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ABSTRACT

A s e l e c t i o n  o f  o b s e r v a t io n s  (b o th  i n d i r e c t  and i n  s i t u )  a re  

re v ie w e d  w h ic h  p r o v id e  s t r o n g  s u p p o rt  f o r  th e  o c c u r r e n c e  and im p o rta n c e  

o f  s t e a d y  ( o v e r  a tim e s c a l e  o f  ^  10 m in ) r e c o n n e c t io n  a t  th e  E a r t h 's  

d a y s id e  m ag n eto p au se, i n  th e  m anner o r i g i n a l l y  s u g g e s t e d  by Dungey  

(1 9 6 1 ).  We th e n  c o n s id e r  d a ta  from  th e  IS E E  1 and 2 s a t e l l i t e s  w h ich  

r e v e a l  th e  o c c u r r e n c e  o f  c h a r a c t e r i s t i c  s ig n a t u r e s  a t  th e  E a r t h 's  

m agn eto p au se, c a l l e d  f l u x  t r a n s f e r  e v e n t s  ( F T E s ) , and show how t h e y  may 

be s u c c e s s f u l l y  in t e r p r e t e d  i n  term s o f  an im p u ls iv e  fo rm  o f  

r e c o n n e c t io n ,  w it h  a d u r a t io n  and s p a t i a l  s c a l e  o f  ^  2 m in and ^

6400 km, r e s p e c t i v e l y .  We show t h a t  th e  FTE phenomenon fo rm s a k e y  

e le m en t i n  th e  s o l a r  w in d -m a g n e to sp h e re  i n t e r a c t i o n  p r o c e s s  w h en e ve r  

th e  m a g n e tic  f i e l d  e x t e r n a l  t o  th e  m agnetopause h a s a so u th w a rd  

com ponent. We a ls o  show t h a t  FTEs a re  c l o s e l y  r e l a t e d  to  th e  more 

s t e a d y  ty p e  o f  r e c o n n e c t io n  and t h a t  h i g h - l a t i t u d e  d a y s id e  phenomena 

p r e v i o u s l y  fo u n d  i n  th e  HEOS 2 d a ta  and d e s c r ib e d  a s f l u x  e r o s io n  

e v e n ts  a re  th e  same as F T E s. F i n a l l y ,  we lo o k  a t  some q u e s t io n s  

c o n c e r n in g  th e  p r o c e s s  o f  i n t e r a c t i o n  betw een t h e  s o l a r  w ind  and th e  

m a g n eto sp h ere  w h ich  s t i l l  re m a in  o u t s t a n d in g .
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Much ado a b o ut n o t h in g  . ( W i l l i a m

FTEs re a c h  p a r t s  o t h e r  f l u x  
tu b e s  c a n 't  r e a c h .

S h a k e s p e a r e ) .

No FTE,  
no comment.
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CHAPTER 1

THE RECONNECTION MODEL OF THE MAGNETOSPHERE

1 .1  In t r o d u c t io n

T h is  c h a p t e r  i s  in t e n d e d  a s  an in t r o d u c t io n  t o  th e  m a g n e to sp h e re ,  

s p e c i f i c a l l y  th e  r e c o n n e c t io n  m o d el, f o r  th e  r e a d e r  u n f a m i l i a r  t o  th e  

s u b j e c t .  Anyone w ith  a b a ck g ro u n d  kno w ledge o f  m a g n e to s p h e ric  p h y s ic s  

can e a s i l y  s k ip  i t .  The f i r s t  h a l f  o f  th e  c h a p t e r  o u t l i n e s  th e  

g e o g ra p h y  and p la sm a  p r o p e r t i e s  o f  th e  m a g n e to sp h e re . Ne x t ,  a ro u g h  

d e s c r i p t i o n  i s  g iv e n  o f  th e  r e c o n n e c t io n  m odel o f  th e  m a g n e to sp h e re  i n  

w h ich  th e  im p o rta n c e  o f  c o n v e c t iv e  f lo w s  i s  e m p h a size d . F i n a l l y ,  a 

s e l e c t i o n  o f  o b s e r v a t io n s  a re  re v ie w e d  w h ich  show th e  c o n t r o l  e x e r t e d  

by th e  s o l a r  w in d  m a g n e tic  f i e l d  o r i e n t a t i o n  on th e  m a g n e to sp h e re , and 

h en ce p r o v id e  i n d i r e c t  s u p p o r t  f o r  d a y s id e  r e c o n n e c t io n .

1 .2  The S o la r  Wind and th e  M a g n eto sp h ere

1 . 2 . 1  The s o l a r  w ind

Two im p o rt a n t  c o n s e q u e n c e s  r e s u l t  from  th e  S u n ’ s h ig h  (/v 1 0 6 °K) 

c o r o n a l t e m p e r a t u r e s .  F i r s t l y ,  th e  c o r o n a l gas i s  c o m p le t e ly  io n is e d  

and th u s  fo rm s a p la sm a . S e c o n d ly , th e  c o ro n a  expands r a d i a l l y  o u tw ard  

from  th e  Sun to  form  a c o n t in u o u s  stre a m  o f  p la s m a , th e  s o l a r  w in d .

The s o l a r  w in d  f i l l s  i n t e r p l a n e t a r y  sp a c e  w it h  p la sm a  o f  s o l a r  o r i g i n ,  

s t re a m in g  p a s t  th e  E a r t h ’ s o r b i t  a t  s u p e r s o n ic  v e l o c i t i e s ,  i . e . ,  f a s t e r  

th a n  sound o r  h y d ro m a g n e tic  w a ve s. I t  t h e re b y  fo rm s th e  c o n n e c t in g  

l i n k  betw een a c t i v i t y  on th e  Sun and g e o p h y s ic a l  d is t u r b a n c e s  a s s o c ia t e d  

w it h  th e  E a r t h 's  io n is e d  a tm o sp h e re , su c h  as a u r o r a s  and g e o m a g n e tic  

s t o r m s .

T y p i c a l  s o l a r  w in d  p a ra m e te r v a lu e s  as m easured  by s p a c e c r a f t  n e a r  

th e E a r t h 's  o r b i t  a re  shown i n  T a b le  1 . 1 .  The s o l a r  w in d  c o n s i s t s  

m a in ly  o f  p r o t o n s  and e l e c t r o n s ,  w it h  th e  most im p o rt a n t  m in o r  

c o n s t it u e n t  b e in g  d o u b ly  c h a rg e d  h e liu m , He++. A weak m a g n e tic  f i e l d
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h a s a ls o  b een  d e t e c t e d  i n  th e  s o l a r  w in d . T h is  f i e l d  i s  known a s th e  

IMF ( I n t e r p l a n e t a r y  M a g n e tic  F i e l d )  and t y p i c a l l y  h a s a s t r e n g t h  o f  

'V/ 5 nT.

TABLE 1 .1

S o la r  Wind P r o p e r t ie s *

P a ra m e te r V a lu e

P ro to n  d e n s it y ^ 5 cm-3  ( 3 - 1 0 )

B u lk  sp ee d 'v 3 5 0  km s " 1 (2 0 0 - 7 0 0 )

K i n e t i c  e n e rg y  f l u x 'v 2 x 1 0 -l+ W m-2

P ro to n  f l u x  (E > 25 eV) 'v 3 x 1 0 8 cm-2  s -1  ( 2 - 7 )

P ro to n  te m p e ra tu re 'v 5 x 1 0 h °K

E le c t r o n  te m p e ra tu re 'v 1 0 5 °K

A lf v e n  Mach num ber 'v 10

S o n ic  Mach number i—
*

o

Mean Mass 'v 1 0 " 27 kg

P ro to n  e n e rg y 'v. % keV

E le c t r o n  e n e rg y 'v h keV

M a g n e tic  f i e l d  s t r e n g t h ^  5 nT ( 1 - 1 0 )

C o n s t it u e n t s H+, e _ , a

(H + : a ^  0 . 0 2  ( 0 . 0 1 - 0 . 2 ) )

Mean f r e e  p a th ^  1 AU

* B ra c k e t e d  q u a n t i t i e s  r e f e r  to  t y p i c a l  ra n g e  o f  v a r i a t i o n .

The k i n e t i c  e n e rg y  d e n s it y  i n  t h e  s o l a r  w in d  i s  l a r g e r  th a n  b o th  th e  

th e rm a l and IMF e n e rg y  d e n s i t i e s .  As a r e s u l t ,  p la sm a  c o n t r o l s  th e  

movement i n  th e  s o l a r  w ind  and c a r r i e s  m a g n e tic  f i e l d  l i n e s  r a d i a l l y  

o u tw ard  fro m  th e  o u t e r  la y e r s  o f  th e  Sun (s e e  a ls o  S e c t io n  1 . 3 . 1 ) .  

H ow ever, th e  f e e t  o f  th e  f i e l d  l i n e s  re m a in  embedded i n  th e  Sun and 

r o t a t e  w it h  i t .  The n e t r e s u l t  i s  t h a t  th e  IMF on a v e ra g e  t a k e s  on 

th e  s p i r a l  fo rm  shown i n  F ig u r e  1 . 1 ,  and fo rm s an a n g le  o f  ^  4S° w it h  

th e  E a r t h ’ s o r b i t .  Tow ard and away s e c t o r s  r e f e r  to  p e r io d s  i n  w h ich  

th e  IMF p o in t s  to w a rd  and away from  th e  Sun, r e s p e c t i v e l y .
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f

1------- >

■*— = IMF *

F ig u r e  1 . 1 .  The s o l a r  w in d  and th e  IMF ( i n  th e  e q u a t o r ia l  p la n e )

1 . 2 . 2  The m a g n eto sp h ere

The m a g n e to sp h e re  i s  th e  r e g io n  i n  sp a ce  s u r r o u n d in g  th e  E a rt h  i n  

w h ich  th e  g e o m a g n e tic  f i e l d  p la y s  th e  dom inant r o l e  i n  th e  p h y s i c a l  

p r o c e s s e s  w h ic h  d e te rm in e  th e b e h a v io u r  o f  p la s m a s . A t i t s  in n e r  

b o u n d a ry  i t  b o r d e r s  on th e  E a r t h 's  io n is e d  u p p e r a tm o sp h e re , th e  

io n o s p h e re .  C o n t r a r y  to  th e  s i t u a t i o n  i n  th e  s o l a r  w in d , th e  m a g n e tic  

e n e rg y  d e n s it y  i n  th e  m a g n eto sp h ere e x c e e d s th e  p la sm a  e n e rg y  d e n s it y  

i n  most s i t u a t i o n s .  T h is  e x p la in s  th e  dom inant i n f l u e n c e  o f  th e  

m a g n e tic  f i e l d .  In  a vacuum , th e  t e r r e s t r i a l  m a g n e tic  f i e l d  w o uld  

e x te n d  o u t i n t o  i n f i n i t y ,  d e c r e a s in g  i n  f i e l d  s t r e n g t h  i n  a c c o rd a n c e  

w ith  a d ip o le  f i e l d  fo rm u la . H ow ever, th e  s o l a r  w in d  co m p re sse s th e  

g e o m a g n etic  f i e l d  and c o n f in e s  i t  in t o  a c lo s e d ,  co m e t-sh a p e d  c a v i t y :  

th e  m a g n e to sp h e re .

The m a g n eto sp h ere  p r e s e n t s  i t s e l f  as a b lu n t - n o s e d  o b s t a c le  to  

th e  s u p e r s o n ic  s o l a r  w ind  f lo w in g  p a s t .  T h is  r e s u l t s  i n  th e  fo rm a t io n  

o f  a ( c o l l i s i o n l e s s )  sh o ck  wave i n  f r o n t  o f  th e  m a g n e to sp h e re , known 

as th e  bow s h o c k . As th e s o l a r  w in d  c r o s s e s  th e  bow s h o c k , i t  i s  

d e f le c t e d  so  as to  f lo w  aro u n d  th e  m a g n e to sp h e re . The r e g io n  betw een
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th e  bow sh o ck  and th e  m a g n eto sp h ere  i s  th e  m a g n e to sh e a th . T a b le  1 .2  

g iv e s  some t y p i c a l  p a ra m e te r v a lu e s  i n  th e  m a g n eto sh ea th  n e a r  th e  

s u b s o la r  p o in t  (t h e  n o se  o f  th e  m a g n e t o s p h e re ). C o m p a riso n  w it h  

T a b le  1 .1  shows t h a t  a lt h o u g h  th e  m agn eto sh eath  p la sm a  and m a g n e tic  

f i e l d  a re  o f  s o l a r  o r i g i n ,  t h e i r  p r o p e r t i e s  a re  d i s t i n c t  from  th o s e  o f  

th e  s o l a r  w in d . A c ro s s  th e  bow s h o c k , th e  s o l a r  w in d  v e l o c i t y  i s  

re d u c e d  and th e  b u lk  f lo w  ra n d o m ise d  so a s to  h e a t  th e  p la s m a .

H ow ever, f u r t h e r  dow nstream  th e  p la sm a  sp e e d s up to  s u p e r s o n ic  

v e l o c i t i e s  a g a in .  A l s o ,  th e  m agn eto sh eath  m a g n e tic  f i e l d  ( i . e . ,  th e  

s h o ck e d  IM F) i s  co m p re sse d  and d ra p e d  o v e r  th e o u t e r  b o u n d a ry  o f  th e  

m a g n e to sp h e re , and h e n ce  in c r e a s e s  i n  s t r e n g t h .

TABLE 1 .2

D a y s id e  M a g n eto sh e ath  P a ra m e te rs

V e l o c i t y ^  150  km s -1

Number d e n s it y ^  10 cm-3

T e m p e ra tu re v  5 x 1 0 6 °K

M a g n e tic  f i e l d  s t r e n g t h 'V' 30 nT

The o u t e r  b o u n d a ry  o f  th e  m a g n eto sp h ere i s  c a l l e d  th e  m agn eto p au se. 

I t  s e p a r a t e s  th e  e x t e r n a l  sh o c k e d  s o l a r  w ind  p la sm a  and IMF (t h e  

m a g n e to sh e a th ) from  th e  i n t e r n a l  m a g n e to s p h e ric  p la sm a  and m a g n e tic  

f i e l d .  In  s a t e l l i t e  d a ta  i t  ca n  be i d e n t i f i e d  from  th e change i n  

p la sm a  a n d /o r  m a g n e tic  f i e l d  p r o p e r t i e s  a c r o s s  i t .  The m agnetopause  

fo rm s an in d e n t a t io n  i n  th e  p o l a r  c u s p  r e g io n s .  The m a g n e to s p h e ric  

m a g n e tic  f i e l d  l i n e s  em a n a tin g  from  th e  cu sp  c o v e r  th e  e n t i r e  m agneto­

p a u se  s u r f a c e .  The cu sp  r e g io n  a ls o  s e p a r a t e s  f i e l d  l i n e s  a t  lo w e r  

l a t i t u d e s ,  w h ich  fo rm  c lo s e d  lo o p s  a c r o s s  th e E a r t h ’ s d a y s id e ,  fro m  

h ig h e r  l a t i t u d e  f i e l d  l i n e s  w h ich  a re  sw ept in t o  th e  n i g h t s id e  by th e  

e x t e r n a l  s o l a r  w in d  f lo w .

The h i g h - l a t i t u d e  g e o m a g n e tic  f i e l d  l i n e s  w h ich  a re  sw ept b a ck  

in t o  th e  a n t i - s o l a r  d i r e c t i o n  fo rm  th e  m a g n e t o t a il ( o r  g e o m a g n e tic  t a i l  

o r  t a i l ) .  The o u t e r  b o u n d a ry  o f  th e  m a g n e t o t a il i s  r o u g h ly  c y l i n d r i c a l  

i n  s h a p e , w it h  a r a d iu s  o f  ^  20 RE . The m a g n e tic  f i e l d  i n  th e
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Figure i.2. I'lasma regions of the mugnetosphere (noon-inidnight cross-section).
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n o r t h e r n  h a l f  o f  th e  m a g n e t o t a il  p o in t s  to w ard s th e  E a r t h ,  w h ile  i n  

th e  s o u t h e r n  h a l f  i t  p o in t s  away fro m  th e  E a r t h .  The n e u t r a l  s h e e t  

i n  th e  c e n t r e  s e p a r a t e s  th e s e  two r e g io n s  o f  o p p o s i t e l y - d i r e c t e d  f i e l d ,  

and th e  f i e l d  s t r e n g t h  h e re  may re a c h  v e r y  low v a lu e s  ( o f  o r d e r  a 

n a n o t e s la ) .  A t h ig h e r  l a t i t u d e s  th e  f i e l d  s t r e n g t h  i s  t y p i c a l l y  

'v 30 nT. The fo rm a t io n  o f  th e  t a i l  i s  d is c u s s e d  i n  s e c t io n  1 . 3 . 2 .

1 . 2 . 3  P lasm a re g im e s  i n  th e  m a g n eto sp h ere

The p la sm a  c h a r a c t e r i s t i c s  i n  th e  m a g n eto sp h ere  a r e  n o t s p a t i a l l y  

(and  to  a l e s s e r  e x t e n t  t e m p o r a lly )  u n ifo rm  and i t  i s  t h e r e f o r e  

c o n v e n ie n t  t o  i d e n t i f y  v a r io u s  r e g io n s  a c c o r d in g  to  th e  d i f f e r e n t  p la sm a  

p o p u la t io n s  p r e s e n t .  T h ese d i f f e r e n t  r e g io n s  a re  shown i n  F ig u r e  1 . 2 ,  

and th e y  a re  th e  p la s m a s p h e r e , p la s m a s h e e t , t a i l  lo b e s ,  r i n g  c u r r e n t ,  

r a d i a t i o n  b e l t s  and th e  b o u n d a ry  l a y e r .

The p la s m a s p h e re  i s  a r e g io n  o f  h ig h  d e n s it y ,  low  e n e rg y  (^  eV) 

p la sm a  lo c a t e d  a t  th e  c o re  o f  th e  m a g n e to sp h e re . A t i t s  in n e r  

b o u n d a ry  i t  m erges in t o  th e  io n o s p h e re  w h ile  i t s  o u t e r  b o u n d a ry  i s  th e  

p la s m a p a u s e , t y p i c a l l y  s it u a t e d  ^  5 Rg fro m  th e  E a rt h  i n  th e  e q u a t o r ia l  

p la n e .  A t th e  p la s m a p a u s e , th e  d e n s it y  o f  th e  low  e n e rg y  p la sm a  d ro p s  

v e r y  s h a r p ly  fro m  1 0 3 cm-3  to  'v- 1 cm- 3 . B o rd e r in g  on th e  p la sm a p a u se  

on th e  n i g h t s id e  o f  th e  E a rt h  i s  th e  p la s m a s h e e t , so named b e c a u s e  i t  

o c c u p ie s  th e  c e n t r a l  p a r t  o f  th e  t a i l  as a s h e e t - l i k e  r e g io n .  I t  

c o n t a in s  p la sm a  w it h  e n e r g ie s  c o n s id e r a b ly  h ig h e r  ('v keV ) th a n  i n  th e  

p la s m a s p h e re , a lt h o u g h  i t s  d e n s it y  i s  much lo w e r. A t h ig h  l a t i t u d e s  

th e  p la s m a s h e e t  b o r d e r s  on a r e g io n  w it h  e x t re m e ly  low d e n s i t i e s ,  known 

as th e  t a i l  lo b e . The r i n g  c u r r e n t  i s  lo c a t e d  o u t s id e  th e  p la s m a s p h e re ,  

and a t  i t s  t a i l w a r d  edge i t  m erges in t o  th e  p la s m a s h e e t .  The r i n g  

c u r r e n t  p la sm a  i s  ev en  h o t t e r  th a n  th e  p la s m a s h e e t  p la s m a . H ow ever, 

ev en  th e  r i n g  c u r r e n t  p a r t i c l e s  may be c o n s id e r e d  low i n  e n e rg y  com pared  

to  th e  r a d i a t i o n  (Van A l l e n )  b e l t  p o p u la t io n s .  The r a d i a t i o n  b e l t s  

o c c u p y  th e  in n e r  p a r t  o f  th e  m a g n e to sp h e re , o v e r la p p in g  b o th  th e  p la s m a ­

s p h e re  and r i n g  c u r r e n t  r e g io n s .  The r a d i a t i o n  b e l t  p a r t i c l e s  a re  

e x t re m e ly  e n e r g e t ic ,  r e a c h in g  e n e r g ie s  up to  MeV i n  th e  in n e r  z o n e s.  

F i n a l l y ,  s a t e l l i t e s  h a ve d e t e c t e d  a l a y e r  o f  m a g n e t o s h e a t h - lik e  p la sm a  

i n s i d e  th e  o u t e r  b o u n d a ry  o f  th e  m a g n e to sp h e re . The p r o p e r t i e s  o f  

t h i s  l a y e r  a re  no t s p a t i a l l y  u n ifo rm  o v e r  th e  w h o le o f  th e  m agnetopause  

s u r f a c e ,  b u t c o l l e c t i v e l y  we s h a l l  c a l l  t h i s  r e g io n  th e  b o u n d a ry  la y e r  

(s e e  C h a p t e r  2 ) .
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1 . 3  C o n v e c t io n  i n  th e  M a g n e to sp h e re

1 . 3 . 1  I n t r o d u c t io n  (t h e  f r o z e n - i n  e q u a t io n )

U lt im a t e ly ,  th e  p r o p e r t i e s  and b e h a v io u r  o f  a p la sm a  w o uld  h ave  

to  be d e s c r ib e d  i n  term s o f  th e  m o tio n s o f  a l l  th e  i n d i v i d u a l  

p a r t i c l e s  s u b je c t  to  e x t e r n a l  f o r c e s  as w e ll  as th e  i n t e r a c t i o n s  

b etw een th e  i n d i v i d u a l  p a r t i c l e s .  H ow ever, to  make th e  p ro b le m  

s o lu b le  i n  p r a c t i c e  some s i m p l i f y i n g  a ss u m p tio n s  and a p p ro x im a t io n s  a re  

n e c e s s a r y .  I n  much o f  p la sm a  p h y s ic s  i t  i s  re a s o n a b le  to  d i s c u s s  th e  

b e h a v io u r  o f  a p la sm a  i n  term s o f  m agn eto h yd ro d yn am ics (M HD), w h ich  

d e s c r ib e s  t h e  p la sm a  as a f l u i d .  Such a tre a tm e n t u s u a l l y  r e l i e s  on 

th e  p la sm a  b e in g  c o l l is io n - d o m in a t e d ,  so t h a t  th e  i n d i v i d u a l  p a r t i c l e s  

h ave s h o r t  mean f r e e  p a t h s .  The s o l a r  w in d  and m a g n e t o s p h e ric  p la sm a s  

a r e ,  h o w e v e r, e s s e n t i a l l y  c o l l i s i o n - f r e e  and i n d i v i d u a l  p a r t i c l e s  h ave  

e x c e e d in g ly  lo n g  mean f r e e  p a t h s .  R e m a rk a b ly , MHD ca n  s t i l l  p r o v id e  a 

u s e f u l  f i r s t  o r d e r  a p p ro x im a t io n  to  d e s c r ib e  t h e i r  b e h a v io u r .  The 

re a s o n  f o r  t h e i r  f l u i d - l i k e  b e h a v io u r  i s  th e  p r e s e n c e  o f  a m a g n e tic  

f i e l d ,  w h ich  s h o r t e n s  th e  e f f e c t i v e  c o n t r o l l i n g  d is t a n c e  to  a s c a l e  

le n g t h  o f  o r d e r  th e  g y r o r a d iu s  o f  th e  i n d i v i d u a l  p a r t i c l e s .  T h u s, MHD 

p r o v id e s  a r e a s o n a b ly  v a l i d  d e s c r i p t i o n  o f  a m a g n e tiz e d , c o l l i s i o n - f r e e  

p la s m a , p r o v id e d  th e  i n d i v i d u a l  p a r t i c l e  g y r o r a d iu s  and g y r o p e r io d  a re  

s h o r t  com pared to  th e  d is t a n c e  and tim e  o v e r  w h ich  any m a c r o s c o p ic  

q u a n t i t i e s  ( e . g . ,  th e  m a g n e tic  f i e l d  i t s e l f )  change a p p r e c i a b ly .

A n o th e r f r e q u e n t ly - u s e d  a p p ro x im a t io n  i n  th e s o l a r  w in d  as w e ll  as  

i n  th e m a g n eto sp h ere  i s  to  n e g le c t  th e  e l e c t r i c a l  c o n d u c t iv it y  o f  th e  

p la s m a . The a ss u m p tio n  o f  i n f i n i t e  c o n d u c t iv it y  e n a b le s  Ohm’ s law  

( f o r  s t e a d y  s t a t e  c o n d it io n s  and i n  th e  a b se n ce  o f  p r e s s u r e  g r a d ie n t s )  

to  be e x p re s s e d  i n  th e  fo rm :

E + V x B = 0 C l)

w here I[, V and B_ a re  r e s p e c t i v e l y  th e  e l e c t r i c  f i e l d ,  th e  p la sm a  f l u i d

v e l o c i t y  and th e  m a g n e tic  f i e l d .  E q u a t io n  (1 )  s t a t e s  t h a t  m o tio n  o f

a p la sm a  i s  e q u iv a le n t  to  an e l e c t r i c  f i e l d ,  i . e . ,  i n  th e  p la sm a  fram e

o f  r e f e r e n c e  th e  l a r g e - s c a l e  e l e c t r i c  f i e l d  i s  z e ro . C o m b in in g  t h i s
9B

e q u a t io n  w it h  one o f  M a x w e ll's  e q u a t io n s  (V x E = -  •%= ) r e s u l t s  i n
—  o t

th e  f r o z e n - i n  e q u a t io n :

3B
3=  = V x (V x B) (2)
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E q u a t io n  (2 )  im p lie s  t h a t  th e  m a g n e tic  f l u x  th ro u g h  a c lo s e d  lo o p  

m oving w it h  th e  f l u i d  (p la s m a ) i s  c o n s t a n t  ( e . g . ,  C o w lin g , 1976,  

C h a p te r 1 ) .  We a re  t h e r e f o r e  j u s t i f i e d  i n  p i c t u r i n g  th e  m a g n e tic  

f i e l d  and p la sm a  as m oving t o g e t h e r  as a f l u i d  w it h  a d r i f t  v e l o c i t y  

g iv e n  b y :

E x B
(3 )

T h is  d r i f t  m o tio n  i s  o f t e n  r e f e r r e d  to  as c o n v e c t io n .

The m o v i n g - f i e l d - l i n e  p i c t u r e  p r o v id e s  an i n t u i t i v e  i n s i g h t  in t o  

many s p a c e  p h y s ic s  p ro b le m s . F o r  ex a m p le, as a co n se q u e n c e  o f  i t s  

l a r g e r  e n e rg y  d e n s it y  th e  p la sm a  i n  th e  s o l a r  w ind  c o n t r o l s  th e  IM F, 

le a d in g  to  th e  g a rd e n -h o s e  e f f e c t  as shown i n  F ig u r e  1 . 1 .  In  th e  

m a g n eto sp h ere  th e  s i t u a t i o n  i s  r e v e r s e d  and h e n ce th e  m a g n e tic  f i e l d  

h a s th e  dom inant c o n t r o l .  The f r o z e n - i n  c o n c e p t a ls o  a llo w s  a 

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

sh ape ( e . g . ,  S p r e i t e r  and A lk s n e ,  1 9 6 9 ) :  to  f i r s t  o r d e r ,  th e  s o l a r

w in d  ca n n o t p e n e t r a t e  th e  g e o m a g n e tic  f i e l d  b e c a u s e  th e  s o l a r  w ind  

p la sm a  i s  f r o z e n - o u t  o f  th e  g e o m a g n e tic  f i e l d ,  j u s t  as th e  IMF i s  

f r o z e n - i n  to  th e  s o l a r  w in d . F i n a l l y ,  c o n v e c t io n  o f  p la sm a  and 

m a g n e tic  f l u x  tu b e s  p r o v id e s  a v e r y  c o n v e n ie n t  c o n c e p t  to  d e s c r ib e  th e  

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

th e  m a g n e to sp h e re .

B e fo re  a p p ly in g  c o n v e c t io n  to  th e  m a g n e to sp h e re , h o w e v e r, two 

w ords o f  w a rn in g  a r e  i n  o r d e r .  F o r  p a r t i c l e s  o f  h ig h  e n e r g ie s  

(a, 100 k e V ) , th e  m o tio n s a re  d o m in ated  by th e  p a r t i c l e s '  n a t u r a l  d r i f t  

v e l o c i t i e s  ( e . g . ,  th e  m a g n e tic  g r a d ie n t  and c u r v a t u r e  d r i f t s )  and th e  

c o n v e c t iv e  m o tio n  a c t s  o n ly  as a s m a ll p e r t u r b a t io n .  A l s o ,  i n  

s e v e r a l  r e g io n s  o f  th e  m a g n eto sp h ere th e  f l u i d  a p p ro x im a t io n  b re a k s  

down b e c a u s e  th e  m a g n e tic  f i e l d  ch a n g es o v e r  s p a t i a l  s c a l e s  o f  o r d e r  o r  

s m a l le r  th a n  th e  p a r t i c l e  g y r o r a d i i  ( e . g . ,  th e  m agnetopause and n e u t r a l  

s h e e t ) .

1 . 3 . 2  The r e c o n n e c t io n  model o f  th e  m agn eto sph ere

In  1961,  A x fo rd  and H in e s  ( 1 9 6 1 )  and Dungey ( 1 9 6 1 )  in d e p e n d e n t ly  

p u b lis h e d  p a p e rs  p r o p o s in g  th e  e x is t e n c e  and i n d i c a t i n g  th e  im p o rt a n t  

co n se q u e n c e s  o f  s o l a r  w in d - d r iv e n  l a r g e - s c a l e  c o n v e c t iv e  f lo w s  i n  th e  

E a r t h 's  m a g n e to sp h e re , i n  w h ich  p la sm a  and m a g n e tic  f l u x  tu b e s  a re
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(a)

> -  = F I E L D  LINE

= 0  = C O N V E C T I O N

Figure 1.3. Reconnection for southward IMF (after Dungey, 1961).
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t r a n s p o r t e d  from  th e  d a y s id e  to  th e  n i g h t s id e  a lo n g  th e o u t e r  p a r t s  o f  

th e  m a g n eto sp h ere  and s u b s e q u e n t ly  r e t u r n e d  to  th e  d a y s id e  i n  th e  in n e r  

p a r t .  Dungey ( 1 9 6 1 )  p ro p o s e d  r e c o n n e c t io n  as th e  p r im a r y  m echanism  to  

a c h ie v e  th e  c o u p lin g  b etw een th e  s o l a r  w in d  and th e  E a r t h 's  o u t e r  

m a g n e to sp h e re . The c l a s s i c  p i c t u r e  o f  r e c o n n e c t io n  i s  shown i n  

F ig u r e  1 . 3 ( a ) ,  i n  w h ic h  a p u r e ly  so u th w a rd  IMF r e c o n n e c t s  w it h  th e  

o p p o s i t e l y - d i r e c t e d  m a g n e t o s p h e ric  f i e l d  a t  th e  s u b s o la r  p o in t .  A 

so u th w a rd  in t e r p l a n e t a r y  f i e l d  l i n e  (1 )  and a n o rth w a rd  g e o m a g n e tic  

f i e l d  l i n e  ( 1 ' )  a re  b ro u g h t in t o  c o n t a c t  a t  th e  n o se o f  th e  m agneto­

s p h e re  ( N i ) .  H ere a b re a k -d o w n  o f  th e  f r o z e n - i n  e q u a t io n  w i t h in  a 

f i n i t e  b u t s m a ll vo lum e (t h e  d i f f u s i o n  r e g io n )  a llo w s  th e  f i e l d  l i n e s  

to  be b ro k e n  and re c o n n e c t e d  to  each  o t h e r  a c r o s s  th e  b o u n d a ry . T h is  

i s  shown i n  more d e t a i l  i n  F ig u r e  1 . 3 ( b ) .  A p a i r  o f  open f i e l d  l i n e s  

a re  fo rm ed ( 3 ) ,  e a ch  o f  w h ich  h a s j u s t  one fo o t  a t t a c h e d  to  th e  E a rt h .  

The f i e l d  l i n e  a t t a c h e d  to  th e  N o rt h e rn  H em isp h e re  and th e  one a t t a c h e d  

to  th e  S o u th e rn  H em isp h e re  t r a v e l  r e s p e c t i v e l y  n o rth w a rd  and so u th w a rd  

o v e r  th e  p o le s  to  r e a c h  th e  dow nstream  m a g n e t o t a il  r e g io n  ( 3 - 6 )  . In  

th e  c e n t r a l  t a i l  r e g io n ,  th e p a i r  o f  open f i e l d  l i n e s  r e c o n n e c t  a g a in  

a t N2 • A f t e r  r e c o n n e c t io n  a t  N2 , th e  o u t e r  f i e l d  l i n e  (8 )  e s c a p e s  

dow nstream  in t o  in t e r p l a n e t a r y  s p a c e  w h ile  th e  in n e r  f i e l d  l i n e  ( 8 ' )  

moves b a ck  to  th e d a y s id e  m a g n e to sp h e re , w here th e  w h o le p r o c e s s  i s  

re p e a t e d .

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

m a g n e tic  f i e l d  l i n e s ,  w h ic h  a r e :

( a )  in t e r p l a n e t a r y  f i e l d  l i n e s  ( 1 , 8 ) ;

(b )  open f i e l d  l i n e s  -  f i e l d  l i n e s  w h ich  a re  a t t a c h e d  to  th e  

E a rt h  a t  one end and e x te n d  in t o  i n t e r p l a n e t a r y  s p a c e  a t  

th e o t h e r  end ( 2 - 7 ) ;

( c )  c lo s e d  f i e l d  l i n e s  -  f i e l d  l i n e s  w h ich  a re  a t t a c h e d  to  th e  

E a rt h  a t  b o th  ends ( 1 1 , 8 1) .

The e x is t e n c e  o f  open f i e l d  l i n e s  i s  a n e c e s s a r y  f e a t u r e  o f  th e  

r e c o n n e c t io n  m odel o f  th e  m a g n eto sp h ere and h e n ce t h i s  m odel i s  o f t e n  

r e f e r r e d  to  as th e  open m o d el.

A n a t u r a l  f e a t u r e  o f  th e r e c o n n e c t io n  model i s  th e  e x is t e n c e  o f  

l a r g e - s c a l e  p la sm a  c i r c u l a t i o n  i n s i d e  th e  m a g n e to sp h e re , as shown in  

F ig u r e  1 . 3  i n  th e  n o o n -m id n ig h t  m e r id ia n  p la n e .  P lasm a and embedded 

m a g n e tic  f l u x  tu b e s  a re  t r a n s p o r t e d  fro m  th e d a y s id e  and o v e r  th e  p o le s  

in t o  th e  t a i l ,  w here th e y  c o n v e c t  in w a rd  and s u b s e q u e n t ly  r e t u r n  to  th e
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d a y s id e  a t  lo w e r l a t i t u d e s .  F ig u r e  1 .4  shows th e  r e c o n n e c t io n - d r iv e n  

c o n v e c t io n  c y c l e  as v ie w e d  fro m  above th e  N o rth  P o le  and mapped onto  

th e  E a r t h 's  N o rt h e rn  H e m isp h e re . The d ash ed  c i r c u l a r  l i n e  shows th e  

d i v i d i n g  l i n e  betw een open f i e l d  l i n e s  a t  h ig h  l a t i t u d e s  and c lo s e d  

f i e l d  l i n e s  a t  lo w e r l a t i t u d e s .  T h is  b o u n d a ry  i s  c a l l e d  th e  p o l a r  cap  

b o u n d a ry  and i n  th e  r e c o n n e c t io n  model a ls o  fo rm s th e  d i v i d i n g  l i n e  

a c r o s s  w h ich  th e  c o n v e c t iv e  f lo w  d i r e c t i o n  r e v e r s e s  fro m  a n t is u n w a rd  

a t h ig h  l a t i t u d e s  to  sunw ard a t low l a t i t u d e s .

to Sun *----= CONVECTION FLOWLINE

F ig u r e  1 .4  a ls o  sh.ows th e  d i r e c t i o n  o f  the l a r g e - s c a l e  m agneto- 

s p h e r ic  e l e c t r i c  f i e l d  a c r o s s  th e  p o l a r  cap w h ich  i s  a s s o c ia t e d  w ith  

th e  p o l a r  cap c o n v e c t iv e  f l o w s .  The s o u r c e  o f  th e l a r g e - s c a l e  

e l e c t r i c  f i e l d  i s  th e  s o l a r  w in d . F o r  a so u th w a rd  IM F, th e  e l e c t r i c  

f i e l d  i s  i n  a daw n-dusk d i r e c t i o n .  The h ig h  e l e c t r i c a l  c o n d u c t iv it y  

a lo n g  th e  open f i e l d  l i n e s  a llo w s  th e  e l e c t r i c  f i e l d  t o  p e n e t r a t e  r i g h t  

down to  th e  io n o s p h e r e ,  w here i t  maps to  a d aw n-dusk c r o s s  p o l a r  cap  

e l e c t r i c  f i e l d ,  c o n s is t e n t  w it h  th e  a n t is u n w a rd  p la sm a  c o n v e c t io n .

F o r t y p i c a l  v a lu e s  o f  th e  s o l a r  w in d  v e l o c i t y  O  400 k m /s) and IMF 

s t r e n g t h  O  5 n T ) , th e  v o lt a g e  a c r o s s  th e  w id th  o f  th e  m agn eto sph ere
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('v, 30 Rg) i s  ^  380 kV , w h ich  i s  more th a n  am ple to  a c c o u n t  f o r  

p o t e n t i a l  d i f f e r e n c e s  o b s e rv e d  a c r o s s  th e  p o l a r  cap 0  5 0 - 1 0 0  k V ) .

The g e o m a g n e tic  t a i l  i s  a ls o  a n a t u r a l  f e a t u r e  o f  th e  r e c o n n e c t io n  

m odel. The o u t e r  p o r t io n  o f  th e  open f i e l d  l i n e s  l i e s  o u t s id e  th e  bow 

s h o c k  i n  th e  s o l a r  w in d  and moves much f a s t e r  th a n  th e  p o r t io n  c lo s e  

to  E a r t h .  The p o r t io n  o f  th e  f i e l d  l i n e s  embedded i n  th e  io n o s p h e re  

i s  p u l l e d  a c r o s s  th e  p o l a r  cap fro m  i t s  d a y s id e  to  i t s  n i g h t s id e  

b o u n d a ry  a t  a s lo w e r  v e l o c i t y  w h ich  i s  d e te rm in e d  by th e  io n o s p h e r ic  

c o n d u c t iv it y .  The open f i e l d  l i n e s  a re  t h e r e f o r e  b e n t b a ck  and 

s t r e t c h e d  a n t is u n w a rd  to  form  an e lo n g a t e d  t a i l .  T h e o r e t ic a l  

e s t im a t e s  ( e . g . ,  D ungey, 19 65) p la c e  i t s  c lo s u r e  a t  a dow nstream  

d is t a n c e  o f  'v. 1000 Rg. O b s e r v a t io n a l d a ta  ( e . g . ,  F a i r f i e l d ,  1968) 

c o n f ir m  t h a t  th e  t a i l  ca n  be d e t e c t e d  a t  su ch  la r g e  d is t a n c e s .

The fo rm a t io n  o f  th e  p la s m a s p h e re  a ls o  a r i s e s  n a t u r a l l y  fro m  th e  

r e c o n n e c t io n  m o d el. As w e l l  as t a k in g  p a r t  i n  th e  s o l a r  w in d  in d u c e d  

c o n v e c t io n ,  th e  m a g n eto sp h ere  a ls o  c o r o t a t e s  w it h  th e  E a r t h .  The 

E a r t h w a r d - p o in t in g  c o r o t a t io n a l  e l e c t r i c a l  f i e l d  a s s o c ia t e d  w it h  t h i s  

m o tio n  d o m in a te s i n  th e  in n e r  m a g n e to sp h e re , w h ile  th e  d aw n-dusk  

e l e c t r i c  f i e l d  d o m in a te s i n  th e  o u t e r  r e g io n s .  F ig u r e  1 .5  shows in  

th e  e q u a t o r ia l  p la n e  th e  s t r e a m lin e s  o f  m a g n e to s p h e ric  p la sm a  m o tio n  

o b t a in e d  b y s u p e r im p o s in g  th e  m o tio n  due to  th e  E a r t h 's  r o t a t i o n  onto  

th e  r e c o n n e c t io n - d r iv e n  c i r c u l a t i o n .  On th e  d usk s id e  t h e r e  i s  a 

s t a g n a t io n  p o in t  and th e  s t r e a m lin e  th ro u g h  t h i s  p o in t  s e p a r a t e s  two 

d i f f e r e n t  r e g io n s  o f  p la sm a  f lo w . The in n e r  r e g io n  may be i d e n t i f i e d  

w it h  th e  p la s m a s p h e re  and th e  f i e l d  l i n e s  i n  t h i s  r e g io n  c i r c u l a t e  ro u n d  

th e  E a rt h  and n e v e r  come in t o  c o n t a c t  w it h  th e  o u t e r  b o u n d a ry  o f  th e  

m a g n e to sp h e re . The f i e l d  l i n e s  i n  th e  o u t e r  r e g io n  a l l  t a k e  p a r t  i n  

th e  m a g n e to s p h e ric  c o n v e c t io n  c y c l e  and become open a t  some s t a g e  i n  

t h e i r  h i s t o r y ,  a l lo w in g  th e  io n o s p h e r ic  p la sm a  to  e s c a p e .

The r e c o n n e c t io n  m odel a ls o  q u a l i t a t i v e l y  e x p la in s  many o f  th e  

a s p e c t s  o f  c h a rg e d  p a r t i c l e  p o p u la t io n s  i n  th e  m a g n eto sp h ere  (s e e  

C o w le y , 1980,  f o r  a d e t a i l e d  r e v i e w ) . The two p r i n c i p a l  s o u r c e  

r e g io n s  f o r  m a g n e to s p h e ric  p la sm a  a r e  th e  m agn eto sh eath  ( e x - s o l a r  w in d )  

and t h e  io n o s p h e re .  M a g n eto sh e ath  p la sm a  can e n t e r  th e  o u t e r  

m a g n eto sp h ere  a lo n g  open f i e l d  l i n e s  ( F ig u r e  1 . 6 ) .  A m a g n eto sh ea th  

p a r t i c l e  e n t e r in g  on th e  d a y s id e  w i l l  t r a v e l  down an open f i e l d  l i n e  

in t o  th e  c u sp  r e g io n .  H ere i t  w i l l  m ir r o r  and c o n v e c t  a n t is u n w a rd  

a lo n g  f i e l d  l i n e s  w h ich  now e x te n d  deep i n t o  th e  m a g n e t o t a il.  The 

a l t i t u d e  o f  th e  m ir r o r in g  p o in t  and i t s  su b se q u e n t t r a j e c t o r y  w i l l
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F ig .  1 . 5 .  E q u i p o t e n t i a l s  (E_ x B_ 
f lo w  l i n e s )  i n  t h e  e q u a t o r i a l  p la n e .

c Q >  =  P O L A R  W IND magnetopause

F i g .  1 . 6 .  C h a rg e d  p a r t i c l e  p o p u la t io n s  i n  th e  m a g n e t o s p h e re .
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depend on i t s  i n i t i a l  e n e rg y . A f a s t  p a r t i c l e  w i l l  m i r r o r  e a r l i e r  

and a r r i v e  b a c k  a t  th e  m agn eto p au se, w here i t  may g e t t r a n s m it t e d  b a ck  

in t o  th e  m a g n e to sh e a th . I f  t h e  p a r t i c l e  i s  s lo w e r  th a n  th e  l o c a l  

c o n v e c t io n  sp e e d  o f  f i e l d  l i n e s ,  h o w e v e r, i t  w i l l  n o t r e a c h  th e  

m agn eto p au se. In s t e a d ,  i t  t r a v e l s  a n t is u n w a rd  a lo n g  th e  t a i l  f i e l d  

l i n e s  w h ile  a t  th e  same tim e  E_ x d r i f t i n g  to w a rd s th e  n e u t r a l  s h e e t .  

I f  i t  r e a c h e s  th e  n e u t r a l  s h e e t  sunw ard o f  th e  t a i l  r e c o n n e c t io n  s i t e  

(N2 i n  F ig u r e  1 . 3 )  i t  g e t s  t ra p p e d  o n to  c lo s e d  m a g n e tic  f i e l d  l i n e s  

c o n v e c t in g  e a rth w a rd  and g e t s  e n e r g is e d  i n  th e  p r o c e s s .  Thus th e  

m ag n eto sh ea th  p r o v id e s  a l i k e l y  m a jo r s o u r c e  f o r  th e  h o t O  few  keV ) 

p la sm a  s h e e t  p o p u la t io n .  U n le s s  th e  m a g n eto sh ea th  p a r t i c l e  g e t s  

t ra p p e d  i n  a r i n g  c u r r e n t  o r b i t  o r  p r e c i p i t a t e d  in t o  th e  a tm o sp h e re ,  

i t  w i l l  e v e n t u a l ly  r e a c h  t h e  d a y s id e  b o u n d a ry  a g a in .  The w h o le c y c l e  

i s  th e n  re p e a t e d  u n t i l  th e  p a r t i c l e  i s  e n e r g is e d  enough to  e s c a p e  in t o  

t h e  m a g n e to sh e a th .

T h e re  a r e  v a r io u s  p o s s i b l e  ways i n  w h ich  io n o s p h e r ic  p la sm a  ca n  

g e t c a u g h t up i n  th e  m a g n e to s p h e ric  c i r c u l a t i o n  sy ste m . Io n o s p h e r ic  

p la sm a  may be t r a n s m it t e d  d i r e c t l y  in t o  th e  m a g n eto sp h ere  a t  h ig h  

l a t i t u d e s .  The r e s u l t i n g  stre a m  o f  low  e n e rg y  O  eV) c h a rg e d  

p a r t i c l e s  i s  known as th e  p o l a r  w ind  ( e . g . ,  A x fo rd ,  1 9 6 8 ) .

Io n o s p h e r ic  p la sm a  may a ls o  be a c c e le r a t e d  d i r e c t l y  i n t o  th e  

m a g n eto sp h ere  a s  h ig h  e n e rg y  O  keV ) p a r t i c l e s  a s  a r e s u l t  o f  lo w -  

a l t i t u d e  io n o s p h e r ic  e n e r g is a t io n  p r o c e s s e s .  P la s m a s p h e ric  io n s  ca n  

a l s o  e n t e r  th e  m a g n e to s p h e ric  c i r c u l a t i o n  sy ste m  a s  a r e s u l t  o f  

v a r i a t i o n s  o f  th e  d aw n-d usk c o n v e c t io n  e l e c t r i c  f i e l d .  An 

enhancem ent i n  th e  e l e c t r i c  f i e l d  c a u s e s  a s h r in k in g  o f  th e  p la s m a -  

s p h e re  and th e  fo rm a t io n  o f  d e ta c h e d  p la s m a s p h e re  r e g io n s  ( e . g . ,  

C h a p p e ll,  1 9 7 4 ) .  The d e ta c h e d  p la s m a s p h e re  r e g io n s  c o n v e c t  to  th e  

d a y s id e  m agnetopause and a re  th e n  ca u g h t i n  t h e  r e c o n n e c t io n  f lo w s  

a lo n g  th e  m agnetopause ( e . g . ,  Freem an e t  a l . ,  1 9 7 7 ) .

1 . 3 . 3  R e c o n n e c t io n  f o r  a r b i t r a r y  IMF

D u n g e y 's  ( 1 961 )  r e c o n n e c t io n  p i c t u r e  ( F ig u r e  1 . 3 )  i s  a s i n g u l a r  

c a s e  s in c e  th e  IMF ca n  h a ve a r b i t r a r y  o r i e n t a t i o n  i n  g e n e r a l.  In  th e  

2-D  p i c t u r e  f o r  so u th w a rd  IMF i n  F ig u r e  1 . 3 ,  th e  r e c o n n e c t io n  s i t e s  N1 

and N2 a r e  a ls o  n e u t r a l  p o i n t s ,  i . e . ,  p o in t s  a t  w h ich  th e  m a g n e tic  

f i e l d  s t r e n g t h  goes to  z e r o .  I n  3 - D,  Nj and N2 a re  j o in e d  by a l i n e ,  

th e  r e c o n n e c t io n  l i n e ,  th e  t r a c e  o f  w h ich  c o in c i d e s  w it h  th e
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i n t e r s e c t i o n  betw een th e  m agnetopause and th e  e c l i p t i c  p la n e .  A tte m p ts  

h ave b ee n  made to  g e n e r a l is e  t h i s  p i c t u r e  to  a l lo w  r e c o n n e c t io n  to  o c c u r  

f o r  o t h e r  o r i e n t a t i o n s  o f  th e  IMF ( e . g . ,  th e  vacuum  m o d e ls  o f  C o w ley ,  

1 973;  S t e r n ,  1 9 7 3 ) .  In  o r d e r  f o r  r e c o n n e c t io n  to  b e a v i a b l e  d r i v i n g  

m echanism  f o r  c o n v e c t io n ,  i t  s h o u ld  o c c u r  a lo n g  a l i n e  o f  f i n i t e  

l o n g i t u d i n a l  e x t e n t  ( e . g . ,  N is h id a ,  1 9 7 1 ) :  th e  r e c o n n e c t io n  l i n e .  The

r a t e  a t  w h ich  IMF l i n e s  a r e  re c o n n e c t e d  depends on th e  e x t e n t  o f  th e  

r e c o n n e c t io n  l i n e  and t h e r e  a re  a v a r i e t y  o f  r e c o n n e c t io n  m o d els i n  

e x is t e n c e  w h ich  assum e d i f f e r e n t  l o c a t io n s  and g e o m e t r ie s  f o r  th e  

r e c o n n e c t io n  l i n e .

I n  m ost m o d els o f  d a y s id e  r e c o n n e c t io n  th e  r e c o n n e c t io n  l i n e  

p a s s e s  th ro u g h  th e  s u b s o la r  ( s t a g n a t io n )  p o in t .  A se co n d  a ss u m p tio n  

a ls o  f r e q u e n t ly  u se d  t o  s p e c i f y  th e  o r i e n t a t i o n  o f  th e  r e c o n n e c t io n  

l i n e  i s  t h a t  i t  s h o u ld  l i e  p a r a l l e l  to  th e  c u r r e n t  s e p a r a t in g  th e  two 

f i e l d  r e g i o n s ,  i . e . ,  th e  m agnetopause c u r r e n t  ( e . g . ,  G o n z a le z  and  

M o zer, 1 974 ;  S o n n e ru p , 1974 ;  H i l l ,  1 9 7 5 ) .  I n  s u c h  m o d e ls,  

r e c o n n e c t io n  can o p e ra t e  f o r  a r b i t r a r y  IM F, p r o v id e d  th e  IMF i s  no t  

s t r o n g l y  n o rth w a rd . H ow ever, C o w ley ( 1 9 7 6 )  h a s b ro u g h t th e  g e n e r a l  

v a l i d i t y  o f  th e  s e co n d  a s s u m p tio n  in t o  q u e s t io n .  A d i f f e r e n t  a p p ro a c h  

h a s been made by C ro o k e r  ( 1 9 7 9 ) .  She assum es t h a t  r e c o n n e c t io n  o c c u r s  

o n ly  f o r  s t r i c t l y  a n t i p a r a l l e l  f i e l d  o r i e n t a t i o n s . I n  t h i s  m odel th e  

r e c o n n e c t io n  l i n e  p a s s e s  th ro u g h  th e  s u b s o la r  p o in t  o n ly  f o r  a p u r e ly  

so u th w a rd  IMF and th e  m a jo r s i t e  o f  r e c o n n e c t io n  i s  s h i f t e d  t o  th e  

d a y s id e  c u s p  r e g io n s  f o r  o t h e r  o r i e n t a t i o n s .  Dungey (1 9 6 3 ) p ro p o s e d  

t h a t  r e c o n n e c t io n  ca n  a l s o  o c c u r  f o r  a p u r e ly  n o rth w a rd  IM F. In  t h i s  

c a s e  th e  r e c o n n e c t io n  s i t e  i s  lo c a t e d  on th e  t a i l  m agn etopause p o le w a rd  

o f  th e  p o l a r  c u s p  b o u n d a ry . In  p r i n c i p l e  i t  i s  t h e r e f o r e  f e a s i b l e  

t h a t  r e c o n n e c t io n  can o c c u r  f o r  any IMF o r i e n t a t i o n .

To i l l u s t r a t e  th e  v a r io u s  m odels d is c u s s e d  a b o v e , F ig u r e s  1 . 7  to  

1 .9  show th e  r e c o n n e c t io n  c o n f ig u r a t io n s  q u a l i t a t i v e l y  d e r iv e d  from  

t h e s e  m o d els. The c a s e  f o r  due so u th w a rd  IMF h a s b een i l l u s t r a t e d  i n  

F ig u r e s  1 .3  and 1 . 4 .  F ig u r e  1 .7  shows th e  c a s e  w here th e  IMF has an  

a d d i t i o n a l  By com ponent ( e . g . ,  G o n z a le z  and M o zer, 1 9 7 4 ) .  The e f f e c t  

o f  IMF By i s  th e  a sy m m e tric  a d d it io n  o f  open f l u x  tu b e s  to  th e  dawn 

(d u s k ) s id e  f o r  p o s i t i v e  ( n e g a t iv e )  By i n  th e  N o rt h e rn  H em isp h e re  and 

v i c e  v e r s a  i n  th e  S o u th e rn  H e m isp h e re . T h is  r e s u l t s  i n  a sy m m e tric  

c o n v e c t iv e  f lo w s  i n  th e  p o l a r  cap r e g io n s  and a d is p la c e m e n t  o f  th e  

p o l a r  cap to w a rd s dawn o r  d u sk . As i n  th e  c a s e  o f  due so u th w a rd  IM F,
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Reconnection for IMF By > 0.Fig. 1.7(a).
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Reconnection for IMF By < 0.Fig. 1.70b).
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F ig .  1 . 8 ( a ) .  R e c o n n e c t io n  f o r  n o rth w a rd  IMF (D ungey, 19 63)

Fig. 1.8(b). Reconnection for northward IMF (Russell, 1972).



to Sun

F ig .  1 . 8 ( c ) .  C o n v e c t io n  p a t t e r n  f o r  n o rth w a rd  IM F.

Z

F ig .  1 .9 .  C r o o k e r 's  ( 1979) 
a n t i p a r a l l e l  r e c o n n e c t io n  m odel.
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th e  s o l a r  w in d  e l e c t r i c  f i e l d  maps to  a d aw n-dusk e l e c t r i c  f i e l d  

a c r o s s  t h e  p o l a r  ca p . F ig u r e  1 .8  shows two p o s s i b l e  m a g n e tic  f i e l d  

t o p o lo g ie s  f o r  r e c o n n e c t io n  when th e  IMF i s  s t r o n g ly  n o rth w a rd  (D ungey, 

19 6 3; R u s s e l l ,  1 9 7 2 ).  N ote t h a t  th e  c o n v e c t iv e  f lo w  i n  th e  c e n t r a l  

p o l a r  cap r e g io n  i s  su n w a rd . F i n a l l y ,  F ig u r e  1 .9  shows th e  o r i e n t a t i o n  

o f  th e  r e c o n n e c t io n  l i n e  b a se d  on C r o o k e r ’ s (1 9 7 9 ) a n t i p a r a l l e l  

r e c o n n e c t io n  m odel. The c o n v e c t iv e  f lo w  p a t t e r n s  a r e  s i m i l a r  t o  th o s e  

o f  th e  o t h e r  r e c o n n e c t io n  m o d e ls.

1 . 3 . 4  The c lo s e d  m odel m a g n eto sp h ere

M echanism s o t h e r  th a n  r e c o n n e c t io n  w h ich  c o u ld  a c t  a s d r i v i n g  

f o r c e s  f o r  m a g n e to s p h e ric  c o n v e c t io n  h a v e  a ls o  b een s u g g e s te d  a t  v a r io u s  

t im e s  i n  th e  p a s t .  A x fo rd  and H in e s  (1 9 6 1 ) p ro p o se d  t h a t  s o l a r  w ind  

e n e rg y  and momentum i s  t r a n s f e r r e d  to  th e  o u t e r  l a y e r s  o f  th e  m agneto­

s p h e re  th ro u g h  some p r o c e s s  ( e s )  e q u iv a le n t  to  f r i c t i o n .  S uch t r a n s f e r  

p r o c e s s e s  ( e . g . ,  c r o s s - f i e l d  d i f f u s i o n )  do no t r e q u i r e  th e  p r e s e n c e  o f  

open f i e l d  l i n e s  and h e n ce  th e  A x fo rd  and H in e s  (1 9 6 1 ) m odel i s  o f t e n  

r e f e r r e d  t o  a s  th e  c lo s e d  m o d el. In  t h i s  m odel c lo s e d  m a g n e tic  f l u x  

tu b e s  and p la sm a  a re  t r a n s p o r t e d  from  th e  d a y s id e  a lo n g  th e  f l a n k s  o f  

th e  m a g n e to sp h e re  in t o  th e  t a i l  and s u b s e q u e n t ly  r e t u r n  t o  t h e  d a y s id e  

a g a in ,  p o s s i b l y  a f t e r  r e c o n n e c t io n  i n  th e  t a i l .  T h e re  i s  no re a s o n  

to  s u g g e s t  t h a t  r e c o n n e c t io n  and c lo s e d  f l u x  tu b e  t r a n s p o r t  p r o c e s s e s  

ca n n o t e x i s t  s im u lt a n e o u s ly  and i n  f a c t  o b s e r v a t io n a l  d a ta  (C h a p t e r  2) 

i n d i c a t e  t h a t  i t  i s  h i g h l y  l i k e l y  to  o c c u r .  The e f f e c t  o f  b o th  

p r o c e s s e s  o p e r a t in g  s im u lt a n e o u s ly  i s  shown i n  F ig u r e  1 . 1 0  (fro m  C o w ley,  

1 9 8 2 ) .  F ig u r e  1 . 1 0 ( a )  shows an open f l u x  tu b e  and a c lo s e d  f l u x  tu b e  

i n  th e  p r o c e s s  o f  b e in g  t r a n s p o r t e d  in t o  th e  t a i l .  The r e s u l t i n g  

c o n v e c t iv e  f lo w  p a t t e r n s ,  i n  th e  e q u a t o r ia l  p la n e  and mapped on to  th e  

n o rt h  p o l a r  r e g io n ,  i s  shown i n  F ig u r e s  1 . 1 0 ( b )  and 1 . 1 0 ( c ) ,  

r e s p e c t i v e l y .  The h a tc h e d  r e g io n  i n d i c a t e s  th e  f lo w  a s s o c ia t e d  w it h  

c lo s e d  f l u x  tu b e  t r a n s p o r t .  Note t h a t  th e  c o n v e c t io n  r e v e r s a l  r e g io n  

( F ig u r e  1 . 1 0 ( c ) )  no lo n g e r  c o in c i d e s  w it h  th e  p o l a r  cap b o u n d a ry .

Both r e c o n n e c t io n  and c lo s e d  m odel p r o c e s s e s  ca n  be e x p e c te d  to  p la y  a 

s i g n i f i c a n t  p a r t  i n  m a g n e t o s p h e ric  c o n v e c t io n .  H ow ever, i n  term s o f  

th e  t o t a l  c ro s s -m a g n e t o s p h e re  p o t e n t i a l  t h e  fo rm e r p r o c e s s  i s  th e  more 

s i g n i f i c a n t .  I n - s i t u  o b s e r v a t io n s  a t  th e  m agnetopause s u g g e s t  t h a t  

c lo s e d  m odel p r o c e s s e s  ca n  o n ly  a c c o u n t f o r  £  10% o f  th e  t y p i c a l  c r o s s ­

m a g n e to sp h e re  v o lt a g e  ( e . g . ,  C o w ley , 1982;  M o zer, 1 9 8 4 ) .
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06

( b)  ( O

F ig u r e  1 . 1 0 .  Open and c lo s e d  (h a t c h e d )  
f l u x  tu b e t r a n s p o r t  ( Cowl ey ,  1 9 8 2 ) .

1 . 4  C o n t r o l o f  t h e  M a g n eto sp h ere  by th e  IMF

A t th e  E a r t h ’ s o r b i t  th e  a v e ra g e  f l u x  o f  s o l a r  w in d  e n e rg y  

('v 1 0 12 W) i n c i d e n t  on th e  d a y s id e  m agn eto sph ere i s  more th a n  enough to  

d r i v e  c o n t in u o u s ly  a l l  known m a g n e to s p h e ric  d is t u r b a n c e  phenom ena.

The amount o f  s o l a r  w ind e n e rg y  t r a n s f e r r e d  to  th e  m a g n eto sp h ere  i s ,  

ho w ever, d e te rm in e d  by th e  n a t u r e  and e f f i c i e n c y  o f  th e  i n t e r a c t i o n  

m e c h a n ism (s) b etw een th e  s o l a r  w in d  and th e  m a g n e to sp h e re . The o u t e r
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b o u n d a ry  o f  th e  m a g n eto sp h ere  s u g g e s t s  i t s e l f  a s  th e  m ost o b v io u s  

p la c e  to  s t u d y  th e  i n t e r a c t i o n ,  s in c e  i t  i s  h e r e  t h a t  t h e  a c t u a l  

c o u p lin g  t a k e s  p la c e .  H ow ever, a d i s c u s s i o n  o f  i n - s i t u  o b s e r v a t io n s  

o f  i n t e r a c t i o n  s ig n a t u r e s  w i l l  be d e f e r r e d  to  l a t e r  c h a p t e r s .  In s t e a d ,  

we s h a l l  c o n c lu d e  t h i s  c h a p t e r  b y  r e v ie w in g  a s e l e c t i o n  o f  m agneto- 

s p h e r ic  phenomena and exam ine t h e i r  c o r r e l a t i o n  w it h  v a r i a t i o n s  i n  th e  

s o l a r  w in d  p a ra m e te rs  i n  o r d e r  to  a s s e s s  i n d i r e c t l y  t h e  n a t u r e  o f  th e  

s o l a r  w in d -m a g n e to sp h e re  i n t e r a c t i o n .

G eo m ag netic a c t i v i t y . G eo m ag n etic  a c t i v i t y  i s  m o n ito re d  i n  te rm s o f  

g e o m a g n e tic  in d e x  v a lu e s ,  w h ic h  a re  d e r iv e d  fro m  th e  l e v e l  o f  

d is t u r b a n c e s  i n  th e  g e o m a g n e tic  f i e l d  as o b s e rv e d  by g ro u n d -b a s e d  

c h a in s  o f  m agnetom eters ( e . g . ,  R o s t o k e r,  1 9 7 2 ) .  A number o f  

p u b l i c a t i o n s  h a ve e s t a b l is h e d  t h a t  o f  a l l  th e  m easured  s o l a r  w ind  

p a ra m e t e rs  i t  i s  th e  so u th w a rd  IMF com ponent w h ic h  shows th e  m ost 

s i g n i f i c a n t  c o r r e l a t i o n  w it h  th e  l e v e l  o f  g e o m a g n e tic  a c t i v i t y  

C F a i r f i e l d  and C a h i l l ,  1966;  R o s t o k e r and F alth am m ar, 1967 ;  W ilc o x  

e t a l . ,  1967;  H ir s h b e r g  and C o lb u r n ,  1 9 6 9 ) .  T h e r e f o r e ,  th e  em p h a sis  

has s h i f t e d  in s t e a d  to  f i n d i n g  th e  most a p p r o p r ia t e  c o m b in a t io n (s )  o f  

s o l a r  w in d  p a ra m e te rs  w h ic h  show th e  b e s t  c o r r e l a t i o n  w it h  v a r io u s  

m a g n e tic  i n d i c e s  ( e . g . , A rn o ld y  e t  a l . ,  1 971;  B u rto n  e t a l . , 1 975 ;  

P e r r e a u lt  and A k a s o fu , 1 9 7 8 ) .

Io n o s p h e r ic  c u r r e n t  s y s t e m s . E l e c t r i c a l  c o u p lin g  b etw een t h e  

io n o s p h e re  and th e  m a g n eto sp h ere  i s  a c h ie v e d  th ro u g h  a sy ste m  o f  f i e l d -  

a l ig n e d  c u r r e n t s  (F A C s) w h ic h  f lo w  to  and from  th e  io n o s p h e re  a lo n g  

m a g n e tic  f i e l d  l i n e s .  T h e ir  e x is t e n c e  h a s b een d ed u ced  and t h e i r  

p r o p e r t i e s  s t u d ie d  from  th e  m a g n e tic  p e r t u r b a t io n s  AB t h e y  p ro d u c e  i n  

and a b o u t t h e  io n o s p h e re .  The m a g n itu d e and d i r e c t i o n  o f  t h e  FACs ca n  

be d e te rm in e d  fro m  th e  m a g n e tic  p e r t u r b a t io n s  AB by a p p ly in g  A m pere’ s 

la w : V x _B = y 0 J  ( e . g . ,  Zmuda and A rm stro n g , 1 9 7 4 ) .  The m ost

s i g n i f i c a n t  a d v a n ce s i n  th e  s t u d y  o f  FACs h a ve b een made w it h  th e  lo w -  

a l t i t u d e  ('x. 1000 km) p o l a r  o r b i t i n g  TRIAD and IS IS  2 s a t e l l i t e s .

F ig u r e  1 . 1 1  shows th e  l a r g e - s c a l e  d i s t r i b u t i o n  and f lo w  d i r e c t i o n s  

o f  FACs a s  d educed from  TRIAD o b s e r v a t io n s  ( e . g . ,  I i j i m a  and Potem ra, 

1 9 7 6 a , b ;  I i j i m a  e t a l . ,  1978;  Potem ra e t a l . ,  1 9 8 0 ) .  The m ain FAC 

r e g io n s  a r e  as f o l lo w s .  R e g io n  1 FACs c o n s i s t  o f  c u r r e n t  s h e e t s  w h ich  

a p p ro x im a t e ly  f o l lo w  th e  a u r o r a l  o v a l ,  i . e . ,  t h e  lo c u s  w here th e



41

maximum a u r o r a l  i n t e n s i t y  o c c u r s  (m a g n e tic  l a t i t u d e  o f  ^  7 0 ° -  8 0 ° ) .  

R e g io n  1 FACs f lo w  in t o  t h e  io n o s p h e re  i n  th e  dawn s e c t o r  and away from  

th e  io n o s p h e re  i n  th e  d u sk  s e c t o r  and h a ve an a v e ra g e  c u r r e n t  i n t e n s i t y  

o f  'v 2 uA m- 2 . A d ja c e n t  and e q u a to rw a rd  o f  R e g io n  1 a re  t h e  R e g io n  2 

FA Cs, w h ic h  a t any g iv e n  l o c a l  tim e  f lo w  i n  th e  o p p o s it e  d i r e c t i o n  and 

on a v e ra g e  h a ve an i n t e n s i t y  o f  ^  1 yA m“ 2 . As shown i n  F ig u r e  1 . 1 1 ,  

R e g io n  1 and R e g io n  2 o v e r la p  n e a r  l o c a l  m id n ig h t  to  form  t h r e e  

a d j o in i n g  r e g io n s  o f  FACs (t h e  H arang d i s c o n t i n u i t y ) .

12

F ig u r e  1 . 1 1 .  TRIAD o b s e r v a t io n s  o f  FACs (P o te m ra , 1 9 7 8 ) .

F ig u r e  1 . 1 1  a ls o  shows a n o t h e r c u r r e n t  system  p o le w a rd  o f  

R e g io n  1 n e a r l o c a l  noon. T h is  r e g io n  i s  r e f e r r e d  to  as th e  c u sp  

r e g io n  FAC ( I i j i m a  and P o tem ra, 1976b;  I i j i m a  e t  a l . , 1 9 7 8 ) .  The 

b e h a v io u r  o f  t h e s e  FACs i s  in t im a t e ly  r e l a t e d  to  th e  o r i e n t a t i o n  o f  

th e  IM F. T h e ir  i n t e n s i t i e s  a re  u s u a l l y  l a r g e r  d u r in g  p e r io d s  o f  

so u th w a rd  IMF. F ig u r e  1 . 1 2  shows th e  r e l a t i o n s h i p  o f  cu sp  FACs 

r e l a t i v e  t o  th e  p o l a r i t y  o f  IMF By. i n  th e  N o rth e rn  H e m isp h e re ; t h e s e  

r e l a t i o n s h i p s  a re  s y s t e m a t i c a l l y  r e v e r s e d  i n  t h e  S o u th e rn  H e m isp h e re .
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The prenoon upward flowing cusp currents are preferentially observed 
when IMF By is positive and the postnoon currents are more frequently 
observed when By is negative. The ionospheric closure current (DPY, 
see later) between Region 1 and cusp FACs is mainly directed eastward 
for IMF By > 0, and westward for By < 0 (Wilhjelm et al., 1978).
Regions 1 and 2 are contained within the region of sunward convection 
and are not affected by IMF B^ (Saflekos et al. , 1979), while the cusp 
FACs are located in the region of antisunward convection. Inspection 
of Figure 1.12 will also show that the electric field at low latitudes 
associated with sunward convection is in the proper direction to couple 
Regions 1 and 2 by Pedersen currents. The field associated with 
convection at the throat, i.e., the region of flow reversal in the cusp 
near local noon, is in the correct direction to couple Region 1 and the 
dominant cusp FAC region. All these observations are consistent with 
Figure 1.7.

By >  0 (away)
North

FAC downward 
FAC upward

By <  0 (toward) 

— ► By 
12

00

Figure 1.12. Cusp FACs: response to IMF By (Potemra, 1978).

Data from ISIS 2 have also provided results similar to those of 
TRIAD (McDiarmid et al., 1978a,b, 1979). The direction of the 
convective flow deduced from the measurements of AB are consistent with 
the 2-cell system in Figure 1.4, and in the presence of IMF By with 
those in Figure 1.7. Figure 1.13 summarises the ISIS 2 findings. 
Figure 1.13(a) shows the FACs inferred from AB measurements.
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Comparison with Figure 1.11 shows slight disagreement with TRIAD data 
near local noon. However, this is likely the result of the way in 
which cusp FACs are defined in the TRIAD data. Figure 1.13(b) shows 
the schematic plot of AB measurements; reversing the arrows gives the 
convective flow pattern. The polar cap boundary (dashed line) is 
identified with the location of maximum AB. Along this boundary the 
region of largest AB occurs in the dayside cusp region near local noon 
and its sense (eastward or westward) is controlled by the IMF polarity 
(By > 0 or < 0). The latitude of the peak AB also moves equatorward 
as IMF B  ̂ goes increasingly negative. The location where AB changes 
sign, i.e., the convective flow reversal boundary, is indicated by the 
dotted line in Figure 1.13(b). It extends slightly equatorward of the 
polar cap boundary, and thus indicates evidence for closed model 
transfer processes in addition to reconnection, as shown in Figure 1.10. 
Finally, note that evidence for AB consistent with sunward convection 
at high latitudes when the IMF is strongly northward (see Figure 1.8) 
has also been obtained from both ISIS 2 (McDiarmid et al., 1978a, 1980) 
and TRIAD (Zanetti et al., 1982) data.

