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OVAL- -OF_AURO-RZ@ BOREGIS AND THE 

R I N G  CURRENT I N  THE EARTH'S 

M A G E E e _ P H E =  

by Kosmicheskiye I ss ledovaniya  A.D. Shevnin 
Tom 6 ,  ~ y p . 4 ,  pp 598-603 Y a . 1 .  Fe l ' d sh teyn  & 
Izd-vo "NAUKA", MOSCOW 1968 G.V. Sta rkov  

SUMMARY 

Making use  of W i l l i a m s '  and N e s s '  c a l c u l a t i o n s ,  t h e  p o s i t i o n  
i s  computed and g r a p h i c a l l y  p re sen ted  o f  t h e  boundary of c losed  
l i n e s  of force on t h e  n i g h t  side of t h e  Ea r th  a s  a f u c t i o n  of 
t h e  f i e l d  i n  t h e  magnetosphere t a i l  and of the  r i n g  c u r r e n t  value.  
Observa t ions  of t h e  southern boundary of t h e  au ro ra  oval allowed 
a d i r e c t  de t e rmina t ion  of t h e  magnetic f l u x  of t h e  r i n g  c u r r e n t .  
On t h e  other hand, t h e  same f l u x  i s  c a l c u l a t e d  as a f u n c t i o n  of 
r i n g  c u r r e n t  parameters  i n  t h e  Akasofu and Cain model. Compari- 
son of t h e  r e s u l t s  of c a l c u l a t i o n s  l eads  t o  t h e  conclus ion  t h a t  
dur ing  magnet ic  storms the r i n g  c u r r e n t  i s  a t  a d i s t a n c e  of % 3 - 3 . 5  
E a r t h ' s  r a d i i .  With t h e  inc rease  of t h e  r i n g  c u r r e n t  f i e l d ,  t h e  
p ro ton  b e l t  i n c r e a s e s  a t  the  expense of t h e  withdrawal  of i t s  
o u t e r  boundary and a r e d i s t r i b u t i o n  ( i n c r e a s e )  of t h e  p i t ch -ang les  
t a k e s  place. 

* 
* * 

The discrete forms of t h e  a u r o r a  b o r e a l i s  are d isposed  
along an oval whose geomagnetic l a t i t u d e  depends on t h e  l o c a l  
t i m e ,  namely a'  % 67' i n  t h e  hours  close t o  midnight  and i n  t h e  
d i u r n a l  hours  a' % 76-77' [ l l .  The p o s i t i o n  of t h e  oval depends 
t o  a cons ide rab le  degree  on the  i n t e n s i t y  of p o l a r  magnetic d i s -  
t u rbances  and on t h e  r i n g  c u r r e n t  i n  t h e  E a r t h ' s  magnetosphere 
[ 2 - 4 1 .  S a t e l l i t e  observa t ions  have shown t h a t  t h e  oval of au ro rae  
b o r e a l i s  i s  l o c a t e d  a t  t h e  boundary of t h e  closed l i n e s  of force 
of  t h e  geomagnetic f i e l d  and of the f i e l d  l i n e s  c a r r i e d  away by 
s o l a r  wind i n t o  t h e  t a i l  of t h e  magnetosphere 15-81. Therefore ,  
it can be presumed t h a t  t h e  p o s i t i o n  of t h e  sou the rn  boundary of 
t h e  o v a l  y i e l d s  wi th  a necessary degree of p r e c i s i o n  dataon boundary 
o f  t h e  c l o s e d  geomagnetic f i e l d  l i n e s  both  i n  t h e  cases of q u i e t  
and d i s t u r b e d  magnet ic  f i e l d .  
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W i l l i a m s  and N e s s  [ 9 ]  have c a l c u l a t e d  t h e  p o s i t i o n  of t h e  
boundary A, of t h e  c losed  l i n e s  of force on t h e  n i g h t  side of 
t h e  E a r t h  as a func t ion  of the f i e l d  i n  t h e  magnetosphere t a i l ,  
b u t  i n  t h e  absence of a r i n g  c u r r e n t .  I n  t h i s  case, t h e  magne- 
t i c  f l u x  through a p o r t i o n  of t h e  E a r t h  s u r f a c e  bounded on t h e  
n i g h t  side by a c e r t a i n  geomagnetic l ong i tude  i n t e r v a l  A H ,  t h e  
geomagnetic e q u a t o r  and the l a t i t u d e  A,,can be r ep resen ted  by the 
e x p r e s s i o n  

where M and RE are r e s p e c t i v e l y  t h e  magnetic moment and t h e  
r a d i u s  of t h e  Ea r th .  

