  we d e f i n e  h e r e  f o u r  s e p a r a t e  f i e l d  

s o u r c e s  as f o l l o w s :  

1 .  CORE FIELD - T h i s  i s  t h e  main f i e l d  f rom t h e  mol ten  c o r e  of t h e  

e a r t h  as i t  h a s  h i s t o r i c a l l y  been p l o t t e d  on s u r f a c e  magne t i c  c h a r t s  

of t h e  wor ld  and h a s  been ana lyzed  i n t o  a p o t e n t i a l  f u n c t i o n  u s i n g  

ser ies  of s p h e r i c a l  harmonic  c o e f f i c i e n t s .  I t s  s e c u l a r  v a r i a t i o n  
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i s  c h a r a c t e r i s t i c a l l y  a f r a c t i o n  of  a p e r c e n t  p e r  y e a r  i n  i n t e n s i t y  

and presumably a r i ses  from mass and wave mot ions  i n  t h e  mol t en  c o r e .  

2 .  CRUSTAL FIELD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- T h i s  a d d i t i o n a l  s o u r c e  of  t h e  m a g n e t i c  f i e l d  i s  

t hough t  t o  a r i s e  f rom t h e  magne t i zed  c r u s t a l  m a t e r i a l  f rom t h e  e a r t h l s  

s u r f a c e  t o  d e p t h s  of  t h e  o r d e r  t o  20 km where t h e  t e m p e r a t u r e s  r i s e  

above t h e  C u r i e  p o i n t .  I t s  c o n t r i b u t i o n  t o  t h e  ambient  f i e l d  near 

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

of a f e w  k i l o m e t e r s  i n  e x t e n t  and a m p l i t u d e s  of a few t h o u s a n d s  of 

gamma [ ly(gamma) = r ( g a u s s ) ! .  Measurements of t h e  t o t a l  sca la r  

f i e l d  F by sound ing  r o c k e t s  ( D a v i s ,  e t  a l ,  1965) i n d i c a t e  t h a t  t h e r e  
- 

are  measurab le  c o n t r i b u t i o n s  of  t h e  c r u s t a l  f i e l d  a t  least  t o  50 km 

a l t i t u d e .  I t  i s  hoped t h a t  f o r  most g e o m a g n e t i c  work t h i s  s o u r c e  

may be smoothed o v e r  s i n c e  i t s  i n c l u s i o n  would r e q u i r e  a n  e x t e n s i v e  

s e t  of p a r a m e t e r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  IONOSPHERIC CURRENTS 

(a) Q u i e t  d a i l y  v a r i a t i o n  ( S q )  i n c l u d i n g  e q u a t o r i a l  e l e c t r o j e t  

(b )  D i s t u r b a n c e  v a r i a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(DS) i n c l u d i n g  a u r o r a l  e l e c t r o j e t s  

4 .  PLASMA PRESSURES 

(a)  I n t e r n a l  - Trapped p a r t i c l e  and t a i l  ( ? I  

(b) E x t e r n a l  - Boundary 

The l a s t  two sources ,  3 and 4, canno t  b e  d i s c u s s e d  w i t h o u t  making a 

d i s t i n c t i o n  between a " f o r e c a s t "  and a " d e f i n i t i v e "  model of  t h e  f i e l d .  

I n  t h e  p a s t ,  t h e  wor ld  m a g n e t i c  c h a r t s  f o r  a g i v e n  epoch ( e . g .  1965) were 

b a s e d  on survey d a t a  f o r  p r i o r  y e a r s  e x t r a p o l a t e d  t o  t h a t  epoch .  T h i s  
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e x t r a p o l a t i o n  o f  t h e  s e c u l a r  change i n  t h e  c o r e  f i e l d  was used  o v e r  a 

f u t u r e  p e r i o d  o f  5 o r  10 y e a r s  and t h u s  i s  e n t i r e l y  a " f o r e c a s t "  f i e l d  

model .  A " d e f i n i t i v e "  map of  t h e  core f i e l d ,  n o t  g e n e r a l l y  drawn,  

would i n s t e a d  b e  based  on a n  i n t e r p o l a t i o n  of d a t a  t a k e n  o v e r  r o u g h l y  

e q u a l  i n t e r v a l s  a b o u t  some mean epoch .  

To ex tend  t h e s e  c o n c e p t s  t o  t h e  s o u r c e s  of  f i e l d  d i s t o r t i o n s  e x t e r n a l  

t o  t h e  e a r t h ,  w e  must u n d e r s t a n d  t h e  f e a t u r e s  of t h o s e  d i s t o r t i o n s  t h a t  a r e  

s t a t i s t i c a l l y  p r e d i c t a b l e  and migh t  be i n c l u d e d  i n  a " f o r e c a s t "  model and 

t h o s e  t h a t  are p a t e n t l y  i r r e g u l a r  a n d ,  e x c e p t  f o r  p r o b a b i l i t y  estimates of  

o c c u r r e n c e ,  s h o u l d  b e t t e r  b e  l e f t  t o  " d e f i n i t i v e "  models .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A n  example of  geomagne t i c  f i e l d  v a r i a t i o n s  as measured a t  t h e  e a r t h ' s  

s u r f a c e  i s  g i v e n  i n  F i g u r e  1 .  These  cu rves  a re  h o u r l y  mean v a l u e s  of t h e  

h o r i z o n t a l  component measured a t  a number of m a g n e t i c  o b s e r v a t o r i e s  and 

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

d e n o t e  0 UT between t h e  d a y s  i n d i c a t e d ,  and t h e  p o s i t i o n  of t h e  d o t s  g i v e s  

t h e  t i m e s  of  l o c a l  noon a t  e a c h  s t a t i o n .  The i n t e r v a l  chosen  i s  m o d e r a t e l y  

q u i e t  and i s  t h u s  f r e e  f rom l a r g e  magnet ic  d i s t u r b a n c e .  A t  most of t h e  low 

l a t i t u d e  s t a t i o n s  o n e  can see t h e  r e g u l a r  peak of t h e  S q  v a r i a t i o n  n e a r  l o c a l  

h 

noon.  However, c o n t r a r y  t o  t h e  i m p r e s s i o n  t h a t  migh t  b e  conveyed by s t a t i s t i c a l  

t r e a t m e n t s  of  t h e  s u b j e c t ,  one  can n o t e  many d a y - t o - d a y  changes  i n  t h e  d a t a  

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

l a t i t u d e .  F o r  example ,  t h e  c u r v e  f o r  Huancayo shows a noon minimum i n s t e a d  of 

t h e  u s u a l  maximum on January  1 2 .  The s low i n c r e a s e  of t h e  l e v e l  of t h e  c u r v e s  

i s  t y p i c a l  of t h a t  f o l l o w i n g  a magne t i c  d i s t u r b a n c e .  The a v e r a g e  of t h e s e  
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d i s t u r b a n c e s  i n  t h e  h o r i z o n t a l  f i e l d  over  a l l  l o n g i t u d e s  ( D s t )  h a s  been 

p l o t t e d  many times i n  t h e  p a s t  ( e . g .  S u g i u r a ,  1964) and  i s  i n d i c a t i v e  of 

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

T h e s e  d i s t u r b a n c e s  o c c u r  s e v e r a l  times a y e a r  and c a u s e  a g e n e r a l  l ower ing  

of  D s t  by a few hundred  gammas. Whi le  t h e  major  s o u r c e  of t h e  q u i e t  d a i l y  

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

n e a r  100 km, t h e  D s t  v a r i a t i o n s  are s p e c u l a t e d  a s  b e i n g  caused  by t h e  

e x p a n s i o n  of  t h e  f i e l d  by t r a p p e d  p a r t i c l e s .  A t  t h e  p r e s e n t  t i m e  t h e  

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

t h a t  t h e r e  i s  a s i g n i f i c a n t  s t e a d y  component ( c f .  Hoffman and Bracken ,  1 9 6 5 ) .  