Fig. 1.13. FACs and magnetic field perturbations 
measured by ISIS 2 (McDiarmid et al., 1978).
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FACs t r a n s f e r  e n e rg y  and momentum and t r a n s m it  m a g n e tic  s t r e s s  

from  th e  o u t e r  m a g n eto sp h ere  to  th e  io n o s p h e r e .  H ere th e  FACs s p re a d  

o u t h o r i z o n t a l l y  in t o  c u r r e n t  f lo w s  w h ic h  e l e c t r i c a l l y  c o n n e c t  and  

c l o s e  o p p o s it e ly  d ir e c t e d  FAC r e g io n s  and d i s s i p a t e  th e  e x t e r n a l  s o l a r  

w ind  f lo w  e n e rg y , m a in ly  as h e a t .  T h e se  h o r iz o n t a l  c u r r e n t s  may be 

s e p a r a t e d  in t o  H a l l  c u r r e n t s  and P e d e rs e n  c u r r e n t s ,  w h ich  f lo w  

r e s p e c t i v e l y  a lo n g  th e  -  I: x  d i r e c t i o n  and a lo n g  IE. T h e se  c u r r e n t s  

a r i s e  from  th e  d i f f e r e n c e  i n  h e ig h t s  a t  w h ich  th e  io n  and e l e c t r o n  

g y r o f r e q u e n c ie s  become c o m p a ra b le  to  o r  s m a lle r  th a n  th e  c h a r g e d - n e u t r a l  

p a r t i c l e  c o l l i s i o n s .  A l l  c u r r e n t s  g iv e  r i s e  to  g e o m a g n e tic  

p e r t u r b a t io n s  w h ic h  s h o u ld  be o b s e r v a b le  from  th e  g ro u n d . H ow ever, 

most o f  th e  g e o m a g n e tic  v a r i a t i o n s  on th e  g ro u n d  w h ich  a r e  o f  e x t e r n a l  

o r i g i n  may be a t t r i b u t a b l e  to  H a l l  c u r r e n t s  s in c e  th e  e f f e c t  o f  P e d e rs e n  

c u r r e n t s  and FACs te n d  t o  c a n c e l each  o t h e r  ( e . g . ,  F u k u sh im a , 1969,  1 9 7 6 ) .  

C u r r e n t  sy ste m s w h ic h  a re  c o n s t r u c t e d  on th e  a ss u m p tio n  t h a t  H a l l  c u r r e n t s  

a re  r e s p o n s ib le  f o r  g e o m a g n e tic  v a r i a t i o n s  a re  known a s  e q u iv a le n t  c u r r e n t  

s y ste m s.

P o la r  cap d is t u r b a n c e s  a r e  u s u a l l y  th o u g h t to  c o m p ris e  a t  l e a s t  

two d i s t i n c t  c u r r e n t  s y s te m s , DPI and DP2 ( e . g . ,  N is h id a ,  1 9 6 8 ) .  O f 

t h e s e ,  DP2 shows th e  c l e a r e s t  c o r r e l a t i o n  w it h  th e  so u th w a rd  IMF 

com ponent, and i t  i n t e n s i f i e s  as IMF Bz goes i n c r e a s i n g l y  n e g a t iv e .

H a l l  c u r r e n t s  f lo w  i n  th e  o p p o s it e  d i r e c t i o n  t o  c o n v e c t iv e  f lo w s  and 

th u s  th e  m a g n e t o s p h e ric  c o n v e c t io n  p a t t e r n  can be i n f e r r e d  from  

e q u iv a le n t  c u r r e n t  system s by s im p le  i n v e r s i o n .  I t  i s  fo u n d  t h a t  th e  

c o n v e c t io n  p a t t e r n  d educed fro m  DP2 th e n  b e a rs  a c l o s e  re s e m b la n c e  to  

F ig u r e  1 .4  ( e . g .  Maezewa, 1 976)  when th e  IMF f i e l d  i s  so u th w a rd .

D u rin g  p e r io d s  o f  s t r o n g ly  n o rth w a rd  IMF t h e  2 - c e l l  system  d is a p p e a r s .

The r e g io n  o f  s t r o n g e s t  m a g n e tic  v a r i a t i o n s  i s  th e n  c o n f in e d  to  h ig h  

l a t i t u d e s  (> 7 0 ° )  and sunw ard c o n v e c t io n  i s  th e n  o b s e rv e d  i n  th e  c e n t r a l  

p o la r  c a p , c o n s is t e n t  w it h  F ig u r e  1 .8  ( e . g . ,  F r i i s - C h r i s t e n s e n  and  

W ilh je lm , 1 9 7 5 ;  Maezewa, 1 9 7 6 ) .  DPI i s  n o t c o n t r o l l e d  d i r e c t l y  by th e  

n o r t h - s o u t h  IMF com ponent and i s  a s s o c ia t e d  w it h  th e  m ain p h a se  o f  a 

s u b sto rm , i . e . ,  th e  p e r io d  o f  en hanced  t a i l  r e c o n n e c t io n .

In  a d d it io n  t o  show ing a d ep en d ence on IMF Bz , p o l a r  ca p  m a g n e tic  

v a r i a t i o n s  a re  a ls o  a f f e c t e d  b y IMF By. T h is  c o r r e l a t i o n  i s  o f t e n  

r e f e r r e d  t o  a s t h e  S v a lg a a rd -M a n s u ro v  e f f e c t ,  a lt h o u g h  F r i i s - C h r i s t e n s e n  

and W ilh je lm  ( 1 9 7 5 )  r e f e r  to  IMF By d ep en d ent v a r i a t i o n s  a s  DPY. The 

c o n v e c t io n  p a t t e r n s  i n f e r r e d  from  DPY a g re e  c l o s e l y  w it h  t h o s e  draw n  

i n  F ig u r e  1 . 7 .
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M o tio n  o f  m a g n e to s p h e ric  b o u n d a rie s

M a g n e to p a u se . A f e a t u r e  o f  a l l  r e c o n n e c t io n  m o d els i s  an 

enhancem ent i n  t h e  d a y s id e  r e c o n n e c t io n  r a t e  as th e  IMF t u r n s  

i n c r e a s i n g l y  so u th w a rd . An in c r e a s e  i n  r e c o n n e c t io n  le a d s  to  

in c r e a s e d  e r o s io n ,  i . e . ,  re m o v a l o f  m a g n e tic  f l u x  fro m  th e  d a y s id e  

m a g n e to sp h e re . The d a y s id e  f l u x  c o n t e n t  i s  th e n  b u i l t  up a g a in  

f o l lo w in g  r e c o n n e c t io n  i n  th e  t a i l ,  w it h  s u b se q u e n t sunw ard  t r a n s p o r t  

o f  m a g n e tic  f l u x .  H ow ever, t h e r e  i s  a f i n i t e  tim e  d e la y  b e f o r e  a  

s e l f - c o n s i s t e n t  c o n v e c t io n  r e t u r n  r a t e  i s  e s t a b l is h e d  t o  b a la n c e  th e  

d a y s id e  r e c o n n e c t io n  r a t e  ( e . g . ,  C o r o n i t i  and K e n n e l, 1 973 ;  H o lz e r  and  

R e id ,  1 9 7 5 ) .  T h e r e f o r e ,  f o l lo w in g  a so u th w a rd  t u r n i n g  o f  th e  IMF t h e r e  

i s  a n e t f l u x  lo s s  from  th e  d a y s id e  m a g n eto sp h ere and i t  may be  

e x p e c te d  to  s h r i n k ,  p r o v id e d  th e  s o l a r  w in d  dynam ic p r e s s u r e  s t a y s  

c o n s t a n t .  T h is  s h r in k a g e  i s  o b s e r v a b le  as b o th  an in w a rd  m o tio n  o f  

th e  m agnetopause and as an in c r e a s e d  f l a r i n g  o f  th e  t a i l .  The in w a rd  

m o tio n  o f  th e  d a y s id e  m agnetopause h a s been o b s e rv e d  i n  s i n g l e  c a s e  

e v e n t s t u d ie s  ( e . g . ,  A u b ry  e t  a l . ,  1 9 70 ) and fro m  s t a t i s t i c a l  s t u d ie s  

( e . g . ,  F a i r f i e l d ,  1 971 ;  M aezew a, 1974;  F o rm isa n o  e t  a l . ,  1 9 7 9 ) ,  w h ich  

show th e  m agnetopause d is p la c e d  in w a rd  b y ^  1 Rg d u r in g  p e r io d s  o f  

so u th w a rd  IM F. The amount o f  f l u x  t r a n s f e r r e d  to  and from  th e  d a y s id e  

as a r e s u l t  o f  im b a la n c e s  i n  th e  d a y s id e  and n i g h t s i d e  r e c o n n e c t io n  

r a t e s  h a s been e s t im a t e d  a s ^  1 0 8 Wb by H o lz e r  and S l a v i n  ( 1 9 7 8 , 1 9 7 9 ) .

P o la r  c u s p . In  a d d it io n  to  an in w a rd  m o tio n  o f  th e  d a y s id e  

m agnetopause an en h anced  r e c o n n e c t io n  r a t e  a ls o  le a d s  to  an i n c r e a s e  

i n  s i z e  o f  th e  p o l a r  c a p , i . e . ,  th e  amount o f  open f l u x .  R u s s e l l  e t  

a l .  ( 1 9 7 1 )  f i r s t  e s t a b l is h e d  t h a t  th e  h i g h - a l t i t u d e  p o l a r  c u sp  moves 

e q u a to rw a rd  o r  p o le w a rd  a c c o r d in g  t o  w h e th e r th e  IMF t u r n s  so u th w a rd  o r  

n o rth w a rd . T h is  b e h a v io u r  was l a t e r  c o n firm e d  i n  a s t a t i s t i c a l  s t u d y  

by B u rch  ( 1 9 7 2 ,  1 9 7 3 ,  1 9 7 4 ) .  F ig u r e  1 . 1 4  shows th e  l a t i t u d e s  o f  th e  

e q u a to rw a rd  ( s o l i d  c i r c l e s )  and p o le w a rd  (o p en c i r c l e s )  b o u n d a r ie s  o f  

th e  cu sp  (d e t e rm in e d  from  e l e c t r o n  p r e c i p i t a t i o n  m easurem en ts) p l o t t e d  

a g a in s t  th e  45 m in . a v e ra g e  IMF Bz com ponent. As th e  IMF goes  

i n c r e a s i n g l y  so u th w a rd , b o th  b o u n d a rie s  move e q u a to rw a rd  a t  a b o ut th e  

same r a t e .  F o r  s t r o n g ly  n o rth w a rd  IMF th e  e q u a to rw a rd  b o u n d a ry  s t a y s  

v i r t u a l l y  s t a t i o n a r y  w h ile  th e  p o le w a rd  b o u n d a ry  moves p o le w a rd , th e  

r e s u l t  o f  w h ich  i s  t h a t  th e  l a t i t u d i n a l  cu sp  w id t h  in c r e a s e s  from  

a - 4 0 to  'v 7 ° .  T h is  w id e n in g  o f  th e  cu sp  i s  c o n s is t e n t  w it h  t a i l  f i e l d

l i n e s  r e c o n n e c t in g  w it h  n o rth w a rd  IMF ( F ig u r e  1 . 8 )  s in c e  t h i s  a llo w s  a
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d e e p e r p e n e t r a t io n  o f  m ag n eto sh eath  p la sm a  in t o  th e  c u s p  a t th e  

p o le w a rd  c u sp  ed g e.

F ig u r e  1 . 1 4 .  L o c a t io n  o f  p o l a r  c u s p :  
re s p o n s e  to  IMF B2 (B u rc h , 1 9 7 2 ) .

C o n v e c t io n  e l e c t r i c  f i e l d . T h e re  a re  a la r g e  num ber o f  t e c h n iq u e s  

a v a i l a b l e  to  m easure m a g n e to s p h e ric  e l e c t r i c  f i e l d s  ( e . g .  M o zer, 1 9 7 3 ;  

S t e r n ,  1 9 7 7 ) .  The e a r l i e s t  s u c c e s s f u l  m easurem ents o f  l a r g e - s c a l e  

e l e c t r i c  f i e l d s  w ere made w it h  l o w - a l t i t u d e  (a, 1000 km) p o l a r  o r b i t i n g  

s p a c e c r a f t  ( e . g . ,  Caufraann and G u r n e t t ,  1 971,  1 9 7 2 ;  H e p p n e r, 1972 ,  

1 9 7 3 ) .  The c o n v e c t io n  p a t t e r n s  i n f e r r e d  from  t h e s e  m easurem ents  

c o n f ir m  th e  b a s i c  p a t t e r n s  e s t a b l is h e d  e a r l i e r  fro m  g ro u n d -b a s e d  

m agnetom eter o b s e r v a t io n s .  The s a t e l l i t e  d a ta  showed th e  fr e q u e n t  

o c c u r r e n c e  o f  e l e c t r i c  f i e l d  r e v e r s a l s  a t  a u r o r a l  l a t i t u d e s  (^  7 0 - 8 0 ° ) ,  

w it h  sunw ard c o n v e c t io n  on th e  e q u a to rw a rd  s id e  o f  th e  r e v e r s a l  

b o u n d a ry  and a n t is u n w a rd  c o n v e c t io n  p o le w a rd  o f  i t .  F ra n k  and G u m e t t  

( 1 9 7 1 )  a ls o  fo u n d  t h a t  th e  r e v e r s a l  r e g io n  i s  c l o s e l y  r e l a t e d  to  th e  

h i g h - l a t i t u d e  t e r m in a t io n  o f  e n e r g e t ic  (^, 45 keV)  e l e c t r o n s ,  th u s  

s u g g e s t in g  t h a t  th e  r e v e r s a l s  a re  c l o s e l y  r e l a t e d  to  th e  p o l a r  cap  

b o u n d a ry .

The l a r g e - s c a l e  p o l a r  cap e l e c t r i c  f i e l d  i n t e n s i t y  and  

d i s t r i b u t i o n  show c l o s e  c o r r e l a t i o n  w it h  th e  IM F. H ep pner ( 1 9 7 2 )
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showed t h a t  f o r  IMF By p o s i t i v e ,  th e  d aw n-dusk e l e c t r i c  f i e l d  com ponent 

shows a maximum i n  th e  dawn (d u s k ) s e c t o r  i n  th e  N o rth e rn  (S o u t h e rn )  

H e m isp h e re , w h ile  th e  r e v e r s e  i s  t r u e  f o r  IMF By n e g a t iv e .  The 

r e s u l t i n g  s h i f t  i n  th e b a s i c  c o n v e c t io n  p a t t e r n  to w a rd s e i t h e r  th e  dawn 

o r  dusk s e c t o r ,  d e p e n d in g  on th e  IMF By p o l a r i t y  and th e  h e m is p h e re , i s  

c o n s is t e n t  w it h  t h a t  shown i n  F ig u r e  1 . 7 .  The p o l a r  cap e l e c t r i c  

f i e l d  a ls o  i n t e n s i f i e s  i n  re s p o n s e  to  an in c r e a s e  i n  th e  so u th w a rd  IMF 

component ( e . g .  M ozer e t  a l . ,  1 9 7 4 ) .  F i n a l l y ,  d u r in g  p e r io d s  o f  

s t r o n g ly  n o rth w a rd  IMF an o p p o s it e ly  d i r e c t e d  d usk-d aw n e l e c t r i c  f i e l d  

h a s been fo u n d  i n  th e  c e n t r a l  C h i g h - la t i t u d e )  p o l a r  cap r e g io n  ( e . g . ,  

B urke e t  a l . ,  1 9 7 9 ) .  Such an e l e c t r i c  f i e l d  i s  c o n s is t e n t  w it h  sunw ard  

p la sm a  f lo w s  a c r o s s  th e  p o l a r  cap r e s u l t i n g  fro m  r e c o n n e c t io n  w it h  

n o rth w a rd  IM F, t a i l w a r d  o f  th e  p o l a r  cu sp  b o u n d a ry  ( F ig u r e  1 . 8 ) .

C o n v e c t iv e  p la sm a  f l o w s . D i r e c t  m easurem ents o f  c o n v e c t iv e  p la sm a  

f lo w s  h ave a ls o  been made. H e e l i s  e t  a l . ( 1 9 7 6 )  p r e s e n t e d  s a t e l l i t e  

m easurem ents o f  io n  v e c t o r  v e l o c i t i e s  i n  th e S o u th e rn  H e m isp h e re .

T h e ir  r e s u l t s  c o n f ir m  th e  g e n e r a l a p p e a ra n ce  o f  th e  c o n v e c t io n  p a t t e r n  

shown i n  F ig u r e  1 . 4 .  H ow ever, t h e y  o b s e rv e  t h a t  t h e  t h r o a t  r e g io n  i s  

somewhat n a rro w , s u g g e s t in g  t h a t  th e  r e c o n n e c t io n  l i n e  may be l i m i t e d  

i n  l o n g i t u d i n a l  e x t e n t .

P o la r  cap p o t e n t i a l . The p o t e n t i a l  d ro p a c r o s s  th e  p o l a r  cap 4>pC 

g iv e s  a m easure o f  th e  s t r e n g t h  o f  th e  c o n v e c t iv e  p la sm a  f lo w s  i n  th e  

m agn eto sph ere and h e n ce th e  s t r e n g t h  o f  th e  s o l a r  w in d -m a g n e to sp h e re  

i n t e r a c t i o n .  R e i f f  e t  a l . ( 1 9 8 1 )  m easured  th e  p o t e n t i a l  d ro p  a c r o s s  

th e  r e g io n  o f  a n t is u n w a rd  c o n v e c t io n  i n  th e  h i g h - l a t i t u d e  io n o s p h e re  

u n d e r a v a r i e t y  o f  IMF o r i e n t a t i o n s .  They fo u n d  a mean v a lu e  o f  

^ 70 kV and t h e y  a ls o  showed t h a t  th e  m easured p o t e n t i a l  d ro p s  

c o r r e l a t e  w e l l  w it h  th e  p r e d i c t i o n s  from  v a r io u s  e m p i r i c a l l y  and 

t h e o r e t i c a l l y  d e r iv e d  r e c o n n e c t io n  m o d els. A b a ck g ro u n d  v o lt a g e  o f  

^  30 kV n o t a c c o u n t e d  f o r  b y  th e  m odels was a t t r i b u t e d  to  c lo s e d  m odel 

t r a n s f e r  p r o c e s s e s .

Wygant e t  a l . ( 1 9 83 )  d id  a s i m i l a r  s u rv e y  and showed t h a t  th e  b u lk  

o f  th e  b a ck g ro u n d  v o lt a g e  r e s u l t s  fro m  a tim e re s p o n s e  o f  <J>pC to  

v a r i a t i o n s  i n  IMF Bz . T h is  tim e  re s p o n s e  may r e s u l t  from  a f ly - w h e e l  

e f f e c t  betw een n e u t r a l  w in d s i n  th e  u p p e r a tm o sp here and th e s o l a r  w in d -  

in d u c e d  io n o s p h e r ic  c o n v e c t io n .  An u p p e r l i m i t  o f  ^  16 kV was q u o te d  

f o r  c lo s e d  model t r a n s f e r  p r o c e s s e s .
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CHAPTER 2

SOLAR WIND - MAGNETOSPHERE INTERACTION: 

IN -S IT U  OBSERVATIONS

2 .1  I n t r o d u c t io n

In  th e  p r e v io u s  c h a p t e r  we lo o k e d  a t  some o f  th e  l a r g e - s c a l e  

f e a t u r e s  e x p e c te d  to  be p r e s e n t  i n  an open model o f  th e  m a g n e to sp h e re .  

S u b s e q u e n t ly ,  we b r i e f l y  c o n s id e r e d  some o b s e r v a t io n a l  r e s u l t s  w h ich  

showed t h a t  th e  o r i e n t a t i o n  o f  th e  IMF e x e r t s  a c o n t r o l l i n g  in f l u e n c e  

on a h o s t  o f  m a g n e t o s p h e ric  phenom ena, a r e s u l t  w h ic h  may be re g a rd e d  

as p r o v i d in g  i n d i r e c t  e v id e n c e  f o r  th e  o c c u r r e n c e  o f  d a y s id e  r e c o n n e c t io n  

as o r i g i n a l l y  p ro p o s e d  by Dungey ( 1 9 6 1 ) .  In  t h i s  c h a p t e r  we w i l l  

c o n s id e r  i n - s i t u  s a t e l l i t e  o b s e r v a t io n s  a t  th e  s i t e  o f  i n t e r a c t i o n  

b etw een th e  s o l a r  w in d  and m a g n e to sp h e re , i . e . ,  the m agnetopause  

b o u n d a ry , p r i n c i p a l l y  i n  o ^ d e r t o  e s t a b l i s h  w h e th e r r e c o n n e c t io n  does  

o c c u r  i n  th e  m anner e n v is a g e d  o r i g i n a l l y  ( e . g . ,  Levy e t  a l . ,  1964)  and 

as i n d i r e c t  o b s e r v a t io n s  seem t o  s u g g e s t .

O b s e r v a t io n s  h a ve e s t a b l is h e d  t h a t  t h e r e  i s  a t e m p o r a lly  and 

s p a t i a l l y  v a r y in g  l a y e r  o f  m a g n e t o s h e a t h -lik e  p la sm a  i n s i d e  o f  and 

a d ja c e n t  to  th e  m agn eto p au se. T h is  l a y e r  has been o b s e rv e d  o v e r  th e  

e n t i r e  known m agnetopause and i t s  p r e s e n c e  p r o v id e s  d i r e c t  e v id e n c e  f o r  

th e  i n t e r a c t i o n  b etw een th e s o l a r  w ind  and th e m a g n eto sp h ere  and th e  

e n t r y  o f  s o l a r  w in d  p la sm a  in t o  th e  m a g n e to sp h e re . We s h a l l  u se  th e  

te rm  b o u n d a ry  l a y e r  as a g e n e ra l r e f e r e n c e  to  t h i s  l a y e r .  In  th e  

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

m easured  by v a r io u s  s a t e l l i t e  p la sm a  and m a g n e tic  f i e l d  in s t r u m e n t s  a re  

re v ie w e d . D ep en d ing on i t s  l o c a t io n  i n  th e  m a g n eto sp h ere  (and  a ls o  to  

a s m a ll d e g re e  on th e  p a r t i c u l a r  i n v e s t i g a t o r ( s ) ) th e  b o u n d a ry  la y e r  h a s  

been g iv e n  v a r io u s  nam es, th e  most f r e q u e n t ly  u se d  o f  w h ich  a re  th e  

m a g n e t o t a il  b o u n d a ry  l a y e r ,  th e  p la sm a  m a n tle , th e  ( t a i l )  lo b e  p la sm a ,  

th e  e n t r y  l a y e r  and th e  low l a t i t u d e  b o u n d a ry  l a y e r  ( i n  o r d e r  o f  t h e i r  

d i s c o v e r y ) .  I n  c o n s id e r in g  b o u n d a ry  l a y e r  o b s e r v a t io n s  we s h a l l  s t a r t
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o f f  i n  th e  m a g n e t o t a il r e g io n  and w ork o u r  way fo rw a rd s  to w a rd  th e  

f r o n t s i d e  m agnetopause.

B e fo re  r e s u l t s  fro m  th e  IS E E  1 and 2 s a t e l l i t e  m is s io n  (s e e  

A p p e n d ix  A) became a v a i l a b l e ,  th e  r e s u l t s  o b t a in e d  from  p la s m a  and 

m a g n e tic  f i e l d  d a ta  a t  and n e a r  th e  d a y s id e  m agnetopause a ro u s e d  

c o n s id e r a b le  c o n t r o v e r s y  as to  w h e th e r r e c o n n e c t io n  i n  th e  s u b s o la r  

r e g io n  e v e r  o c c u r s  as a l a r g e - s c a l e ,  s t a t i o n a r y  p r o c e s s  o r  e v e n  w h e th e r  

i t  o c c u r s  a t  a l l .  The h ig h - t im e  r e s o l u t i o n  p la sm a  and f i e l d  d a ta  from  

IS E E  1 and 2 r e s o lv e d  t h i s  q u e s t io n  and c o n firm e d  t h a t  q u a s i- s t e a d y  

r e c o n n e c t io n  a t  th e  d a y s id e  m agnetopause does in d e e d  o c c u r ,  a t  l e a s t  a t  

t im e s . In  th e  se co n d  p a r t  o f  t h i s  c h a p t e r  we w i l l  c o n s id e r  a s e t  o f  

s ig n a t u r e s  u s in g  IS E E  1 and 2 d a ta  w h ich  g iv e  i n - s i t u  e v id e n c e  f o r  th e  

o c c u r r e n c e  o f  d a y s id e  r e c o n n e c t io n .

2 .2  The B o undary L a y e r

2 . 2 . 1  The m a g n e t o t a il r e g io n

The f i r s t  r e g u l a r  e n c o u n t e rs  o f  th e  b o u n d a ry  l a y e r  w ere made from  

s a t e l l i t e  o b s e r v a t io n s  i n s i d e  th e  m a g n e t o t a il r e g io n .  F ig u r e  2 .1  shows 

th e r e g io n s  e x p lo r e d  by a num ber o f  s a t e l l i t e s  i n  w h ich  su c h  a b o u n d a ry  

l a y e r  was fo u n d  i n s i d e  o f  and a d ja c e n t  to  th e  m agn etopause.

I n t r i l l i g a t o r  and W o lfe  C l 9 7 2 ) ,  u s in g  P io n e e r  8 p la sm a  d a t a  o b t a in e d  

d u r in g  a m agnetopause c r o s s i n g  a p p ro x im a t e ly  40 RE d o w n - t a i l ,  r e p o r t e d  a 

d i f f u s e  b o u n d a ry  r e g io n .  In  th e  same y e a r ,  Hones e t a l . ( 1 9 7 2 ) ,  and  

s u b s e q u e n t ly  A k a so fu  e t a l .  ( 1 9 7 3 )  e s t a b l is h e d  th e  p r o p e r t i e s  o f  th e  

b o u n d a ry  l a y e r  r e g io n  o b s e rv e d  a lo n g  th e  dawn and d usk f l a n k s  o f  th e  

m agnetopause a t  d o w n - t a il  d is t a n c e s  o f  'v 18 RE u s in g  th e  e l e c t r o s t a t i c  

a n a ly z e r s  on b o a rd  th e  V e la  4 and 5 s a t e l l i t e s .  The b o u n d a ry  l a y e r  

r e g io n ,  w h ic h  t h e y  term ed  th e  m a g n e t o t a il b o u n d a ry  l a y e r ,  was i d e n t i f i e d  

as a l a y e r  o f  r e l a t i v e l y  c o o l ,  a n t is u n w a rd  f lo w in g  p la sm a  i n  betw een th e  

in n e r  m a g n e t o t a il (p la sm a  s h e e t  a t  low l a t i t u d e s ,  t a i l  lo b e  a t  h ig h e r  

l a t i t u d e s )  and th e  m a g n e to sh e a th , w it h  e n e rg y  s p e c t r a  s i m i l a r  to  and  

d e n s it y  l e v e l s  and f lo w  sp e e d s re d u c e d  i n  co m p a riso n  w it h  th e  a d ja c e n t  

m a g n e to sh e a th . The t h ic k n e s s  o f  th e  b o u n d a ry  l a y e r  was fo u n d  to  

c o r r e l a t e  w it h  l a t i t u d e ,  b e in g  t h i c k e r  a t  h ig h e r  l a t i t u d e s  (a. 1 - 2 Re ) 

and t h i n  (^  100s o f  km) o r  even n o n - d e t e c t a b le  n e a r  th e  e q u a t o r ia l  p la n e .

The HEOS 2 p la sm a  and m a g n e tic  f i e l d  d a ta  ex te n d e d  th e  b o u n d a ry  

l a y e r  o b s e r v a t io n s  to  th e  d is t a n t  p o l a r  m a g n eto sp h ere r e g io n .  H e re , th e
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Apollo, Explorer 35

12

F ig u r e  2 . 1 .  L o c a t io n s  o f  r e p o r t e d  b o u n d a ry  la y e r  
o b s e r v a t io n s  p r i o r  to  1978 (S ck o p k e and Paschm ann, 1 9 7 8 ) .

b o u n d a ry  l a y e r  r e g io n  p o le w a rd  o f  th e  cu sp  was c a l l e d  th e  p la sm a  m a n tle  

(H a e re n d e l and Paschm ann, 1 9 7 5 ) .  HEOS 2 d a ta  fro m  a f a i r l y  t y p i c a l  

p a s s  th ro u g h  t h i s  r e g io n  a re  shown i n  F ig u r e  2 . 2 .  On t h i s  o utbound  

p a s s ,  HEOS 2 t r a v e l l e d  from  th e  m id - a l t it u d e  p o l a r  cu sp  (PC) on th e  

d a y s id e ,  a c r o s s  the p o l a r  cap ( P C R ) , th ro u g h  th e  pla sm a  m a n tle  (PM) and 

in t o  th e  m a g n eto sh eath  CMS). In  m oving to w a rd s th e m agn eto p au se, the  

p la sm a  d e n s it y  g r a d u a lly  in c r e a s e s  and th e  b u lk  f lo w  v e l o c i t y  i n  th e  

p la sm a  m a n tle  i s  d ir e c t e d  t a i l w a r d ,  a p p ro x im a t e ly  a lo n g  th e  l o c a l  

g e o m a g n e tic  f i e l d ,  w it h  a m a g n itu d e l e s s  th a n  t h a t  o b s e rv e d  i n  th e  

a d ja c e n t  m a g n e to sh e a th . A s u r v e y  o f  many su ch  c r o s s i n g s  r e v e a le d  the  

f o l lo w in g  p r o p e r t i e s  o f  th e  p la sm a  m a n tle  (R o se n b a u e r e t  a l . ,  1 975;  

Sckopke e t  a l . ,  1976;  S cko pke and Paschm ann, 1 9 7 8 ) .  I t  i s  a perm anent  

f e a t u r e  o f  th e  p o l a r  m a g n eto sp h ere t a i lw a r d  o f  th e  c u s p . G e n e r a l ly ,  

th e  p la sm a  num ber d e n s i t y ,  f lo w  sp ee d  and te m p e ra t u re  a l l  d e c r e a s e  w ith  

depth i n s i d e  th e  m a n tle , a lt h o u g h  on i n d i v i d u a l  p a s s e s  m agnetopause  

m o tio n s o r  te m p o ra l f l u c t u a t i o n s  o f  th e  p la sm a  s o u r c e  may o b s c u re  t h i s
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t r e n d  ( e . g . , a t  ^  1 1 : 0 0  and 1 1 : 3 0  UT i n  F ig u r e  2 . 2 ) .  The p la sm a  

v e l o c i t y  i s  d ir e c t e d  t a i l w a r d  and i s  g e n e r a l l y  l e s s  th a n  b u t p o s i t i v e l y  

c o r r e l a t e d  w it h  th e  v e l o c i t y  i n  th e  a d ja c e n t  m ag n eto sh eath  and i n  th e  

s o l a r  w in d . The p r o t o n  te m p e ra t u re  shows a s i g n i f i c a n t  t e m p e ra t u re  

a n is o t r o p y ,  w it h  T „ < T L . The t h ic k n e s s  o f  th e  p la sm a  m a n tle  i s  

v a r i a b l e ,  ra n g in g  fro m  <£ 0 . 5  Rg to  l a r g e r  th a n  4 Rg. The t h ic k n e s s  

and o c c u r r e n c e  o f  th e m a n tle  i s  p o s i t i v e l y  c o r r e l a t e d  w it h  th e  so u th w a rd  

IMF com ponent.

i-eos 2 / 5-210.2 • S-2Q1

8 9 10 11 12 13 16 i-RS
5 c 7 c 9 2 1C 8 12 2 13 S U  8  Rr

1 6  c 1 - c \c c 1*. 3 . C 1 13 S 12 S
Sc c 50 0 58  : 71 9 75 C 77 9 8o 2 CEG

F ig u r e  2 . 2 .  HEOS 2 p a s s  th ro u g h  th e  
p la sm a  m a n tle  (R o se n b a u e r e t  a l . ,  1 9 7 5 ) .

P lasm a d e t e c t o r s  on th e  moon h a ve a ls o  o b s e rv e d  a b o u n d a ry  la y e r  

r e g io n  o u t s id e  th e  p la sm a  s h e e t  [H ard y  e t a l . ,  1 9 7 5 ,  1 976,  1 9 7 9 ) .  At 

t h e s e  lu n a r  d is t a n c e s  (>  60 Rg) i t  i s  known as th e  lo b e  p la s m a . I t s  

b u lk  v e l o c i t y  and num ber d e n s it y  i s  s i m i l a r  to  t h a t  o f  th e  p la sm a  m a n tle  

b u t i t  i s  somewhat c o o l e r .  I t  e x te n d s 'v 8 - 1 0  Rg in w a rd  from  th e
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m agnetopause and a t  t im e s  may be o b s e rv e d  r i g h t  a c r o s s  th e  t a i l .  I t s  

t h ic k n e s s  i s  s t r o n g l y  c o r r e l a t e d  w it h  th e  s ig n  o f  IMF By, w h ile  th e  

p r o b a b i l i t y  o f  i t  b e in g  o b s e rv e d  i s  a ls o  l a r g e r  when th e  IMF h a s a 

so u th w a rd  com ponent.

2 . 2 . 2  The c u sp  r e g io n

In  th e  e a r l y  1 9 70 s l o w - a l t i t u d e  s a t e l l i t e  m easurem ents e s t a b l is h e d  

th e  p r e s e n c e  o f  m a g n e t o s h e a t h -lik e  p la sm a  i n s i d e  th e  d a y s id e  p o l a r  cu sp  

r e g io n s ,  r i g h t  down to  io n o s p h e r ic  a l t i t u d e s  ( e . g . ,  H e i k i l l a  and 

W inningham , 1 9 7 1 ;  F ra n k , 1 971 ;  F ra n k  and A c k e rs o n , 1 9 7 1 ) .  F ig u r e  2 . 3 ,  

w h ich  i s  a n o o n -m id n ig h t  c r o s s - s e c t i o n  o f  th e  h ig h  l a t i t u d e  m a g n e to sp h e re ,  

shows s c h e m a t ic a l ly  v a r io u s  p la sm a  r e g io n s  i d e n t i f i e d  i n  th e  p o l a r  cu sp  

r e g io n .  The e x t e r i o r  cu sp  i s  a r e g io n  o f  s t a g n a n t  m a g n eto sh eath  p la sm a  

j u s t  o u t s id e  th e  m a g n eto p au se, w h ich  r e s u l t s  fro m  th e  in d e n t a t io n  o f  th e  

m agnetopause i n  th e  c u sp  r e g io n  ( e . g . ,  S ck o p k e , 1 9 7 9 ) .

F ig u r e  2 . 3 .  The p o l a r  cu sp  r e g io n  [ a f t e r  S ck o p k e , 1 9 7 9 ) .

I n s i d e  th e  m agn eto p au se, HEOS 2 d a ta  r e v e a le d  a b o u n d a ry  l a y e r  

r e g io n  o f  i r r e g u l a r l y  f lo w in g ,  m a g n e t o s h e a t h -lik e  p la s m a : th e  e n t r y
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l a y e r  ( e . g . ,  H a e re n d e l and Paschinann, 1 9 7 5 ;  Paschm ann e t  a l . ,  1976;  

H ansen e t  a l . ,  1 9 7 6 ) .  F ig u r e  2 .4  shows HEOS 2 p la sm a  and m a g n e tic  

f i e l d  d a t a  o b t a in e d  d u r in g  an o u tw a rd  bound p a s s  th ro u g h  th e  p o la r  

m a g n e to sp h e re . RC, EL and MS r e f e r  r e s p e c t i v e l y  to  th e  h o t r i n g  

c u r r e n t ,  e n t r y  l a y e r  and m ag n eto sh eath  r e g io n s .  In  t h e  e n t r y  l a y e r ,

th e  num ber d e n s it y  and t e m p e ra t u re  r e a c h  m a g n eto sh eath  l e v e l s  s h o r t l y  

a f t e r  i t s  in n e r  edge i s  c r o s s e d ,  w h ile  th e  p la sm a  v e l o c i t y  i s  v a r i a b l e  

i n  b o th  m a g n itu d e and d i r e c t i o n .  The t h ic k n e s s  i s  v a r i a b l e ,  b u t i s  

g e n e r a l l y  'v 1 -2  Rg (Paschm ann e t  a l . ,  1 9 7 6 ) .  The m a g n e tic  f i e l d  in  

th e  e n t r y  l a y e r  shows la r g e - a m p lit u d e  f l u c t u a t i o n s ,  s i m i l a r  i n  m a g n itud e  

to  th o s e  i n  th e  m a g n e to sh e a th , and a ls o  shows a g r a d u a l t a i l w a r d  b e n d in g  

( i . e . ,  Ag goes i n c r e a s i n g l y  n e g a t iv e  i n  F ig u r e  2 . 4 ) .
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F ig u r e  2 . 4 .  HEOS 2 p a s s  th ro u g h  th e  
e n t r y  l a y e r  (Paschm ann e t  a l . ,  1 9 7 6 ) .

IMP 6 h a s a ls o  o b s e rv e d  th e d i s t a n t  p o l a r  c u sp  a t  t im e s  o f  

d is t u r b e d  m a g n e tic  a c t i v i t y  ( F a i r f i e l d  and H ones, 1 9 7 8 ) .  The p r o p e r t i e s
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o f  th e  f lo w  i n  t h i s  r e g io n  s u g g e s te d  t u r b u le n c e  and an e x a m in a tio n  o f  

th e  p la sm a  f lo w  down th e  c u sp  f i e l d  l i n e s  a t  i t s  l o w - l a t i t u d e  edge a ls o  

r e v e a le d  f lo w s  w h ich  w ere a c c e le r a t e d  i n  c o m p a riso n  w it h  th e  m agneto­

s h e a t h .

2 . 2 . 3  The f r o n t s i d e  m a g n eto sp h ere

A t lo w e r d a y s id e  l a t i t u d e s ,  th e  c h a r a c t e r i s t i c s  o f  th e  b o u n d a ry  

l a y e r  d i f f e r  fro m  th o s e  o f  th e  e n t r y  l a y e r ,  and t h e r e f o r e  a new name 

was in t r o d u c e d  f o r  t h i s  r e g io n :  th e  low  l a t i t u d e  b o u n d a ry  l a y e r .

HEOS 2 sam p led  t h i s  r e g io n  a t  r e l a t i v e l y  h ig h  (GSM) l a t i t u d e s  and a 

s u r v e y  r e v e a le d  th e  f o l lo w in g  g e n e r a l c h a r a c t e r i s t i c s  (H a e re n d e l e t  a l . ,  

1 9 7 8 ) .  I t  c o n t a in s  a m ix t u re  o f  m a g n eto sh ea th  and m a g n e to s p h e ric  

p la s m a . F r e q u e n t ly ,  th e  d e n s it y  jum ps a b r u p t ly  a t  i t s  in n e r  and o u t e r  

e d g e , so t h a t  th e  d e n s it y  re m a in s  a t  a l e v e l  in t e r m e d ia t e  to  t h a t  

o b s e rv e d  i n  th e  a d ja c e n t  m agn eto sh eath  and m a g n e to sp h e re  r e g io n s .  The 

p la sm a  flo w  i s  more o r d e re d  th a n  i n  th e  e n t r y  l a y e r ,  and i s  o f t e n  i n  th e  

same d i r e c t i o n  as th e  e x t e r n a l  m a g n eto sh ea th  f lo w  b u t a lw a y s  a t  a re d u c e d  

m a g n itu d e . I t s  t h ic k n e s s  i s  v a r i a b l e ,  b u t on a v e ra g e  i t  i s  l e s s  th a n  

t h a t  o f  th e  e n t r y  l a y e r  and i t  does n o t show any p ro n o u n ce d  c o r r e l a t i o n  

w it h  IMF Bz . An i n t e r e s t i n g  d is c o v e r y  made b y  H a e re n d e l e t  a l . ( 1 978)  

was th e  o c c u r r e n c e  o f  t r a n s i e n t  ( o f  o r d e r  a m in u t e ) , la r g e - a m p lit u d e  

m a g n e tic  f i e l d  p e r t u r b a t io n s  i n  th e  l a y e r .  Many su ch  e v e n t s  showed 

s u b s t a n t i a l  in c r e a s e s  i n  f i e l d  s t r e n g t h  and an o r i e n t a t i o n  u n l i k e  t h a t  

fo u n d  i n  e i t h e r  th e  m ag n eto sh eath  o r  th e  m a g n e to sp h e re . F ig u r e  2 .5  

shows an exam ple i l l u s t r a t i n g  t h e s e  f e a t u r e s .  We w i l l  d is c u s s  and 

i n t e r p r e t  t h e s e  e v e n t s  more f u l l y  i n  C h a p t e r  6.

C ro o k e r  ( 1 9 7 7 )  p r e s e n t e d  E x p lo r e r  33 p la sm a  and m a g n e tic  f i e l d  d a ta  

o b t a in e d  i n  th e  d a y s id e  b o u n d a ry  l a y e r .  She c o n firm e d  t h a t  i t  i s  a 

p erm an en t f e a t u r e  o f  th e  f r o n t s i d e  m a g n eto sp h ere  f o r  a l l  IMF o r i e n t a t i o n s ,  

w it h  a t h ic k n e s s  £  1 Rg. She a ls o  fo u n d  t h a t  th e  p r e s s u r e  a n is o t r o p y  

o b s e rv e d  i n  th e  m a g n eto sh ea th  (p , > p M) i s  o n ly  p r e s e r v e d  i n  th e  b o u n d a ry  

l a y e r  i f  th e  IMF h a s a so u th w a rd  o r i e n t a t i o n .

Eastm an e t  a l .  ( 1 9 7 6 )  and Eastm an and Hones ( 1 9 7 9 )  p r e s e n t e d  r e s u l t s  

fro m  a s u r v e y  o f  IMP 6 t r a v e r s e s  th ro u g h  th e  low  l a t i t u d e  b o u n d a ry  l a y e r  

r e g io n .  They fo u n d  a more g r a d u a l t r a n s i t i o n  o f  p la sm a  p a ra m e te rs  

( d e n s i t y ,  t e m p e ra t u re  and f lo w  v e l o c i t y )  a c r o s s  th e  b o u n d a ry  l a y e r  th a n  

was e v id e n t  i n  th e  HEOS 2 d a ta  s e t .  H ow ever, s h a rp  d e n s it y  d ro p s a t  

th e  m agnetopause s u g g e s t iv e  o f  a d e ta c h e d  b o u n d a ry  l a y e r  r e g io n  w ere
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F ig .  2 . 5 .  HEOS 2 p a s s e s  th ro u g h  th e l o w - l a t i t u d e  
b o u n d a ry  l a y e r  (H a e re n d e l e t  a l . } 1 9 7 8 ) .
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s e e n  on o c c a s io n .  The b o u n d a ry  l a y e r  t h ic k n e s s  was fo u n d  to  be  

v a r i a b l e ,  b u t  g e n e r a l ly  i n  th e  ra n g e  ^  0 . 1 - 0 . 5  Rg w it h  a te n d e n c y  f o r  

l a r g e r  t h ic k n e s s e s  a t  h i g h e r  l a t i t u d e .  A g a in , no c o r r e l a t i o n  was 

a p p a re n t  w it h  th e  IMF Bz com ponent. F ig u r e  2 .6  shows a t y p i c a l  

exam ple o f  a c r o s s i n g  made b y  IMP 6 to  i l l u s t r a t e  th e  above f e a t u r e s .

The most r e c e n t  o b s e r v a t io n s  o f  th e  low  l a t i t u d e  b o u n d a ry  l a y e r  

h a v e  b een  made w it h  th e  h ig h  tim e  r e s o l u t i o n  in s t r u m e n t a t io n  on b o a rd  

th e  IS E E  1 and 2 s p a c e c r a f t  ( e . g . ,  Paschmann e t  a l . ,  1 978;  F ra n k  e t  

a l . ,  1 978;  S cko pke e t  a l . ,  1981;  C o w le y , 1982;  Hones e t  a l . ,  1982;  

H ones, 1983;  S a u n d e rs , 1983;  Eastm an e t  a l . ,  1 9 8 2 ) .  Paschm ann e t  

a l .  ( 1 9 7 8 )  fo u n d  t h a t  i t  i s  o f t e n  c h a r a c t e r iz e d  by a s h a rp  d ro p  i n  

d e n s it y  and te m p e ra t u re  b o th  a t  th e  m agnetopause and a t  i t s  in n e r  edge. 

I t s  e x t e n t  i s  h i g h l y  v a r i a b l e ,  p a r t l y  r e s u l t i n g  from  n o n -u n if o rm  m o tio n s  

o f  th e  m agn eto p au se, p a r t l y  from  te m p o ra l a n d /o r  s p a t i a l  f l u c t u a t i o n s .  

D u r in g  p e r io d s  o f  so u th w a rd  m a g n eto sh eath  f i e l d ,  i s o l a t e d  p u ls e s  o f  

m a g n e t o s h e a t h -lik e  p la sm a  a re  commonly o b s e rv e d  i n s i d e  th e  m agn eto p au se, 

f e a t u r e s  r e f e r r e d  to  a s  " i n c l u s i o n  e v e n t s "  by Paschmann e t  a l .  ( 1 9 7 8 ) .  

A l s o ,  b r i e f  b u r s t s  o f  en h anced  p la sm a  f lo w s  may be o b s e rv e d  a t  t im e s  a t  

th e  m agn eto p au se. S cko pke e t  a l .  ( 1 9 81 )  made an e x t e n s iv e  s t u d y  o f  one  

p a r t i c u l a r  c r o s s i n g  w h ich  o c c u r r e d  on th e  dawn f l a n k .  P lasm a and f i e l d  

d a ta  fro m  t h i s  c r o s s i n g  a re  re p ro d u c e d  i n  F ig u r e  2 . 7 .  T hey i d e n t i f i e d  

f o u r  p la s m a  r e g io n s  on t h i s  p a s s :  th e  m ag n eto sh eath  ( r e g io n  4 ) ,  th e  h o t  

and d i l u t e  r i n g  c u r r e n t  ( r e g io n  1) and two r e g io n s  w it h  d e n s i t i e s  and 

t e m p e ra t u re s  in t e r m e d ia t e  t o  t h e s e  two r e g i o n s ,  th e  b o u n d a ry  l a y e r  

p r o p e r  ( r e g io n  3 ) and th e  h a lo  ( r e g io n  2 ) .  The l a t t e r  two r e g io n s  

r e c u r  q u a s i - p e r i o d i c a l l y  i n  th e  d a t a , w it h  a d u r a t io n  o f  a few  m in u te s .

Hones e t a l .  ( 1 9 8 2 )  and Hones ( 1 9 8 3 )  in v e s t ig a t e d  th e  m a g n e tic  

s t r u c t u r e  o f  th e b o u n d a ry  l a y e r  on th e  f la n k s  o f  th e  m a g n e to sp h e re .

They r e p o r t e d  s e v e r a l  in s t a n c e s  o f  t a i l w a r d  d r a p in g  o f  th e  m a g n e tic  

f i e l d  i n  th e  b o u n d a ry  l a y e r ,  an o r i e n t a t i o n  w h ich  s u g g e s t s  t h a t  th e  h ig h -  

l a t i t u d e  segm ents o f  th e  b o u n d a ry  l a y e r  f i e l d  l i n e s  a r e  p u l l e d  t a ilw a .rd  

f a s t e r  th a n  t h e i r  e q u a t o r ia l  seg m e n ts. They r e f e r  to  t h i s  f e a t u r e  as  

r e v e r s e  d r a p in g .  T a ilw a r d  d r a p in g  o f  th e  f i e l d  was a ls o  o b s e rv e d  

d u r in g  some o f  th e  b o u n d a ry  l a y e r  p u ls e s  o b s e rv e d  by S cko pke e t  a l .

( 1 9 81 )  ( F ig u r e  2 . 7 ) .

2 . 2 . 4  E le c t r o n  o b s e r v a t io n s

The d is c u s s io n  above o f  b o u n d a ry  l a y e r  p r o p e r t i e s  was m a in ly  i n  th e
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l i g h t  o f  o b s e r v a t io n s  o f  p la sm a  p a ra m e te rs  d o m in ated  by th e  c o n t r ib u t io n  

o f  p r o t o n s .  The e x is t e n c e  o f  a t r a n s i t i o n  r e g io n  betw een t h e  o u t e r  

m a g n eto sp h ere and th e  m ag n eto sh ea th  h a s b een  c o n firm e d  on th e  b a s i s  o f  

e l e c t r o n  d a t a .  O b s e r v a t io n a l d a ta  h a ve e s t a b l is h e d  t h a t  t h e r e  i s  a 

l a y e r  o f  e n e r g e t ic  e le c t r o n s  (E > 20 keV ) o v e r  most o f  th e  m a g n e to s p h e ric  

s u r f a c e ,  w h ic h  l i e s  p r i m a r i l y  o u t s id e  th e  m agnetopause ( e . g . ,  Meng and 

A n d e rso n , 1970,  1 975 ;  B a k e r and S to n e , 1 9 7 7 a ,  b ,  1978;  Domingo e t  a l . ,  

1 9 7 8 ) .  E n e r g e t ic  e le c t r o n s  h a ve a ls o  b een  o b s e rv e d  i n s i d e  th e  m agneto­

p a u s e , i n  a s s o c i a t i o n  w it h  th e  b o u n d a ry  l a y e r .  P a lm e r and Hones ( 1 978)  

s t u d ie d  th e  c h a r a c t e r i s t i c s  o f  e n e r g e t ic  e le c t r o n s  i n  th e  m a g n e t o t a il  

b o u n d a ry  l a y e r  a t  th e  V e la  o r b i t .  They u se d  th e  d i r e c t i o n a l  a n is o t r o p y  

o f  th e  e l e c t r o n  f lu x e s  to  i n f e r  w h e th e r th e  b o u n d a ry  l a y e r  i s  on c lo s e d  

o r  open f i e l d  l i n e s ,  and fo u n d  e v id e n c e  f o r  b o t h . L u n d in  e t  a l . ( 1982)  

r e p o r t  t h a t  th e  e l e c t r o n  s p e c t r a  i n  th e  p la sm a  m a n tle  a re  g e n e r a l l y  

s i m i l a r  to  th o s e  i n  th e  a d ja c e n t  m a g n e to sh e a th , a lth o u g h  l o c a l l y  a 

h ig h e r  e n e rg y  com ponent may be fo u n d . A lo n g  th e  f l a n k s ,  h o w e v e r, th e  

s p e c t r a  d e v ia t e  s i g n i f i c a n t l y ,  p o s s i b l y  a s a r e s u l t  o f  e le c t r o n s  b e in g  

a c c e le r a t e d  o u t o f  th e  io n o s p h e re .

HEOS 2 low e n e rg y  (1 0  eV - 4 keV ) e l e c t r o n  d a ta  h ave b een  u se d  to  

s t u d y  th e  h ig h  l a t i t u d e  b o u n d a ry  l a y e r  (B a v a s s a n o -C a t t a n e o  and F o rm isa n o ,  

1978;  F o rm isa n o  and B a v a s s a n o -C a t t a n e o , 1978;  F o rm isa n o , 1 9 8 0 ) .

E le c t r o n  s p e c t r a  th ro u g h o u t th e  cu sp  (down to  'v 2 - 3  R g ) , and i n  th e  e n t r y  

l a y e r  and p la sm a  m a n tle  a re  fo u n d  to  be s i m i l a r  to  th o se  i n  th e  m agneto­

s h e a th  ( i . e . ,  c o o l e l e c t r o n s ,  w it h  E 100 e V ) . A t lo w e r l a t i t u d e s ,  a 

somewhat w arm er (E 'v. 1 0 0 -3 0 0  eV) e l e c t r o n  p o p u la t io n  was fo u n d , i n  a 

l a y e r  o f  v a r i a b l e  t h ic k n e s s  c l o s e  to  th e  m agnetopause w h ich  te n d e d  to  be  

t h i c k e r  (up to  a, 1 Rg) to w a rd s  th e  f l a n k s .  Paschm ann e t  a l . ( 1 9 7 6 )  u sed  

e n e r g e t ic  e l e c t r o n  (E > few  keV ) o b s e r v a t io n s  to  i n f e r  t h a t  p a r t  o f  th e  

e n t r y  l a y e r  i s  on c lo s e d  f i e l d  l i n e s  ( s e e  F ig u r e  2 . 4 ) .

H a e re n d e l e t  a l .  C1978) r e p o r t e d  t h a t  th e  e l e c t r o n  s p e c t r a  i n  th e  

low  l a t i t u d e  b o u n d a ry  l a y e r  a re  in t e r m e d ia t e  to  t h o s e  i n  th e  m agn eto sheath  

and m a g n e to sp h e re , b u t c l o s e r  to  th e  fo rm e r. Eastm an e t  a l . ( 1 9 7 6 )  and 

Eastm an and Hones (1 9 7 9 ) c o n firm e d  fro m  IMP 6 d a t a  t h a t  th e  e l e c t r o n  

s p e c t r a  i n  th e  d a y s id e  b o u n d a ry  l a y e r  and on th e  f la n k s  o f  th e  m agneto­

s p h e re  a re  s i m i l a r  to  th o s e  i n  th e  m agn eto sh eath  (s e e  F ig u r e  2 . 6 ) .  They  

a rg u e d  t h a t  t h i s  s i m i l a r i t y  in d i c a t e s  t h a t  th e  m agn eto sh eath  i s  th e  s o u r c e  

o f  th e  b o u n d a ry  l a y e r  p la sm a  and t h a t  th e  e n t r y  p o in t  i s  c l o s e  to  th e  

p o in t  o f  o b s e r v a t io n .  They a ls o  i n f e r r e d  from  th e  p a n c a k e -s h a p e d  ( i . e . ,
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t r a p p e d ) e le c t r o n  d i s t r i b u t i o n s  t h a t  th e  b o u n d a ry  l a y e r  i s  n o r m a lly  

on c lo s e d  f i e l d  l i n e s .  R e ce n t o b s e r v a t io n s  fro m  IS E E  1 and 2 and from  

GEOS 2 h a v e  a ls o  shown th e  p r e s e n c e  o f  e n e r g e t ic  e l e c t r o n s ,  b o th  i n s i d e  

and o u t s id e  th e  m agnetopause [s e e  s e c t io n  2 . 3 . 5  and C h a p t e r  3 ) .

2 . 2 . 5  B o un dary l a y e r  c o m p o s it io n

From i t s  th e rm a l p r o p e r t i e s  i t  h a s lo n g  been i n f e r r e d  t h a t  th e  

p la sm a  i n  th e  b o u n d a ry  l a y e r  c o n t a in s  a com ponent o f  b o th  s o l a r  w ind  

and o f  m a g n e to s p h e ric  o r i g i n .  P lasm a c o m p o s it io n  e x p e rim e n ts  h ave  

s in c e  c o n firm e d  t h i s  p i c t u r e .  They h a ve a ls o  shown t h a t  t h e r e  i s  

s t r o n g  e v id e n c e  f o r  p r o c e s s e s  ( e . g . ,  i n  t h e  io n o s p h e re  and a t  th e  

m agn eto p au se) le a d in g  t o  h e a t in g  a n d /o r  a c c e l e r a t i o n  o f  th e  c o ld  

com ponent o f  r a a g n e t o s p h e r ic / io n o s p h e r ic  p la sm a  and t h a t  c o n s e q u e n t ly  

p la sm a  o f  i n t e r n a l  o r i g i n  makes a b ig g e r  c o n t r ib u t io n  th a n  was 

o r i g i n a l l y  th o u g h t.

In  th e  s o l a r  w in d , th e  dom inant io n  s p e c ie s  a re  H+ and He+ + , w h ile  

th e  m a g n e to s p h e ric  p la sm a  c o n s i s t s  p r i m a r i l y  o f  H+ , He+ and 0+ , w it h  

He+ d e n s e r  th a n  0 + i n  th e  p la s m a s p h e re  and p o l a r  w ind  and 0 + d e n s e r  

th a n  He+ i n  most o t h e r  m a g n e to s p h e ric  r e g io n s  ( e . g . ,  p la sm a  s h e e t ,  r i n g  

c u r r e n t ,  t a i l  lo b e s ,  a u r o r a l  a c c e l e r a t i o n  r e g i o n s ) .  The p r e s e n c e  o f  

e i t h e r  He+ o r  0+ i n  th e  b o u n d a ry  l a y e r  i n  s u b s t a n t i a l  q u a n t i t i e s  

t h e r e f o r e  in d i c a t e s  p la sm a  o f  m a g n e t o s p h e r ic / io n o s p h e r ic  o r i g i n .

H ard y e t  a l .  ( 1 9 7 7 )  t e n t a t i v e l y  i d e n t i f i e d  th e  p r e s e n c e  o f  0 + i n  th e  

lo b e  p la s m a . Lundin- e-t a l . ( 1 9 82 )  h a ve r e p o r t e d  PROGNOZ 7 io n  

c o m p o s it io n  m easurem ents o b t a in e d  i n  th e  p la sm a  m a n tle . They r e p o r t  

u n u s u a lly  h ig h  0 + f l u x  l e v e l s  on th e  f la n k s  and t h e i r  r e s u l t s  in d i c a t e  

a s u b s t a n t i a l  io n o s p h e r ic  c o n t r ib u t io n .  Io n  c o m p o s it io n  m easurem ents  

h a ve a ls o  been o b t a in e d  i n  th e  low l a t i t u d e  b o u n d a ry  l a y e r  n e a r  l o c a l  

noon (L u n d in  e t  a l . ,  1982;  S h e l le y  e t  a l . ,  1978;  P e t e rs o n  e t  a l . ,  1982;  

S o nn eru p e t  a l . ,  1 9 8 1 ) .  T h ese d a ta  show th e  p r e s e n c e  o f  a s o l a r  w ind  

and m a g n e to s p h e ric  io n  com ponent a t  th e  m agnetopause and i n  th e  a d ja c e n t  

m ag n eto sh eath  and b o u n d a ry  l a y e r ,  w it h  He+ dom inant o v e r  0 + , s u g g e s t in g  

a p la s m a s p h e re  s o u r c e  f o r  th e  m a g n e to s p h e ric  com ponent ( e . g . ,  Freem an  

e t a l . ,  1977;  Cowl ey ,  1 9 8 0 ) .  A l l  t h e s e  o b s e r v a t io n s  s e r v e  to  

i l l u s t r a t e  t h a t  th e  b o u n d a ry  l a y e r  may be fe d  by keV io n s  o f  m agneto­

s p h e r i c / i o n o s p h e r i c  o r i g i n ,  e . g . ,  d i r e c t l y  from  th e  io n o s p h e re  o r  as a 

r e s u l t  o f  a c c e l e r a t i o n  p r o c e s s e s  i n  th e  m agnetopause l a y e r .
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2 . 2 . 6  L o w - a lt it u d e  s ig n a t u r e  o f  th e  b o u n d a ry  l a y e r

P ro to n  m easurem ents i n  th e  l o w - a l t i t u d e  c u s p  a re  fo und  to  show an 

e n e r g y - la t it u d e  d i s p e r s i o n  ( e . g . ,  R e i f f  e t  a l . ,  1 9 7 7 )  and s e v e r a l  t y p e s  

o f  s ig n a t u r e  h a v e  been d is t in g u i s h e d .  The s ig n a t u r e s  a re  c o n s is t e n t  

w it h  r e c o n n e c t io n  and d i f f u s i o n  as th e  p r i n c i p a l  s o u r c e  m echanism s f o r  

th e  d a y s id e  b o u n d a ry  l a y e r  ( e . g . ,  S h e l le y  e t  a l . ,  1976;  R e i f f  e t  a l . ,  

1 977;  R e i f f ,  1979;  B u rch  e t  a l . ,  1 9 8 0 ) .  The fo rm e r may be more 

im p o rt a n t  i n  term s o f  th e  in s t a n t a n e o u s  i n j e c t i o n  r a t e  o f  p la sm a  d u r in g  

so u th w a rd  IMF ( R e i f f  e t  a l . ,  1 9 7 7 )  and e v id e n c e  f o r  th e  e n e r g iz a t io n  

e x p e c te d  to  accom pany r e c o n n e c t io n  ( s e c t i o n  2 . 3 )  h a s a ls o  b een  i n f e r r e d  

from  th e  o b s e rv e d  p ro t o n  d i s t r i b u t i o n s  ( H i l l  and R e i f f ,  1 9 7 9 ) .

H ow ever, th e  e x a c t  l o c a t io n  o f  th e  r e c o n n e c t io n  s i t e  h a s n o t b een  p in n e d  

down from  t h e s e  m easurem ents (B u rc h  e t  a l . ,  1982;  R e i f f ,  1 9 8 4 ) .

2 . 2 . 7  L o c a t io n  o f  e n t r y  and s o u r c e  m echanism s

The b o u n d a ry  l a y e r  h a s b een  in v e s t ig a t e d  i n  d i f f e r e n t  l o c a t i o n s  and  

w it h  d i f f e r e n t  in s t r u m e n t a t io n  (w it h  d i f f e r e n t  tim e  r e s o l u t i o n )  and i t  

i s  t h e r e f o r e  n o t s u r p r i s i n g  t h a t  i t s  p r o p e r t i e s  a r e  fo und  t o  v a r y .

T h is  i n  t u r n  h a s le d  to  a v a r i e t y  o f  s o u r c e  m echanism s and l o c a t i o n s  o f  

e n t r y  b e in g  p o s t u la t e d  f o r  th e  b o u n d a ry  l a y e r ,  w h ic h  may be b r i e f l y  

sum m arised  as f o l l o w s .

M a g n e t o t a il  b o u n d a ry  l a y e r . V a r io u s  a u t h o rs  h a ve s u g g e s t e d  t h a t  

t h i s  b o u n d a ry  l a y e r  r e g io n  r e s u l t s  from  d i f f u s i v e  p e n e t r a t io n  o f  m agneto­

s h e a th  p la sm a  a c r o s s  th e  m a g n eto p au se, w it h  a s u b se q u e n t t a i l w a r d  

t r a n s p o r t  o f  c lo s e d  f l u x  tu b e s  a lo n g  th e  f l a n k s  i n  a m anner s i m i l a r  to  

t h a t  o r i g i n a l l y  s u g g e s t e d  b y A x fo rd  and H in e s  ( 1 9 6 1 )  ( e . g . ,  Hones e t  a l . ,  

1972 ;  Eastm an and H ones, 1979;  P a lm e r and H o nes, 1 9 7 8 ) .

P lasm a m a n tle  and lo b e  p la s m a . I t  i s  g e n e r a l l y  a g re e d  t h a t  th e  

p la sm a  m a n tle  i s  on open f i e l d  l i n e s .  In  th e  r e c o n n e c t io n  m o d el, th e  

p r im a r y  s o u r c e  o f  th e  p la sm a  m a n tle  i s  th e  m a g n e to sh e a th , e n t e r in g  th e  

m a g n eto sp h ere on th e  d a y s id e  and s u b s e q u e n t ly  b e in g  m ir r o r e d  and t r a n s ­

p o rt e d  a c r o s s  th e  c u s p s  in t o  th e  t a i l  by a c o n v e c t io n  e l e c t r i c  f i e l d .

The c o n v e c t io n  e l e c t r i c  f i e l d  i s  a f u n c t io n  o f  th e  IMF o r i e n t a t i o n ,  w h ich  

e x p la in s  th e  c o r r e l a t i o n  o f  t h ic k n e s s  w it h  th e  IMF ( e . g . ,  C o w l e y ,  1980  

and r e f s ,  t h e r e i n ) .  D i r e c t  e n t r y  a c r o s s  th e  t a i l  m agnetopause may a ls o  

p la y  a p a r t ,  a lt h o u g h  d e n s it y  gaps a t  th e  m agnetopause (R o se n b a u e r e t  a l . ,  

1 975)  show t h a t  a t  t im e s  th e  b o u n d a ry  fo rm s an e f f e c t i v e  b a r r i e r  l o c a l l y ,
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p r e v e n t in g  p e n e t r a t io n .  The o b s e r v a t io n s  o f  L u n d in  e t  a l .  ( 1 9 8 2 )  show 

a ls o  t h a t  io n s  a c c e le r a t e d  o u t o f  th e  io n o s p h e re  p la y  a m a jo r p a r t  i n  

th e  fo rm a t io n  o f  th e  m a n tle .

The c o r r e l a t i o n  o f  th e  lo b e  p la sm a  t h ic k n e s s  w it h  th e  IMF h a s le d  

to  th e  s u g g e s t io n  t h a t  i t  i s  th e  t a i l w a r d  e x t e n s io n  o f  th e  p la sm a  m a n tle ,  

and h e n ce  on open f i e l d  l i n e s  ( e . g . ,  H ard y e t a l . ,  1 9 7 5 ) .  I t  may a ls o  

p a r t l y  be th e  r e s u l t  o f  c lo s e d  f l u x  tu b e s  t r a n s p o r t e d  d o w n t a il ( e . g . ,  

P a lm e r and H ones, 1 9 7 8 ) .

E n t r y  l a y e r . I n i t i a l l y  i t  was th o u g h t t h a t  m a g n eto sh ea th  p la sm a  

c o u ld  e n t e r  d i r e c t l y  in t o  th e  c u s p s ,  b u t s u b s e q u e n t ly  t h i s  id e a  h a s  b een  

r e p la c e d  w it h  more c o m p lic a t e d  e n t r y  m echan ism s. Some cu sp  o b s e r v a t io n s  

h ave b een  in t e r p r e t e d  i n  term s o f  a c lo s e d  m odel m a g n e to sp h e re , i n  w h ich  

m a g n eto sh ea th  p la sm a  p o p u la t e s  th e  e n t r y  l a y e r  by d i f f u s i n g  a c r o s s  th e  

m agn eto p au se, e . g . ,  as th e  r e s u l t  o f  th e  K e lv in - H e lm h o lt z  i n s t a b i l i t y  

(H ansen e t  a l . ,  1976;  Paschmann e t  a l . ,  1 9 7 6 ) .  O th e r a u t h o rs  h a v e  

p r e f e r r e d  an i n t e r p r e t a t i o n  i n  term s o f  a c o m b in a tio n  o f  d i f f u s i o n  and  

r e c o n n e c t io n  ( e i t h e r  i n  th e  c u sp  r e g io n  o r  i n  th e  s u b s o la r  r e g i o n ) , 

a lt h o u g h  d i f f e r e n t  em p h a sis  i s  p la c e d  on th e  r e l a t i v e  im p o rta n c e  o f  th e  

two p r o c e s s e s  ( e . g . ,  F a i r f i e l d  and H o n es, 1978;  R e i f f  e t  a l . ,  1 9 7 7 ;  

H a e re n d e l e t  a l . ,  1978;  C ro o k e r ,  1 9 7 7 ) .

L o w - la t it u d e  b o u n d a ry  l a y e r . O b s e r v a t io n s  i n  t h i s  r e g io n  h a v e  

a ro u s e d  th e  must c o n t r o v e r s y  i n  term s o f  b o th  th e  s o u r c e  m echanism  and 

l o c a t i o n  o f  e n t r y .  The HEOS 2 o b s e r v a t io n s  s u g g e s t  t h a t  i t  i s  lo c a t e d  

on c lo s e d  f i e l d  l i n e s  (H a e re n d e l e t  a l . ,  1 9 7 8 ) .  A lth o u g h  th e  e n t r y  

m echanism  was l e f t  u n s p e c i f i e d ,  th e  p la t e a u e d  d e n s i t i e s  s u g g e s t e d  a 

n o n - lo c a l  e n t r y  p r o c e s s .  The c u sp  r e g io n  was s u g g e s t e d  as th e  m ain  

p o in t  o f  e n t r y  o f  m a g n eto sh eath  p la s m a , th e  e n t r y  m echanism  b e in g  a 

t u r b u le n t  d i f f u s i o n  p r o c e s s  w it h  t r a n s i e n t  r e c o n n e c t io n  i n  th e  c u s p s  as  

a p o s s i b l e  b y - p r o d u c t  ( e . g . ,  Paschm ann e t  a l . ,  1976;  H a e re n d e l,  1978;  

H a e re n d e l e t a l . , 1 9 7 8 ) .  On th e  b a s i s  o f  IMP 6 d a t a ,  i t  was s u g g e s t e d  

t h a t  th e  d a y s id e  b o u n d a ry  la y e r  i s  p o p u la t e d  p r i m a r i l y  by m agn eto sh eath  

p la s m a , and t h a t  i t  i s  lo c a t e d  p re d o m in a n t ly  on c lo s e d  f i e l d  l i n e s .

E n t r y  o c c u r s  v i a  ( s p o r a d i c )  l o c a l  d i f f u s i o n  a c r o s s  th e  e n t i r e  f r o n t s i d e  

m a g n e to sp h e re , w it h  th e  t a i lw a r d  t r a n s p o r t  o f  c lo s e d  f l u x  tu b e s  a lo n g  

th e  f la n k s  le a d in g  to  th e  fo rm a t io n  o f  th e  m a g n e t o t a il b o u n d a ry  l a y e r  

( e . g . ,  Eastm an e t  a l . ,  1976;  Eastm an and H ones, 1 9 7 9 ) .  The 

s u b s t a n t i a l  c r o s s - f i e l d  component o f  th e  b o u n d a ry  l a y e r  p la sm a  on th e  

f la n k s  le d  Eastm an e t  a l .  ( 1 9 7 6 )  to  p o s t u la t e  th e  b o u n d a ry  l a y e r  as th e
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g e n e r a t o r  o f  th e  cu sp  and R e g io n  1 f i e l d - a l i g n e d  c u r r e n t  sy ste m s ( s e e  

a ls o  S o n n e ru p , 1 9 8 0 ) .

IS E E  o b s e r v a t io n s  o f  th e  lo w - l a t i t u d e  b o u n d a ry  l a y e r  h a v e  a ls o  

been in t e r p r e t e d  i n  term s o f  a c lo s e d  m odel m a g n eto sp h ere  ( e . g . ,

Eastm an e t  a l . ,  1 9 8 2 ) .  Scko pke e t  a l .  ( 1 9 81 )  e x p la in e d  th e  p u ls e d  

a p p e a ra n ce  o f  th e  b o u n d a ry  l a y e r  f o r  th e  p a s s  th e y  exam ined i n  term s o f  

th e  K e lv in - H e lm h o lt z  i n s t a b i l i t y  o p e r a t in g  a t  th e  in n e r  edge o f  th e  

b o u n d a ry  l a y e r .  F i n a l l y ,  Hones e t  a l . ( 1 982 )  a rg u e d  t h a t  t h e i r  

r e v e r s e  d r a p in g  s ig n a t u r e s  a re  c o n s is t e n t  w it h  h i g h - l a t i t u d e ,  d i f f u s i v e  

e n t r y  o f  p la sm a  and a ls o  a h i g h - l a t i t u d e  b o u n d a ry  l a y e r  s o u r c e  f o r  th e  

R e g io n  1 FAC (s e e  a ls o  Paschmann e t  a l . ,  1 9 7 6 ) .

P r i o r  to  th e  IS E E  m is s io n ,  th e  i n - s i t u  o b s e r v a t io n a l  e v id e n c e  f o r  

d a y s id e  r e c o n n e c t io n  c o u ld  a t  b e s t  be c o n s id e r e d  somewhat am b igu o us.

The h ig h - t im e  r e s o l u t i o n  in s t r u m e n t a t io n  o f  th e  IS E E  1 and 2 s a t e l l i t e s  

h a s ,  h o w e v e r, changed t h i s  s i t u a t i o n  as w i l l  be d is c u s s e d  i n  th e  n e x t  

p a r t  o f  t h i s  c h a p t e r .

2 .3  I n - s i t u  E v id e n c e  f o r  R e c o n n e c t io n

2 . 3 . 1  The r e c o n n e c t io n  model

R e c o n n e c t io n  h a s two im p o rt a n t  c o n s e q u e n c e s . F i r s t l y ,  i t  ch a n g es  

th e  t o p o lo g y  o f  th e  m a g n e tic  f i e l d  and , s e c o n d ly ,  i t  r e s u l t s  i n  a 

c o n v e r s io n  o f  e le c t r o m a g n e t ic  f i e l d  e n e rg y  in t o  p la sm a  e n e rg y  ( u s u a l l y  

a c o m b in a t io n  o f  in c r e a s e d  th e rm a l e n e rg y  and a c c e le r a t e d  f l o w s ) . As 

y e t ,  t h e r e  i s  no g e n e r a l r e c o n n e c t io n  m odel w h ic h  p r e d i c t s  and t r e a t s  

a l l  a s p e c t s  o f  th e  m a g n e tic  f i e l d  s t r u c t u r e  and p la sm a  p r o p e r t i e s  

e x i s t i n g  a t  th e  b o u n d a ry  betw een two m a g n etize d , c o l l i s i o n - f r e e  p la s m a s ,  

i . e . ,  th e  d a y s id e  m agnetopause i n  th e  m a g n e to s p h e ric  c o n t e x t  ( s e e ,  e . g . ,  

re v ie w s  by S o n n e ru p , 1 9 7 9 a , b ;  V a s y l iu n a s ,  1975;  C o wl e y ,  1 9 8 0 , 1 9 8 2 ) .  