The account ing f o r  the DR-field of t h e  r i n g  c u r r e n t  c o n s i s t s  
i n  adding i n  (1) i ts  magnetic f l u x  

I t  is assumed t h a t  the i n t e n s i t y  o f  the  f i e l d  HR of the  
symmetric r i n g  c u r r e n t  i s  known a long  r a d i a l  d i s t a n c e  r i n  t h e  
p l a n e  of t h e  geomagnetic equator  and t h a t  on the E a r t h r s  s u r f a c e  
it assumes a va lue  e q u a l  t o  t h e  DR-field. Then f r o m  (1) and ( 2 )  
w e  o b t a i n  t h e  expres s ion  for de te rmining  boundary @R,  of t h e  
c l o s e d  l i n e s  of  force on the  n i g h t  side,  t a k i n g  i n t o  accoun 
DR- f i e  1 d 

I n  c a l c u l a t i n g  t h e  p o s i t i o n  of  on t h e  E a r t h ' s  s u r f a c e  as 
a f u n c t i o n  f i e l d  N of t h e  t a i l ,  use  w a s  made of t h e  va lue  of A ,  
from [9 ]  w i th  t h e  preass igned  v a l u e s  

i n  e x p r e s s i o n  ( 3 ) .  F i g . 1  shows g r a p h i c a l l y  t h e  r e s u l t s  of t h e  
c a l c u l a t i o n s .  The upper curve r e p r e s e n t s  t h e  va lues  of A ,  or  
@,I i n  the absence of t h e  r ing  c u r r e n t  (IR = 0). 

With t h e  i n c r e a s e  of IR the boundary of t h e  c losed  l i n e s  of 
force and, consequent ly ,  the  sou the rn  boundary of t h e  a u r o r a  oval 
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F i g .  1 

P o s i t i o n  of t h e  b o u n d a r y  @ '  o f  c l o s e d  l i n e s  o f  f o r c e  
on t h e  n i g h t  s i d e  of t h e  E a r t h  as  a f u n c t i o n  of N 
f i e l d  i n  t h e  m a g n e t o s p h e r e  t a i l  and  t h e  v a l u e  o f  t h e  

IR r i n g  c u r r e n t .  

on the  n i g h t  side of t h e  Earth i s  s h i f t e d  t o  l o w e r  geomagnetic 
l a t i t u d e s .  This s h i f t  is g r e a t e s t  a t  l o w  va lues  of  t a i l ' s  
f i e l d .  

The q u a n t i t y  IR may be l i n k e d  w i t h  t h e  parameters of t h e  
r i n g  c u r r e n t .  Since the magnetic moment M and t h e  E a r t h ' s  ra- 
d i u s  RE are cons t an t ,  Ip depends on t h e  shape of t h e  curve HR 
of t h e  r i n g  c u r r e n t ' s  f i e l d  i n t e n s i t y  along t h e  e q u a t o r i a l  ra- 
d i u s  and on t h e  degree of i ts  ex tens ion  t o  g r e a t e r  d i s t ances .  