T h e r e  i s  however e v i d e n c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Ness, 1965) t h a t  some of  t h e  t r a p p e d  p lasma i s  

- -  

s u f f i c i e n t  t o  c o m p l e t e l y  d i s t e n d  t h e  e a r t h ’ s  f i e l d  i n  t h e  a n t i s o l a r  d i r e c t i o n .  

The e x t e r n a l  p r e s s u r e s  f rom t h e  s o l a r  p lasma h a v e  now a t  l ea s t  been 

g r o s s l y  d e f i n e d  and w e  s h o u l d  see l a t e r  i n  t h e  symposium e v i d e n c e  s u p p o r t i n g  

t h e  n u m e r i c a l  e v a l u a t i o n s  by Mead (1964) of i t s  e f f e c t .  

Thus i n  o r d e r  t o  e f f e c t i v e l y  model t h e  f i e l d  of t h e  e a r t h  w i t h i n  t h e  

magne tosphe re  even a “ f o r e c a s t ”  f i e l d  w i l l  need  t o  i n c l u d e  t h e s e  e x t e r n a l  

s o u r c e s  t o  some e x t e n t .  F o r  a f i e l d  r e f e r e n c e  f o r  some t y p e s  of  e x p e r i m e n t a l  

d a t a  i t  may e v e n t u a l l y  b e  n e c e s s a r y  t o  u s e  a “ d e f i n i t i v e ”  model of t h e  f i e l d  

which  i s  b a s e d  on t h e  i n t e r p o l a t e d  best estimate of  t h e  a c t u a l  f i e l d  d i s t o r t i o n s  

a t  a g i v e n  t i m e  u s i n g  w h a t e v e r  s u r f a c e  and s a t e l l i t e  measurements  of t h e  f i e l d  

t h a t  can  be o b t a i n e d .  T h i s  t y p e  of dynamic f i e l d  m o d e l l i n g  may be  somewhat 

u n n e c e s s a r y  f o r  p r e s e n t  p a r t i c l e  work. I t  would of  c o u r s e  enormously compl i -  

cate t h e  computa t ion  of  t h e  L paramete r  u s e d  f o r  o r g a n i z i n g  t h e  d a t a .  
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I n  o r d e r  t o  avo id  t h i s  c o m p l i c a t i o n  most of t h e  r ema inde r  of t h i s  d i s c u s s i o n  

w i l l  be c o n f i n e d  t o  t h e  core f i e l d  and i t s  s e c u l a r  change and t h u s  o n l y  

cove r  a f r a c t i o n  of t h e  s c o p e  of t h e  s u b j e c t .  

Survey  Data 

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

n o t e  t h e  c h a r a c t e r  of t h e  magne t i c  su rvey  d a t a  c u r r e n t l y  a v a i l a b l e .  T h e s e  

d a t a  a r e  c h a r a c t e r i z e d  more by t h e i r  h e t e r o g e n e i t y  t h a n  any  u n i f o r m i t y .  

The  s o u r c e s  a r e  many and i n c l u d e  d a t a  f rom s u r v e y s  by l a n d  and from 

magnetometers  b o t h  on boa rd  and towed beh ind  s h i p s  and a i r c r a f t .  The 

q u a l i t y  of t h e  d a t a  v a r i e s  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsome where even  t h e  component b e i n g  measured 

i s  i n  d o u b t ,  t o  t h e  h i g h  q u a l i t y  o b s e r v a t i o n s  per formed by some s u r v e y  g r o u p s  

and g e n e r a l l y  b y  t h e  m a g n e t i c  o b s e r v a t o r i e s .  

i n s t a n t a n e o u s  measurements  or t ime a v e r a g e s  over  p e r i o d s  up t o  a y e a r .  

They may be p r e s e n t e d  e i t h e r  w i t h  no m o d i f i c a t i o n s ,  mod i f i ed  t o  a t t e m p t  

t o  e l i m i n a t e  d i u r n a l  v a r i a t i o n s ,  or  c o r r e c t e d  t o  a g i v e n  epoch  by s p a t i a l l y  

i n t e r p o l a t i n g  t h e  s e c u l a r  change f rom m a g n e t i c  o b s e r v a t o r i e s .  The  o b s e r v a -  

t o r i e s ,  though c u r r e n t l y  numbering some 300 ,  a r e  almost  a l l  c o n f i n e d  t o  t h e  

l a n d  masses of  t h e  n o r t h e r n  hemisphe re  and t h u s  n o t  g i v e  a r e l i a b l e  measure  

of  t h e  s e c u l a r  change i n  most  s o u t h e r n  a reas .  

The  d a t a  may be  compr ised  of  

F o r  t h e  whole i n t e r v a l  1 9 2 9  t o  1950, t h e r e  were a l m o s t  no  s u r v e y  

o b s e r v a t i o n s  of t h e  ocean  a reas .  S i n c e  t h a t  t i m e  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU*. S .  Navy p r o j e c t  

MAGNET h a s  been t h e  main c o n t r i b u t o r  of o c e a n  m a g n e t i c  d a t a .  However, even  

w i t h  t h e  p r e s e n t  i n c r e a s e d  e f f o r t s  b e i n g  made d u r i n g  t h e  World Magne t i c  S u r v e y ,  
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t h e r e  are  y e t  s i g n i f i c a n t l y  l a r g e  areas of t h e  e a r t h  covered  o n l y  by a 

s i n g l e  survey  t r a c k  o r  n o t  a t  a l l .  The ocean  g a p s  i n c l u d e  t h e  S o u t h  

P a c i f i c  c e n t e r i n g  n e a r  t h e  m e r i d i a n  120°15, and t h e  A t l a n t i c  and I n d i a n  

Oceans s o u t h  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-40’ l a t i t u d e .  

s p a r s e l y  covered s u c h  as  Asia w i t h  o n l y  R u s s i a n  o b s e r v a t o r y  annua l  

mean d a t a  since 1940 and t h e  A n t a r c t i c  w i t h  o n l y  s c a t t e r e d  o b s e r v a t i o n s .  

The a l t i t u d e  d i s t r i b u t i o n  of t h e  d a t a  i s  e q u a l l y  h e t e r o g e n e o u s  w i t h  

T h e r e  a re  a l s o  l a r g e  l a n d  areas  o n l y  

t h e  o n l y  p r e s e n t l y  a v a i l a b l e  s a t e l l i t e  d a t a  b e i n g  t h o s e  f rom Vanguard 3 

and some l e s s  a c c u r a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(-1OOy) d a t a  f rom t h e  A l o u e t t e  s a t e l l i t e .  The 

Vanguard 3 measurements cover  o n l y  small  volumes  i n  areas n e a r  t h e  NASA 

t r a c k i n g  s t a t i o n s  and A l o u e t t e  c o v e r s  Canada  which i s  a l r e a d y  d e n s e l y  

covered  by a i r c r a f t  o b s e r v a t i o n s .  