H ow ever, f o l lo w in g  w ork done by P e t s c h e c k  ( 1 9 6 4 ) ,  Levy e t  a l . ( 1964 )  

d e s c r ib e d  a r e c o n n e c t io n  m odel w h ich  q u a l i t a t i v e l y  t r e a t s  th e  a sy m m e tric  

p la sm a  c o n d it io n s  a t  th e  d a y s id e  m agn etopause, i . e . ,  a c o o l ,  den se  

p la sm a  on th e  one s id e  (t h e  m a g n e to sh e a th ) and a h o t ,  d i l u t e  p la sm a  on 

th e  o t h e r  s id e  (t h e  m a g n e to s p h e re ). T h is  m o d el, w h ich  i s  th e  one 

u s u a l l y  a d o p te d  to  com pare s a t e l l i t e  o b s e r v a t io n s  w it h  ( e . g . ,  S o n n e ru p ,  

1 9 8 1 ) ,  i s  p i c t u r e d  s c h e m a t ic a l ly  i n  F ig u r e  2 . 8 .  T h is  f i g u r e  shows th e  

t w o -d im e n s io n a l geom etry and t im e -in d e p e n d e n t  e le c t r o m a g n e t ic  f i e l d  

c o n f ig u r a t io n  e x p e c te d  f o r  r e c o n n e c t io n  o c c u r r in g  i n  th e  s u b s o la r



64

HP BL

F ig u r e  2 . 8 .  D a y s id e  r e c o n n e c t io n  
c o n f ig u r a t io n  (S o n n e ru p  e t  a l . ,  1 9 8 1 ) .

r e g io n ,  w it h  th e  e x t e r n a l  (m a g n e to sh e a th ) and i n t e r n a l  (m a g n e t o s p h e ric )  

f i e l d s  a n t i p a r a l l e l  to  each  o t h e r ,  i . e . ,  due s o u th  and n o rt h  

r e s p e c t i v e l y .  As a r e s u l t  o f  r e c o n n e c t io n ,  th e  m a g n eto sh ea th  and 

m a g n e to s p h e ric  f i e l d  l i n e s  a re  c o n n e c te d  to each  o t h e r  a c r o s s  th e  

m agnetopause la y e r  (shown s h a d e d ).  The l i n e s  and S 2 (w h ic h  form  

s u r f a c e s  i n  3 -D ) s e p a r a t e  th e  r e s u l t i n g  open f i e l d  l i n e s  from  th e  

e x t e r n a l  and i n t e r n a l  u n re c o n n e c t e d  f i e l d  l i n e s  and a re  r e f e r r e d  to  as  

s e p a r a t r i c e s , The p o in t  ( l i n e  i n  3 -D ) o f  i n t e r s e c t i o n  betw een th e  two 

s e p a r a t r i c e s  and S 2 fo rm s th e  a c t u a l  r e c o n n e c t io n  s i t e  and i s  known 

as th e  r e c o n n e c t io n  l i n e  ( o r  s e p a r a t o r  o r  X - l i n e ) .  The r e g io n  

s u r r o u n d in g  th e  r e c o n n e c t io n  l i n e  i n  w h ic h  th e  b re a k -d o w n  o f  th e  f r o z e n -  

i n  c o n d it io n  o c c u r s  ( i . e . ,  w here r e s i s t i v e  e f f e c t s  become im p o rt a n t )  i s  

term ed  th e  d i f f u s i o n  r e g io n .  The d i f f u s i o n  r e g io n ,  w h ic h  i n  th e  

m a g n e to s p h e ric  c o n t e x t  i s  e x p e c te d  to  be s m a ll CS 1000 k m ) , i s  

s u rro u n d e d  by th e  much l a r g e r  c o n v e c t io n  r e g io n  i n  w h ich  th e  f r o z e n - i n
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e q u a t io n  i s  a p p l i c a b l e .  A ls o  i n  th e  m o d el, two s t a n d in g  w aves emerge 

from  th e  d i f f u s i o n  r e g io n .  The e x t e r n a l  s t a n d in g  wave i s  an 

in t e r m e d ia t e  ( l a r g e - s c a l e  A lf v d n )  wave and i s  i d e n t i f i e d  w it h  th e  

m agn eto p au se. The i n t e r n a l  s t a n d in g  wave i s  a s lo w  mode e x p a n s io n  

wave and i s  e x p e c te d  to  c o in c i d e  a p p ro x im a t e ly  w it h  th e  in n e r  edge o f  

th e  b o u n d a ry  l a y e r .  The b o u n d a ry  l a y e r  i n  t h i s  m odel i s  lo c a t e d  

e n t i r e l y  on open f i e l d  l i n e s .

We s h a l l  now lo o k  a t  some IS E E  o b s e r v a t io n s  w h ich  i l l u s t r a t e  

v a r io u s  f e a t u r e s  o f  th e  m odel i n  F ig u r e  2 .8  and w h ich  p r o v id e  s t r o n g  

e v id e n c e  f o r  th e  o c c u r r e n c e  o f  q u a s i- s t e a d y  d a y s id e  r e c o n n e c t io n  i n  

th e  s u b s o la r  r e g io n  i n  th e  m anner o r i g i n a l l y  e n v is a g e d  by Dungey ( 1 9 61 )  

and Levy e t  a l . ( 1 9 6 4 ) .

2 . 3 . 2  M a g n e tic  s t r u c t u r e  o f  th e  m agnetopause

S im p le  MHD t h e o r y  p r e d i c t s  t h a t  th e  m agnetopause i n  an open f i e l d  

model m a g n e to sp h e re  s h o u ld  h a ve th e  s t r u c t u r e  o f  a r o t a t i o n a l  

d i s c o n t i n u i t y ,  f o r  th e  s im p le  re a s o n  t h a t  t h i s  i s  th e  o n ly  MHD 

d i s c o n t i n u i t y  w h ich  a llo w s  a f i n i t e  no rm al f i e l d  com ponent a s w e ll  as  

an a r b i t r a r y  change i n  a n g le  o f  th e  t a n g e n t ia l  f i e l d  com ponent a c r o s s  

i t  ( e . g . ,  Landau and L i f s h i t z ,  1 9 6 0 ) .  In  th e m a g n e tic  f i e l d  d a t a ,  a 

r o t a t i o n a l  d i s c o n t i n u i t y  i s  c h a r a c t e r iz e d  by th e  f o l lo w in g  f e a t u r e s :

(1 )  th e  m a g n e tic  f i e l d  com ponent p e r p e n d i c u l a r l y  o u tw a rd  fro m  th e  

m agn eto p au se, BN , h a s  a f i n i t e ,  n o n -z e r o  v a lu e .  In s p e c t io n  o f  

F ig u r e  2 .8  w i l l  show t h a t  h a s a n e g a t iv e  ( p o s i t i v e )  v a lu e  f o r  a 

s a t e l l i t e  c r o s s i n g  w h ich  o c c u r s  above (b e lo w ) th e  r e c o n n e c t io n  l i n e ;

( 2 )  p r o v id e d  th e  p r e s s u r e  re m a in s  i s o t r o p i c  ( e . g . ,  H udson, 1 9 7 0 ) ,  th e  

m a g n itu d e o f  th e  t a n g e n t ia l  f i e l d  com ponent s t a y s  c o n s t a n t  as th e  

m a g n e tic  f i e l d  r e v e r s e s  i n  d i r e c t i o n  a c r o s s  th e  m agn eto p au se.

F o r  r e a s o n a b le  r e c o n n e c t io n  r a t e s  th e  m a g n itud e o f  B^ i s  e x p e c te d  

to  be a few n a n o t e s la s ,  i . e . ,  an o r d e r  o f  m ag n itu d e s m a l le r  th a n  th e  

t a n g e n t ia l  com ponent ( e . g . ,  Yang and S o n n e ru p , 1 977 ;  C o wl e y ,  1 9 8 2 ) .

T h is  s m a ll v a lu e  o f  B̂ j t h e r e f o r e  r e q u i r e s  an a c c u r a t e  d e t e r m in a t io n  o f  

th e  d i r e c t i o n  o f  th e  o u tw a rd  n o rm a l to  th e  m agn eto p au se, N. F o r  a 1-D  

m agnetopause model ( i . e . ,  no la r g e  a t t i t u d e  v a r i a t i o n s ) ,  th e  r e l a t i o n  

V.I3 = 0 r e q u ir e s  t h a t  B^ s h o u ld  re m a in  c o n s t a n t  a c r o s s  th e  m agp eto p ause. 

H ow ever, i n  p r a c t i c e  i t  i s  no t p o s s i b l e  to  d e te rm in e  a d i r e c t i o n  w h ich  

a llo w s  fo r- a s t r i c t L y  c o n s t a n t  Bn , so  t h a t  th e  d i r e c t i o n  w h ich  y i e l d s
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minimum v a r ia n c e  f o r  Bjsj, N3 , i s  u se d  as an a p p ro x im a t io n  to  th e  a c t u a l
A A

m agnetopause n o rm a l, N. The d i r e c t i o n  o f  N_3 i s  d e te rm in e d  b y  a 

t e c h n iq u e  known a s minimum v a r ia n c e  a n a l y s i s  (s e e  A p p e n d ix  B f o r  more 

d e t a i l s ) .

T a b le  1 su m m a rise s th e  r e s u l t s  o b t a in e d  by a p p ly in g  th e  minimum  

v a r ia n c e  a n a l y s i s  t e c h n iq u e  to  f i v e  m agnetopause c r o s s i n g s  i d e n t i f i e d  

as r e c o n n e c t io n  e v e n t s  on th e  b a s i s  o f  m a g n e tic  f i e l d  and p la sm a  d a ta  

b y  G o s lin g  e t a l .  (1 9 8 2 ) and S o nn eru p e t  a l . ( 1 9 8 1 ) .  Minimum v a r ia n c e  

a n a l y s i s  d e t e rm in e s  th e  m u t u a lly  p e r p e n d ic u la r  u n i t  v e c t o r  d i r e c t i o n s
A A A

o f  t h e  minimum (N[3) , in t e r m e d ia t e  (N2 ) and maximum (N j)  v a r ia n c e  o f  th e  

m a g n e tic  f i e l d  v e c t o r s  a c r o s s  th e  m a g n eto p au se, as w e l l  as t h e i r  

a s s o c ia t e d  e ig e n v a lu e s  A3 , X2 and A^. F o r  a c c u r a t e  d e t e r m in a t io n  o f  

N3 , th e  r a t i o  X2/ X 3 s h o u ld  be as la r g e  a s p o s s i b l e .  The u n i t  v e c t o r s  

Nj and a re  a p p ro x im a t e ly  t a n g e n t ia l  to  th e  l o c a l  m agnetopause  

s u r f a c e  and f o r  t y p i c a l  f i e l d  c o n d it io n s  on th e  d a y s id e  p o in t  

a p p ro x im a t e ly  n o rth w a rd  and dawnward (w e s t w a rd ),  r e s p e c t i v e l y .  The 

q u a n t i t i e s  t a b u la t e d  i n  T a b le  1 a re  e x p la in e d  i n  th e  f o o t n o t e s  (s e e  a ls o  

A p p e n d ix  B f o r  d e t a i l s  o f  t h e i r  d e r i v a t i o n ) . The tim e  i n t e r v a l  

c o rr e s p o n d s  to  th e  maximum i n t e r v a l  o v e r  w h ich  th e  a n a l y s i s  was 

p e rfo rm e d ; w i t h in  t h i s  i n t e r v a l  s e v e r a l  a tte m p ts  to  d e te rm in e  N3 w ere  

made and th e  r e s u l t s  o f  th e  m ost a c c u r a t e  d e t e r m in a t io n  a r e  t a b u la t e d .

The i n t e r v a l s  in c lu d e  d a ta  p o in t s  fro m  th e  w h o le o f  th e  m agnetopause  

c u r r e n t  l a y e r ,  as w e l l  as m easurem ents o b t a in e d  a d ja c e n t  t o  i t .

Medium r e s o l u t i o n  m a g n e tic  f i e l d  d a ta  fro m  IS E E  1 and 2 w ere u se d ,  

w h ich  a r e  o b t a in e d  as 12 - s e c  a v e ra g e s  o v e r la p p e d  by t w o - t h ir d s ,  i . e . ,  

one d a ta  p o in t  e v e r y  4 s e c s .  The q u a n t it y  s ,  f i r s t  in t r o d u c e d  by  

S o nn eru p and C a h i l l  (1 9 6 8 ) i s  g iv e n  b y s = a /B ,  w here B i s  th e  a v e ra g e  

f i e l d  m a g n itu d e and a i s  th e  s t a n d a rd  d e v ia t io n  o f  i n d i v i d u a l  B 

m easurem ents from  B. I t  g iv e s  a m easure o f  th e  v a r i a t i o n  i n  f i e l d  

m a g n itu d e  a c r o s s  th e  m agnetopause c u r r e n t  l a y e r  and i s  z e ro  i f  B s t a y s  

c o n s t a n t .

F ig u r e s  2 .9  -  2 .1 3  show m a g n e tic  f i e l d  d a ta  from  th e  f i v e  

m agnetopause c r o s s i n g s ,  d is p la y e d  i n  th e  fo rm  o f  h o d o g ram s. A lo n g s id e  

each  s e t  o f  ho do gram s, th e  tim e  v a r i a t i o n  o f  th e  B3 com ponent i s  a ls o  

p lo t t e d .  A hodogram  i s  a p r o j e c t i o n  o f  th e  m a g n e tic  f i e l d  o n to  a p la n e ,  

and F ig u r e s  2 .9  -  2 .1 3  show th e  lo c u s  t r a c e d  o u t by t h e  t i p  o f  th e  f i e l d  

v e c t o r  i n  t h a t  p la n e .  The l e f t  hand p a n e ls  show th e  f i e l d  t r a c e  i n  

th e  N^N2 p la n e .  F o r c o n s t a n t  f i e l d  m a g n itu d e th e  B iB 2 t r a c e  s h o u ld



TABLE 2.1

Minimum V a r ia n c e  A n a ly s is  o f  M agnetopause C r o s s in g s

^ a t e  and Time S a t e l l i t e 2 Xi / a 2 ; ^2/^3 3N3 (GSM) 4AN3 . N2 5No . o f  P o in t s 6b 3 ± a b 3 7S

22 Nov. 1979 
2 2 :0 0 - 2 2 :1 3

IS EE 1 3 3 . 0 ;  3 .2 0 .5 5 9 ,  - 0 . 8 0 0 ,  - 0 . 2 1 7 4° 60 - 4 . 8 ± 2 .2  
( - 4 . 2 1 2 . 0 )

0 .0 3

22 Nov. 1979 
2 3 : 4 3 - 2 3 : 5 3

IS E E  1 2 7 .4 ;  6 4 .6 0 .7 9 4 ,  - 0 .6 0 8 ,  - 0 . 0 2 0 1° 45 - 1 . 6 ± 0 . 4
( - 1 . 9 ± 0 . 3 )

0 .0 4

22 Nov. 1979  
2 2 :1 9 - 2 2 :3 2

ISEE 1 2 8 .2 ;  3 .2 0 .8 8 8 , - 0 . 4 5 9 ,  0 .0 3 6 4° 194 - 0 . 3 + 2 . 8  
( - 0 . 9 ± 1 .3 )

0 .0 3

3 S e p t. 1978 
7 :0 6  - 7 : 1 4

IS E E  2 1 0 .0 ;  3 . 0 0 .9 1 0 ,  6 .0 1 1 ,  0 .4 1 5 5° 120 - 1 . 4 + 2 . 3 0 .5

3 S e p t. 1978 
7 :1 7  - 7 : 2 3

ISEE 1 1 6 .3 ;  1 .9 0 .9 0 4 ,  0 .0 1 8 ,  0 .4 2 8
9

11° 90 - 3 . 9 1 2 . 5 0 .4

1 Maximum i n t e r v a l  u se d  f o r  a n a ly s is
2 R a t io  o f  e ig e n v a lu e s
3 D ir e c t io n  o f  minimum v a r ia n c e  i n  GSM
4 E s t im a te d  e r r o r  i n  N3
5 Number o f  d a ta  p o in t s  u sed  i n  a n a l y s is
6 A ve ra g e v a lu e  o f  B3 and i t s  e s t im a t e d  e r r o r

(A v e ra g e  o f  B3 o v e r  a l l  (^  4 ) a tte m p ts and c o rr e s p o n d in g  s t a n d a rd  d e v ia t io n )
7 V a r ia n c e  i n  f i e l d  m agn itud e (s e e  t e x t )

ON
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22 NOV 79 I SEE

UT 22:02-22:06

82 B3

DAY 326 1979 ISEE 1

Fig. 2.9. Hodograms for a crossing on 22 November 1979.
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22 MOV 79 I SEE 1

UT 2 3 :4 S -23 ‘-49

B2 83

DAY 326 1979 I SEE 1

B3

Fig. 2.10. Hodograms for a crossing on 22 November 1979.
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22 NOV 7Q I SEE
UT 22 : 1S-22 : 32

32 83

DRY 326 1979 ISEE 1

TIME

Fig. 2.11. Hodograms for a crossing on 22 November 1979.

it- 
o
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3 SEP 78 ISc  cr
L. L_ 2

UT 7:08 -7:14

82 83

DRY 246 1978 ISEE 2

Fig. 2.12. Hodograms for a crossing on 3 September 1978.
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3 SEP 78 I SEE 1
UT 7:17 -7:23

32 ' 83

DAY 246 1978 ISEE 1

TIME (DECIMAL)

Fig. 2.13. Hodograms for a crossing on 3 September 1978.
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d e s c r ib e  an a r c  o f  a c i r c l e  c e n t r e d  a t  th e  o r i g i n ,  w h ile  f o r  c o n s t a n t  

Bjyj th e  B JB3 t r a c e  s h o u ld  a p p ro x im a t e ly  be a s t r a i g h t  l i n e  p a r a l l e l  to  

th e  B} a x is  i f  N_ i s  w e l l  d e te rm in e d . The two c r o s s i n g s  i n  F ig u r e s  2 .9  

and 2 .1 0  show good agreem ent w it h  t h i s  p i c t u r e .  The v a lu e  o f  B3 and  

i t s  e r r o r  e s t im a t e  i n d i c a t e s  t h a t  t h e r e  i s  a s i g n i f i c a n t  Bĵ j com ponent 

d u r in g  t h e s e  c r o s s i n g s .  The n e g a t iv e  v a lu e  f o r  B^ im p l ie s  a c r o s s i n g  

n o r t h  o f  th e  r e c o n n e c t io n  l i n e ,  a lo c a t i o n  w h ic h  i s  a ls o  c o n s is t e n t  

w it h  th e  p la sm a  f lo w  d a ta  ( G o s l in g  e t  a l . ,  1 9 8 2 ).  A ls o ,  th e  m a g n e tic  

f i e l d  s t r e n g t h  s t a y s  a p p ro x im a t e ly  c o n s t a n t ;  h e n ce th e  s m a ll v a lu e  

f o r  s .

The o t h e r  c r o s s i n g s  do n o t show s u c h  good a g re e m e n t. The 

c r o s s i n g  i n  F ig u r e  2 .1 1  h a s a s m a ll v a lu e  f o r  s ,  im p ly in g  a n e a r ly  

c o n s t a n t  f i e l d  m a g n itu d e . H ow ever, th e  e r r o r  e s t im a t e  f o r  B3 i s  

s i g n i f i c a n t l y  l a r g e r  th a n  B3 i t s e l f  and th u s  a z e ro  v a lu e  f o r  B^ i s  n o t  

i n c o n s i s t e n t  w it h  t h e s e  r e s u l t s .  The s i t u a t i o n  i s  s t i l l  w o rse  f o r  th e  

c r o s s i n g s  i n  F ig u r e s  2 .1 2  and 2 . 1 3 ;  h e r e  n e i t h e r  B3 n o r  th e  f i e l d  

m a g n itu d e s t a y  c o n s t a n t .  T h ese two c r o s s i n g s  o c c u r r e d  w i t h in  a s h o r t  

tim e  o f  each o t h e r .  IS E E  2 , w h ich  was 1400 km f u r t h e r  o u t a lo n g  N3 , 

c r o s s e d  th e  m agnetopause f i r s t ,  and was fo llo w e d  a, 10 m ins l a t e r  by  

IS E E  1. The c r o s s i n g s  i n  F ig u r e s  2 .1 1  -  2 .1 3  a re  a l l  i n f e r r e d  to  be  

n o rt h  o f  th e  r e c o n n e c t io n  l i n e  fro m  th e  p la sm a  d a ta  and i n  t h i s  s e n s e  

th e  n e g a t iv e  v a lu e s  o f  B3 a re  c o n s is t e n t .

The o b s e r v a t io n s  above i l l u s t r a t e  t h a t  i d e n t i f y i n g  th e  m agnetopause  

as a r o t a t i o n a l  d i s c o n t i n u i t y  on th e  b a s i s  o f  m a g n e tic  f i e l d  d a ta  a lo n e  

i s  n o t an e a sy  t a s k .  U n d o u b te d ly , p a r t , o f  th e  p ro b le m  i s  t h a t  th e  

m agnetopause i s  d ynam ic o v e r  s h o r t  t im e  s c a l e s  when c o n d it io n s  e x p e c te d  

to  be s u i t a b l e  f o r  r e c o n n e c t io n  o c c u r  (com pare F ig u r e s  2 .1 2  and 2 . 1 3 ;  

se e  a ls o  R u s s e l l  and E l p h i c ,  19 78 ; Berchem  and R u s s e l l ,  1 9 8 3 ).  Non- 

MHD e f f e c t s ,  t im e  and a t t i t u d e  v a r i a t i o n s  a l l  c o n t r ib u t e  to  th e  

d i f f i c u l t i e s  i n  d e t e rm in in g  r e l i a b l y  th e  d i r e c t i o n  o f  th e  m agnetopause  

n o rm a l, N_. H ow ever, i t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  n o rm a l 

d i r e c t i o n s  o b t a in e d  i n  F ig u r e s  2 .1 2  and 2 .1 3  a g re e  c l o s e l y  (t o  w it h in  

£  0 . 5 ° ) ,  i n  s p i t e  o f  th e  d i f f e r e n t  t im e  i n t e r v a l s  and a p p e a ra n c e  o f  th e  

m a g n e tic  f i e l d  t r a c e s .  A ls o  a p p a re n t  i n  F ig u r e s  2 .1 1  -  2 .1 3  a re  lo o p ­

l i k e  s t r u c t u r e s  i n  th e  ho do gram s, w h ic h  a r e  e s p e c i a l l y  e v id e n t  i n  th e  

B3B3 t r a c e .  T h is  f e a t u r e  h a s a ls o  b ee n  n o te d  by G o s lin g  e t  a l . (1 9 8 2 )  

f o r  th e  c r o s s i n g  i n  F ig u r e  2 .1 1  and th e y  comment t h a t  i t  i s  n o t ca u se d  

by s im p le  o s c i l l a t i o n  o f  th e  m agn eto p au se. The l o o p - l i k e  s t r u c t u r e s
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i n  th e  B1B3 t r a c e  show up as la r g e - a m p lit u d e  b i p o l a r  p e r t u r b a t io n s  i n  
k o t t o p n

th e  ^4-gkt ha nd- p l o t s .  T h e se  b i p o l a r  p e r t u r b a t io n s  h a v e  a tim e  s c a l e  

o f  o r d e r  a m in u te  and a re  p r o b a b ly  th e  s i g n i f i c a n t  re a s o n  why th e  

v a lu e  o f  Bjyj i s  n o t w e ll- d e t e r m in e d .  An i n t e r p r e t a t i o n  o f  su ch  f i e l d  

p e r t u r b a t io n s  i s  d is c u s s e d  i n  su b se q u e n t c h a p t e r s .

2 . 3 . 3  P lasm a f lo w  and r e c o n n e c t io n

R e f e r r i n g  to  F ig u r e  2 . 8 ,  th e  f i n i t e  Bjyj com ponent a l lo w s  th e  

in f lo w i n g  m ag n eto sh ea th  p la sm a  t o  c r o s s  th e  m agnetopause to  fo rm  a 

b o u n d a ry  l a y e r  r e g io n  on open f i e l d  l i n e s .  MHD t h e o r y  f o r  a 

r o t a t i o n a l  d i s c o n t i n u i t y  p r e d i c t s  t h a t  i n  th e  fram e o f  th e  m agnetopause  

th e  m a g n itu d e  o f  th e  p la sm a  f lo w  a lo n g  th e  in w a rd  n o rm a l to  th e  

m agnetopause i s  g iv e n  by th e  A lf v e n  sp e e d  b a se d  on BN ( e . g . ,  H udson, 

1 9 70 ; S o nn eru p e t  a l . ,  1 9 8 1 ):

vN = ± bn [ ( 1  - cO/uqp ]h (i)

H ere i s  th e  in f lo w  sp e e d , p i s  th e  d e n s it y  and a i s  th e  p r e s s u r e  

a n is o t r o p y  c o r r e c t i o n  g iv e n  by

a = Cp„ - P,) / (B2/y0) .

A ssum ing t h a t  th e  n e t f l u x  o f  p la sm a  i s  in w a rd , as i t  s h o u ld  be b e c a u s e  

o f  th e  h ig h e r  m a g n eto sh ea th  d e n s it y ,  th e  ± c o rr e s p o n d s  to  Bjq < 0 and  

Bjyj > 0 r e s p e c t i v e l y ,  i . e . ,  i s  a lw a y s  n e g a t iv e .  The v a lu e  o f  Vj  ̂ i s  

p r o p o r t io n a l  to  Bĵ  and i s  t h e r e f o r e  s m a ll com pared to  t h e  t a n g e n t ia l  

f lo w . As we saw i n  th e  p r e v io u s  s e c t i o n ,  th e d i r e c t i o n  o f  th e  

m agnetopause n o rm a l i s  d i f f i c u l t  to  d e te rm in e  and t h e r e f o r e  Vjq ca n n o t  

u s u a l l y  be d e te rm in e d  to  th e  r e q u ir e d  d e g re e  o f  a c c u r a c y  to  p r e d i c t  th e  

f lo w  o f  p la sm a  a c r o s s  th e  m agn eto p au se.

R e c o n n e c t io n  a ls o  r e s u l t s  i n  a c o n v e r s io n  o f  e le c t r o m a g n e t ic  

e n e rg y  in t o  p la sm a  e n e rg y  and th e  e f f e c t s  o f  t h i s  e n e rg y  c o n v e r s io n  

p r o c e s s  s h o u ld  be much e a s i e r  to  o b s e rv e  i n  p r a c t i c e .  As p la sm a  

c r o s s e s  th e  m agnetopause i t s  momentum i s  s u d d e n ly  chang ed  u n d e r th e  

a c t io n  o f  s t r e s s e s  i n  th e  open f i e l d  l i n e s .  I f  th e  s h a r p ly  c u rv e d  

f i e l d  l i n e s  a t  th e  m agnetopause i n  F ig u r e  2 .8  a re  p i c t u r e d  as e l a s t i c  

b a n d s, th e n  t h e y  ca n  be im a g in e d  to  a c t  as m a g n e tic  s l i n g s h o t s  w h ich  

c a t a p u lt  th e  p la sm a  p o le w a rd  i n  a n a rro w  l a y e r  i n  and a d ja c e n t  to  th e
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m agnetopause r e g io n .  The a c c e l e r a t i o n  r e q u ir e d  to  p ro d u c e  t h e  p la sm a  

j e t s  i s  g iv e n  b y  th e  I_ x  In f o r c e ,  w here I_ i s  th e  m agnetopause c u r r e n t .  

C o n s e r v a t io n  o f  momentum r e q u i r e s  th e  f o l lo w in g  r e l a t i o n  to  be  

s a t i s f i e d  (H ud so n, 1 9 70 ) f o r  a r o t a t i o n a l  d i s c o n t i n u i t y :

A V = ± (1  -  a ) AB_ /  / y 0p (2 )

w here A r e f e r s  to  th e  change i n  p a ra m e te r a c r o s s  th e  d i s c o n t i n u i t y .  

A g a in , th e  ± r e f e r s  t o  < 0 and > 0 r e s p e c t i v e l y .  The l e f t  hand  

s id e  e x p r e s s e s  th e  r a t e  a t  w h ich  th e  t a n g e n t ia l  p la sm a  momentum c h a n g e s .  

The r i g h t  hand s id e  g iv e s  th e  sum o f  th e  t a n g e n t ia l  M a x w e ll s t r e s s e s  

and th e  s t r e s s e s  due to  p r e s s u r e  a n is o t r o p y .  The l a t t e r  i s  fo u n d  

o b s e r v a t i o n a l l y  to  be s m a ll com pared to  th e  fo rm e r (S o n n e ru p  e t  a l . ,  

1 9 8 1 ).

To d e t e c t  o b s e r v a t i o n a l l y  th e  j e t s  o f  p la sm a  r e q u ir e s  3-D  p la sm a  

and m a g n e tic  f i e l d  d a ta  w it h  h ig h  t im e - r e s o l u t i o n  s in c e  th e  j e t s  a r e  

e x p e c te d  to  be s m a ll and h i g h l y  d i r e c t i o n a l  ( e . g . ,  Yang and S o n n e ru p ,  

1 9 7 7 ).  The IS E E  m is s io n  p r o v id e d  th e  f i r s t  o p p o r t u n it y  to  t e s t  th e  

a p p l i c a b i l i t y  o f  e q u a t io n  ( 2 )  i n  d e t a i l .  Paschmann e t  a l .  (1 9 7 9 ) ,  

S onnerup e t  a l .  (1 9 8 1 ) and G o s lin g  e t  a l .  (1 9 8 2 ) h a v e  u se d  t h i s  

e q u a t io n  as th e  p rim e  b a s i s  f o r  t e s t i n g  th e  r e c o n n e c t io n  m odel w it h  

o b s e r v a t io n a l  d a ta  a t  th e  m agn eto p ause. They p u b lis h e d  d a ta  f o r  

t w e lv e  e v e n ts  i n  w h ic h  a c c e le r a t e d  p la sm a  flo w s  o b s e rv e d  i n  th e  

m agnetopause and b o u n d a ry  l a y e r  a re  q u a n t i t a t i v e l y  c o n s is t e n t  w it h  

t a n g e n t ia l  s t r e s s  b a la n c e .  The r e c o n n e c t io n  f lo w s  w ere o b s e rv e d  o v e r  

r e l a t i v e l y  lo n g  tim e  s c a l e s  (X  10 m in s) and c o n s e q u e n t ly  t h e y  a re  

commonly r e f e r r e d  to  as q u a s i- s t e a d y  r e c o n n e c t io n  e v e n t s .

2 . 3 . 4  E l e c t r i c  f i e l d  a t  th e  m agnetopause

An e s s e n t i a l  re q u ire m e n t  f o r  r e c o n n e c t io n  to  o c c u r  i s  th e  p r e s e n c e  

o f  a t a n g e n t ia l  e l e c t r i c  f i e l d  E_t  a t  th e  m agn eto p au se. In  f a c t ,  

r e c o n n e c t io n  may be d e f in e d  as o c c u r r in g  when a n o n -z e ro  v a lu e  o f  Ej. 

( e i t h e r  e l e c t r o s t a t i c  o r  in d u c e d ) e x i s t s  a lo n g  th e  r e c o n n e c t io n  l i n e  

(D ungey, 19 78 ; S o n n e ru p , 1 9 79 a ; S onnerup e t a l . ,  19 81; C o w le y , 1 9 8 4 ).  

The p r e s e n c e  o f  a r e c o n n e c t io n  e l e c t r i c  f i e l d  h a s th e  e f f e c t  o f  ExB 

d r i f t i n g  p la sm a  i n t o  th e  m agnetopause l a y e r  from  th e  a d ja c e n t  r e g io n s .

I t  a ls o  r e s u l t s  i n  a c o n v e r s io n  o f  e le c t r o m a g n e t ic  e n e rg y  in t o  p la sm a  

e n e rg y  a t  a r a t e  g iv e n  by Iy E ^ ,  w here I_ i s  th e  m agnetopause c u r r e n t
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( a l s o  som etim es r e f e r r e d  to  as th e  C h a p m a n -F e rra ro  c u r r e n t ) .

R e f e r r i n g  to  F ig u r e  2 .8  i t  ca n  be s e e n  t h a t  E^ i s  p a r a l l e l  t o  I_, so  

t h a t  > 0 ,  w h ich  im p l ie s  t h a t  r e c o n n e c t io n  r e s u l t s  i n  a g a in  i n

p la sm a  e n e rg y . I t  was th e  la c k  o f  o b s e r v a t io n a l  e v id e n c e  f o r  su c h  a 

g a in  i n  p la sm a  e n e rg y  w h ic h  le d  some p e o p le  ( e . g . ,  H e i k i l l a ,  19 78 ) to  

c o n c lu d e  t h a t  th e  m agnetopause i s  a t  a l l  t im e s an a p p ro x im a t e ly  e q u i-  

p o t e n t i a l  s u r f a c e ,  and h e n c e  t h a t  r e c o n n e c t io n  does n o t o c c u r .  As 

shown i n  th e  p r e v io u s  s e c t i o n ,  h o w e v e r, th e  IS E E  m is s io n  h a s r e s o lv e d  

t h i s  q u e s t io n  i n  f a v o u r  o f  r e c o n n e c t io n .

I n  th e  s t e a d y - s t a t e  2-D  s i t u a t i o n  i n  F ig u r e  2 .8  th e  r e l a t i o n  

VxE_ = 0 im p l ie s  t h a t  E^ i s  c o n s t a n t  a c r o s s  th e  m agnetopause l a y e r .

The d e t e c t io n  o f  E^ i s  d i f f i c u l t .  F i r s t l y  i t  i s  e x p e c te d  to  be s m a ll  

( p r o p o r t i o n a l  t o  B ^ ) , w it h  a v a lu e  o f  o r d e r  mV/m. S e c o n d ly ,  i t  needs  

to  be m easured  i n  th e  fram e o f  r e f e r e n c e  o f  th e  m agnetopause s in c e  o n ly  

i n  t h i s  fram e i s  i t  r e q u ir e d  to  be c o n s t a n t .  S in c e  t h e  m agnetopause  

i s  o f t e n  d ynam ic on s h o r t  t im e  s c a l e s  i t  i s  n o t a lw a y s  e a s y  t o  f i n d  th e  

a p p r o p r ia t e  r e f e r e n c e  fra m e . H ow ever, i n  s p i t e  o f  t h e s e  d i f f i c u l t i e s  

th e e l e c t r i c  f i e l d  in s t r u m e n t s  on b o a rd  th e  IS E E  1 and GEOS 2 s a t e l l i t e s  

h ave p r o v id e d  u s w it h  d i r e c t ,  i n - s i t u  e l e c t r i c  f i e l d  m easurem ents a t  th e  

m ag n eto p au se, w h ich  c o n c l u s i v e l y  show th e  e x is t e n c e  o f  a s i g n i f i c a n t  

l a r g e - s c a l e  i t -

M o zer e t  a l .  (1 9 7 8 ) e s t a b l is h e d  th e  e x is t e n c e  o f  a s i g n i f i c a n t

(^  2 mV/m) l a r g e - s c a l e  v a lu e  o f  f o r  an IS E E  1 m agnetopause c r o s s i n g

w h ich  o c c u r r e d  d u r in g  th e  20 November 1977 in b o u n d  p a s s  w h ile  th e

m a g n eto sh ea th  f i e l d  had a so u th w a rd  com ponent. In  c o m b in a t io n  w it h  th e

m a g n e tic  f i e l d  d a ta  a l o c a l  po w er d i s s i p a t i o n  I_«1E o f  o r d e r  100 yW/m2 was

i n f e r r e d  (t h e  e l e c t r i c  f i e l d  in s t r u m e n t  o n ly  makes m easurem ents i n  th e

s a t e l l i t e  s p in  p la n e ,  e s s e n t i a l l y  GSE X - Y ) . A ls o ,  i t  was fo u n d  t h a t
E x B

th e  c o n v e c t io n  e l e c t r i c  f i e l d  d r i f t  a com ponent to w a rd s th e

m agnetopause fro m  b o th  s i d e s ,  a s  r e q u ir e d  f o r  r e c o n n e c t io n .  S i m i l a r  

r e s u l t s  w ere o b t a in e d  f o r  te n  o u t o f  th e  e le v e n  m agnetopause c r o s s i n g s  

o c c u r r in g  on t h i s  p a s s  (M o zer e t  a l . ,  1 9 7 9 ).  G ra rd  e t  a l . (1 9 7 8 ) a ls o  

o b t a in e d  s i m i l a r  r e s u l t s  f o r  th e  m agnetopause e n c o u n t e rs  o b s e rv e d  by  

GEOS 2 a t  g e o s t a t io n a r y  o r b i t  on 28 A u g u st 1978. F a h le s o n  e t  a l .

(1 9 7 9 ) e s t im a t e d  f o r  s e v e r a l  low l a t i t u d e  IS E E  1 m agnetopause  

c r o s s i n g s ,  w h ic h  o c c u r r e d  f o r  d i f f e r e n t  l o c a l  t im e s  and m a g n eto sh ea th  

f i e l d  d i r e c t i o n s .  They fo u n d  th e  l a r g e s t  pow er d i s s i p a t i o n  

(^  200 yW/m2 ) f o r  a c r o s s i n g  o c c u r r in g  on th e  f r o n t s i d e  w it h  so u th w a rd  

e x t e r n a l  f i e l d  (1 0  November 1 9 7 7 , in b o u n d  p a s s )  . No po w er d i s s i p a t i o n
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was fo u n d  f o r  a c o r r e s p o n d in g  c r o s s i n g  w it h  n o rth w a rd  e x t e r n a l  f i e l d .

V a lu e s  o f  Ej. s i m i l a r  to  th o s e  above (^  1 mV/m) w ere a ls o  i n d i r e c t l y  

d e te rm in e d  fro m  p la sm a  and m a g n e tic  f i e l d  d a ta  f o r  th e  e v e n t s  d is c u s s e d  

b y  S o n n eru p e t  a l .  (1 9 8 1 ) .  F i n a l l y ,  A ggson e t  a l .  (1 9 8 3 ) u se d  IS E E  1 

e l e c t r i c  f i e l d  m easurem ents t o  m easure la r g e  m ag n itu d e c o n v e c t iv e  f lo w  

ch a n g e s a t  th e  m agnetopause ( i n  a n a lo g y  w it h  th e  p la sm a  f lo w  m easurem ents  

d is c u s s e d  i n  th e  p r e v io u s  s e c t i o n )  and i d e n t i f i e d  s e v e r a l  m agnetopause  

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

t h a t  th e  r e c o n n e c t io n  r a t e  may v a r y  s i g n i f i c a n t l y  o v e r  s h o r t  t im e  s c a l e s ,  

so t h a t  th e  p r o c e s s  may be re g a rd e d  a s im p u ls iv e .

Few c o m p a riso n s  h ave b een made b etw een th e  r e s u l t s  o b t a in e d  from  

e l e c t r i c  f i e l d ,  m a g n e tic  f i e l d ,  wave and p la sm a  d a ta  so  t h a t  th e  q u e s t io n  

i s  n o t y e t  r e s o lv e d  what fo rm s o f  e n e rg y  th e  e le c t r o m a g n e t ic  e n e rg y  i s  

c o n v e r t e d  in t o .  H ow ever, p o s s i b l e  s o u r c e s  o f  e le c t r o m a g n e t ic  po w er 

d i s s i p a t i o n  in c lu d e  th e  f o l lo w in g :

-  p la sm a  a c c e l e r a t i o n  a t  th e  m agnetopause and i n  th e  b o u n d a ry  l a y e r  

( e . g . ,  Sonnerup e t  a l . ,  19 81; G o s lin g  e t  a l . ,  1 9 8 2 );

-  h e a t in g  o f  p la s m a , e i t h e r  o f  m a g n e to s p h e ric  o r  m a g n eto sh ea th  

o r i g i n  ( e . g . ,  P e t e rs s o n  e t  a l . ,  19 8 2; se e  a ls o  d i s c u s s i o n  b y  

C o w le y , 1980, 1 9 8 2 );

- p r o d u c t io n  o f  la y e r s  o f  s t re a m in g , e n e r g e t ic  e le c t r o n s  o b s e rv e d  

o u t s id e  th e  m agnetopause ( e . g . ,  B a k e r and S to n e , 1 9 7 7 ).

O g i l v i e  and S cu d d e r (1 9 7 9 ) r e p o r t  o b s e r v in g  a s i g n i f i c a n t  e l e c t r o n  h e a t  

f l u x  d u r in g  th e  20 November 1977 c r o s s i n g s .  F i n a l l y ,  Paschm ann e t  a l . 

(1 9 8 3 ) h a ve c h e ck e d  th e  e n e rg y  b a la n c e  f o r  th e 9 A u g u st 1978 and 

8 S eptem b er 1978 r e c o n n e c t io n  e v e n ts  and t h e i r  r e s u l t s  c o n f ir m  th e  

c o n c lu s io n s  b a se d  on t a n g e n t ia l  momentum b a la n c e  c o n s id e r a t io n s .  They  

a l s o  f i n d  t h a t  th e  e n t h a lp y  (random  h e a t in g )  e n e rg y  in c r e a s e  and th e  

k i n e t i c  e n e rg y  in c r e a s e  o f  th e  p la sm a  a re  o f  co m p a ra b le  im p o rt a n c e .

2 . 3 . 5  E n e r g e t ic  p a r t i c l e  s ig n a t u r e s

E n e r g e t ic  (£  20 keV ) p a r t i c l e s  h ave been u sed  b o th  to  rem o te s e n s e  

v a r io u s  m a g n e to s p h e ric  b o u n d a r ie s ,  su ch  as th e  m agn eto p au se, th e  p la s m a -  

s h e e t ,  the o u t e r  s e p a r a t r i x  and th e  t r a p p in g  b o u n d a ry  ( u s u a l l y  i d e n t i f i e d  

w it h  th e  l a s t  c lo s e d  f i e l d  l i n e ) , and a ls o  to  p ro b e  th e  t o p o lo g y  o f  

m a g n e tic  f i e l d s  ( e . g . ,  D a ly ,  1982; S c h o le r ,  1 9 8 3 ).  In  p a r t i c u l a r ,  

e n e r g e t ic  p a r t i c l e  s ig n a t u r e s  h ave been u se d  s u c c e s s f u l l y  t o  c o n f ir m  

t h a t  m agnetopause c r o s s i n g s  i d e n t i f i e d  as r e c o n n e c t io n  e v e n t s  on th e
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b a s i s  o f  p la sm a , m a g n e tic  and e l e c t r i c  f i e l d  d a ta  h a v e  th e  r e q u ir e d  

m a g n e tic  t o p o lo g y  shown i n  F ig u r e  2 .8 .  As shown i n  F ig u r e  2 . 8 ,  th e  

in c o m in g  m agn eto sh eath  p a r t i c l e s  i n t e r a c t  w it h  th e  m agnetopause and 

th e n  a c c e l e r a t e  p o le w a rd  i n  th e  r e g io n  b etw een th e  two s e p a r a t r i c e s .

A f r a c t i o n  o f  th e  p a r t i c l e s  a re  t r a n s m it t e d  a c r o s s  th e  m agnetopause to  

fo rm  th e  b o u n d a ry  l a y e r  (o n open f i e l d  l i n e s ) ,  w h ile  th e  r e s t  w i l l  be 

r e f l e c t e d  b a ck  in t o  t h e  r e g io n  b etw een th e  m agnetopause and th e  o u t e r  

s e p a r a t r i x  S 2 . F o r  c r o s s i n g s  n o rt h  (s o u t h )  o f  th e  r e c o n n e c t io n  l i n e ,  

th e  t r a n s m it t e d  m ag n eto sh ea th  p a r t i c l e s  stre a m  p a r a l l e l  ( a n t i - p a r a l l e l )  

and th e  r e f l e c t e d  p a r t i c l e s  stre a m  a n t i - p a r a l l e l  ( p a r a l l e l )  to  th e  

l o c a l  f i e l d  d i r e c t i o n .  The m a g n e t o s p h e ric  (h o t r i n g  c u r r e n t  o r  c o ld  

p la s m a s p h e r ic )  p a r t i c l e s  d r i f t  to w a rd s th e  m agnetopause fro m  th e  i n s i d e  

and a r e  a ls o  a c c e le r a t e d  i n  t h e i r  i n t e r a c t i o n  w it h  th e  m agn etopause. 

A g a in , an i n d i v i d u a l  p a r t i c l e  may e i t h e r  be t r a n s m it t e d  a c r o s s  th e  

m agnetopause o r  r e f l e c t e d  b a ck  in t o  th e  m a g n e to sp h e re . The m agneto- 

s p h e r i c  p a r t i c l e s  le a k in g  o u t in t o  th e  m ag n eto sh eath  s tre a m  a n t i ­

p a r a l l e l  ( p a r a l l e l )  to  th e  f i e l d  d i r e c t i o n ,  w h ile  r e f l e c t e d  p a r t i c l e s  

stre a m  p a r a l l e l  ( a n t i - p a r a l l e l )  to  th e  m a g n e to s p h e ric  f i e l d  d i r e c t i o n  

f o r  a c r o s s i n g  n o rt h  C so u th ) o f  th e  r e c o n n e c t io n  l i n e .  The c o n d it io n s  

w h ich  d e te rm in e  th e  e x a c t  f r a c t i o n  o f  m a g n eto sh ea th  o r  m a g n e to s p h e ric  

p a r t i c l e s  b e in g  t r a n s m it t e d  o r  r e f l e c t e d  a re  as y e t  unknown.

S c h o le r  e t a l .  (1 9 8 1 ) and S o nn eru p e t  a l .  (1 9 8 1 ) h a v e  p r e s e n t e d  

e n e r g e t ic  io n  d a ta  o b t a in e d  o u t s id e  th e  m agnetopause d u r in g  s e v e r a l  o f  

th e  c r o s s i n g s  i d e n t i f i e d  as r e c o n n e c t io n  e v e n ts  on th e  b a s i s  o f  

t a n g e n t ia l  s t r e s s  b a la n c e  c o n d i t io n s .  T h e ir  o b s e r v a t io n s  a re  c o n s is t e n t  

w it h  th e  p i c t u r e  i n  F ig u r e  2 . 8 .  I n  p a r t i c u l a r ,  io n s  w h ich  w ere  

i n f e r r e d  to  be o f  m a g n e to s p h e ric  o r i g i n  b e c a u s e  o f  th e  s i m i l a r i t y  o f  

t h e i r  s p e c t r a  to  th o s e  fo u n d  i n s i d e  th e  m a g n eto sp h ere  w ere fo u n d  i n  th e  

m a g n eto sh ea th  and w ere u se d  to  d e f in e  th e  o u t e r  s e p a r a t r i x .  T h ese io n s  

w ere a ls o  fo u n d  to  stre a m  a n t i - p a r a l l e l  to  th e  f i e l d  f o r  th e  c r o s s i n g s  

i n f e r r e d  t o  be n o rt h  o f  th e  r e c o n n e c t io n  l i n e  from  th e  p la sm a  and f i e l d  

d a t a , and p a r a l l e l  to  th e  f i e l d  f o r  th e  one c a s e  o b s e rv e d  s o u th  o f  th e  

r e c o n n e c t io n  l i n e .  S o nn eru p e t  a l . (1 9 8 1 ) a ls o  fo u n d  one in s t a n c e  o f  

a s i g n i f i c a n t  r e f l e c t e d  m a g n eto sh eath  io n  com ponent. T h is  r e f l e c t e d  

com ponent c o n s t it u t e d  20% o f  th e  t o t a l  num ber d e n s it y  and 20% o f  th e  

c o n v e r t e d  e le c t r o m a g n e t ic  e n e rg y  (Paschm ann e t  a l . ,  1 9 8 3 ).  I t  a ls o  

showed a s t re a m in g  d i r e c t i o n  a n t i - p a r a l l e l  to  th e  m a g n e tic  f i e l d ,  

c o n s is t e n t  w it h  th e  i n f e r r e d  n o rth w a rd  l o c a t io n  o f  th e  c r o s s i n g
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r e l a t i v e  to  th e  r e c o n n e c t io n  l i n e .

E n e r g e t ic  p a r t i c l e  s ig n a t u r e s  i n s i d e  th e  m agnetopause h ave a ls o  

b een r e p o r t e d .  W il l ia m s  and F ra n k  (1 9 8 0 ) u se d  o b s e r v a t io n s  o f  3-D  io n  

and e l e c t r o n  d i s t r i b u t i o n s  from  IS E E  1 to  i n f e r  th e  m a g n e tic  f i e l d  

g eo m etry  i n s i d e  and c l o s e  to  th e  m agnetopause d u r in g  t h e  20 November 1977  

in b o u n d  p a s s .  T h e ir  d a t a  showed in s t a n c e s  w here IS E E  1 e n c o u n te re d  

f i e l d - a l i g n e d  e n e r g e t ic  io n  a sy m m e trie s  i n  a s s o c i a t i o n  w it h  m arked  

ch a n g e s i n  th e  p la sm a  f lo w . They e x p la in e d  t h e i r  r e s u l t s  i n  term s o f  

e n c o u n t e rs  w it h  open f i e l d  l i n e s ,  a l b e i t  w it h  a s p a t i a l l y  a n d /o r  

t e m p o r a lly  v a r y in g  geo m etry  i n  v ie w  o f  th e  v a r i a b i l i t y  o f  th e  o b s e rv e d  

s ig n a t u r e s .  The d i r e c t i o n  o f  io n  s t re a m in g  was c o n s is t e n t  w it h  a 

s a t e l l i t e  l o c a t i o n  s o u th  o f  th e  r e c o n n e c t io n  l i n e .  S c h o le r  e t  a l .

(1 9 8 2 ) and Eastm an and F ra n k  (1 9 8 2 ) e x t e n s iv e ly  s t u d ie d  th e  h ig h - s p e e d  

f lo w  r e g io n  o f  th e  b o u n d a ry  l a y e r  d u r in g  th e  8 S ep tem b er 1978  

r e c o n n e c t io n  e v e n t .  The io n s  i n  t h i s  r e g io n  stre a m e d  a n t i - p a r a l l e l  to  

t h e  f i e l d ,  c o n s is t e n t  w it h  th e  s a t e l l i t e  l o c a t io n  n o r t h  o f  th e  

r e c o n n e c t io n  l i n e .  The e n e r g e t ic  e l e c t r o n  d a t a ,  h o w e v e r, d is p la y e d  

t r a p p e d  d i s t r i b u t i o n s  th ro u g h o u t m ost o f  th e  b o u n d a ry  l a y e r  and a s h a rp  

i n t e n s i t y  c u t - o f f  a t  th e  m agn eto p au se. Eastm an and F ra n k  (1 9 8 2 )  

in t e r p r e t e d  th e  t r a p p e d  e l e c t r o n  o b s e r v a t io n s  a s i n d i c a t i n g  c lo s e d  

f i e l d  l i n e s ,  and c o n s e q u e n t ly  p la c e d  th e  h ig h - s p e e d  f lo w  r e g io n  on 

c lo s e d  f i e l d  l i n e s .  They s u g g e s te d  t h a t  th e  io n  s t re a m in g  i s  a 

r e s u l t  o f  io n s  w h ich  t r a v e l  a lo n g  f i e l d  l i n e s  from  th e  S o u th e rn  

H em isp h e re  h a v in g  to  t r a v e l  a l a r g e r  d is t a n c e  to  th e  s a t e l l i t e  

o b s e r v a t io n  p o in t .  The lo n g e r  p a th  le n g t h  th e n  in c r e a s e s  th e  l i k e l i ­

hood o f  th e s e  io n s  e s c a p in g  a c r o s s  th e  m agnetopause a t  some p o in t  i n  

t h e i r  t r a j e c t o r y ,  e . g . ,  as a r e s u l t  o f  b o u n d a ry  m o tio n s . The o b s e rv e d  

io n  a z im u t h a l d i s t r i b u t i o n s  a re  n o t c o n s is t e n t  w it h  t h i s  i n t e r p r e t a t i o n ,  

h o w e v e r. In s t e a d ,  D a ly  and F r i t z  (1 9 8 2 ) showed t h a t  th e  e l e c t r o n  

o b s e r v a t io n s  a re  c o n s is t e n t  w it h  F ig u r e  2 .8  i f  i t  i s  assum ed t h a t  th e  

e l e c t r o n s  a re  t ra p p e d  as a r e s u l t  o f  a d ia b a t i c  m ir r o r in g .  In d e e d , a 

f i e l d  s t r e n g t h  minimum was o b s e rv e d  a t  th e  m agn eto p au se. The io n s  a re  

n o t s i m i l a r l y  t ra p p e d  b e c a u s e  t h e y  do no t s a t i s f y  th e  re q u ire m e n t s  o f  

a d i a b a t i c i t y : t h e i r  g y r o r a d iu s  ( o f  o r d e r  th e  m agnetopause t h i c k n e s s )

and b o u nce p e r io d  a re  much l a r g e r  th a n  t h a t  o f  th e e l e c t r o n s .  S c h o le r  

and Ip a v ic h  (1 9 8 3 ) h a v e  p r e s e n t e d  o b s e r v a t io n s  from  th e  5 J u l y  1978  

r e c o n n e c t io n  e v e n t w h ich  show th e  a c c e l e r a t i o n  o f  m a g n e to s p h e ric  

p a r t i c l e s  a t  th e  m agnetopause and s u b se q u e n t r e f l e c t i o n  b a ck  o f  a
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f r a c t i o n  (>  10-50% ) o f  th e  in c i d e n t  p a r t i c l e s .  F i n a l l y ,  K o rth  e t  a l . 

(1 9 8 3 ) r e p o r t e d  m easurem ents o f  e n e r g e t ic  io n  and e l e c t r o n  d i s t r i b u t i o n s  

o b t a in e d  from  GEOS 2 d u r in g  th e  s t r o n g  c o m p re s s io n  o f  th e  m a g n eto sp h ere  

on 28 A ug ust 1978. T hey fo u n d  f i e l d - a l i g n e d ,  a n t i - p a r a l l e l  s t re a m in g  

o f  th e  e n e r g e t ic  e le c t r o n s  and io n s  ( o f  m a g n e to s p h e ric  o r i g i n ) , b o th  

i n s i d e  and o u t s id e  th e  m agn eto p au se. Such a s t re a m in g  d i r e c t i o n  i s  

c o n s is t e n t  w it h  an in f lo w  and o u t f lo w  o f  m a g n e to s p h e ric  p a r t i c l e s  a lo n g  

a n o r t h e r l y  c o n n e c te d  open f i e l d  l i n e ,  i . e . ,  a s a t e l l i t e  c r o s s i n g  n o rt h  

o f  th e  r e c o n n e c t io n  l i n e  ( F ig .  2 . 8 ) .

A q u e s t io n  w h ic h  i s  s t i l l  no t f u l l y  r e s o lv e d  i s  why t h e  e n e r g e t ic  

p a r t i c l e s  s h o u ld  b e o b s e rv e d  a t  a l l .  F o r  t y p i c a l  c o n d i t io n s  a t  th e  

m agn eto p au se, th e b o u n ce p e r io d  o f  an e n e r g e t ic  io n  and e le c t r o n  i s  o f  

o r d e r  a. 1 m in and 1 s e c ,  r e s p e c t i v e l y .  They s h o u ld  t h e r e f o r e  be l o s t  

q u i c k l y .  In  o r d e r  to  e x p la in  why t h e y  a r e  o b s e rv e d  o v e r  lo n g e r  tim e  

s c a l e s  v a r io u s  r e s u p p ly  m echanism s h a ve b een  s u g g e s te d  ( e . g . ,  S c h o le r  

e t  a l .  , 1981;  D a ly  and F r i t z ,  1982;  K o rth  e t a l . ,  1 9 8 3 ) .  F o r  

e x a m p le , i f  th e  r e c o n n e c t io n  r a t e  i s  f a s t  enough th e  s p a c e c r a f t  

c o n t in u o u s ly  sa m p le s  n e w ly  opened f l u x  tu b e s  w h ich  r e s u p p ly  th e  

e n e r g e t ic  p a r t i c l e  r e s e r v o i r .

p
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CHAPTER 3

FLUX TRANSFER EVENTS

3 . 1  In t r o d u c t io n

In  th e  p r e v io u s  c h a p t e rs  we h a v e  se e n  t h a t  D u n g e y 's  r e c o n n e c t io n  

m odel o f  th e  m a g n eto sp h ere  p r o v id e s  a u n if y in g  c o n c e p t  f o r  many 

f e a t u r e s  o f  th e  m a g n e to sp h e re . T h e o r e t i c a l l y ,  m a g n e tic  r e c o n n e c t io n  

was f i r s t  c o n s id e r e d  as a l a r g e - s c a l e ,  q u a s i - s t a t i o n a r y  p r o c e s s  ( e . g . ,  

Levy e t  a l . ,  1964;  V a s y l iu n a s ,  1 9 7 5 ) .  I n - s i t u  o b s e r v a t io n s  a t  th e  

d a y s id e  m agnetopause u s in g  h ig h  tim e  r e s o l u t i o n ,  3-D  p la sm a  and m a g n e tic  

f i e l d  d a ta  from  IS E E  1 and 2 h a v e  g iv e n  us c o n v in c in g  e x p e r im e n t a l  

c o n f ir m a t io n  o f  th e  s ig n a t u r e s  e x p e c te d  from  su c h  a p r o c e s s .

The s u g g e s t io n  t h a t  r e c o n n e c t io n  m ig ht o c c u r  as a t r a n s i e n t  and 

p a t c h y  p r o c e s s  a t  th e  m agnetopause was f i r s t  made o b s e r v a t i o n a l l y  on th e  

b a s i s  o f  HEOS 2 d a t a  b y  H a e re n d e l e t  a l .  ( 1 978,  se e  F ig u r e  2 . 5 ) .  T h ese  

o b s e r v a t io n s  w i l l  be d is c u s s e d  i n  m ore d e t a i l  i n  C h a p t e r  6. O th e r  

e v id e n c e  f o r  s u c h  a p r o c e s s  ca n  be fo u n d  i n  th e  la r g e  f l u c t u a t i o n s  w h ich  

o c c u r  in  th e  n o rm a l f i e l d  com ponent d u r in g  m agnetopause c r o s s i n g s  

( e . g . ,  F ig u r e s  2 . 1 2  and 2 . 1 3 ) .  In  t h i s  c h a p t e r  we s h a l l  c o n s id e r  th e  

e x p e c te d  s ig n a t u r e s  o f  an im p u ls iv e  and s m a l l - s c a l e  r e c o n n e c t io n  p r o c e s s  

b a se d  on a v e r y  s im p le  m odel. We s h a l l  th e n  com pare th e  r e s u l t i n g  

p i c t u r e  w it h  o b s e r v a t io n s  o b t a in e d  from  IS EE 1 and 2 and make some 

s u i t a b l e  m o d if ic a t i o n s  i n  th e  l i g h t  o f  t h e s e  o b s e r v a t io n s .  We s h a l l  

o n ly  c o n s id e r  c a s e  e v e n t s t u d i e s .  A s t a t i s t i c a l  s u r v e y  o f  su ch  

im p u ls iv e  r e c o n n e c t io n  s ig n a t u r e s  w i l l  be th e s u b j e c t  o f  th e  n e x t  

c h a p t e r .

3 .2  Im p u ls iv e  R e c o n n e c t io n : E x p e c t a t io n s

3 . 2 . 1  M ag n eto sh e ath

F ig u r e  3 .1  shows a s e c t io n  o f  th e  E a r t h 's  f r o n t s i d e  m agnetopause  

as v ie w e d  by an o b s e r v e r  on th e  Sun. The d ia g o n a l ( r e d )  a rro w e d  l i n e s
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are the magnetosheath magnetic field lines overlying the plane of the 
paper, i.e., the magnetopause, and they have a southward and duskward 
(eastward) orientation in this instance. The vertical (black) arrowed 
lines show the northerly directed magnetospheric magnetic field lines 
underlying the magnetopause. The two tubes show sections of two 
isolated open flux tubes, which are the result of a localised burst of 
reconnection somewhere in the subsolar region, roughly in the middle of 
the diagram. A satellite encountering either of these open flux tubes 
can expect to see some characteristic magnetic field and plasma 
signatures.

Figure 3.1. Magnetosheath FTE.

In the initial stages of reconnection the two bundles of open 
field lines have a very sharp kink where the tubes cross the magneto­
pause. Magnetic tension in the open field lines will try to blunt the 
kink with the result that the two open flux tubes try to move away from
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t h e i r  i n i t i a l  r e c o n n e c t io n  s i t e ,  r o u g h ly  i n  th e  d i r e c t i o n  in d ic a t e d  by  

th e  two b ro a d  open a rro w s . The sp ee d  a t  w h ic h  th e  f l u x  tu b e s  s h o rt e n  

i s  o f  o r d e r  t h e  A lf v e n  sp ee d  ( c f .  s e c t io n  2 . 3 . 3 ) .  F o r  c o n d it io n s  a t  

th e  m agn eto p au se, t h i s  sp ee d  100 km s ' 1) i s  much l a r g e r  th a n  th e  

s a t e l l i t e  v e l o c i t y  O  2 km s - 1 ) ,  and th e  s a t e l l i t e  can t h e r e f o r e  be  

c o n s id e r e d  a s t a t i o n a r y  o b s e r v in g  p o in t .  H ow ever, th e  a m b ien t m agneto­

s h e a th  p la sm a  f lo w s  a t  a sp e e d  co m p a ra b le  t o  th e  r a t e  o f  s h o r t e n in g  o f  

th e  f l u x  t u b e s .  The s a t e l l i t e  w i l l  t h e r e f o r e  s e e  a f l u x  tu b e  move p a s t  

a t  a v e l o c i t y  d e te rm in e d  b y th e  v e c t o r  a d d it io n  o f  th e  m ag n eto sh ea th  

p la sm a  f lo w  and th e  m a g n e tic  t e n s io n  r e l e a s e .

I f  we c o n s id e r  a r e c o n n e c t io n  s i t e  i n  th e  s u b s o la r  r e g i o n ,  th e n  we 

can s e e  i n  F ig u r e  3 .1  t h a t  th e  f l u x  tu be c o n n e c te d  to  th e  E a r t h 's  

N o rth e rn  H em isp h e re  w i l l  move n o rth w a rd , w h ile  th e  s o u t h e r ly  c o n n e c te d  

tu b e w i l l  move so u th w a rd . As th e  f l u x  tu b e s  move p o le w a rd , th e  

s u r r o u n d in g  u n re c o n n e c t e d  m a g n e tic  f i e l d  l i n e s  a re  sw ept o u t o f  th e  way 

and d ra p e  o v e r  th e  b u lg e s  fo rm ed  by th e  t u b e s .  A s a t e l l i t e  i n  th e  

m ag n eto sh eath  w h ic h  e n c o u n t e rs  th e  n o rth w a rd  m o v in g , n o r t h e r ly  c o n n e c te d  

f l u x  tu b e  w i l l  se e  th e  d ra p e d  f i e l d  l i n e s  t i l t  o u t o f  th e  p la n e  o f  th e  

m agnetopause ( i . e . ,  o u t o f  th e  p la n e  o f  th e  p a p e r  i n  F ig u r e  3 . 1 )  as th e  

tu b e  a p p ro a c h e s , w h ile  i n  t h e  wake o f  th e  tu b e  i t  w i l l  se e  th e  d ra p e d  

m a g n eto sh eath  f i e l d  l i n e s  t i l t  in t o  th e  p la n e  o f  th e  m agn eto p au se, 

to w a rd s th e E a r t h .  C o n v e r s e ly ,  a s a t e l l i t e  w h ic h  e n c o u n t e rs  th e  s o u t h ­

w ard m o vin g , s o u t h e r ly  c o n n e c te d  f l u x  tu b e  w i l l  s e n s e  f i e l d  

p e r t u r b a t io n s  i n  th e  o p p o s it e  s e n s e ,  i . e . ,  a f i e l d  t i l t  to w a rd s th e  

E a rt h  on a p p ro a c h  o f  th e t u b e , and a t i l t  away fro m  th e  E a rt h  as i t  

r e c e d e s .  A l s o ,  i n  th e  arm o f  th e  f l u x  tu b e s  w h ich  j u t s  o u t in t o  th e  

m ag n eto sh ea th  ( i . e . ,  th e  p a r t  w h ic h  i s  a p p ro x im a t e ly  a l ig n e d  w it h  t h e  

m agn eto sheath f i e l d  d i r e c t i o n )  th e  open f i e l d  l i n e s  a re  p u l l e d  fro m  

t h e i r  m ag n eto sh ea th  o r i e n t a t i o n  to  a more n o r t h e r l y ,  m a g n e to s p h e ric  

o r i e n t a t i o n .  A s a t e l l i t e  e n t e r in g  one o f  t h e s e  f l u x  tu b e arm s w i l l  

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

The open f i e l d  l i n e s  i n s i d e  th e two f l u x  tu b e s  p r o v id e  a p a th  

w h ich  e n a b le s  m a g n eto sh ea th  p la sm a  to  e n t e r  th e  m a g n eto sp h ere  w h ile  a t  

th e  same tim e  a llo w in g  m a g n e to s p h e ric  p la sm a  to  le a k  o u t in t o  th e  

m a g n e to sh e a th . A s a t e l l i t e  e n t e r in g  a f l u x  tu b e  s h o u ld  t h e r e f o r e  

d e t e c t  a m ix t u re  o f  p a r t i c l e  p o p u la t io n s  o f  m agn eto sh eath  and m agneto­

s p h e r ic  o r i g i n .  The d i r e c t i o n  o f  m o tio n  o f  th e  tu b e s h o u ld  be a good  

i n d i c a t o r  o f  th e  b u lk  v e l o c i t y  o f  th e  p la sm a  i n s i d e ,  w h ich  in  g e n e r a l
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may be d i f f e r e n t  fro m  th e  am b ien t m a g n eto sh eath  v e l o c i t y  as a r e s u l t  o f  

m a g n e tic  t e n s io n  r e l e a s e  i n  th e  f l u x  tu b e . E n e r g e t ic  p a r t i c l e s  o f  

m a g n e to s p h e ric  o r i g i n  may be u se d  to  t r a c e  th e  open f i e l d  l i n e  t o p o lo g y  

i n  a way s i m i l a r  to  t h a t  d is c u s s e d  i n  s e c t io n  2 . 3 . 5 .  The p a r t i c l e s  

s h o u ld  stre a m  a n t i p a r a l l e l  to  th e  l o c a l  f i e l d  d i r e c t i o n  i n s i d e  th e  f l u x  

tu b e c o n n e c te d  to  th e  N o rth e rn  H e m isp h e re  and p a r a l l e l  to  th e  f i e l d  

i n s i d e  th e  s o u t h e r ly  c o n n e c te d  tu b e  ( F ig u r e  3 . 2 ) .

F ig u r e  3 . 2 .  P a r t i c l e  s t re a m in g  i n s i d e  FTEs  
(fro m  S p e is e r  and W il l ia m s ,  1 9 8 2 ) .

3 . 2 . 2  M a g n e to sp h e re

F ig u r e  3 . 3  shows th e  v ie w  o f  th e  m agnetopause c o r r e s p o n d in g  to  

t h a t  shown in  F ig u r e  3 . 1 ,  b u t t h i s  tim e  as se e n  by an o b s e r v e r  on th e  

E a rt h  f a c i n g  th e  Sun. T h is  tim e  th e  m a g n e to s p h e ric  f i e l d  l i n e s  

o v e r l i e  th e  p la n e  o f  th e  F ig u r e  ( i . e . ,  th e  m agn eto p au se) w h ile  th e
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magnetosheath field lines underlie it. Inspection of this figure will 
show that a satellite located in the magnetosphere sees qualitatively 
the same signatures as one located outside, in the magnetosheath. The 
field perturbations caused by unreconnected magnetospheric field lines 
draping over the moving flux tubes are in the same sense as those 
observed in the magnetosheath, i.e., a tilt away and then toward the 
Earth for a northward moving tube and tilts in the opposite sense for a 
southward moving tube. Inside the magnetospheric arm of the flux 
tubes (i.e., the part approximately aligned with the magnetospheric 
field direction) the field is pulled towards the field orientation in 
the magnetosheath. Inside the magnetospheric arm of the flux tubes we 
should also see evidence for plasma mixing and particle streaming, as 
before.

Figure 3.3. Magnetosphere FTE.
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3 . 3  Im p u ls iv e  R e c o n n e c t io n : O b s e r v a t io n s

3 . 3 . 1  M a g n e tic  f i e l d  s ig n a t u r e

A re q u ire m e n t  f o r  th e  s u c c e s s f u l  i d e n t i f i c a t i o n  o f  th e  m a g n e tic  

f i e l d  s ig n a t u r e  d is c u s s e d  i n  th e  p r e v io u s  s e c t io n  i s  th e  u se  o f  a 

s p e c i a l  c o o r d in a t e  sy ste m  t o  p l o t  th e  d a ta  i n .  The b o u n d a ry  n o rm al 

c o o r d in a t e  sy ste m , f i r s t  in t r o d u c e d  by R u s s e l l  and E l p h i c  ( 1 9 7 8 ) ,  

c o n s i s t s  o f  t h r e e  m u t u a lly  o rt h o g o n a l com ponents L, M and N, as  

i l l u s t r a t e d  i n  F ig u r e  3 . 4 .  T h is  c o o r d in a t e  sy ste m  i s  r e f e r e n c e d  to  th e  

l o c a l  m agnetopause s u r f a c e  and i t  h in g e s  on a s u c c e s s f u l  d e t e r m in a t io n  

o f  th e  d i r e c t i o n  o f  th e  n o rm a l to  th e  m agnetopause a t  th e  s a t e l l i t e  

l o c a t io n  (s e e  A p p e n d ix  B ) . The N -com ponent i s  p e r p e n d ic u la r  to  th e  

m agnetopause and p o in t s  o u tw a rd , away from  th e  E a r t h .  The L - and M- 

com ponents a re  t a n g e n t ia l  t o  th e  m agnetopause s u r f a c e  i n  su ch  a way 

t h a t  th e  L-N p la n e  c o n t a in s  th e  GSM Z - a x is .  and M p o in t  ro u g h ly  

n o rth w a rd  and dawnw ard, r e s p e c t i v e l y ,  a lo n g  th e  f r o n t s i d e  m agn eto p au se.

F ig u r e  3 . 4 .  B o un dary n o rm al c o o r d in a t e s .
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F ig u r e  3 .5  shows a s ix t y - m in u t e  p l o t  o f  medium r e s o l u t i o n  m a g n e tic  

f i e l d  d a t a  (1 2  s e c  a v e ra g e s  o v e r la p p e d  by two t h i r d s  and p lo t t e d  e v e r y  

4 s e c )  o b t a in e d  from  IS E E  1 (h e a v y  l i n e )  and IS E E  2 ( t h i n  l i n e )  d u r in g  

an in b o u n d  p a s s  o f  th e  d a y s id e  m agnetopause r e g io n  on 8 November 1977.  

The f o u r  p a n e ls  show fro m  to p  to  bottom  th e  L, M and N com ponents o f  

th e  m a g n e tic  f i e l d  and th e  t o t a l  f i e l d  s t r e n g t h  B, a l l  i n  u n i t s  o f  a 

n a n o t e s la .  The h o r iz o n t a l  a x is  g iv e s  th e  U n i v e r s a l  Tim e (UT) i n  h o u rs  

and m in u t e s . Below i t ,  th e  s p a c e c r a f t  l o c a t io n  i s  g iv e n  as th e  r a d i a l  

d is t a n c e  R ( u n i t s  o f  an E a r t h - r a d i u s ) , th e  l o c a l  tim e  LT (h o u rs  and  

m in u te s ) and n o r t h e r l y  l a t i t u d e  LAT (d e g r e e s )  i n  GSM c o o r d in a t e s .

. 8 NOV 1977 ISEE 1/2

LT 1110 1118 1126
LOT 26-3 26.2 26.0

F ig u r e  3 . 5 .  FTEs on 8 November 1977.