Akasofu and Cain [ l o ]  computed a func t ion  Af ,  de s igna t ing  
t h e  magnetic f i e l d  p e r  u n i t  of p a r t i c l e  energy d e n s i t y  f r o m  1 
t o  1 0  RE depending on t h e  d i s t ance  ro t o  t h e  maximum of p a r t i c l e  
d e n s i t y  No, on t h e  value of g 2 ,  desc r ib ing  t h e  o u t e r  boundary of 
p a r t i c l e  d i s t r i b u t i o n  i n  the r i n g  c u r r e n t  p a r t i c l e  ( s i m i l a r l y  g l  
d e s c r i b e s  t h e  i n n e r  d i s t r i b u t i o n  boundary) and on t h e  c o n s t a n t  a 
c h a r a c t e r i z i n g  t h e  d i s t r i b u t i o n  of p i tch-angles  of r i n g  c u r r e n t ' s  
p a r t i c l e s .  According t o  [lo], the  va lue  of HR i s  obta ined  from 
t h e  r e l a t i o n  

where E,  i s  t h e  p a r t i c l e  energy of t h e  r i n g  cu r ren t .  
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S e l e c t i n g  each time N o E o  i n  (5 )  i n  such a manner t h a t  t h e  
f i e l d  on the E a r t h ' s  sur face  assume t h e  value Ha = lOOy, t h e  
va lues  of IR w e r e  c a l c u l a t e d  f o r  va r ious  parameters  of t h e  r i n g  
c u r r e n t ,  t ak ing  i n t o  account i t s  induc t ion  p a r t .  During compu- 
t a t i o n s  it w a s  assumed t h a t  t h e  induced c u r r e n t  flows i n  a con- 
duc t ing  l a y e r  a t  a depth of 500 k m  from t h e  E a r t h ' s  s u r f a c e  and 
t h a t  i t s  f i e l d  i s  e q u a l  t o  one h a l f  of t h e  f i e l d  HR on t h e  E a r t h ' s  
s u r f a c e  ( t h e  a p e r i o d i c  v a r i a t i o n  is  Dst = 3/2HR). A t  HR = lOOy 
t h e  induc t ion  f i e l d  v a r i e s  with d i s t a n c e  from -5Oy (1 R E )  t o  
0 . 7 ~  a t  4 R E ,  y i e l d i n g  a t o t a l  c o n t r i b u t i o n  ( IR)  
The va lues  of  I a r e  compiled i n  T a b l e  I w i t h  c o r r e c t i o n  f o r  

parameter  v a r i e s ,  w h i l e  t h r e e  remain cons t an t .  

= 0.0013. 

i nduc t ion  fo r  t R ree groups of parameter  i n  each of which one 

Comparison of t h e  p o s i t i o n  of t h e  boundaries  of t h e  au ro ra  
b o r e a l i s  ova l  a t  d i f f e r e n t  DR i n t e n s i t y  w i t h  a t h e o r e t i c a l  model 
r i n g  c u r r e n t  m a k e s  it poss ib l e  t o  a r r i v e  a t  some conclusions re- 
gard ing  changes i n  model parameters.  

As i s  shown i n  r e c e n t  s a t e l l i t e  observa t ions  [11,121, t h e  
main m a s s  of pro tons  forming the r i n g  c u r r e n t  i n  per iods  of mag- 
n e t i c  storms is l o c a t e d  a t  a d i s t a n c e  of 3 - 3 . 5  R F .  
i n  a f i rs t  approximation, a model r i n g  c u r r e n t  wi th  parameters  
ro = 3.2 RE, g, = 2 . 1 4 6 ,  g 2  = 0.759 and a = 2 . 0  (model C according 

This  i s  why 

Values 
of f ixed 
paramet. 

z= 2,290 

a = 2 , 0  

T A B L E  I 

t o  [lo]) w a s  adopted f o r  f u r t h e r  c a l c u l a t i o n s .  I n  t h i s  model 
t h e  p a r t i c l e  d i s t r i b u t i o n  i s  l i m i t e d  by t h e  e q u a t o r i a l  d i s t a n c e s  
of 2 . 2  and 6 RE and IR = -0.022 a t  DR = -1OOy. I f  one assumes 
t h a t  during a magnet ic  storm only t h e  r i n g  c u r r e n t  i n t e n s i t y  
(N,Eo) v a r i e s ,  wh i l e  all i t s  other parameters  remain unchanged 
( A f  = c o n s t ) ,  then according t o  ( 4 )  and (51 ,  IR = 2 . 2 0 1 0 ' ~  DRY. 
Thus, i n  t h e  adopted model IR is  known f o r  any DR-field. 