C l e a r l y ,  any  method of d a t a  a n a l y s i s  may p r o d u c e  r e s u l t s  t h a t  could  

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

Techn ique  of A n a l y s i s  of t h e  Core F i e l d  - 

We h a v e  r e c e n t l y  comple ted  an  a n a l y s i s  of t h e  d a t a  a v a i l a b l e  o v e r  t h e  

p e r i o d  1940-1962 and r e p o r t e d  t h e  r e s u l t s  i n  compar ison  w i t h  most p r e v i o u s l y  

a v a i l a b l e  work ( C a i n  e t  a l ,  1 9 6 5 ) .  Our a p p r o a c h  t o  t h e  problem d i f f e r s  f rom 

t h a t  of most p a s t  worke r s  i n  t h a t  w e  have  a t t e m p t e d  t o  f i t  t h e  s e c u l a r  change  

of t h e  f i e l d  s i m u l t a n e o u s l y  w i t h  t h e  s p a t i a l  s t r u c t u r e .  The  p r i n c i p a l  u sed  

i s  t o  minimize t h e  mean s q u a r e  d i f f e r e n c e  be tween e a c h  o b s e r v e d  component 

( H , D , I , Z , F )  and a computed component.  The f i e l d  e x p a n s i o n  f o r  t h i s  work 

was an  i n t e r n a l  p o t e n t i a l  f u n c t i o n  of t h e  c l a s s i c  fo rm 
m n + l  n 

m 

n n 
V = a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC (“,I c ( g z  c o s  mp + hm s i n  mcp) P (8)  

n = l  r f ’  In=O 
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where r ,  8 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= s p h e r i c a l  c o o r d i n a t e s  c o r r e s p o n d i n g  t o  g e o c e n t r i c  r a d i u s ,  

g e o c e n t r i c  c o l a t i t u d e ,  and l o n g i t u d e .  

c o e f f i c i e n t s  ( g l e - . 3  ) and Pr(f3)  a r e  S c h m i d t ' s  q u a s i - n o r m a l i z e d  p o l y n o m i a l s .  

The v a r i o u s  f i e l d  components a r e  e v a l u a t e d  u s i n g  E'=-VV on t h e  a s sumpt ion  

t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVxF=O ( n o  c u r r e n t  d e n s i t y  i n s i d e  t h e  r e g i o n  of i n t e r p o l a t i o n )  

The c o e f f i c i e n t s  g:, h: are  g a u s s  

0 

- 

- 

The m i n i m i z a t i o n  p r o c e d u r e  d e v i a t e s  f rom a s t r a i g h t f o r w a r d  l ea s t -  

s q u a r e s  o n l y  i n  t h a t  each  component i s  expanded i n t o  a T a y l o r ' s  series 

i n  t h e  c o e f f i c i e n t s  a n d ,  s t a r t i n g  wi th  a f i r s t  app rox ima t ion  t o  t h e  f i e l d ,  

t h e  s o l u t i o n  i s  found f o r  t h e  f i r s t  o r d e r  c o r r e c t i o n s  t o  t h e  c o e f f i c i e n t s .  

T h i s  p r o c e d u r e  i s  n e c e s s a r y  s i n c e  t h e  f i t  i s  made t o  t h e  components D , I , H  

and F which v a r y  n o n - l i n e a r l y  w i t h  the  c o e f f i c i e n t s .  

I n  o r d e r  t o  i n c l u d e  t h e  s e c u l a r  change,  t h e  c o e f f i c i e n t s  t hemse lves  

are expanded i n  a power s e r i e s  a b o u t  t h e  mean epoch of t h e  d a t a  and t h e  

f i r s t  t i m e  d e r i v a t i v e s  de t e rmined  along w i t h  t h e  c o e f f i c i e n t s  t h e m s e l v e s .  

I n  pe r fo rming  t h e  f i t s  i t  h a s  been found t h a t  more c o n s i s t e n t  r e s u l t s  

can b e  o b t a i n e d  by t a k i n g  i n t o  account  t h e  e a r t h ' s  o b l a t e n e s s .  Thus ,  

whereas  t h e  v a l u e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 i n  t h e  e x p r e s s i o n  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV i s  a r b i t r a r i l y  t a k e n  t o  b e  

t h e  mean r a d i u s  of t h e  e a r t h  6371.2 km, t h e  v a l u e  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr used  f o r  e a c h  d a t a  

p o i n t  assumes t h e  s u r f a c e  d a t a  on t h e  Kaula  e l l i p s o i d  ( e q u a t o r i a l  r a d i u s  

of  6378.165 km and a f l a t t e n i n g  f a c t o r  of 1 / 2 9 8 . 3 ) .  I n  a d d i t i o n ,  t h e  

s l i g h t  (4.2') r o t a t i o n  of t h e  g e o c e n t r i c  v e r s e s  g e o d e t i c  d i r e c t i o n  i s  

t a k e n  i n t o  a c c o u n t .  I n  computing t h e  f i e l d  f rom t h e  d e r i v e d  c o e f f i c i e n t s  

a p r e c i s e  e v a l u a t i o n  needs  t o  allow f o r  b o t h  of t h e s e  f a c t o r s .  Assuming 

t h a t  the  g e o d e t i c  l a t i t u d e  i s  A so t h a t  t h e  r o t a t i o n  a n g l e  i s  6=h+O-90 , 
0 

t h e  measured m a g n e t i c  components a r e :  
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X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -Focos6 -F r s in6  

Y = F  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cp 

Z = Fo s i n 6  -FrcosG 

- 
where  Fo ,  F v ,  F a r e  t h e  t h r e e  g e o c e n t r i c  components of F .  

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

n o r m a l i z e d  p o l y n o m i a l s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€':(e) , an  i n t e r n a l  c o n v e r s i o n  i s  n o r m a l l y  made 

i n  t h e  FORTRAN computer  codes  ( C a i n  e t  a l ,  1 9 6 4 1 ~ 0  t h a t  t h e  c o e f f i c i e n t s  

a c t u a l l y  used co r re spond  t o  t h e  Gauss -Lap lace  f u n c t i o n s  P n y m t 8 )  . 

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

f o r  t h e  e v a l u a t i o n  of t h e  f i e l d  components i s  r educed  by a b o u t  10%. 

