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INTRODUCTION 

The phase "magnetospheric model" can have s e v e r a l  d i f f e r e n t  

meanings. H e r e  I a m  us ing  t h e  t e r m  "model" i n  t h e  sense  desc r ibed  

by PARKER ( 1 9 6 8 ) :  " W e  c o n s t r u c t  i d e a l i z e d  and s i m p l i f i e d  t h e o r e t -  

i c a l  models f o r  t h e  purpose of  demonstrat ing how t h e  basic l a w s  of 

phys ics  l e a d  t o  a c e r t a i n  observed e f f e c t . "  A model i n  t h i s  s ense  

i s  a s o l u t i o n  of t h e  equa t ions  t h a t  d e s c r i b e  t h e  system under con- 

s i d e r a t i o n .  Obtaining an e x a c t  s o l u t i o n  of t h e  equat ions  governing 

a system as complex as t h e  magnetosphere i s  c l e a r l y  impossible ,  and 

t o  c o n s t r u c t  a t h e o r e t i c a l  model t h e  equat ions  must be ( o f t e n  dras -  

t i c a l l y )  s i m p l i f i e d  t o  t h e  p o i n t  of  t r a c t a b i l i t y .  The a i m  is  t o  

i s o l a t e  t h o s e  a s p e c t s  of t h e  p h y s i c a l  s i t u a t i o n  t h a t  are e s s e n t i a l  

t o  t h e  p a r t i c u l a r  phenomenon one i s  a t tempt ing  t o  understand. One 

thus  proceeds by s o l v i n g  t h e  basic equat ions  under a v a r i e t y  of 

s i m p l i f y i n g  assumptions and n o t i n g  what assumptions a r e  r equ i r ed  t o  

reproduce t h e  e s s e n t i a l  f e a t u r e s  of  t h e  phenomenon under s tudy .  O f  

cou r se ,  no model w i l l  p r e d i c t  i n  p r e c i s e  q u a n t i t a t i v e  d e t a i l  a l l  t h e  

f e a t u r e s  of  t h e  obse rva t ions ,  b u t  t hen  ou r  primary goa l  i s  under- 

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

I n  t h i s  paper  I d i s c u s s  t h e o r e t i c a l  models ( i n  t h e  sense  des- 

c r ibed  above) of  some a s p e c t s  of magnetospheric convect ion and i t s  

e f f e c t s  on charged p a r t i c l e  popu la t ions .  S t a r t i n g  wi th  t h e  c lass ic  

work of  AXFOIW and H I N E S  ( 1 9 6 1 ) ,  t h e  concepts  and consequences of 

magnetospheric convect ion have been w i d e l y  d i scussed  i n  q u a l i t a t i v e  



-2-  

form (see, e . g . ,  reviews by AXFORD, 1 9 6 9  and KENNEL, 1 9 6 9 ) ;  t h e  

t a s k  now i s  t o  express  some of t h e s e  i d e a s  i n  q u a n t i t a t i v e  form 

as appropr i a t e  s o l u t i o n s  of t h e  b a s i c  equa t ions .  F i r s t  I w i l l  

formulate  t h e  mathematical  problem of c a l c u l a t i n g  a model of s t eady  

s t a t e  convect ion and t h e  a s s o c i a t e d  p a r t i c l e  d i s t r i b u t i o n .  Then 

I w i l l  d i s c u s s  s o l u t i o n s  of  several p a r t s  of  t h e  problem (a  so lu-  

t i o n  of t h e  complete problem has n o t  y e t  been ob ta ined )  and t h e i r  

r e l a t i o n  t o  observed phenomena. 

MAGNETOSPHERIC CONVECTION AS A MATHEMATICAL PROBLEM 

En p r i n c i p l e ,  magnetospheric convect ion could be t r e a t e d  wi th  

magnetohydrodynamic equa t ions ,  r e l a t i n g  t h e  f l o w  v e l o c i t y  t o  t h e  

stresses p r e s e n t  i n  t h e  plasma; t h i s  approach has  been h igh ly  suc- 

e s s f u l  i n  t r e a t i n g  t h e  so la r  wind. The flow speeds a s s o c i a t e d  wi th  

convect ion,  however, a r e  expected t o  be very s m a l l  compared t o  pro- 

paga t ion  speeds of waves i n  t h e  magnetospheric medium, and t h e  char- 

acter is t ic  flow t i m e s  should t h u s  be very long compared t o  t h e  t r a v e l  

t i m e  of  a s i g n a l  between t h e  ionosphere and t h e  e q u a t o r i a l  p l ane  

(except  p o s s i b l y  i n  t h e  r eg ion  of ''open" f i e l d  l i n e s  deep w i t h i n  

t h e  m a g n e t o t a i l ) .  Thus w e  expec t  t h e  plasma a t  any p o i n t  of  a mag- 

n e t i c  f l u x  tube w i t h i n  t h e  magnetosphere t o  remain c o n t i n u a l l y  

"ad jus t ed"  t o  t h e  boundary cond i t ions  a t  t h e  f e e t  of t h a t  f l u x  tube  on 

t h e  ionosphere.  With t h e  expected close coupl ing between t h e  magneto- 

sphere  and t h e  ionosphere ,  t w o  media wi th  very d i f f e r e n t  dynamical 
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p r o p e r t i e s ,  it proves convenient  t o  formulate  t h e  convect ion problem 

n o t  i n  t e r m s  o f  t h e  dynamical concepts  of  flow and stress b u t  i n  t e r m s  

of e lec t r ic  f i e l d  and c u r r e n t  ( fundamental ly ,  of course,  t h e s e  

two modes of  t r e a t i n g  t h e  problem are e q u i v a l e n t ,  s i n c e  i n  a plasma 

t h e r e  i s  a close connect ion between t h e  flow and t h e  e lec t r ic  f i e l d  

and between t h e  stress and t h e  e lec t r ic  c u r r e n t ) .  