W e  s h a l l  determine t h e  f i e l d  N i n  t h e  magnetosphere t a i l  
from obse rva t ions  of t h e  aurorae b o r e a l i s .  

As a matter of fact ,  t h e  magnet ic  f l u x  c a r r i e d  away by 
so la r  wind i n  t h e  t a i l  of t h e  magnetosphere from two p o l a r  r eg ions  
is  [131 
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where OM i s  t h e  p o l a r  d i s tance  of t h e  ova l  center and 0 i s  t h e  
d i s t a n c e  between the  ova l  boundary and i t s  cen te r .  Assuming 
t h a t  t h e  magnetosphere t a i l  has t h e  shape of a cy l inde r  w i t h  
r a d i u s  a t  and t h a t  t he  f i e l d  N d i s t r i b u t i o n  i n  t h e  t r ansve r se  
c ross -sec t ion  of t h e  magnetosphere is  uniform, w e  s h a l l  w r i t e  
t h e  same magnetic f l u x  as follows: 

F = .lat 2n' 

Then, f r o m  (6) and ( 7 )  we obta in  

(7 )  

From observa t ions  of aurorae b o r e a l i s  t h e  southern boundary 
of oval @ '  [ l l  a r e  known, and consequently so  are OM and 0 for 
var ious  ind ices  Q of magnetic a c t i v i t y  from 0 t o  6 ,  For Q equal  
t o  3 and 5,  known also is  the  behavior of @ '  w i t h  the v a r i a t i o n  
of t h e  DR-field 111. For the n i g h t  s i d e  of t h e  E a r t h  such a de- 
pendence i s  shown i n  Fig.2. 

L e t  us  take  a t  r e spec t ive ly  equal  t o  2 1 . 2  and 1 9 . 9  RE f o r  
Q = 3 and Q = 5 [131. I n  this case the  theoretical  values  of t h e  
oval boundary taken down from t h e  curves of Fig.1 on t h e  b a s i s  of 
known IR and N c a l c u l a t e d  from (8), coincide w i t h  t h e  experimental  
va lues  of 4 '  f o r  DR = -1Oy. 
t h e  t a i l  a t  a f ixed  index Q ,  w e  determine t h e  t h e o r e t i c a l  boundary 
of t h e  ova l  f o r  a series of values of t h e  DR-field. I n  Fig.2 such 
boundaries a r e  drawn by s o l i d  l i n e s .  

Leaving unchangec t h e  r ad ius  at of 

Fig.2 shows t h a t  t h e  experimental  po in t s  of t h e  southern 
boundary of aurorae b o r e a l i s  on t h e  n i g h t  s ide of  t he  Earth are 
l o c a t e d  a t  l o w e r  geomagnetic l a t i t u d e s  than t h e  corresponding 
t h e o r e t i c a l  values  of Q R t ,  as e a r l y  a s  f o r  DR-field values  equal  
to -5Oy. For Q = 5 t h i s  d i f f e rence  a t t a ins  2 O . 1  a t  DR = -7Oy. 
Consequently, it i s  d i f f i c u l t  t o  expla in  t h e  experimental  d a t a  
with a model r i n g  c u r r e n t  i n  which during a magnetic storm only 
the c u r r e n t  i n t e n s i t y  v a r i e s ,  w h i l e  a l l  the o t h e r  parameters 
remain cons tan t .  

W e  s h a l l  now at tempt  t o  eva lua te  the v a r i a t i o n s  of r i n g  
c u r r e n t  parameters on t h e  basis of t h e  requirement t h a t  the 
experimental  p o s i t i o n  of  t h e  oval  coincide with t h e  t h e o r e t i c a l  
boundary of t h e  closed l i n e s  of force .  