A New Tes t  Model o f  t h e  C o r e  F i e l d  

One s h o u l d  

T h i s  

B e f o r e  e v a l u a t i n g  t h e  r e l a t i v e  meri ts  of e x i s t i n g  models  of  t h e  c o r e  

f i e l d  w e  would l i k e  t o  r e p o r t  on an  a d d i t i o n a l  model t h a t  was r e c e n t l y  d e r i v e d  

u s i n g  improved t e c h n i q u e s  and some added d a t a .  T h i s  model ,  which  w e  w i l l  

h e r e  l a b e l  GSFC(7/65), a c c o r d i n g  t o  t h e  o r g a n i z a t i o n  and d a t e  of d e r i v a t i o n ,  

was i n t e n d e d  as a t e s t  t o  see whe the r  h i g h e r  order s p a t i a l  c o e f f i c i e n t s  and 

a s i m p l e  e x t e r n a l  f i e l d  are s t a t i s t i c a l l y  s i g n i f i c a n t  i f  almost a l l  of  t h e  

a v a i l a b l e  d a t a  a r e  u s e d .  S i n c e  w e  have  r e c e n t l y  p u b l i s h e d  a n  e v a l u a t i o n  o f  

t h e  f i e l d  (Cain, e t  a l ,  1965) w e  w i l l  d i s c u s s  h e r e  o n l y  t h o s e  d e t a i l s  which 

d i f f e r  f rom t h e  p r i o r  work.  

One change i n  t h e  t e c h n i q u e s  of c o m p u t a t i o n  t h a t  a l l o w s  a s i g n i f i c a n t  

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

u s e  of  s i n g l e  p r e c i s i o n  (-8 d i g i t )  a r i t h m e t i c  i n  t h e  f o r m a t i o n  and s o l u t i o n  
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o f  t h e  m a t r i x  of v a l u e s  e n t e r i n g  t h e  e q u a t i o n s  f o r  t h e  normal  e q u a t i o n s .  

The p r e v i o u s  u s e  of  d o u b l e  p r e c i s i o n  a r i t h m e t i c  (-17 s i g n i f i c a n t  f i g u r e s )  

was l e a r n e d  t o  be h e l p f u l  i n  some v e r y  s p e c i a l  c i r c u m s t a n c e s ,  b u t  was 

found n o t  n e c e s s a r y  f o r  g e n e r a l  u s e  ( L e a t o n ,  1964). 

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

a t  less  t h a n  of  t h e i r  va ' lue .  

The e r r o r  i n  t h e  

I n  o r d e r  t o  t e s t  t h e  u s e  o f  h i g h e r  o r d e r  c o e f f i c i e n t s ,  t h e  number 

o f  s p a t i a l  p a r a m e t e r s  was expanded t o  99 (maximum n=m=9) and f i r s t  t i m e  

d e r i v a t i v e s  t o  48 (Am=6) ,  a l t h o u g h  i n  t h e  a c t u a l  a n a l y s i s  t o  b e  d e s c r i b e d  

h e r e  a n  Am of  o n l y  5 was u s e d .  I n  a d d i t i o n  t o  t h e s e  i n t e r n a l  s o u r c e s ,  a 

s i m p l e  e x t e r n a l  f i e l d  w a s  added .  I n  k e e p i n g  w i t h  most t h e o r e t i c a l  s t u d i e s  

t h a t  p r e d i c t  t h a t  any e x t e r n a l  s o u r c e  of  f i e l d  would r e s u l t  i n  a p a r a l l e l  

f l u x  a c r o s s  t h e  e a r t h ,  t h e  fo rm o f  t h e  e x t e r n a l  f i e l d  was t a k e n  t o  be t h r e e  

E*, E where El i s  nor thward  a l o n g  t h e  g e o g r a p h i c  o r t h o g o n a l  components E l ,  

a x i s  

g e o g r a p h i c  l o n g i t u d e s  0 and +90°. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

and E and E3 are  i n  t h e  e q u a t o r i a l  p l a n e  d i r e c t e d  r e s p e c t i v e l y  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

F o l l o w i n g  t h e  s u g g e s t i o n  of  Kahle ,  Kern and V e s t i n e  (1964)  f o r  a 

c h e c k i n g  t e r m ,  w e  i n i t i a l l y  a l s o  i n c l u d e d  t h e  term io. 

t h u s  assumes oxF=O, b u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV F # O ! )  

(The f o r m u l a t i o n  
0 

- 

S i n c e  w e  a lso  wished  t o  t e s t  t h e  d i f f e r e n c e s  t o  b e  o b t a i n e d  by t h e  u s e  

of most of  t h e  ava i l ab le  d a t a ,  o n l y  a small amount of d a t a  d e l e t i o n  was done .  

The d a t a  f o r  t h e  p e r i o d  1945-1964 were g rouped  i n t o  c a t e g o r i e s  of s u r f a c e ,  

a i r c r a f t ,  o b s e r v a t o r y ,  and s a t e l l i t e .  The  d a t a  se t  u s e d  compr ised  a l l  

o b s e r v a t o r y  and s a t e l l i t e  (Vanguard 3 and A l o u e t t e )  d a t a  i n  t h i s  i n t e r v a l .  
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The s u r f a c e  and a i r c r a f t  d a t a  were t h e n  e a c h  "c l ippedI1  o n l y  i n  areas of  

2 O  l a t i t u d e  x 2O l o n g i t u d e  where t h e  d e n s i t y  exceeded  a b o u t  100 o b s e r v a -  

t i o n s  p e r  lo5 km2. 

was a l lowed and used  as a maximum d e n s i t y  f o r  t h e  lower  l a t i t u d e  b l o c k s .  

The r e s u l t i n g  d a t a  d i s t r i b u t i o n  of  some 197 ,000  component and t o t a l  f i e l d  

o b s e r v a t i o n s  i s  g i v e n  i n  F i g u r e  2 .  The p r e v i o u s l y  d i s c u s s e d  " s p a r s e  areas" 

become very  e v i d e n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

T h a t  i s ,  o n e  o b s e r v a t i o n  p e r  2 x2O b l o c k  a t  t h e  p o l e s  

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

d a t a  as e n t e r e d  i n t o  t h e  normal  e q u a t i o n s .  P r e v i o u s l y ,  t h e  o b s e r v a t o r y  

a n n u a l  means were  we igh ted  by a f a c t o r  of t h e  o r d e r  of  6 t o  10 o v e r  o t h e r  

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

t h e  w e i g h t s  were a r b i t r a r i l y  r educed  SO t h a t  t h e y  were o n l y  of t h e  o r d e r  

o f  2-4 t imes  t h a t  of t h e  o t h e r  s u r v e y  d a t a  s i n c e  i t  was f e l t  t h a t  t h e  

p r e v i o u s  we igh t s  were too h i g h .  I t  i s  y e t  u n c l e a r  as t o  t h e  improvements  

i n  t h e  d e r i v e d  f i e l d s  when t h e  d a t a  are w e i g h t e d  i n v e r s e l y  a c c o r d i n g  t o  

t h e i r  e s t i m a t e d  e r r o r s .  