The e lec t r ic  f i e l d  and t h e  charged p a r t i c l e  d i s t r i b u t i o n  i n  

t h e  magnetosphere can both  be s imultaneously c a l c u l a t e d  from a 

c losed  s e l f - c o n s i s t e n t  cha in  of e q u a t i o n s ,  f i r s t  in t roduced  by FEJER 

( 1 9 6 4 )  and la te r  used by SWIFT ( 1 9 6 7 ,  1968) .  The complete ca l cu la -  

t i o n  i s  o u t l i n e d  i n  F igu re  1. Since  it i s  a c losed  loop,  w e  can 

break i n t o  it a t  any p o i n t ;  it i s  convenient  t o  s t a r t  wi th  t h e  elec- 

t r i c  f i e l d .  L e t  us p r o v i s i o n a l l y  suppose, t hen ,  t h a t  w e  know t h e  

e lectr ic  f i e l d  c o n f i g u r a t i o n  i n  t h e  magnetosphere: 

(a)  F i r s t  l i n k :  w i th  knowledge of t h e  e lec t r ic  f i e l d ,  w e  cal- 

c u l a t e  t h e  motion and d i s t r i b u t i o n  of pro tons  and e l e c t r o n s  i n  t h e  

magnetosphere, and hence i n  p a r t i c u l a r  t h e  t o t a l  plasma p r e s s u r e  a t  

any p o i n t ;  

(b )  Second l i n k :  from t h e  plasma p r e s s u r e  g r a d i e n t s  w e  calcu-  

l a te  t h e  components o f  t h e  e lectr ic  c u r r e n t  pe rpend icu la r  t o  t h e  

magnetic f i e l d .  

-(c) Th i rd  l i n k :  by c a l c u l a t i n g  t h e  divergence of t h e  perpen- 

d i c u l a r  c u r r e n t  and averaging over each f l u x  tube ,  w e  o b t a i n  t h e  

f i e l d - a l i g n e d  c u r r e n t s  f lowing between t h e  magnetosphere and t h e  

ionosphere.  
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(d)  Fourth l i n k :  from t h e  requirement  t h a t  t h e s e  f i e l d  

a l igned  c u r r e n t s  be c losed  by pe rpend icu la r  ohmic c u r r e n t s  i n  t h e  

ionosphere,  w e  o b t a i n  t h e  c o n f i g u r a t i o n  of t h e  e lec t r ic  f i e l d  i n  t h e  

ionosphere.  

(e )  F i f t h  and f i n a l  l i n k :  t h e  ionosphe r i c  e lectr ic  f i e l d  can 

be mapped i n t o  t h e  magnetosphere, and t h e  requirement  t h a t  it agree  

wi th  t h e  magnetospheric e lectr ic  f i e l d  assumed a t  t h e  o u t s e t  d e t e r -  

mines t h e  f i e l d  and t h u s  c losed  t h e  system of  equat ions .  

L e t  us now examine i n  more d e t a i l  t h e  i n d i v i d u a l  l i n k s  of t h e  

cha in .  

(a)  C a l c u l a t i o n  of t h e  charged p a r t i c l e  d i s t r i b u t i o n  i n  a given 

conf igu ra t ion  of  e lectr ic  (and magnet ic)  f i e l d s  i s  an e x t e n s i v e l y  

s t u d i e d  and f a m i l i a r  process .  The s i m p l e s t  method, i f  only ad iaba t -  

i c  processes  are cons idered ,  i s  t o  c a l c u l a t e  s i n g l e - p a r t i c l e  trajec- 

t o r i e s  (see, e . g . ,  ALFVEN, 1939; TAYLOR and HONES, 1965; KAVANAGH 

e t  a l . ,  1968) and apply L i o u v i l l e ' s  theorem; o r  one may, by s u i t a b l e  

t r ans fo rma t ions  of t h e  Boltzmann equa t ion ,  develop a t r a n s p o r t  equa t ion  

(e .g .  SISCOE, 1 9 6 4 ;  VASYLIUNAS, 1 9 6 9 ) ,  w i t h  t h e  c a p a b i l i t y  of i n c l u d i n g  

d 

non-adiabat ic  s c a t t e r i n g ,  a c c e l e r a t i o n ,  and loss processes .  A s  a 

boundary cond i t ion ,  it i s  necessary  t o  s p e c i f y  t h e  p a r t i c l e  popula t ion  

a t  t h e  boundary of t h e  r eg ion  under s t u d y ,  a t  t h o s e  p o i n t s  of  t h e  

boundary where p a r t i c l e s  can move i n t o  t h e  reg ion .  Usually t h e  

reg ion  s t u d i e d  i s  t h e  magnetosphere o u t  t o  s o m e  10-15 Re on t h e  n i g h t  

side and t h e  e lec t r ic  f i e l d  i s  such t h a t  p a r t i c l e s  move from t h e  
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magneto ta i l  toward t h e  e a r t h ;  t hen  it i s  necessary  t o  s p e c i f y  t h e  

p a r t i c l e  popu la t ion  a t  t h e  nea r -ea r th  end of  t h e  magneto ta i l ,  and 

t h e  observed plasma s h e e t  popu la t ion  i s  a reasonable  choice.  

(b)  The c a l c u l a t i o n  of t h e  pe rpend icu la r  c u r r e n t  f r o m  t h e  t o t a l  

p r e s s u r e  can be looked a t  i n  t w o  e q u i v a l e n t  ways. W e  may w r i t e  down 

t h e  momentum conse rva t ion  equa t ion  f o r  t h e  plasma, which i n  t h e  

approximation of flow speed very s m a l l  compared t o  p a r t i c l e  thermal  

speed ( v a l i d  throughout  t h e  magnetosphere beyond t h e  plasmapause, 

excep t  p o s s i b l e  w i t h i n  t h e  n e u t r a l  s h e e t )  reduces t o  

where P i s  t h e  t o t a l  (p ro ton  p l u s  e l e c t r o n )  p r e s s u r e  t e n s o r  and t h e  

rest of t h e  symbols have t h e i r  u s u a l  meaning (Gaussian u n i t s ) .  Solv- 

i n g  f o r  t h e  pe rpend icu la r  component of t h e  c u r r e n t  d e n s i t y  y i e l d s ,  

if t h e  p r e s s u r e  i s  i s o t r o p i c ,  

2 

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

C? x [VP, + (PI, - PI) VB/B] 
,T . = 

B2 + 4 (PI - Prl) 
( 3 )  