At th e  s t a r t  o f  th e  i n t e r v a l  b o th  IS E E  1 and 2 a re  i n  th e  m agneto­

s h e a t h , w here th e  m a g n e tic  f i e l d  p o in t s  so u th w a rd  and d u sk w a rd , i . e . ,

Bl  and B^ a re  b o th  n e g a t iv e .  At th e  end o f  th e  i n t e r v a l  b o th
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s a t e l l i t e s  a re  i n s i d e  th e  m a g n e to sp h e re , w here th e  m a g n e tic  f i e l d  h a s  

i t s  e x p e c te d  n o rth w a rd  o r i e n t a t i o n ,  i . e . ,  Bl  i s  p o s i t i v e .  The m ain  

m agnetopause c r o s s i n g  o c c u r s  a t  ^  2 : 5 0  and a t  'v* 2 : 5 3  UT f o r  IS E E  1 and 

2 r e s p e c t i v e l y ,  w h ich  a t  t h i s  tim e  a re  s e p a r a t e d  by 'v 300 km a lo n g  th e  

b o u n d a ry  no rm al N. The c r o s s i n g  o c c u r s  c lo s e  to  noon a t  a n o r t h e r l y

l a t i t u d e  o f  'v 26° .  P r i o r  to  th e  m agnetopause c r o s s i n g  t h e r e  a r e  two

p ro m in e n t e v e n ts  i n  th e  m ag n eto sh ea th  a t  'v 2 : 1 3  and 'v 2 : 3 5  UT w h ic h  a re  

s e e n  b y  b o th  IS E E  1 and 2 and w h ic h  i n  some r e s p e c t s  lo o k  l i k e  p a r t i a l  

m agnetopause c r o s s i n g s : th e  Bl  com ponent goes p o s i t i v e  and th e  f i e l d

s t r e n g t h  B re a c h e s  m a g n e t o s p h e ric  v a lu e s  d u r in g  th e  e v e n t s .  H ow ever, 

th e  Bjsj com ponent shows a c h a r a c t e r i s t i c  b i p o l a r  s ig n a t u r e ,  i n c r e a s i n g  

f i r s t  to  la r g e  p o s i t i v e  v a lu e s  and th e n  d e c r e a s in g  to  la r g e  n e g a t iv e  

v a lu e s  b e f o r e  r e t u r n in g  t o  z e ro  a g a in .  In  o t h e r  w o rd s, th e  f i e l d  t i l t s  

f i r s t  away from  th e  E a rt h  and th e n  to w a rd s i t .  The B^ com ponent, i n  

c o n t r a s t  to  i t s  b e h a v io u r  d u r in g  th e  l a t e r  m agnetopause c r o s s i n g ,  

becom es more s t r o n g l y  n e g a t iv e  d u r in g  th e  e v e n t s .  The n e t r e s u l t  o f  

th e  Bl  and BM d e f l e c t i o n s  i s  t h a t  th e  t a n g e n t ia l  f i e l d  com ponent r o t a t e s  

to  a d i r e c t i o n  in t e r m e d ia t e  to  t h a t  o b s e rv e d  i n  th e  m a g n eto sh ea th  and i n  

th e  m a g n e to sp h e re . T h is  s e t  o f  m a g n e tic  f i e l d  s ig n a t u r e s  i s  t h e r e f o r e  

c o n s is t e n t  w it h  an i n t e r p r e t a t i o n  i n  term s o f  an e n c o u n t e r  w it h  a 

n o rth w a rd  m oving open f l u x  tu b e  as d is c u s s e d  i n  th e  p r e v io u s  s e c t io n .  

M a g n eto sh e ath  m a g n e tic  f i e l d  s ig n a t u r e s  su ch  as a re  o b s e rv e d  a t  2 : 1 3  

and 2 : 3 5  UT w ere term ed f l u x  t r a n s f e r  e v e n t s  (F T E s ) b y  R u s s e l l  and 

E l p h i c  ( 1 9 7 8 ) ,  who w ere th e  f i r s t  to  d is c o v e r  them i n  th e  IS E E  d a t a .

N ote i n  F ig u r e  3 .5  t h a t  o t h e r  FTEs a ls o  o c c u r  a t  ^  2 : 4 1  UT i n  th e  

m a g n eto sh ea th  and a t  2 : 5 5  and 3 : 0 0  UT i n  th e  m a g n e to sp h e re . The 

m a g n e to s p h e ric  FTEs show th e  same p o s i t i v e - n e g a t i v e  B^ s ig n a t u r e s  as  

th e  m a g n eto sh ea th  F T E s .

F ig u r e  3 .6  shows a o n e -h o u r p l o t  o f  m a g n e tic  f i e l d  d a ta  o b t a in e d  

d u r in g  an in b o u n d  p a s s  on 10 November 1977 .  As a r e s u l t  o f  b o u n d a ry  

m o tio n s th e  m agnetopause i s  c r o s s e d  t h r e e  tim e s a t  1 4 : 3 9 ,  1 4 : 4 7  and  

1 4 : 5 8  UT d u r in g  t h i s  p a s s .  The m agnetopause e n c o u n t e rs  o c c u r  c l o s e  to  

noon a t  a n o r t h e r l y  l a t i t u d e  o f  'v- 20° . The m a g n eto sh eath  m a g n e tic  

f i e l d  a g a in  h a s a so u th w a rd  and d uskw ard  o r i e n t a t i o n .  C h a r a c t e r i s t i c  

FTE s ig n a t u r e s  c o n s i s t i n g  o f  p o s i t i v e - n e g a t i v e  B^ p e r t u r b a t io n s  ca n  be 

i d e n t i f i e d  i n  th e  m ag n eto sh eath  a t  ^  1 4 : 3 6 ,  1 4 : 3 8  and 1 4 : 5 5  UT, a t  th e  

m agnetopause a t  'v, 1 4 : 4 7  and 1 4 : 5 8  UT and i n  th e  m a g n eto sp h ere  a t  'v- 1 5 : 0 3  

and 1 5 : 1 6  UT. A l l  th e  FTE B^ s ig n a t u r e s  a re  a cco m p a n ie d  by an
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en hancem ent i n  f i e l d  s t r e n g t h  o v e r  a m b ie n t v a lu e s  as w e l l  a s  a 

d e f l e c t i o n  i n  t h e  t a n g e n t i a l  f i e l d  com po nents Bl  and B^j. H o w e ver,  

n o t e  t h a t  t h e  t a n g e n t i a l  f i e l d  t i l t  i s  n o t a lw a y s  s u c h  as t o  c a u s e  a 

r o t a t i o n  o f  th e  f i e l d  to w a rd s  th e  d i r e c t i o n  o f  t h e  f i e l d  on th e  

o p p o s it e  s i d e  o f  th e  m a g n e to p a u se , e . g . ,  a t  1 4 : 3 6 ,  1 5 : 0 3  and 1 5 : 1 6  UT. 

T h is  i s  c o n t r a r y  to  e x p e c t a t io n s  b a se d  on th e  m odel d e s c r ib e d  i n  th e  

p r e v io u s  s e c t i o n .

10 NOV 1-977 I SEE 1/2
L  1 ' ' ' I   ' I - ' - ' —'  ' l l 1 ' | ' | ' ' 1 ' I f  ■ ' '  ' H " l  ' I ■ i ■ • ■ ■ i ■ ' ■ ■ i >■< ' ' T
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20 = . . . . . . . .  .1, . J.I. 1 . . . . .  1 . . . . . . .  1 . . 1 . . .  .!. . . . . . . . . . . .  .1. . . .  .=

UT 1 4 :2 1 31 4 1 51 01 l 1 15:21
GSM
R 8-38 7.56 6.71
LT 1 204 1212 1222
LflT 23 .3 21 .7 19.9

F ig u r e  3 . 6 .  FTHs on 10 Novem ber 1 9 7 7 .

3 . 3 . 2  E n e r g e t ic  p a r t i c l e  s ig n a t u r e s

S c h o le r  e t  a l .  ( 1 9 8 2 )  a n a ly s e d  t h e  e n e r g e t ic  p a r t i c l e  b e h a v io u r  

d u r in g  th e  FTEs o b s e rv e d  on 8 Novem ber 1977 ( F ig u r e  3 . 7 ) .  The to p  

f o u r  p a n e ls  show th e  p la s m a  d e n s it y  Np i n  cm "3 ( o b t a in e d  o v e r  th e  t o t a l  

in s t r u m e n t a l  e n e rg y  r a n g e )  and th e  m a g n e t ic  f i e l d  d a t a  i n  b o u n d a ry  

n o rm a l (LMN) c o o r d in a t e s ,  a l l  o b t a in e d  fro m  IS E E  1. The b o tto m  two
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ISEE-1 8 NOV. 1977

F ig .  3 . 7 .  E n e r g e t ic  p a r t i c l e  d a ta  f o r  FTEs ( S c h o le r  e t  a l . ,  1982)

F ig .  3 . 8 . FTE e n e r g e t ic  p ro to n  d i s t r i b u t i o n s  ( S c h o le r  e t  a l . ,  1982)
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p a n e ls  show th e  e n e r g e t ic  com ponents o f  th e  s p in - a v e r a g e d  co u n t r a t e s  

o f  p ro t o n s  (3 0 - 3 5  keV ) and e le c t r o n s  ( 7 5 - 1 1 5  k e V ) . The d e n s it y  o f  

m a g n eto sh eath  p la sm a  (^  1 keV ) i s  h ig h e r  th a n  th e  m a g n e t o s p h e ric  p la sm a  

so  t h a t  th e  m agnetopause ca n  be i d e n t i f i e d  from  th e  r e d u c t io n  i n  Np a t  

-v 2 : 5 0  UT as w e l l  a s  from  th e  change i n  f i e l d  d i r e c t i o n .  The h ig h  

(£  20 keV ) e n e rg y  p la sm a  d e n s it y  i s ,  h o w ev er, h ig h e r  i n  th e  m agneto­

s p h e re  ( r i n g  c u r r e n t )  th a n  i n  th e  m a g n eto sh ea th , as can be s e e n  from  

th e  bottom  p a n e ls .

In s p e c t io n  o f  F ig u r e  3 . 7  w i l l  show t h a t  c l e a r  enhancem ents i n  th e  

e n e r g e t ic  p r o t o n  and e l e c t r o n  i n t e n s i t i e s  o c c u r  d u r in g  th e  two p ro m in e n t  

FTE m a g n e tic  f i e l d  s ig n a t u r e s  o b s e rv e d  i n  th e  m a g n eto sh eath  a t  

2 : 1 2  -  2 : 1 5  UT and a t  2 : 3 4  -  2 : 3 8  UT. C o m p ariso n  w it h  th e  Np p a n e l  

th e n  in d i c a t e s  t h a t  d u r in g  th e  FTEs a m ix t u re  o f  m a g n eto sh ea th  and 

m a g n e to s p h e ric  c h a rg e d  p a r t i c l e  p o p u la t io n s  i s  o b s e rv e d . T h is  i s  

c o n firm e d  from  an e x a m in a tio n  o f  th e  p r o t o n ,  a lp h a  p a r t i c l e  and 

e le c t r o n  s p e c t r a  as shown b y  S c h o le r  e t  a l .  ( 1 9 8 2 ,  t h e i r  F ig u r e  4 ) .

The io n  and e l e c t r o n  s p e c t r a  a re  s i m i l a r  to  th o s e  o b s e rv e d  l a t e r  i n  th e  

r i n g  c u r r e n t ,  a lt h o u g h  th e  io n  f l u x e s  a re  s l i g h t l y ,  and th e  e l e c t r o n  

f lu x e s  s u b s t a n t i a l l y  re d u c e d  com pared to  th e v a lu e s  i n  th e  m a g n eto sp h ere  

[ F ig u r e  3 . 7 ) .

A d e t a i l e d  s e q u e n ce  o f  th e  e n e r g e t ic  p ro t o n  d i s t r i b u t i o n s  d u r in g  

th e  2 : 1 3  UT FTE i s  shown i n  F ig u r e  3 . 8 .  The co u n t r a t e  o b t a in e d  i n

th e  s a t e l l i t e  s p in  p la n e  (a p p r o x im a t e ly  th e  e c l i p t i c  p la n e )  h a s b een  

d iv id e d  in t o  s i x  s e c t o r s  c o r r e s p o n d in g  to  th e  in s t r u m e n t  lo o k  d i r e c t i o n s .  

The shad ed  a r e a  h a s been e l im in a t e d  to  a llo w  f o r  s e n s i t d v i t y  o f  th e  

s e n s o r s  to  th e  Sun, w h ich  i s  to  th e  l e f t  o f  th e  f i g u r e .  The a rro w e d  

l i n e  shows th e  p r o j e c t i o n  o f  th e  m a g n e tic  f i e l d  on to  th e  e c l i p t i c  p la n e .  

I t  can be c l e a r l y  s e e n  t h a t  i n  th e  c e n t r e  o f  th e  FTE ( 2 : 1 3 : 5 6  -  2 : 1 4 : 1 2  

and 2 : 1 4 : 1 2 - 2 : 1 4 : 2 8  UT i n v e r v a l s )  th e  p ro t o n s  stre a m  a n t i p a r a l l e l  to  

th e  m a g n e tic  f i e l d .  Such a s t re a m in g  d i r e c t i o n  i s  c o n s is t e n t  w it h  an 

i n t e r p r e t a t i o n  i n  term s o f  e n e r g e t ic  io n s  e s c a p in g  fro m  th e  m a g n eto sp h ere  

in t o  th e  m a g n eto sh ea th  a lo n g  n e w ly  opened f i e l d  l i n e s  c o n n e c te d  to  th e  

N o rt h e rn  H e m isp h e re . In  c o n t r a s t  t o  th e  e n e r g e t ic  io n  b e h a v io u r ,  

h o w e v e r, th e  e n e r g e t ic  e l e c t r o n  d i s t r i b u t i o n s  d u r in g  th e  two m agneto­

s h e a th  FTEs a re  a p p ro x im a t e ly  i s o t r o p i c  (n o t sh o w n ).

E n e r g e t ic  p a r t i c l e  d a ta  f o r  th e  10 November 1977 c r o s s i n g s  

( F ig u r e  3 . 6 )  w ere p r e s e n t e d  by D a ly  e t  a l . ( 1 981 )  and D a ly  and K e p p le r  

( 1 9 8 2 ) .  F ig u r e  3 .9  shows th e  e n e r g e t ic  p a r t i c l e  d a ta  and ( f o r
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r e f e r e n c e )  th e  m a g n e tic  f i e l d  d a t a  i n  b o u n d a ry  n o rm a l c o o r d in a t e s  

o b t a in e d  fro m  IS E E  2 . The to p  two p a n e ls  show r e s p e c t i v e l y  th e  

e n e r g e t ic  io n  (£  25 keV ) and e l e c t r o n  (£  20 keV ) d a ta  s o r t e d  in t o  t h r e e  

p i t c h  a n g le  b in s  w it h  a ra n g e  o f  6 0° e a c h . P it c h  a n g le s  o f  0 ° and 18 0°  

show r e s p e c t i v e l y  s t re a m in g  p a r a l l e l  and a n t i p a r a l l e l  to  th e  l o c a l  f i e l d  

d i r e c t i o n .  As shown i n  F ig u r e  3 . 9 ,  th e  e n e r g e t ic  p a r t i c l e  i n t e n s i t i e s  

d u r in g  th e  FTEs o b s e rv e d  i n  th e  m a g n e to sh e a th , a t  th e  m agnetopause and  

i n  th e  m a g n eto sp h ere  a r e  in t e r m e d ia t e  to  th o se  o b s e rv e d  i n  th e  m agneto­

s h e a th  and m a g n eto sp h ere  p r o p e r .  In  p a r t i c u l a r ,  th e  e le c t r o n  i n t e n s i t i e s  

a re  an o r d e r  o f  m a g n itu d e b elo w  m a g n e to s p h e ric  v a lu e s .  A ls o  e v id e n t  i s  

th e  s t re a m in g  o f  th e  io n s  a n t i p a r a l l e l  to  the m a g n e tic  f i e l d  ( h ig h e s t  

i n t e n s i t y  i n  th e  180° p i t c h  a n g le  b in )  d u r in g  th e  m ag n eto sh eath  F T E s,  

c o n s is t e n t  w it h  e n c o u n t e rs  o f  open f l u x  tu b e s c o n n e c te d  to  th e  N o rth e rn  

H e m isp h e re . H ow ever, n o te  t h a t  th e  e le c t r o n  d i s t r i b u t i o n s  a re  more 

i s o t r o p i c  and even show a s l i g h t  a n is o t r o p y  p a r a l l e l  to  th e  l o c a l  f i e l d  

d i r e c t i o n .  C o n f ir m a t io n  o f  th e  s i m i l a r i t y  i n  p a r t i c l e  p o p u la t io n s  

d u r in g  th e  m a g n e to s p h e ric  and m ag n eto sh eath  FTEs i s  g iv e n  i n  F ig u r e  3 . 1 0 .  

T h is  f i g u r e  shows th e  io n  d i s t r i b u t i o n s  d u r in g  a m a g n eto sh ea th  FTE 

( c r o s s e s ) , a m a g n e to s p h e ric  FTE ( s o l i d  c i r c l e s )  and a r e f e r e n c e  i n t e r v a l  

i n  th e  m a g n eto sp h ere (o p en t r i a n g l e s ) . Both ty p e s  o f  FTE show 

d i s t r i b u t i o n s  p e a k e d  to w ard  1 8 0 ° ,  i . e . ,  a n t i - p a r a l l e l  s t re a m in g . A 

f i n a l  p o in t  w o rth  n o t in g  i n  F ig u r e  3 .9  i s  t h a t  th e  e n e r g e t ic  p a r t i c l e  

i n t e n s i t y  enhancem ents d u r in g  th e  m ag n eto sh eath  FTEs i s  o f  lo n g e r  

d u r a t io n  f o r  th e  io n s ,  w h ile  d u r in g  th e  m agn eto sph ere FTEs th e  i n t e n s i t y  

d e c r e a s e s  l a s t  lo n g e r  f o r  th e  e le c t r o n s  (D a ly  and K e p p le r ,  1 9 8 2 ) .  T h is  

b e h a v io u r  e l im in a t e s  th e  p o s s i b i l i t y  t h a t  th e  FTEs a re  c a u s e d  by c lo s e  

e n c o u n t e rs  o f  th e  m agnetopause (s e e  D a ly ,  1982,  F ig u r e  3 ) .

3 . 3 . 3  P lasm a s ig n a t u r e s

Paschmann e t  a l . ( 1 9 82 )  made an e x t e n s iv e  i n v e s t i g a t i o n  o f  th e  

p la sm a  s ig n a t u r e s  o f  FTE m a g n e tic  s ig n a t u r e s .  F ig u r e  3 . 1 1  shows p la sm a  

and m a g n e tic  f i e l d  d a ta  o b t a in e d  fro m  IS E E  1 d u r in g  th e  8 November 1977  

p a s s .  The to p  t h r e e  p a n e ls  show th e  t o t a l  p la sm a  d e n s it y  Np, th e  

e n e r g e t ic  com ponents o f  th e p la sm a  d e n s i t i e s  o f  io n s  Np (8 - 4 0  keV ) and 

e le c t r o n s  Ng ( 1 . 7 - 2 0  keV,  d o t t e d  l i n e ) ,  and th e  p la sm a  flo w  sp ee d  Vp 

(km s - 1 ) .  A l l  p la sm a  p a ra m e te rs  a re  o b t a in e d  from  3-D  m easurem ents  

(Bame e t  a l . ,  1 9 7 8 ) .  The bottom  f o u r  p a n e ls  a g a in  show th e  m a g n e tic  

f i e l d  i n  LMN c o o r d in a t e s  and th e  f i e l d  s t r e n g t h  Pg ( n a n o t e s la s )  and
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p la s m a  p r e s s u r e  Pp ( 1 0 “ 8 dyne cm” 2 ) . The m a g n e to sh e a th  FTEs show  

c l e a r  e n h a n c e m e n t s -in  t h e  e n e r g e t i c  p a r t i c l e  d e n s i t i e s  as a l s o  r e p o r t e d  

b y  S c h o le r  e t  a l .  ( 1 9 8 2 ) .  The p la s m a  b u lk  s p e e d  Vp i s  p e r t u r b e d  and  

d u r in g  th e  l a t t e r  p a r t  o f  th e  m a g n e to sh e a th  FT E s i t  i s  e n h a n ce d  co m pared  

to  a m b ie n t m a g n e to sh e a th  v a l u e s .  The p la s m a  v e l o c i t y  d u r in g  t h e s e  

e v e n t s  h a s  a n o rth w a rd  and daw nw ard com ponent (P asch m an n e t  a l . ,  1982 ,  

F ig u r e  7 ) i n  a c c o r d  w it h  th e  p o s i t i v e - n e g a t i v e  s e n s e  o f  th e  

p e r t u r b a t i o n .  The p la s m a  and m a g n e t ic  f i e l d  d a t a  a r e  t h e r e f o r e  

c o n s i s t e n t  w it h  an e n c o u n t e r  o f  a n o r t h e r l y  c o n n e c t e d  f l u x  tu b e  as  

d raw n i n  F ig u r e  3 . 1 .  N ote f i n a l l y  t h a t  th e  t o t a l  (p la s m a  and f i e l d )  

p r e s s u r e  i s  e n h a n ce d  d u r in g  th e  F T E s .

F ig .  3 . 9 .

*" .$ = = ’— ■■-=■■=■=----------------------i
— V + p  “■«--------W - a ,--------- - ]

T -  14 30 14 40 14 50 15 00 1 5 <0 15 20 1 5 30
X» 7 50 7 32 7 1 1 S 84 6 59 6 33 6 09
Y -  - 0  97 - 0  85 - 0  70 - 0  53 - 0  37 - 0  21 - 0 06
Z -  3 02 2 92 2 80 2 66 2 52 2 38 2 25

P a r t i c l e  s t r e a m in g i n s i d e FTEs (D a ly and K epp1 i 1 9 8 2 ) .
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- K‘ 
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«» I ' 1

F i g .  3 . 1 0 . FTE e n e r g e t i c  p r o t o n  d i s t r i b u t i o n s  
(D a ly  and K e p p le r ,  1 9 8 2 ) .
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I SEE l ORBIT 7 INBOLMD 8 NOV 1977

F ig .  3 . 1 1 .  P la sm a  and f i e l d  d a t a  f o r  
8 Novem ber 1977 [Pa-schmann e t  a l . ,  1 9 8 2 ) .

I SEE 2 ORBIT 8 INBOUND lo NOV 1977

F ig .  3 . 1 2 .  P la sm a  and f i e l d  d a t a  f o r  
10 N ovem ber 1 977 CPaschmann e t  a l . ,  1 9 8 2 ) .
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F ig u r e  3 . 1 2  shows th e  p la sm a  and f i e l d  d a ta  d u r in g  th e  10 November 

1977 p a s s ,  i n  th e  same fo rm a t as F ig u r e  3 . 1 1 .  Note a g a in  th e  e n e r g e t ic  

p a r t i c l e  enhancem ents d u r in g  th e  m agn eto sh eath  F T E s , as w e ll  as th e  

en h an ced  flo w  sp e e d s f o r  th e  FTEs a t  th e  m agn eto p au se. The m agneto- 

s p h e r ic  FTE a t 1 5 : 0 3  UT o c c u r s  i n  c lo s e  a s s o c i a t i o n  w it h  an i s o l a t e d  

p u ls e  o f  b o u n d a ry  l a y e r  p la s m a , as does th e  FTE a t  2 : 5 5  UT i n  

F ig u r e  3 . 1 1 .  T h is  shows t h a t  m a g n e to s p h e ric  FTEs a ls o  c o n t a in  a 

m ix t u re  o f  m a g n eto sh ea th  and m a g n e to s p h e ric  p la s m a .

E le c t r o n  p la sm a  d a ta  f o r  a t o t a l  o f  31 FTEs h a v e  b een a n a ly s e d  by  

O g i l v i e  and S cu d d e r ( 1 9 8 4 ) .  The e l e c t r o n  p la sm a  com ponent o b s e r v a t io n s  

c o n f ir m  th e  m ix t u re  o f  p la sm a s d e s c r ib e d  ab o ve. The a u t h o rs  a ls o  

r e p o r t  e v id e n c e  f o r  f i e l d - a l i g n e d  io n o s p h e r ic  e le c t r o n s  d u r in g  some 

e v e n t s .

3 . 3 . 4  M o d e llin g  o f  FTE p a r t i c l e  d i s t r i b u t i o n s

In  o r d e r  to  t e s t  w h e th e r th e  e n e r g e t ic  io n s  o b s e rv e d  d u r in g  FTEs  

i n  th e  m ag n eto sh eath  r e s u l t  from  le a k a g e  o f  m a g n e to s p h e ric  p a r t i c l e s  

th ro u g h  th e  m agn eto p au se, S p e is e r  e t  a l .  ( 1 981 )  and S p e is e r  and  

W illia m s  ( 1 9 82 )  u se d  a ss im p le  m odel o f  th e  n e a r  s u b s o la r  b o u n d a ry  to  

f o l lo w  c o m p u t a t io n a lly  p a r t i c l e  o r b i t s  from  th e  m a g n eto sp h ere  

in t o  th e  m a g n e to sh e a th . The model th e y  c o n s id e r e d  i s  o n e - d im e n s io n a l,  

w it h  l i n e a r  v a r i a t i o n s  o n ly  a lo n g  th e  n o rm al to  th e  b o u n d a ry , and q u a s i ­

s t a t i c .  The l a t t e r  c o n d it io n  i n  e f f e c t  means t h a t  th e  b o u n d a ry  as se e n  

by t h e  p a r t i c l e s  i s  t im e - s t a t io n a r y  o r  i s  i n  a s e r i e s  o f  n e a r ly  s t e a d y  

s t a t e s .  A r t i f i c i a l  m ir r o r in g  i s  a ls o  im posed i n s i d e  th e  m a g n e to sp h e re .  

As in p u t  to  th e  m o d el, d a ta  from  th e  IS E E  s a t e l l i t e s  d u r in g  th e  

10 November 1977 in b o u n d  p a s s  ( F ig u r e  3 . 6 )  w ere u se d  to  f i n d  th e  

a v e ra g e  m agn eto sheath and m a g n e to s p h e ric  m a g n e tic  f i e l d s  and a ls o  th e  

3-D  d i s t r i b u t i o n s  f o r  m a g n e t o s p h e r ic a lly  t ra p p e d  e n e r g e t ic  (> 24 keV ) 

io n s .  The io n  o r b i t s  a re  th e n  fo llo w e d  c o m p u t a t io n a lly  th ro u g h  th e  

model m agnetopause in t o  th e  m a g n e to sh e a th , w here m odel m ag n eto sh eath  

d i s t r i b u t i o n  f u n c t io n s  a re  s e t  up u s in g  L i o u v i l l e ' s  theo rem  u n d e r th e  

a ss u m p tio n  t h a t  s c a t t e r i n g  p r o c e s s e s  a re  n o t im p o rta n t  f o r  th e  e n e r g e t ic  

io n s  (s e e  F ig u r e  3 . 1 3 ) .  The a u t h o rs  com pared th e  m odel m agn eto sh eath  

d i s t r i b u t i o n  f u n c t io n s  w it h  th e  a c t u a l  ones o b s e rv e d  d u r in g  s e v e r a l  F T E s. 

They fo u n d  good agreem ent i f  t h e y  u se d  an in w a rd  p o in t i n g  n o rm a l f i e l d  

com ponent (e s t im a t e d  to  be a few nT) and a t a n g e n t ia l  e l e c t r i c  f i e l d  

n o t g r e a t e r  th a n  ^  0 . 5  mV m-1 f o r  th e  m apping p r o c e s s .  They c o n c lu d e d
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t h e r e f o r e  t h a t  th e  e n e r g e t ic  io n s  o b s e rv e d  d u r in g  m a g n eto sh ea th  FTEs 

a re  in d e e d  c o n s is t e n t  w it h  d i r e c t  le a k a g e  o f  p r e v i o u s l y  t ra p p e d  

m a g n e to s p h e ric  p ro t o n s  th ro u g h  th e  m agnetopause a lo n g  n o r t h e r l y  

c o n n e c te d  open f i e l d  l i n e s .  The t a n g e n t ia l  e l e c t r i c  f i e l d  v a lu e  i s  

somewhat lo w e r th a n  e l e c t r i c  f i e l d  m easurem ents o b s e rv e d  a t  th e  

m agnetopause seem to  s u g g e s t  ( s e c t i o n  2 . 3 . 4 ) .  F a h le s o n  e t  a l .  ( 1 9 7 9 )  

r e p o r t  a v a lu e  o f  ^  2 mV m '1 f o r  th e  10 November 1977 c r o s s i n g s .

T h ese v a lu e s  a re  n o t i n c o n s i s t e n t ,  h o w e v e r, s in c e  an FTE f l u x  tu b e  may 

be sam p led  by IS E E  a t  a c o n s id e r a b le  d is t a n c e  away fro m  th e  m agnetopause  

and th e  f l u x  tu b e  may h a ve d e ta c h e d  i t s e l f  and moved away from  th e  

r e c o n n e c t io n  s i t e  som etim e i n  th e  p a s t .

z

F ig u r e  3 . 1 3 .  M apping o f  p a r t i c l e  d i s t r i b u t i o n s  
in t o  th e m ag n eto sh eath  ( S p e is e r  e t a l . ,  1 9 8 1 ) .

3 . 3 . 5  R e v e rs e  s ig n a t u r e  FTEs

The i n i t i a l  r e p o r t s  o f  FTEs w ere c o n f in e d  m a in ly  t o  o b s e r v a t io n s  

made d u r in g  th e  e a r l y  p a r t  o f  th e  IS E E  m is s io n ,  i . e . ,  la t e  Autumn 1977 .  

D u rin g  t h i s  p e r io d  th e  IS EE 1 and 2 s a t e l l i t e s  c r o s s e d  th e  d a y s id e  

m agnetopause r e g io n  on th e  dawn s id e  o f  th e  E a rt h  a t  r e l a t i v e l y  h ig h  

n o r t h e r n  m a g n e tic  l a t i t u d e s :  ^  2 0 -4 0 °  i n  GSM c o o r d in a t e s .  I f  FTE

r e c o n n e c t io n  o c c u r s  n e a r  th e g e o m a g n e tic  e q u a t o r  as p o s t u la t e d  i n
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s e c t io n  3 . 2 ,  th e n  we s h o u ld  e x p e c t  th e  FTEs to  show s ig n a t u r e s  

c o n s is t e n t  w it h  a s a t e l l i t e  l o c a t io n  n o rt h  o f  th e  r e c o n n e c t io n  s i t e ,  

i . e . ,  a p o s i t i v e - n e g a t i v e  d e f l e c t i o n  i n d i c a t i n g  n o rth w a rd  m o tio n  as 

w e ll  as n o rth w a rd  p la sm a  f lo w s  and a n t i - p a r a l l e l  e n e r g e t ic  p a r t i c l e  

s t re a m in g  i n s i d e  th e  FTE f l u x  t u b e s . The two c a s e  e v e n t s t u d ie s  we 

h ave c o n s id e r e d  ( F ig u r e s  3 .5  and 3 .6 )  s a t i s f y  t h e s e  c r i t e r i a .  L a t e r  

on i n  th e  m is s io n  th e  IS E E  s a t e l l i t e s  w ere a b le  to  sam ple th e  m agneto­

p a u se  a t  lo w e r l a t i t u d e s ,  and one su ch  c r o s s i n g  we s h a l l  now s e l e c t  f o r  

a d e t a i l e d  d is c u s s io n .

F ig u r e  3 .1 4  shows two 1 -h o u r  p l o t s  o f  p la sm a  and m a g n e tic  

f i e l d  d a t a  o b t a in e d  fro m  IS E E  1 d u r in g  th e  in b o u n d  p a s s  on 9 A u g u st 1978  

The p a n e ls  show r e s p e c t i v e l y  fro m  to p  to  bottom  th e  p la sm a  d e n s it y  Np, 

th e p la s m a  f lo w  speed  Vp, a z im u t h a l a n g le  <J>p (1 8 0 °  i s  a n t is u n w a rd ,  270°  

i s  d a w n w a rd ), n o r t h - s o u t h  GSM component V z o f  th e  f lo w , and th e  m a g n e tic  

f i e l d  i n  b o u n d a ry  n o rm al c o o r d in a t e s .  A l l  p la s m a  p a ra m e te rs  a re  from  

2-D  m easurem ents (o b t a in e d  i n  th e  s a t e l l i t e  s p in  p la n e  ^  e c l i p t i c  p la n e )  

a t 12 s e c  r e s o l u t i o n ,  e x c e p t  Vz w h ich  i s  o b t a in e d  from  3-D  m easurem ents  

a t a r e s o l u t i o n  o f  one d a ta  p o in t  e v e ry  48 s e c .  R e f e r r i n g  to  

F ig u r e  3 .1 4  we can se e  t h a t  IS E E  1 i s  i n i t i a l l y  i n  th e  m a g n e to sh e a th ,  

w here th e  f i e l d  i s  so u th w a rd  and d uskw ard  (B l  and Bĵ  b o th  n e g a t i v e ) .

The m agnetopause i s  th e n  c r o s s e d  t h r e e  t im e s  a t  1 9 :3 4 ,  1 9 :5 3  and 2 0 :1 1  

UT as a r e s u l t  o f  b o u n d a ry  m o tio n s . The m agnetopause c r o s s i n g s  o c c u r  

i n  th e  d u sk  l o c a l  tim e  s e c t o r  s l i g h t l y  n o rth w a rd  o f  th e  g e o m a g n e tic  

e q u a t o r .  T h is  l o c a t io n  i s  c o n s is t e n t  w it h  th e  m agn eto sheath p la sm a  

flo w  d i r e c t i o n  (d u sk w a rd  and s l i g h t l y  n o rth w a rd , i . e . ,  4>p a, 1 5 0 °  and 

V z 'v- 100 km s -1  p o s i t i v e )  and th e  m a g n e to s p h e ric  f i e l d  d i r e c t i o n ,  w h ich  

i s  n o rth w a rd  (Bj^ p o s i t i v e )  and dawnward (B ^ p o s i t i v e ) . From th e  number 

d e n s it y  and B^ b e h a v io u r  we ca n  deduce t h a t  th e  m agnetopause i s  o n ly  

p a r t i a l l y  c r o s s e d  d u r in g  th e  1 9 :3 4  - 1 9 :5 3  UT i n t e r v a l .  T h is  i n t e r v a l  

i s  one o f  th e  q u a s i- s t e a d y  r e c o n n e c t io n  e v e n t s  r e p o r t e d  by S o n n eru p e t  

a l . (1 9 8 1 ) and th e y  i n t e r p r e t  t h i s  r e g io n  to  be lo c a t e d  on open f i e l d  

l i n e s  so u th w a rd  o f  th e  r e c o n n e c t io n  l i n e .  E v id e n c e  f o r  t h i s  may be 

fo u n d  i n  th e  fo rm  o f  a c c e le r a t e d  f lo w s  d i r e c t e d  so u th w a rd  ( n e g a t iv e  V2) 

d u r in g  t h i s  i n t e r v a l .  S o nn eru p e t  a l .  (1 9 8 1 ) a ls o  r e p o r t  o b s e r v in g  

e n e r g e t ic  p a r t i c l e s  s t re a m in g  p a r a l l e l  to  th e  f i e l d ,  i n  th e  m agneto­

s h e a t h , c o n s is t e n t  w it h  th e  e s c a p e  o f  m a g n e to s p h e ric  p a r t i c l e s  a lo n g  

s o u t h e r ly  c o n n e c te d  open f i e l d  l i n e s .

FTE s ig n a t u r e s  o c c u r  th ro u g h o u t th e  i n t e r v a l  p lo t t e d  i n  F ig u r e  3 . 1 4
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T h re e  o f  th e  most p ro m in e n t FTE m a g n e tic  s ig n a t u r e s  o c c u r  a t  1 9 : 2 1  and 

2 0 :0 4  UT i n  th e  m a g n eto sh ea th  and a t  2 0 : 1 5  UT i n  th e  m a g n e to sp h e re .

A l l  t h r e e  FTEs show a r o t a t i o n  o f  th e  t a n g e n t ia l  f i e l d  to w a rd s th e  

d i r e c t i o n  o f  th e  f i e l d  on th e  o p p o s it e  s id e  o f  th e  m a g n eto p au se, i n  

p a r t i c u l a r  th e  com ponent goes p o s i t i v e  d u r in g  th e  two m agn eto sheath  

F T E s. In  a d d it io n ,  th e  m a g n e tic  f i e l d  s t r e n g t h  in c r e a s e s  s u b s t a n t i a l l y  

d u r in g  th e  two m a g n eto sh ea th  FTEs i n  agreem ent w it h  o b s e r v a t io n s  

r e p o r t e d  e a r l i e r  ( s e e ,  e . g . ,  F ig u r e s  3 . 5  and 3 . 6 ) .  The n o v e l m a g n e tic

f e a t u r e  o f  th e  p r e s e n t  e v e n t s  i s  th e  s ig n a t u r e .  The B^ s ig n a t u r e

i s  b i p o l a r ,  b u t in s t e a d  o f  b e in g  p o s i t i v e - n e g a t i v e  i t  go es i n  th e  

r e v e r s e  s e n s e ,  i . e . ,  n e g a t i v e - p o s i t i v e .  Such a s ig n a t u r e  we p o s t u la t e d  

as b e in g  c a u se d  by th e  so u th w a rd  m o tio n  o f  a s o u t h e r ly  c o n n e c te d  FTE 

open f l u x  tu b e i n  s e c t io n  3 . 2 .  We s h a l l  now se e k  c o n f ir m a t io n  o f  t h i s  

fro m  th e  p la sm a  d a ta .

P lasm a d a ta  show t h a t  a l l  t h r e e  FTEs c o n t a in  a m ix t u re  o f  m agneto­

s h e a th  and m a g n e to s p h e ric  p a r t i c l e  p o p u la t io n s .  They a re  a ls o  

a cco m p a n ie d  by p la sm a  f lo w s  w h ich  a re  ( s l i g h t l y )  en h an ced  i n  co m p a riso n  

w it h  th e  m agn eto sh eath  p la sm a  f lo w . The p la sm a  f lo w  d u r in g  th e  FTEs 

i s  a ls o  d ir e c t e d  so u th w a rd , as may be s e e n  fro m  th e  n e g a t iv e  V z v a lu e s .  

T h is  l a t t e r  f e a t u r e  i s  p e rh a p s  n o t so c l e a r l y  e v id e n t  a s one w o uld  w ish  

b e c a u s e  o f  th e  low t im e - r e s o l u t i o n  o f  th e  3-D  p la sm a  d a t a . The t im e -  

r e s o l u t i o n  i s  i n  f a c t  o f  th e  same o r d e r  as th e  d u r a t io n  o f  th e  FT E s. 

H ow ever, th e  f a c t  t h a t  we do se e  a so u th w a rd  f lo w  d e f l e c t i o n  a t  one 

d a ta  p o in t  in d i c a t e s  t h a t  we a re  e n c o u n t e r in g  so u th w a rd  m oving open 

f l u x  t u b e s ,  an i n t e r p r e t a t i o n  w h ich  i s  i n  agreem ent w it h  th e  r e v e r s e  B^ 

s ig n a t u r e s .  The m a t t e r  i s  f i n a l l y  c l in c h e d  by e n e r g e t ic  io n  d a t a ,  

w h ich  p r o v id e  c l e a r  e v id e n c e  t h a t  th e  f l u x  tu b e s  a re  c o n n e c te d  to  th e  

S o u th e rn  H e m isp h e re . F ig u r e  3 . 1 5  shows e n e r g e t ic  io n  d a ta  d u r in g  th e  

1 9 : 2 1  UT m agn eto sh eath  FTE ( s u p p l ie d  by D a ly ,  1 9 8 2 ) .  T h e se  d a ta  w ere  

o b t a in e d  from  th e  medium e n e rg y  p a r t i c l e  s p e c t r o m e t e r  on b o a rd  IS EE 2 

( W il l ia m s  e t  a l . ,  1 9 7 8 ) .  The e n e r g e t ic  (^, 45 keV ) io n  co u n t r a t e s  a re  

d iv id e d  in t o  f o u r  p i t c h  a n g le  b in s  w it h  a ra n g e  o f  4 5 ° e a c h . H ow ever, 

th e  4 5 -9 0 °  p i t c h  a n g le  ra n g e  (n o t shown) was co n ta m in a te d  by s u n l i g h t  

and t h e s e  d a ta  a re  t h e r e f o r e  u n r e l i a b l e .  D u rin g  th e  1 9 : 2 1  UT FTE t h e re  

i s  a s i g n i f i c a n t  a n is o t r o p y  a lo n g  the m a g n e tic  f i e l d  su c h  t h a t  th e  io n s  

a re  s t re a m in g  p re d o m in a n t ly  p a r a l l e l  to  th e  l o c a l  f i e l d  d i r e c t i o n ,  i . e . ,  

th e  0 - 4 5 °  p i t c h  a n g le  ra n g e  h a s th e  h ig h e s t  i n t e n s i t y .  T h is  f e a t u r e  i s  

c o n s is t e n t  w it h  e n e r g e t ic  io n s  o f  m a g n e to s p h e ric  o r i g i n  le a k in g  in t o  th e
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m a g n e to sh e a th  a lo n g  s o u t h e r ly  c o n n e c t e d  open f i e l d  l i n e s .

3 R U G  18  I S E E  2

(— ) x WAPS PROTONS : 0 TO
A WAPS PROTONS 9 0  TO 

( VAPS PROTONS : 135 TO
135 D E G ? 4 5 - 0  TO 2 5 0 0 -0  REV 
180 DEG )

F ig u r e  3 . 1 5 .  P a r t i c l e  s t r e a m in g  f o r  
a r e v e r s e  FTE on 9 A u g u s t 1 9 78 .

A f i n a l  p o in t  o f  i n t e r e s t  t o  n o te  i n  F ig u r e  3 . 1 4  i s  t h a t  FTEs o c c u r  

i n  c l o s e  a s s o c i a t i o n  w it h  an i n t e r v a l  o f  q u a s i - s t e a d y  r e c o n n e c t io n .

B oth t h e  FTE o b s e r v a t io n s  and th e  r e c o n n e c t e d  p la s m a  f lo w s  a r e  c o n s i s t e n t  

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

t h a t  t h e r e  may be a c l o s e  p h y s i c a l  c o n n e c t io n  b etw een  th e  two t y p e s  o f  

r e c o n n e c t io n  and we s h a l l  e x p lo r e  t h i s  i n  more d e t a i l  i n  C h a p t e r  5 .

3 . 3 . 6  FTEs o b s e rv e d  s im u lt a n e o u s ly  o u t s i d e  and i n s i d e  t h e  m a g n eto p au se

The c a s e  e v e n t s  we h a v e  c o n s id e r e d  s o  f a r  w ere o b t a in e d  when th e  

IS E E  1 and 2 s a t e l l i t e  s e p a r a t i o n  a c r o s s  th e  m agn eto p au se was r e l a t i v e l y  

s m a l l ,  o f  o r d e r  10 0  km. The m a g n e t ic  s ig n a t u r e s  o f  t h e  FTEs o b s e rv e d
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by IS E E  1 and 2 a t  t h e s e  s e p a r a t io n s  a re  v i r t u a l l y  i d e n t i c a l ,  i n d i c a t i n g  

t h a t  th e s p a t i a l  s c a l e  o f  th e  FTE s ig n a t u r e s  e x ce e d s th e  s a t e l l i t e  

s e p a r a t io n .  The IS E E  1 and 2 s a t e l l i t e  s e p a r a t io n  i s  v a r i e d  th ro u g h o u t  

th e  m is s io n ,  so t h a t  a t  t im e s  i t  i s  o f  o r d e r  an E a r t h - r a d iu s  (^  6400 km) . 

At su ch  t im e s i t  i s  p o s s i b l e  f o r  IS E E  1 and 2 to  sam p le  d i f f e r e n t  f i e l d  

r e g io n s ,  i . e . ,  m a g n eto sh ea th  o r  m a g n e to sp h e re , f o r  p r o lo n g e d  i n t e r v a l s  

o f  tim e . Two s u c h  in s t a n c e s  w i l l  now be d is c u s s e d .

F ig u r e  3 . 1 6  shows a 1 - h o u r  p l o t  o f  m a g n e tic  f i e l d  d a ta  (LMN c o ­

o r d in a t e s )  o b t a in e d  from  IS E E  2 (h e a v y  t r a c e )  and IS E E  1 ( l i g h t  t r a c e )  

d u r in g  an outb o un d  p a s s  on 23 O c to b e r 19 78 .  A t th e  tim e  th e  s a t e l l i t e  

s e p a r a t io n  i n  LMN com ponents i s  ( 7 0 8 ,  1 16 4 , - 6 1 1 5 )  km, w it h  IS E E  2 

le a d in g .  The m agnetopause r e g io n  i s  e n c o u n te re d  i n  th e  dawn s e c t o r  a t  

a n o r t h e r ly  GSM l a t i t u d e  o f  v  4 0 ° .  N ote t h a t  t h e r e  i s  a d a ta  gap i n  

th e  IS EE 1 d a ta  i n  th e  i n t e r v a l  1 2 : 1 2  -  1 2 : 3 2  UT. A t th e  s t a r t  o f  th e  

i n t e r v a l  b o th  s a t e l l i t e s  a re  i n s i d e  th e  m a g n e to sp h e re , w here th e  f i e l d  

h a s a n o rth w a rd  and d uskw ard  o r i e n t a t i o n  c o n s is t e n t  w it h  th e  IS E E  

l o c a t i o n s .  The m ag n eto sh eath  f i e l d  i s  so u th w a rd  and d u sk w a rd . IS E E  2 

c r o s s e s  th e  m agnetopause l a y e r  (a s  d e f in e d  by th e  ch an g e i n  f i e l d  

d i r e c t i o n )  once a t  1 2 : 1 5  UT, b u t as a r e s u l t  o f  b o u n d a ry  m o tio n s IS E E  1 

c r o s s e s  i t  s e v e r a l  t im e s .  FTE m a g n e tic  s ig n a t u r e s  o c c u r  th ro u g h o u t  

t h i s  i n t e r v a l ,  b u t th e  FTE d e s e r v in g  s p e c i a l  a t t e n t io n  o c c u r s  a t 1 2 : 3 6  UT 

P r i o r  to  and a f t e r  t h i s  e v e n t IS E E  1 i s  i n s i d e  th e  m agn eto p au se, w h ile  

IS E E  2 i s  lo c a t e d  i n  th e  m a g n e to sh e a th . T h is  e v e n t t h e r e f o r e  r e p r e s e n t s  

a s im u lt a n e o u s  o b s e r v a t io n  o f  a m a g n e to s p h e ric  and m a g n eto sh ea th  FTE.

O th e r o c c u r r e n c e s  su ch  as th e  one above a re  shown i n  F ig u r e  3 . 1 7 .  

T h is  p l o t  o f  d a ta  i s  ta k e n  from  an in b o u n d  p a s s  on 9 Novem ber 1979 when 

the s a t e l l i t e  s e p a r a t io n  was ( 2 5 6 5 ,  2 4 2 3 ,  3 7 8 7 )  km i n  LMN com po nents, 

w it h  IS E E  2 le a d in g .  The m agnetopause r e g io n  was e n c o u n t e re d  s o u th  o f  

th e  m a g n e tic  e q u a t o r  c l o s e  to  l o c a l  no on. R e v e rse  p o l a r i t y  FTEs w h ich  

a re  o b s e rv e d  i n  b o th  th e  m agn eto sh eath  and m a g n eto sp h ere r e g io n s  o c c u r  

a t  1 3 : 5 2 ,  1 3 : 5 9  and 1 4 : 0 2  UT. Note t h a t  th e  l a t t e r  two s ig n a t u r e s  a re  

se e n  s l i g h t l y  d is p l a c e d  i n  tim e  b y  IS E E  1 and 2, w it h  IS E E  1 b e in g  th e  

f i r s t  s a t e l l i t e  to  o b s e rv e  th e  FT E s.

The o b s e r v a t io n s  above show t h a t  m agn eto sheath and m a g n e to s p h e ric  

FTEs a re  no t m a g n e tic  s t r u c t u r e s  w h ic h  a re  d e ta ch e d  fro m  th e  m agnetopause  

th e y  a re  c o u p le d  t o  and p e n e t r a t e  th ro u g h  the m agnetopause l a y e r .  A l s o ,  

FTEs ca n n o t be c a u s e d  by s u r f a c e  w aves p r o p a g a t in g  a lo n g  th e  m agnetopause  

u n le s s  th e  in n e r  edge o f  th e  b o u n d a ry  l a y e r  o s c i l l a t e s  i n  a n t ip h a s e ,
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w h ich  seems u n l i k e l y .  S e p a r a t e ly ,  th e  m odels d e s c r ib e d  by Scko pke e t  

a l .  ( 1 9 8 1 ,  t h e i r  F ig u r e  7 ) a ls o  do n o t p r o v id e  an a d e q u a te  e x p la n a t io n .  

In  f a c t ,  th e  s im p le s t  e x p la n a t io n  i s  i n  term s o f  an e n c o u n t e r  w it h  an 

open f l u x  tu b e  as d e s c r ib e d  i n  s e c t i o n  3 . 2 .

I t  i s  s i g n i f i c a n t  to  n o te  t h a t  th e  se n s e  o f  th e  B^ s ig n a t u r e  i s  th e  

same f o r  th e  m a g n eto sh ea th  FTEs as i t  i s  f o r  th e  s im u lt a n e o u s ly  o b s e rv e d  

m a g n e to s p h e ric  FT E s. T h is  s u p p o r t s  th e  c o n t e n t io n  t h a t  m agn eto sh eath  

and m a g n e to s p h e ric  FTEs a re  p a r t  o f  th e  same phenom enon. A l s o ,  th e  

tim e  la g  i n  th e  IS EE 1 and 2 o b s e r v a t io n s  i n  F ig u r e  3 . 1 7  s u g g e s t s  t h a t  

we a re  d e a l in g  w it h  p r o p a g a t in g  s t r u c t u r e s .  F ig u r e  3 . 1 8  shows th e  

s i t u a t i o n  w h ich  may c o rre s p o n d  to  th e  FTE e n c o u n t e rs  i n  F ig u r e  3 . 1 7 .

A s o u t h e r ly  c o n n e c te d  f l u x  tu b e  t r a v e l s  so u th w a rd  w it h  a v e l o c i t y  Vp-pg. 

The s o l i d  sym bol shows IS E E  1 and AM and AL r e f e r  to  th e  s a t e l l i t e  

s e p a r a t io n s  a lo n g  M and L̂ , r e s p e c t i v e l y .  The f l u x  tu b e  h a s to  t r a v e l  

a lo n g e r  d is t a n c e  b e f o r e  i t  e n g u lf s  IS E E  2. The e x a c t  d is t a n c e  

depends on th e  geo m etry o f  th e  f l u x  t u b e , th e p a th  f o llo w e d  by i t  

r e l a t i v e  to  t h e  s a t e l l i t e s  and th e  s a t e l l i t e  s e p a r a t io n .  F o r  want o f  

a b e t t e r  v a lu e  we may e s t im a t e  i t  a s  th e  s a t e l l i t e  s e p a r a t io n  i n  th e  L-M  

p la n e ,  ^  3500 km. I f  we ta k e  Vp-pg to  be ^  100 km s " 1 , th e n  th e

e x p e c te d  tim e la g  i s  35 s e c s .  T h is  v a lu e  i s  i n  ro u g h  agreem ent w it h  

th e  o b s e r v a t io n s .

3 . 3 . 7  Recap

M ost o f  th e  p la sm a  and m a g n e tic  f i e l d  o b s e r v a t io n s  o f  FTEs f i t  i n  

w e ll  w it h  e x p e c t a t io n s  b a se d  on th e  m odel o u t l in e d  i n  s e c t io n  3 . 2 .  In  

p a r t i c u l a r ,  th e  m odel can a c c o u n t f o r  b i p o l a r  s ig n a t u r e s ,  some o f  th e  

o b s e rv e d  t a n g e n t ia l  f i e l d  r o t a t i o n s ,  p la sm a  m ix in g , p la sm a  f lo w  

s ig n a t u r e s  and e n e r g e t ic  io n  s t re a m in g  d i r e c t i o n s .  M a g n e to s p h e ric  FTEs 

a re  o b s e rv e d  i n  a s s o c i a t i o n  w it h  d e ta c h e d  b o u n d a ry  l a y e r  p u ls e s  i n s i d e  

th e  m a g n eto sp h ere and th u s  p r o v id e  an e x p la n a t io n  f o r  th e  o r i g i n  o f  th e  

i n c l u s i o n  e v e n t s  r e p o r t e d  by Paschm ann e t  a l .  ( 1 9 7 8 ) .  The c a s e  e v e n ts  

p r e s e n t e d  so f a r  a re  a ls o  i n  agreem ent w it h  a r e c o n n e c t io n  s i t e  i n  th e  

s u b s o la r  r e g io n .  Even th e  9 A u g u st 1978 p a s s  f i t s  i n  w it h  t h i s  p i c t u r e  

s in c e  th e  r e c o n n e c t io n  l i n e  may t i l t  away from  th e  e q u a t o r  i n  re s p o n s e  

to  IMF By ( F ig u r e  1 . 7 ) .  H ow ever, t h e r e  a re  s e v e r a l  q u e s t io n s  a r i s i n g  

from  th e  o b s e r v a t io n s  w h ich  a re  w o rth y  o f  f u r t h e r  c o n s id e r a t io n .

One f e a t u r e  w h ich  i s  n o t im m e d ia t e ly  e x p la in e d  fro m  th e  model i n  

s e c t io n  3 .2  i s  th e  c o n t in u o u s  B^ s ig n a t u r e  o f  F T E s: o n ce i n s i d e  an
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FTE flux tube we should expect it to go to zero. Other features are 
the magnetic field strength increases accompanying FTEs and the 
anomalous tangential field rotations, in which the field rotates away 
from the field direction on the opposite side of the magnetopause. In 
the next subsection we shall consider an explanation for these features 
in terms of field aligned currents (FACs) associated with FTEs.

A

Figure 3.18. Schematic for FTE encounters on 9 November 1979.

As pointed out in the previous chapter (2.3.5), we need a resupply 
mechanism(s) in order to explain the presence of energetic particles on 
open field lines. The loss times of energetic protons ('v 1 min) and 
electrons (v 1 sec) are shorter than the time during which FTEs are 
observed (v 2 min). Only along field lines still attached to the re­
connection site (i.e., the separatrices in Figure 2.8) do we expect to 
observe energetic particles, and in general the particle fluxes should
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be l ow,  c o n t r a r y  to  what i s  o b s e rv e d . The r e s u p p ly  q u e s t io n  f o r  FTEs 

h a s been a d d re s s e d  b y , e . g . ,  S c h o le r  e t  a l . ( 1 9 8 2 ) ,  D a ly  and K e p p le r  

( 1 9 8 2 )  and S c h o le r  ( 1 9 8 3 ) .  One p o s s i b l e  r e s u p p ly  m echanism  i s  t h a t  

m a g n e tic  g r a d ie n t  d r i f t s  c a u s e  e n e r g e t ic  p a r t i c l e s  to  d r i f t  o n to  open  

f i e l d  l i n e s  from  s u r r o u n d in g  c lo s e d  m a g n e to s p h e ric  f i e l d  l i n e s .  A n o t h e r  

p o s s i b i l i t y  i s  t h a t  r e c o n n e c t io n  i s  s t i l l  i n  p r o g r e s s  w h ile  th e  FTE i s  

b e in g  o b s e rv e d . I f  th e  r e s u p p ly  r a t e  i s  f a s t e r  th a n  ^  1 m in , th e n  

e n e r g e t ic  io n s  a r e  s u p p lie d  f a s t  enough f o r  them to  be o b s e rv e d  

c o n t in u o u s ly  s t re a m in g  o u t a lo n g  open f i e l d  l i n e s .  I f  th e  r e s u p p ly  

r a t e  i s  s lo w e r  th a n  th e  e l e c t r o n  lo s s  r a t e ,  i . e . ,  ^  1 s e c ,  th e n  t h i s  

may e x p la in  why we o b s e rv e  e le c t r o n s  a t  much re d u c e d  and i s o t r o p i c  

i n t e n s i t i e s .  In  f a c t ,  S c h o le r  e t  a l . ( 1 9 8 2 )  r e p o r t e d  a s m a ll e l e c t r o n  

com ponent s t re a m in g  c o u n t e r  to  th e  io n s .  T h is  may be e x p la in e d  in  

term s o f  s c a t t e r i n g  o f  th e  e le c t r o n s  o f f  th e  s t r o n g  e l e c t r i c  and m a g n e tic  

f i e l d  wave t u r b u le n c e  o b s e rv e d  d u r in g  FTEs (G u rn e t t  e t  a l . ,  1 979 ;

A n d e rso n  e t  a l . ,  1 9 8 2 ) .

A num ber o f  o t h e r  o b s e r v a t io n s  a ls o  in d i c a t e  t h a t  r e c o n n e c t io n  may 

s t i l l  be i n  p r o g r e s s  d u r in g  F T E s ,  c o n t r a r y  to  th e  s i t u a t i o n  d e p ic t e d  i n  

F ig u r e  3 . 1 .  S p e is e r  and W il l ia m s  ( 1 9 8 2 )  o b s e rv e d  q u a s i- t r a p p e d  (Q -T )  

d i s t r i b u t i o n s  on e n t r y  and e x i t  o f  F T E s. They i n t e r p r e t  th e  Q-T

d i s t r i b u t i o n s  as th e  s lo w e r  o u tw a rd  m oving p a r t i c l e s  t h a t  g e t l e f t  

b e h in d  by more f i e l d - a l i g n e d  p a r t i c l e s  w h ich  make a f a s t e r  e x i t  a lo n g  

th e  open f i e l d  l i n e s .  T h is  im p l ie s  t h a t  o ld e r  and new er open f i e l d  

l i n e s  a re  s e q u e n t i a l l y  sam p led  as th e  FTE tu b e  i s  c r o s s e d .  Paschmann  

e t  a l .  ( 1 9 8 2 )  n o te d  t h a t  th e  a c c e le r a t e d  f lo w s  o b s e rv e d  d u r in g  some 

FTEs ( e . g . ,  i n  F ig u r e  3 . 1 1 )  may r e s u l t  fro m  r e c o n n e c t io n  c o n t in u in g  a t  

lo w e r l a t i t u d e s  i n s i d e  th e  FTE f l u x  t u b e s ,  r a t h e r  th a n  th e  c o n t r a c t io n  

v e l o c i t y  o f  th e  f l u x  tu b e s  as a w h o le . F u r t h e r  e v id e n c e  i s  p r o v id e d  

by th e  e l e c t r o n  p la sm a  o b s e r v a t io n s  o f  S cu d d e r e t a l . ( 1 9 8 4 ) .  Many 

FTEs a re  a cco m p a n ie d  b y a n a rro w  r e g io n  o f  in t e n s e  e l e c t r o n  h e a t  f l u x  

a t t h e i r  b o u n d a r ie s .  Such h e a t  d i s s i p a t i o n  i s  e x p e c te d  to  o c c u r  i n  

th e  d i f f u s i o n  r e g io n  and i f  an FTE f l u x  tu b e  i s  s t i l l  c o n n e c te d  to  th e  

r e c o n n e c t io n  s i t e  a t  lo w e r l a t i t u d e s ,  th e n  we may e x p e c t  a h e a t  f lo w  

l a y e r  a lo n g  th e  o u t e r  s e p a r a t r i x  S j f o r  m ag n eto sh eath  FTEs and a lo n g  

th e  in n e r  s e p a r a t r i x  S2 f o r  m a g n e to s p h e ric  FTEs ( F ig u r e  2 . 8 ) .

3 . 3 . 8  F i e l d - t w i s t i n g  i n s i d e  FTEs

In  an a ttem p t to  e x p la in  th e  c o n t in u o u s  s i n u s o i d a l  Bjq s ig n a t u r e s
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IMF By >0 IMF By <0

Fig. 3.19. Field twist (FAC) inside FTEs (after Saunders, 1983).
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( i . e . ,  Bn c o n t in u e s  to  v a r y  th ro u g h o u t th e  i n t e r v a l  i n  w h ich  open f i e l d  

l i n e s  a re  e n c o u n te re d ) and th e  anom alous t a n g e n t ia l  f i e l d  t i l t s  ( i . e . ,  

t i l t s  away fro m  th e  f i e l d  d i r e c t i o n  on th e  o p p o s it e  s id e  o f  th e  

m agn eto p au se) o b s e rv e d  i n s i d e  FTE f l u x  t u b e s ,  C o w ley ( 1 9 8 2 )  and Paschmann  

e t  a l .  ( 1 9 8 2 )  in d e p e n d e n t ly  s u g g e s te d  t h a t  t h e r e  i s  a d i s t r i b u t e d  f i e l d -  

a l ig n e d  c u r r e n t  (FA C) a s s o c ia t e d  w it h  F T E s. By A m pere’ s law  t h i s  FAC 

i s  a s s o c ia t e d  w it h  a t w i s t i n g  o f  th e  f i e l d  l i n e s ,  as i l l u s t r a t e d  in  

F ig u r e  3 . 1 9 .  T h is  f i g u r e  shows segm ents o f  FTE open f l u x  tu b e s  as  

v ie w e d  fro m  th e  m a g n e to sh e a th , w h ich  a re  c o n n e c te d  to  th e  N o rth e rn  ( a , c )  

o r  S o u th e rn  ( b , d )  H em isp h e re  f o r  IMF By > 0 ( a , b )  o r  IMF By < 0 ( c , d ) .

F o r  th e sa k e  o f  a rg u m e n t, we s h a l l  assum e t h a t  th e  n o r t h e r l y  c o n n e c te d  

t u b e s  move n o rth w a rd s  a c r o s s  th e  o b s e r v a t io n  p o in t  and g iv e  r i s e  to  

b i p o l a r ,  p o s i t i v e - n e g a t i v e  B^ s ig n a t u r e s ,  w h ile  th e  s o u t h e r ly  c o n n e c te d  

t u b e s  g iv e  r i s e  to  r e v e r s e  p o l a r i t y  B^ s ig n a t u r e s ,  as shown. The b l u e -  

a rro w e d  l i n e s  show th e  m a g n e tic  f i e l d  l i n e  a lo n g  th e  c e n t r a l  a x is  o f  th e  

t u b e s .  The b ro a d  s o l i d  a rro w s i n s i d e  th e  f l u x  tu b e s  show th e  FAC, th e  

d i r e c t i o n  o f  w h ich  i s  su c h  as to  be c o n s is t e n t  w it h  th e  a p p r o p r ia t e  B^ 

s ig n a t u r e .  The FAC c a u s e s  a t w i s t i n g  o f  th e  f i e l d  a ro u n d  th e  c e n t r a l  

tu b e  a x i s ,  as i n d ic a t e d  by th e  y e llo w  d o t t e d  l i n e s .  N ote t h a t  th e  

s e n s e  o f  th e  t w i s t  o f  th e  f i e l d  i s  c o n t in u o u s  a c r o s s  th e  m agn eto p ause. 

F ig u r e  3 . 1 9  a ls o  shows t h a t  i f  th e  t w i s t i n g  i s  t i g h t  enough (a s  i s  th e  

c a s e  i n  t h i s  f i g u r e ) , th e  f i e l d  i n  t h e  o u t e r  s e c t io n s  o f  th e  f l u x  tu b e s  

( i . e . ,  th e  r e g io n s  f u r t h e s t  away from  th e  m agn etopause) may t i l t  away 

fro m  th e  o r i e n t a t i o n  o f  th e  f i e l d  on th e  o p p o s it e  s id e  o f  th e  m agn eto p ause.

The s u g g e s t io n  t h a t  FTEs h a ve an a s s o c ia t e d  FAC i n s i d e  them h a s been  

u se d  to  a rg u e  t h a t  th e  b o u n d a ry  l a y e r  e n c o u n t e rs  o b s e rv e d  d u r in g  th e  

6 November 1977 p a s s  ( F ig u r e  2 . 7 )  a re  c o n s is t e n t  w it h  o b s e r v a t io n s  o f  

m a g n e to s p h e ric  FTEs (C o w le y , 1982;  S a u n d e rs , 1 9 8 3 ) ,  r a t h e r  th a n  

d i f f u s i v e  p r o c e s s e s  (S ck o p k e  e t a l . ,  1 9 8 1 ) .  The i n t e r p r e t a t i o n  i n  term s

o f  FTEs i s  f u r t h e r  s t re n g t h e n e d  by o b s e r v a t io n s  o f  m a g n eto sh ea th  FTEs  

d u r in g  th e  same p a s s  ( e . g . ,  Paschmann e t  a l . ,  1 9 8 2 ) .  D i r e c t  e v id e n c e  

f o r  th e  o c c u r r e n c e  o f  f i e l d  t w i s t in g  h a s now a ls o  b een  fo u n d  from  d u a l­

s a t e l l i t e  o b s e r v a t io n s  o f  FTEs a t t im e s  when th e  IS E E  1 and 2 s a t e l l i t e  

s e p a r a t io n  was la r g e  (S a u n d e rs  e t  a l . ,  1 9 8 4 a , b ) . F ig u r e s  3 . 2 0 ,  3 . 2 1  

and 3 . 2 2  show t h r e e  su ch  in s t a n c e s .  F ig u r e  3 . 2 0  shows a 1 - h o u r  p lo t  o f  

m ag n eto sh ea th  f i e l d  d a ta  d u r in g  an o u tb o un d  p a s s  on 23 O cto b e r 1978,  w it h  

a s a t e l l i t e  s e p a r a t io n  o f  5485 km a lo n g  th e  e s t im a t e d  b o u n d a ry  n o rm al 

d i r e c t i o n  (IS E E  2 l e a d i n g ) .  At 1 3 : 2 5  UT b o th  s a t e l l i t e s  o b s e rv e  an FTE,



109

23 OCT 1978 ISEE 1/2

GSM
R 11.55 12.13 12.66
LT 0956 0958 1000
LRT 41.7 40.3 39.0

F ig .  3 . 2 0 .  FTEs on 23 O c t o b e r 1978.

24 OCT 1979 ISEE 1/2

R 9.70  
CT 0914 
CRT 36.3

10.36
0925
36.0

F ig .  3 . 2 1 . FTEs on 24 O c t o b e r 1979.
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6 JUL 1979 I SEE 1/2
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F ig .  3 . 2 2 .  FTEs on 6 J u l y  1979.

b u t w h ile  th e  f i e l d  t i l t s  to w a rd s th e  m a g n e to s p h e ric  f i e l d  o r i e n t a t i o n  

(n o rth w a rd  and d u sk w a rd ) i n  th e  IS E E  1 d a t a , IS E E  2 o b s e rv e s  a 

s im u lt a n e o u s  away t i l t .  F ig u r e  3 . 2 1  shows d a ta  from  an o utbound p a s s  

on 24 O c to b e r 1979,  d u r in g  w h ich  th e s a t e l l i t e  s e p a r a t io n  was 5680 km 

a lo n g  N, w it h  IS E E  2 le a d in g .  At 5 : 0 3  UT b o th s a t e l l i t e s  o b s e rv e  a 

m a g n e to s p h e ric  FTE. D u rin g  t h i s  e v e n t , IS E E  2 o b s e rv e s  th e  t a n g e n t ia l  

f i e l d  to  r o t a t e  to w a rd s th e  f i e l d  o r ie n t a t io n  i n  th e  m a g n e to sh e a th ,  

w h ile  IS E E  1 o b s e rv e s  an away t i l t .  O ur f i n a l  exam ple i n  F ig u r e  3 . 2 2  

shows d a ta  fro m  an outbound p a s s  on 6 J u l y  1979.  H ere IS E E  2 le a d s  

IS E E  1 b y ^  20 0 0  km a lo n g  th e  b o u n d a ry  n o rm a l. A t 8 : 2 5  UT b o th  

s a t e l l i t e s  o b s e rv e  a r e v e r s e  m ag n eto sh eath  FTE (n o te  t h a t  t h e r e  i s  some 

f i n e  s t r u c t u r e  i n  th e  s i g n a t u r e ) .  As b e f o r e ,  th e  two s a t e l l i t e s  

o b s e rv e  f i e l d  t i l t s  w h ich  a re  i n  o p p o s it e  d i r e c t i o n s  w it h  IS E E  2 

o b s e r v in g  th e  away t i l t .

S a u n d e rs  e t  a l .  (1 9 8 4 a ,b ) h ave s t u d ie d  a la r g e  number o f  FTEs 

u s in g  s im u lt a n e o u s  IS E E  1 and 2 o b s e r v a t io n s  when th e  s e p a r a t io n  was 

l a r g e .  T h ey f i n d  t h a t  t a n g e n t ia l  f i e l d  t i l t s  w h ich  r o t a t e  away from  

th e  f i e l d  d i r e c t i o n  on th e  o p p o s it e  s id e  o f  th e  b o u n d a ry  a re  g e n e r a l l y  

o b s e rv e d  b y  th e  s a t e l l i t e  f u r t h e s t  away fro m  th e  m a g n eto p au se, i n
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agreem ent w it h  F ig u r e  3 . 1 9 .  They a ls o  show t h a t  t h e r e  i s  v o r t i c a l  

p la sm a  f lo w  d u r in g  th e  FTEs i n  F ig u r e  3 . 2 0 ,  and t h a t  th e  p la sm a  f lo w  

and m a g n e tic  f i e l d  p e r t u r b a t io n s  d u r in g  th e  e v e n ts  a p p ro x im a t e ly  

s a t i s f y  th e  p r o p e r t i e s  o f  a p r o p a g a t in g  A lf v e n  w ave. They a ls o  

e s t im a t e  th e  p i t c h  (w ave) le n g t h  o f  the f i e l d  t w i s t  ab o ut th e  FTE a x is  

to  be ^ 6 Rg.

I n s p e c t io n  o f  F ig u r e  3 . 1 9  shows t h a t  th e  d i r e c t i o n  o f  th e  FAC 

i n s i d e  FTEs ch a n g es s ig n  i n  re s p o n s e  to  th e s ig n  o f  IMF By. S i m i l a r  

b e h a v io u r  h a s a ls o  been r e p o r t e d  f o r  th e  h i g h - l a t i t u d e ,  l a r g e - s c a l e  

io n o s p h e r ic  FAC s y s te m s , d is c u s s e d  i n  s e c t io n  1 . 4 .  T h is  s u g g e s t s  t h a t  

t h e r e  i s  some r e l a t i o n s h i p  b etw een th e  io n o s p h e r ic  and FTE FA Cs. I t  

re m a in s  to  be d e te rm in e d  w h e th e r th e  l o w - a l t i t u d e  FACs r e s u l t  fro m  

s t r a ig h t f o r w a r d  m apping o f  th e  FTE FACs in t o  th e  io n o s p h e r e ,  as  

s u g g e s t e d , e . g . ,  by C ow ley ( 1 9 8 2 ) .  F ig u r e  3 . 1 9  shows t h a t  th e  

d i r e c t i o n  o f  th e  FAC i n s i d e  FTEs i s  c o m p a t ib le  w it h  th e  r e g io n  1 FACs 

w h ich  l i e  a t  th e  e q u a to rw a rd  b o u n d a ry  o f  th e  p o l a r  c u sp  r e g io n s  

( F ig u r e s  1 . 1 1  and 1 . 1 3 ) .  S a u n d e rs  e t  a l . (1 9 8 4 a ) show t h a t  th e  

m agn itud e o f  th e  FTE FAC ('v 1 t o  2 x 1 0 5 Amps) i s  more th a n  am ple to  

a c c o u n t f o r  v a lu e s  o b s e rv e d  i n  th e  io n o s p h e re .