T e s t  r u n s  were f i r s t  made on random samples  o f  t h e  d a t a ,  s k i p p i n g  t o  

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

t h e r e  were any s p u r i o u s  c o r r e l a t i o n s  be tween  t h e  c o e f f i c i e n t s .  T h i s  w a s  

t h e  f i r s t  t i m e  t h a t  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  h a v e  been  d e r i v e d  be tween 

t h e  v a r i o u s  p a r a m e t e r s .  

be tween a l l  o f  t h e  p a r a m e t e r s  of o n l y  a f e w  t e n t h s  and h e n c e  p r a c t i c a l l y  

i n s i g n i f i c a n t .  T h i s  r e s u l t  was e s p e c i a l l y  r e a s s u r i n g  s i n c e  i t  i s  c lear  

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

s p a t i a l  terms have  any t h e o r e t i c a l  r e a s o n s  f o r  b e i n g  o r t h o g o n a l  o v e r  

t h e  e a r t h ' s  s u r f a c e .  A s  t h e  t e s t s  were made f i r s t  s t a r t i n g  w i t h  e v e r y  

200th  o b s e r v a t i o n  and t h e i r  i n c r e a s i n g  t h e  number of  o b s e r v a t i o n s  t o  

on!y s k i p  t o  e v e r y  l o t h ,  and t h e n  t o  e v e r y  5 0 t h ,  i t  was n o t e d  t h a t  

t h e  a b s o l u t e  v a l u e s  of  b o t h  t h e  g z  and t h e  E terms c o n t i n u o u s l y  d e c r e a s e d  

and were a lways  comparable  w i t h  t h e i r  e s t i m a t e d  s t a n d a r d  e r r o r .  However, 

when enough d a t a  were added t o  b r i n g  t h e  s t a n d a r d  e r r o r  of  t h e  e x t e r n a l  

f i e l d  E down t o  a b o u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3Oy t h e  components began t o  s t a b i l i z e  and assume 

f i x e d  v a l u e s .  

when b o t h  i t s  a b s o l u t e  v a l u e  and s t a n d a r d  e r r o r  were of  t h e  o r d e r  of 8y. 

I t  i s  t h u s  e s t a b l i s h e d  t h a t  i f  t h e r e  was any monopole component t o  t h e  

e a r t h ' s  f i e l d  ( i n d e e d ,  i f  monopoles  e x i s t e d ! )  t h a t  i t s  l e v e l  would need 

t o  be less  t h a n  8 y .  T h i s  b e h a v i o r  i n  r e l a t i o n  t o  t h e  e s t i m a t e d  s t a n d a r d  

e r r o r s  d o e s  g i v e  some i n d i c a t i o n  t h a t  w h a t e v e r  t h e  c a u s e ,  t h e  e x t e r n a l  

component of t h e  e a r t h ' s  f i e l d  i s  a s t a t i s t i c a l l y  s i g n i f i c a n t  a s p e c t  of  

t h e  d a t a  s e t .  The r e s u l t i n g  se t  of harmonic  c o e f f i c i e n t s  i s  g i v e n  i n  

T a b l e  1 t o  n=m=9 i n  t h e  s p a t i a l  terms, n=m=5 i n  t h e  f i r s t  time d e r i v a t i v e s ,  

and  t h e  t h r e e  e x t e r n a l  terms. The e s t i m a t e d  s t a n d a r d  e r r o r s  f o r  t h e  

e x t e r n a l  terms and t h e  low o r d e r  s p a t i a l  terms r a n g e  f rom 4 t o  5y r e d u c i n g  

t o  a 2-3y l e v e l  above  n=6.  The  s t a n d a r d  e r r o r s  of  t h e  t i m e  d e r i v a t i v e s  

are  of  o r d e r  l y l  y e a r .  

0 
However, t h e  go  t e r m  c o n t i n u o u s l y  d e c r e a s e d  and was d e l e t e d  

N 

A compar ison  of  t h e  p r e s e n t  c o e f f i c i e n t s  w i t h  o u r  most r e c e n t l y  

p u b l i s h e d  s e t  ( C a i n  e t  a l ,  1965) shows good ag reemen t ,  though f o r  t h e  



n m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 c  
1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 c  
2 1  
2 2  
3 0  
3 1  
3 2  
3 7  
4 c  
4 1  
4 2  
4 3  
4 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 c  
E l  
5 2  
5 3  
5 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 5  
t C  
6 1  
6 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e ?  
6 4  
6 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t t  
7 c  
7 1  
7 2  
7 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 4  
7 5  
7 6  
7 7  

E C  
€ 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f i  
E ?  
E 4  
E 5  
€ 6  
e 7  
e e  
s :  
5 1  
5 2  
s 3  
$ 4  
5 5  
s t  
$ 7  
S &  
5 s  

TABLE 1 

gm 
n 

-3C426 
- 2 1 5 8  
- 1 5 3 5  

3 c c c  
1 5 E 5  
13C4 

- 1 S E 5  
1 2 5 3  

e 7 1  
$ 5 5  
EC4 
5 C 3  

-3s3 
2 7 4  

- 2 2 7  
35s 
2 3 1  
- 3 4  

- 1 t C  
- t 5  

5 C  
6 C  

4 
- 2 4 4  

-C 
3 

7 2  
- 5 e  

4 
6 

- 2 6  
- 2  
1 4  

t 
5 
t 

- 5  

- I t  
- 4  

7 
- t  
1 2  

7 
s 
3 
7 

- 1 5  
1 2  
11 

1 

2 
1 

- i c e  

CI 

- b  

h:: 

-C 
5 7 7 1  

-C 
- 1 5 5 2  

2 c 5  

- c  
- 4 3 3  

2 3 t  
- 1 Z E  

-C 
1 5 1  

- 2 6 s  
4 

- 2 5 1  
-G 
1c 

1 2 2  
- 1 1 6  
-1cs 

7 E  
-C 

-1c 
1C4 
t 1  

- 2 9  
- 1 2  
-11 

- C  
- 5 2  
- 2 3  
-11 

2 
2 7  

- 2 i  
- 2  1 
-C 

7 
- 1 2  

t 
- l E  

4 
2 5  
- 2  

- 1 6  
-C 

- 2 2  
1 5  

4 
- 4  
- 2  
1 c  
1 2  

C 
- 2  

.m 
gn 

zc.4 
4.4 

-28 .1  
2.c 

-c .1  
2.9 

-1c.2 
1.5 

-1 .3 
- 1 . c  

2 . 3  
-c.e 
-1.1 
-3.8 

2.3 
C.8 
1.8 
1.i 
C.6 
2.c 

a m  

hn 

-C . 
-6 .5  
-c  

-11.7 
- 1 4 . 6  

-C.  
4.4 
2.C 

- s a 5  
- C .  
- 1 . c  
- c . 7  

4 . c  
-5 ,s  
- c  . 

2 . 7  
3 . 4  

- 1 . 5  
c.7 
1.4 

El  = -19. 

E2 = 9. 

Eg = 16. 

GSFC(7/65) 



F i e l d  

J + C  

GSFC (64)  

LME 

T a b l e  2 

C h a r a c t e r i s t i c s  of Four  Models o f  t h e  Core  F i e l d  

Number of C o e f f i c i e n t s  Epoch 

s p a t i a l  f i r s t  d e r i v a t i v e s  

48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO* 1960 

63 

80  

GSFC (7 /65)  99 i n t e r n a l  

+3 e x t e r n a l  

35  

48 

35 

1960 

1965 

1960 

Der ived  from 

7400 H and F O b s e r v a t i o n s  

1940-1960. * F i r s t  d e r i v a -  

t i v e s  were a c t u a l l y  

d e r i v e d  b u t  n o t  p u b l i s h e d .  