Equiva len t ly ,  w e  may sum t h e  c u r r e n t s  due t o  a l l  t h e  s i n g l e  p a r t i c l e  
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g r a d i e n t ,  cu rva tu re ,  and magnet iza t ion  d r i f t s ,  o b t a i n i n g  the  s a m e  

r e s u l t  (see, e . g - ,  PARKER, 1957)  e 

t o t a l  p r e s s u r e  and t h e  magnetic f i e l d  and has  no e x p l i c i t  dependence 

on t h e  e lectr ic  f i e l d  o r  t h e  d e t a i l e d  energy s p e c t r a  of t h e  p a r t i c l e s ;  

g iven  only t h e  c o n f i g u r a t i o n  of t h e  magnetic f i e l d  and t h e  t o t a l  

p r e s s u r e ,  however ob ta ined ,  t h e  pe rpend icu la r  c u r r e n t  i s  uniquely 

determined. ( I t  i s  assumed here t h a t  t h e  g e n e r a l  c o n f i g u r a t i o n  of  t h e  

magnetic f i e l d  i s  known from obse rva t ion  or f i e l d  models, and t h a t  t h e  

de ta i led  magnetic e f f e c t s  of J can be neg lec t ed . )  

N o t e  t h a t  CL depends only on t h e  

CL 

(c )  The c u r r e n t  d e n s i t y  given by equat ion  ( 2 )  or  ( 3 )  i n  gene ra l  

has a non-zero divergence.  The t o t a l  c u r r e n t  d e n s i t y ,  however, must 

have ze ro  divergence,  even i f  t h e  convect ion i s  assumed t o  be h ighly  

non-steady; i t  i s  r e a d i l y  shown t h a t  under magnetospheric cond i t ions  

t h e  charge accumulation impl ied  by t h e  divergence of J a lone  would 

l e a d  t o  e lec t r ic  f i e l d  changes on a t i m e  scale of mi l l i s econds  (a  n o t  

s u r p r i s i n g  r e s u l t  i f  one recal ls  t h a t  a l lowing  V J # 0 i s  t h e  same 

as keeping t h e  displacement  c u r r e n t  t e r m  i n  Maxwell's e q u a t i o n s ) .  

Hence i n  a l l  magnetospheric processes  o t h e r  t han  high-frequency plasma 

waves V e J = 0 and t h e  d ivergence  of must be cance l l ed  by t h e  d i -  

vergence of a magnetic f i e l d  a l i g n e d  c u r r e n t  d e n s i t y  Jl,. From t h e  d i -  

vergence of  equat ion  ( 2 )  o r  (3)  w e  thus  o b t a i n  t h e  d e r i v a t i v e  of J,, 

a long  t h e  magnetic f i e l d  d i r e c t i o n :  

CLLI 

CL 

'L 

2 c ( B  x VB) - VP a~ 'L - (  1 1 )  = 
a R  B B 4  

( 4 )  

f o r  t h e  i s o t r o p i c  p r e s s u r e ,  o r  
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where 5 5 1 + 47r(P, - P , , ) / B 2  fo r  t h e  g e n e r a l  case. 

from a s imple p i c t u r e  of p a r t i c l e  d r i f t s ,  f i e l d - a l i g n e d  c u r r e n t s  are 

p r e s e n t  whenever t h e  p r e s s u r e  g r a d i e n t  has  a component a long  t h e  d-i- 

r e c t i o n  of  t h e  VB d r i f t .  I f ,  f o r  example, w e  have a r eg ion  of en- 

hanced p r e s s u r e  w i t h i n  a narrow long i tude  sector,  a f i e l d - a l i g n e d  

c u r r e n t  f l o w s  i n t o  t h e  ionosphere  a t  i t s  wes tern  edge and o u t  of t h e  

ionosphere a t  i t s  e a s t e r n  edge. The t o t a l  c u r r e n t  d e n s i t y  flowing 

i n  or o u t  of t h e  ionosphere  a t  any p o i n t  must be found by i n t e g r a t i n g  

equa t ion  ( 4 )  o r  (5 )  a long  t h e  f i e l d  l i n e ;  wi th  t h e  i s o t r o p i c  p r e s s u r e ,  

which must  be  c o n s t a n t  a long  t h e  f i e l d  l i n e ,  equa t ion  ( 4 )  can be 

i n t e g r a t e d  e x p l i c i t l y  (VASYLIUNAS, 1 9 6 9 )  , y i e l d i n g  

A s  expected 

where B 

a t  t h e  ionosphere ( " m i r r o r  f i e l d " ) ,  t h e  g r a d i e n t s  a r e  wi th  r e s p e c t  

t o  t h e  e q u a t o r i a l  coo rd ina te s  of  t h e  f i e l d  l i n e ,  t h e  i n t e g r a t i o n  i s  

a long  t h e  e n t i r e  l e n g t h  of t h e  f i e l d  l i n e  above t h e  ionosphere,  and 

J,, i s  p e r  u n i t  area of t h e  ionosphere and p o s i t i v e  i f  i n t o  t h e  ionos-  

phere - 

i s  t h e  magnetic f i e l d  a t  t h e  equa to r ,  Bm t h e  f i e l d  magnitude %e 

(d )  Con t inu i ty  of  c u r r e n t  i n  t h e  ionosphere r e q u i r e s  t h a t  
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V ., I = J,, s i n  x 
'L 

(7 )  

where I i s  the h e i g h t - i n t e g r a t e d  h o r i z o n t a l  c u r r e n t  d e n s i t y ,  x i s  t h e  

i n c l i n a t i o n  of t h e  magnetic f i e l d ,  and J,, i s  t h e  f i e l d - a l i g n e d  c u r r e n t  

d e n s i t y  f lowing i n t o  t h e  ionosphere.  

t o p  of t h e  ionosphere has no h o r i z o n t a l  v a r i a t i o n  except  on a su f -  

f i c i e n t l y  long scale ( 2  1 0  km), I can be related t o  E by the equat ion  

'L 

I f  t h e  e lec t r ic  f i e l d  E a t  t h e  

'L 'L 

where V is  t h e  v e l o c i t y  of t h e  n e u t r a l  gas i n  t h e  ionosphere ( c o m -  

monly assumed t o  corotate wi th  t h e  ear th)  and C i s  t h e  f a m i l i a r  

h e i g h t - i n t e g r a t e d  conduc t iv i ty  t e n s o r  (see, e .g . ,  FEJER,  1953,  1 9 6 4 ) .  