To t h i s  end w e  s h a l l  c a l c u l a t e  t h e  magnetic f l u x  c a r r i e d  
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F i g .  2 F i g . 3  

F i g . 2  E x p e r i m e n t a l  ( c i r c l e s )  a n d  t h e o r e t i c a l  ( s o l i d  l i n e )  
s o u t h e r n  b o u n d a r y  o f  t h e  @ '  o v a l  o f  t h e  a u r o r a e  bo -  
r e a l i s  on t h e  n i g h t  s i d e  o f  t h e  E a r t h  a t  v a r i o u s  va- 
l u e s  o f  t h e  D R - f i e l d  f o r  t h e  i n d i c e s  o f  m a g n e t i c  ac- 

t i v i t y  Q e q u a l  t o  3 a n d  5 ( d a r k  c i r c l e s )  

Flg.3 D e p e n d e n c e  o f  m a g n e t i c  f l u x  AF on t h e  r i n g  c u r r e n t  
f o r  i n d e x  Q e q u a l  to 3 a n d  5 a n d  m o d e l  C ( D a s h e d  l i n e ) .  

away f r o m  one of t h e  p o l a r  r e g i o n s  

a t  v a r i o u s  va lues  of t h e  DR-field fo r  Q e q u a l  t o  3 and 5. 
From t h e  o b t a i n e d  F' values w e  s h a l l  remove t h e  background F o g  
which c h a r a c t e r i z e s  t h e  f lux  i n  t h e  magnetosphere t a i l  a t  a 
q u i e t  magnet ic  f i e l d .  Fo' can be ob ta ined ,  f o r  i n s t a n c e ,  by 
r e q u i r i n g  t h e  f u l f i l m e n t  of t h e  F-lo' = F , '  + F, , C ,  a t  DR = 
= -1Oy, where F-,,c i s  t h e  magnet ic  f l u x  of modei C ,  s i n c e  a t  
l o w  va lues  of DR (see Fig.2) a good agreement w a s  ob ta ined  
between theo ry  and observa t ions .  Then t h e  d i f f e r e n c e s  AP = F' - 
-Fo' can be a t t r i b u t e d  t o  the effect  of t h e  r i n g  c u r r e n t  i n  i t s  
pure  form. 

As a matter of f a c t ,  on t h e  b a s i s  of t h e  l a w  o f  magnet ic  
f l u x  conse rva t ion  

The r i n g  c u r r e n t  reduces t h e  magnetic f l u x  F c l  of t h e  
closed l i n e s  of force by AFR thereby  s h i f t i n g  t h e  sou the rn  
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1 

boundary of aurorae toward lower geomagnetic l a t i t u d e s .  
cording t o  ( 6 ' )  , an i d e n t i c a l  value of AFR i s  added t o  Fo ' , 
being e x t e r n a l l y  made apparent with t h e  rise of DR, i n  t h e  
i n c r e a s e  of t h e  p o l a r  region with open l i n e s  of  force .  

Ac- 

Fig.3 shows t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  of AF based 
on observat ion da ta .  
shows t h e  values  of  t h e  magnetic f l u x  f o r  t h e  previously used 
model C r i n g  cu r ren t .  

F o r  t h e  sake of comparison t h e  same Fig.  

On the o t h e r  hand, according t o  ( 2 )  and ( 4 )  t h e  magnetic 
f l ux  from t h e  r i n g  c u r r e n t  is  equal  t o  

(2') 2nM 
AFR = -- 1,. 

R E  

Mult iplying t h e  values of IR shown i n  Table I by 2.Ti'j;RE = 
= 7.9910' 
parameters of t h e  r i n g  cur ren t .  

g s - c m 2 ,  w e  obtain t h e  va lues  of A F R  f o r  var ious  

bf, 1 0 ~ 6 g s . c m  2 
I 

Y 

I 2 3 4 0  
I 

B 5 6 7 6 9 'gz  

Fig.4 

Dependence o f  m a g n e t i c  f l u x  
AFR on r i n g  c u r r e n t  parame- 
t e r s :  
ro = d i s t a n c e  t o  t h e  maximum 

ro2- d i s t a n c e  t o  t h e  o u t e r  
of  p a r t i c l e  d e n s i t y ,  

P l o t t e d  on t h e  r i g h t  s i d e  of 
Fig.  4 along supplementary o rd ina te  
axes a r e  t h e  values  of AF taken 
from Fig.3,  and then  reduced f o r  
t h e  sake of comparison, t o  t h e  va- 
l u e  DR = lOOy,  s i n c e  e a r l i e r  IR 
w e r e  c a l c u l a t e d  p r e c i s e l y  f o r  such 
va lues .  