( J e n s e n  and C a i n ,  1962) 

21695 s e l e c t e d  o b s e r v a t i o n s  

1940-1963 ( a l l  components) 

( T a b l e  4 f rom t h e  p a p e r  by 

C a i n  e t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal, 1965) -- 

a i r c r a f t  and s u r f  ace 

o b s e r v a t i o n s  conve r t ed  t o  

X and Y components and 

c o r r e c t e d  t o  epoch 1965 

u s i n g  s e p a r a t e  a n a l y s i s  

of o b s e r v a t o r y  s e c u l a r  

change ( L e a t o n ,  Malin and 

Evans,  1964) 

197 ,000  s e l e c t e d  o b s e r v a -  

t i o n s  -1945- 1964. 
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s p a t i a l  terms t o o  f r e q u e n t l y  o u t s i d e  t h e i r  e s t i m a t e d  s t a n d a r d  e r r o r s .  

T h i s  d i s c r e p a n c y  can l i k e l y  b e  e x p l a i n e d  by t h e  f a c t  t h a t  a l t h o u g h  t h e  

f u n c t i o n s  are o r t h o g o n a l  t o  o n e  a n o t h e r  i f  ave raged  o v e r  t h e  whole s p h e r e ,  

t h e y  are  n o t  o r t h o g o n a l  o v e r  the a v a i l a b l e  d a t a  se t .  

added f o r  t h e  p r e s e n t  a n a l y s i s  i t  might  be  p r e d i c t e d  t h a t  t h e r e  would 

b e  some a d j u s t m e n t  of t h e  lower  o r d e r  c o e f f i c i e n t s  as t h e  s t i l l  n e g l e c t e d  

h i g h e r  o r d e r  harmonics  d i s t r i b u t e  t h e i r  a l i a s e s  d i f f e r e n t l y .  Some d i f f e r e n c e s  

are a l s o  l i k e l y  s i n c e  t h e  d a t a  se t  ex tends  o v e r  t h e  p e r i o d  1945-1964 i n c l u d i n g  

some newer d a t a  whereas  t h e  l a s t  f i t  took an a v e r a g e  o v e r  t h e  p e r i o d  1940-1962.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As shown i n  t h e  p r e v i o u s  p a p e r  the s e c u l a r  changes i n  t h e  f i e l d  are n o t  com- 

p l e t e l y  l i n e a r  even  o v e r  a 20 y e a r  i n t e r v a l .  

As more terms were 

One o f  t h e  new r e s u l t s  of  t h i s  a n a l y s i s  i s  t h e  p r e s e n c e  of a s t a t i s t i c a l l y  

s i g n i f i c a n t  e x t e r n a l  f i e l d .  

error i t  i s  s t i l l  n o t  c o n c l u s i v e  t h a t  i t  i s  f a c t u a l  due  t o  t h e  poor  d i s t r i b u t i o n  

of d a t a .  

o f  F i s  shown i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Here t h e  + d e n o t e s  t h e  f i e l d  e n t e r i n g  i n  t h e  

n o r t h e r n  hemisphere .  

a c o n s t a n t  e x t e r n a l  f i e l d  w e  shou ld  p r e s e n t l y  need t o  t u r n  t o  one  of two 

e f f e c t s ,  b o t h  of which would r e s u l t  i n  a l m o s t  un i fo rm f i e l d s  p a r a l l e l  t o  

t h e  e a r t h ' s  a x i s .  The e f f e c t  of  t h e  compression o f  t h e  e a r t h ' s  f i e l d  by 

t h e  s o l a r  wind s h o u l d  g i v e  a nor thward  f l u x ,  whereas  t h e  e f f e c t  of t r a p p e d  

p l a sma  shou ld  expand t h e  f i e l d  t o  g i v e  a n e t  d e c r e a s e  as presumably i s  

enhanced  d u r i n g  t h e  main phase  of  a magnet ic  s to rm.  The f a c t  t h a t  t h e  

However, even w i t h  t h e  estimates of  i t s  s t a n d a r d  

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

- 

I f  w e  were t o  s p e c u l a t e  on t h e  p o s s i b l e  o r i g i n  of 
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o b s e r v e d  c o n s t a n t  e x t e r n a l  f i e l d  h a s  s u c h  a l a r g e  e q u a t o r i a l  component 

i s  p u z z l i n g  and l e a d s  o n e  t o  b e l i e v e  t h a t  p e r h a p s  i t  i s  a s p u r i o u s  r e s u l t  

of  t h e  i r r e g u l a r  d a t a  d i s t r i b u t i o n  or some o t h e r  unknown f a c t o r .  However, 

s i n c e  i t  i s  a t  l e a s t  i n  t h e  c o r r e c t  q u a d r a n t  of  t h e  e a r t h  t o  b e  a s s o c i a t e d  

w i t h  t h e  e c c e n t r i c  d i p o l e ,  t h e ' r e s u l t  would imply  t h a t  t h e  n e t  i n t e r n a l  

p l a sma  p r e s s u r e s  more t h a n  b a l a n c e  t h e  e x t e r n a l  t o  p roduce  a n e t  u n i f o r m  

f l u x  which would weaken t h e  f i e l d  n e a r  t h e  e q u a t o r .  

S p a t i a l  E r r o r s  of D e r i v e d  F i e l d  

Al though  i t  i s  n o t  p o s s i b l e  t o  know w i t h  c e r t a i n t y  t h e  a b s o l u t e  e r r o r s  

of t h e  f i t s ,  it  i s  p o s s i b l e  t o  o b t a i n  some s t a t i s t i c a l  measure  of how much 

t h e  p o t e n t i a l  f u n c t i o n  might  b e  v a r i e d  by moving a l l  o f  t h e  d a t a  th rough  

one  s t a n d a r d  error .  Such a s p a t i a l  f u n c t i o n  can b e  d e r i v e d  on t h e  a s sumpt ions  

t h a t  t h e  s t a n d a r d  e r r o r s  of a l l  of t h e  d a t a  are  e q u a l  t o  t ha t  of  t h e  f i t  and 

t h a t  a l l  are  i n d e p e n d e n t .  A r e s u l t i n g  s p a t i a l  map o f  t h e  s t a n d a r d  error i n  

t o t a l  f i e l d  F ( i n  gammas) i s  g i v e n  i n  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  The h i g h s  and lows i n  t h e  

f i e l d  are  marked by H and L r e s p e c t i v e l y  a l o n g  w i t h  t h e i r  v a l u e s  i n  gamma. 