I n s e r t i n g  ( 8 )  i n t o  ( 7 )  p rovides  a d i f f e r e n t i a l  equa t ion  f r o m  which 

'Ln 

2 

E may be ob ta ined  i f  J,, i s  known. 

t o  ze ro . )  Note t h a t ,  g iven  t h e  c o n d u c t i v i t y  and t h e  n e u t r a l '  gas 

('e = -cV x E must be known o r  se t  
'L - a t  'L 

motion, E i s  uniquely determined by J,, 

e x p l i c i t l y  depend on any o t h e r  magnetospheric v a r i a b l e s  such as 

p r e s s u r e  g r a d i e n t s  e 

( o r  vice v e r s a )  and does n o t  

(e )  The e lec t r ic  f i e l d  a t  t h e  t o p  of  t h e  ionosphere and t h e  

e lectr ic  f i e l d  w i t h i n  t h e  magnetosphere are r e l a t e d  by t h e  gene ra l i zed  

O h m ' s  l a w ,  and thus  e i t h e r  can be  c a l c u l a t e d  from t h e  o t h e r .  For 

quasi-s teady convec t ion ,  i n  which t h e  e l ec t r i c  f i e l d  can be de r ived  

from a p o t e n t i a l ,  one needs t o  c a l c u l a t e  t h e  p o t e n t i a l  drop along 

t h e  f i e l d  l i n e  from t h e  ionosphere t o  t h e  e q u a t o r i a l  plane.  A common 
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assumption t h a t  appears  t o  be a t  least  a good f i r s t  approximation 

i s  t h a t  t h e  conduc t iv i ty  a long  t h e  f i e l d  l i n e s  i s  h igh  enough so 

t h a t  t h i s  p o t e n t i a l  drop can be neglec ted  and t h e  p o t e n t i a l  simply 

mapped o u t  from t h e  ionosphere i n t o  t h e  magnetosphere. Anomalous 

r e s i s t i v i t y  caused by i n s t a b i l i t i e s  (see, e .g . ,  KENNEL, 1 9 7 0 )  may 

produce s i g n i f i c a n t  p o t e n t i a l  drops which can, however, i n  p r i n c i p l e  

be c a l c u l a t e d  i f  J,, i s  known. 

This  e n t i r e  c a l c u l a t i o n  should provide  a reasonable  complete 

model of  t h e  p rocesses  a s s o c i a t e d  wi th  convect ion w i t h i n  t h e  ' 'closed" 

p a r t  of t h e  magnetosphere, i n  which t h e  magnetic f i e l d  l i n e s  connect  

from one hemisphere t o  t h e  o t h e r .  The "open" f i e l d  l i n e s  t h a t  ex tend  

f a r  o u t  i n t o  t h e  magneto ta i l  must u l t i m a t e l y  e n t e r  e i t h e r  t h e  i n t e r -  

p l a n e t a r y  medium, as i n  t h e  models of DUNGEY ( 1 9 6 1 )  and h i s  f o l l o w e r s ,  

or/and a magnetosphere boundary l a y e r  w i t h i n  which a v iscous  d rag  

(AXFORD and H I N E S ,  1 9 6 1 ;  AXFORD, 1 9 6 4 )  o r  some o t h e r  t a n g e n t i a l  stress 

r e s p o n s i b l e  f o r  main ta in ing  t h e  magneto ta i l  (AXFORD e t  a l . ,  1965; 

S I S C O E ,  1 9 6 6 )  occurs .  On t h e s e  magnetic f i e l d  l i n e s ,  t h e  e l ec t r i c  . 
f i e l d  i s  determined by p rocesses  a s s o c i a t e d  w i t h  t h e  f i e l d  l i n e  merg- 

i n g  o r  t h e  t a n g e n t i a l  stress, whose phys ics  i s  a t  p r e s e n t  l a r g e l y  

unknown; it i s  t h i s  e lec t r ic  f i e l d ,  however, t h a t  sets t h e  e n t i r e  

convect ion system going and thus  it may a p p r o p r i a t e l y  be c a l l e d  t h e  

d r i v i n g  f i e l d .  Equations ( 7 )  and ( 8 )  are s t i l l  a p p l i c a b l e  and, given 

t h e  d r i v i n g  f i e l d ,  s e r v e  t o  determine t h e  f i e l d - a l i g n e d  c u r r e n t  den- 

s i t y  J,, i n  t h e  p o l a r  cap reg ion .  A l t e r n a t i v e l y ,  J,, may be f i x e d  by t h e  
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f i e l d  l i n e  merging o r  t a n g e n t i a l  stress p rocesses ,  i n  which case it i s  

t h e  d r i v i n g  c u r r e n t ,  s e t t i n g  up t h e  convection; equa t ions  ( 7 )  and 

( 8 )  then  determine t h e  a s s o c i a t e d  e lectr ic  f i e l d .  F i n a l l y ,  if t h e  

c a l c u l a t i o n  i s  t o  be r e s t r i c t e d  t o  t h e  c losed  f i e l d  l i n e  r eg ion  only ,  

t h e  d r i v i n g  f i e l d  must s t i l l  be p a r t i a l l y  s p e c i f i e d  as t h e  boundary 

cond i t ion  on E now r e q u i r e d  t o  so lve  equa t ions  ( 7 )  and ( 8 ) .  
-. 