A lth o u g h  o b s e r v a t io n s  im p ly  th e  e x is t e n c e  o f  a F A C ( s )  i n s i d e  an 

FTE, t h i s  s t i l l  does n o t e x p la in  th e  u n d e r ly in g  c a u s e  o f  th e  FTE f i e l d  

t w i s t .  I n  f a c t ,  w ith o u t  d e t a i l e d  kno w led g e o f  th e  g e n e r a t in g  m echanism  

o f  th e  FAC t h e r e  i s  no r e a s o n  to  su p p o se  t h a t  th e  FAC p ro d u c e s  

p e r t u r b a t io n s  i n  th e  same s e n s e  as th o s e  p ro d u c e d  by th e  d r a p in g  o f  

e x t e r i o r  f i e l d  l i n e s .  In  p r i n c i p l e  i t  i s  t h e r e f o r e  p o s s i b l e  t h a t  th e  

s e n s e  o f  th e  B^ p e r t u r b a t io n s  i n s i d e  and o u t s id e  an open f l u x  tu b e  a re  

d i f f e r e n t ,  u n l i k e  th e  s i t u a t i o n  draw n i n  F ig u r e  3 . 1 9 .  T h is  may th e n  

le a d  to  more co m plex B^ s ig n a t u r e s  th a n  th e  b i p o l a r  s ig n a t u r e s  we h ave  

c o n s id e r e d  so  f a r .  The e x a c t  fo rm  o f  su c h  s ig n a t u r e s  depends on th e  

r e l a t i v e  c o n t r ib u t io n s  o f  th e  FAC and d r a p in g  e f f e c t s .  One s u g g e s t io n  

w h ich  h a s b een  made t o  e x p la in  th e  FTE FAC i s  t h a t  th e  f i e l d  t w i s t  

r e s u l t s  fro m  th e v e l o c i t y  s h e a r  a t th e  m agnetopause s u r f a c e  as th e  FTE 

p ro p a g a t e s  a lo n g  i t  ( e . g . ,  R u s s e l l ,  1 9 8 4 ) .  I t  has a ls o  been s u g g e s te d  

from  d a t a  o b t a in e d  from  th e  th e rm a l e l e c t r o n  in s t ru m e n t  on b o a rd  IS EE 1 

( O g i l v i e  e t  a l . , 1978)  t h a t  low e n e rg y  e le c t r o n s  a c t  as th e  c h a rg e  

c a r r i e r s  f o r  th e  FAC ( J .  D. S c u d d e r, r e p o r t e d  i n  a q u e s t io n  to  

R u s s e l l ,  1 9 8 4 ) .

R e c e n t ly ,  a new s u g g e s t io n  has been p u t fo rw a rd  by Southwood ( 1 9 84 )
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(b)
Fig. 3.23. Pairs of FACs associated 
with FTEs (after Southwood, 1984).
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to  e x p la in  th e  o b s e rv e d  f i e l d  t w i s t  i n s i d e  F T E s . F ig u r e  3 . 2 3  

i l l u s t r a t e s  t h i s  l a t e s t  m od el. I t  shows a c u t  th ro u g h  th e  m agneto­

s p h e re  a lo n g  a p la n e  p a r a l l e l  to  and n o rt h  o f  th e  e q u a t o r ,  and i s  

v ie w e d  fro m  above th e  N o rth  P o le .  The two b lu e  s t r u c t u r e s  a t t a c h e d  

t o  th e  m agnetopause show th e  m agn eto sh eath  and m a g n e to s p h e ric  arms o f  

a s i n g l e  FTE open f l u x  t u b e , w h ic h  i s  c o n n e c te d  to  th e  E a r t h 's  N o rth e rn  

H em isp h e re  ( s i m i l a r  d ia g ra m s can be draw n f o r  s o u t h e r ly  c o n n e c te d  t u b e s ) . 

F ig u r e  3 . 2 3 ( a )  shows th e  s i t u a t i o n  f o r  IMF By > 0 , and F ig u r e  3 . 2 3 ( b )  

t h a t  f o r  IMF By < 0. The FTEs p ro d u c e  b u lg e s  i n  th e  m agnetopause  

s u r f a c e  and th e  e x t e r n a l  p la sm a  w i l l  h a ve to  move o u t and o v e r  t h e s e  

b u lg e s .  The d i r e c t i o n s  o f  th e  p la sm a  f lo w  p e r t u r b a t io n s  (A v) and th e  

c o r r e s p o n d in g  m a g n e tic  f i e l d  p e r t u r b a t io n s  (Ab) a re  in d ic a t e d  i n  

F ig u r e  3 . 2 3 .  Note t h a t  th e  m ain com ponents o f  th e  m a g n e to s p h e ric  and 

m ag n eto sh eath  f i e l d s  (a lo n g  th e  n o r t h - s o u t h  a x i s )  a re  o u t o f  th e  p la n e  

o f  t h i s  2-D  d ia g ra m  and t h a t  th e  m a g n e to s p h e ric  f i e l d  i s  assum ed to  

h ave a s m a ll d uskw ard  com ponent, i n  agreem ent w it h  th e  dawn m agnetopause  

l o c a t i o n  o f  th e  d ra w in g .

The new f e a t u r e  o f  th e  Southwood ( 1 9 8 4 )  m odel i s  th e  p r e s e n c e  o f  a 

p a i r  o f  o p p o s it e ly  d i r e c t e d  FA Cs, one o f  w h ich  f lo w s  on th e  o u t e r  edge 

( f u r t h e s t  away fro m  th e  m ag n eto p au se) o f  th e  f l u x  tu b e , and th e  o t h e r  

o f  w h ich  f lo w s  a lo n g  th e  m agnetopause edge o f  th e  tu b e . The fo rm e r FAC 

f lo w s  i n t o  (o u t  o f )  th e  m a g n eto sp h ere  f o r  th e n o r t h e r l y  c o n n e c te d  f l u x  

tu b e  draw n i n  F ig u r e  3 . 2 3 ( a )  ( 3 . 2 3 ( b ) )  when IMF By i s  > 0 (<  0 ) .  The 

d i r e c t i o n  o f  t h i s  FAC i s  t h e r e f o r e  c o m p a t ib le  w it h  io n o s p h e r ic  r e g io n  1 

FACs o b s e rv e d  e q u a to rw a rd  o f  th e  c u s p . The FAC a lo n g  th e  m agnetopause  

edge o f  th e  tu b e  flo w s  i n  th e  o p p o s it e  d i r e c t i o n .  I t  s h o u ld  map to  

h ig h e r  l a t i t u d e s  and i t s  d i r e c t i o n  i s  i n  f a c t  c o n s is t e n t  w it h  io n o s p h e r ic  

FACs o b s e rv e d  i n  th e  d a y s id e  c u sp  r e g io n  ( F ig u r e  1 . 1 3 ) .

A c c o rd in g  to  F ig u r e  3 . 2 3 ,  th e  r e g io n  i n  w h ich  th e  m a g n e tic  f i e l d  

t i l t s  i n  a d i r e c t i o n  away fro m  th e  m a g n e tic  f i e l d  o r i e n t a t i o n  on th e  

o p p o s it e  s id e  o f  th e  b o u n d a ry  i s  lo c a t e d  o u t s id e  th e  open f l u x  tu be  

r e g io n .  In  th e  Southwood ( 1 9 8 4 )  model FTE s ig n a t u r e s  w it h  away t i l t s  

p r o b a b ly  do n o t r e p r e s e n t  a c t u a l  e n c o u n t e rs  w it h  open f i e l d  l i n e s ,  b u t  

r a t h e r  th e  FTE s ig n a t u r e s  r e s u l t  from  th e m a g n e tic  p e r t u r b a t io n s  

p ro d u c e d  o u t s id e  th e  open f l u x  t u b e s .
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CHAPTER 4

FLUX TRANSFER EVENTS: A SURVEY

4 . 1  In t r o d u c t io n

The e a r l y  p u b lis h e d  s t u d ie s  o f  FTEs a l l  c o n c e n t ra t e d  on a s m a ll  

num ber o f  m agnetopause c r o s s i n g s ,  o c c u r r in g  m o s t ly  d u r in g  th e  l a t t e r  

p a r t  o f  1 9 7 7 .  D u rin g  t h i s  p e r io d  th e  IS EE s a t e l l i t e  c o v e ra g e  o f  th e  

d a y s id e  m agnetopause was l i m i t e d  to  th e  dawn s e c t o r  a t  n o r t h e r n  

l a t i t u d e s .  In  s u b se q u e n t y e a rs  th e  IS E E  1 and 2 o r b i t  has e n a b le d  a 

much l a r g e r  p o r t io n  o f  th e  m agnetopause to  be in v e s t ig a t e d ,  w it h  

a d d i t i o n a l  c o v e ra g e  on th e  d usk s id e  and a t  s o u t h e r ly  m a g n e tic  

l a t i t u d e s .  The im p ro v ed  c o v e ra g e  and th e  l a r g e r  d a ta  s e t  o f  c r o s s in g s  

have g iv e n  r i s e  to  th e  f i r s t  s u r v e y s  on FTEs (Berchem  and R u s s e l l ,  1984;  

D a ly  e t  a l . ,  1984;  R ijn b e e k  e t  a l . ,  1984; S a u n d e rs e t  a l . ,  1 9 8 4 ) .

T h ese s t u d ie s  h ave g iv e n  us im p o rta n t  in f o r m a t io n  c o n c e r n in g  th e  s p a t i a l  

d i s t r i b u t i o n  o f  F TE s ,  th e  f a c t o r s  w h ich  c o n t r o l  t h e i r  o c c u r r e n c e ,  th e  

s i t e ( s )  w here th e y  o r i g i n a t e  fro m  and f i n a l l y ,  and p e rh a p s  m ost 

im p o r t a n t ly ,  th e  r o l e  w h ich  FTEs p la y  i n  d r i v i n g  th e  l a r g e - s c a l e  

c o n v e c t iv e  f lo w s  i n s i d e  th e  m a g n e to sp h e re . I t  t u r n s  o u t t h a t  th e  FTE 

phenomenon i s  n o t j u s t  a c u r i o s i t y ,  b u t t h a t  FTEs a re  o f  g lo b a l  

im p o rta n c e  and t h a t  th e y  a re  a k e y  e le m en t i n  th e s o l a r  w in d -m a g n e to sp h e re  

i n t e r a c t i o n  p r o c e s s .

In  t h i s  c h a p t e r  we s h a l l  e x te n d  th e  s u r v e y  o f  R ijn b e e k  e t  a l . ( 1 9 8 4 )  

w h i l s t  a ls o  r e f e r r i n g  to  r e s u l t s  from  th e  o t h e r  FTE s u r v e y s .  In  th e  

f i r s t  p a r t  o f  t h i s  c h a p t e r  we s h a l l  c o n s id e r  th e  r e s u l t s  o f  th e  s u rv e y  

and th e n  we s h a l l  d is c u s s  and t r y  to  i n t e r p r e t  t h e s e  r e s u l t s .

4 .2  M a g n e tic  F i e l d  D ata C o n v e r s io n  and D is p la y

The m a g n e tic  f i e l d  d a ta  u se d  i n  t h i s  s u r v e y  to  i d e n t i f y  FTEs a re  

o b t a in e d  from  th e  IS E E  1 and 2 f l u x  g a te  m agnetom eters ( R u s s e l l ,  1978)  

and a re  s u p p lie d  to  Im p e r ia l  C o lle g e  on a r o u t in e  b a s i s  by  

P r o f e s s o r  C. T. R u s s e l l  a t  UCLA (s e e  S a u n d e rs  ( 1 9 8 2 )  f o r  d e t a i l s ) .
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The d a t a  a re  s u p p lie d  a t  two tim e  r e s o l u t i o n s .  The low  r e s o l u t i o n  d a ta  

(64 s e c  a v e ra g e s )  a re  u se d  to  p ro d u c e  2 4 -h o u r  m ic r o f i lm  p l o t s  from  w h ich  

th e  m agnetopause c r o s s i n g s  can e a s i l y  be i d e n t i f i e d  p r o v id e d  t h e r e  i s  a 

change i n  f i e l d  d i r e c t i o n  a n d /o r  m a g n itu d e a c r o s s  them. The medium  

r e s o l u t i o n  d a ta  (one d a ta  p o in t  e v e r y  4 s e c )  a re  u se d  to  i d e n t i f y  F T E s ,  

a f t e r  c o n v e r s io n  in t o  th e  b o u n d a ry  n o rm a l (LMN) c o o r d in a t e  sy ste m  

(A p p e n d ix  B ) . In  t h i s  s u r v e y  IS E E  d a ta  from  1 9 7 7 ,  1978 and 1979 a re  

in c lu d e d .  The c o n v e r s io n  p r o c e d u re  in t o  LMN c o o r d in a t e s  f o r  th e  1977  

and 1978 d a ta  i s  d e s c r ib e d  i n  R ijn b e e k  e t  a l .  ( 1 9 8 4 ) .  F o r  th e  1979 

d a ta  a more e la b o r a t e  p r o c e d u re  h a s b een a d o p te d , as f o l lo w s .  A l l  

m agnetopause c r o s s i n g s  o c c u r r in g  on a p a r t i c u l a r  s a t e l l i t e  p a s s  a re  

i d e n t i f i e d  u s in g  medium r e s o l u t i o n  m a g n e tic  f i e l d  d a ta . F o r  each f u l l  

c r o s s i n g  ( t h i s  term  i s  e x p la in e d  i n  th e  n e x t s e c t io n )  an i n t e r v a l  i s  

th e n  s e le c t e d  w h ich  in c lu d e s  th e  m agnetopause l a y e r  as w e l l  as d a ta  

p o in t s  o v e r  an i n t e r v a l  o f  a few m in u te s  i n  th e  a d ja c e n t  m ag n eto sh eath  

and m a g n eto sp h ere  r e g io n s .  T h is  d a ta  i n t e r v a l  i s  th e n  u se d  as in p u t  

to  a programme w h ich  d e te rm in e s  th e  n o rm a l d i r e c t i o n  N to  th e  m agneto­

p a u se  u s in g  minimum v a r ia n c e  a n a l y s i s ,  a c o n ic  s e c t io n  m odel o f  th e  

m agnetopause ( F a i r f i e l d  ( 1 9 7 1 ) ;  F o rm isa n o  e t  a l . ( 1 9 7 9 ) )  and th e  

t a n g e n t ia l  d i s c o n t i n u i t y  t e c h n iq u e  (A p p e n d ix  B ) . Two t a n g e n t ia l  

d i s c o n t i n u i t y  n o rm a ls  a r e  o b t a in e d ,  one b a se d  on th e  end d a ta  p o in t s  o f  

th e  i n t e r v a l ,  and th e  o t h e r  b a se d  on a f i e l d  a v e ra g e  d e te rm in e d  d u r in g  

th e  f i r s t  and l a s t  ^ -m in u t e  o f  th e  i n t e r v a l .  U s in g  th e  minimum  

v a r ia n c e ,  model and t a n g e n t ia l  d i s c o n t i n u i t y  n o rm a ls  i n  t u r n  th e  medium  

r e s o l u t i o n  f i e l d  d a t a  a re  th e n  c o n v e r t e d  in t o  b o u n d a ry  n o rm a l c o o r d in a t e s  

and p l o t s  o f  1 -2  h o u rs  le n g t h  and c e n t r e d  on th e  m agnetopause c r o s s i n g  

a re  p ro d u c e d . The p l o t  w h ich  o r d e r s  th e  d a ta  b e s t ,  i . e . ,  w h ich  g iv e s  

l e a s t  v a r ia n c e  i n  th e  B^ com ponent, i s  th e n  s e le c t e d  as h a v in g  th e  

d i r e c t i o n  N w h ich  m ost c l o s e l y  a p p ro x im a te s  th e  l o c a l  m agnetopause  

n o rm a l. T h is  d i r e c t i o n  N_ i s  th e n  u se d  to  p ro d u c e  one h o u r p l o t s  o f  

d a t a , o v e r  an i n t e r v a l  e x t e n d in g  n o r m a lly  from  th e  bow sh o ck  to  w e ll  

w i t h in  ( y  3 -4  h o u rs  away from  th e  c r o s s i n g )  th e  m a g n e to sp h e re .

A lth o u g h  th e  p r o c e d u re  o u t l in e d  i n  th e  p a ra g ra p h  above f o r  th e  

1979 d a ta  i s  l i k e l y  to  le a d  to  a more a c c u r a t e  a p p ro x im a t io n  to  th e  

m agnetopause n o rm a l th a n  t h a t  d e s c r ib e d  i n  R ijn b e e k  e t  a l . ( 1 9 8 4 ) ,  an 

e x a m in a tio n  o f  p l o t s  p ro d u c e d  u s in g  d i f f e r e n t  d e t e r m in a t io n s  o f  N_ 

shows t h a t  th e  i d e n t i f i c a t i o n  o f  FTEs ( s e e  n e x t s e c t io n )  i s  n o t  

s e n s i t i v e l y  d ep en d en t on N_. In  f a c t ,  f o r  th e p ro m in e n t FTEs a n g u la r  

d e v ia t io n s  o f  ^  3 0 °  a re  fo u n d  n o t to  a l t e r  th e s ig n a t u r e  a p p r e c ia b ly .
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F i n a l l y ,  n o te  t h a t  a lth o u g h  d a ta  from  o n ly  one o f  th e  IS E E  s a t e l l i t e s  

a re  u se d  to  d e te rm in e  N, th e  f i n a l  f i e l d  p l o t s  a re  p ro d u ce d  u s in g  

s u p e rp o s e d  IS E E  1 and 2 d a ta  w h en e ve r b o th  a re  a v a i l a b l e .

4 . 3  C o v e ra g e , D ata A n a ly s is  and R e s u lt s

4 . 3 . 1  C o v e ra g e  and m ag n eto sh eath  f i e l d  o r i e n t a t i o n

The m a g n e tic  f i e l d  d a ta  i n  t h i s  s u r v e y  c o v e r  th e  p e r io d s  

24 O cto b e r 1977 to  23 J a n u a ry  1978; 2 J u l y  1978 to  26 D ecem ber 1978

and 29 Ju n e  1979 to  23 November 1979.  D u rin g  t h i s  t im e  th e  IS E E  

s a t e l l i t e s  made ^  350  in b o u n d  and outbound p a s s e s  th ro u g h  th e  m agneto­

p a u se  r e g io n .  F o r  each p a s s  th e  m agnetopause r e g io n  was i d e n t i f i e d  

fro m  th e  m a g n e tic  f i e l d  d a t a . I n  a d d it io n ,  f o r  many o f  th e  1977 and 

1978 p a s s e s  low r e s o l u t i o n  p la sm a  d a ta  p l o t s  w ere a v a i l a b l e  and t h e s e  

w ere u se d  as c o n f ir m a t io n  o f  th e  m agnetopause i d e n t i f i c a t i o n .  On any  

p a r t i c u l a r  o utbound o r  in b o u n d  p a s s  t h e  m agnetopause, may be e n c o u n te re d  

more th a n  o n ce as a r e s u l t  o f  b o u n d a ry  m o tio n s . We s h a l l  t h e r e f o r e  

r e s t r i c t  g e n e r a l u se  o f  th e  w o rds m agnetopause c r o s s i n g  to  f u l l  

c r o s s i n g s  and o n ly  d i s t i n g u i s h  betw een d i f f e r e n t  c r o s s i n g s  on th e  same 

p a s s  i f  th e y  a re  s e p a r a t e d  by o v e r  h a l f  an h o u r.  F u l l  c r o s s i n g  r e f e r s  

to  a f u l l  p e n e t r a t io n  o f  th e  m agnetopause l a y e r ,  i . e . ,  as th e  s a t e l l i t e  

t r a v e l s  d i r e c t l y  from  th e  m a g n eto sh eath  th ro u g h  th e  m agnetopause in t o  

th e  m a g n eto sp h ere  o r  v i c e  v e r s a .

F ig u r e  4 .1  shows th e  lo c a t io n s  o f  326 m agnetopause c r o s s i n g s  w h ich  

a re  u se d  i n  t h i s  s u r v e y  and th e y  r e p r e s e n t  141 in b o u n d  and 138 o utbound  

p a s s e s .  Not a l l  o f  th e  p a s s e s  i n  th e  p e r io d s  m en tio n ed  above a re  

r e p r e s e n t e d ;  t h i s  i s  th e  r e s u l t  o f  la r g e  d a ta  gaps i n  th e  m agnetopause  

r e g i o n ,  u n p ro c e s s e d  d a t a ,  o r  b e c a u s e  th e  m agnetopause ca n n o t be r e l i a b l y  

i d e n t i f i e d  w it h o u t  th e  a d d it io n a l  u se  o f  p la sm a  d a ta . T a b le  4 .1  

su m m a rises th e  m agn eto sheath f i e l d  o r i e n t a t i o n  d e te rm in e d  im m e d ia te ly  

a d ja c e n t  to  th e  m agnetopause.

F ig u r e  4 . 1 ( a )  shows th e  m agnetopause c r o s s i n g  lo c a t io n s  a f t e r  

r o t a t io n  in t o  th e  GSM e q u a t o r ia l  p la n e .  F o r r e f e r e n c e  th e  s o l i d  c u r v e  

shows th e  F a i r f i e l d  ( 1 9 7 1 )  m odel c u r v e  o f  th e  m agnetopause and i t  can  

be s e e n  t h a t  th e  c u r v e  i s  a good a p p ro x im a t io n  to  th e  a v e ra g e  b o u n d a ry  

sh a p e . F ig u r e  4 . 1 ( a )  a ls o  shows t h a t  t h e r e  i s  a good and f a i r l y  u n ifo rm  

c o v e ra g e  o f  th e  f r o n t s i d e  m agn eto p ause. The GSM l o c a l  t im e  c o v e ra g e  

ra n g e s  from  0 3 4 7  to  1859 i n  h o u rs  and m in u te s . C r o s s in g  lo c a t io n s
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MAGNETOPAUSE C R O S S I N G  L O C A T I O N S  

AND THE SI G N OF MAGNETOSHEATH BL

Fig .  4.1Ca).

MAGNETOPAUSE CROSSI NG L OC ATI ONS

AND THE SI GN OF MPGNETOSHEATH B„
M

Fig. 4.1C&}
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a s s o c ia t e d  w it h  in b o u n d  and outbound p a s s e s  a re  r e p r e s e n t e d  by open and 

s o l i d  sy m b o ls, r e s p e c t i v e l y .  D i f f e r e n t  t y p e s  o f  sym bol r e f e r  to  th e  

m agn eto sh eath  BL p o l a r i t y  j u s t  o u t s id e  th e  m agn eto p ause. I f  th e  Bl 

com ponent i s  s m a lle r  th a n  ^  5 nT i n  m a g n itu d e o r  i f  i t  f l u c t u a t e s  about  

th e  z e ro  l e v e l  th e n  i t  i s  r e f e r r e d  to  as in t e r m e d ia t e .  F ig u r e  4 . 1 ( b )  

shows th e  c r o s s i n g s  p lo t t e d  in  th e  Y -Z  GSM p la n e  and t h i s  tim e  th e  

d i f f e r e n t  ty p e s  o f  sym bol r e f e r  to  th e  m agn eto sh eath  BM p o l a r i t y .  T h is  

p l o t  shows t h a t  th e  IS E E  o r b i t  does n o t p ro d u c e  su ch  a u n ifo rm  

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

l a t i t u d e s  o c c u r  p r e d o m in a n t ly  i n  th e  dawn s e c t o r ,  w h ile  s o u t h e r ly  

c r o s s i n g s  o c c u r  p r e d o m in a n t ly  i n  th e  d u sk  s e c t o r .  The GSM l a t i t u d e  

c o v e ra g e  ra n g e s  fro m  4 6 . 0 °  N to 3 3 . 5 °  S. F i n a l l y ,  i t  s h o u ld  be  

m e n tio n ed  t h a t  to  a v o id  to o  much o v e r la p  o f  th e  sym b o ls o n ly  th e  i n n e r ­

most and o u te rm o st c r o s s i n g  lo c a t io n s  h a v e  been p l o t t e d  i n  F ig u r e  4 .1  

i n  c a s e s  w here more th a n  two c r o s s i n g s  o c c u r  on a p a r t i c u l a r  outbound  

o r  in b o u n d  p a s s .

T a b le  4 .1

M a g n eto sh e ath  F i e l d  O r ie n t a t io n *

b l

bM
N e g a t iv e P o s i t i v e In t e r m e d ia t e S u b -T o t a l Bm

N e g a t iv e 95 53 29 177

P o s i t i v e 45 47 18 110

In t e r m e d ia t e 17 15 7 39

S u b -T o t a l Bl 157 115 54

* d e te rm in e d  im m e d ia te ly  a d ja c e n t  to  th e  m agnetopause

T a b le  4 .1  shows th e  o r i e n t a t i o n  d i s t r i b u t i o n  o f  th e  m ag n eto sh eath  

f i e l d  i n  th e  L-M p la n e  as d e te rm in e d  im m e d ia te ly  a d ja c e n t  t o  th e  m agneto­

p a u se  c r o s s i n g s  p lo t t e d  i n  F ig u r e  4 . 1 .  T h is  T a b le  shows t h a t  th e  

c r o s s i n g s  w it h  n e g a t iv e  BL s l i g h t l y  e x c e e d  th o s e  w it h  p o s i t i v e  BL , 

p r o b a b ly  r e s u l t i n g  fro m  a more v a r i a b l e  b o u n d a ry  m o tio n  and h e n ce  l a r g e r
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num ber o f  c r o s s i n g s  on a p a r t i c u l a r  p a s s  f o r  so u th w a rd  f i e l d s .  A l s o ,  

th e  m agnetopause i s  e a s i e r  to  i d e n t i f y  when a la r g e  change i n  f i e l d  

d i r e c t i o n  o c c u r s .  H ow ever, th e  m ain f e a t u r e  to  n o te  i s  th e  d is c r e p a n c y  

b etw een th e  num ber o f  c r o s s i n g s  w it h  p o s i t i v e  and n e g a t iv e  B^. The 

c r o s s i n g s  w it h  n e g a t iv e  o u tw e ig h  th o s e  w it h  p o s i t i v e  B^ by a lm o st a

f a c t o r  o f  two, and t h i s  i s  m a in ly  b e c a u s e  o f  th e d i s p a r i t y  when Bl i s

n e g a t iv e .  O r d i n a r i l y  one w o uld  e x p e c t  d i f f e r e n t  p o l a r i t i e s  o f  Bl  o r  

Bm to  o c c u r  w it h  e q u a l p r o b a b i l i t y ,  and h e n ce i t  i s  s u r p r i s i n g  to  se e  

t h a t  th e  m ag n eto sh eath  f i e l d  p r e f e r s  to  l i e  a lo n g  th e  n e g a t iv e  B̂ j a x is  

when Bl  i s  n e g a t iv e  w h ile  t h e r e  i s  no r e v e r s e  f e a t u r e  when Bl  i s  p o s i t i v e .  

T h is  f e a t u r e  h a s a ls o  b een n o te d  i n  th e  1 9 7 7 - 1 9 7 8  d a t a  by R ijn b e e k  e t  a l .  

( 1 9 8 4 ) .  The re a s o n  f o r  i t  i s  u n c l e a r ,  b u t  i t  c o u ld  be a s e a s o n a l e f f e c t  

s i n c e  most o f  th e  d a ta  a re  ta k e n  fro m  th e  l a t t e r  h a l f  o f  each  y e a r  and no

d a t a  from  th e  s p r i n g  s e a so n  a re  in c lu d e d ,  d u r in g  w h ic h  IS E E  1 and 2

t r a v e r s e  th e m a g n e t o t a il  r e g io n .

4 . 3 . 2  I d e n t i f i c a t i o n  and c l a s s i f i c a t i o n  o f  FTEs

As d e s c r ib e d  i n  C h a p t e r 3 , i n  R u s s e l l  and E l p h i c ' s  ( 1 9 7 8 )  o r i g i n a l  

d e s c r i p t i o n  th e  m a g n e tic  s ig n a t u r e  o f  a m a g n eto sh eath  FTE c o n s i s t s  o f  

an a lm o st sy m m e tric  b i p o l a r  p o s i t i v e - n e g a t i v e  d e f l e c t i o n  i n  th e  n o rm al 

com ponent B^. The B^ s ig n a t u r e  i s  c o u p le d  w it h  a r o t a t i o n  o f  th e  

t a n g e n t ia l  f i e l d  com ponent to w a rd s th e  m a g n e to s p h e ric  f i e l d  o r i e n t a t i o n  

and a ls o  a s u b s t a n t i a l  in c r e a s e  i n  f i e l d  m agn itud e w h ic h  re a c h e s  o r  even  

e x c e e d s th e  m a g n e to s p h e ric  l e v e l .  FTEs w it h  B^ s ig n a t u r e s  i n  th e  

r e v e r s e ,  n e g a t i v e - p o s i t i v e  s e n s e  h a v e  now a ls o  b een fo u n d . T h is  s e t  

o f  m agn eto sheath FTE s ig n a t u r e s  fo rm s th e  b a s is  o f  th e  s e l e c t i o n  

c r i t e r i a  a d o p te d  by Berchem  and R u s s e l l  ( 1 9 8 4 ) .  In  p u b l i c a t i o n s  

s u b se q u e n t t o  R u s s e l l  and E l p h i c ' s  ( 1 9 7 8 )  d is c o v e r y  p a p e r  th e  d e f i n i t i o n  

o f  th e  FTE s ig n a t u r e  h a s been e x te n d e d  to  in c lu d e :  e v e n ts  o b s e rv e d  

i n s i d e  th e m agnetopause and m a g n eto sp h ere  r e g io n s ;  e v e n t s  w h ich  do n o t  

show a smooth r o t a t i o n  i n  th e  t a n g e n t ia l  f i e l d  com ponent b u t r a t h e r  

l a r g e - s c a l e  o s c i l l a t o r y  ch a n g e s; e v e n ts  w it h  t a n g e n t ia l  f i e l d  t i l t s  

away from  th e  f i e l d  d i r e c t i o n  on th e  o p p o s it e  s id e  o f  th e  m agnetopause  

(s e e  C h a p t e r 3 ) .  In  o r d e r  to  a s s e s s  th e  im p o rta n c e  o f  FTEs i n  d r i v i n g  

m a g n e to s p h e ric  c o n v e c t io n  and a ls o  to  p r o v id e  a more e x h a u s t iv e  s u rv e y  

we s h a l l  t h e r e f o r e  ad o pt a more l i b e r a l  i n t e r p r e t a t i o n  o f  th e  FTE 

m a g n e tic  s ig n a t u r e  th a n  t h a t  u se d  by Berchem  and R u s s e l l  ( 1 9 8 4 ) .  We 

s h a l l  j u s t i f y  t h i s  d e c i s i o n  more f u l l y  i n  th e d i s c u s s i o n  s e c t io n .
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The i d e n t i f i c a t i o n  c r i t e r i a  f o r  FTE m a g n e tic  s ig n a t u r e s  we s h a l l  

a d o p t a re  a s f o l lo w s .  An FTE need s to  show a c l e a r  s ig n a t u r e  i n  th e  

Bjsj component as w e ll  as a s im u lt a n e o u s  d e f l e c t i o n  i n  th e  t a n g e n t ia l  

f i e l d  com ponent. T h ese s ig n a t u r e s  need to  s ta n d  o u t fro m  th e  g e n e r a l  

l e v e l  o f  a m b ien t m a g n e tic  f i e l d  f l u c t u a t i o n s .  A l s o ,  i n  o r d e r  to  make 

a llo w a n c e  f o r  th e  l im it e d  r e s o l u t i o n  a v a i l a b l e  fro m  th e  one h o u r p l o t s  

o f  medium r e s o l u t i o n  f i e l d  d a t a ,  e v e n ts  w it h  p e a k - t o - p e a k  v a r i a t i o n s  

o f  l e s s  th a n  ^  10 nT and e v e n ts  w it h  a d u r a t io n  s h o r t e r  th a n  ^  1 m in a re  

n o t in c lu d e d  i n  t h i s  s u r v e y .  In  one c a s e  th e am b ien t f i e l d  s t r e n g t h  

was low enough t o  e n a b le  th e B^ a m p lit u d e  l i m i t  to  be lo w e re d  t o  'v 5 nT . 

In  a num ber o f  o t h e r  c a s e s ,  when th e  a m b ien t f i e l d  s t r e n g t h  i s  h ig h ,  th e  

B^ a m p litu d e  l i m i t  was r a i s e d  to  20 nT o r  even h i g h e r .  H ow ever, th e  B^ 

a m p lit u d e  and FTE d u r a t io n  l i m i t s  h a ve no p h y s ic a l  j u s t i f i c a t i o n  and a re  

m e re ly  c u t - o f f s  d e s ig n e d  to  e n s u re  th e  c o r r e c t  i d e n t i f i c a t i o n  o f  F T E s. 

The p o s s i b i l i t y  o f  FTE s ig n a t u r e s  o c c u r r in g  b elo w  t h e s e  l i m i t s  i s  n o t  

p r e c lu d e d  and i s  i n  f a c t  v e r y  l i k e l y ,  as c a r e f u l  e x a m in a t io n  o f  th e  d a t a  

p l o t s  th ro u g h o u t t h i s  w ork w i l l  show.

In  c o n t r a s t  to  Berchem  and R u s s e l l  ( 1 9 8 4 ) ,  who o n ly  u se  m agneto­

s h e a th  FTEs i n  t h e i r  s t a t i s t i c s ,  we s h a l l  in c lu d e  FTEs o b s e rv e d  i n  th e  

m agnetopause and m a g n eto sp h ere r e g io n s  i n  t h i s  s u r v e y  a lth o u g h  t r e a t i n g  

them on a s e p a r a t e  b a s i s .  We s h a l l  a l s o  r e f r a i n  fro m  u s in g  a 

s u b s t a n t i a l  f i e l d  s t r e n g t h  in c r e a s e  as an FTE i d e n t i f i c a t i o n  c r i t e r i o n  

and r a t h e r  u se  i t  a s a g u id e  to  i d e n t i f y  F T E s. T h e re  a re  o c c a s io n s  

when FTEs a re  a cco m p a n ie d  by o s c i l l a t i o n s  in  f i e l d  m ag n itu d e o r  even  

s u b s t a n t i a l  r e d u c t io n s  i n  f i e l d  s t r e n g t h  ( e . g . ,  F ig u r e  2 o f  R ijn b e e k  e t  

a l . ,  1 9 8 4 ) .  P lasm a d a ta  a re  a ls o  u se d  w h enever a v a i l a b l e  to  c o n f ir m  

t h a t  FTEs o b s e rv e d  i n t e r i o r  to  th e  m agnetopause a re  a cco m p a n ie d  by  

b o u n d a ry  l a y e r  e n c o u n t e r s ,  i . e . ,  p u ls e s  o f  in c r e a s e d  t o t a l  number 

d e n s it y  and v e l o c i t y  com pared to  th e  a m b ien t m a g n e to s p h e ric  l e v e l  (s e e  

C h a p t e r 3 ) .  T h ese c h e c k s  g e n e r a l l y  c o n f ir m  th e FTE i d e n t i f i c a t i o n ,  b u t  

n o t a l l  b o u n d a ry  l a y e r  p la sm a  e n c o u n t e r s  a re  a s s o c ia t e d  w it h  m a g n e tic  

s ig n a t u r e s  i d e n t i f i e d  as FTEs f o r  th e  p u rp o s e s  o f  t h i s  s u r v e y .

We s h a l l  r e f e r  to  e v e n ts  o b s e rv e d  i n t e r i o r  and e x t e r i o r  to  th e  

m agnetopause as m a g n eto sp h ere  and m agn eto sh eath  F T E s ,  r e s p e c t i v e l y .

We s h a l l  a ls o  c l a s s i f y  FTEs a c c o r d in g  to  t h e i r  B^ s ig n a t u r e s  u s in g  th e  

f o l lo w in g  schem e:

( 1 )  s t a n d a rd  FTEs show an o u tw a rd  f o llo w e d  by an in w a rd  ( p o s i t i v e ­

n e g a t iv e )  Bn s ig n a t u r e  (n o t n e c e s s a r i l y  s y m m e t r ic );
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( 2 )  r e v e r s e  FTEs show an in w a rd  fo llo w e d  by an o u tw a rd  ( n e g a t iv e ­

p o s i t i v e )  Bn s ig n a t u r e  (n o t n e c e s s a r i l y  s y m m e t r ic );

( 3 )  i r r e g u l a r  FTEs show a s i n g l e  in w a rd  ( n e g a t iv e )  o r  o u tw a rd  ( p o s i t i v e )  

s ig n a t u r e  o r  show a more co m plex BN s ig n a t u r e ,  su ch  as in w a rd -  

o u tw a rd - in w a rd  .

N ote t h a t  i n  th e  Berchem  and R u s s e l l  ( 1 9 8 4 )  s u r v e y  e v e n ts  f a l l i n g  u n d e r  

c a t e g o r y  ( 1 )  a re  r e f e r r e d  t o  as d i r e c t  F T E s.

4 . 3 . 3  E xam ples o f  FTE m a g n e tic  s ig n a t u r e s

F ig u r e s  4 . 2  to  4 .5  show ex am p les o f  m a g n eto sh ea th  and m a g n eto sp h ere  

FTE m a g n e tic  s ig n a t u r e s .  T h e se  f i g u r e s  a re  in t e n d e d  to  com plem ent o t h e r  

exam ples o c c u r r in g  i n  t h i s  w ork as w e l l  as th e  f i g u r e s  p u b lis h e d  i n  

R ijn b e e k  e t  a l . ( 1 9 8 4 )  and th e y  s e r v e  to  i l l u s t r a t e  some t y p i c a l  FTE 

m a g n e tic  s ig n a t u r e s  o v e r  a w id e  ra n g e  o f  l o c a t io n s  on th e  f r o n t s i d e  

m a g n e to p a u se .

F ig u r e  4 . 2  shows m a g n e tic  f i e l d  d a ta  from  IS E E  1 i n  LMN c o o r d in a t e s  

d u r in g  an in b o u n d  p a s s  o f  th e  m agnetopause r e g io n  on 23 J a n u a ry  19 78 .

The m agnetopause i s  c r o s s e d  a t  'v 8 : 2 9  UT on th e  dawn f la n k  a t  a n o r t h e r l y  

GSM l a t i t u d e  o f  'v 1 8 °.  S h o r t ly  a f t e r  th e  s t a r t  o f  th e  i n t e r v a l  p lo t t e d  

th e  m a g n eto sh eath  assum es a so u th w a rd  and d uskw ard  o r i e n t a t i o n  and two 

s t a n d a rd  FTEs can be s e e n  a t  8 : 0 9  and 8 : 1 5  UT, th e  l a t t e r  a p p a r e n t ly  

f o llo w e d  by a p a r t i a l  m agnetopause p e n e t r a t io n .  T h re e  s t a n d a rd  FTEs  

o c c u r  i n  th e  m a g n eto sp h ere  a t  8 : 3 6 ,  8 : 4 3  and 8 : 5 1  UT. The e v e n t a t  

8 : 4 3  UT h a s a p ro n o u n ce d  t i l t  away from  th e  m ag n eto sh eath  f i e l d  

o r i e n t a t i o n .

F ig u r e  4 . 3  shows f i e l d  d a t a  fro m  th e in b o u n d  p a s s  on 3 S ep tem b er  

1979.  The m agnetopause i s  c r o s s e d  a t  ^  1 2 : 3 0  UT a t  a d uskw ard  and 

s o u t h e r ly  l o c a t i o n .  A num ber o f  r e v e r s e  FTEs o c c u r  i n  th e  m a g n eto sh eath  

a s in d ic a t e d  by th e  d ash ed  v e r t i c a l  l i n e s .  F ig u r e  4 .4  shows d a ta  from  

th e  24 J u l y  1979 in b o u n d  p a s s ,  w h ich  o c c u r r e d  on th e  d usk f la n k  a t  

s o u t h e r ly  l a t i t u d e s .  The m agnetopause i s  c r o s s e d  a t  ^  1 6 : 0 7  UT. The 

m ag n eto sh eath  f i e l d  has a m a in ly  dawnward and sunw ard  o r i e n t a t i o n .

S e v e r a l s t a n d a rd  FTEs can be s e e n  d u r in g  t h i s  i n t e r v a l ,  b o th  in  th e  

m agn eto sh eath  and m a g n eto sp h ere r e g io n s .  F ig u r e  4 .5  shows th e  f i n a l  

ex a m p le, an in b o u n d  p a s s  on 4 J u l y  1978 w h ich  o c c u r r e d  on th e  d usk f la n k  

and above th e  m a g n e tic  e q u a t o r.  The m agnetopause i s  c r o s s e d  a t  2 1 : 5 2  

UT and th e m a g n eto sh eath  f i e l d  h a s a so u th w a rd  and duskw ard o r i e n t a t i o n .  

R e v e rs e  and i r r e g u l a r  FTEs o c c u r  o v e r  a t h r e e - h o u r  i n t e r v a l  d u r in g  t h i s
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23 JAN 1978 I SEE 1/2

LT 0513 
LAT 18.0

0516
18.8

0518
19.4

F ig .  4 . 2 .  FTEs on 23 J a n u a r y  1 9 78 .

SEP 1979 I SEE 1

LT
LAT

1511
-32.1

1517
-32 .7

Fig. 4.3. FTEs on 23 September 1979
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24 JUL 1979 I SEE 1

LT 1742 
LAT -16 .2

1745
-14.9

1748
-13 .6

F ig .  4 . 4 .  FTEs on 24 J u l y  1979.

4 JUL 1978 I SEE 1/2

R 16.78 16.41 16.04
LT 1854 1857 1900
LAT 19.9 20.1 20.1

Fig. 4.5. FTEs on 4 July 1978.
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p a s s  and a lth o u g h  m ost o f  them a r e  a cco m p an ied  by f i e l d  s t r e n g t h  

i n c r e a s e s ,  t h e r e  a re  la r g e  f i e l d  s t r e n g t h  d e c r e a s e s  d u r in g  s e v e r a l  

e v e n t s ,  e . g . ,  a t  2 1 : 4 2  UT i n  F ig u r e  4 . 5 .

H a v in g  d e f in e d  o u r  p r o c e d u re  f o r  i d e n t i f y i n g  FTEs we s h a l l  now 

c o n c e n t r a t e  on d e t e rm in in g  th e  p r o p e r t i e s  o f  FTEs and th e  f a c t o r s  w h ich  

c o n t r o l  t h e i r  o c c u r r e n c e .

4 . 3 . 4  L o c a t io n  o f  FTEs

F ig u r e  4 .6  shows th e  shows th e  lo c a t io n s  i n  th e  Y -Z  GSM p la n e  o f  

a l l  th e  m agnetopause c r o s s i n g s  w it h  w h ich  FTEs a re  a s s o c ia t e d .

F ig u r e  4 . 6 ( a )  shows th e lo c a t io n s  o f  165 m agnetopause c r o s s i n g s  s p re a d  

o v e r  88 in b o u n d  and 73 o utbound p a s s e s  w h ich  h a v e  m ag n eto sh eath  FTEs 

a s s o c ia t e d  w it h  them. F ig u r e  4 . 6 ( b )  i s  th e  c o r r e s p o n d in g  p l o t  f o r  152  

m agnetopause c r o s s i n g s  w it h  m a g n eto sp h ere  F TE s ,  s p re a d  o v e r  75 in b o u n d  

and 70 outbound p a s s e s .  The c r o s s i n g  sym b o ls i n  b o th  p l o t s  show a 

s i m i l a r  d ia g o n a l ly  banded d i s t r i b u t i o n  to  t h a t  i n  F ig u r e  4 . 2 ,  im p ly in g  

t h a t  t h e r e  i s  no o b v io u s  FTE s p a t i a l  d ep en d ence w it h in  th e  a r e a  c o v e re d  

by IS E E  1 and 2. The d i f f e r e n t  sym b o ls i n  th e p l o t s  o f  F ig u r e  4 .6  show 

th e  ty p e  o f  s ig n a t u r e  d is p la y e d  by th e  FTEs f o r  ea ch  p a r t i c u l a r  

c r o s s i n g .  I f  b o th  i r r e g u l a r  and s t a n d a rd  ( r e v e r s e )  FTEs a re  o b s e rv e d  

i n  a s s o c i a t i o n  w it h  a s p e c i f i c  c r o s s i n g ,  th e n  o n ly  th e  s t a n d a rd  ( r e v e r s e )  

FTE sym bol i s  p lo t t e d .  The m ixed FTE sym bol r e f e r s  to  c r o s s i n g s  w it h  

o b s e r v a t io n s  o f  b o th  s t a n d a rd  and r e v e r s e  F T E s. E x a m in a tio n  o f  

F ig u r e  4 .6  shows t h a t  th e  m a jo r it y  o f  th e  c r o s s i n g s  o c c u r  e i t h e r  i n  

a s s o c i a t i o n  w it h  s t a n d a rd  FTEs o r  w it h  r e v e r s e  F T E s ,  th e  fo rm e r  

o c c u r r in g  p r e d o m in a n t ly  a t  n o r t h e r l y  l a t i t u d e s  w h ile  th e  l a t t e r  o c c u r  

m o s tly  a t  s o u t h e r ly  l a t i t u d e s .  T h ese f e a t u r e s  a re  e v id e n t  f o r  b o th  th e  

m a g n eto sh eath  and m a g n eto sp h ere  F T E s. A l s o ,  th e  num ber o f  c r o s s i n g s  in  

F ig u r e  4 .6  shows t h a t  FTEs a re  a common f e a t u r e  o f  th e  f r o n t s i d e  

m agnetopause r e g io n  c o v e re d  by IS E E  1 and 2 . F i n a l l y ,  n o te  t h a t  on th e  

s c a l e  o f  th e  p l o t  th e  FTE o b s e r v a t io n  lo c a t io n s  do n o t d i f f e r  f o r  o u r  

p u rp o s e s  from  th e  m agnetopause lo c a t io n s  w it h  w h ich  th e y  a re  a s s o c ia t e d .

4 . 3 . 5  M ag n eto sh e ath  m a g n e tic  f i e l d  and FTEs

In  F ig u r e  4 . 7  th e  same c r o s s i n g s  w h ich  a re  p l o t t e d  i n  F ig u r e  4 .6  

a re  p lo t t e d  i n  th e  GSM e q u a t o r ia l  p la n e .  F ig u r e  4 . 7 ( a )  shows th e  

c r o s s i n g s  w it h  m agn eto sheath FTEs and F ig u r e  4 . 7 ( b )  i s  th e  c o r r e s p o n d in g  

p l o t  f o r  c r o s s i n g s  w it h  m a g n eto sp h ere F T E s. In  each p l o t  th e  sym b o ls
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LOCATIONS OF MAGNET0 PAUSE CROSSINGS WITH MAGNETO­

SHEATH FTEs AND THE SIGN OF MAGNETOSHEATH BL

F i g .  4 . 7  C a ) .

LOCATIONS OF MAGNETOPAUSE CROSSI NGS WITH MAGNETO­

SPHERE F T E s  AND THE SIGN OF MAGNETOSHEATH B L

Fig. 4,7Cb).



128

r e f e r  to  th e  p o l a r i t y  o f  th e  m a g n eto sh ea th  Bl  com ponent, d e te rm in e d  

im m e d ia te ly  a d ja c e n t  to  th e  m agn eto p au se. F ig u r e  4.7 s h o u ld  t h e r e f o r e  

be com pared w it h  F ig u r e  4.1. T h is  c o m p a riso n  w i l l  show t h a t  th e  s u b ­

s e t s  o f  c r o s s i n g s  w it h  m a g n eto sh ea th  FTEs and th o s e  w it h  m a g n eto sp h ere  

FTEs b o th  h a v e  a d i s t r i b u t i o n  w h ic h  i s  v e r y  s i m i l a r  to  th e  t o t a l  num ber 

o f  c r o s s i n g s ,  i n  agreem ent w it h  th e  c o n c lu s io n  i n  4.3.4. A n o th e r  

f e a t u r e  w h ic h  i s  a p p a re n t i n  F ig u r e  4.7 i s  t h a t  m ost o f  th e  c r o s s i n g s  

w it h  a n o rth w a rd  ( p o s i t i v e  BjO m a g n eto sh ea th  f i e l d  component h a v e  been  

f i l t e r e d  o u t ,  w h ile  most o f  th e  c r o s s i n g s  w it h  n e g a t iv e  Bl  p o l a r i t y  

re m a in . T a b le  4 . 2  d e m o n stra te s  t h i s  a l s o .  H ere th e  c r o s s i n g s  o f  

F ig u r e  4.7 a re  s u b d iv id e d  a c c o r d in g  to  th e  p o l a r i t y  o f  th e  m agn eto sh eath  

Bl  and B*j com po nents. The f i g u r e s  show th e num ber o f  c r o s s i n g s  w it h  

m agn eto sheath FTEs a s s o c ia t e d  w it h  a p a r t i c u l a r  c o m b in a tio n  o f  Bl  and 

B^ p o l a r i t y ,  w h ile  th e  num bers i n  p a r e n t h e s e s  r e f e r  to  c r o s s i n g s  w it h  

m a g n eto sp h ere F T E s. The t a b le  shows t h a t  a lm o st t h r e e - q u a r t e r s  o f  th e  

c r o s s i n g s  w it h  m ag n eto sh eath  o r  m a g n eto sp h ere  FTEs a re  a s s o c ia t e d  w it h  

a n e g a t iv e  Bl  com ponent, w h ile  o n ly  ab o ut one t e n t h  h ave a p o s i t i v e  B^ 

p o l a r i t y .  T h is  r e s u l t  s u g g e s t s  t h a t  th e  m ag n eto sh eath  Bl  p o l a r i t y  i s  

th e  p r im a r y  f a c t o r  c o n t r o l l i n g  FTE o c c u r r e n c e .

T a b le  4 .2

M a g n eto sh e ath  F i e l d  O r ie n t a t io n *  f o r  C r o s s in g s  w it h  FTEs**

b l  ' 

bm
N e g a tiv e P o s i t i v e In t e r m e d ia t e S u b t o t a l Bl

N e g a t iv e 7 3 ( 7 0 ) 9 ( 1 1 ) 1 9 ( 1 5 ) 1 0 1 ( 9 6 )

P o s i t i v e 3 3 ( 3 0 ) 8 ( 5 ) 8 ( 1 0 ) 4 9 ( 4 5 )

In t e r m e d ia t e 1 3 ( 8 ) 2 ( 1 ) 0 ( 2 ) 1 5 ( 1 1 )

S u b t o t a l B^ 1 1 9 ( 1 0 8 ) 1 9 ( 1 7 ) 2 7 ( 2 7 )

* d e te rm in e d  im m e d ia te ly  a d ja c e n t  to  th e  m agnetopause  

** p a r e n t h e s e s  r e f e r  t o  m a g n eto sp h ere FTEs

T a b le  4 .2  a ls o  shows t h a t  most o f  th e  c r o s s i n g s  w it h  FTEs a re
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a s s o c ia t e d  w it h  a n e g a t iv e  m a g n eto sh eath  p o l a r i t y .  H o w ever, we 

h ave p r e v i o u s l y  n o te d  i n  T a b le  4 .1  t h a t  most o f  th e  c r o s s i n g s  w it h  

n e g a t iv e  a l s o  h ave a n e g a t iv e  B̂ j com ponent. T h e r e f o r e ,  we ca n n o t  

c o n c lu d e  from  T a b le  4 . 2  t h a t  th e  m agn eto sh eath  BM com ponent e x e r t s  any  

c o n t r o l  on FTE o c c u r r e n c e .  The r a t i o  o f  th e  t o t a l  num ber c r o s s i n g s  

w ith  n e g a t iv e  o r  p o s i t i v e  Bĵ  d iv id e d  by th e  num ber o f  c r o s s i n g s  w it h  

FTEs h a v in g  n e g a t iv e  o r  p o s i t i v e  B^ i s  a p p ro x im a t e ly  th e  sam e, w h ich  

s u g g e s t s  t h a t  FTE o c c u r r e n c e  i s  not s i g n i f i c a n t l y  a f f e c t e d  b y  th e  

p o l a r i t y  o f  m a g n eto sh eath  B^.

In  4 . 3 . 4  we n o te d  t h a t  th e  FTE B^ s ig n a t u r e  i s  o r d e re d  to  a la r g e  

d e g re e  b y  m a g n e tic  l a t i t u d e ,  w it h  s t a n d a rd  and r e v e r s e  FTEs o c c u r r i n g  

p r e d o m in a n t ly  a t  n o r t h e r n  and s o u t h e rn  l a t i t u d e s ,  r e s p e c t i v e l y .

F ig u r e  4 .6  shows a num ber o f  e x c e p t io n s  to  t h i s  s im p le  r u l e ,  h o w e v e r.

We w i l l  t h e r e f o r e  make an a tte m p t to  se e  w h e th e r th e s e  e x c e p t io n s  can be 

r e la t e d  to  th e  m agn eto sh eath  Bĵ  p o l a r i t y .  F ig u r e s  4 .8  and 4 .9  show th e  

c r o s s i n g  l o c a t io n s  a s s o c ia t e d  w it h  m agn eto sh eath  and m a g n eto sp h ere  FT E s,  

r e s p e c t i v e l y ,  p lo t t e d  i n  th e  same fo rm a t as F ig u r e  4 . 6 .  I n  F ig u r e s  4 . 8 ( a )  

and 4 . 9 ( a )  th e  c r o s s in g s  w it h  n e g a t iv e  m ag n eto sh eath  B^ a r e  p l o t t e d ,  

w h ile  F ig u r e s  4 . 8 ( b )  and 4 . 9 ( b )  show c r o s s i n g s  w it h  p o s i t i v e  B^. 

E x a m in a tio n  o f  th e s e  p l o t s  r e v e a ls  t h a t  w it h  a few e x c e p t io n s  th e  

anom alous FTE B^ s ig n a t u r e s  can be r e l a t e d  to  th e  p o l a r i t y  o f  m agneto­

s h e a th  Bf^: s t a n d a rd  FTEs i n  th e  S o u th e rn  H em isp h ere o c c u r  o n ly  i n  th e

dusk s e c t o r  when BM i s  p o s i t i v e ,  and o n ly  i n  th e  dawn s e c t o r  Cone e v e n t )  

when Bjvj i s  n e g a t iv e .  S i m i l a r l y ,  r e v e r s e  FTEs o c c u r  i n  th e  N o rt h e rn  

H em isp h e re  o n ly  i n  th e  dawn s e c t o r  when Bj  ̂ i s  p o s i t i v e ,  and o n ly  i n  th e  

d usk s e c t o r  when B^ i s  n e g a t iv e .  F ig u r e s  4 .4  and 4 .5  show two c a s e  

exam ples o f  t h i s  f e a t u r e  and we s h a l l  r e t u r n  to  i t  i n  th e  d i s c u s s i o n  

s e c t io n .

4 . 3 . 6  C o o r d in a t e  sy ste m  and FTEs

So f a r  we h ave exam ined th e  d i s t r i b u t i o n s  o f  m agnetopause c r o s s in g s  

s o l e l y  i n  th e  GSM c o o r d in a t e  system . T h is  system  i s  f r e q u e n t ly  u se d  to  

exam ine m agnetopause c r o s s i n g  lo c a t io n s  and m agn eto sheath p a ra m e te rs  

( R u s s e l l ,  1 9 7 1 ).  Two o t h e r  g lo b a l  m a g n e to s p h e ric  c o o r d in a t e  system s  

w h ich  a re  i n  common u se  a re  th e  GSE and SM c o o r d in a t e  sy ste m s  

(A p p e n d ix  B ) . To s e e  w h e th e r a c h o ic e  o f  t h e s e  c o o r d in a t e  sy ste m s  

a f f e c t s  th e  c o n c lu s io n s  re a c h e d  i n  p r e v io u s  s u b s e c t io n s ,  th e  d a ta  p o in t s  

i n  F ig u r e s  4 . 6 ( a )  and 4 .8  h a v e  been r e p lo t t e d  in  th e  GSE and SM
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MAGNETOPAUSE CROSSINGS WITH MAGNETOSHEATH FTEs
AND THE FT E SIGNATURE IN BN

DAWN Y GSE OUSK

Fig.  4.10(a) .

MAGNETOPAUSE CROSSINGS WITH MAGNETOSHEATH FTEs  

AND THE FT E SIGNATURE IN B N 

FOR N E G AT I V E  MAGNETO SHEATH B M

Fig. 4.10(b).
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MAGNETOPAUSE CROSSINGS WITH MAGNETOSHEATH FTEs

ANO THE FT E SIGNATURE IN BN
FOR POSITIVE MRGNETOSHEATH BM

F ig .  4 . 1 0 ( c ) .

MAGNETOPAUSE CROSSI NGS WITH MAGNETOSHEATH F TE s  

AND THE FT E SI GNA T UR E IN B N

Fig. 4.11(a).
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c o o r d in a t e  sy s te m s . F ig u r e  4 .1 0  shows th e  GSE p l o t s  and F ig u r e  4 .1 1  

shows th e  SM p l o t s  c o r r e s p o n d in g  to  F ig u r e s  4 . 6 ( a )  and 4 . 8 .

E x a m in a tio n  o f  t h e s e  p l o t s  r e v e a ls  t h a t  a lth o u g h  th e g e n e r a l a p p e a ra n ce  

o f  th e  m agnetopause c r o s s i n g  d i s t r i b u t i o n s  i s  a l t e r e d ,  th e  c o n c lu s io n s  

re a c h e d  p r e v i o u s l y  c o n c e r n in g  FTEs a re  n o t a f f e c t e d  by th e  c h o ic e  o f  a 

p a r t i c u l a r  c o o r d in a t e  sy ste m . A lth o u g h  we h a ve ch o se n  n o t to  d i s p l a y  

them , th e  same r e s u l t  a ls o  h o ld s  f o r  th e  p l o t s  o f  c r o s s i n g s  w it h  

m a g n eto sp h ere  FT E s.

4 . 3 . 7  When do FTEs o c c u r ?

In  s e c t io n  4 . 3 . 5  we n o te d  t h a t  m a g n eto sh ea th  and m a g n eto sp h ere  FTEs 

o c c u r  p re d o m in a n t ly  when th e  m ag n eto sh eath  f i e l d  a d ja c e n t  to  th e  m agneto­

p a u se  has a so u th w a rd  com ponent. In  o r d e r  to  d e te rm in e  w h e th e r a 

so u th w a rd  f i e l d  com ponent i s  a s u f f i c i e n t  c o n d it io n  f o r  FTEs to  o c c u r ,  

we need  to  com pare th e f i e l d  o r i e n t a t i o n  f o r  c r o s s i n g s  a s s o c ia t e d  w it h  

FTEs to  th o s e  w it h o u t  F T E s. H ow ever, s in c e  FTEs h a ve a f i n i t e  

r e c u r r e n c e  tim e and s p a t i a l  e x t e n t  th e y  may be m is se d  e a s i l y ,  b e c a u s e  o f  

d a ta  g a p s. We s h a l l  t h e r e f o r e  f i r s t  a p p ly  some s e l e c t i o n  c r i t e r i a  to  

o u r d a ta  s e t .

From r e s u l t s  p r e s e n t e d  i n  th e  p r e v io u s  c h a p t e r  and from  F ig u r e s  4 . 2 -  

►  4 . 5  i t  i s  r e a s o n a b le  to  e s t im a t e  th e  FTE r e c u r r e n c e  tim e  to  be o f  o r d e r

10 m in. A ls o ,  FTE s ig n a t u r e s  a re  o b s e rv e d  to  l a s t  a few m in u t e s .  We 

t h e r e f o r e  r e j e c t  a l l  m agnetopause c r o s s i n g s  w it h  m ag n eto sh eath  e n c o u n te rs  

l e s s  th a n  30 min a n d /o r  w it h  d a ta  gaps l a r g e r  th a n  ^ 5 m in . We a ls o  

e l i m i n a t e  c r o s s i n g s  beyond th e  dawn and d u sk  (GSM) m e r id ia n s ,  so t h a t  

we a re  l e f t  o n ly  w it h  c r o s s i n g s  betw een 0600 and 1800 GSM l o c a l  t im e .

The re a s o n s  f o r  th e  l a t t e r  a re  t h a t  th e  IS EE o r b i t  i s  more t a n g e n t ia l  

to  t h e  m agnetopause on th e  dawn and d usk f l a n k s ,  so t h a t  o f t e n  th e  

m agnetopause i s  e n c o u n te re d  a la r g e  num ber o f  t im e s on a s i n g l e  p a s s  as  

th e  b o u n d a ry  f lo p s  b a ck  and f o r t h .  A lth o u g h  i n  many c a s e s  p la sm a  p l o t s  

a r e  a v a i l a b l e ,  th e y  a re  n o t a lw a y s o f  s u f f i c i e n t  r e s o l u t i o n  to  make a 

r e l i a b l e  d i s t i n c t i o n  b etw een m a g n e to sh e a th , m agnetopause and b o u n d a ry  

l a y e r  r e g io n s .  A ls o ,  th e  am b ien t l e v e l  o f  f l u c t u a t i o n s  i n  th e  

com ponent i s  o f t e n  h ig h  on th e  f la n k s  even when th e  e x t e r n a l  f i e l d  i s  

s t r o n g l y  n o rth w a rd  and t h i s  makes i t  d i f f i c u l t  to  i d e n t i f y  th e  FTE 

s ig n a t u r e s  r e l i a b l y .

The e l i m i n a t io n  p r o c e d u re  o u t l in e d  above r e s u l t s  i n  a d a ta  s e t  o f  

2 1 7  m agnetopause c r o s s i n g s  s p re a d  o v e r  102 i n -  and 100 outb o un d  p a s s e s .
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To d e te rm in e  th e  c o n t r o l  e x e rt e d  by th e  raagn eto sh eath  f i e l d  on th e  

o c c u r r e n c e  o f  F T E s, th e  c r o s s i n g s  a re  th e n  c l a s s i f i e d  i n  term s o f  t h i s  

f i e l d  as d e te rm in e d  i n  th e  h a l f - h o u r  m ag n eto sh eath  i n t e r v a l  a d ja c e n t  to  

e a ch  c r o s s i n g .  The and com ponents a re  a s s ig n e d  a p o s i t i v e  o r  

n e g a t iv e  l a b e l  i f  th e y  s t a y  p re d o m in a n t ly  a t  t h a t  s ig n  (n o t in c l u d i n g  

FTE f i e l d  d e f l e c t i o n s )  d u r in g  t h i s  h a l f  h o u r  i n t e r v a l .  I f  t h i s  

c o n d i t io n  i s  no t s a t i s f i e d ,  o r  i f  th e  m a g n itud e o f  th e  B^ o r  Bĵ  com­

p o n e n ts  i s  l e s s  th a n  'v 5 nT, th e n  th e y  a r e  l a b e l l e d  in t e r m e d ia t e .

T a b le  4 . 3  and F ig u r e  4 .1 2  sum m arise th e  r e s u l t s  o b t a in e d  u s in g  th e  

above c l a s s i f i c a t i o n  scheme f o r  m a g n eto sh ea th  F T E s. C l e a r l y ,  th e  

p o l a r i t y  o f  th e  m a g n eto sh eath  Bl  com ponent can be u se d  v e r y  e f f e c t i v e l y  

t o  p r e d i c t  w h e th e r FTEs w i l l  be s e e n  i n  th e  d a y s id e  m agn eto sh eath  r e g io n .  

W ith  few e x c e p t io n s  m agn eto sh eath  FTEs a r e  se e n  w h en e ve r t h e  m agneto­

s h e a t h  f i e l d  h a s a so u th w a rd  com ponent and n o t when i t  h a s a n o rth w a rd  

com ponent. I n d i v i d u a l  exam p les sh o w in g  th e  c lo s e  c o n t r o l  e x e rt e d  by  

t h e  m agn eto sh eath  f i e l d  o r i e n t a t i o n  on FTE o c c u r r e n c e  a re  g iv e n  i n  

F ig u r e s  4 . 1 3  and 4 . 1 4 .  F ig u r e  4 .1 3  shows ISEE 1 d a ta  from  an in b o u n d  

p a s s  on 21 A ug ust 19 78 . As a r e s u l t  o f  b o u n d a ry  m o tio n , th e  m agneto­

p a u se  i s  c r o s s e d  t h r e e  t im e s  d u r in g  th e  i n t e r v a l  shown: a t  2 1 :0 9 ,  2 1 :2 7

and 2 1 :4 1  UT. I n i t i a l l y ,  m a g n eto sh ea th  B^ i s  th e  s t r o n g e s t  com ponent 

and t h e r e  i s  no s ig n  o f  any FTE a c t i v i t y .  In  th e  se co n d  i n t e r v a l  i n  th e  

m a g n eto sh ea th  th e  Bl  com ponent has t u rn e d  s t r o n g ly  so u th w a rd  and two 

r e v e r s e  FTEs a re  s e e n  a t  2 1 :3 1  and 2 1 :3 5  UT. F ig u r e  4 .1 4  shows d a ta  

from  an outbound p a s s  on 30 S ep tem b er 19 79 . The m ain m agnetopause  

c r o s s i n g  o c c u r s  a t  7 :5 9  UT. I n i t i a l l y ,  th e  m agn eto sheath f i e l d  i s  

so u th w a rd  and dawnw ard. H ow ever, a f t e r  8 :1 2  UT, th e  f i e l d  t u r n s  n o r t h ­

w ard  (an d  d u sk w a rd ) su c h  t h a t  th e  m a g n e to sh e a th -m a g n e to sp h e re  f i e l d  a n g le  

d e c r e a s e s ,  and s t r a ig h t a w a y  th e  FTE a c t i v i t y  s u b s id e s .  N ote t h a t  th e  

2 1 :4 1  UT c r o s s i n g  i n  F ig u r e  4 .1 3  i s  n o t in c lu d e d  i n  F ig u r e  4 .1 2  and  

T a b le  4 . 3  b e c a u s e  o f  th e  s h o r t  m a g n eto sh eath  i n t e r v a l .  A ls o ,  th e  

c r o s s i n g  i n  F ig u r e  4 .1 4  i s  c la s s e d  as h a v in g  in t e r m e d ia t e  BL i n  

a c c o rd a n c e  w it h  o u r c r i t e r i a .  In  s p i t e  o f  t h i s  th e  c o n c lu s io n s  re a c h e d  

fro m  F ig u r e  4 .1 2  and T a b le  4 . 3  a g re e  w it h  th o se  from  th e  i n d i v i d u a l  c a se  

e x a m p le s .

T a b le  4 . 3  a ls o  shows th e  number o f  c r o s s i n g s  w it h  a p a r t i c u l a r  

m ag n eto sh eath  Bĵ  p o l a r i t y .  The m ost n o te w o rth y  f e a t u r e  i s  a g a in  t h a t  

t h e r e  a re  fe w e r c r o s s i n g s  w h ich  h a ve p o s i t i v e  BM p o l a r i t y ,  a f e a t u r e  

w h ich  i s  p r i m a r i l y  e v id e n t  f o r  c r o s s i n g s  a s s o c ia t e d  w it h  n e g a t iv e  Bl >
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.21 flUG 1978 I SEE 1/2

L O T  - 0 . 2 - 0 . 3 - 0 . 5

F ig .  4 . 1 3 .  FTEs on 21 A u g u st 1978.

30 SEP 1979 I SEE 1/2

L T  1 1 2 3  1 1 3 0  1 1 3 5

LOT 2 9 . 6  2 8 . 3  2 7 . 2

Fig. 4.14. FTEs on 30 September 1979.
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From t h i s  t a b le  i t  a p p e a rs  t h a t  th e  p o l a r i t y  o f  m a g n eto sh ea th  B^ does  

n o t e x e r t  an a p p r e c ia b le  in f l u e n c e  on FTE o c c u r r e n c e ,  o r  a t  l e a s t  th e  

e f f e c t  i s  se co n d  o r d e r  com pared to  th e  p o l a r i t y  o f  th e  com ponent.

T a b le  4 . 3

M a g n eto sh e ath  F i e l d  O r ie n t a t io n *  f o r  M a g n eto sh e ath  FTEs

b l

bm
N e g a t iv e P o s i t i v e In t e r m e d ia t e S u b t o t a l Bjvj

N e g a t iv e 4 9 (4 ) 8 (3 5 ) 1 6 (9 ) 7 3 (4 8 )

P o s i t i v e 1 8 (3 ) 4 (2 9 ) 9 (6 ) 3 1 (3 8 )

In t e r m e d ia t e 1 2 ( 1 ) 2 (9 ) 1 ( 2 ) 1 5 ( 1 2 )

S u b t o t a l Bl 7 9 (8 ) 1 4 (7 3 ) 2 6 (1 7 )

* d e te rm in e d  i n  h a l f - h o u r  i n t e r v a l  a d ja c e n t  to  m agnetopause

** f i g u r e s  r e f e r  to  c r o s s i n g s  w it h  m agn eto sheath FTEs (no
p a r e n t h e s e s )  and w it h o u t  m agn eto sh eath  FTEs ( i n  p a r e n t h e s e s )

We s h a l l  n e x t in v e s t i g a t e  w h e th e r th e  c o n c lu s io n s  re a c h e d  above a ls o  

h o ld  f o r  m a g n eto sp h ere  F T E s. In  o r d e r  to  do t h i s  we need to  a llo w  f o r  

th e  f i n i t e  r e c u r r e n c e  tim e  o f  m a g n eto sp h ere  F T E s, w h ich  as b e f o r e  we ta k e  

to  be o f  o r d e r  10 m in. We s h a l l  t h e r e f o r e  r e q u i r e  a l l  c r o s s i n g s  to  h ave  

a t  l e a s t  h a l f  an h o u r o f  m a g n e tic  f i e l d  m easurem ents i n s i d e  th e  m agneto­

s p h e re ,  w it h  no d a t a  gaps lo n g e r  th a n  'v 5 m in. A ls o ,  i f  t h e r e  a re  r a p id  

m u lt i p le  c r o s s in g s  w h ic h  f o l lo w  (p r e c e d e )  th e  i n i t i a l  ( f i n a l )  e n t r y  in t o  

th e  m a g n e to sp h e re , th e n  th e  s t a r t i n g  tim e  f o r  th e  h a l f - h o u r  i n t e r v a l  i s  

r e s e t  to  z e ro  f o l lo w in g  ( p r e c e d in g )  each  m a g n eto sp h ere e n t r y .  We a ls o  

need to  a llo w  f o r  ch a n g es i n  m agn eto sheath B^ o r  BM w h ile  th e  s a t e l l i t e  

i s  i n s i d e  th e  m a g n e to sp h e re . We s h a l l  t h e r e f o r e  r e j e c t  a s e t  o f  m u lt i p le  

c r o s s i n g s  i f  Bl a n d /o r  B^ chang es s ig n  ( d is r e g a r d in g  FTE s ig n a t u r e s )  

d u r in g  th e  s h o r t  m agn eto sh eath  e n c o u n t e r s .  T h is  th e n  m in im iz e s  th e  

e f f e c t  o f  a p o s s i b l e  change i n  m a g n eto sh eath  f i e l d  o r i e n t a t i o n  w h ile  

IS EE 1 and 2 a re  i n s i d e  th e  m a g n e to sp h e re .

A p p ly in g  th e  p r o c e d u re  above e l im in a t e s  30 o f  th e  c r o s s i n g s  l i s t e d  

i n  T a b le  4 . 3 ,  to  le a v e  us w it h  a d a ta  s e t  o f  187 c r o s s i n g s .  The r e s u l t s
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o b t a in e d  f o r  m a g n eto sp h ere  FTEs a re  shown i n  T a b le  4 . 4  and F ig u r e  4 . 1 5 ,  

i n  th e  same fo rm a t as T a b le  4 . 3  and F ig u r e  4 . 1 2 .  The same c o n c lu s io n s  

ca n  b e draw n f o r  th e  m a g n eto sp h ere  FTEs as has b een done f o r  th e  m agneto­

s h e a t h  FT E s.