A compar ison  be tween t h i s  f i g u r e  and F i g u r e  2 ,  t h e  d a t a  d i s t r i b u t i o n ,  shows 

as might  be e x p e c t e d ,  t h a t  t h e  f i t  could  b e  more e a s i l y  a l t e r e d  i n  t h e  r e g i o n s  

where  t h e  d a t a  are s p a r s e .  However, a l t h o u g h  t h i s  map g i v e s  t h e  p o s s i b l e  

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

. of t h e  f i e l d  are s e v e r a l  t i m e s  t h i s .  T h i s  a s s e r t i o n  i s  b a s e d  on sample 

c o m p a r i s o n s  be tween measured and computed f i e l d  v a l u e s  which i n d i c a t e  t h a t  

t h e r e  are  f r e q u e n t  s y s t e m a t i c  v a r i a t i o n s  o f  t h e  o r d e r  of a few hundred  gammas 

which  are n o t  d u e  mere ly  t o  t h e  c r u s t a l  anomaly " n o i s e "  ( 6 .  F i g u r e  6 i n  o u r  





. 
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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p r e v i o u s  p a p e r  [Ca in  e t  a l ,  19651) .  The c o r r e s p o n d i n g  s t a n d a r d  e r r o r  

map o f  i n c l i n a t i o n  i s  g i v e n  i n  F i g u r e  5 and shows a r a n g e  of a f a c t o r  

of  f o u r  o r  f i v e  between t h e  f l e x i b i l i t y  of t h e  f i t  i n  t h e  s p a r s e  d a t a  

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

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

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

y e a r s  o t h e r  t han  t h o s e  n e a r  t h e  mean epoch .  Sample c a l c u l a t i o n s  of 

t h e  e r r o r s  w i t h  a l t i t u d e  show t h a t  a l t h o u g h  t h e  OF s t a r t s  a t  d i f f e r i n g  

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

o r d e r  of  1 5 - 2 9  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2000 km a l t i t u d e  and t h e r e a f t e r  t o  remain c o n s t a n t  

a t  a b o u t  1 0 - 1 5 ~ .  When t h e  e r r o r s  a r e  computed f o r  epoch 1965 i n s t e a d  

o f  1960 t h e y  i n c r e a s e  by a b o u t  30-50%. By 1970 t h e  e s t i m a t e d  e r r o r s  

I 

I are  a p p r o x i m a t e l y  d o u b l e  t h o s e  computed f o r  1960.  I t  i s  t h u s  l i k e l y  

t h a t  any d e f i n i t i v e  f i e l d  w i l l  a lways  have  s i g n i f i c a n t l y  smaller  

e r r o r s  t h a n  any f o r e c a s t  f i e l d  where t h e  l a t e s t  d a t a  l a g  by abou t  two 

y e a r s .  I f  f u t u r e  ( s a t e l l i t e )  d a t a  a r e  p r o c e s s e d  q u i c k l y  t o  r e d u c e  t h i s  

t i m e  l a g ,  t h e  errors i n  a f o r e c a s t  f i e l d  s h o u l d  b e  c o r r e s p o n d i n g l y  smaller. 

I t  h a s  been l e a r n e d  by u s e  of f e w e r  c o e f f i c i e n t s  i n  t h e  f i t t i n g  p r o c e s s  

t h a t  whereas  a s m a l l e r  c o e f f i c i e n t  se t  g i v e s  a l a r g e r  o v e r a l l  s t a n d a r d  

e r r o r  i n  r e g i o n s  of h i g h  d a t a  d e n s i t y ,  t h e  e r r o r  i n  r e g i o n s  of low d e n s i t y  

are  a l m o s t  t h e  same a s  t h o s e  shown i n  F i g u r e s  4 and 5 .  Of c o u r s e  i f  t h e  

number of  c o e f f i c i e n t s  was i n c r e a s e d  s t i l l  more SO as t o  i n c l u d e  t h o s e  

w i t h  l i t t l e  s t a t i s t i c a l  v a l i d i t y  i t  i s  l i k e l y  t h a t  t h e  p o s s i b l e  v a r i a t i o n  

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

I 
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The c o n c l u s i o n  of such  s t u d i e s  'on t h e  p r e s e n t  d a t a  set  i s  t h a t  whereas  

t h e  number o f  c o e f f i c i e n t s  i s  indeed  l a r g e r  t h a n  most d e r i v e d  i n  t h e  

p a s t ,  t h i s  number seem n e c e s s a r y  t o  f i t  t h e  d a t a  and t h a t  no  s i g n i f i c a n t  

harm has y e t  been  d o n e  i n  c a u s i n g  l a r g e  e r r o r s  i n  t h e  areas of low d a t a  

d e n s i t y .  I f  a n y t h i n g ,  i t  w i l l  be e n l i g h t e n i n g  t o  expand t h e  c o e f f i c i e n t  

set  f u r t h e r  t o  see whethe r  w e  have  r eached  t h e  optimum number of  c o e f -  

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

t h e r e  are  even  s h o r t e r  wave leng ths  i n  t h e  a v a i l a b l e  d a t a .  However, 

b e f o r e  making s u c h  a c o e f f i c i e n t  expans ion  w e  i n t e n d  t o  i n v e s t i g a t e  

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

might  be b e t t e r  a c h i e v e d  by f i r s t  f i l t e r i n g  t h e  d a t a  t o  e l i m i n a t e  any 

e f f e c t  f r o m  t h e  n e g l e c t e d  ha rmon ics .  I t  i s  a l s o  w o r t h w h i l e  t o  pos tpone  

s u c h  e v a l u a t i o n s  t o  see whe the r  t h e  POGO s a t e l l i t e  w i l l  p r o v i d e  s u f f i c i e n t  

d a t a  t o  r e l i e v e  some of t h e  p rob lems  w i t h  t h e  d a t a  d e n s i t y .  

Compar ison  of F i e l d  Models 

The  p r e v i o u s  p a p e r  made comparisons of  numerous a v a i l a b l e  core f i e l d  

models  w i t h  t h e  a v a i l a b l e  s u r v e y  d a t a .  The RMS d e v i a t i o n s  of  a l l  t h e  

component o b s e r v a t i o n s  p e r  y e a r  were l i s t e d  combining s u c h  q u a n t i t i e s  as 

(AF)*, (bH)2 ,  (FAI12,  ( H A D ) 2  and ( A Z ) * .  

h e r e  and f o c u s  on t h e  t h r e e  b e s t  a v a i l a b l e  f i e l d s  as w e l l  a s  t h e  o l d e r  

J + C  model ( J e n s e n  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACain, 1962) now i n  g e n e r a l  u s e  f o r  t h e  d e t e r m i n a t i o n  

of t h e  L p a r a m e t e r  f o r  o r g a n i z i n g  t r a p p e d  p a r t i c l e  d a t a .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA compar ison  of  

t h e s e  f o u r  f i e l d s  ( see  T a b l e  2) i s  g iven  i n  F i g u r e  6 .  P l o t t e d  a t  t h e  t o p  

are t h e  RMS d e v i a t i o n s  f r o m  t h e  d a t a  for  e a c h  y e a r  and g i v e n  a t  t h e  end 

We w i l l  ex t end  t h i s  comparison 
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of  each  curve  t h e  RMS f o r  t h e  whole i n t e r v a l  1945-1965.  The d i s t r i b u t i o n  

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

o b t a i n e d  s imply by u s i n g  o n l y  eve ry  f i f t h  d a t a  p o i n t  f rom a magne t i c  

t a p e  c o n t a i n i n g  a l l  d a t a  sequenced  i n  o r d e r  of l o n g i t u d e .  Such a s e l e c t i o n  

p r o c e d u r e  g i v e s  a lmos t  t h e  same r e s u l t s  when compared w i t h  d e v i a t i o n s  

c a l c u l a t e d  u s i n g  all of t h e  a v a i l a b l e  d a t a .  One can see t h a t  f o r  t h e  

twen ty  y e a r s  p l o t t e d  t h e r e  i s  abou t  f a c t o r  of two between t h e  h i g h e s t  

and l o w e s t  cu rves .  Fo r  t h e  d a t a  t a k e n  o v e r  t h e  years  1960-1963 t h e  J + C  

f i e l d  e r r o r s  a re  growing t o  abou t  2 .5  times t h o s e  of t h e  l a t e s t  f i e l d  