I n  summary, understanding t h e  o r i g i n  of  t h e  d r i v i n g  e lec t r ic  

f i e l d  ( o r  c u r r e n t )  and t h e  o r i g i n  of t h e  plasma s h e e t  i s  a p r e r e q u i s i t e  

f o r  a complete model of  magnetospheric convec t ion ,  and such under- 

s t and ing  w e  do n o t  now possess .  However, t h e  p r o p e r t i e s  of t h e  plasma 

s h e e t  p a r t i c l e s  are w e l l  known from o b s e r v a t i o n  and, as w i l l  appear 

s h o r t l y ,  crude b u t  u s e f u l  models of t h e  d r i v i n g  f i e l d  can be  guessed; 

given both of t h e s e ,  t h e  se t  of equa t ions  desc r ibed  h e r e  allows one 

t o  c o n s t r u c t  a model of  t h e  convect ion w i t h i n  t h e  c losed  p a r t  of 

t h e  magnetosphere, i n c l u d i n g  t h e  e f f e c t s  of i n t e r a c t i o n s  between t h e  

plasma, t h e  e lec t r ic  f i e l d s ,  and t h e  ionosphere;  t h i s  now r e q u i r e s  

noth ing  more than  s o l u t i o n  of  a wel l -def ined  computat ional  problem! 

Even wi th  d r a s t i c  s i m p l i f i c a t i o n s ,  t h e  problem i s  extremely compli- 

ca t ed  and I have no t  y e t  ob ta ined  a s o l u t i o n  of  t h e  complete s e l f -  

c o n s i s t e n t  cha in .  I n d i v i d u a l  l i n k s  of t h e  cha in ,  however, have been 

s t u d i e d  and u s e f u l  r e s u l t s  ob ta ined .  Models of t h e  f i r s t  l i n k ,  par -  

t i c l e  d i s t r i b u t i o n  i n  given e l ec t r i c  f i e l d s ,  have been c o n s t r u c t e d  

by TAYLOR and HONES (1965) and KAVANAGH e t  a l .  (1968) from a s t r i c t l y  

a d i a b a t i c  viewpoint.  I have s t u d i e d  t h e  same problem wi th  t h e  
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i n c l u s i o n  of non-adiaba t ic  effects;  t h e  c a l c u l a t i o n  i s  publ i shed  

elsewhere (VASYLIUNAS, 1 9 6 9 1 ,  and t h e  b a s i c  p h y s i c a l  i d e a s  and some 

r e s u l t s  have been desc r ibed  by KENNEL ( 1 9 6 9 ) .  

t i o n  I cons ide r  s imple models of ano the r  l i n k :  

tween f i e l d - a l i g n e d  c u r r e n t s  and e lec t r ic  f i e l d s  i n  t h e  ionosphere.  

I n  t h e  fol lowing sec- 

t h e  connect ion be- 

A MODEL ELECTRIC F I E L D  AND CURRENT 

SYSTEM I N  THE IONOSPHERE 

The b a s i c  assumption of t h e  convect ion models f i r s t  in t roduced  

by AXFORD and HINES ( 1 9 6 1 )  and DUNGEY (1961) i s  t h a t  magnetic f i e l d  

l i n e s  from t h e  polar caps (assumed t o  extend i n t o  i n t e r p l a n e t a r y  

space  o r  a v i scous  d rag  boundary l a y e r )  move, a t  least  p a r t i a l l y ,  

w i th  t h e  so la r  wind. This  i m p l i e s  an e lectr ic  f i e l d  over t h e  p o l a r  

cap ( t h e  d r i v i n g  f i e l d )  d i r e c t e d  i n  a g e n e r a l  way from dawh t o  dusk; 

t hus  on t h e  p o l a r  cap boundary t h e  e l e c t r i c  p o t e n t i a l  (assuming now 

t h a t  any v a r i a t i o n s  i n  t h e  convec t ion  p a t t e r n  are s l o w  enough so 

t h a t  i n d u c t i o n  f i e l d s  can be neg lec t ed )  i s  p o s i t i v e  on t h e  dawn side 

and nega t ive  on t h e  dusk s i d e .  To o b t a i n  a very simple model, w e  

approximate t h e  p o l a r  cap boundary be  a c i rc le  o f  cons t an t  l a t i t u d e  

X = 72" and assume t h e  p o t e n t i a l  on t h e  boundary 

where @ i s  t h e  long i tude  measured eas tward ,  from t h e  midnight m e r i d i a n  
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and Q 0  i s  a cons t an t .  S ince  w e  are now i n t e r e s t e d  i n  ionosphe r i c  

effects  on convect ion,  w e  n e g l e c t  p a r t i c l e  p r e s s u r e  g r a d i e n t  e f f e c t s  

and s o l v e  equat ions  (7) - (8) wi th  J,, = 0 t o  f i n d  t h e  p o t e n t i a l  a t  

lower l a t i t u d e s ,  w i th  (9) as t h e  boundary cond i t ion .  The s o l u t i o n s  

are obta ined  i n  a frame of r e f e r e n c e  r o t a t i n g  wi th  t h e  e a r t h  and 

V i n  (8) i s  s e t  t o  zero.  For s i m p l i c i t y ,  symmetry between t h e  
%n 
two hemispheres i s  assumed and day-night v a r i a t i o n s  i n  t h e  conductiv- 

i t y  are neglec ted  (some of t h e  effects  neg lec t ed  h e r e  are inc luded  

i n  a s i m i l a r  c a l c u l a t i o n  r e c e n t l y  done independent ly  by WOLF, 1969). 

The conduc t iv i ty  model of F E J E R  (1953, 1964) i s  used,  wi th  a va lue  

t o  Pedersen conductiv- of 3.5 f o r  t h e  

i t i e s .  

r a t i o  of h e i g h t - i n t e g r a t e d  H a l l  

The r e s u l - i n g  p o t e n t i a l  c o n f i g u r a t i o n  i n  ,he ionosphere i s  shown 

i n  F igure  2 ;  it looks r a t h e r  s i m i l a r  t o  t h e  conf igu ra t ion  i n f e r r e d  

from DP2 magnetic v a r i a t i o n s  (OBAYASHI and NISHIDA, 1968). T o  o b t a i n  

a s o l u t i o n  w i t h i n  t h e  p o l a r  cap, it w a s  assumed t h a t  J,, = 0 a l s o  

over  t h e  p o l a r  cap, f o r  lack of any b e t t e r  choice ,  The f i e l d - a l i g n e d  

c u r r e n t s  (which n e c e s s a r i l y  must be p r e s e n t ;  c f .  VASYLIUNAS, 1968) 

are then confined t o  t h e  p o l a r  cap boundary; f o r  t h e  case shown i n  