T a b le  4 .4

M a g n e to sh e a th  F i e l d  O r ie n t a t io n *  f o r  M a g n e to sp h e re  FTEs

b l

®M
N e g a tiv e P o s i t i v e In t e r m e d ia t e S u b t o t a l Bĵ

N e g a t iv e 4 0 ( 3 ) 8 (2 9 ) 1 5 (9 ) 6 3 (4 1 )

P o s i t i v e 1 6 (1 ) 7 ( 2 5 ) 8 (5 ) 3 1 ( 3 1 )

In t e r m e d ia t e 7 ( 3 ) 1 ( 7 ) 2 ( 1 ) 1 0 (1 1 )

S u b t o t a l B^ 6 3 ( 7 ) 16 C61) 2 5 (1 5 )

* d e te rm in e d  i n  h a l f - h o u r  i n t e r v a l  a d ja c e n t  to  m agnetopause

** f i g u r e s  r e f e r  to  c r o s s i n g s  w it h  m a g n eto sp h ere  FTEs (no
p a r e n t h e s e s )  and w it h o u t  m a g n eto sp h ere  FTEs ( i n  p a r e n t h e s e s )

4 . 3 . 8  S o la r  w in d  p a ra m e te rs  and FTEs

On t r a v e r s i n g  th e  d a y s id e  bow s h o c k  r e g io n  th e  IMF i s  co m p resse d  

and i t  d ra p e s  o v e r  th e  m agnetopause s u r f a c e  to  fo rm  th e  m agn eto sheath  

f i e l d .  The IMF and m agn eto sheath f i e l d s  a re  th u s  in t im a t e l y  r e l a t e d  

and FTEs s h o u ld  show th e  same q u a l i t a t i v e  depen d ence on th e  IMF o r i e n ­

t a t i o n  as th e y  do on th e  m ag n eto sh eath  f i e l d  o r i e n t a t i o n .  In  o r d e r  to  

i n v e s t i g a t e  th e  d ep en d ence o f  FTEs on th e  IMF o r i e n t a t i o n  and on th e  

s o l a r  w ind  v e l o c i t y  and number d e n s it y ,  th e s e  s o l a r  w in d  p a ra m e te r  

v a lu e s  w ere n o te d  f o r  each o f  th e  m agnetopause c r o s s i n g s  p lo t t e d  i n  

F ig u r e  4 . 1 2 .  The i n t e r p l a n e t a r y  medium d a ta  book ( K in g ,  1979 and 

1 9 8 3) l i s t s  h o u r ly  a v e ra g e s  o f  s o l a r  w in d  p a ra m e te rs  d e te rm in e d  u p stre a m  

o f  th e  bow s h o c k . The p a ra m e te r v a lu e s  c o r r e s p o n d in g  most c l o s e l y  to  

th e  tim e  o f  each m agnetopause c r o s s i n g  w ere u se d . No a ttem p t was made 

to  in t r o d u c e  a c o r r e c t i o n  f o r  th e  tim e  la g  in v o lv e d  i n  t r a v e l l i n g  fro m  

th e  IMF o b s e r v a t io n  p o in t  to  th e  d a y s id e  m agn eto p ause. H ow ever, when
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th e  m agnetopause c r o s s i n g  o c c u r r e d  c lo s e  t o  th e  h a l f - h o u r  p o in t ,  e i t h e r  

an a v e ra g e  o f  th e  IMF p a ra m e te rs  d e te rm in e d  o v e r  th e  two a d ja c e n t  

h o u r ly  a v e ra g e s  was u s e d , o r  th e  s e t  o f  p a ra m e te rs  f o r  w h ich  th e  IMF 

o r i e n t a t i o n  most c l o s e l y  re s e m b le s  t h a t  o b s e rv e d  i n  th e  m a g n eto sh eath  

was u se d .

F ig u r e  4 .1 6  shows th e  FTE o c c u r r e n c e  as a f u n c t io n  o f  th e  IMF Bz 

and By com ponents i n  GSM c o o r d in a t e s .  The Y-Z p la n e  i s  d iv id e d  in t o  

e ig h t  b i n s ,  w it h  an a n g u la r  w id th  o f  4 5 °  e a c h . The s i z e  o f  each  s e c t o r  

i s  d e te rm in e d  b y t h e  number o f  m agnetopause c r o s s i n g s  o c c u r r in g  i n  t h a t  

s e c t o r .  The sh a d e d  p a r t  o f  e a ch  s e c t o r  shows th e  num ber o f  c r o s s i n g s  

w it h  m ag n eto sh ea th  F T E s, w h ile  th e  re d  p a r t  shows th e  number w it h o u t  

m agn eto sheath F T E s. A g a in , we can v e r i f y  from  t h i s  d ia g ra m  th e  

d ep en d ence o f  FTE o c c u r r e n c e  on th e  o r i e n t a t i o n  o f  th e  f i e l d  e x t e r n a l  

t o  th e  m agn eto p au se. When th e  IMF i s  s o u th w a rd , v e r y  few c r o s s i n g s  

o c c u r  w it h o u t  a s s o c ia t e d  F T E s, and th e  s i t u a t i o n  i s  r e v e r s e d  when th e  

IMF i s  s t r o n g ly  n o rth w a rd . A n o t h e r n o t a b le  f e a t u r e  w h ich  we h a v e  come 

a c r o s s  b e f o r e  i s  th e  r e l a t i v e l y  s m a ll number o f  c r o s s i n g s  i n  th e  q u a d ­

r a n t  w it h  IMF By and Bz b o th  n e g a t iv e .

F ig u r e  4 . 1 7  shows th e  r e s u l t s  o b t a in e d  f o r  th e  c r o s s i n g s  w it h  and  

w it h o u t  m a g n e to sp h e re  FT E s. A g a in , th e  c o n c lu s io n s  w h ich  ca n  be draw n  

a re  i d e n t i c a l  t o . t h o s e  f o r  th e  m a g n eto sh ea th  F T E s.

The i n t e r p l a n e t a r y  medium d a t a  book a ls o  l i s t s  th e  s o l a r  w in d  

v e l o c i t y  and num ber d e n s it y ,  so we ca n  in v e s t i g a t e  th e  dependence o f  

FTE o c c u r r e n c e  on t h e s e  p a r a m e t e r s .  F ig u r e s  4 .1 8  and 4 .1 9  show 

h is t o g ra m s  f o r  m ag n eto sh eath  F T E s. In  t h e  f i r s t  p l o t  th e  s o l a r  w in d  

v e l o c i t y  i s  p l o t t e d  i n  50 km s -1 i n t e r v a l s ,  a lo n g  th e  h o r iz o n t a l  a x i s ,  

w h ile  i n  th e  s e c o n d  p lo t  th e  num ber d e n s it y  i s  p lo t t e d  i n  i n t e r v a l s  o f  

5 cm- 3 . The num ber o f  m agnetopause c r o s s i n g s  i s  p lo t t e d  a lo n g  th e  

v e r t i c a l  a x i s .  The shaded p a r t  o f  each b a r  shows th e  number o f  

c r o s s i n g s  w it h  FTEs i n  each  p a r t i c u l a r  i n t e r v a l ,  w h ile  th e  re d  p a r t  

shows th e number o f  c r o s s in g s  w it h o u t  F T E s. I t  ca n  be s e e n  t h a t  th e  

d i s t r i b u t i o n  o f  c r o s s i n g s  w it h  FTEs i s  n o t n o t ic e a b ly  d i f f e r e n t  fro m  th e  

t o t a l  number o f  c r o s s i n g s  o r  th e  c r o s s i n g s  w ith o u t  F T E s. In  o t h e r  

w o rd s, any dep en d ence o f  FTE o c c u r r e n c e  on e i t h e r  s o l a r  w ind  v e l o c i t y  

o r  d e n s it y  must be a t  le a s t  se co n d  o r d e r  i n  c o m p a riso n  w it h  e i t h e r  th e  

IM F /m a g n e to sh e a th  f i e l d  o r i e n t a t i o n .  T h ese c o n c lu s io n s  a re  a ls o  v a l i d  

f o r  m a g n e to s p h e ric  FT E s.
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Fig. 16. Occurrence of magnetosheath 
FTEs vs. orientation of the IMF.

7

Fig. 17. Occurrence of magnetosphere 
FTEs vs. orientation of the IMF.
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Fig. 18. Occurrence of magnetosheath 
FTEs vs. solar wind velocity.

rNum L>er

Fig. 19. Occurrence of magnetosheath 
FTEs vs. solar wind density.
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4 . 3 . 9  O c c u rre n c e  r a t e  o f  FTEs

In  t h i s  s u b s e c t io n  we w is h  to  d e te rm in e  th e  num ber o f  F T E s, Npyg 

and th e  r e c u r r e n c e  t im e , Tr , f o r  a t y p i c a l  p a s s  u n d e r c o n d it io n s  i n  

w h ich  FTEs may be e x p e c te d  to  o c c u r .  As shown i n  4 . 3 . 7 ,  a so u th w a rd  

m agn eto sh eath  f i e l d  com ponent i s  a lm o st a s u f f i c i e n t  c o n d it io n  f o r  

IS EE 1 and 2 to  o b s e rv e  FTEs i n  th e  d a y s id e  m agnetopause r e g io n .  We 

s h a l l  t h e r e f o r e  b a se  o u r  e s t im a t e s  o f  Npyg and T r  on th o s e  c r o s s i n g s  

w h ich  a re  l i s t e d  as h a v in g  n e g a t iv e  m a g n eto sh ea th  Bp i n  T a b le s  4 . 3  and

4 .4  f o r  m a g n eto sh ea th  and m a g n eto sp h ere  F T E s, r e s p e c t i v e l y .

We ca n n o t e x p e c t  Nppp to  be c o n s t a n t  f o r  a l l  p a s s e s ,  s i n c e  m agneto­

p a u se  m o tio n  may, f o r  ex a m p le, c a u s e  th e  IS E E  1 and 2 s a t e l l i t e s  to  

t r a v e r s e  r a p i d l y  th e  r e g io n  i n  w h ich  FTEs a re  o b s e rv e d , i n  w h ic h  c a s e  

NpTE w i l l  be lo w e r th a n  t y p i c a l .  A ls o ,  we ca n n o t a p r i o r i  e x p e c t  T r 

to be a c o n s t a n t .  We s h a l l  t h e r e f o r e  d e te rm in e  a v e ra g e  v a lu e s  o f  Np-pp 

and Tr  fro m  th e  c r o s s i n g s  w it h  a so u th w a rd  m agn eto sheath Bp com ponent. 

S in c e  th e  m agnetopause i s  s t a t i o n a r y  on a v e ra g e , we can make th e  

a ss u m p tio n  t h a t  f o r  a la r g e  d a ta  s e t  o f  c r o s s i n g s  th e  m agnetopause h a s no 

n e t m o tio n  and h e n ce  t h a t  o u r  e s t im a t e  f o r  i s  s o l e l y  d e te rm in e d  by  

the sp e e d  w it h  w h ic h  IS E E  t r a v e r s e s  th e  m agnetopause r e g io n .  H ow ever, 

i t  s h o u ld  be n o te d  t h a t  may a ls o  be a f f e c t e d  by s a t e l l i t e  l o c a t i o n  

(a s  we s h a l l  se e  p r e s e n t l y )  and by v a r i a t i o n s  i n  T r on i n d i v i d u a l  p a s s e s .

T a b le  4 .5  shows th e  r e s u l t s  o b t a in e d  f o r  m ag n eto sh eath  and  

m a g n eto sp h ere F T E s. F o r  each  o f  th e  c r o s s i n g s  w it h  n e g a t iv e  Bp th e  

number o f  FTEs o b s e rv e d  by one o f  th e  IS E E  s a t e l l i t e s  was c o u n te d , and 

from  t h i s  th e  FTE r e c u r r e n c e  tim e was c a l c u l a t e d ,  by u s in g  th e  tim e  

d i f f e r e n c e  b etw een th e  m agnetopause c r o s s i n g  and th e  FTE f a r t h e s t  away 

from  i t  i n  t im e . The r e s u l t s  i n  T a b le  4 . 5  show t h a t  th e  v a lu e s  o f  

NpTp o f  4 .5  and 3 . 4 ,  and th e  v a lu e s  o f  TR o f  9 .2  and 8 .7  m in f o r  

m ag n eto sh eath  and m a g n eto sp h ere  FTEs a r e  v e r y  s i m i l a r .

A ls o  shown i n  T a b le  4 .5  i s  th e  d i s t r i b u t i o n  o f  Np-pp w it h  l a t i t u d e  

o f  th e m agnetopause c r o s s i n g  above o r  b e lo w  th e  GSM e q u a t o r  ( i n  10 °  

b i n s ) .  A lth o u g h  t h e r e  a re  i n d i v i d u a l  f l u c t u a t i o n s  i n  th e  c a s e  o f  th e  

m a g n eto sp h ere  F T E s, p o s s i b l y  c a u s e d  by th e  in h e r e n t  u n c e r t a i n t y  i n  

d e t e rm in in g  th e  m agn eto sh eath  f i e l d  o r i e n t a t i o n  w h ile  i n s i d e  th e  m agneto­

s p h e re ,  th e  r e s u l t s  ta k e n  as a w h o le c o n f ir m  th e s u g g e s t io n  by R ijn b e e k  

e t  a l .  (1 9 8 4 ) t h a t  fe w e r FTE s ig n a t u r e s  a r e  o b s e rv e d  a t  low l a t i t u d e s .



S p a t ia l  D i s t r i b u t i o n  o f  FTEs *

Table 4.5

L a t it u d e  o f  M agnetopause C r o s s in g ,  GSM

T o t a l
0 -  10° 10 - 20° 20 -  30°

1

oOiotn 40 - 50°

No. o f  c r o s s in g s  
w ith  -v e

8 7 (7 0 ) 2 1 (1 4 ) 1 8 (1 4 ) 3 2 ( 2 8 ) 9 ( 7 ) 7 ( 7 )

Number o f  FTEs 3 9 2 (2 3 5 ) 7 5 ( 3 1 ) 6 8 (5 3 ) 1 5 7 (9 1 ) 4 6 (1 8 ) 4 6 (4 2 )

A ve ra g e num ber, Np'pp 4 . 5 ( 3 . 4 ) 3 . 6 ( 2 . 2 ) 3 . 8 ( 3 . 8 ) 4 . 9 ( 3 . 3 ) 5 . 1 ( 2 . 6 ) 6 . 6 ( 6 . 0 )

A ve ra g e r e c u r r e n c e  
tim e Tj^

9 . 2 ( 8 . 7 )

* F ig u r e s  i n  p a r e n t h e s e s  r e f e r  to  m ag n eto sp h ere F T E s.
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4 . 3 . 1 0  S c a le  s i z e  o f  FTEs

The v a lu e s  o f  Np^g and t r  w h ich  we h a ve d e te rm in e d  a llo w  us to  make 

an o r d e r  o f  m a g n itu d e e s t im a t e  f o r  th e  s c a l e  s i z e  o f  a t y p i c a l  FTE 

p e r p e n d ic u la r  to  th e  m agn eto p ause. F ig u r e  4 . 2 0  shows a s a t e l l i t e  

t r a j e c t o r y  i n t e r s e c t i n g  th e r e g io n  i n  w h ic h  an FTE may be o b s e rv e d ,  o f  

w id th  L ^, w here i s  th e  s c a l e  s i z e  o f  th e  FTE m a g n e tic  s ig n a t u r e .  

A ssum ing a s t a t i o n a r y  m agn eto p au se, a s i t u a t i o n  w h ich  we a p p ro x im a te  b y  

u s in g  a v e ra g e  v a lu e s  o f  Ng-pg and TR , i t  can be s e e n  t h a t  Ljyj i s  g iv e n  by

l N = n FTE t r  v IS E E

w here Vpggg i s  th e  s a t e l l i t e  v e l o c i t y .  We assum e h e re  t h a t  th e  

s a t e l l i t e  t r a j e c t o r y  i s  no rm al to  th e  m agnetopause (w h ic h  i s  a p p ro x im a t e ly  

t r u e  u n d e r n o rm al c ir c u m s t a n c e s )  and t h a t  th e  tim e  s p e n t  by th e  s a t e l l i t e  

i n  a r e g io n  o f  s i z e  i s  lo n g e r  th a n  TR . The v a lu e  o f  V jg p p  depends  

on th e  r a d i a l  d is t a n c e  fro m  E a rt h  ( i t  s lo w s  down a p p ro a c h in g  apogee o r  

p e r ig e e )  b u t i t  i s  r e a s o n a b le  to  u se  a v a lu e  o f  ^  2 km s - 1 . We th e n  

o b t a in  a s c a l e  s i z e  o f  'v 0 .8  Rg and ^ 0 . 6  Rg f o r  m ag n eto sh eath  and  

m a g n eto sp h ere F T E s, r e s p e c t i v e l y ,  n o rm a l to  th e  m agn eto p au se.

N ote t h a t  an a l t e r n a t i v e  method to  t h a t  g iv e n  above i s  to  c a l c u l a t e  

th e  a v e ra g e  tim e  i n t e r v a l  b etw een th e  m agnetopause c r o s s i n g  and -the FTE 

o b s e rv e d  f u r t h e s t  away fro m  i t  i n  t im e . M u lt i p l y i n g  t h i s  t im e  i n t e r v a l  

by V jg p p  th e n  a ls o  g iv e s  an e s t im a t e  f o r  L^. H ow ever, t h i s  method i s  

l e s s  e f f e c t i v e  i n  sm o o th in g  o u t m agnetopause o s c i l l a t i o n s  and i n  any c a s e  

le a d s  to  th e  same r e s u l t s  as a b o ve.

We can a ls o  make a ro u g h  e s t im a t e  o f  th e  s c a l e  s i z e  o f  a t y p i c a l  

FTE a lo n g  th e  m agn eto p au se. The t y p i c a l  d u r a t io n  o f  an FTE i s  'x- 1 -2  m in. 

I f  we assum e th e  a v e ra g e  m agn eto sh eath  b u lk  v e l o c i t y  o f  ^  1 0 0 -2 0 0  km s " 1 

to  g iv e  us a r e a s o n a b le  e s t im a t e  o f  th e  c o n v e c t io n  v e l o c i t y  o f  FTEs a lo n g  

th e  m agn eto p au se, th e n  we a r r i v e  a t  a v a lu e  o f  2 Rg.

E s t im a t e s  s i m i l a r  to  th e  ones above h a v e  a ls o  b een g iv e n  by o t h e r s .  

R u s s e l l  and E l p h i c  (1 9 7 8 ) fo u n d  v a lu e s  o f  x  4 Rg and x  0 .8  Rg f o r  th e  

FTE d im e n s io n  a lo n g  th e  m agnetopause d u r in g  two s e p a r a t e  c r o s s i n g s .

They i n f e r  a s i m i l a r  d im e n sio n  n o rm al t o  th e  m agnetopause from  th e  4 5°  

r o t a t i o n  o f  th e  com ponent d u r in g  th e  p a s s a g e  o f  th e  F T E s. From th e  

tim e  o f  p a s sa g e  and c o n v e c t io n  sp e e d  o f  th e  e n e r g e t ic  p a r t i c l e  b o u n d a rie s  

o f  th e  FTEs o b s e rv e d  d u r in g  a s i n g l e  c r o s s i n g ,  D a ly  and K e p p le r  (1 9 8 3 a ,b )  

c a l c u l a t e  a n o rm al d im e n sio n  o f  ^  1 Rg. F i n a l l y  S a u n d e rs  e t  a l .
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Fig. 4.20. Estimating the scale size of an FTE.

Fig. 4.21. Satellite trajectories relative to an FTE flux tube.



(.19 8 4 a ,b ) h a ve m easured  th e  s c a l e  s i z e  o f  FTE m a g n e tic  s ig n a t u r e s  

d i r e c t l y ,  by t a k in g  a d v a n ta g e  o f  th e  v a r i a b l e  s e p a r a t io n  o f  th e  IS E E  1 

and 2 s a t e l l i t e s .  They f i n d  t h a t  th e  FTE d im e n sio n  p e r p e n d ic u la r  to  

t h e  m agnetopause i s  o f  o r d e r  1 Rp, w h ich  i s  i n  good agreem ent w it h  o u r  

r e s u l t s  o b t a in e d  i n  a more i n d i r e c t  (a n d  t h e r e f o r e  l e s s  a c c u r a t e )  

m anner.

4 . 4  D is c u s s io n

4 . 4 . 1  FTE m a g n e tic  s ig n a t u r e s

In  o u r  s t a t i s t i c a l  s u rv e y  o f  FTEs we have u se d  an ex te n d e d  

d e f i n i t i o n  o f  th e  FTE m a g n e tic  s ig n a t u r e  com pared to  th e  on es ad o pted  

b y  R u s s e l l  and E l p h i c  (1 9 7 8 ) and Berchem  and R u s s e l l  (1 9 8 4 ) .  T h e re  

a re  a number o f  re a s o n s  to  j u s t i f y  th e  u se  o f  t h i s  more l i b e r a l  

d e f i n i t i o n  o f  th e  FTE s ig n a t u r e ,  as we s h a l l  now d i s c u s s .

In  C h a p t e r 3 i t  was shown t h a t  FTE f l u x  tu b e s  a re  a s s o c ia t e d  w it h  

a f i e l d - a l i g n e d  c u r r e n t  (TAC) w h ic h  i s  e i t h e r  s u g g e s te d  to  f lo w  a lo n g  

th e  c e n t r a l  a x is  o f  th e  FTE tu b e ( e . g . ,  S a u n d e rs , 19 8 3) o r  a lo n g  i t s  

o u t e r  edges (Southw ood, 1 9 8 4 ). The FAC i s  a s s o c ia t e d  w it h  a t w i s t in g  

o f  f i e l d  l i n e s  and e x p la in s  th e  c o n t in u o u s  n a t u re  o f  th e  FTE B^ 

s ig n a t u r e  as w e l l  as th e  anom alous f i e l d  o r i e n t a t i o n s ,  i . e . ,  th e  

t a n g e n t ia l  f i e l d  component r o t a t e s  away from  th e  f i e l d  d i r e c t i o n  on the  

o p p o s it e  s id e  o f  th e  m agn eto p au se. The p re s e n c e  o f  th e  FAC may le a d  

to  s t r o n g  s p a t i a l  s t r u c t u r e  i n s i d e  FTE f l u x  t u b e s ,  th u s  g i v in g  r i s e  to  

more co m plex m a g n e tic  f i e l d  s ig n a t u r e s  th a n  th o se  o r i g i n a l l y  e n v is a g e d .

The d y n a m ic a l e q u i l ib r iu m  o f  FTE m a g n e tic  f i e l d  s t r u c t u r e s  s t i l l  

need s i n v e s t i g a t i n g .  Paschmann e t  a l .  (1 9 8 2 ) showed t h a t  th e  in c r e a s e  

i n  t o t a l  p r e s s u r e  w h ic h  t h e y  o b s e rv e  i n s i d e  FTEs i s  due to  th e  t e n s io n  

o f  am b ien t f i e l d  l i n e s  as th e y  d ra p e  o v e r  th e  FTE f l u x  tu b e s  and a ls o  

th e  f i e l d  t w i s t  a s s o c ia t e d  w it h  th e  FAC. As Southwood ( r e p o r t e d  i n  

C o w ley (1 9 8 2 ))  h a s n o te d , h o w e v e r, th e  f i e l d  t e n s io n  f o r c e s  m ust r e v e r s e  

a t  th e  ed ges o f  FTE f l u x  t u b e s . As a r e s u l t ,  a f l u x  tu b e  w h ich  

i n i t i a l l y  h a s a c i r c u l a r  c r o s s - s e c t i o n a l  sh a p e w i l l  be sq u a sh e d  in t o  a 

lo n g  t h i n  a la b  dow nstream  from  th e  r e g io n  i n  w h ich  i t  o r i g i n a t e s .  The 

sh a p e o f  an FTE t u b e , and h e n ce i t s  s ig n a t u r e ,  may t h e r e f o r e  e v o lv e  i n  

t i m e / l a t i t u d e  as i t  moves o v e r  th e  d a y s id e  m agnetopause in t o  th e  t a i l .  

T h is  may t h e r e f o r e  be a n o t h e r re a s o n  why FTE s ig n a t u r e s  can p o t e n t i a l l y  

be q u it e  co m plex and v a r i a b l e  i n  t im e , a lth o u g h  th e  IS E E  l a t i t u d e  

c o v e ra g e  i s  p r o b a b ly  to o  l im it e d  to  i n v e s t i g a t e  t h i s  q u e s t io n  i n  d e t a i l .
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D u rin g  th e  c o u rs e  o f  t h i s  s u r v e y  a number o f  FTEs h a ve b een fo u n d  

w h ich  do no t show th e  f i e l d  s t r e n g t h  in c r e a s e s  n o te d  o r i g i n a l l y  by  

R u s s e l l  and E l p h i c  (1 9 7 8 ).  F o r  t h e s e  e v e n ts  th e  f i e l d  m a g n itud e does  

n o t change a p p r e c i a b ly ,  o r  i t  o s c i l l a t e s ,  o r  i t  may e v e n  d e c r e a s e  

r e l a t i v e  to  th e  a m b ien t v a lu e  ( e . g . ,  F ig .  4 . 5 ) .  Such f i e l d  s t r e n g t h  

d e c r e a s e s  a re  no t n e c e s s a r i l y  a t  v a r ia n c e  w it h  th e  Paschm ann e t a l .

(1 9 8 2 ) o b s e r v a t io n s  s in c e  th e  f i e l d  d e c r e a s e s  may be a cco m p a n ie d  by  

co m p e n sa to ry  in c r e a s e s  i n  th e  p la s m a  p r e s s u r e .  We s h o u ld  l i k e  to  

a rg u e , h o w e v e r, t h a t  a f i e l d  s t r e n g t h  in c r e a s e  i s  n o t a n e c e s s a r y  

f e a t u r e  o f  th e  FTE phenomenon.

O b s e r v a t io n s  s u g g e s t  t h a t  FTE f l u x  tu b e s h ave s p a t i a l  m a g n e tic  

f i e l d  s t r u c t u r e .  R a p id  i r r e g u l a r  m o tio n  o f  t h e  m agn etopause ca n  c a r r y  

an FTE tu b e  b a ck  and f o r t h  a c r o s s  th e  o b s e r v in g  s a t e l l i t e ,  w h ich  th e n  

s e e s  a co m plex m a g n e tic  f i e l d  s ig n a t u r e .  A ls o ,  FTEs a re  o f t e n  o b s e rv e d  

r a p i d l y  one a f t e r  a n o t h e r and w it h  i n s u f f i c i e n t  tim e  r e s o l u t i o n  th e  

i n d i v i d u a l  e v e n ts  may n o t be r e s o lv e d  b e c a u se  o f  a p a r t i a l  m e rg in g  o f  

th e m a g n e tic  s ig n a t u r e s .  F ig u r e  4 .2 1  ( a f t e r  C o w le y , 19 8 2) shows how 

th e  FTE s ig n a t u r e  may be a f f e c t e d  b y  th e  m o tio n  o f  a f l u x  tu b e  a c r o s s  

a s a t e l l i t e .  T h is  f i g u r e  shows a number o f  s a t e l l i t e  t r a j e c t o r i e s ,  

l a b e l l e d  1 to  5 , a c r o s s  a f l u x  tu b e  o b s e rv e d  i n  th e  m ag n eto sh ea th  w h ich  

i s  c o n n e c te d  to  th e  N o rth e rn  H e m isp h e re , f o r  a so u th w a rd  and d uskw ard  

m agn eto sh eath  f i e l d  o r i e n t a t i o n  ( s i m i l a r  argum ents a p p ly  to  o t h e r  

c o n f i g u r a t i o n s ) . The p a th  o f  an FTE f l u x  tu be a c r o s s  a s a t e l l i t e  

depends on th e  l o c a t i o n  o f  th e  o b s e r v a t io n  s i t e ,  th e  r e g io n  w here th e  

FTE i s  i n i t i a t e d ,  th e  am bient m a g n eto sh eath  p la sm a  f lo w  and f i n a l l y  th e  

r e le a s e  o f  m a g n e tic  t e n s io n  so t h a t  a l l  5 t r a j e c t o r i e s  a re  p o s s i b l e  i n  

g e n e r a l.  The p lu s s e s  and m in u se s  r e f e r  to  th e  p e r t u r b a t io n s  w h ich  

r e s u l t  fro m  th e  e x t e r i o r  d ra p e d  m agn eto sheath f i e l d  l i n e s .  A lo n g  

t r a j e c t o r y  1 a p o s i t i v e - n e g a t i v e  B̂ j p e r t u r b a t io n  i s  o b s e rv e d ,  w h ile  a 

r e v e r s e  n e g a t i v e - p o s i t i v e  s ig n a t u r e  i s  s e e n  a lo n g  2. I f  th e  f l u x  tu b e  

m o tio n  i s  no t m a in ly  a lo n g  a n o r t h - s o u t h  l i n e ,  th e n  o t h e r  s ig n a t u r e s  

may a ls o  r e s u l t ,  e . g . ,  n e g a t iv e  a lo n g  3 , p o s i t i v e  a lo n g  4 and n e g a t iv e ­

p o s i t i v e - n e g a t i v e  a lo n g  5. Such s ig n a t u r e s  o c c u r  i f  th e  tu b e  i s  

c a r r i e d  m a in ly  dawnward o r  d u sk w a rd , su ch  as may o c c u r  i n  th e  s u p e r -  

a l f v e n i c  r e g io n  on th e  f la n k s  o f  th e  m a g n e to sp h e re . F ig u r e  4 .2 1  ca n  

a ls o  be u se d  to  i l l u s t r a t e  t h a t  th e  d i f f e r e n t  s ig n s  o f  B^ p e r t u r b a t io n  

need  n o t have th e  same a m p lit u d e . The a m p litu d e  depends on how f a r  th e  

f l u x  tu b e  j u t s  in t o  th e  m a g n eto sh ea th  and how f a r  away from  th e  m agneto­

p a u se  th e  tu b e  i s  c r o s s e d .
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I n  summary, t h e r e f o r e ,  we can c o n c lu d e  t h a t  th e  m a g n e tic  s ig n a t u r e  o f  

a FTE does n o t n e c e s s a r i l y  h a ve t o  ta k e  th e  fo rm  as o r i g i n a l l y  r e p o r t e d  

b y R u s s e l l  and E l p h i c  (1 9 7 8 ).  M ore w ork needs to  be done to  d e te rm in e  

th e  m a g n e tic  f i e l d  s t r u c t u r e  o f  F T E s , b o th  t h e o r e t i c a l l y  and o b s e r -  

v a t i o n a l l y .  A p r o m is in g  s t a r t  i n  t h i s  r e s p e c t  h a s a lr e a d y  been made by  

S a u n d e rs e t  a l .  ( 1 9 8 4 a , b ) . F i n a l l y  we s h o u ld  n o te  t h a t  o u r r e s u l t s  a re  

f u l l y  c o m p a t ib le  w it h  th o s e  o f  Berchem  and R u s s e l l  (1 9 8 4 ),  w h ich  shows 

t h a t  i n  s p i t e  o f  o u r  ex ten d e d  d e f i n i t i o n  o f  th e  FTE m a g n e tic  s ig n a t u r e  

we a re  s t i l l  d e a l in g  w it h  th e same phenom enon, e x c e p t  t h a t  i t  i s  more 

f r e q u e n t  and th u s  more s i g n i f i c a n t  th a n  th e  r e s u l t s  o f  Berchem  and  

R u s s e l l  (1 9 8 4 ) s u g g e s t .

4 . 4 . 2  F T E s : r e c o n n e c t io n  phenom ena?

D ungey’ s ( 1 9 6 1 )  model p r e d i c t s  t h a t  a so u th w a rd  IMF i s  th e  most 

f a v o u r a b le  c o n d it io n  f o r  th e  o c c u r r e n c e  o f  d a y s id e  r e c o n n e c t io n .  The  

s t r i k i n g  d ep en d ence o f  FTE o c c u r r e n c e  on th e  so u th w a rd  m a g n e tic  f i e l d  

com ponent e x t e r n a l  to  th e  m agnetopause t h e r e f o r e  le n d s  s u b s t a n t i a l  

s u p p o r t  to  th e  i n t e r p r e t a t i o n  o f  FTEs i n  term s o f  l o c a l i s e d ,  re c o n n e c t e d  

f l u x  t u b e s ,  e s p e c i a l l y  i f  we com bine i t  w it h  th e  o b s e r v a t io n s  re v ie w e d  

i n  th e  p r e v io u s  c h a p t e r .  A n o t h e r im p o rt a n t  s u p p o r t in g  f a c t o r  i s  th e  

c lo s e  r e l a t i o n s h i p  betw een th e  FTE s ig n a t u r e s  o b s e rv e d  i n  th e m agneto­

s h e a th  and i n  th e  m a g n e to sp h e re . In  t h i s  s u r v e y ,  we h ave a n a ly s e d  

m ag n eto sh eath  and m a g n eto sp h ere  FTEs s e p a r a t e ly ,  and th e  s i m i l a r i t y  i n  

r e s u l t s  shows t h a t  th e y  a re  p a r t  o f  th e  same p h y s i c a l  phenomenon, i . e . ,  

t h e y  a re  re c o n n e c t e d  open f l u x  tu b e s  p a s s in g  th ro u g h  th e  m agnetopause.

A lth o u g h  we h a ve shown t h a t  a so u th w a rd  e x t e r n a l  f i e l d  com ponent i s  

th e  p r im a ry  c o n t r o l l i n g  f a c t o r ,  we h a ve n o t been a b le  to  g iv e  a h a rd  and 

f a s t  r u l e ( s )  s p e c i f y i n g  a l l  th e  n e c e s s a r y  c o n d it io n s  f o r  FTE o c c u r r e n c e .  

I n d i v i d u a l  c a s e s  a re  fo u n d  i n  w h ic h  no FTEs a re  o b s e rv e d  even when t h e r e  

i s  a so u th w a rd  m agn eto sheath o r  IMF com ponent; c o n v e r s e ly ,  some 

c r o s s i n g s  w it h  a n o rth w a rd  e x t e r i o r  f i e l d  com ponent do show F T E s. T h is  

c o u ld  be th e  r e s u l t  o f  a d d it io n a l  f a c t o r s ,  a p a rt  from  th e  e x t e r i o r  f i e l d  

o r i e n t a t i o n ,  i n f l u e n c i n g  FTE o c c u r r e n c e .  A l t e r n a t i v e l y ,  FTEs may h ave  

b een  m is se d  as a r e s u l t  o f  t h e i r  l im it e d  s p a t i a l  e x t e n t  and r e c u r r e n c e  

t im e , so t h a t  th e  s a t e l l i t e  was n o t i n  th e  r i g h t  p la c e  a n d /o r  a t  th e  

r i g h t  tim e  to  o b s e rv e  them. L o c a l a n d /o r  te m p o ra l f l u c t u a t i o n s  in  th e  

e x t e r i o r  f i e l d  o r i e n t a t i o n  may a ls o  p la y  a p a r t ,  e s p e c i a l l y  i f  i t  i s  

rem em bered t h a t  m ag n eto sp h ere FTEs do n o t n e c e s s a r i l y  o c c u r  u n d e r th e



152

same c o n d it io n s  to  th o se  p r e v i o u s l y  (s u b s e q u e n t ly )  s e e n  i n  th e  m agneto­

s h e a th  e n c o u n t e r s , and t h a t  th e  IMF com ponents a re  h o u r ly  a v e r a g e s .

FTEs do som etim es o c c u r  u n d e r n o rth w a rd  f i e l d  c o n d i t io n s ,  b u t i n  t h e s e  

c a s e s  th e  m a g n eto sh ea th  and m a g n eto sp h ere  com ponents a re  o f  o p p o s it e  

s ig n ,  i . e . ,  t h e r e  i s  s t i l l  a s u b s t a n t i a l  a n g le  b etw een th e  two f i e l d  

d i r e c t i o n s .  F ig u r e  4 . 2 2  shows an exam p le. The d a t a  a re  ta k e n  from  

an in b o u n d  c r o s s i n g  on 28 J u l y  1978 and th e  m agnetopause i s  c r o s s e d  a t  

1 9 : 5 6  UT. The B^ com ponent i s  s t r o n g e r  i n  th e  m a g n e to sh e a th , b u t  

r e v e r s e  FTEs a re  o b s e rv e d  a t  1 9 : 1 1  and 1 9 : 2 2  UT i n  t h e  m a g n e to sh e a th ,  

and a t  2 0 : 0 3  and 2 0 :0 4  UT i n  th e  m a g n e to sp h e re . T h ese o b s e r v a t io n s  

s u g g e s t  t h a t  i t  i s  th e  r e l a t i v e  o r i e n t a t i o n  o f  th e  m a g n eto sh ea th  and 

m a g n eto sp h ere f i e l d s  w h ich  d e t e rm in e s  FTE o c c u r r e n c e ,  r a t h e r  th a n  j u s t  

th e  B^ com ponent on i t s  own. In  p r a c t i c e ,  h o w e v e r, i t  i s  th e  Bl  

com ponent w h ic h  p r i m a r i l y  d e te rm in e s  th e  r e l a t i v e  o r i e n t a t i o n ;  h e n ce  

o u r r e s u l t s .  T h e re  may be a c u t o f f  a n g le  b elo w  w h ic h  FTEs do n o t o c c u r  

b u t i t  w o uld  be d i f f i c u l t  to  d e te rm in e  t h i s  i n  p r a c t i c e  b e c a u s e  o f  th e  

f l u c t u a t i o n s  i n  th e  m agn eto sheath (an d  to  a l e s s e r  e x t e n t  th e  m agneto­

s p h e re )  f i e l d  and a l s o  b e c a u s e  th e  o b s e rv e d  f i e l d s  a r e  n o t n e c e s s a r i l y  

r e p r e s e n t a t i v e  o f  th e  c o n d it io n s  u n d e r w h ich  FTEs a re  c r e a t e d ,  e s p e c i a l l y  

i f  we a re  v ie w in g  th e  f l u x  tu b e s  some tim e a f t e r  r e c o n n e c t io n  h a s ta k e n  

p la c e .

4 . 4 . 3  Where a re  FTEs i n i t i a t e d ?

F o r  due so u th w a rd  IMF most m a g n e to s p h e ric  r e c o n n e c t io n  m odels p la c e  

th e  r e c o n n e c t io n  l i n e  a lo n g  th e  m a g n e tic  e q u a t o r.  H ow ever, t h e  two 

most w id e ly  r e f e r e n c e d  m odels d is a g r e e  i n  th e  lo c a t i o n  o f  th e  r e c o n n e c t io n  

l i n e  when th e  IMF i s  n o t due s o u t h . C r o o k e r 's  ( 1 9 7 9 )  h y p o t h e s is  t h a t  

r e c o n n e c t io n  o n ly  o c c u r s  w here th e  f i e l d s  a re  a n t i p a r a l l e l  r e s u l t s  i n  th e  

m ain s i t e  o f  r e c o n n e c t io n  o c c u r r in g  i n  th e  d a y s id e  c u sp  r e g io n s .  In  

t h i s  model th e  r e c o n n e c t io n  l i n e  i n  e a ch  h e m isp h e re  s t a r t s  a t  th e  c u s p  

and th e n  c u r v e s  o u t to w ard  th e f l a n k s  and down to  th e  e q u a t o r .  When 

IMF By i s  p o s i t i v e ,  th e  r e c o n n e c t io n  l i n e  i n  th e  N o rt h e rn  (S o u t h e rn )  

H em isp h ere e x te n d s  to w a rd s dusk (d a w n ). The s i t u a t i o n  i s  r e v e r s e d  f o r  

IMF By n e g a t iv e  (s e e  F ig u r e  1 . 9 ;  C ro o k e r  ( 1 9 7 9 ) ;  Luhmann e t  a l . ( 1 9 8 4 ) ) .  

In  th e  o t h e r  m odel ( e . g . ,  G o n z a le z  and M ozer ( 1 9 7 4 ) ;  S o nn eru p ( 1 9 7 4 ) ) ,  

th e  r e c o n n e c t io n  l i n e  s t i l l  p a s s e s  th ro u g h  th e  s u b s o la r  p o in t  even when 

t h e r e  i s  an IMF By com ponent. H ow ever, i n  re s p o n s e  to  IMF By th e  

r e c o n n e c t io n  l i n e  t i l t s  away fro m  th e  e q u a t o r  on e i t h e r  s id e .  F o r  IMF
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By. p o s i t i v e ,  th e  r e c o n n e c t io n  l i n e  t i l t s  so u th w a rd  i n  th e  dawn s e c t o r  

and n o rth w a rd  i n  th e  d u sk  s e c t o r .  The s i t u a t i o n  i s  a g a in  r e v e r s e d  f o r  

IMF By n e g a t iv e  Csee F ig u r e  1 . 7 ) .

• 28 JUL 1978 I SEE 1/2

L T  1 7 2 5  1 7 2 8

L f l T  5 - 0  7 . 0

F ig .  4 . 2 2 .  FTEs on 28 J u l y  1978.

S in c e  i t  seems t h a t  th e  FTE i s  a r e c o n n e c t io n  phenom enon, a l b e i t  

on a s h o r t e r  te m p o ra l and s p a t i a l  s c a l e  th a n  o r i g i n a l l y  e n v is a g e d , we 

may com pare o u r o b s e r v a t io n s  w it h  th e  above two m o d e ls. I f  th e  

r e c o n n e c t io n  l i n e  a lo n g  w h ich  FTEs a re  c r e a t e d  l i e s  a lo n g  th e  m a g n e tic  

e q u a t o r ,  th e n  we s h o u ld  e x p e c t  to  o b s e rv e  f l u x  tu b e s  c o n n e c te d  to  th e  

N o rt h e rn  H em isp h e re  and m oving n o rth w a rd  a t  n o r t h e r l y  l a t i t u d e s ,  w h ile  

a t  s o u t h e r ly  l a t i t u d e s  we s h o u ld  se e  f l u x  tu b e s  c o n n e c te d  t o  th e  S o u th e rn  

H e m isp h e re  m oving so u th w a rd . The n o rth w a rd  and so u th w a rd  m o tio n  o f ,  

r e s p e c t i v e l y ,  th e  n o r t h e r l y  and s o u t h e r ly  c o n n e c te d  FTE tu b e s  s h o u ld  g iv e
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d awn

F i g .  4 . 2 3 .  Im p u ls iv e  r e c o n n e c t io n  i n  th e  c u s p  r e g i o n s .
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r i s e  t o  s t a n d a rd  and r e v e r s e  F T E s. F ig u r e  4 .6  shows b ro a d  agreem ent  

w it h  t h i s  p i c t u r e .  H ow ever, t h e r e  a re  a num ber o f  e x c e p t io n s  and t h e s e  

may p e rh a p s  be r e l a t e d  to  IMF By.

F o r  th e  C ro o k e r  ( 1 9 7 9 )  m odel th e  r e a d e r  ca n  com pare th e  o b s e rv e d  

d i s t r i b u t i o n s  o f  FTE s ig n a t u r e s  i n  F ig u r e  4 .6  w it h ,  e . g . ,  Luhmann e t a l . 

( 1 9 8 4 ) ,  w h ich  shows th e  l o c a t io n s  o f  th e  r e c o n n e c t io n  l i n e  as a f u n c t io n  

o f  th e  IMF o r i e n t a t i o n .  N ote t h a t  n e g a t iv e  B̂ j c o rr e s p o n d s  t o  p o s i t i v e  

IMF By and v i c e  v e r s a .  F o r  e a s e  o f  v i s u a l i z a t i o n ,  F ig u r e  4 . 2 3  shows 

two s i m p l i f i e d  r e c o n n e c t io n  c o n f ig u r a t io n s  b a se d  on t h i s  m odel f o r  IMF 

By > 0 and < 0 . The p a th  fo llo w e d  by an i n d i v i d u a l  f l u x  t u b e , w h e th e r  

c o n n e c te d  to  th e  N o rth e rn  o r  to  th e  S o u th e rn  H e m isp h e re , r e s u l t s  fro m  a 

s u p e r p o s it io n  o f  th e  am b ien t m ag n eto sh eath  v e l o c i t y  and th e  m a g n e tic  

t e n s io n  r e l e a s e  (a t  a p p ro x im a t e ly  th e  A lf v e n  s p e e d ) . C om paring  

F ig u r e s  4 . 2 3  and 4 . 8 ,  i t  can be s e e n  t h a t  th e  two a re  n o t w h o lly  

c o m p a t ib le .  I t  i s  d i f f i c u l t  t o  o b s e rv e  e i t h e r  s t a n d a rd  o r  r e v e r s e  FTEs  

i n  th e  r e g io n  c e n t re d  on l o c a l  noon. N e it h e r  th e  m a g n eto sh eath  

v e l o c i t y  n o r  th e  t e n s io n  r e l e a s e  h a s a com ponent w h ich  m ig ht c a u s e  FTEs  

to  be o b s e rv e d  i n  t h i s  r e g io n .

The p i c t u r e  i s  much more p r o m is in g  i f  we com pare th e  o b s e r v a t io n s  

w it h  th e  t i l t e d  r e c o n n e c t io n  l i n e  m odel o f ,  e . g . ,  G o n z a le z  and M ozer 

( 1 9 7 4 ) .  In  t h i s  m o d el, we s h o u ld  o n ly  e x p e c t  to  o b s e rv e  anom alous FTEs 

i n  th e  N o rt h e rn  H em isp h ere ( i . e . ,  s o u t h e r ly  c o n n e c te d  o r  r e v e r s e  F T E s) 

i n  th e  dawn s e c t o r  when m a g n eto sh ea th  B^ i s  p o s i t i v e  and in  th e  d usk  

s e c t o r  when B^ i s  n e g a t iv e .  C o n v e r s e ly ,  anom alous ( i . e . ,  n o r t h e r l y  

c o n n e c te d  o r  s t a n d a rd )  FTEs i n  th e  S o u th e rn  H em isp h e re  s h o u ld  o n ly  be  

o b s e rv e d  i n  th e  dawn s e c t o r  when B̂ j i s  n e g a t iv e  and i n  th e  d usk s e c t o r  

when B^ i s  p o s i t i v e .  W ith th e  odd e x c e p t io n  t h i s  in d e e d  h o ld s  t r u e  f o r  

th e  o b s e rv e d  d i s t r i b u t i o n s  o f  FTE s ig n a t u r e s .  H ow ever, we ca n n o t y e t  

t e l l  w h ich  c o o r d in a t e  system  o r d e r s  th e  d a ta  b e s t  (com pare F ig u r e s  4 . 8 ,

4 . 1 0  and 4 . 1 1 ) .

The q u e s t io n  as to  w h ic h  h e m isp h e re  th e  FTE f l u x  tu b e s  a re  

c o n n e c te d  to  h a s been exam ined by D a ly  e t  a l . ( 1 9 8 4 a , b ) , who u se d  

m a g n e tic  f i e l d  d a ta  com bined w it h  h i g h - r e s o l u t i o n  p la sm a  and e n e r g e t ic  

p a r t i c l e  d a t a . The s t re a m in g  d i r e c t i o n  o f  e n e r g e t ic  io n s  i n s i d e  an 

FTE f l u x  tu b e ca n  be u se d  to  i d e n t i f y  u n a m b ig u o u sly  w h e th e r i t  i s  

c o n n e c te d  to  th e  N o rth e rn  o r  to  th e  S o u th e rn  H em isp h e re  ( F ig u r e  3 . 2 ) .  

F ig u r e  4 . 2 4  shows th e  r e s u l t s  o f  t h i s  s t u d y . The sym b o ls show th e  

p o s i t i o n s  o f  m agnetopause c r o s s i n g s  w it h  m agn eto sh eath  F T E s. M agneto-
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F i g .  4 . 2 4 .  E n e r g e t ic  io n  s t re a m in g  i n s i d e  
m a g n e to sh e a th  FTEs (D a ly  et' a l . ,  1 9 8 4 ) .
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s p h e re  FTEs a re  n o t in c lu d e d  i n  t h i s  s u r v e y  b e c a u s e  o f ,  e . g . ,  th e  

p o s s i b i l i t y  o f  c o u n t e r - s t r e a m in g  o f  th e  e n e r g e t ic  m a g n e to s p h e ric  

p a r t i c l e s  r e s u l t i n g  from  r e f l e c t i o n  o f f  th e  m agnetopause (D a ly  e t  a l . ,  

1984a; S c h o le r  and I p a v ic h ,  1 9 8 3 ) .  The c a p t io n  i n  th e  r i g h t  hand  

c o r n e r  e x p la in s  th e  sy m b o ls. In  co m p a rin g  t h i s  f i g u r e  w it h  F ig u r e  4 .8  

one s h o u ld  b e a r  i n  m ind t h a t  o n ly  a s u b s e t  o f  th e  c r o s s i n g s  was u se d  

s in c e  th e  e n e r g e t ic  p a r t i c l e  in s t r u m e n t  on b o a rd  IS E E  2 s u f f e r e d  from  

in c r e a s e d  n o is e  l e v e l s  as o f  May 1978.  No c r o s s i n g s  fro m  1979 a re  

in c lu d e d .  F ig u r e  4 . 2 4  shows t h a t  th e  FTE s ig n a t u r e  ca n n o t a lw a y s  

be u se d  to  i n f e r  th e  h e m isp h e re  c o n n e c t io n .  In  many c a s e s  th e  am bient  

m agn eto sheath f lo w  i s  s u p e r - a l f v e n i c ,  so t h a t  i t  d o m in a te s t h e  d i r e c t i o n  

o f  m o tio n o f  th e  f l u x  tu b e . H ow ever, th e  c o n c lu s io n s  do n o t d is a g r e e  

w it h  and i n  f a c t  f o r t i f y  o u r c o n c lu s io n s  re a c h e d  a b o ve .

In  f u t u r e  i t  may be u s e f u l  to  i n f e r  th e  FTE h e m isp h e re  c o n n e c t io n  

f o r  th e  e v e n ts  o b s e rv e d  by IS E E  i n  1979 and l a t e r  b y  m aking u se  o f  

com bined m a g n e tic  f i e l d  and h ig h  r e s o l u t i o n  p la sm a  d a t a . The FTE 

s ig n a t u r e  can be u se d  t o  i n f e r  th e  f l u x  tu b e m o tio n  r e l a t i v e  to  IS E E ,  

w h ile  th e  p la sm a  b u lk  v e l o c i t y  can be u se d  to  i n f e r  th e  d i r e c t i o n  o f  

m a g n e tic  t e n s io n  r e l e a s e .  A f u r t h e r  p o s s i b i l i t y  i s  t o  make u se  o f  

h ig h  r e s o l u t i o n  e l e c t r o n  d a ta  C O g ilv ie  e t  a l . ,  1 9 7 8 ) .  E xam ples h ave  

b een shown i n  w h ich  FTEs a re  a cco m p a n ie d  b y a h e a t  f l u x  l a y e r  ( e . g . ,  

S cu d d e r e t a l . ,  1 9 8 4 ) ,  em a n a tin g  fro m  th e  d i f f u s i o n  r e g io n .  The  

d i r e c t i o n  o f  th e  h e a t  flo w  r e l a t i v e  to  th e  l o c a l  m a g n e tic  f i e l d  may be  

u se d  to  d e te rm in e  th e  FTE h e m isp h e re  c o n n e c t io n .  A t th e  tim e  o f  

w r i t i n g  su ch  r e s u l t s  h ave y e t  to  be p u b lis h e d .

4 . 4 . 4  M ixed  FTE c r o s s i n g s

A lth o u g h  i n d i v i d u a l  c a s e  exam p les h a ve been c i t e d  as c r o s s i n g s  o f  

th e  r e c o n n e c t io n  l i n e  ( e . g . ,  S o n n e ru p , 1 9 7 1 ) ,  d i r e c t  and unam biguous  

o b s e r v a t io n  o f  th e  d i f f u s i o n  r e g io n  i n  w h ich  th e  r e c o n n e c t io n  l i n e  i s  

embedded h a s so f a r  p ro v e d  e l u s i v e .  In  p a r t  t h i s  may be b e c a u s e  t h e r e  

i s  no g e n e r a l c o n s e n s u s  as to  what one s h o u ld  e x p e c t to  o b s e rv e  i n  t h i s  

r e g io n .  A l s o ,  th e  p h y s i c a l  d im e n sio n  o f  th e  r e g io n  i s  e x p e c te d  to  be 

s m a ll,  p e rh a p s  o f  o r d e r  1000 km. H ow ever, th e  i d e n t i f i c a t i o n  o f  th e  

d i f f u s i o n  r e g io n  i s  c l e a r l y  o f  im p o rta n c e  i n  term s o f  o u r  u n d e r s t a n d in g  

o f  th e r e c o n n e c t io n  p r o c e s s ,  s in c e  i t  i s  l i k e l y  t h a t  i n  t h i s  r e g io n  th e  

most i n t e r e s t i n g  p h y s ic s  o c c u r s .  F o r exam p le, we s h o u ld  l i k e  to  know 

th e  a n sw ers to  su c h  q u e s t io n s  as what i n i t i a t e s  r e c o n n e c t io n ,  what
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d e te rm in e s  i t s  r a t e  and tim e  d ev elo p m en t and in t o  what fo rm s o f  

p a r t i c l e  e n e r g ie s  th e  e le c t r o m a g n e t ic  e n e rg y  i s  c o n v e r t e d .  A l s o ,  i n  

a f o r t u i t o u s  s e t  o f  c ir c u m s t a n c e s  a s a t e l l i t e  may c r o s s  th e  r e c o n n e c t io n  

l i n e  and be a b le  t o  d e t e c t  an e l e c t r i c  f i e l d  com ponent a lo n g  i t ,  w h ich  

w o uld  p r o v id e  u s w it h  th e  u lt im a t e  p ie c e  o f  e v id e n c e  f o r  r e c o n n e c t io n .

How ca n  we d e t e c t  th e  r e c o n n e c t io n  l i n e ?  In  th e  c a s e  o f  F T E -ty p e  

o f  r e c o n n e c t io n ,  we m ig h t e x p e c t  a s a t e l l i t e  t r a v e l l i n g ,  s a y ,  from  n o rt h  

to  so u th  a c r o s s  th e  r e c o n n e c t io n  l i n e  f i r s t  o f  a l l  to  o b s e rv e  f l u x  tu b e s  

c o n n e c te d  to  th e  N o rth e rn  H e m isp h e re , and th e n  f l u x  tu b e s  c o n n e c te d  to  

th e  S o u th e rn  H e m isp h e re . So f a r ,  t h e r e  have b een no r e p o r t s  o f  t h i s  

h a p p e n in g . A l s o ,  th e  f a c t  t h a t  th e  v a s t  m a jo r it y  o f  c r o s s i n g s  show 

FTE s ig n a t u r e s  o f  one t y p e ,  i . e . ,  e i t h e r  s t a n d a rd  o r  r e v e r s e ,  a rg u e s  

t h a t  th e  l o c a t io n  o f  th e  r e g io n s  o f  in t e r m i t t e n t  r e c o n n e c t io n  i s  

r e l a t i v e l y  s t a b l e ,  and does n o t move w id e ly  o v e r  th e  m agnetopause  

s u r f a c e  a t  any one t im e . H ow ever, t h e r e  a re  a few in s t a n c e s  w here  

b o th  s t a n d a rd  and r e v e r s e  FTEs a re  o b s e rv e d  on th e  same p a s s ,  as  

F ig u r e  4 .6  show s. A lth o u g h , as we h ave n o te d , th e  FTE s ig n a t u r e  i s  

n o t an a lt o g e t h e r  r e l i a b l e  way o f  d e t e rm in in g  th e  FTE f l u x  tu b e  h e m i­

s p h e re  c o n n e c t io n ,  i t  i s  p o s s i b l e  i n  t h e s e  c a s e s  t h a t  th e  s t a n d a rd  and  

r e v e r s e  FTEs a re  o b s e r v a t io n s  o f  n o r t h e r l y  and s o u t h e r ly  c o n n e c te d  t u b e s ,

r e s p e c t i v e l y .  T h is  c o u ld  r e s u l t  fro m  th e  s a t e l l i t e  c r o s s i n g  th e
0

r e c o n n e c t io n  l i n e  o r  v i c e  v e r s a  ( e . g . ,  i f  th e  e x t e r n a l  f i e l d  o r i e n t a t i o n  

c h a n g e s ).  The l i k e l i h o o d  o f  t h i s  i s  in c r e a s e d  i f  th e  o b s e r v a t io n s  a re  

made i n  th e  s u b - a l f v e n i c  r e g io n  c lo s e  to  th e  s u b s o la r  p o in t ,  w here  

m a g n e tic  t e n s io n  r e le a s e  i s  e x p e c te d  to  d o m inate th e  FTE m o tio n .

F ig u r e s  4 . 2 5  and 4 . 2 6  show two exam ples o f  su c h  an o c c u r r e n c e .  We

s h a l l  r e p o r t  an a d d it io n a l  e v e n t i n  C h a p t e r 5 . F ig u r e  4 . 2 5  shows 

IS E E  1 and 2 d a ta  ta k e n  from  an in b o u n d  p a s s  on 30 O c to b e r 1978.  Both  

s a t e l l i t e s  a re  c l o s e  to  th e  s u b s o la r  p o in t  and a re  t r a v e l l i n g  so u th w a rd  

a t th e  t im e , w it h  IS E E  2 le a d in g .  A t 6 : 0 0  UT, th e  s a t e l l i t e  s e p a r a t io n  

i n  LMN com ponents i s  [ 5 0 8 1 ,  3 6 2 7 ,  5 5 0 0 )  km. D u rin g  th e  i n t e r v a l  shown 

IS E E  2 i s  i n s i d e  th e  m a g n eto sp h ere and o b s e rv e s  a r e v e r s e  FTE a t  6 : 0 2  UT. 

The m agn eto sh eath  f i e l d  i s  so u th w a rd  and dawnward and IS E E  1 c r o s s e s  th e  

m agnetopause a t  6 : 3 4 ,  6 : 5 0  and 6 : 5 7  UT. IS EE 1 o b s e rv e s  FTEs a t  6 : 2 1 ,  

6 : 2 6  and 6 : 5 3  UT i n  th e  m agn eto sh eath  and a t 6 : 3 8  UT i n  th e  m a g n e to sp h e re .  

T h e ir  B^ s ig n a t u r e s  a re  c la s s e d  r e s p e c t i v e l y  as i r r e g u l a r ,  s t a n d a rd ,  

r e v e r s e  and r e v e r s e .  The s t a n d a rd  FTE i s  o b s e rv e d  above th e  m a g n e tic  

e q u a t o r ,  w h ile  th e  r e v e r s e  FTEs a t  6 : 0 2  and 6 : 5 3  UT a re  o b s e rv e d  b elo w
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i t ,  and th e  one a t  6 : 3 8  UT i s  o b s e rv e d  v e r y  c lo s e  to  i t .  T h e re  i s  a 

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

th e  IS EE s a t e l l i t e s  a ls o  c r o s s  th e  s i t e  o f  F T E -t y p e  r e c o n n e c t io n .

F ig u r e  4 . 2 6  shows a n o t h e r ex am p le, t h i s  tim e  w it h  d a ta  ta k e n  fro m  

an in b o u n d  p a s s  on 18 O cto b e r 1979.  F ig u r e  4 . 2 6 ( a )  and (b ) show 

s u c c e s s iv e  h o u r ly  i n t e r v a l s  o f  d a ta  ta k e n  from  IS E E  2 and 1, r e s p e c t i v e l y .  

Both s a t e l l i t e s  a re  c lo s e  to  l o c a l  noon and ^  8° b e lo w  th e GSM e q u a t o r .  

IS E E  2 i s  le a d in g  IS E E  1 by ( 2 6 5 1 ,  3029,  4 0 4 7 ) km i n  LMN co m po nen ts.

The f i r s t  d a ta  i n t e r v a l  shows IS E E  2 to  be a lm o st e x c l u s i v e l y  i n s i d e  th e  

m a g n e to sp h e re , e x c e p t  f o r  a s h o r t  m agnetopause e n c o u n t e r  a t  2 1 : 0 4  UT.

An i r r e g u l a r  FTE o c c u r s  a t  2 1 : 1 1  UT and a p ro m in e n t r e v e r s e  FTE a t  

2 1 : 2 0  UT, s u g g e s t in g  t h a t  IS E E  2 i s  lo c a t e d  b elo w  th e  FTE r e c o n n e c t io n  

l i n e .  IS E E  1 o b s e rv e s  a s t a n d a rd  m agn eto sheath FTE a t  2 1 : 3 3  UT, a 

s t a n d a r d / i r r e g u l a r  FTE a t 2 1 : 3 8  UT, and th e n  r e v e r s e  m agn eto sh eath  FTEs 

a t  2 1 : 5 1 ,  2 1 : 5 7 ,  2 1 : 5 9  and 2202 UT, and r e v e r s e  m a g n eto sp h ere  FTEs a t  

2 2 : 1 4 ,  2 2 : 2 0  UT. T h is  se q u e n ce  o f  o b s e r v a t io n s  s u g g e s t s  t h a t  IS E E  1 

i s  i n  th e  p r o c e s s  o f  c r o s s i n g  th e  FTE r e c o n n e c t io n  s i t e .  T h is  w o u ld  

r e q u i r e  a s l i g h t  so u th w a rd  t i l t  o f  th e  r e c o n n e c t io n  l i n e ,  b u t t h i s  i s  

c o n s is t e n t  w it h  th e  s l i g h t l y  d u sk w a rd  lo c a t io n  and t h e  dawnward m agneto­

s h e a th  f i e l d  com ponent.

I t  w o uld  be i n t e r e s t i n g  t o  be a b le  to  v e r i f y  w h e th e r th e  

o b s e r v a t io n s  above do in d e e d  r e p r e s e n t  FTEs c o n n e c te d  to  d i f f e r e n t  

h e m is p h e re s . I f  s u c h  w ere th e  c a s e ,  a s tu d y  u s in g  com bined m a g n e tic  

f i e l d ,  e l e c t r i c  f i e l d ,  p la sm a  and wave d a ta  o f  th e  FTEs and th e  

m agnetopause c r o s s i n g s  m ight p ro v e  a w o rt h w h ile  e x e r c i s e .

4 . 4 . 5  FTE f l u x  re m o v a l r a t e

Our f i n a l  t o p ic  o f  d i s c u s s i o n  i s  th e  e x t e n t  to  w h ich  FTEs l i v e  up  

to  t h e i r  name, i . e . ,  what i s  th e  r a t e  a t  w h ich  th e y  rem ove open m a g n e tic  

f l u x  from  th e  d a y s id e  in t o  th e  n i g h t s id e  m a g n e to sp h e re . Knowing t h i s  

we can a s s e s s  t h e i r  im p o rta n c e  i n  d r i v i n g  m a g n e to s p h e ric  c o n v e c t io n  

f l o w s .

We h ave a lr e a d y  e s t im a t e d  th e  c r o s s - s e c t i o n a l  d im e n sio n s  o f  an FTE 

s ig n a t u r e .  H ow ever, i f ,  as Southwood ( 1984)  s u g g e s t s ,  th e  FAC 

a s s o c ia t e d  w it h  a f l u x  tu b e f lo w s  a lo n g  th e o u t e r  edge o f  th e  t u b e , th e n  

i t  i s  c l e a r  t h a t  th e FTE m a g n e tic  s ig n a t u r e  e x te n d s f u r t h e r  away fro m  

th e  m agnetopause th a n  th e  open f l u x  tu be i t s e l f .  We w i l l  t h e r e f o r e  

ad o pt a v a lu e  o f  'v 0 .5  Rg ( i . e . ,  h a l f  th e  FTE s ig n a t u r e  s c a le  s i z e )  f o r
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t h e  d im e n s io n  p e r p e n d i c u l a r  t o  t h e  m a g n e to p a u s e . The t o t a l  c r o s s -  

s e c t i o n a l  a r e a  o f  a t y p i c a l  o p en  f l u x  t u b e  i s  t h e r e f o r e  ^  2 Rg x 0 . 5  Rg 

= 4 x 1 0 13 m2 . U s in g  an a v e ra g e  f i e l d  v a lu e  o f  ^  50 nT i n s i d e  an FTE  

t u b e  t h e n  g i v e s  a v a l u e  o f  ^  2 x  1 0 6 Wb f o r  t h e  am ount o f  op en f l u x  

t r a n s p o r t e d  b y  a t y p i c a l  FT E . D i v i d i n g  t h i s  num ber b y  t h e  FTE  

r e c u r r e n c e  t im e  we t h e n  a r r i v e  a t  a v o lt a g e  o f  % 4 k V . T h i s ,  h o w e v e r,  

i s  a  lo w e r  l i m i t  t o  t h e  FTE v o lt a g e  d u r in g  p e r i o d s  o f  s o u t h w a rd  m a g n e to ­

s h e a t h  f i e l d .

30 OCT 1978' I SEE 1/2

GSM
R
LT
LRT

10.75 
1210 

2 • 1

10.10

1215
0.7

9.44 
1220 
-  1 .0

F i g .  4 . 2 5 .  F T E s on 30 O c t o b e r  1 9 7 8 .

I n  d e r i v i n g  t h e  FTE v o lt a g e  we h a v e  o n ly  u s e d  s i n g l e  s a t e l l i t e  

o b s e r v a t io n s  and we h a v e  n o t t a k e n  i n t o  a c c o u n t  t h e  l i m i t e d  l o c a l  t im e  

e x t e n t  o f  F T E s . F i g u r e  4 . 2 7  i l l u s t r a t e s  t h a t  a t  a s i n g l e  o b s e r v a t io n  

p o i n t  we c a n n o t e x p e c t  t o  s e e  e v e r y  s i n g l e  FTE m o v in g  a lo n g  t h e  d a y s id e  

m a g n e to p a u se  a t  a n y  p a r t i c u l a r  t im e .  S in c e  F T E s a r e  o b s e r v e d  b y  IS E E  

a t  a l l  l o c a l  t im e s  a c r o s s  th e  d a y s id e  m a g n e to p a u se  v i r t u a l l y  w h e n e v e r
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18 OCT 1979 I SEE 2

GSM
R 1 3 . S I 1 3 . 0 0 1 2 . 4 9

I T 1 2 2 7 1 2 3 1 1 2 3 5

I f l T - 7 . 5 - 8 . 2 - 8 . 9

18 OCT 1979 ‘ I SEE 1

GSM
R 1 2 - 7 6

I T  1 2 3 3

I R T  - 8 . 5

F i g .  4 . 2 6 . FTEs on 18 O c t o b e r 1979.
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the exterior field has a southward component, it seems likely that 4 kV 
represents only a small fraction of the FTE flux transport rate. The 
estimate of ^ 2 Rg for the scale size of FTEs along the magnetopause 
corresponds to the closest local time spacing of FTEs that we can 
expect. Thus, the maximum number of FTEs that we can fit side by side 
across the equatorial dayside magnetopause of circumference ir x 10 Rg 
is ^ 16 FTEs. We should also remember that only prominent FTE 
signatures are considered in this survey. FTEs with shorter time and/or 
spatial scales may also provide a substantial contribution. It is not 
inconceivable, therefore, that the 4 kV value should be raised by an 
order of magnitude, in which case FTEs provide a substantial (perhaps 
at times dominant) fraction of the cross-magnetosphere voltages which 
are typically observed (of order 100 kV).

Fig. 4.27. FTE flux tubes propagating 
along the dayside magnetopause.
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Finally, note that Figure 4.27 also suggests a possible 
explanation for the observation that, in general, more FTE signatures 
are observed at higher latitudes. FTEs which emanate from the 
equatorial region cover a larger area of the dayside magnetopause at 
higher latitudes, and thus there is an increased chance of observing 
any one of them.
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CHAPTER 5

FLUX TRANSFER EVENTS AND QUASI-STEADY RECONNECTION

5.1 Introduction
In this chapter we examine in detail a set of passes identified as 

containing encounters with regions of steady reconnection. Figure 5.1 
(after Paschmann, 1984) shows the locations (in GSM coordinates) of 17 
ISEE magnetopause crossings identified as reconnection events on the 
basis that the plasma and magnetic field data satisfy tangential 
momentum balance. Twelve events have been published already 
(Paschmann et al., 1979; Sonnerup et al., 1981; Gosling et al., 1982) 
but five additional events have been provided to us by G. Paschmann 
(private communication, 1984). The circles and squares show events 
which occurred when the IMF By component was positive and negative, 
respectively Cue., magnetosheath negative and positive, respectively). 
The open and solid symbols refer respectively to events observed north 
and south of the reconnection line as inferred from the sign of B̂ .
The distribution of the crossings is consistent with the reconnection 
line passing through the subsolar point and tilting about the magnetic 
equator in response to IMF By (see Figure 1.7). More details about the 
17 reconnection events are given in Table 5.1.

Of the 17 reconnection events, we have 16 passes with useable 
magnetic data. Examination of these passes shows that in all instances 
FTE signatures occur in close association with steady reconnection zones, 
within a time scale of order 10 mins or less. However, the connection 
runs even deeper in that in each instance the polarity of the FTE B^ 
signature, standard or reverse, correlates with steady reconnection 
events where the satellite is inferred to be respectively north or south 
of the reconnection line. The correlation of southward reconnection 
flow with reverse FTE occurrence noted for the 9 August 1978 event in 
Chapter 3 is thus borne out as a general feature.

We have studied in detail the magnetic field and (where available)



TABLE 5.1

Characteristics of Reconnection Passes

Date Date
aMngnetopause Location

bN(GSM) CA Sat dSat (RL)
C »M

f l:TEs
R LT LAT UT

18 November 1977 (out) 14.6 0722 41.3 6:32 MV (0.602,-0.449,0.661) 205 (190) N -ve S(S)
4 December 15)77 (in) 13. 2 0934 34.6 8:10 TD (0.830,-0.280,0.483) 564 (440) S +ve I  ( R )

5 .July 1978 (out) 11.7 1601 11.9 14:32 TO (0.713,0.574,0.404) 1759 (1070) N -ve S(-)
3 August 1978 (out) 8.6 1347 17.5 4:21 MV (0.868,0.312,0.386) 753 (550) N/S ? -ve M(S)
9 August 1978 (in) 14.4 1653 3.2 20:10 MV (0,652,0.735,0.187) 109 (60) S -ve R ( R )

29 August 1978 (out) 10.1 1300 18.4 12:16 MV (0.837,0.011,0.548) 1142 (880) N -ve S(S)
3 September 1978 (out) 10.6 1247 20.3 7:20 MV (0.904,0.018,0.428) 1383 (1170) N -ve S(S)
5 September 1978 (out) 9.8 1225 23.3 16:13 MV (0.721,0.062,0.691) 1628 (1300) N -ve S(S)
8 September 1978 (out) 8.5 1139 26.0 0:44 MV (0.776,-0.216,0.593) 2024 (1630) N -ve S(S)

12 September 1978 (out) 9.6 1137 25.9 19:54 TD (0.652,0.117,0.749) 2215 (1870) N -ve S(S)
28 October 1978 (out) 12.3 0945 42.7 8:21 MV (0.689,-0.357,0.631) -- N 'v. 0 S(S)
4 November 1978 (out) 12.8 0906 42.9 13:01 MV (0.649,-0.241,0.721) -- N -ve S(S)

10 September 1979 (in) 10.2 1518 -23.6 18:02 TD (0.844,0.387,-0.371) 952 (910) S -ve R ( R )

11 September 1979 (out) 10.6 1213 21.4 4:11 MV (0.902,0.126,0.412) 828 (810) N -ve S(S)
25 September 1979 (in) 10.5 1420 -20.0 2:03 TD (0.893,0.101,-0.439) 77 (10) S -ve R ( R )

16 October 1979 (in) -- -- - - 12:45* -- -- S + ve ?

22 November 1979 (in) 22.1 0858 4.4 23:47 TD (0.679,-0.449,0.661) 443 (80) N -ve S(-)

a Location and time of main magnetopause crossing 
(* Approximate time of reconnection event)

b Direction of boundary normal in GSM components:
MV = minimum variance, ID = tangential discontinuity

c Radial sa te ll ite  separation (separation along N) in km
d Inferred location of sa te ll i te  relative to reconnection line: 

N = north; S = south
e Sign of inagnetosheath component
f  Type of magnetosheath (magnetosphere) PTE observed:

S = standard; R = reverse; I « irregular; M = mixed
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the plasma data for each pass containing reconnection events. This 
study has led us to attempt a classification of FTE structure, which we 
shall report on in the second part of this chapter. We also note the 
regular occurrence of large spikes in which, in general, are a 
common feature when the magnetosheath magnetic field has a southward 
component. spikes refer to positive excursions of the B^ component
just outside the magnetopause. They are observed over a time scale 
comparable to or shorter than the duration of FTE signatures but they 
are not, however, correlated with the unambiguous B^ signature used to 
define FTEs. We shall speculate that Bl spikes and FTEs are related 
phenomena.