The  v a r i a t i o n s  i n  r p  a f f e c t  
very s t rong ly  t h e  magnetic f l u x  
AFR. Thus, a s  ro inc reases  from 
3 t o  5 RE,AFR i nc reases  by a f a c t o r  
of 3.5. T h i s  n a t u r e  of dependence 
i n d i c a t e s  ra ther  s p e c i f i c a l l y  t h a t  
i n  o rde r  t o  exp la in  t h e  experimen- 
t a l  d a t a  it i s  a c t u a l l y  necessary 
t o  adopt ro  Q 3 - 3.5 R E .  

I t  w a s  u sua l ly  supposed t h a t  
with inc rease  of magnetic a c t i v i t y ,  
'and, consequently also of DR, t h e  
r i n g  c u r r e n t  a t  l e a s t  d id  n o t  d r i f t  
away from t h e  Ear th  [141. For t w o  

0 boundary o f  p a r t i c l e  d i s -  sto-ms i n  June and Ju ly  1966,  t h e  
t r i b u t i o n  i n  E a r t h ' s  ra-  proton dens i ty  maximum of t h e  r i n g  
d i i  and c o n s t a n t  a .  c u r r e n t  was loca ted  closer t o  t h e  

Ear th  i n  t h e  case of t h e  more in-  
t e n s e  storm [ 1 2 ] .  This i s  why t h e  rise i n  AF with inc rease  of t h e  
DR-field i n  Fig.3 can be explained by t h e  withdrawal of t h e  o u t e r  
boundary of r i n g  c u r r e n t  protons (lower curve Fig.4) and t o  a 
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. 
* 

ce r t a in  degree by var ia t ions  i n  p i tch-angles  (middle curve 
F i g . 4 ) .  
t h e  o u t e r  boundary f r o m  t h e  r e s p e c t i v e  d i s t a n c e s  of 6.0 and 
6.7 RE which it occupies  a t  DR = -1Oy s h i f t  by about 0.4 RE 
for  each  subsequent  increase i n  -1Oy. 

Evalua t ions  show t h a t  f o r  index Q equa l  t o  3 and 5, 

Thus, t h e  d a t a  on t h e  sou the rn  boundary of  aurora bore-  
a l i s  oval on t h e  n i g h t  s i d e  of t h e  Ea r th  m a k e  it p o s s i b l e  t o  
conclude t h a t  dur ing  magnetic storms t h e  r i n g  c u r r e n t  is  lo- 
cated a t  a d i s t a n c e  of % 3 - 3.5 RE. 
t h i c k n e s s  of t h e  r i n g  c u r r e n t  pro ton  b e l t  increases a t  t h e  
expense of t h e  withdrawal of i t s  o u t e r  boundary and a r e d i s -  
t r i b u t i o n  ( r educ t ion )  of p i tch-angles  t a k e s  p l ace .  These con- 
c l u s i o n s  y i e l d  a d d i t i o n a l  in format ion  on t h e  r i n g  c u r r e n t  and 
are n o t  i n  contradict ion wi th  d i r e c t  magnetic measurements on 
satel l i tes  and r o c k e t s  i n  t h e  radiat ion b e l t  region. 

The au tho r s  expres s  t h e i r  g r a t i t u d e  t o  Yu.D. Ka l in in  f o r  
d i s c u s s i n g  t h e  ob ta ined  r e s u l t s .  

With i n c r e a s e  i n  DR t h e  

* * * THE END * * * 
Manuscript  r ece ived  
December 20, 1967. 
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