F igure  2 ,  t h e  c u r r e n t  d e n s i t y  i s  

J , , ( A , $ )  = a ( Q  C /R2)S(A-X,) s i n ( $ - $ o )  (10 1 O P  

where A, = 72'/57.3', c1 = 6.75, O 0  = 0.45" R = 1 Re, C is t h e  P 
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h e i g h t - i n t e g r a t e d  Pedersen c o n d u c t i v i t y ,  and Q o  i s  t h e  s a m e  as i n  

equa t ion  ( 9 ) .  I n s t e a d  of p o s t u l a t i n g  a d r i v i n g  f i e l d ,  equat ion  ( 9 ) ,  

one could have ob ta ined  Figure  2 by p o s t u l a t i n g  i n s t e a d  a d r i v i n g  

c u r r e n t ,  equa t ion  ( 1 0 )  ; t h i s  w a s  e f f e c t i v e l y  t h e  approach of IWASAKI 

and N I S H I D A  ( 1 9 6 7 ) ,  who ob ta ined  models s i m i l a r  t o  t h e  p r e s e n t  one. 

Some magnetic obse rva t ions  r e c e n t l y  r e p o r t e d  by BEHANNON ( 1 9 6 9 )  

i n d i c a t e  t h a t  such f i e l d - a l i g n e d  c u r r e n t s  do e x i s t  nea r  t h e  o u t e r  

boundary of  t h e  plasma s h e e t  (which may reasonably be taken  t o  be t h e  

boundary of ''open'' p o l a r  cap f i e l d  l i n e s ) .  Behannon found a broad 

depressed f i e l d  r eg ion  w i t h i n  t h e  magne to ta i l  t h a t  appears  t o  coin- 

c i d e  wi th  t h e  plasma s h e e t ;  he a l s o  found t h a t  f i e l d  l i n e s  i n  t h e  

magne to ta i l  d ive rge  away from t h e  midnight  meridian ( i n t e r p r e t e d  as 

an expansion of  t h e  t a i l )  and noted  t h a t  t h i s  divergence i s  l a r g e r  

i n s i d e  t h e  deDressed f i e l d  r e a i o n  than  o u t s i d e .  The l a t t e r  observa- 

t i o n  i m p l i e s  t h a t  t h e  c u r r e n t  f lowing on t h e  boundary of t h e  dep res sed  

f i e l d  r eg ion  has  a f i e l d - a l i g n e d  component, and working through t h e  

geometry one f i n d s  t h a t  t h i s  f i e l d - a l i g n e d  c u r r e n t  flows toward t h e  

e a r t h  i n  t h e  dawn s i d e  of t h e  t a i l  and away from t h e  e a r t h  i n  t h e  

dusk s i d e ,  e x a c t l y  i n  t h e  d i r e c t i o n s  r equ i r ed  by Figure  2 and equa- 

t i o n  ( 1 0 ) .  

The p o t e n t i a l  of F igu re  2 w a s  c a l c u l a t e d  assuming t h a t  t h e  

h e i g h t - i n t e g r a t e d  c o n d u c t i v i t i e s  are independent of l a t i t u d e .  F igu re  

3 shows t h e  e f f e c t  on t h e  p o t e n t i a l  i f  t h e  conduc t iv i ty  i s  enhanced 

a t  l a t i t u d e s  j u s t  below t h e  p o l a r  cap,  corresponding t o  t h e  a u r o r a l  
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zone. (Models wi th  enhanced c o n d u c t i v i t y  r i n g s  have been cons idered  

by IWASAKI and N I S H I D A ,  1 9 6 7 ,  WOLF, 1 9 6 9 ,  and, i n  a somewhat d i f f e r -  

e n t  con tex t ,  by GOTTLIEB and FEJER, 1 9 6 7 ,  and SWIFT, 1968.9 Speci-  

f i c a l l y ,  bo th  t h e  h e i g h t - i n t e g r a t e d  H a l l  and Pedersen c o n d u c t i v i t i e s  

w e r e  assumed t o  be i n c r e a s e d  by a factor of 1 0  between X = 6 7 O  and 

X = 7 2 O ,  main ta in ing  t h e  s a m e  r a t io .  The p o t e n t i a l  over  t h e  p o l a r  

cap i s  una f fec t ed  ( s i n c e  equa t ion  ( 9 )  i s  s t i l l  assumed t o  h o l d ) ,  whi le  

t h e  p o t e n t i a l  p a t t e r n  a t  l a t i t u d e s  below t h e  enhanced conduc t iv i ty  

r i n g  i s  r o t a t e d  eastward by -37"; t h e  amount of t h i s  r o t a t i o n  ( fo r  

which a s imple p h y s i c a l  exp lana t ion  can be g iven)  i s  p r i m a r i l y  gov- 

erned by t h e  H a l l  t o  Pedersen c o n d u c t i v i t y  r a t i o  w i t h i n  t h e  enhanced 

r i n g .  The f i e l d - a l i g n e d  c u r r e n t  d e n s i t y  i s  g iven  by equat ion  ( 1 0 )  

w i t h  a = 72.85, @ o  = 37.2O, and C t h e  l o w  l a t i t u d e  ( n o t  enhanced) 

va lue .  
P 

If  t h e  p o t e n t i a l  d i s t r i b u t i o n  of F igu re  3 i s  mapped o u t  t o  t h e  

e q u a t o r i a l  p lane ,  t h e  t r ans fo rma t ion  f r o m  a c o r o t a t i n g  t o  an i n e r t i a l  

frame ( i . e .  t h e  a d d i t i o n  of the c o r o t a t i o n  e lec t r ic  f i e l d )  w i l l  pro- 

duce a r eg ion  of c losed  flow l i n e s  n e a r  t h e  e a r t h  which, fol lowing 

N I S H I D A  ( 1 9 6 6 )  and BRICE ( 1 9 6 7 ) ,  i s  t o  be i d e n t i f i e d  wi th  t h e  plasma- 

sphere ,  

a t  a l o c a l  t i m e  -37O eas t  of t h e  dusk meridian,  i n  q u a l i t a t i v e  agree- 

ment wi th  t h e  observed "bulge" of  t h e  plasmasphere (CARPENTER, 1 9 6 6 ) .  