ISEE RD-MAGNETOPAUSES

Fig. 5.1. Locations of 17 quasi-steady 
reconnection events (after Paschmann, 1984).

5.2 Reconnection Events and FTEs

In this section we describe in detail the plasma and magnetic field



168

data of three passes containing steady reconnection events in order to 
substantiate the correlation between FTE Bjyj signature and satellite 
location relative to the steady reconnection line.

5.2.1 5 September 1978, outbound pass

Figure 5.2 shows plasma and magnetic field data obtained from ISEE 1 
(dark trace) and ISEE 2 (light trace) for a 1-hour interval during this 
pass. The top four panels show medium resolution magnetic field data 
plotted in boundary normal (LMN) coordinates. Dashed vertical lines 
refer to magnetic signatures in the ISEE 1 and/or 2 data which satisfy 
the identification criteria for FTEs (Chapter 4). The bottom four 
panels show 2-D plasma data obtained at a resolution of respectively 6 
and 12 secs for ISEE 1 and 2. The solid traces in the Np and Ng panels 
show respectively the total plasma and electron densities (cm-3), while 
the dotted traces show the corresponding high-energy components (̂  9 keV 
for protons, £ 5 keV for electrons). The Vp panel shows the bulk plasma 
flow speed in km s-1, while the ^  panel shows the flow azimuth angle: 
180° indicates tailward flow and 90° indicates duskward flow in satellite 
(approximately GSE) coordinates.

Both ISEE 1 and 2 are initially inside the magnetosphere. At 6:56 
UT both satellites observe a field perturbation and the B^ amplitude is 
sufficiently large for this event to be identified as a standard FTE in 
the ISEE 2 data. ISEE 1 does not observe a plasma signature during 
this event but ISEE 2 observes a boundary layer pulse in the electron - 
data as well as a slight flow perturbation. At 7:00 UT both ISEE 1 
and 2 observe a standard FTE. ISEE 2 also observes a correlated 
boundary layer pulse and accelerated flow which reaches a magnitude and 
direction similar to that seen later at the magnetopause.

As ISEE 2 approaches the magnetopause it observes several small- 
amplitude short-lived B^ perturbations which look like small FTE 
signatures. One of these, at 7:06:30 UT, is accompanied by an electron 
boundary layer pulse and another, at 7:07 UT, occurs in association with 
a boundary layer pulse and accelerated flow. ISEE 2 crosses the 
magnetopause at 7:08 UT and within this layer observes enhanced flow 
speeds as noted by Sonnerup et al. (1981). Outside the magnetopause 
ISEE 2 observes large Bl spikes, i.e., short-lived positive excursions 
of B^ without the prominent B^ signature required for FTEs, at 7:09:30, 
7:10 and 7:12 UT. ISEE 2 also observes three FTEs at 7:11, 7:15 and
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3 SEP 1978 I SEE 1/2

.T 1238 

.31 21-8
1246 
20 -5

1253
19.2

Fig. 5.2. Quasi-steady reconnection on 3 September 1978.
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7:19 UT. The plasma signature and Bl behaviour of the FTEs and 
spikes are very similar. However, the B^ component goes increasingly 
negative during the FTEs whilst it returns to the magnetospheric level 
during the B^ spikes. The FTE at 7:11 UT is also observed by ISEE 1, 
both in the field data and as a high-speed boundary layer pulse.
During this event ISEE 2 sees the field strength increase while ISEE 1 
observes a reduction in field magnitude, although there is a corresponding 
substantial increase in plasma pressure (not shown). This is a fine 
example for the argument that a field strength increase should not be 
regarded as an invariant feature of the FTE phenomenon Csee previous 
chapter). During the ISEE 2 FTE at 7:15 UT ISEE 1 observes a small 
field perturbation and a boundary layer pulse in the electron data with 
perturbed plasma flow. The ISEE 2 FTE at 7:19 UT is also observed by 
ISEE 1. At this stage ISEE 1 has already entered the high-speed 
boundary layer region which starts at 7:17 UT and appears attached to 
the magnetopause.

ISEE 1 crosses the magnetopause at 7:20 UT and outside this layer 
observes several Bl spikes occurring close together. The Bl spike at 
7:22 UT is observed by ISEE 2 (the leading satellite) as a magnetosheath 
FTE, but the plasma signature is similar. Moving further away from the 
magnetopause ISEE 1 observes standard magnetosheath FTEs at 7:23, 7:25, 
7:32 (also observed by ISEE 2) and 7:33:30 UT. All events show flow 
perturbations and energetic particle density increases.

5.2.2 25 September 1979, inbound pass
Figure 5.3 shows two successive 1-hour invervals of magnetic field 

data from ISEE 2. The plasma and magnetic field data have properties 
consistent with the requirements for a rotational discontinuity during 
the approximate interval 1:50 - 2:20 UT. ISEE 2 is inferred to be 
located on open field lines south of the reconnection line during this 
interval.

ISEE 2 is initially inside the magnetosheath where it observes a 
southward and duskward field orientation. Five prominent reverse FTEs 
occur in the magnetosheath at 1:30, 1:33, 1:39, 1:42 and 1:49 UT.
There is also evidence for FTE activity occurring on smaller scales in 
between. ISEE 2 encounters the magnetopause layer during the interval 
1:50 - 1:58 UT. Bjq fluctuates considerably during this interval and 
reverse FTEs are observed at 1:50:30, 1:57:30 and 1:58:30 UT, although
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25 SEP 1979 I SEE 2

L T 14 10 14 14
LST -15-1 -16.5

25 SEP 1979 I SEE 2

|_T 1418 1^22 1^27
LOT -18 .4  -20-4 -22 -6

Fig. 5.3. Quasi-steady reconnection on 25 September 1 9 7 9
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the determination of the B^ polarity is slightly complicated because the 
signatures follow so closely one after another.

During the second interval the magnetopause is again crossed several 
times as a result of boundary motions. The main crossings occur at 2:03, 
2:05, 2:08, 2:31 and 2:39 UT. After the final crossing the magneto- 
spheric field orientation is mainly duskward and tailward (B^ negative).
In view of the satellite location (within 2\ hours of local noon) this 
may indicate a local or global distortion of the magnetosphere from its
usual configuration. This could explain why BN does not appear to be
well-determined near 2:32 UT and towards the end of the interval 
displayed. The second interval shows additional FTE-like activity. 
Prominent reverse FTEs occur at 2:09, 2:29, 2:44 and 2:49 UT. Also,
two irregular FTEs are observed at 2:46 and 2:55 UT.

5.2.3 3 August 1978, outbound pass

A 1-hour inverval of data for our final example is shown in 
Figure 5.4. The data format is the same as in Figure 5.2, except that 
there is an added Vz panel at the bottom which shows the z-component of 
the plasma flow obtained from 3-D data (12 sec resolution), in units of 
km s'1 and with positive values indicating northward flow. The 2-D 
plasma data have a resolution of respectively 6 secs and 3 secs for 
ISEE 1 and 2. This pass contains reconnected flows inferred to be 
north of the reconnection line (Sonnerup et al., 1981) as well as a 
possible crossing of the reconnection line (Cowley et al., 1983).

Both satellites are initially inside the magnetosphere with ISEE 1 
leading. The magnetosheath is encountered for a short interval 
starting at 4:02 UT for ISEE 1. The ISEE 1 plasma data show a small 
boundary layer pulse immediately adjacent to the first crossing at 
4:02 UT, which correlates with a small-amplitude Bĵj perturbation.
Outside the magnetopause ISEE 1 observes two prominent Bl spikes at 
4:02:30 and 4:04 UT and also an FTE at 4:06 UT, which is accompanied by 
a negative deflection in Bĵ . The B^ spikes correlate with small Bjsj 
perturbations and the second spike also has a negative deflection in B̂ . 
These examples strongly resemble FTEs but with amplitude and time scale 
smaller than our acceptance criterion. Note that during all three 
events as well as at the magnetopause crossings ISEE 1 observes 
dawnward plasma flow, while the flow in the magnetosheath is slightly 
duskward (consistent with the duskward satellite location). This is
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Fig. 5.4. Quasi-steady reconnection on 3 August 1978.
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therefore an example of reconnection causing a flow reversal in the open 
field line region at the magnetopause (Cowley et al., 1983), and this 
signature is appropriate for a satellite location north of the 
reconnection line in the sub-alfvenic region (Figure 1.7). ISEE 2 also 
observes this feature but in addition it sees a substantially enhanced 
flow speed at the magnetopause, albeit at single data points. ISEE 1 
may have missed the accelerated flow spikes because of the lower time- 
resolution of its plasma data. The short ISEE 2 encounters also 
suggest that the high-speed flow region is of small extent (i.e., we are 
close to the reconnection line) and/or that the magnetopause is moving 
rapidly at the time. Note that ISEE 2 also observes the ISEE 1 
spike at 4:04 UT and that it observes the ISEE 1 FTE at 4:06 UT as 
another spike, even though it is closer to the magnetopause. In all 
observations of BL spikes the satellite closest to the magnetopause sees 
the most positive Bl value.

ISEE 1 makes another brief excursion into the magnetosheath at 
4:17 UT, while ISEE 2 remains in the magnetosphere. At this time the 
satellite separation is therefore larger than the extent of the boundary 
layer and magnetopause combined. There is boundary layer attached to 
the magnetopause which has a larger extent in the electron data (ISEE 2 
also observes the latter briefly). At 4:18:30 UT ISEE 1 re-enters the 
boundary layer and again observes dawnward plasma flow which increases 
in magnitude as the magnetopause is approached. At 4:21 UT the plasma
flow drops abruptly to the magnetosheath level. After an initial brief
encounter (4:19 - 4:20 UT) ISEE 2 re-enters the high-speed boundary 
layer at 4:21:30 and also observes an abrupt drop in flow speed as it 
enters the magnetosheath at 4:22:30 UT. There is another short period 
at 4:21 UT when ISEE 2 is in the magnetosphere while ISEE 1 is in the 
magnetosheath. At 4:22 UT ISEE 1 observes a B^ spike, which has an FTE- 
like B^ signature in both ISEE 1 and 2 data. Both satellites observe 
dawnward flows during this event implying that the layer of dawnward flow 
is larger than the satellite separation at this time.

ISEE 1 encounters the magnetopause twice more at a, 4:29 and 4:37 UT. 
Approaching these crossings from the magnetosheath the magnetic field 
appears to rotate continuously northward. The northward magnetosheath 
field may result from a temporal variation in the IMF orientation. Such 
a northward rotation may cause the reconnection rate to decrease or to 
switch off completely and explain why the flow speed does not reach the
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level observed at previous crossings. Another interpretation is that 
ISEE 1 makes a long-lived encounter with a magnetosheath boundary layer 
region (Cowley et al., 1983). Some support for the latter is given by 
the field behaviour around 4:44 UT, which shows ISEE 1 and 2 observing 
northward and southward field orientations, respectively, with BM 
remaining duskward. However, if the energetic particle density 
enhancement at 'v 4:26 UT represents a crossing of the outer separatrix 
then part of the northward field region must lie outside the open field 
line region.

In the boundary layer region centred ^ 4:36 UT ISEE 1 observes 
several large BN perturbations. Also, there is a brief period near 
4:36 UT where the plasma flow is deflected southward and more strongly 
duskward relative to the magnetosheath flow. Such behaviour indicates 
that ISEE 1 is located on open field lines south of the reconnection 
line during this period (Figure 1.7).

After the final boundary crossing ISEE 1 and 2 observe much FTE- 
activity in the magnetosheath during the intervals 4:40 - 4:50 and 
4:53 - 4:55 UT. Dashed vertical lines show the prominent signatures 
which are identified as FTEs. During the first interval standard FTEs 
are observed which are accompanied by flow speed decreases and energetic 
particle enhancements. During the second interval a standard and 
reverse FTE are observed in close proximity. The plasma flow increases 
slightly and goes more duskward during these events. During the 
reverse FTE the flow deflects to such an extent that ISEE 2 actually 
observes a southward Vz component. Such signatures suggest that the 
FTEs represent observations of flux tubes connected to the Southern 
Hemisphere, in agreement with the plasma flow deflection in the boundary 
layer near ^ 4:36 UT.

5.2.4 Conclusion

Our observations show that FTEs occur in close association with 
reconnection events. The polarity of the FTE Bjyj signatures, i.e., 
standard or reverse, as well as the plasma flow perturbations during 
the FTEs are consistent with the inferred location of the steady 
reconnection site relative to ISEE in all the cases we have examined.
The agreement is so good that on one occasion both FTE and steady 
reconnection signatures seem to indicate an actual crossing of the 
reconnection line (Figure 5.4). This crossing may have resulted from
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the duskward and southward ISEE motion and/or an increased tilting of 
the reconnection line in response to a more strongly negative magneto­
sheath B̂ j component (compare field values at 4:04, 4:17, 4:24 and 
4:50 UT in Figure 5.4). It is very unlikely that the close correlation 
between FTE signatures and steady reconnection flows is the result of 
pure chance but rather it suggests that the two phenomena are closely 
related, as also noted by Rijnbeek et al. (1982).

5.3 Plasma Properties of FTEs

5.3.1 Classification of FTE plasma signatures

Detailed examination of all the passes containing quasi-steady 
reconnection events for which both plasma and magnetic field data are 
available (13 passes) shows that there is a lot of temporal/spatial 
structure associated with FTEs. The model described in section 3.2 
can therefore only be regarded as a first order approximation. Roughly, 
the FTE plasma signatures fall into three different types, as follows (in 
order of decreasing occurrence frequency):
Type A : FTEs of this type show prominent magnetic signatures and
corresponding plasma signatures. The plasma signature consists of a 
perturbation in the plasma flow in both magnitude and direction.
Although the flow speed is often enhanced during the events, it does not 
reach the level of the steady reconnection flows observed at the magneto­
pause. The plasma densities (total and high-energy component) indicate 
a mixture of particles of magnetosheath and magnetospheric origin. An 
example of a type A FTE occurs at 4:48 UT in Figure 5.4.

A further subdivision in this category can be made into events which 
show plasma mixing in only the electron data (e.g., the ISEE 2 FTE at 
6:56 UT in Figure 5.2), events which show mixing in only the proton data, 
and finally, events which show plasma mixing in both the proton and 
electron data.
Type B: Events of this type display prominent magnetic field and plasma
signatures. The plasma signature consists of a pulse of boundary layer 
plasma (in both the proton and electron data) as well as accelerated 
plasma flow which reaches a magnitude and direction similar to the 
reconnection flows observed at the magnetopause. These events usually 
show pronounced tangential field tilts with an orientation intermediate 
to those observed inside and outside the magnetopause.
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Type C: The final type of events show a magnetic signature, but there
is no corresponding plasma signature. Events of this type which have 
a prominent tangential field tilt show a field tilt away from the 
orientation on the opposite side of the magnetopause. An example of a 
type C event occurs at 7:00 UT in Figure 5.2 (ISEE 1 data).

Tables 5.2 and 5.3 show respectively the numbers of magnetosheath 
and magnetosphere FTEs observed for each of the above types during 13 
of the passes in Table 5.1. Data from both satellites were used in 
cases where the satellite separation was large enough to distinguish 
between the superposed data traces (5 July, 3 August, 3 September and 
8 September 1978 events). Tables 5.2 and 5.3 show that about twice as 
many magnetosheath FTEs are listed as magnetosphere FTEs. However, it 
should be noted that a substantial number of boundary layer pulses occur 
in the magnetosphere which have B^ perturbations, but with amplitude and 
duration below our acceptance criterion (an example occurs at 7:07:30 UT 
in Figure 5.2). A number of these boundary layer pulses show 
accelerated flow similar to that observed at the magnetopause.

We can make a few speculations as to the physical distinction 
between the different FTE types. First of all, the two-satellite data 
sets (e.g., Figure 5.2) as well as the time of observation of the FTE 
types relative to the magnetopause crossings suggest that much of the 
variation in FTE signature can be attributed to spatial structure inside 
the flux tubes. Type C events are observed furthest away in time or by 
the satellite furthest away from the magnetopause and probably do not 
represent crossings through the open field line region. Rather, we are 
observing the effects of displaced magnetic field lines draping over the 
open flux tubes. Type A events may or may not represent actual 
crossings through the open field line region. In the former case we 
are probably observing open field lines which have reconnected sometime 
in the past, in which case we do not necessarily expect to observe the 
same flow magnitude as during the reconnection events. In the latter 
case the effects are due to displaced plasma and field lines overlying 
an open flux tube. The mixture of particle populations could in this 
case result from diffusion or leakage out of the open flux tube onto the 
surrounding unreconnected field lines. Type B events finally are 
observed closest to the magnetopause and almost certainly do represent 
actual entries into an open flux tube. The plasma flow signature is 
very similar to that observed during the reconnection events at the
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Table 5.2

Magnetosheath FTE Plasma Signature

B Np n e np Ne avp AVp+ Number Type

✓ ✓ / / / / X 48 “
A

/ ✓ / / X / X 7 _
/ / / / / / / 11 B

/ X X X X X X 2 C

Key: B - magnetic signature
N p ?

n e  ]
= magnetosheath particles

Np ? 
NE \

= magnetosphere particles

AVp' = flow perturbation
AVpt = flow velocity similar to reconnection flow

Table 5.3
Magnetosphere FTE Plasma Signature

B Np n e Np ne AVP A V p t Number Type

/ / / / / / X 10 "
A

/ / / X / / X 1 _
/ / / / / / / 20 B
/ X X X X X X 3 C
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magnetopause which suggests that reconnection is still occurring while 
we are observing the FTE.

An interesting observation from the plasma data is that in the 
magnetosphere the electron boundary layer (whether or not associated 
with an FTE) often extends beyond the proton boundary layer. Figure 5.2 
gives a good example of this feature, e.g., at 6:56 and 7:13 UT. This 
feature may result from the faster travelling speed of electrons along 
field lines. It could also result from strong electron scattering 
processes produced by the electrostatic turbulence found at the magneto­
pause, inside FTEs and in the boundary layer (e.g., Gurnett et al., 1979; 
Anderson et al., 1982). The finite energy detection range of the plasma 
detector may also play a part. Another interesting feature is that in 
the magnetosphere energetic electron density dropouts are often more 
noticeable than those of the protons (e.g., 7:00 UT in Figure 5.2), 
while in the magnetosheath the energetic proton enhancements show up more 
clearly than the energetic electron density enhancements (e.g., 7:32 UT 
in the magnetosheath). In Tables 5.2 and 5.3 this feature results in a 
subdivision of type A events which is different for magnetosheath and 
magnetosphere FTEs. Also, comparing Figures 5.2 and 5.4, it is apparent 
that sometimes only the energetic protons seem to define the outer 
separatrix (7:28 UT in Figure 5.2), while other times energetic electrons 
also extend to the outer separatrix (Figure 5.4). Of the other passes,
4 show clear behaviour similar to the former, and 5 show behaviour 
similar to the latter. This again may be the result of instrumental 
limitation or it could be that the energetic particle resupply process 
(e.g., electric field drift) is not always fast enough to maintain a 
supply of electrons on external open field lines. Finite gyroradius 
effects may also play a part (e.g., Daly, 1982). These features deserve 
further investigation with electron plasma instruments.

We should note that the above FTE type division is probably valid in 
general, and is not a feature peculiar to the passes containing the 
steady reconnection events. This conclusion has been reached from an 
examination of about a dozen other passes with FTEs for which high time- 
resolution plasma data were available (mostly 1977 data; see also 
Paschmann et al., 1982). Accelerated flows are often observed at the 
magnetopause so that in these cases one can retain the type B classifi­
cation (e.g., Figure 3.11). In general, however, the relative numbers 
of FTEs of each type may differ from that in Tables 5.2 and 5.3. It 
should also be noted that temporal effects probably play a part as well.
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We may anticipate, for example, that a switch-on or -off of reconnection 
during a flux tube crossing may lead to a time-dependent FTE signature. 
Magnetopause motion may also lead to different spatial regions being 
sampled during a single FTE observation. Such effects may account, 
for example, why accelerated flow is only observed during the latter 
part of the magnetosheath FTEs in Figure 3.11 (see also Paschmann et al., 
1982). Finally, we should note that the overwhelming majority of FTEs 
for which we have plasma data available show a mixture of magnetosheath 
and magnetospheric plasma as well as flow perturbations. These 
signatures are similar to the plasma signatures of the original FTE 
observations (Russell and Elphic, 1978), and once more indicate that we 
are still dealing with the same phenomenon in spite of our broadening of 
the FTE identification criteria.

5.3.2 Bl spikes

Bl spikes, i.e., short-lived CJ 1 min) positive excursions in Bl not 
associated with an FTE B^ signature, are interesting features which need 
further investigation with high time-resolution plasma and field data.
At first sight the observations seem to imply that we are observing 
partial re-entries into the magnetopause layer caused, for example, by 
solar wind-driven surface waves resulting from Kelvin-Helmholtz 
instability of the magnetopause (e.g., Southwood, 1979) propagating 
tailward. However, there are several arguments against such an inter­
pretation. Bl spikes are a common feature only during periods of 
southward magnetosheath field (although for small rotation angles at the 
magnetopause they probably would not readily show up). They have a 
plasma signature which is very similar to that of the reconnected flow 
at the magnetopause; they probably represent a brief widening of the 
accelerated flow region at both its inner and outer edges, as the 
observation at 4:22 UT in Figure 5.4 seems to suggest. They are often 
accompanied by perturbations in B^, although the amplitude does not 
reach the level -required of FTEs. In fact, many of the Bl spikes 
resemble FTEs but with B^ signatures of a smaller time and/or amplitude 
scale. Finally, a number of Bl spikes are observed by one satellite 
while the other satellite observes a simultaneous FTE (e.g., 4:06 UT in 
Figure 5.4).

The B^ spike signatures suggest that they are closely related to 
FTEs and hence that they are part of the reconnection process. For
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example, they may represent encounters with open flux tubes which are 
smaller than the average FTE scale size and thus have a shorter duration 
and smaller B̂ t amplitude. Some spikes could result from crossings 
of the outer part of the magnetospheric arm of FTE flux tubes, close to 
where it grazes the magnetopause (Figure 5.5). Whatever their 
explanation, B^ spikes are often observed in rapid succession near the 
magnetopause, with a recurrence time of order a minute. If they are 
reconnection phenomena, then this suggests that there is a significant 
contribution to the total cross-magnetospheric voltage in addition to 
the FTE voltage we estimated in Chapter 4.

Fig. 5.5. Possible interpretation of a B^ spike.

5.3.3 Discussion

Examination of magnetic field and plasma data for the passes 
containing quasi-steady reconnection events has led us to suggest that 
the quasi-steady reconnection events, FTEs and Bl spikes are closely
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related phenomena, as well as proposing a classification of FTE 
structure. We are now therefore presented with the question as to 
what form this relationship takes.

One possibility is that the reconnection rate at the dayside 
magnetopause is variable. For example, within a region of relatively 
steady reconnection occurrence, there may be sudden localised enhance­
ments in the reconnection rate. The enhancements, although not leading 
to increased plasma flow speeds (e.g., Sonnerup et al., 1979), will lead 
to increases in the volume of reconnected plasma and magnetic field 
lines. If the resulting bulges of enhanced volumes of reconnected flux 
are sufficiently large, we may observe their effects in the form of FTE 
signatures as they propagate along the magnetopause away from the 
initial reconnection site. In between (in space and/or time) the 
localised bursts of rapid reconnection (FTEs), the reconnection rate may 
remain at a relatively steady value rather than switching off. In this 
scenario the spikes could perhaps represent smaller bulges of 
reconnected flux resulting from smaller-scale variations in the 
reconnection rate (Figure 5.6).

Another possibility is that the region of patchy, FTE-type of 
reconnection is spatially separated from the steady reconnection region. 
For example, steady reconnection could occur quasi-continuously in a 2 
to 4 hour wide local time band centred on local noon (e.g., Cowley, 1982), 
while FTEs result from the peeling away of flux filaments on the edges of 
this steady reconnection region. At the moment the data do not allow us 
to decide whether one, none or both of the above models is correct: this
would probably require a network of simultaneous observation points on 
the magnetopause.
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CHAPTER 6

FLUX EROSION EVENTS

6.1 Introduction

In this chapter we discuss HEOS 2 observations of impulsive 
reconnection signatures'. Such signatures were first discovered by 
Haerendel et al. (1978) in the form of short time scale magnetic field 
perturbations inside the high-latitude magnetopause and termed flux 
erosion events (FEEs) by them. Here we show that FEEs represent the 
same phenomenon as FTEs.

6.2 Flux Erosion Events

6.2.1 Observations
Flux erosion event (FEE) is the name given by Haerendel et al.

(1978) to short-lived (̂  1 min) large-amplitude magnetic field 
perturbations which were found in the HEOS 2 data in the dayside 
boundary layer (see Figure 2.5). Haerendel et al. (1978) interpreted 
FEEs as signatures resulting from transient, localised reconnection in 
the polar cusp regions. In the light of subsequent ISEE observations 
it has often been suggested that FTEs and FEEs are somehow related.
Since HEOS 2 and the ISEE 1 and 2 satellite pair have instrumentation 
which differs in time resolution and since they also cover different 
areas of the magnetopause (Appendix A), it is not immediately obvious 
what the relation between FEEs and FTEs is. Most significantly, 
however, we need to establish common ground by applying to FEEs the same 
analysis techniques which led to the discovery and interpretation of 
FTEs (Russell and Elphic, 1978).

We need to re-examine the HEOS 2 magnetic field data by converting 
the field data into boundary normal coordinates (Appendix B). This has 
been done in Figures 6.1 and 6.2, which show two examples of HEOS 2 
passes which contain FEEs (Haerendel et al., 1978). It should be noted
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that the field data are plotted at what is normally the full time 
resolution of one data point every 32 secs. For each of the passes 
shown the direction of the normal to the local magnetopause, N, was 
determined using the procedure outlined in section 4.2 for the 1979 
ISEE data.

Figure 6.1 shows HEOS 2 data obtained during an inbound pass of the 
magnetopause region on 1 December 1973. This pass contains the 
clearest examples of FEEs found in the HEOS 2 data so far (see also 
Figure 2.5(a)). Except for the different time resolution and the 
2-hour interval, the format of the plot is the same as in previous 
chapters (e.g., Figure 3.5). At the start of the interval HEOS 2 is 
located in the magnetosheath, where the magnetic field has a southward 
and duskward orientation. The magnetopause, which can be identified 
from the change in magnetic field orientation, is crossed at ^ 0:58 UT 
at a location just duskward of noon and a GSM latitude of v 64°. 
Subsequently, HEOS 2 enters the magnetosphere where the magnetic field 
has its expected northward and slightly dawnward orientation. The 
large field perturbations at, e.g., 1:07, 1:12 and 1:16 UT are the 
features described as FEEs by Haerendel et al. (1978). Note that FEEs 
only refer to field perturbations observed inside the magnetopause.
Dashed vertical lines in Figure 6.1 refer to magnetic field signatures 
which satisfy the identification criteria for FTEs outlined in Chapter 4. 
By lining up the BN perturbations with the field strength increases and 
tangential field perturbations, standard FTEs can be identified at 0:26, 
0:42 and 0:56 UT in the magnetosheath, and at 1:00, 1:12 and 1:29 UT in 
the magnetopause and magnetosphere regions. Irregular FTEs occur at 
0:54 UT in the magnetosheath and at 1:07 and 1:16 UT in the magnetosphere. 
FTE-like perturbations on a smaller scale occur at 0:46, 1:03, 1:22, 1:26 
and 1:32 UT.. Presentation of the HEOS 2 magnetic field data in the 
boundary normal coordinate system shows clearly that FEEs and FTEs are 
the same physical phenomenon.

Figure 6.2 shows a 2-hour interval of data from an inbound pass on 
10 October 1973. The magnetopause is crossed at 3:34 UT on the dusk 
flank of the magnetosphere at a northerly GSM latitude of 38°. The 
magnetosheath field is mainly dawnward and has a variable Bl component 
which is southward just prior to the magnetopause crossing. FEEs occur 
inside the magnetosphere in the interval between the dashed vertical 
lines centred at 'v 3:50 UT. Again, these signatures can clearly be
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Fig. 6.1. Flux erosion events on 1 December 1973
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Fig. 6.2. Flux erosion events on 10 October 1973.
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interpreted in terms of FTEs. However, the time resolution of the
field data (32 secs) is too low to determine unambiguously the polarity 
of the Bjsj signatures. Note that during the event at 3:50 UT the 
tangential field component rotates away from the magnetosheath field 
orientation observed prior to the magnetopause crossing.

6.2.2 Interpretation
The observations in Figures 6.1 and 6.2 were interpreted in terms 

of localised, transient reconnection in the polar cusp regions by 
Haerendel et al. (1978) and Haerendel and Paschmann (1982). This 
interpretation was based mainly on the field strength increases during 
the FEEs, which can be explained in terms of a stretching of the open 
field lines as the open flux tube propagates downstream into the tail. 
However, the observations in Figure 6.1 are not inconsistent with an 
equatorial source region for the FEEs, as discussed by Rijnbeek and 
Cowley (1984). In fact, in view of the subsequent ISEE investigations 
on FTEs the latter alternative seems the more likely one. It is 
unfortunate that the low time resolution (̂  4 min) of the HEOS 2 plasma 
instrument meant that no plasma measurements were obtained during the 
FEEs/FTEs in Figure 6.1, so that this question cannot be fully resolved 
here (see Haerendel et al. (1978), Figure 10). The situation with the 
plasma data is more favourable for the observations in Figure 6.2 
(Haerendel et al. (1978), Figure 8). Figure 8a in Haerendel et al. 
(1978) shows that the plasma flow is duskward during the interval in 
which FEEs are observed in Figure 6.2. Figure 6.3 shows two possible 
interpretations which may be applied to Figure 6.2. Figure 6.3(a) 
shows a pair of open flux tubes resulting from reconnection close to the 
equator. Note that the reconnection line is shown slightly tilted in 
response to the positive magnetosheath Bĵ component (compare with 
Figure 1.7(b)). Inspection of this Figure shows that the flux tube 
connected to the Northern Hemisphere readily explains the FEEs and the 
duskward flow during the 10 October 1973 pass. Figure 6.3(b) shows the 
situation corresponding to the models of Crooker (1979) and Luhmann et 
al. (1984), Figure 2, with reconnection occurring for anti-parallel 
orientations in the cusp region. Again, the FEEs in Figure 6.2 can be 
explained in terms of a flux tube connected to the Northern Hemisphere, 
but this time resulting from reconnection in the southern cusp region.
In this latter situation the northward flux tube tension release is
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N

Fig. 6.3. Two possible interpretations for Figure 6.2.
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opposed by the southward magnetosheath flow, so that we should expect 
to observe the flux tube (at the HEOS 2 location) well away from the 
point at which it crosses the magnetopause (i.e., the sharp bend).

In conclusion, we cannot yet tell conclusively from these HEOS 2 
data what the source region for FEEs is, although the ISEE data suggest 
a near-equatorial source region as the most likely possibility. It 
may be worthwhile to examine more examples of FEEs to determine whether 
there are situations in which the HEOS 2 plasma data can give 
conclusive evidence concerning the source region.

6.3 FTEs: Other Satellites, Other Planets

Apart from ISEE 1 and 2 and HEOS 2, 0G0 5 has also observed FTEs 
at the magnetopause (J. Slavin, private communication). FTEs have 
also been observed at synchronous orbit ('v 6 Rg) at times of disturbed 
magnetic activity with SCATHA (Croley et al., 1983) and GEOS 2 (G. Wrenn, 
private communication, 1984).

Other planets with intrinsic magnetic fields have also got their 
own magnetospheres. FTEs have now also been observed at the Jupiter 
and Mercury magnetopauses (Russell, 1983; Walker and Russell, 1983; 
Russell, 1984).



191

CHAPTER 7

QUESTIONS

7.1 Introduction

Although observations and theoretical advances have led to much 
progress in our understanding of the nature of the interaction processes 
at the boundary between the solar wind and the Earth's magnetosphere, 
much still remains to be explained and discovered. In this chapter 
we shall discuss a number of areas of research related to this topic, 
which are summarised in Table 7.1. The main areas of research comprise 
the boundary layer, FTEs and steady reconnection. We shall discuss a 
selection of questions (illustrated with observational data) and 
suggest how satellite data may be used to investigate them.

7.2 Solar wind-magnetosphere interaction: some remaining questions

7.2.1 The boundary layer revisited
The boundary layer is a direct manifestation of the solar wind- 

magnetosphere interaction. Examination of its properties should 
therefore enable us to study the nature of the coupling process (es) by 
which plasma momentum and energy are transferred across the magnetopause. 
From ion composition experiments we know that the boundary layer 
contains plasma of both solar wind and ionospheric origin. However, we 
still do not know in enough detail how the boundary layer is formed and 
where the entry locations of solar wind and ionospheric plasma are. 
Partly, our lack of knowledge stems from the highly variable nature of 
the boundary layer in both space and time. This problem may be 
overcome with the use of high-resolution instrumentation and such 
satellite data sets are in existence, notably from ISEE 1 and 2. In 
the following we shall discuss a selection of unsolved questions 
relating to various boundary layer regions and suggest which existing 
satellite data sets may be used to resolve these questions.



Table 7.1
Solar wind-magnetosphere interaction: some questions

Research Topic Region^ (b)Signatures

1. Entry, formation and properties 
of the boundary layer

Dayside; flanks;
high-latitude cusp/ionosphere; tail

Reconnection; diffusion; plasma 
composition; FACs; waves; ....

2. Flux transfer events:
Plasma signature 
Source region 
3-D structure
Evolution of signature 
Spectrum of sizes 
Pulsations and MP surface waves 
Ionospheric signatures

DaysideII
II

Dayside; high-latitude MP; tail
Dayside
Dayside
Dayside, high-latitude ionosphere

Plasma density; flow 
Particle streaming; plasma flow 
Multi-satellite observations;

modelling of FTEs 
Plasma and field data 
Bl spikes; small B^ signatures 
Correlation with southward IMF 
Convection; FACs; E;
particle dispersions; ....

3. Steady reconnection:
Importance
Energy conversion modes
Diffusion region 
Energetic particle behaviour
Northward IMF 
Relationship with FTEs
Theory

Dayside
ii

Subsolar regions; cusps (?) 
Dayside

High-latitude MP 
Dayside
Earth's magnetosphere

Flow and field behaviour at the MP 
Plasma acceleration (deceleration);

thermal heating; plasma waves 
Mixed FTEs; large-amplitude plasma waves 
Ion and electron streaming; trapped 
distributions 

Sunward flows; FTEs
Simultaneous FTE and steady reconnection 
observations

(a) : principal region(s) of interest
(b) : some signatures to look for and investigate

192
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Low-latitude boundary layer (LLBL). ISEE data reveal that the LLBL 
often appears in the form of isolated, relatively sharp-edged pulses 
when the exterior magnetic field has a southward component (e.g., 
Paschmann et al., 1978, 1982; Sckopke et al., 1981). Such boundary 
layer pulses are often accompanied by magnetospheric FTE magnetic 
signatures (e.g., Figures 3.11 and 3.12) which suggests that they are 
in general associated with reconnection, albeit on short space and time 
scales. However, this conclusion is based on a limited number of case 
event studies. A more general survey of high resolution ISEE plasma 
and magnetic field data is required in order to substantiate this 
conclusion. The quasi-steady reconnection events and FTE observations 
imply that at least part of LLBL is located on open field lines, but 
not all observations are immediately amenable to an interpretation in 
terms of open field lines. In Chapter 5 we have seen examples which 
show that there is not an exact one-to-one correspondence between FTEs 
and boundary layer pulses. Figure 3.11 shows an example where a 
boundary layer pulse extends outside the region of the FTE magnetic 
signature (2:55 UT). Figure 2.7 shows the presence of a halo region on 
the edges of a series of boundary layer pulses, with properties 
different from the pulses (Sckopke et al., 1981). We need to know how 
typical such observations are, and whether they result, e.g., from 
plasma diffusing onto closed field lines from the edges of the open 
field line region as a result of scattering processes associated with 
plasma waves inside FTEs, or whether the open field line region is more 
prevalent/broader than the FTE magnetic signatures seem to imply.

A cursory examination of low time resolution plasma data plots and 
simultaneous magnetic field data gives the impression that the nature of 
the boundary layer changes when the IMF is northward. Figure 7.1 shows 
an example of a pass for which the magnetic field has a small rotation 
angle at the magnetopause. The top panels containing plasma data show 
the proton (Np) and electron (Ng: dots) densities, the plasma bulk flow 
speed Vp, azimuthal angle of the plasma flow <j> , and plasma (P) and 
magnetic field (B: step-like trace) pressures. A 1-hour plot of 
magnetic field data is shown below the plasma data. The magnetopause 
is crossed at 'v 3:20 UT. Examination of Figure 7.1 shows that there 
are no obvious reconnection signatures: there are no accelerated flows
and/or FTE signatures. However, the plasma data do show that there is 
boundary layer present inside the magnetopause. This observation is 
in agreement with, e.g., the HEOS 2 results (Haerendel et al., 1978),
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Fig. 7.1. Plasma and field data on 27 July 1978.
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w h ich  a ls o  show t h a t  t h e r e  i s  b o u n d a ry  l a y e r  p r e s e n t  d u r in g  p e r io d s  o f  

n o rth w a rd  IM F. I t  seems l i k e l y  t h a t  th e  p r o c e s s ( e s )  g i v in g  r i s e  to  

th e  b o u n d a ry  la y e r  i n  F ig u r e  7 .1  a re  d i f f e r e n t  from  th o se  w h ic h  r e s u l t  

in  th e  b o u n d a ry  l a y e r  p u ls e s  o f ,  e . g . , F ig u r e  3 . 1 1 .  H ig h - r e s o lu t io n  

d a ta  s e t s  fro m  s a t e l l i t e  m is s io n s  su c h  as IS E E  and AMPTE need to  be 

s c r u t i n i z e d  i n  o r d e r  to  d e te rm in e  what t h e s e  p r o c e s s e s  a r e .  I t  h a s ,

f o r  e x a m p le , b een s u g g e s te d  t h a t  th e  e n t r y  l a y e r  may p r o v id e  a s o u rc e  

r e g io n  o f  p la sm a  f o r  th e  LLBL. L o c a l d i f f u s i v e  t r a n s p o r t  may a ls o  

p la y  a m a jo r r o l e  in  th e  fo rm a t io n  o f  th e  LLBL, e s p e c i a l l y  when 

c o n d it io n s  a re  not f a v o u r a b le  f o r  s u b s o la r  r e c o n n e c t io n ,  i . e . ,  s t r o n g ly  

n o rth w a rd  IMF ( e . g . ,  Eastm an e t  a l . ,  1 9 7 6 ).

R e c e n t ly ,  th e  IS E E  and PROGNOZ 7 s a t e l l i t e s  h ave g iv e n  us  

im p o rta n t  in f o r m a t io n  c o n c e rn in g  th e  io n  c o m p o s it io n  o f  th e  LLBL ( e . g .  , 

P e t e rs o n  e t a l . ,  1982; H u l t q v i s t ,  1982; L u n d in  e t  a l . ,  1 9 8 4 ).  Such  

s t u d ie s  a re  im p o rta n t  i n  t h a t  h e a vy  io n s  can be u se d  as t r a c e r s  w h ich  

e n a b le  u s to  d e te rm in e  th e  s o u r c e  r e g io n s  f o r  th e  b o u n d a ry  l a y e r  as  

w e ll  as th e  t r a n s p o r t  and e n e r g is a t io n  p r o c e s s e s  o f  p la sm a  w it h in  th e  

m a g n e to sp h e re . The c o m p o s it io n  s t u d ie s  a re  s t i l l  l im it e d  and need to  

be e x te n d e d . The AMPTE m is s io n  s h o u ld  p r o v id e  us w it h  a good 

o p p o r t u n it y  to  do t h i s .  One s p e c i f i c  q u e s t io n  w h ich  n eed s to  be 

a d d re s s e d  i s  w h e th e r th e  "m a g n e to sh ea th  i n j e c t i o n  r e g io n s "  r e f e r r e d  to  

by L u n d in  e t  a l . (1 9 8 4 ) and L u n d in  (1 9 8 4 ) b e a r  any r e l a t i o n  to  

m a g n e to s p h e ric  F T E s .

E le c t r o n  d i s t r i b u t i o n  m easurem ents p r o v id e  a n o t h e r means o f  

d e t e rm in in g  th e  p r o c e s s e s  g i v in g  r i s e  to  th e  LLBL. Such s t u d ie s  ( e . g . ,  

R o d g ers e t  a l . ,  1984; O g i l v i e  e t  a l . ,  1984) a re  s t i l l  i n  t h e i r  in f a n c y  

and d e f i n i t e l y  need to  be fo llo w e d  u p . A f i n a l  p o in t  w o rth m e n tio n in g  

i s  t h a t  th e  o p p o r t u n it y  e x i s t s  to  com bine s a t e l l i t e  o b s e r v a t io n s  from  

th e b o u n d a ry  l a y e r  w it h  th o s e  from  low a l t i t u d e s  ( e . g . ,  D ynam ics  

E x p lo r e r )  o r  fro m  th e  m a g n e to sh e a th . F o r  ex a m p le, GEOS 2 o r  SCATHA can  

be u se d  to  o b s e rv e  th e  b o u n d a ry  l a y e r  (a t  tim e o f  h ig h  m a g n e tic  

a c t i v i t y )  w h ile  IS E E  1 and 2 can be u se d  to  m o n ito r c o n d it io n s  e x t e r n a l  

to  th e  m agn eto p au se, and th u s  th e re s p o n s e  o f  th e  b o u n d a ry  l a y e r  to  a 

change i n  e x t e r n a l  c o n d it io n s  can be d e te rm in e d . I t  may a ls o  be 

p o s s ib l e  in  f u t u r e  to  com bine s im u lt a n e o u s  o b s e r v a t io n s  from  th e  IS EE  

and AMPTE s a t e l l i t e s  to  d e te rm in e  th e  s t r u c t u r e  o f  th e  LLBL on 

d i f f e r e n t  p o r t io n s  o f  th e  m agnetopause.

The f la n k  b o u n d a ry  la y e r  ( f l a n k  B L ) . In  th e  p a s t  most b o u n d a ry  l a y e r
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o b s e r v a t io n s  on th e  f la n k s  o f  th e  m a g n eto sp h ere  h ave been in t e r p r e t e d  

i n  term s o f  c lo s e d  f l u x  tu b e  t r a n s p o r t  ( e . g . ,  Eastm an and H o nes, 1 9 7 9 ).  

Hones (1 9 8 3 ) h a s made a p r e l i m i n a r y  i n v e s t i g a t i o n  o f  th e  dawn and dusk  

f l a n k  BL r e g io n s  u s in g  IS E E  1 and 2 d a t a , b u t n o t a t  th e  f u l l  tim e  

r e s o l u t i o n  a v a i l a b l e .  He r e p o r t s  an asym m etry in  th e  p r o p e r t i e s  o f  

th e  dawn and d usk f la n k  BL w h ich  he s u g g e s t s  may be a perm anent f e a t u r e ,  

o r  r e s u l t  from  s e a s o n a l e f f e c t s  a n d /o r  d i f f e r e n t  l a t i t u d i n a l  c o v e ra g e  o f  

th e  r e g io n s .  R e v e rs e  d r a p in g  s ig n a t u r e s  i n  th e  m a g n e tic  f i e l d  (Hones  

e t  a l . ,  1 9 8 2 ),  s u g g e s t iv e  o f  h i g h - l a t i t u d e  p la sm a  e n t r y ,  seem c o n f in e d  

to  th e  dawn f la n k  BL and a re  fo u n d  h e re  more o f t e n  th a n  en h anced  d r a p in g  

s ig n a t u r e s ,  w h ich  a re  a p p r o p r ia t e  f o r  lo w - l a t i t u d e  e n t r y  p r o c e s s e s  

(C o w le y  e t  a l . ,  1 9 8 3 ).  The Hones (1 9 8 3 ) s t u d y  n e ed s to  be p u rs u e d  w it h  

d a ta  a t a h ig h e r  tim e  r e s o l u t i o n  i n  o r d e r  to  c l a r i f y  t h e s e  o b s e r v a t io n s .

The M ozer (1 9 8 4 ) r e s u l t s  show t h a t  even i f  i t  i s  assum ed t h a t  th e  

e n t i r e  f l a n k  BL i s  on c lo s e d  f i e l d  l i n e s ,  c lo s e d  f l u x  tu b e t r a n s p o r t  

p r o c e s s ( e s )  c o n t r ib u t e  v e r y  l i t t l e  to  th e  t o t a l  c ro s s -m a g n e t o s p h e re  

v o lt a g e .  H ow ever, th e  f la n k  BL need n o t be e n t i r e l y  on c lo s e d  f i e l d  

l i n e s .  IS E E  o b s e r v a t io n s  s u g g e s t  t h a t  open f l u x  tu b e s  may a ls o  be 

t r a n s p o r t e d  a lo n g  th e  n e a r - E a r t h  f l a n k s .  F ig u r e  4 . 7  shows t h a t  FTEs 

o c c u r  d u r in g  IS E E  p a s s e s  o f  th e  m a g n e to s p h e ric  f l a n k s .  F ig u r e  7 .2  

shows a p la sm a  d a t a  p l o t  and two s u c c e s s iv e  h o u r ly  i n t e r v a l s  o f  

m a g n e tic  f i e l d  d a ta  o b t a in e d  d u r in g  an o utbound p a s s  on th e  dawn f la n k  

on 10 J a n u a r y  19 78 . The m agnetopause i s  c r o s s e d  c lo s e  to  th e  GSM 

e q u a t o r  a t  'v 1 :3 8  UT, and o t h e r  p a r t i a l  c r o s s i n g s  o c c u r  s u b s e q u e n t ly .  

E x a m in a tio n  o f  t h i s  f i g u r e  r e v e a l s  th e  o c c u r r e n c e  o f  FTEs as w e ll  as  

a c c e le r a t e d  f lo w s  a t th e  m agnetopause c r o s s i n g s .  T h ese o b s e r v a t io n s  

seem to  im p ly  t h a t  p a r t  o f  th e  f la n k  BL i s  on open f i e l d  l i n e s ,  a t  

l e a s t  some o f  th e  tim e . I t  re m a in s  to  be d e te rm in e d  w h e th e r th e  

o b s e r v a t io n s  i n  F ig u r e  7 .2  r e p r e s e n t  i s o l a t e d  exam p les o r  n o t and 

w h e th e r r e c o n n e c t io n  i s  a s u b s o la r  phenomenon o r  w h e th e r th e  

r e c o n n e c t io n  s i t e  e x te n d s  a lo n g  th e  f la n k s  as w e l l .  I t  w o uld  a ls o  be 

o f  i n t e r e s t  to  se e  i f  any FTEs o c c u r  d u r in g  th e  p a s s e s  r e p o r t e d  b y  

M ozer (1 9 8 4 ).

F ig u r e s  7 .3  and 7 .4  show t h a t  th e  f la n k  BL ca n  a ls o  be o b s e rv e d  i f  

th e  f i e l d  e x t e r n a l  to  th e  m agnetopause i s  s t r o n g ly  n o rth w a rd .

F ig u r e  7 . 3  shows a p la sm a  d a ta  p l o t  and a 1 -h o u r  p lo t  o f  m a g n e tic  f i e l d  

d a ta  from  an o utbound p a s s  on 17 J a n u a ry  19 78 . The m agnetopause r e g io n  

i s  c r o s s e d  on th e  dawn f la n k  and a t a n o r t h e r l y  GSM l a t i t u d e  o f  'v 2 0 ° .
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The p la s m a  d a t a  show t h a t  t h e r e  i s  b o u n d a ry  l a y e r  p r e s e n t ,  b u t  i t  i s  

d i f f i c u l t  t o  t e l l  fro m  F ig u r e  7 . 3  when p r e c i s e l y  th e  IS E E  s a t e l l i t e s  

c r o s s  th e  m a g n e to p a u se . The p u ls e d  a p p e a ra n c e  o f  th e  b o u n d a ry  l a y e r  

may r e s u l t  p a r t l y  fro m  th e  m a g n eto p au se f l a p p i n g  b a c k  and f o r t h  a c r o s s  

th e  s a t e l l i t e s .  I t  i s  d i f f i c u l t  to  t e l l  on th e  t i m e - s c a l e  o f  th e  

p la s m a  d a t a ,  b u t  t h e  b o u n d a ry  l a y e r  p u ls e s  p r o b a b ly  c o r r e s p o n d  t o  th e  

p o s i t i v e  d e f l e c t i o n s  i n  th e  f i e l d  co m po nen t, i . e . ,  t h e s e  a r e  more 

e x a m p le s  o f  r e v e r s e  d r a p in g  o f  f i e l d  l i n e s  i n  th e  b o u n d a ry  l a y e r  

(H o n e s, 1 9 8 3 ].  N ote t h a t  many o f  th e  p o s i t i v e  p u l s e s  a r e  a s s o c ia t e d  

w it h  la r g e - a m p li t u d e  B^ p e r t u r b a t i o n s ,  somewhat r e m in i s c e n t  o f  F T E s . 

H o w e ver, i t  i s  u n c l e a r  w h e th e r th e  p u ls e s  a re  r e l a t e d  t o  F T E s .

F ig u r e  7 .4  show s d a t a  d u r in g  an in b o u n d  p a s s  on 26 J u l y  1 9 78 . The 

m ag n eto p au se i s  c r o s s e d  on t h e  d u sk  f l a n k  and s o u t h  o f  th e  GSM e q u a t o r  

a t  'v 9 :4 0  UT. P r i o r  to  9 :4 0  UT, p re s u m a b ly  o u t s id e  th e  m a g n e to p a u se ,  

th e  Bjsj com ponent o s c i l l a t e s  q u a s i - p e r i o d i c a l l y  w it h  an a m p lit u d e  o f  

£  5 n T , w h ile  a f t e r  9 :4 0  UT th e  p e r t u r b a t io n s  d ie  away r a t h e r  a b r u p t l y .  

The B^ o s c i l l a t i o n s  s t a r t  a t  8 :1 8  UT (n o t  s h o w n ), c o i n c i d e n t  w it h  th e  

f i r s t  o b s e r v a t io n s  o f  d e n s it y  and t e m p e ra t u re  l e v e l s  in t e r m e d ia t e  to  

t h o s e  o b s e rv e d  i n  th e  m a g n e to sh e a th  and m a g n e to sp h e re  p r o p e r .

ISEE 1 ORBIT 34 OUTBOUND lO JAN 1978

R 17.43 
L7 0409 
LA7 5 .2

18.69
0417

8 .0

19. ~*3 
0^23 
13.4

20.60
0427
19.7

21.27
0430
24.6

Fig. 7.2Ca). Plasma data on 10 January 1978.
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10 JRN 1978 I S E E  1/2

R 18-05
H  0413
l_RT 5.1

18.36
0415
6-9

18.64
0417
7.8

10 JRN 1978 I S E E  1/2

R 18.65
LT 0417
LflT 7 .8

18-93 
04 19 . 
8.9

19.19
0420
10-2

Fig. 7.2(b). Field data on 10 January 1978.
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I SEE 2, CHQIT 37 0U1B0UMD 17 JAN 1970

R 15.96 
LT 0332 
LAT 7 .2

17.45 
0341 
11 .6

16.66
0346
17.3

19.75
0350
22.0

20.56
0355
24.0

17 JflN 1978 I S E E  1/2

R 19.16
Li 0348
LSI 19.8

19-42 
0349 _ 
20.8

19.66 
0350 
21 .8

Fig. 7.3. Plasma and field data on 17 January 1978.
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I SEE 1 0R5IT 116 IN30UN0 26 JUL 1978

 ̂ 13.70
LT 171S 
l_AT - 2 . 4

10. 21 
•720 
- 3 .5

17.57
1725
-9 .3

IS. 39 
172S 

-10.7

IS. 12 
1734 

-12.4

15.31 
1740 

-13. 4

14.43
1746

-13.7

26 JUL 1978 I SEE 1/2

9:00 10 20 30

16- 88 16. 51
1730 1732
- 1 0 - 7 - 1 1 . 6

SO 10100
16.14
1735
- 12.3

Fig. 7.4. Plasma and field data on 26 July 1978.
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H ig h - r e s o lu t io n  IS E E  d a ta  s h o u ld  p r o v id e  the o p p o r t u n it y  to  g a in  some 

i n s i g h t  i n t o  th e  p r o c e s s ( e s )  r e s p o n s ib le  f o r  th e  o b s e r v a t io n s  i n  

F ig u r e s  7 . 3  and 7 .4 ,  and i t  i s  c l e a r  from  th e s e  f i g u r e s  t h a t  th e  f la n k  

r e g io n s  a re  c e r t a i n l y  n o t d e v o id  o f  i n t e r e s t ,  even when th e  IMF i s  

s t r o n g ly  n o rth w a rd .

The cu sp  and e n t r y  l a y e r  ( E L ) . P a st  o b s e r v a t io n s ,  n o t a b ly  from  HEOS 2, 

s u g g e s t  t h a t  th e  EL r e g io n  i s  n o t s im p ly  an e x t e n s io n  o f  th e  LLBL, and  

t h a t  h i g h - l a t i t u d e  e n t r y  p r o c e s s e s  may p la y  an im p o rt a n t  r o l e  i n  i t s  

fo rm a t io n  and i n  g e n e r a t in g  io n o s p h e r ic  FACs ( e . g . ,  Paschmann e t  a l . ,  

1976; H a e re n d e l e t  a l . ,  1 9 7 8 ).  I t  i s  u n f o r t u n a t e  t h a t  a d e t a i l e d  

i n v e s t i g a t i o n  o f  t h i s  r e g io n  i s  ham pered by th e  low  te m p o ra l r e s o l u t i o n  

o f  th e  HEOS 2 p la sm a  d a ta . H ow ever, th e  HEOS 2 m a g n e tic  f i e l d  d a ta  

h ave a much h ig h e r  tim e r e s o l u t i o n ,  b u t up to  now t h e s e  d a ta  h ave n o t  

been e x p lo it e d  as f u l l y  as t h e y  s h o u ld  h ave b e e n . IMP 6 d a ta  

( F a i r f i e l d  and H ones, 19 78 ) show t h a t  th e  sco p e  o f  i n v e s t i g a t i o n  can be 

in c r e a s e d  w it h  th e  a id  o f  h ig h e r  r e s o l u t i o n  p la sm a  in s t r u m e n t a t io n .  I t  

i s  i n t e r e s t i n g  to  n o t e , t h e r e f o r e ,  t h a t  th e  IS E E  o r b i t  does o c c a s i o n a l l y  

p a s s  th ro u g h  th e  cu sp  r e g io n ,  b o th  on th e  d a y s id e  and on th e  n i g h t s id e  

( e . g . ,  F o rm isa n o , 1 9 8 2 ). F ig u r e  4 .1  shows t h a t  most IS E E  m agnetopause  

c r o s s i n g s  o c c u r  a t  low l a t i t u d e s .  H ow ever, d u r in g  th e  s u r v e y  d e s c r ib e d  

in  C h a p te r 4 a num ber o f  p a s s e s  w ere fo u n d  w h ich  c o n t a in e d  f i e l d  

o r i e n t a t i o n s  i n s i d e  th e  m agnetopause i n d i c a t i v e  o f  ( c l o s e )  e n c o u n t e rs  

w it h  th e  d a y s id e  cu sp  r e g io n .  F ig u r e  7 .5  shows one su ch  exam p le.

T h is  F ig u r e  shows two s u c c e s s iv e  1 -h o u r  i n t e r v a l s  o f  m a g n e tic  f i e l d  d a ta  

o b t a in e d  d u r in g  an o u tw ard  bound p a s s  on 30 O c to b e r 19 78 . The IS E E  1 

and 2 s e p a r a t io n  a t t h i s  t im e  i s  a p p ro x im a t e ly  7724  km a lo n g  th e  

b o u n d a ry  n o rm a l w it h  IS E E  2 le a d in g .  Note t h a t  th e  m a g n e to s p h e ric  Bl  

com ponent i s  s t r o n g ly  n e g a t iv e ,  w h ic h , in  c o m b in a tio n  w it h  th e  

r e l a t i v e l y  h ig h  l a t i t u d e  (^  3 9 ° ) ,  s u g g e s t s  t h a t  IS E E  1 and 2 a re  lo c a t e d  

w it h in  th e  n o r t h e r n  cu sp  r e g io n .  The la r g e  n e g a t iv e  B^ com ponent i n  

th e  m a g n eto sp h ere  i s  c o n s is t e n t  w it h  th e  dawnward s a t e l l i t e  l o c a t io n .

The Bm com ponent i n  th e  m a g n eto sh eath  i s  p o s i t i v e ,  a lth o u g h  th e  IMF d a ta  

book (K in g ,  19 83) shows t h a t  IMF By ch ang es s ig n  and goes p o s i t i v e  

betw een 1 6 :0 0  and 1 7 :0 0  UT. Thus we may i n f e r  t h a t  th e  change i n  s ig n  

o f  Bĵ j a t  1 6 :5 2  UT (IS E E  2 d a t a ) p r o b a b ly  does no t r e p r e s e n t  a m agneto­

p a u se  c r o s s i n g .  H ow ever, th e  B^ s ig n -c h a n g e s  n e a r  'v 1 5 : 5 0 ,  1 6 :0 2  

(IS E E  2 ) and 1 6 :1 9  UT (IS E E  1) do r e p r e s e n t  m agnetopause c r o s s i n g s .  I t  

i s  i n t e r e s t i n g  to  n o t e , t h e r e f o r e ,  t h a t  la r g e  BN p e r t u r b a t io n s  o c c u r ,



202

30 OCT 1 979 I SEE 2/1

GSM
R 9.93 10.59 11.19
LT 0848 0853 0857
LAT 42-5 40.6 38-9

30 OCT 1978 1 SEE 2/1

GSM
R 11.22 11-82 12.37
LT 0857 0900 0903
LRT 38.8 37.0 35.4

Fig. 7.5. Magnetic field data on 30 October 1979.
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n o t a b ly  a t  1 6 :4 3  UT. E x a m in in g  p a s s e s  su c h  as t h e s e  i n  c o n ju n c t io n  w it h  

th e  p la sm a  d a ta  c o u ld  le a d  to  i n t e r e s t i n g  r e s u l t s .  Such p a s s e s  can a ls o  

p r o v id e  u s e f u l  c o m p a ris o n s  w it h  th e  HEOS 2 d a t a , i n  o r d e r  t o  gauge th e  

a d eq u a cy  o f  HEOS 2 d a ta  i n  i n v e s t i g a t i n g  t h i s  r e g io n .

An im p o rt a n t  a s p e c t  o f  th e  d a y s id e  c u sp  r e g io n s  i s  t h a t  f i e l d  l i n e s  

i n  th e s e  r e g io n s  c o n n e c t th ro u g h  th e  LLBL. T h ese f i e l d  l i n e s  fo rm  a 

p a th  a lo n g  w h ich  th e  o u t e r  m a g n eto sp h ere  and io n o s p h e re  can exch ange  

io n s  and e le c t r o n s  d i r e c t l y .  I t  i s  i n t e r e s t i n g  to  n o te  th e n  t h a t  

r e c e n t ly  e v id e n c e  f o r  s u c h  a p r o c e s s  h a s been fo u n d  i n  th e  e le c t r o n  

d a ta  from  th e  LLBL. O g i l v i e  e t  a l . (1 9 8 4 ) r e p o r t  o b s e r v in g  beams o f  

e le c t r o n s  (w it h  E 'v 100 eV) w h ich  som etim es form  an im p o rta n t  com ponent 

i n  th e  LLBL and whose p r o p e r t i e s  a re  s i m i l a r  to  beams o f  e le c t r o n s  i n  

th e  cu sp  r e g io n  ( e . g . ,  B u rch  e t  a l . ,  1 9 8 3 ).  Such o b s e r v a t io n s  a re  

im p o rt a n t  i n  t h a t  i t  h a s been s g u g e s t e d  t h a t  th e s e  e l e c t r o n  beams a lo n g  

cu sp  f i e l d  l i n e s  g iv e  r i s e  to  th e  h i g h - l a t i t u d e  FAC r e g i o n s .  F u t u re  

io n  c o m p o s it io n  d a ta  fro m  PR0GN0Z 7 i n  th e  cu sp  r e g io n  s h o u ld  a ls o  h e lp  

c l a r i f y  th e  r o l e  o f  th e  io n o s p h e r e / o u t e r  m a g n eto sp h ere exch an ge p r o c e s s e s .

The p la sm a  m a n tle  (P M ). The PM a ro u s e s  l e a s t  c o n t r o v e r s y  r e g a r d in g  i t s  

s o u r c e  p r o c e s s e s ,  th e  g e n e r a l ly  a c c e p t e d  v ie w  b e in g  t h a t  i t  i s  form ed by  

th e  t a i lw a r d  c o n v e c t io n  o f  p la sm a  on open f i e l d  l i n e s .  The two 

s a t e l l i t e s  w h ich  h a v e  c o n t r ib u t e d  m ost i n  e l u c i d a t i n g  th e  n e a r - E a r t h  PM 

p r o p e r t i e s  a re  HEOS 2 ( e . g . ,  R o se n b a u e r e t  a l . ,  1 9 7 5 ) and PR0GN0Z 7 

( e . g . ,  L u n d in  e t  a l . , 1 9 8 2 ). A g a in ,  h o w ev er, t h e r e  s t i l l  re m a in  many 

u n r e s o lv e d  q u e s t io n s .  I t  i s  u n f o r t u n a t e  t h a t  th e  p la sm a  d a ta  o b t a in e d  

and p r e s e n t e d  fro m  th e  PM so f a r  do n o t h ave th e  h ig h  tim e  r e s o l u t i o n  we 

a re  u se d  to  fro m  IS E E . Even s o , e x i s t i n g  d a ta  s e t s  h a v e  n o t been f u l l y  

a n a ly s e d  y e t :  th e  HEOS 2 and PR0GN0Z 7 d a ta  s t i l l  h a ve a l o t  to  o f f e r .

We do n o t know enough about th e  l o c a t i o n ( s )  o f  e n t r y  o f  th e  PM 

p la sm a  in t o  th e  m a g n e to sp h e re . O b s e r v a t io n s  o f  d e n s it y  gaps a t  th e  

m agnetopause (R o se n b a u e r e t a l . ,  1 9 7 5 ) seem to  i n d i c a t e  t h a t  l o c a l l y  at  

l e a s t  th e  m agnetopause does n o t a llo w  s i g n i f i c a n t  p e n e t r a t io n  o f  

m a g n eto sh ea th  p la sm a  in t o  th e  PM. A ls o ,  c o m p o s it io n  e x p e rim e n ts  ( e . g . ,  

H u l t q v i s t ,  1982) i n d i c a t e  t h a t  th e  m agnetopause fo rm s a s o l i d  b o u n d a ry  

to  th e io n o s p h e r ic  component i n  th e  PM. I t  t h e r e f o r e  a p p e a rs  t h a t  a t  

tim e s  a t l e a s t  t h e r e  i s  no t r a n s p o r t  o f  p la sm a  a c r o s s  th e  t a i l  m agneto­

p a u s e , and h e n ce t h a t  th e  m a g n eto sh ea th  PM com ponent e n t e r s  th e  

m a g n eto sp h ere  on th e  d a y s id e .  We a ls o  need to  in v e s t i g a t e  when, w here  

and how th e  io n o s p h e r ic  p la sm a  com ponent i s  in j e c t e d  in t o  th e  PM and
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what i t s  r e l a t i v e  c o n t r ib u t io n  i s  to  th e  t o t a l  p o p u la t io n  t h e r e .  The 

s o - c a l l e d  m a g n e t o s h e a t h -lik e  i n t r u s i o n s  r e p o r t e d  by L u n d in  e t  a l .  (1 9 8 2 )  

p r o v id e  a n o t h e r t o p i c  f o r  f u t u r e  i n v e s t i g a t i o n .  I t  may be t h a t  t h e y  

a re  r e l a t e d  to  th e  FTE s ig n a t u r e s  o b s e rv e d  by IS E E  on th e  d a y s id e .  

F i n a l l y ,  IS E E  3 and IMP 8 d a t a  c o u ld  be u se d  to  e x p lo r e  th e  p r o p e r t i e s  

o f  th e b o u n d a ry  l a y e r  r e g io n  a t  d is t a n c e s  f u r t h e r  d o w n - t a il .

7 . 2 . 2  F lu x  t r a n s f e r  e v e n ts  ( a g a in )

O ur u n d e r s t a n d in g  o f  FTEs h a s p r o g r e s s e d  s i g n i f i c a n t l y  e v e r  s i n c e  

t h e i r  i n i t i a l  d is c o v e r y  by R u s s e l l  and E l p h i c  ( 1 9 7 8 ) .  Many q u e s t io n s  

s t i l l  re m a in , h o w ev er.

P lasm a s ig n a t u r e s  and s o u r c e  r e g i o n . P u b lis h e d  s u r v e y s  o f  FTEs h a ve  

b een b a se d  m a in ly  on t h e i r  m a g n e tic  f i e l d  c h a r a c t e r i s t i c s  (C h a p t e r  4 ) .  

T h e re  i s  a need f o r  a s i m i l a r  la r g e  s u r v e y  to  be done u s in g  th e  h ig h -  

r e s o l u t i o n  IS E E  p la sm a  d a t a , p e rh a p s  a lo n g  th e l i n e s  d e s c r ib e d  by  

Paschmann e t  a l .  (1 9 8 2 ) and i n  s e c t io n  5 . 2 .  One p a y - o f f  o f  su ch  a 

s t u d y  c o u ld  be t h a t  i t  le a d s  t o  a g r e a t e r  u n d e r s t a n d in g  o f  th e  o r i g i n  

o f  th e  b o u n d a ry  l a y e r ,  as we d is c u s s e d  p r e v i o u s l y .  I t  c o u ld  a ls o  h e lp  

c l a r i f y  what th e  e x t e n t  and o r i e n t a t i o n  o f  th e  r e c o n n e c t io n  l i n e  i s  

a lo n g  w h ich  FTEs a re  c r e a t e d .  D a ly  e t  a l . (1 9 8 4 ) h a v e  a lr e a d y  u se d  

th e  IS E E  2 e n e r g e t ic  p a r t i c l e  in s t ru m e n t  ( W il l ia m s  e t  a l . ,  19 78 ) to  

in v e s t i g a t e  t h i s  q u e s t io n .  T hey u se d  th e  d i r e c t i o n  o f  e n e r g e t ic  io n  

s t re a m in g  to  i n f e r  th e  h e m isp h e re  c o n n e c t io n  o f  m a g n eto sh eath  F T E s.  

A lth o u g h  p a r t i a l  f a i l u r e  o f  th e  p a r t i c l e  in s t r u m e n t  as o f  1979  

n e c e s s a r i l y  l i m i t e d  th e m agnetopause c o v e ra g e  o f  t h i s  s u r v e y ,  th e  

r e s u l t s  show g e n e r a l agreem ent w it h  an e q u a t o r ia l  s o u r c e  r e g io n  f o r  

F T E s, w it h  p e rh a p s  a t i l t  o f  th e  r e c o n n e c t io n  l i n e  i n  re s p o n s e  to  IMF 

By i n  a m anner s i m i l a r  to  t h a t  o b s e rv e d  f o r  th e  q u a s i- s t e a d y  r e c o n n e c t io n  

e v e n ts  ( F ig u r e s  1 . 7  and 5 . 1 ) .  T h is  i s  i n  agreem ent w it h  r e s u l t s  b a se d  

on th e p o l a r i t y  o f  FTE s ig n a t u r e  ( s e c t io n s  4 . 3  and 4 . 4 ) .  H ow ever, 

i n d i v i d u a l  c a s e s  o f  FTEs r e s u l t i n g  from  r e c o n n e c t io n  a t h ig h  l a t i t u d e s ,  

as s u g g e s t e d , e . g . , b y H a e re n d e l e t  a l . (1 9 7 8 ) ,  ca n n o t be c o m p le t e ly  

r u le d  o u t. A d i f f e r e n t  i n t e r p r e t a t i o n  b a se d  on th e  Berchem  and  

R u s s e l l  (1 9 8 4 ) o b s e r v a t io n s  has b een  g iv e n  by R u s s e l l  e t  a l .  (1 9 8 4 ).

They s u g g e s t  t h a t  th e  FTE s o u r c e  r e g io n  i s  lo c a t e d  i n  a s m a ll r e g io n  

( o f  ^  4 Rg r a d i a l  e x t e n t )  w h ich  i s  c e n t r e d  on th e  s u b s o la r  p o in t ,  and 

t h a t  th e  IMF o r i e n t a t i o n  e x e r t s  a s t r o n g  c o n t r o l  on w here th e  FTE 

s ig n a t u r e s  a r e  s u b s e q u e n t ly  o b s e rv e d . I t  i s  im p o rt a n t  to  c o n t in u e  th e
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ty p e  o f  i n v e s t i g a t i o n  i n i t i a t e d  by D a ly  e t  a l . (1 9 8 4 ) i n  o r d e r  to  

d e c id e  betw een th e  above a l t e r n a t i v e s .  I n  f u t u r e  i n v e s t i g a t i o n s  i t  

may be p o s s i b l e  t o  d e te rm in e  th e  h e m isp h e re  c o n n e c t io n  o f  FTEs w it h  

means o t h e r  th a n  th o s e  u sed  by D a ly  e t a l .  (1 9 8 4 ).  The IS E E  1 

e n e r g e t ic  p a r t i c l e  in s t r u m e n t  ( W il l ia m s  e t  a l . ,  19 78 ) c o u ld  be u se d  to  

d e te rm in e  io n  a n is o t r o p i e s  i n  a s i m i l a r  way to  th e  IS E E  2 in s t r u m e n t .  

A n o th e r a l t e r n a t i v e  i s  to  u se  th e  IS E E  1 e l e c t r o n  p la sm a  s p e c t r o m e t e r  

( O g i l v i e  e t  a l . , 1 9 7 8 ).  S cu d d e r e t  a l . (1 9 8 4 ) r e p o r t  t h a t  many FTEs 

a re  a cco m p an ied  by a h e a t f l u x  l a y e r .  The d i r e c t i o n  o f  t h e  h e a t  f lo w  

ca n  be u se d  to  d e te rm in e  w h ich  h e m isp h e re  an FTE i s  c o n n e c te d  t o .  

F i n a l l y ,  th e  AMPTE m is s io n  p ro m is e s  to  p r o v id e  c o v e ra g e  o f  d a y s id e  

m agnetopause r e g io n s  n o t r e a d i l y  a c c e s s i b l e  to  IS E E , su c h  as th e  

s o u t h e rn  dawn s e c t o r .