(GSFC[7/65]).  

s i n c e  t h e y  a r e  based  on o n l y  130 o b s e r v a t i o n s  and are  i n f l u e n c e d  by a 

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

The v a l u e s  f o r  1964 shou ld  n o t  b e  c o n s i d e r e d  s i g n i f i c a n t  

F i g u r e  6 shows an unusua l  p e r i o d i c i t y  t h a t  a p p e a r s  t o  peak b o t h  

near s o l a r  m i n i m u m  and maximum. However, i f  one  d i s c o u n t s  t h e  1964 p o i n t s  

due  t o  a l ack  of d a t a  t h e r e  i s  s t i l l  t h e  l a r g e  maximum f o r  1951-1952.  On 

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

r e l a t i v e l y  smal l  amount of d a t a  (230 and 240 o b s e r v a t i o n s  r e s p e c t i v e l y )  

and a r i se s  from l a r g e  d e v i a t i o n s  of t h e  s u r f a c e  Z measurements .  These  Z 

d a t a  are  f r e q u e n t l y  found i n  e r r o r  w i t h  l a r g e  i n a c c u r a c i e s .  The maximum 

of a l l  t h e  curves  n e a r  t h e  s u n s p o t  maximum y e a r s  of  t h e  TGY (1957-1958)  

cannot  be  e x p l a i n e d  so e a s i l y  and might i n d e e d  r e f l e c t  t h e  g r e a t e r  i n c i d e n c e  

of magne t i c  d i s t u r b a n c e  i n  t h e  d a t a .  

O f  cour se  t h e  u s e  of RMS d e v i a t i o n s  d o e s  n o t  c o m p l e t e l y  c h a r a c t e r i z e  

t h e  e x t e n t  t o  which t h e  f i e l d s  f i t  t h e  o b s e r v e d  d a t a .  A s  shown i n  t h e  
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p r e v i o u s  p a p e r ,  sample  d e t a i l e d  d e v i a t i o n s  o f  d a t a  o v e r  v a r i o u s  s h i p  

and a i r c r a f t  s u r v e y  t r a c k s  s y s t e m a t i c  d e v i a t i o n s  f rom t h e  GSFC(64) f i e l d  

o f  wave leng ths  up t o  a few thousand  k i l o m e t e r s .  We have  n o t  y e t  t e s t e d  

t h e  GSFC(7/65) f i e l d  t o  see whethe r  t h e s e  s y s t e m a t i c  d e v i a t i o n s  have  

been  l a r g e l y  e l i m i n a t e d  o r  whe the r  a n  even l a r g e r  number of c o e f f i c i e n t s  

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

, 

more p a r a m e t e r s  i s  t h a t ,  whereas  t h e  Vanguard 3 d a t a  t a k e n  by t h e m s e l v e s  

are  c o n s i s t e n t  t o  17y (Cain a?d Hendr i cks ,  1964) t h e  r e s i d u a l s  f rom t h e  

GSFC(64) f i e l d  are  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50y and t h o s e  f rom t h e  GSFC(7/65) f i e l d  are s t i l l  28y. 

Con c l u  s i o n  s : 

S1,me o f  t h e  c o n c l u s i o n s  one  may draw f rom t h i s  d i s c u s s i o n  must b e  

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

f i e l d  w i t h i n  t h e  magne tosphe re  are  n o t  y e t  a v a i l a b l e .  I n  c o n s i d e r i n g  

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

i n t r o d u c e d  t h e  concep t  of  a f o r e c a s t  v e r s e s  a d e f i n i t i v e  f i e l d  and have  shown 

t h a t  b o t h  must e v e n t u a l l y  i n c l u d e  a l lowance  f o r  p l a s m a - f i e l d  i n t e r a c t i o n s  

beyond a few e a r t h  r a d i i  i f  t h e  computed f i e l d s  are  t o  match t h e  ambient  

f i e l d  w e l l  enough t o  b e  u s e f u l  i n  h e l p i n g  t o  u n d e r s t a n d  such  e x p e r i m e n t a l  

d a t a  as t h o s e  f rom t r a p p e d  p a r t i c l e s .  Wi th in  a few e a r t h  r a d i i ,  where 

t h e  e f f e c t  of  t h e  c o r e  f i e l d  p redomina te s ,  t h e  r e q u i r e m e n t s  f o r  i n c r e a s e d  

a c c u r a c y  may a l s o  i n c l u d e  making a l lowance  f o r  i o n o s p h e r i c  c u r r e n t s  and ,  

below a f ew t e n s  o f  k i l o m e t e r s ,  estimates of  t h e  c r u s t a l  f i e l d .  

Our p r e s e n t  e s t i m a t e s  of  t h e  core f i e l d  are g r e a t l y  hampered by t h e  

v e r y  i r r e g u l a r  s p a c e - t i m e  d i s t r i b u t i o n  of m a g n e t i c  su rvey  d a t a .  N e v e r t h e l e s s ,  
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t h e  s i g n i f i c a n t  s p a t i a l  wave leng ths  i n  t h i s  f i e l d  a p p e a r  t o  r e q u i r e  a t  

l e a s t  a f a c t o r  of two more parameters t han  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA48 s p h e r i c a l  harmonics  

p r e v i o u s l y  u s e d .  F i t t i n g  t h e  measured d a t a  themse lves  i n s t e a d  of d a t a  

r ead  from magne t i c  c h a r t s  h a s  proved a u s e f u l  approach  and produced  

f i e l d s  whose e r r o r s  i n  r e g i o n s  of good d a t a  cove rage  are  o n l y  a f r a c t i o n  

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

The p r e s e n c e  of a s i m p l e  e x t e r n a l  f i e l d  near t h e  e a r t h ' s  s u r f a c e  

was de te rmined  b u t  more work w i l l  need t o  b e  done  t o  a s s u r e  i t s  r e a l i t y .  

It  i s  much smaller t h a n  any p r e v i o u s  estimates b u t  i s  of  t h e  c o r r e c t  

o r d e r  of  magni tude t o  b e  s u p p o r t e d  by p h y s i c a l  t h e o r y .  

The problems of  d e t e r m i n i n g  o r  minimiz ing  t h e  e f f e c t  of n e g l e c t e d  

p a r a m e t e r s  o r  of i n v e s t i g a t i n g  t h e  ma themat i ca l  s i g n i f i c a n c e  of  t h e  areas 

v o i d  of d a t a  have  n o t  y e t  been s o l v e d .  The p r e s e n t  f i t s  t o  t h e  c o r e  f i e l d ,  

a l t h o u g h  c o n t a i n i n g  a l a r g e  number of parameters, do n o t  a p p e a r  t o  b e  

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

number o f  c o e f f i c i e n t s .  I n  t h e  areas of good d a t a  cove rage  t h e  new f i e l d  

can b e  shown t o  have  much smaller e r r o r s .  I f  t h e  s a t e l l i t e  magnetometer  

e x p e r i m e n t s  p l anned  f o r  t h e  n e x t  y e a r  are  s u c c e s s f u l  i t  i s  l i k e l y  t h a t  

t h e  s p a r s e  d a t a  area problem can b e  q u i c k l y  s o l v e d  and t h a t  work can 

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

models .  
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