( I n  t h e  absence of  an enhanced CQnductivity r i n g  t h e  maximum would 

occur  on t h e  dusk mer id ian  i t s e l f ;  cf. F igure  2.) 

The maximum r a d i a l  e x t e n t  of t h i s  r eg ion  w i l l  h e r e  occur  
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I t  is  of i n t e r e s t  t o  c o n s i d e r  t h e  ionosphe r i c  c u r r e n t s  d r i v e n  

by t h e  p o t e n t i a l  of F igure  3 ,  and t h e i r  magnetic e f f e c t s .  With t h e  

assumptions made, a l l  c u r r e n t  components a r e  s i n u s o i d a l  func t ions  of 

long i tude ,  w i t h  la t i tude-dependent  ampli tudes and phases.  The am- 

p l i t u d e s  of  t h e  h e i g h t - i n t e g r a t e d  east-west and north-south c u r r e n t  

d e n s i t y  components and t h e  phase of  t h e  east-west component are 

shown i n  F igu re  4 .  The presence  of  t h e  enhanced conduc t iv i ty  r i n g  

has  produced t w o  electrojets t h a t  b e a r  a r a t h e r  s t r o n g  resemblance 

t o  t h e  observed a u r o r a l  e lectrojets .  The uniform c u r r e n t  over t h e  

p o l a r  cap i s  d i r e c t e d  s l i g h t l y  east  of t h e  s o l a r  d i r e c t i o n ,  aS ex- 

pec ted  from t h e  H a l l  c u r r e n t  (a long  t h e  e q u i p o t e n t i a l s ,  away from t h e  

sun)  and t h e  Pedersen c u r r e n t  (dawn t o  d u s k ) ;  t h i s  i s  i n  disagreement  

w i t h  t h e  "equ iva len t "  c u r r e n t  i n f e r r e d  from p o l a r  cap magnetic d i s -  

tu rbances  ( e .g .  SILSBEE and VESTINE, 1 9 4 2 ;  F A I R F I E L D ,  1963) which 

g e n e r a l l y  p o i n t s  w e l l  t o  t h e  w e s t  of  t h e  sun. 

However, it i s  meaningless t o  ask about  t h e  magnetic e f f e c t s  

of a c u r r e n t  system t h a t  i s  n o t  c l o s e d ,  and hence t h e  ionosphe r i c  

c u r r e n t  6 shown i n  F igu re  4 cannot i n  any way be compared wi th  "equiv- 

a l e n t "  c u r r e n t s  c o n s t r u c t e d  f r o m  observed magnetic v a r i a t i o n s .  The 

c u r r e n t  d e n s i t y  $ can, n e v e r t h e l e s s ,  be uniquely decomposed i n t o  a 

"source- f ree"  c u r r e n t  I t h a t  i s  conf ined  wi th in ,  t h e  ionosphere and 

a c u r r e n t  t h a t  s e r v e s  merely t o  close t h e  f i e l d - a l i g n e d  c u r r e n t s :  

w e  w r i t e  

~LSF 

1 = 1  + Q T  
l~ %SF 
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where by assumption V - I = 0 ;  t h e  f u n c t i o n  T can be c a l c u l a t e d  

by i n s e r t i n g  equa t ion  (11) i n t o  ( 7 )  
%SF 

v2-r = J,, s i n  x (12) 

and zSF can then  be obta ined  f r o m  (11). 

t a l  conduc t iv i ty  g r a d i e n t s ,  I i s  j u s t  t h e  H a l l  c u r r e n t . )  The ground 

leve l  magnetic d i s tu rbance  can then  be cons idered  as t h e  sum of two 

( I n  t h e  absence of horizon- 

G F  

c o n t r i b u t i o n s :  (a)  t h e  magnetic f i e l d  of t h e  c losed ,  pu re ly  iono- 

s p h e r i c ,  c u r r e n t  system :IF; (b) t h e  magnetic f i e l d  of t h e  c losed  

c u r r e n t  system c o n s i s t i n g  of  t h e  ionosphe r i c  c u r r e n t s  V T ,  t h e  f i e l d  

a l igned  c u r r e n t s  and t h e i r  a s s o c i a t e d  magnetospheric c u r r e n t s ,  taken 

a l l  t oge the r .  (A t h i r d  c o n t r i b u t i o n ,  f r o m  c losed  c u r r e n t s  flowing 

e n t i r e l y  w i t h i n  t h e  magnetosphere, e .g .  t h e  symmetric p a r t  of  t h e  r i n g  

c u r r e n t ,  adds only a f i e l d  e s s e n t i a l l y  uniform over t h e  e a r t h . )  I f  

it i s  assuned t h a t  t h e  ground-level magnetic f i e l d  from c u r r e n t  sys-  

t e m  (b)  can be neglec ted ,  as sugges ted  f o r  i n s t a n c e  by BOSTROM ( 1 9 6 4 )  

(and proved i n  t h e  approximation of a p l ane  ionosphere and s t r a i g h t  

f i e l d  l i n e s  by FUKUSHIMA,  1968) ,  t hen  t h e  c u r r e n t  I i s  i d e n t i c a l  

wi th  t h e  convent iona l  "equ iva len t "  c u r r e n t .  
rLSF 

Figure 5 shows t h e  sou rce - f r ee  p a r t  ZSF of t h e  ionosphe r i c  cur- 

r e n t  d r iven  by t h e  p o t e n t i a l  of F igu re  3 .  A s  can be seen ,  i t  b e a r s  

a s t r i k i n g  resemblance t o  t h e  e q u i v a l e n t  c u r r e n t  of SILSBEE and 

VESTINE ( 1 9 4 2 ) ,  and i n  p a r t i c u l a r  p r e d i c t s  t h e  observed w e s t w a r d  tilt 
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over  t h e  p o l a r  cap ( t h e  tilt i s  a consequence of  t h e  enhanced con- 

d u c t i v i t y  r i n g ,  as can a l so  be demonstrated by a s imple q u a l i t a t i v e  

argument).  I t  should be  c l e a r l y  understood t h a t  i n  t h i s  model t h e  

e q u i p o t e n t i a l s  over  t h e  p o l a r  cap are s t i l l  d i r e c t e d  along t h e  

so l a r  d i r e c t i o n  and t h e  a c t u a l  i onosphe r i c  c u r r e n t  flows t o  t h e  east  

of t h e  sun ,  b u t  a magnetometer on t h e  p o l a r  cap observes  a d i s t u r b a n c e  

t h a t ,  i f  a t t r i b u t e d  s o l e l y  t o  an overhead s h e e t  c u r r e n t ,  would imply 

a c u r r e n t  d i r e c t i o n  t i l t e d  t o  t h e  w e s t ;  only t h e  source- f ree  p a r t ' o f  

t h e  a c t u a l  overhead c u r r e n t  c o n t r i b u t e s  t o  t h e  magnetic f i e l d ,  t h e  

res t  be ing  assumed c a n c e l l e d  by e f f e c t s  of f i e l d - a l i g n e d  and magneto- 

s p h e r i c  c u r r e n t s .  These p r e d i c t i o n s  of t h e  model have been confirmed 

by t h e  r e s u l t s  of a p o l a r  cap barium cloud release repor t ed  a t  t h i s  

conference by WESCOTT ( 1 9 7 0 ) ,  who observed t h a t  t h e  plasma motion 

w a s  approximately i n  t h e  a n t i s o l a r  d i r e c t i o n  whi le  t h e  simultaneous- 

l y  observed ground-level  magnetic d i s tu rbance  corresponded t o  an over- 

head c u r r e n t  d i r e c t e d  -55' w e s t  of  t h e  sun. 

I n  summary, a very s imple model of magnetospheric convect ion 

has  been c o n s t r u c t e d ,  p o s t u l a t i n g  a primary flow away from t h e  sun  

over t h e  p o l a r  cap and cons ide r ing  only  t h e  e f f e c t s  of t h e  ionosphere.  

With t h e  i n c l u s i o n  of an enhanced conduc t iv i ty  r eg ion  a t  t h e  a u r o r a l  

zones,  t h i s  model p r e d i c t s  t h e  observed l o c a t i o n  of t h e  plasmasphere 

bulge  and, w i t h  t h e  assumption t h a t  " equ iva len t "  c u r r e n t s  cons t ruc t ed  

from magnetic d i s t u r b a n c e s  p r i m a r i l y  r e f l e c t  t h e  sou rce - f r ee  component 

of  t h e  ionosphe r i c  c u r r e n t ,  it reproduces t h e  main f e a t u r e s  of t h e  
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DS c u r r e n t  system, i n c l u d i n g  i n  p a r t i c u l a r  t h e  w e s t w a r d  tilt over  

t h e  p o l a r  cap t h a t  had long  been a problem f o r  convect ion t h e o r i e s .  
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FIGURE CAPTIONS 

F igure  1. O u t l i n e  of t h e  s e l f - c o n s i s t e n t  c a l c u l a t i o n  of  magneto- 

s p h e r i c  convect ion.  The p r i n c i p a l  q u a n t i t i e s  be ing  cal- 

c u l a t e d  are shown enc losed  i n  boxes. Each l i n e  j o i n i n g  

two boxes i s  l a b e l e d  w i t h  t h e  p h y s i c a l  p r i n c i p l e  o r  equa- 

t i o n  t h a t  provides  t h e  l i n k  between t h e  two q u a n t i t i e s ;  

t h e  arrow p o i n t s  t o  t h a t  one of t h e  two which can be cal- 

c u l a t e d  from t h e  o t h e r .  Q u a n t i t i e s  w r i t t e n  i n  i t a l i c s  

are boundary cond i t ions  t h a t  must be s p e c i f i e d .  ( " K i n e t i c  

equat ion"  i s  used as a g e n e r a l  t e r m  t o  inc lude  whatever 

method f o r  computing 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  deemed 

t o  be a p p r o p r i a t e ,  e.g.  L i o u v i l l e ' s  theorem, Boltzmann - 

Vlasov equa t ion  and i t s  t r ans fo rma t ions ,  e tc . )  

F igure  2.  Ca lcu la t ed  e q u i p o t e n t i a l  contours  i n  t h e  ionosphere,  

l a b e l e d  by va lues  i n  u n i t s  of (Do 

r eg ion  above 50"  l a t i t u d e  i s  shown ( t h e  c a l c u l a t i o n ,  how- 

e v e r  w a s  c a r r i e d  down t o  t h e  equa to r  and a l l  magnetic 

f i e l d  d i p  angle  e f f e c t s  i n c l u d e d ) .  The o u t e r  c i rc le  i s  

X = 50" ;  t h e  i n n e r ,  X = 72". 

(see t e x t ) .  Only t h e  

F igure  3 .  Same as Figure  2 b u t  i n c l u d i n g  e f f e c t s  of enhanced conduc- 

t i v i t y  between X = 6 5 "  and 72". The t h r e e  circles a r e  

X = 50" ,  6 7 " ,  and 7 2 " ,  r e s p e c t i v e l y .  
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Figure 4 .  Actua l  h e i g h t - i n t e g r a t e d  ionosphe r i c  c u r r e n t  d r i v e n  by 

t h e  p o t e n t i a l  of  F igure  3 .  Top: amplitude of t h e  east- 

w e s t  (EW) and north-south (NS) components of t h e  c u r r e n t  

d e n s i t y ,  i n  u n i t s  of Q0 C /R (see t e x t :  C i s  the l o w  

l a t i t u d e  v a l u e ) .  Above X = 72"  t h e  EW and N S  components 

have t h e  same ampli tude and d i f f e r  i n  phase by 90'. 

Bottom: phase of t h e  EW component; t h e  dashed l i n e  i n d i -  

c a t e s  where t h e  c u r r e n t  changes f r o m  eastward t o  westward, 

and t h e  arrows i n d i c a t e  t h e  c u r r e n t  d i r e c t i o n .  S o l i d  

c i rc les  ( o r  p o r t i o n s  t h e r e o f )  a r e  a t  X = 50°, 6 7 " ,  and 72" .  

P P 

F igure  5. Source-free p a r t  of t h e  h e i g h t - i n t e g r a t e d  ionosphe r i c  

c u r r e n t  d r i v e n  by t h e  p o t e n t i a l  of F igu re  3 .  Same des- 

c r i p t i o n  as f o r  F igu re  4. 
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