3-D  s t r u c t u r e . S im p le  m o d e llin g  o f  d a ta  h a s g iv e n  us some i n s i g h t  

i n t o  th e  m a g n e tic  f i e l d  s t r u c t u r e  o f  FTEs ( S p e is e r  e t  a l . ,  1981; 

Paschmann e t  a l . ,  1 9 8 2 ).  The e x is t e n c e  o f  FA Cs, th e  p r e s e n c e  o f  w h ich  

a r e  im p lie d  by th e  c o n t in u o u s  n a t u r e  o f  FTE B^ s ig n a t u r e s ,  h a v e  now been  

c o n firm e d  d i r e c t l y  u s in g  th e  d u a l - s a t e l l i t e  c a p a b i l i t y  o f  IS E E  (S a u n d e rs  

e t  a l . ,  1 9 8 4 a , b ) . C l e a r l y ,  h o w e v e r, f u r t h e r  w ork n e ed s to  be done to  

e s t a b l i s h  th e f u l l  3-D  s t r u c t u r e  o f  F T E s. I t  w o uld a ls o  be o f  i n t e r e s t  

to  know w h e th e r th e  r e s u l t s  o f  Paschmann e t  a l . (1 9 8 2 , F ig u r e  8) a re  

g e n e r a l ly  v a l i d ,  i n  p a r t i c u l a r  f o r  th e  FTEs w h ich  a re  a cco m p a n ie d  by  

s i g n i f i c a n t  f i e l d  s t r e n g t h  d e c r e a s e s  ( e . g . ,  F ig u r e  4 . 5 ) .  S a u n d e rs  e t  

a l .  (1 9 8 4 a ) h ave shown t h a t  th e  p la sm a  and f i e l d  d a ta  f o r  a few FTEs  

can be d e s c r ib e d  i n  term s o f  a p r o p a g a t in g  A lf v e n  wave (t h e  W alen  

r e l a t i o n ) :  does t h i s  r e s u l t  h o ld  f o r  o t h e r  FTEs as w e l l ?  A ls o ,  we

need to  know what th e  c o n t r ib u t io n s  o f  i n t e r n a l  FACs and e x t e r n a l  

d r a p in g  e f f e c t s  a r e  to  th e  o b s e rv e d  FTE s ig n a t u r e s .  Such kno w led g e  

may a f f e c t  th e  way i n  w h ich  we i n t e r p r e t  FTE B^ s ig n a t u r e s  ( e . g . ,  D a ly  

e t  a l . ,  1984; S a u n d e rs  e t  a l . ,  1 9 8 4 a ,b ; R ijn b e e k  and C o w le y , 1 9 8 4 ).

I t  i s  a ls o  im p o rt a n t  to  know what d e t e rm in e s  th e  d i r e c t i o n  o f  FACs 

a s s o c ia t e d  w it h  F T E s, i n  o r d e r  to  i n v e s t i g a t e  th e  r e l a t i o n  betw een FTEs  

and th e  l a r g e - s c a l e  FAC r e g io n s  o b s e rv e d  i n  the d a y s id e  h i g h - l a t i t u d e  

io n o s p h e re .  M ost im p o r t a n t ly ,  h o w e v e r, i t  i s  n o t y e t  f u l l y  r e s o lv e d  

how th e  FTE FACs o r i g i n a t e  i n  th e  f i r s t  p la c e .  Such s t u d ie s  a re  b e s t  

s u it e d  t o  t im e s when th e  IS E E  1 and 2 s a t e l l i t e s  w ere f a r  a p a rt  

(<£ 1000 km) i n  v ie w  o f  th e  la r g e  s p a t i a l  s c a l e  o f  th e  p ro m in e n t FTE 

s ig n a t u r e s  (^  1 R g ) . At la r g e  s e p a r a t io n s  we may a ls o  p e rh a p s  be
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f o r t u n a t e  enough t o  w it n e s s  IS E E  1 and 2 c r o s s  d i f f e r e n t  arms o f  th e  

same FTE f l u x  tu b e , one i n  th e  m a g n eto sh ea th  and one i n  th e  m agneto­

s p h e re .  I n v e s t i g a t i o n  o f  e v e n ts  s u c h  as th o se  d e s c r ib e d  i n  s e c t io n

3 . 3 . 6  may le a d  u lt i m a t e l y  to  th e  i d e n t i f i c a t i o n  o f  s u c h  an o c c u r r e n c e .

The CLUSTER m is s io n ,  w h ich  i s  p a r t  o f  th e  ISTP program m e (due f o r  

im p le m e n t a t io n  i n  th e  1 9 9 0 s ) , c o u ld  p o t e n t i a l l y  p r o v id e  a s n a p s h o t o f  

an FTE f l u x  tu b e  i n  f o u r  d i f f e r e n t  p la c e s  and s h o u ld  t h e r e f o r e  e n a b le  

u s to  w ork out th e  geom etry o f  th e  f l u x  tu b e  i n  much g r e a t e r  d e t a i l .

E v o lu t io n  o f  FTE s i g n a t u r e . The e v o lu t io n  o f  th e  FTE s ig n a t u r e  ( i n  

b o th  s p a c e  and t im e ) as th e  open f l u x  tu b e  t r a v e l s  a c r o s s  th e  d a y s id e  

m agnetopause in t o  th e  t a i l  ca n n o t be f u l l y  d e te rm in e d  w it h  th e  IS E E  d a ta  

b e c a u s e  o f  l i m i t e d  m agnetopause c o v e ra g e . H ow ever, ( r e - ) e x a m in a t io n  

o f  d a t a  s e t s  from  o t h e r  s a t e l l i t e s  can be u se d  to  e x te n d  th e  c o v e ra g e  to  

h ig h e r  l a t i t u d e s  t o  in c lu d e  th e  cu sp  and m a n tle  r e g i o n s .  P o s s i b le  d a ta  

s e t s  in c lu d e  th o se  from  HEOS 2 , IMP 6 ,8  and PR0GN0Z 7 . HEOS 2 m a g n e tic  

f i e l d  d a t a  a re  s t i l l  e a s i l y  a c c e s s i b l e  a t  Im p e r ia l  C o l le g e  and m e re ly  

r e q u i r e  c o n v e r s io n  in t o  b o u n d a ry  n o rm a l c o o r d in a t e s .  One p ro b le m  w h ich  

we h a v e  n o te d  p r e v i o u s l y  w it h  th e  HEOS 2 d a ta  ( F ig u r e  6 . 2 )  i s  t h a t  th e  

u s u a l  t im e  r e s o l u t i o n  o f  d a t a  p o in t s  e v e r y  32 s e c s  i s  n o t  a lw a y s  

s u f f i c i e n t  t o  f u l l y  r e s o l v e  FTE s ig n a t u r e s .  H ow ever, t h i s  p ro b le m  

need n o t be in s u rm o u n t a b le  s i n c e  f i e l d  d a ta  a re  a v a i l a b l e  a t  a h ig h e r  

r a t e  ( ^  6 s e c s  r e s o l u t i o n )  d u r in g  c e r t a i n  s t a g e s  o f  th e  HEOS 2 m is s io n .  

T h ese d a t a  h a ve no t y e t  b een e x p lo it e d .  As a f o r e t a s t e ,  F ig u r e s  7 .6  

and 7 . 7  show two exam p les o f  h i g h - l a t i t u d e ,  outbound HEOS 2 p a s s e s ,  

u s in g  32 s e c  r e s o l u t i o n  d a t a . F ig u r e  7 .6  shows a 1 - h o u r  p lo t  o f  d a ta  

o b t a in e d  on 1 O cto b e r 19 72 . T h e re  i s  an F T E - l i k e  s ig n a t u r e  w h ich  

o c c u r s  a t  2 1 :5 6  UT i n s i d e  th e  m ain m agnetopause c r o s s i n g  a t  2 2 :0 5  UT. 

N o te, h o w e v e r, t h a t  th e  m ain d e f l e c t i o n s  i n  Bl  and B̂ j l i n e  up w it h  th e  

p o s i t i v e  peak i n  B^, r a t h e r  th a n  h a lfw a y  d u r in g  th e  d o w n stro k e  o f  th e  

Bjyj s ig n a t u r e .  T h is  may h ave so m e th in g  to  do w it h  th e  low tim e  

r e s o l u t i o n  o f  th e  d a t a . F ig u r e  7 . 7  shows HEOS 2 d a ta  fro m  1 and 2 

November 19 72 . A f t e r  an i n i t i a l  m agnetopause e n c o u n t e r  a t  2 3 :3 3  UT,

HEOS 2 makes s e v e r a l  o t h e r  e n t r i e s  in t o  th e  b o u n d a ry  l a y e r .  The 

i n t e r e s t i n g  f e a t u r e s  to  n o te  a re  th e  b r i e f  (^  1 -2  m in ) b u t l a r g e -  

a m p lit u d e  p o s i t i v e  e x c u r s io n s  i n  th e  Bl  com ponent a t  th e  m agnetopause  

c r o s s i n g s ,  su c h  t h a t  th e  f i e l d  p o in t s  m a in ly  su n w a rd . A ls o ,  some o f  

t h e s e  f e a t u r e s  a re  a cco m p a n ie d  by la r g e  B^ p e r t u r b a t io n s  ( e . g . ,  1 :0 0  U T ) . 

P e rh a p s t h e s e  f e a t u r e s  can be e x p la in e d  i n  term s o f  open f i e l d  l i n e s
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1 OCT 1972 HEOS 2

L AT 76.7 78.3

F ig .  7 . 6 .  HEOS 2 f i e l d  d a t a  on 1 O c t o b e r 1 9 7 2 .

1/2 NOV 1972 HEOS 2

GSM
R
LT
LAI

10.42 
0307 
61 .2

11.85 
0303 
64 .8

13.14 
025 3 
68.1

Fig. 7.7(a). HEOS 2 field data on 1 November 1972
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2 NOV 1972 HEOS 2

LT 0253 0234 0J60
LOT 68.2 7 1 .5 74.7

F ig .  7 . 7 ( b ) .  HEOS 2 f i e l d  d a t a  on 2 Novem ber 1 9 7 2 .

F ig .  7 .8 . P o s s i b l e  i n t e r p r e t a t i o n  f o r  F i g s .  7 . 7  ( a )  and ( b ) .
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d r a p in g  a lo n g  th e  m agnetopause and l y i n g  a n t i - p a r a l l e l  to  th e  m agneto- 

s p h e r ic  f i e l d  l i n e s  as drawn i n  F ig u r e  7 .8 .  In  t h i s  s i t u a t i o n  th e  

m a g n e tic  t e n s io n  a c t s  a g a in s t  th e  a m b ien t m agn eto sh eath  f lo w ,  so t h a t  

we may e x p e c t  to  o b s e rv e  p la sm a  f lo w  sp ee d  d e c r e a s e s .

S p e ctrum  o f  F T E s . The more p ro m in e n t FTE s ig n a t u r e s ,  w h ich  s a t i s f y  

th e  i d e n t i f i c a t i o n  c r i t e r i a  d e s c r ib e d  i n  s e c t io n  4 . 2 ,  h a v e  a s c a l e  s i z e  

o f  o r d e r  1 Rg, as shown b y  S a u n d e rs  e t  a l .  ( 1 9 8 4 a , b ) . H ow ever, i t  

seems l i k e l y  t h a t  FTEs o c c u r  w it h  s ig n a t u r e s  b elo w  th e  a m p lit u d e  and 

d u r a t io n  c u t - o f f s  we a s s ig n e d  somewhat a r b i t r a r i l y .  The f u l l  sp e c tru m  

o f  FTE s ig n a t u r e s  i s  so m e th in g  t h a t  i s  y e t  to  be e s t a b l is h e d .  I f  th e  

FTE phenomenon o c c u r s  on s p a t i a l  and te m p o ra l s c a l e s  w h ich  a r e  s m a lle r  

th a n  we h a v e  c o n s id e r e d ,  th e n  we s h o u ld  e x p e c t th e  s ig n a t u r e  f o r  su c h  

a p r o c e s s  to  be o b s e r v a b le  c l o s e r  to  th e  m agnetopause and w it h  s h o r t e r  

(£  1 m in ) d u r a t io n .  I t  i s  t h e r e f o r e  i n t e r e s t i n g  to  n o te  t h a t  s h o r t  

t im e - s c a l e ,  s m a ll- a m p lit u d e  BN p e r t u r b a t io n s  ca n  o f t e n  be o b s e rv e d  

c lo s e  to  th e  m agnetopause when th e  e x t e r n a l  f i e l d  h a s a so u th w a rd  

com ponent. O fte n  s u c h  f e a t u r e s  o c c u r  i n  c lo s e  a s s o c i a t i o n  w it h  B^ 

s p ik e s  ( d is c u s s e d  in  C h a p t e r  5 ) .  To d e te rm in e  w h e th e r su ch  o b s e r v a t io n s  

r e p r e s e n t  s m a l l - s c a l e  FTEs r e q u ir e s  th e  u se  o f  h ig h  tim e  r e s o l u t i o n  d a ta  

s e t s ,  and t h i s  t o p i c  i s  w e l l  s u it e d  f o r  i n v e s t i g a t i o n  as p a r t  o f  th e  

AMPTE m is s io n .

P u l s a t i o n s . A n o th e r t o p ic  f o r  f u t u r e  i n v e s t i g a t i o n  i s  th e  p o s s i b l e  

r e l a t i o n s h i p  betw een FTEs and m a g n e tic  p u l s a t i o n s .  The p r o p a g a t io n  o f  

FTE open f l u x  tu b e s  a lo n g  th e  m agnetopause s u r f a c e  c a u s e s  th e  b o u n d a ry  

to  o s c i l l a t e .  Thus FTEs p r o v id e  a p l a u s i b l e  a l t e r n a t i v e  to  th e  K e lv in -  

H e lm h o ltz  i n s t a b i l i t y  as a g e n e r a t o r  o f  m agnetopause s u r f a c e  w a v e s.

The m agnetopause o s c i l l a t i o n  i n  t u r n  p r o v id e s  a m echanism  f o r  g e n e r a t in g  

m a g n e tic  p u l s a t i o n s  d e e p e r i n  th e  m a g n e to sp h e re . I f  FTEs r a t h e r  th a n  

K e lv in - H e lm h o lt z  i n s t a b i l i t y  a r e  more im p o rt a n t  i n  p r o d u c in g  m agnetopause  

s u r f a c e  w aves and m a g n e tic  p u l s a t i o n s ,  th e n  b o th  b o u n d a ry  o s c i l l a t i o n s  

(£  few m in ) and p u ls a t i o n s  s h o u ld  show a s t r o n g  c o r r e l a t i o n  w it h  a 

so u th w a rd  IM F /m a g n e to sh e a th  f i e l d  com ponent. T h is  c o r r e l a t i o n  need s to  

be t e s t e d  f o r .  An exam ple o f  o b s e r v a t io n s  o f  m a g n e tic  p u l s a t i o n s  i s  

shown i n  .F ig u r e  7 .9 .  T h is  f i g u r e  shows two s u c c e s s iv e  1 -h o u r  p l o t s  o f  

m a g n e tic  f i e l d  d a ta  i n s i d e  th e  m a g n eto sp h ere ta k e n  from  an in b o u n d  p a s s  

on 31 J u l y  1978. T h e se  p l o t s  c l o s e l y  f o l lo w  m a g n e to s p h e ric  FTE 

o b s e r v a t io n s  (s e e  F ig u r e  3 i n  R ijn b e e k  e t  a l . ,  1984; n o te  t h e  r e v e r s e  

FTE a t  6 :0 3  UT) and t h e r e  i s  c l e a r  e v id e n c e  t h a t  d e e p e r i n  th e  m agneto-
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31 JUL 1978 I SEE 1/2

R 15.05 14.59 ' 14.14
IT 1725 1728 1731
LflT - 5 . 7  - 8 . 5  -10-1

31 JUL 1978 I SEE 1/2

GSM
R 14.12 13.64 13.15
LT 1732 , 1735 1739
LflT - 1 0 . 2  - 11- 8  - 1 3 . 3

Fig. 7.9. FTE and pulsations on 31 July 1978.
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s p h e re  t h e r e  o c c u r  q u a s i - p e r i o d i c  m a g n e tic  o s c i l l a t i o n s ,  w it h  p e r io d s  

r a n g in g  from  'v, 5 m in down to  ^ -m in . T h e re  i s  a d i s t i n c t  p o s s i b i l i t y ,

w h ich  need s to  be in v e s t ig a t e d ,  t h a t  a t  l e a s t  some o f  th e s e  p u l s a t i o n s  

a re  r e l a t e d  t o  and p e rh a p s  d i r e c t l y  r e s u l t  from  FTEs p r o p a g a t in g  a lo n g  

th e  m agnetopause.

Io n o s p h e r ic  s i g n a t u r e s . A t o p i c  w h ich  h a s r e c e iv e d  s c a n t  a t t e n t io n  so  

f a r  i s  th e  i d e n t i f i c a t i o n  o f  FTE s ig n a t u r e s  a t  low  a l t i t u d e s .  From th e  

s c a l e  s i z e  and th e  e s t im a t e d  amount o f  m a g n e tic  f l u x  w h ich  an FTE a t  th e  

m agnetopause c o n t a in s  (C h a p t e r  4 ) ,  we can u se  c o n s e r v a t io n  o f  f l u x  to  

d e r iv e  a s p a t i a l  s c a l e  o f  'v 200 km f o r  an FTE s ig n a t u r e  i n  th e  

io n o s p h e re .  The d u r a t io n  o v e r  w h ich  FTEs a re  o b s e rv e d  g iv e s  a te m p o ra l 

s c a l e  o f  a few m in u te s  f o r  su ch  s ig n a t u r e s .  P r e s e n t  day in s t r u m e n t a t io n  

i s  w e ll  c a p a b le  o f  d e t e c t in g  io n o s p h e r ic  s ig n a t u r e s  on t h e s e  s c a l e s .  

C ow ley (1 9 8 4 ) h a s g iv e n  a d e s c r i p t i o n  o f  th e  e f f e c t s  o f  FTEs e x p e c t e d  i n  

th e  io n o s p h e re .  B r i e f l y ,  FTE s ig n a t u r e s  s h o u ld  be o b s e r v a b le  i n  th e  

r e g io n  w h ich  maps to  th e  r e c o n n e c t io n  l i n e ,  i . e . ,  th e  p o l a r  cap b o u n d a ry ,  

w h ich  s e p a r a t e s  r e g io n s  o f  open and c lo s e d  f i e l d  l i n e s .  F ig u r e  7 . 1 0 ( a )  

shows th e  s i t u a t i o n  f o r  s t e a d y  r e c o n n e c t io n ,  when t h e r e  i s  a s t e a d y  flo w  

from  th e  a u r o r a l  zone in t o  th e  p o l a r  cap a c r o s s  th e  d a y s id e  b o u n d a ry .

When r e c o n n e c t io n  i s  i n  th e  p a t c h y ,  FTE-m ode, r e s t r i c t e d  s e c t io n s  o f  th e  

b o u n d a ry  w i l l  make e q u a to rw a rd  jum ps w it h  th e  f o rm a t io n  o f  e a ch  FTE.

I f  r e c o n n e c t io n  s w it c h e s  o f f  betw een s u c c e s s iv e  F T E s, th e n  th e  b o u n d a ry  

w i l l  jump p o le w a rd  a g a in  d u r in g  t h e s e  i n t e r v a l s .  The n e t r e s u l t  i s  

t h a t  th e  p o l a r  cap b o u n d a ry  w i l l  h ave a c o r r u g a t e d  a p p e a ra n ce  as shown 

i n  F ig u r e  7 . 1 0 ( b ) .  The c o r r u g a t io n s  s h o u ld  p ro p a g a te  t a i l w a r d  and  

h ave a s p a t i a l  s c a l e  o f  a few 100 km. M agnetopause o b s e r v a t io n s  show 

t h a t  FTEs h a ve a s s o c ia t e d  FACs and i n t e r n a l ,  v o r t i c a l  p la sm a  m o tio n  

(S a u n d e rs  e t  a l . ,  1 9 8 4 a , b ) . T h ese f e a t u r e s  s h o u ld  a ls o  map to  low  

a l t i t u d e s  and v o r t i c a l  f lo w s  may t h e r e f o r e  be a s s o c ia t e d  w it h  th e  

c o r r u g a t io n s  i n  F ig u r e  8 . 1 0 ( b ) .  (s e e  a ls o  Southw ood, 1 9 8 4 ).

The e f f e c t s  o f  FTEs i n  th e  io n o s p h e re  can be s t u d ie d  i n  a number 

o f  p o s s i b l e  w ays. FTEs a f f e c t  d a y s id e  h i g h - l a t i t u d e  FACs and io n o s ­

p h e r ic  c u r r e n t s .  These i n  t u r n  p ro d u c e  m a g n e tic  s ig n a t u r e s  w h ic h  can  

be d e t e c t e d  by g ro u nd  m agnetom eter s t a t i o n s .  FTEs a ls o  a f f e c t  

io n o s p h e r ic  e l e c t r i c  f i e l d s  and c o n v e c t io n  p a t t e r n s .  The STARE and 

EISCAT r a d a r  s y s te m s , f o r  ex a m p le, can be u se d  to  s t u d y  p la sm a  c o n v e c t io n  

p a t t e r n s  i n  th e  h i g h - l a t i t u d e  io n o s p h e re .  In  f a c t ,  Van Eyken e t  a l .  

(1 9 8 4 ) h ave a lr e a d y  d e s c r ib e d  an io n o s p h e r ic  f lo w  s ig n a t u r e  c l o s e  to  th e
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F ig .  7 . 1 0 .  D a y s id e  N o r t h e rn  H e m isp h e re  h i g h - l a t i t u d e  
f lo w s  f o r  ( a )  s t e a d y  r e c o n n e c t io n ,  and (b )  i m p u l s iv e ,  
F T E - l i k e  r e c o n n e c t io n  f o r  p o s i t i v e  IMF By (C o w le y , 1 9 8 4 ).
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e s t im a t e d  l o c a t io n  o f  th e  p o l a r  cap b o u n d a ry  w h ich  t h e y  s u g g e s t  may be 

a t t r i b u t e d  to  an FTE. C u r r e n t ly ,  s o l a r  w in d  d a ta  fro m  th e  AMPTE 

m is s io n  a re  b e in g  com bined w it h  EISCA T d a ta  to  s t u d y  t h e  re s p o n s e  o f  

th e  io n o s p h e re  to  th e  IMF and a ls o  to  i d e n t i f y  p o s s i b l e  FTE s ig n a t u r e s  

i n  th e  p o l a r  cap r e g io n  (P . R. S m ith , p e r s o n a l c o m m u n ica tio n , 1 9 8 4 ).  

L o w - a lt it u d e  p a r t i c l e  d i s t r i b u t i o n s  ca n  a ls o  be u se d  to  s tu d y  FT E s.

I t  h a s ,  f o r  ex a m p le, been s u g g e s t e d  t h a t  d i s p e r s i v e  io n  i n j e c t i o n  e v e n ts  

o b s e rv e d  i n  th e  p o l a r  cu sp  r e g io n  and r e p o r t e d  by T o r b e r t  and C a r ls o n  

(1 9 7 6 ) a re  lo w - a l t i t u d e  m a n if e s t a t io n s  o f  FTEs ( R e i f f , 1 9 8 4 ). As a 

f u t u r e  p r o j e c t  i t  may be p o s s i b l e  t o  com bine d a ta  s e t s  fro m , s a y ,  IS E E  1 

and 2 and D ynam ics E x p lo r e r  (DE; se e  S eptem ber 1982 GRL i s s u e )  to  

o b s e rv e  FTE s ig n a t u r e s  s im u lt a n e o u s ly  a t  th e  m agnetopause and a t low  

a l t i t u d e s .  I t  s h o u ld  be n o te d , h o w e v e r, t h a t  su ch  c o m p a ra tiv e  s t u d ie s  

s h o u ld  ta k e  in t o  a c c o u n t  th e l im it e d  l o c a l  tim e e x t e n t  o f  F T E s ,w h ic h  

r e q u i r e s  an a c c u r a t e  p r o c e d u re  to  map m agnetopause o b s e r v a t io n s  down to  

c o n ju g a t e  r e g io n s  i n  th e  io n o s p h e re .

7 . 2 . 3  Q u a s i- s t e a d y  r e c o n n e c t io n

Im p o rt a n c e . Thus f a r ,  17 q u a s i- s t e a d y  r e c o n n e c t io n  e v e n ts  h ave been  

i d e n t i f i e d  on th e  b a s i s  o f  IS E E  1 and 2 m a g n e tic  f i e l d  and 3-D  F a s t  

P lasm a A n a ly s e r  m easurem ents made d u r in g  1 9 77 , 1978 and 1979 (C h a p t e r  5 ) .  

In  v ie w  o f  th e  la r g e  num ber o f  IS E E  m agnetopause c r o s s i n g s  d u r in g  t h i s  

p e r io d  ( e . g . ,  F ig u r e  4 . 1 )  t h i s  c o u ld  le a d  to  th e  im p r e s s io n  t h a t  su ch  

e v e n ts  a re  a r e l a t i v e l y  r a r e  o c c u r r e n c e ,  and h e n ce  t h a t  s t e a d y  

r e c o n n e c t io n  i s  o f  s m a ll s i g n i f i c a n c e  i n  m a g n e to s p h e ric  d y n a m ics.

H ow ever, t h e r e  a re  s e v e r a l  f a c t o r s  w h ich  make i t  more th a n  l i k e l y  t h a t  

t h i s  im p r e s s io n  i s  e r ro n e o u s .

S te a d y  r e c o n n e c t io n  p r o b a b ly  o c c u r s  a lo n g  a r e c o n n e c t io n  l i n e  o f  

l i m i t e d  l o n g i t u d i n a l  e x t e n t .  C o w ley (1 9 8 2 ) ,  f o r  ex a m p le , s u g g e s t s  t h a t  

s t e a d y  r e c o n n e c t io n  p r o b a b ly  o c c u r s  i n  a r e g io n  c e n t r e d  on l o c a l  noon  

w h ich  i s  o n ly  2 to  4 h o u rs  w ide i n  l o c a l  t im e . I f  t h i s  i s  th e  c a s e ,  

th e n  th e c h a n ce s  o f  d e t e c t in g  s t e a d y  r e c o n n e c t io n  s ig n a t u r e s  i n  th e  

IS E E  d a ta  a re  c o n s id e r a b ly  re d u c e d  b e c a u s e  o f  th e  l i m i t e d  number o f  

c r o s s i n g s  w it h in  t h i s  r e g io n .  A ls o ,  Paschmann (1 9 8 4 ) n o te s  t h a t  most 

c r o s s i n g s  o c c u r  to o  r a p i d l y  f o r  them to  be r e l i a b l y  i d e n t i f i e d  as e i t h e r  

t a n g e n t ia l  o r  r o t a t i o n a l  d i s c o n t i n u i t i e s .  3-D  p la sm a  d a ta  o f t e n  h ave  

a tim e  r e s o l u t i o n  as low as one d a ta  p o in t  e v e ry  48 s e c ,  and th e  

in s t r u m e n t  i s  not t r u l y  3-D  s in c e  i t  h a s a l im it e d  a c c e p t a n c e  a n g le
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5 5 °  o u t o f  th e  s p in  p la n e ;  s e e ,  e . g . ,  Sonnerup e t  a l .  ( 1 9 8 1 ) ) .

A c u r s o r y  s c a n  o f  2-D  p la sm a  d a ta  p l o t s  (s u c h  as F ig u r e  7 . 2 )  o f t e n  

r e v e a l s  b r i e f  o c c u r r e n c e s  o f  a c c e le r a t e d  p la sm a  f lo w s  a t  th e  m agneto­

p a u s e . T h ese a c c e le r a t e d  f lo w s  c o u ld  w e ll  r e p r e s e n t  a d d it io n a l  

o c c u r r e n c e  o f  r e c o n n e c t io n  e v e n t s  w h ich  ca n n o t be i d e n t i f i e d  as su ch  

b e c a u s e  o f  in s t r u m e n t a l l i m i t a t i o n s .  I t  s h o u ld  a ls o  b e t a k e n  in t o  

a c c o u n t  t h a t  th e  s e l e c t i o n  p r o c e d u re  f o r  th e  q u a s i - s t e a d y  r e c o n n e c t io n  

e v e n ts  i s  somewhat s t r i n g e n t .  O b s e r v a t io n s  a re  com pared w it h  a 2 -D ,  

t im e -in d e p e n d e n t  m odel w h ich  a ls o  assum es t h a t  th e  p la s m a  a c c e l e r a t i o n  

t a k e s  p la c e  l o c a l l y  (C h a p t e r  2 ) .  In  th e r e a l  s i t u a t i o n ,  3-D  and t im e -  

d ep en d en t e f f e c t s  a re  l i k e l y  t o  p la y  a s i g n i f i c a n t  r o l e ,  as th e  

o b s e r v a t io n s  o f  FTEs t e s t i f y .  In  v ie w  o f  th e  l i m i t a t i o n s  o f  th e  

t h e o r e t i c a l  m odel i t  i s  t h e r e f o r e  p e rh a p s  u n r e a l i s t i c  to  e x p e c t  

q u a n t i t a t i v e  agreem ent w it h  o b s e r v a t io n a l  d a ta  a l l  o f  th e  t im e , a lt h o u g h  

q u a l i t a t i v e l y  th e  r e c o n n e c t io n  s ig n a t u r e s  s h o u ld  s t i l l  re m a in  o b s e r v a b le .

I d e n t i f i c a t i o n  o f  r e c o n n e c t io n  s ig n a t u r e s  a t  th e  m agnetopause need  

n o t n e c e s s a r i l y  be b a se d  on th e  IS E E  3-D  p la sm a  d a t a . C o w ley e t  a l . 

(1 9 8 3 ) d is c u s s  th e  m a g n e tic  f i e l d  and p la sm a  b e h a v io u r  a t  th e  m agneto­

p a u se  a p p r o p r ia t e  to  v a r io u s  r e c o n n e c t io n  and d i f f u s i o n  m o d e ls. They  

n o te  t h a t  i n  th e  s u p e r - a l f v e n i c  m agn eto sh eath  r e g io n s  on th e  f la n k s  i t  

i s  d i f f i c u l t  to  d i s t i n g u i s h  b etw een r e c o n n e c t io n  and d i f f u s i o n  

s ig n a t u r e s  f o r  i n d i v i d u a l  c a s e  e v e n t s ,  a lth o u g h  s t a t i s t i c a l  s t u d ie s  may 

be a b le  to  s e p a r a t e  them. H ow ever, i n  th e  s u b - a l f v e n i c  r e g io n  open  

f i e l d  l i n e  t e n s io n  e f f e c t s  d o m in ate th e  p la sm a  b e h a v io u r  a t  t h e  m agneto­

p a u se  i n  r e c o n n e c t io n  m o d els. In  c e r t a i n  s i t u a t i o n s  ( i n  re s p o n s e  to  

IMF By) t h i s  ca n  le a d  to  r e v e r s a l s  i n  th e  n o r t h - s o u t h  a n d /o r  d aw n-dusk  

p la sm a  f lo w  com ponent a t th e  m agnetopause ( e . g . ,  F ig u r e s  3 .1 4  and 5 . 4 ) .  

The 2-D  p la sm a  d a t a ,  w h ich  h ave a h ig h e r  tim e r e s o l u t i o n  th a n  th e  3-D  

d a t a  ( a  f a c t o r  o f  4 ) ,  a re  a d eq u a te to  i d e n t i f y  th e  l a t t e r  ty p e  o f  

s ig n a t u r e  as i l l u s t r a t e d  i n  F ig u r e  7 . 1 1 .  T h is  f i g u r e  shows m a g n e tic  

f i e l d  and 2-D  p la sm a  d a ta  f o r  a 1 -h o u r  i n t e r v a l  d u r in g  an o u tb o un d  p a s s  

on 31 J u l y  1978. The f i e l d  i n  th e  m agn eto sh eath  i s  so u th w a rd  and 

d uskw ard  and IS E E  1 le a d s  IS E E  2 b y  ^  5 5 0  km a lo n g  th e  e s t im a t e d  b o u n d a ry  

norm al d i r e c t i o n .  The im p o rta n t  p o in t  to  n o te  i n  t h i s  f i g u r e  i s  t h a t  

th e  p la sm a  v e l o c i t y  i s  d uskw ard i n  th e  m agn eto sheath ( c o n s is t e n t  w it h  th e  

d uskw ard  s a t e l l i t e  l o c a t i o n ) ,  w h ile  i t  i s  enhanced and f lo w s  dawnward a t  

th e  m agnetopause ( e . g . ,  a t  2 0 :3 0  U T ). I n t e r e s t i n g l y ,  two s t a n d a rd  FTEs 

a ls o  o c c u r  d u r in g  th e  i n t e r v a l  shown. The dawnward m agnetopause flo w s
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F ig .  7 . 1 1 .  P la sm a  and f i e l d  d a t a  f o r  31 J u l y  1 9 78 .
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a re  c o n s is t e n t  w it h  IS E E  1 e n c o u n t e r in g  open f i e l d  l i n e s  n o rt h  o f  th e  

r e c o n n e c t io n  l i n e  ( F ig u r e  1 . 7 ) .  The f i e l d  t i l t  i n  th e  b o u n d a ry  la y e r  

r e g io n  i s  a ls o  c o n s is t e n t  w it h  t h i s  i n t e r p r e t a t i o n  (C o w ley  e t  a l . ,  1 9 8 3 ).  

Y e t, t h i s  p a s s  h a s n o t been in c lu d e d  i n  th e  l i s t  o f  q u a s i- s t e a d y  

r e c o n n e c t io n  e v e n t s .

F ig u r e  7 .1 1  shows t h a t  i t  i s  p o s s i b l e  to  e x te n d  th e l i s t  o f  

r e c o n n e c t io n  e v e n ts  u s in g  2-D p la sm a  d a t a , p r o v id e d  th e  i d e n t i f i c a t i o n  

p r o c e d u re  i s  r e la x e d  somewhat. An a lt o g e t h e r  d i f f e r e n t  p r o c e d u re  o f  

i d e n t i f y i n g  r e c o n n e c t io n  e v e n ts  h a s b een d e v e lo p e d  by Aggson e t  a l .

(1 9 8 3 ).  They u se  IS E E  1 e l e c t r i c  f i e l d  d a ta  (H ep p n e r e t  a l . ,  19 78 ) i n  

c o n ju n c t io n  w it h  p la sm a  flo w  m easurem ents from  th e  e le c t r o n  p la sm a  

in s t r u m e n t s  ( O g i l v i e  e t  a l . ,  19 78 ) to  i d e n t i f y  q u a n t i t a t i v e l y  m agneto­

p a u se  r o t a t i o n a l  d i s c o n t i n u i t i e s .  The e l e c t r i c  f i e l d  e x p e rim e n t  

p r o v id e s  d a ta  p o in t s  e v e r y  3 s e c ,  and t h i s  h ig h  r e s o l u t i o n  h a s le d  to  

th e  i d e n t i f i c a t i o n  o f  5 a d d it io n a l  in s t a n c e s  o f  r e c o n n e c t io n  e v e n ts  

(A ggson e t a l . , 19 8 3, 1 9 8 4 ). The l i s t  o f  r e c o n n e c t io n  e v e n ts  in  

T a b le  5 . 1  i s  t h e r e f o r e  f a r  from  e x h a u s t iv e .  A f i n a l  p o in t  w o rth  

n o t in g  i s  t h a t  th e  s e a r c h  f o r  r e c o n n e c t io n  e v e n ts  s h o u ld  n o t j u s t  be  

c o n f in e d  to  in s t a n c e s  o f  a c c e le r a t e d  p la sm a  flo w  a t  th e  m agnetopause.

In  c e r t a i n  s i t u a t i o n s  open f i e l d  l i n e  t e n s io n  e f f e c t s  o p p o s in g  th e  

a m b ien t m agn eto sheath p la sm a  f lo w  can le a d  to  p la sm a  f lo w  d e c e le r a t io n  

a t  th e  m agn etopause. Flow  d e c e le r a t io n  i n  f a c t  o c c u r s  d u r in g  the  

4 Decem ber 1977 q u a s i- s t e a d y  r e c o n n e c t io n  e v e n t (T a b le  5 . 1 )  and d u r in g  

th e p a s s  r e p o r t e d  b y Aggson e t a l .  (1 9 8 4 ).  We s h o u ld  t h e r e f o r e  c o n s id e r  

ch ang es i n  d i r e c t i o n  and m a g n itud e o f  th e p la sm a  v e l o c i t y  when lo o k in g  

f o r  r e c o n n e c t io n  s ig n a t u r e s  a t th e  m agnetopause.

E n e rg y  c o n v e r s io n . MHD m odels f o r  s t e a d y  r e c o n n e c t io n  c o n s id e r  b u lk  

a c c e l e r a t i o n  o f  m agn eto sheath p la sm a  ( i . e . ,  k i n e t i c  e n e rg y ) as th e m a jo r  

s in k  f o r  th e  e n e rg y  r e le a s e d  d u r in g  th e  r e c o n n e c t io n  p r o c e s s  ( e . g . ,  Levy  

e t  a l . ,  1 9 6 4 ). H ow ever, a c t u a l  o b s e r v a t io n s  i n d i c a t e  t h a t  th e  e l e c t r o ­

m a g n e tic  e n e rg y  r e le a s e d  d u r in g  r e c o n n e c t io n  can be d i s s i p a t e d  i n  

s e v e r a l  o t h e r  w ays. C o w ley (1 9 8 0 ) s u g g e s t s  t h a t  m a g n e to s p h e ric  io n s  

can som etim es ta k e  up a la r g e  f r a c t i o n  o f  th e  e n e rg y  (s e e  a ls o  C o w ley , 

1 9 8 2 ). H a e re n d e l e t a l .  (1 9 7 8 ) s u g g e s t  t h a t  f o r  an in t e r m i t t e n t  

r e c o n n e c t io n  p r o c e s s  th e  e n e rg y  may be q u i c k l y  expended th ro u g h  l o c a l  

h e a t in g ,  m ix in g  w it h  u n re c o n n e c t e d  p la s m a , e l e c t r o n i c  h e a t c o n d u c t io n  

and e x c i t a t i o n  o f  p la sm a  w a ve s. The r e s u l t s  from  R o d g ers e t  a l .  (1 9 8 4 ),  

who r e p o r t  GEOS 2 e l e c t r o n  d a ta  sh o w in g  p o s s i b l e  h e a t in g  o f  m agn eto sheath
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e le c t r o n s  i n  th e  b o u n d a ry  l a y e r ,  m ight h a v e  a b e a r in g  on t h i s  q u e s t io n  . 

F i n a l l y ,  th e  r e s u l t s  fro m  Paschmann e t a l .  (1 9 8 3 ) do i n  f a c t  show t h a t  

a s i g n i f i c a n t  f r a c t i o n  o f  p la sm a  e n e rg y  can a p p e a r as an in c r e a s e  i n  

th e rm a l e n e rg y , r a t h e r  th a n  j u s t  k i n e t i c  e n e rg y . I t  i s  im p o rta n t  to

in c r e a s e  o u r kno w ledge (e x p e r im e n t a l and t h e o r e t i c a l )  o f  th e  v a r io u s  

modes o f  r e c o n n e c t io n  e n e rg y  r e l e a s e ,  s in c e  i f  th e  e n e rg y  i s  d i s t r i b u t e d  

among many s i n k s ,  t h i s  c o u ld  le a d  to  d i f f i c u l t i e s  i n  d e t e c t in g  th e  

c o h e re n t  p la sm a  b u lk  f lo w s  i m p l i c i t  i n  most a tte m p ts  to  i d e n t i f y  

r e c o n n e c t io n  e v e n t s .

D i f f u s i o n  r e g i o n . As y e t  th e  d i f f u s i o n  r e g io n  h a s n o t b een p o s i t i v e l y  

i d e n t i f i e d  i n  th e  IS E E  d a ta . The s e a r c h  f o r  t h i s  r e g io n  s h o u ld  be  

i n t e n s i f i e d  s in c e  o b s e r v a t io n s  from  t h i s  r e g io n  can p o t e n t i a l l y  le a d  to  

a s i g n i f i c a n t  enhancem ent i n  o u r  kno w led g e o f  th e  r e c o n n e c t io n  p r o c e s s .

As m en tio n ed  i n  C h a p t e r 4 , a good s t a r t i n g  p o in t  i s  p r o v id e d  by th e  

o b s e r v a t io n s  o f  m ixed FTE s ig n a t u r e s  and th e  3 A u g u st 1978 outbound  

p a s s  ( F ig u r e  5 . 4 )  seems th e  i d e a l  c a n d id a t e  s in c e  i t  a ls o  c o n t a in s  a 

r e p o r t e d  q u a s i- s t e a d y  r e c o n n e c t io n  e v e n t. As Paschmann (1 9 8 2 ) s t a t e s ,  

a n o t h e r  l i k e l y  s ig n a t u r e  w h ic h  can be u se d  to  i d e n t i f y  th e  d i f f u s i o n  

r e g io n  i s  th e  p r e s e n c e  o f  p la sm a  w aves w it h  e x t re m e ly  la r g e  a m p lit u d e s .

E n e r g e t ic  p a r t i c l e  b e h a v io u r . S e v e r a l  p u b l i c a t i o n s  (r e v ie w e d  i n  

C h a p te rs  2 and 3) h a v e  shown t h a t  e n e r g e t ic  p a r t i c l e s  ca n  be s u c c e s s f u l l y  

u se d  to  t r a c e  th e  open f i e l d  l i n e  to p o lo g y  d u r in g  r e c o n n e c t io n  e v e n t s .  

Such s t u d ie s  need to  be e x te n d e d  to  in c lu d e  a l l  th e  q u a s i- s t e a d y  

r e c o n n e c t io n  e v e n ts  p u b lis h e d  so  f a r ,  and i d e a l l y  th e  g e n e r a l b e h a v io u r  

o f  m a g n e to s p h e ric  e n e r g e t ic  p a r t i c l e s  ( io n s  and e l e c t r o n s )  a t  th e  

m agnetopause needs to  be lo o k e d  a t  as w e l l .  S p e c i f i c  q u e s t io n s  i n  t h i s  

a re a  w h ich  need to  be lo o k e d  a t  in c lu d e  th e  f o l lo w in g :

-  What a re  th e  c o n d it io n s  w h ich  le a d  to  th e  r e f l e c t i o n  o f  m a g n e to s p h e ric  

e n e r g e t ic  io n s  o f f  th e  m agnetopause ( e . g . ,  d u r in g  q u a s i- s t e a d y  

r e c o n n e c t io n  e v e n ts  ( S c h o le r  and I p a v i c h ,  1983) and d u r in g  m agneto­

s p h e r ic  FTEs (D a ly  e t  a l . ,  1 9 8 4 ) )?

- What a re  th e  r e s u p p ly  m e c h a n ism (s) w h ich  le a d  to  o b s e r v a t io n s  o f  

e n e r g e t ic  io n  (and o c c a s i o n a l l y  e le c t r o n  (K o rth  e t  a l . ,  1 9 8 3 ))  s t re a m in g  

on open f i e l d  l i n e s ?

- What d e te rm in e s  th e  e n e r g e t ic  e l e c t r o n  b e h a v io u r  i n s i d e  FTE f l u x  tu b e s  

( e . g . ,  i s o t r o p i c  i n t e n s i t i e s ) ?

- To what e x t e n t  a re  th e  e n e r g e t ic  io n s  and e le c t r o n s  i n s i d e  FTEs 

m o d if ie d  by p la sm a  w aves?
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-  A re  p a n c a k e - l ik e  e l e c t r o n  d i s t r i b u t i o n s  g e n e r a l ly  i n d i c a t i v e  o f  

c lo s e d  f i e l d  l i n e s ,  o r  a re  th e  o b s e r v a t io n s  o f  t ra p p e d  e le c t r o n s  on 

open f i e l d  l i n e s  more p r e v a le n t  th a n  th e  one exam ple p u b lis h e d  so f a r  

(D a ly  and F r i t z ,  1 9 8 2 )?  

e t c .........

N o rth w ard  IM F. L o w - a lt it u d e  m easurem ents show t h a t  when th e  IMF i s  

s t r o n g l y  n o rth w a rd , v a r io u s  m a g n e to s p h e ric  phenomena s u c h  as p o l a r  cap  

c o n v e c t iv e  f lo w s  assum e a q u a l i t a t i v e l y  d i f f e r e n t  a s p e c t  ( s e e ,  e . g . ,  

re v ie w  by R e i f f ,  1 9 8 4 ). Many o f  t h e s e  o b s e r v a t io n s  ca n  be s u c c e s s f u l l y  

in t e r p r e t e d  i n  term s o f  r e c o n n e c t io n  i n  th e  h i g h - l a t i t u d e  t a i l  m agneto­

p a u se  r e g io n  ( F ig u r e  1 . 9 ) .  H ow ever, i n - s i t u  s ig n a t u r e s  o f  su c h  a 

r e c o n n e c t io n  p r o c e s s  h ave n o t y e t  b een i d e n t i f i e d .  The n a t u re  o f  th e  

o r b i t  p r o b a b ly  p r o h i b i t s  a s e a r c h  f o r  t h e s e  s ig n a t u r e s  w it h  th e  IS EE  

d a ta . O th e r s a t e l l i t e  d a ta  s e t s  w h ich  c o v e r  th e  h i g h - l a t i t u d e  r e g io n  

s h o u ld  t h e r e f o r e  be c a r e f u l l y  exam in ed . HEOS 2 d a ta  ca n  be u se d  f o r  

t h i s  p u rp o s e ,  a lth o u g h  i t  s h o u ld  be rem em bered t h a t  th e  p la sm a  

e x p e rim e n t has o n ly  l i m i t e d  c a p a b i l i t i e s  ( e . g . ,  R o se n b a u e r e t  a l . ,  1 9 7 5 ).  

H ow ever, m a g n e tic  f i e l d  d a ta  a t  a h ig h  t im e  r e s o l u t i o n  c o u ld  be u se d  to  

s e a r c h  f o r  F T E -ty p e  s ig n a t u r e s  r e s u l t i n g  from  an im p u ls iv e  n o rth w a rd  IMF 

r e c o n n e c t io n  p r o c e s s  i n  th e  h i g h - l a t i t u d e  t a i l  r e g io n .  As y e t  we know 

r e l a t i v e l y  l i t t l e  o f  th e  d yn am ics i n  th e  m agnetopause r e g io n  f o r  n o r t h ­

w ard IM F. I t  w o u ld , f o r  ex am p le, be im p o rta n t  to  know w h e th e r th e  

b o u n d a ry  la y e r  o b s e r v a t io n s  i n  F ig u r e s  7 . 1 ,  7 . 3  and 7 .4  r e s u l t  from  a 

d i f f u s i v e l y - d r i v e n  p r o c e s s  o r  w h e th e r th e y  r e s u l t  fro m  r e c o n n e c t io n  

t a i l w a r d  o f  th e  c u sp  r e g io n .

R e la t io n s h ip  w it h  F T E s . In  C h a p t e r  5 we d is c u s s e d  o b s e r v a t io n s  w h ich  

s u g g e s t  t h a t  q u a s i- s t e a d y  r e c o n n e c t io n  e v e n ts  and FTEs a re  c l o s e l y  

r e l a t e d .  H ow ever, i t  i s  n o t f u l l y  c l e a r  what t h i s  r e l a t i o n s h i p  i s .  On 

o c c a s io n  FTEs a re  o b s e rv e d  to  be embedded i n s i d e  th e  s t e a d y  r e c o n n e c t io n  

f lo w  r e g io n  c lo s e  to  th e  m agnetopause (S a u n d e rs , 19 8 3; F ig u r e  3 . 1 4 ) ,  and 

a ls o  th e  s a t e l l i t e  f u r t h e s t  away fro m  th e  m agnetopause som etim es se e s  

th e  most p ro m in e n t FTE BN s ig n a t u r e  (S a u n d e rs , 1983; F ig u r e s  5 . 2 ,  5 . 4 ) .  

T h ese o b s e r v a t io n s  s u g g e s t  t h a t  FTEs and s t e a d y  r e c o n n e c t io n  s ig n a t u r e s  

can o c c u r  s im u lt a n e o u s ly  and t h a t  FTEs r e s u l t  fro m  l o c a l i s e d  v a r i a t i o n s  

i n  th e  r a t e  o f  r e c o n n e c t io n .  F u l l  c l a r i f i c a t i o n  o f  t h i s  q u e s t io n  may 

be a c h ie v e d  th ro u g h  th e  im p le m e n ta tio n  o f  th e ISTP  p ro g ra m  (A p p e n d ix  A ) , 

w h ich  in c lu d e s  a f o u r - s a t e l l i t e  m is s io n  (CLUSTER) a b le  to  e x p lo r e  th e  

3-D  s t r u c t u r e  o f  th e  m agnetopause r e g io n .
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T h e o r y . F i n a l l y ,  to  ro u n d  o f f  t h i s  c h a p t e r ,  we s h o u ld  l i k e  to

e m p h a size  t h a t  a f u l l  u n d e r s t a n d in g  o f  th e  r e c o n n e c t io n  p r o c e s s ,  e . g . ,  

i t s  p r e c i s e  o n se t c o n d it io n s  and s u b se q u e n t tim e d e p e n d e n cy , w i l l  n o t  

be a c h ie v e d  w it h o u t  d e v e lo p m e n ts on th e  t h e o r e t i c a l  f r o n t .  S te a d y -  

s t a t e  r e c o n n e c t io n  m o d els p r o v id e  a v e r y  u s e f u l  d e s c r i p t i o n  and e x p la in  

much o f  th e  p h y s ic s .  T h e ir  p r e d i c t i o n  o f  r e c o n n e c t io n  as a l a r g e - s c a l e ,  

e x t e r n a l l y - d r i v e n  p r o c e s s  w h ich  i s  c o n t r o l l e d  by th e  so u th w a rd  IMF 

com ponent has been b o rn e  o u t to  some e x t e n t ,  b u t many p u z z l in g  

o b s e r v a t io n s  re m a in . F o r  ex am p le, d u r in g  one p a r t i c u l a r  in b o u n d  p a s s  

th ro u g h  th e  m agnetopause r e g io n  ( F ig u r e  3 . 1 4 ) ,  IS E E  o b s e rv e d  FTEs 

( R ijn b e e k  e t  a l . ,  1 9 8 2 ),  q u a s i- s t e a d y  r e c o n n e c t io n  (S o n n e ru p  e t  a l . ,  1981) 

and a t a n g e n t ia l  m agnetopause d i s c o n t i n u i t y  (P a p a m a s t o ra k is  e t  a l . ,  1 9 8 4 ).  

T h e re  w ere no o b v io u s  ch an g es i n  th e  e x t e r n a l  p la sm a  o r  f i e l d  p a ra m e te rs  

t o  e x p la in  th e s e  d i f f e r e n t  o b s e r v a t io n s  and th e  m a g n eto sh eath  f i e l d  was 

c o n s i s t e n t l y  s o u th w a rd . Such o b s e r v a t io n s  i n d ic a t e  t h a t  th e  r e c o n n e c t io n  

r a t e  a t  any g iv e n  p o in t  on th e  m agnetopause i s  v a r i a b l e  and a t h e o r e t i c a l  

u n d e r s t a n d in g  o f  th e  r o l e  w h ich  t im e -d e p e n d e n t and (3 - D )  s p a t i a l  e f f e c t s  

p la y  i n  th e  r e c o n n e c t io n  p r o c e s s  a t  th e  d a y s id e  m agnetopause i s  r e q u ir e d .

A s t a r t  i n  t h i s  d i r e c t i o n  has a lr e a d y  been made b y , e . g . ,  G re e n ly  and  

S o n n eru p  (1 9 8 1 ) and Q uest and C o r o n i t i  ( 1 9 8 1 ) ,  who em p h a size  th e  

im p o rta n c e  o f  th e  t e a r i n g  mode i n s t a b i l i t y  i n  s e t t i n g  up th e  r e c o n n e c t io n  

t o p o lo g y  and s u g g e s t  i t  as a p o s s i b l e  e x p la n a t io n  f o r  th e  p a t c h y  n a t u re  

o f  d a y s id e  r e c o n n e c t io n .

The E a r t h 's  m agnetopause r e g io n  p r o v id e s  an i d e a l  o p p o r t u n it y  to  

s t u d y  th e  r e c o n n e c t io n  p r o c e s s  i n - s i t u  and o b s e r v a t io n s  i n  t h i s  r e g io n  

can a c t  as in p u t  in f o r m a t io n  and a ls o  a means o f  t e s t i n g  t h e o r e t i c a l  

d e v e lo p m e n ts. Such d ev elo p m en ts may le a d  in  t u r n  to  a b e t t e r  u n d e r­

s t a n d in g  o f  th e  r e c o n n e c t io n  p r o c e s s  e ls e w h e r e ,  i n  la b o r a t o r y  f u s io n  

e x p e rim e n ts  and a s t r o p h y s i c a l  p la sm a s w h ich  a re  l e s s  ( o r  n o t )  a c c e s s i b l e  

t o  d e t a i l e d  i n - s i t u  i n v e s t i g a t i o n s  (H ones (1 9 8 4 ) p r o v id e s  an u p - t o - d a t e  

re v ie w  on r e c o n n e c t io n  t h e o ry  and o b s e r v a t io n  i n  most o f  i t s  a s p e c t s ) .
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APPENDIX A

SATELLITE MISSIONS

H ere we b r i e f l y  d e s c r ib e  a s e l e c t i o n  o f  o u t e r  m a g n eto sp h ere  

s a t e l l i t e  m is s io n s  w h ich  h ave p la y e d ,  are" p la y in g  o r  a re  l i k e l y  to  

p la y  a m a jo r r o l e  i n  e l u c i d a t i n g  th e  s u b je c t  c o n t a in e d  i n  t h i s  t h e s i s ,  

s p e c i f i c a l l y  th e n a t u r e  o f  th e  s o l a r  w in d -m a g n e to sp h e re  i n t e r a c t i o n  a t  

th e  E a r t h ’ s m agn eto p au se.

A . 1 The HEPS 2 s a t e l l i t e  (3 1  J a n u a r y  1 9 7 2 -2  A u g u st 19 74 )

HEOS ( H ig h ly  E c c e n t r i c  O r b it in g  S a t e l l i t e )  2 was la u n c h e d  in t o  a 

h i g h l y  e c c e n t r i c  p o l a r  o r b i t ,  w it h  an o r b i t a l  p e r io d  o f  ^  5 . 2  d a ys and  

an apogee s i t u a t e d  a lm o st d i r e c t l y  above th e  N o rth  P o le  i n  th e  s o l a r  

w in d , a. 40 Rg away from  th e  E a rt h  ( F ig u r e  A . l ) .  The u n iq u e  n a t u re  o f  

i t s  o r b i t  a llo w e d  HEOS 2 to  e x p lo r e  th e  p r e v i o u s l y  unknown d is t a n t  

p o l a r  m a g n eto sp h ere  r e g io n  and i t s  b o u n d a r ie s .  M a jo r  s u c c e s s e s  o f  th e  

m is s io n  in c lu d e  th e  d is c o v e r y  o f  th e  p la sm a  m a n tle  and e n t r y  l a y e r  

r e g io n s  (s e e  C h a p t e r 2 ) ,  and th e  f i r s t  o b s e r v a t io n a l  i d e n t i f i c a t i o n  o f  

im p u ls iv e  r e c o n n e c t io n  s ig n a t u r e s  (C h a p t e r  6) .  The HEOS 2 s a t e l l i t e  

was e q u ip p e d  w it h  an a r r a y  o f  7 e x p e r im e n t s .  A b r i e f  d e s c r i p t i o n  o f  

th e  in s t r u m e n t a t io n  i s  g iv e n  by Bahnsen (1 9 7 8 ).  F o r  o u r  p u rp o s e s  th e  

most im p o rt a n t  in s t r u m e n t s  a re  th e  m agnetom eter (H e d g e co ck , 1 9 7 5 ) and  

th e  p la sm a  in s t r u m e n t  ( e . g . ,  R o se n b a u e r e t a l . ,  1 9 7 5 ) .  F u r t h e r  

d e t a i l s  and r e f e r e n c e s  on HEOS 2 can be fo und  i n  th e  y e a r l y  r e p o r t s  by  

ESRO (now ESA) to  COSPAR ( p a r t i c u l a r l y  1973 and 1 9 7 4 ).

A . 2 The IS E E  m is s io n  (2 2  O c to b e r 1977 -  ?)

The IS E E  ( I n t e r n a t i o n a l  S u n -E a rt h  E x p lo r e r )  m is s io n  i s  a j o i n t  

p r o j e c t  betw een NASA and ESA and c o n s i s t s  o f  t h r e e  s a t e l l i t e s :  IS E E  1,

2 and 3. The d a ta  r e c e iv e d  from  th e  t h r e e  IS E E  s a t e l l i t e s  fo rm  a m a jo r  

p a r t  o f  th e  IMS (s e e  Southwood and R u s s e l l  (1 9 8 2 ) and R u s s e l l  and 

Southwood (1 9 8 2 ) f o r  d e t a i l s  a b o ut th e  aim s and a c h ie v e m e n ts  o f  th e  IM S ) .
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IS E E  1 and 2 w ere la u n c h e d  i n t o  an i d e n t i c a l  o r b i t  w it h  an i n c l i n a t i o n  

o f  3 0 ° ,  an o r b i t a l  p e r io d  o f  57  h o u rs  and an apogee 2 2 .6  Rg away from  

th e  E a rt h  ( F ig u r e  A . l ) .  Both s a t e l l i t e s  h a v e  c a r e f u l l y  m atched  

p a y lo a d s  and c i r c u l a t e  th ro u g h  th e  m a g n eto sp h ere a c o n t r o l l a b l e  

d is t a n c e  a p a r t .  The s a t e l l i t e  s e p a r a t io n  i s  v a r i e d  th ro u g h o u t th e  

m is s io n  and a t  t im e s h a s re a c h e d  a v a lu e  i n  e x c e s s  o f  1 Rg. The 

n a t u re  o f  th e  o r b i t ,  th e  u n iq u e  ( a t  th e  tim e  o f  la u n c h ) d u a l - s a t e l l i t e  

c a p a b i l i t y  and th e  h ig h  r e s o l u t i o n  o f  th e  in s t r u m e n t a t io n  make IS E E  1 

and 2 i d e a l l y  s u it e d  t o  s t u d y  and a n a ly s e  dynam ic m a g n e to s p h e ric  

p r o c e s s e s .  The s u c c e s s  s t o r y  o f  th e  m is s io n  in c lu d e s  th e  f i r s t  

c o n v in c in g  i n - s i t u  o b s e r v a t io n s  o f  s t e a d y  r e c o n n e c t io n  a t  th e  E a r t h ’ s 

d a y s id e  m agnetopause ( e . g . ,  S o nn eru p e t a l . ,  1 9 8 1 ).  A n o th e r m a jo r  

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

s ig n a t u r e s  r e l a t i n g  to  a more im p u ls iv e ,  h i t h e r t o  u n p r e d ic t e d  fo rm  o f  

r e c o n n e c t io n :  f l u x  t r a n s f e r  e v e n t s  ( R u s s e l l  and E l p h i c ,  1 9 7 8 ).

D e t a i l s  ab o ut th e  IS E E  in s t r u m e n t a t io n  ca n  be fo u n d  i n  O g i l v i e  e t  a l . 

(1 9 7 8 ) and f u r t h e r  r e f e r e n c e s  and p r o g r e s s  r e p o r t s  on th e  m is s io n  i t s e l f  

may be fo u n d  i n  th e  y e a r l y  ESA r e p o r t s  to  COSPAR.

A . 3 The GEOS 2 s a t e l l i t e  (1 4  J u l y  1978 - ?)

The GEOS 2 s a t e l l i t e  was la u n c h e d  by ESA i n t o  a g e o s t a t io n a r y  

o r b i t .  The n a t u re  o f  i t s  o r b i t  ( F ig u r e  A . 2) a l lo w s  GEOS 2 to  m o n ito r  

c o n d it io n s  i n  th e  m a g n e to s p h e ric  e q u a t o r ia l  p la n e  a t  a g e o c e n t r ic  

d is t a n c e  o f  a. 6.6  Rg. I t  i s  w e l l - s u i t e d  to  s t u d y  th e m agnetopause  

r e g io n  a t  tim e  o f  s t r o n g  s o l a r  w in d  c o m p re s sio n  and f l u x  e r o s io n .

D e t a i l s  ab o ut th e  GEOS m is s io n  can be fo u n d  i n  th e  ESA r e p o r t s  to  

COSPAR.

A . 4 The AMPTE m is s io n  (2 2  A u g u st 1984 -  ? )

AMPTE ( A c t iv e  M a g n e t o s p h e ric  P a r t i c l e  T r a c e r  E x p lo r e r )  i s  a j o i n t  

p r o j e c t  b etw een West Germ any, th e  U n ite d  S t a t e s  and th e  U n it e d  Kingdom  

and c o n s i s t s  o f  t h r e e  s a t e l l i t e s ,  one o f  w h ich  i s  lo c a t e d  p e rm a n e n tly  

i n s i d e  th e  m a g n eto sp h ere ( F ig u r e  A . 3 ) .  One o f  th e  aim s o f  th e  m is s io n  

i s  to  c o n t in u e  th e  ty p e  o f  i n v e s t i g a t i o n  i n i t i a t e d  by IS E E , w it h  th e  

IRM (Io n  R e le a s e  M o d u le) and th e  UKS (U n it e d  Kingdom  S u b s a t e l l i t e )  

p la y in g  r o l e s  s i m i l a r  to  th o s e  o f  IS EE 1 and 2 . The i n c l i n a t i o n  o f  

th e  IRM and UKS o r b i t  i s  s i m i l a r  to  t h a t  o f  IS E E  1 and 2 , b u t i t  seems 

l i k e l y  t h a t  th e  AMPTE m is s io n  w i l l  h e lp  to  e x te n d  th e  c o v e ra g e  o f  th e
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d a y s id e  m agnetopause b y p r o v i d in g  d a ta  from  r e g io n s  u n e x p lo re d  b y IS E E .

The c o m b in a tio n  o f  h ig h  tim e r e s o l u t i o n  m a g n e tic  f i e l d  (£  Vs s e c ) ,  io n ,  

e le c t r o n  and w aves in s t r u m e n t a t io n  on b o a rd  th e  UKS shows much p ro m is e  

o f  g i v in g  us f u r t h e r  i n s i g h t  in t o  phenomena s u c h  a s F T E s . F u r t h e r  

d e t a i l s  about th e  AMPTE m is s io n  may be o b t a in e d  by w r i t i n g  to  th e  

p r o j e c t  c o o r d in a t o r s  G. H a e re n d e l (Max P la n c k ,  West G erm an y),

S. M. K r im ig is  (J o h n s  H o p k in s U n i v e r s i t y ,  U .S .A .)  o r  D. A. B ry a n t  

(R u t h e r f o r d  A p p le t o n  L a b o ra t o r y ,  O x f o r d s h ir e ,  E n g la n d ).

A . 5 The ISTP  programme (1 9 9 0 s )

The ISTP  ( I n t e r n a t i o n a l  S o l a r - T e r r e s t r i a l  P h y s ic s )  programme 

c u r r e n t l y  c o n s is t s  o f  6 s p a c e c r a f t  m is s io n s  to  be la u n c h e d  i n  th e  

p e r i o d  1 9 8 9 -9 3 . The o v e r a l l  s t r a t e g y  o f  th e  IS TP  programme i s  to  s t u d y  

th e  i n t e r a c t i o n  o f  th e Sun w it h  th e  E a r t h 's  p la sm a  e n v iro n m e n t by  

m o n it o r in g  c o n d it io n s  on th e  Sun, th e  s o l a r  w in d , th e  o u t e r  m a g n e to sp h e re ,  

th e  in n e r  m a g n eto sp h ere  and th e  g e o t a i l  ( F ig u r e  A . 4 ) .  Two s a t e l l i t e  

m is s io n s  w h ich  a re  o f  p a r t i c u l a r  i n t e r e s t  a re  POLAR and CLUSTER, w h ic h  

aim  to  p r o v id e  th e  f i r s t  h ig h  r e s o l u t i o n  d a ta  fro m  th e  o u t e r  p o l a r  

m a g n eto sp h ere r e g io n .  CLUSTER, w h ic h  c o n s is t s  o f  a c l u s t e r  o f  4 

s a t e l l i t e s  w it h  c o n t r o l l a b l e  s e p a r a t io n s  (fro m  ^  100 km to  s e v e r a l  R g ) , 

p r o v id e s  th e  o p p o r t u n it y  to  s t u d y  m a g n e to s p h e ric  f e a t u r e s  i n  3-D  and  

w i l l  be p a r t i c u l a r l y  u s e f u l  i n  th e  s t u d y  o f  m a g n e tic  r e c o n n e c t io n  a t  

th e  d a y s id e  m agnetopause ( f o r  f u r t h e r  d e t a i l s  w r it e  to  N ASA).



Fig. A.4. The ISTP programme in action.
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APPENDIX B

COORDINATE SYSTExMS

H ere we b r i e f l y  d e s c r ib e  some o f  th e  c o o r d in a t e  sy ste m s w h ich  a re  

commonly u se d  i n  s t u d ie s  o f  th e  m agnetopause and a d ja c e n t  r e g io n s  (s e e  

a ls o  R u s s e l l ,  1 9 71 ; R u s s e l l  and E l p h i c ,  1 9 7 8 ).

B . 1 G e o c e n t r ic  S o la r  M a g n e t o s p h e ric  (GSM) c o o r d in a t e s

The GSM system  h a s i t s  X - a x is  p o in t in g  a lo n g  th e  l i n e  draw n from  

th e  c e n t r e  o f  th e  E a rt h  to  th e  Sun, and i s  p o s i t i v e  i n  th e  sunw ard  

s e n s e . The Z - a x is  i s  p e r p e n d ic u la r  to  X̂ , su c h  t h a t  th e  X -Z p la n e  

c o n t a in s  th e  E a r t h ’ s m a g n e tic  d ip o le  a x i s ,  and i s  p o s i t i v e  i n  th e  

n o rth w a rd  s e n s e . The Y - a x i s ,  w h ich  i s  p e r p e n d ic u la r  to  b o th  X_ and Z_, 

l i e s  i n  th e  m a g n e tic  e q u a t o r ia l  p la n e  and i s  p o s i t i v e  to w a rd s d usk  

( E a s t ) .

The GSM sy ste m  c o n f in e s  th e  E a r t h 's  d ip o le  a x is  m o tio n  to  a p la n e  

(t h e  X -Z  p la n e )  and i t  i s  one o f  th e  m ost commonly u se d  c o o r d in a t e  

sy ste m s to  d i s p l a y  m agnetopause and bow sh o ck  c r o s s i n g  l o c a t i o n s ,  and 

m a g n e tic  f i e l d  and p la sm a  f lo w  o b s e r v a t io n s  a t  and n e a r  th e  m agn etopause.

B . 2 G e o c e n t r ic  S o la r  E c l i p t i c  (GSE) c o o r d in a t e s

The GSE and GSM sy ste m s h a ve th e  X - a x is  i n  common, b u t d i f f e r  by a 

r o t a t i o n  a n g le  about t h i s  a x is  w h ich  v a r i e s  i n  t im e . The GSE X - a x is  

i s  d e f in e d  to  be p a r a l l e l  to  th e  e c l i p t i c  p o le .  The Y - a x i s ,  w h ich  i s
A  A

p e r p e n d ic u la r  to  b o th  X. and _Z, l i e s  i n  th e  e c l i p t i c  p la n e  and i s  p o s i t i v e  

to w a rd s d u s k .

The GSE system  i s  f r e q u e n t ly  u se d  to  d i s p l a y  s a t e l l i t e  t r a j e c t o r i e s  

and l o c a t i o n s .

B . 3 S o la r  M a g n e tic  (SM) c o o r d in a t e s

The SM sy ste m  h a s i t s  Y - a x is  i n  common w it h  th e  GSM sy ste m , b u t  

d i f f e r s  by a r o t a t io n  a n g le  a b o ut t h i s  a x i s .  The Z - a x is  i s  d e f in e d  to
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be p a r a l l e l  to  th e  E a r t h 's  m a g n e tic  d ip o le  a x i s ,  and i s  p o s i t i v e  

n o rt h w a rd s . The X - a x is  i s  p e r p e n d ic u la r  to  b o th  Y and Z_ and i s  

p o s i t i v e  i n  th e  sunw ard  s e n s e ,  a lth o u g h  i n  g e n e r a l i t  does n o t p o in t  

d i r e c t l y  a t  th e  Sun.

I n  th e  SM sy ste m  th e  s u b s o la r  ( s t a g n a t io n )  p o in t  i s  n o t g e n e r a l l y  

on th e  e q u a t o r ,  b u t moves a lo n g  th e  noon m e r id ia n  i n  t im e . H ow ever, 

i t  i s  b e t t e r  th a n  th e  GSM o r  GSE sy ste m s i n  o r d e r in g  d a t a  w h ich  a re  

s t r o n g ly  c o n t r o l l e d  by th e  E a r t h ’ s m a g n e tic  d ip o le  f i e l d  ( r a t h e r  th a n  

th e  s o l a r  w ind  f l o w ) .  F o r ex a m p le, i t  g iv e s  a b e t t e r  o r d e r in g  o f  th e  

lo c a t i o n  o f  th e  c u sp  r e g io n  th a n  does th e  GSM system  ( e . g . ,  H a e re n d e l  

e t  a l . ,  1 9 7 8 ).

B .4 B o un dary Norm al (LMN) c o o r d in a t e s

The GSM, GSE and SM sy ste m s a re  a l l  g lo b a l  c o o r d in a t e  s y s te m s ,  

i . e . ,  t h e y  h a v e  t h e i r  o r i g i n  c e n t r e d  on th e  E a r t h .  To p r o v id e  a 

b e t t e r  o r d e r in g  o f  m a g n e tic  f i e l d  d a ta  a t  th e  E a r t h 's  m agn eto p au se, 

R u s s e l l  and E l p h i c  (1 9 7 8 ) in t r o d u c e d  th e  b o u n d a ry  n o rm a l c o o r d in a t e  

sy ste m . T h is  system  i s  r e f e r e n c e d  to  th e  l o c a l  m agnetopause s u r f a c e  

and h a s t h r e e  m u t u a lly  o rt h o g o n a l com po nents. N_ i s  p e r p e n d ic u la r  to  

th e  b o u n d a ry  and i s  p o s i t i v e  a lo n g  th e  o u tw a rd  n o rm a l ( d i r e c t e d  away 

from  th e  E a r t h ) . p o in t s  a p p ro x im a t e ly  n o rth w a rd s  s u c h  t h a t  th e  L-N  

p la n e  c o n t a in s  th e  GSM Z - a x is .  F i n a l l y ,  M c o m p le te s  th e  r ig h t - h a n d e d  

t r i a d  and i s  p o s i t i v e  i n  th e  dawnward (w e stw a rd ) s e n s e .  F o r  a model 

m agnetopause s u r f a c e  (w h ic h  i s  s y m m e t ric a l about th e  e q u a t o r ia l  p l a n e ) ,

L̂ , M and N c o rre s p o n d  to  GSM Z_, -Y_ and X_, r e s p e c t i v e l y ,  a t  th e  s u b s o la r  

p o in t .

B .5  D e t e rm in a t io n  o f  th e  b o u n d a ry  n o rm a l, N

The b o u n d a ry  n o rm a l c o o r d in a t e  system  depends c r i t i c a l l y  on th e  

c o r r e c t  d e t e r m in a t io n  o f  N_. We s h a l l  t h e r e f o r e  d e s c r ib e  t h r e e  

d i f f e r e n t  m ethods w h ich  can be u se d  to  e s t im a t e  i t s  d i r e c t i o n .

M odel n o rm a l. From la r g e  d a t a  s e t s  o f  s a t e l l i t e  m agn etopause c r o s s i n g  

lo c a t io n s  a m odel m agnetopause s u r f a c e  can be c o n s t r u c t e d  w h ich  d e s c r ib e s  

th e a v e ra g e  shape and lo c a t i o n  o f  th e  m agnetopause ( e . g . ,  F a i r f i e l d ,

1 9 71 ; F o rm isa n o  e t  a l . ,  1 9 7 9 ). The model m agnetopause s u r f a c e  can i n  

t u r n  be u se d  to  e s t im a t e  N f o r  i n d i v i d u a l  m agnetopause c r o s s i n g s .  The 

model no rm al i s  e a s y  to  c a l c u l a t e  i n  t h a t  i t  m e re ly  r e q u i r e s  a kno w ledge
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o f  th e  s a t e l l i t e  l o c a t io n  a t th e  m agnetopause. D is a d v a n t a g e s  o f  

u s in g  t h i s  method a re  t h a t  i t  t a k e s  no a c c o u n t o f  th e  v a r i a b i l i t y  o f  

th e m agn eto p au se, r e s u l t i n g ,  e . g . ,  from  s u r f a c e  w a ve s. Thus on 

i n d i v i d u a l  p a s s e s  th e  m agnetopause o f t e n  does n o t c o rr e s p o n d  to  i t s  

a v e ra g e  l o c a t io n  o r  sh a p e .

T a n g e n t ia l  d i s c o n t i n u i t y  (T P ) n o rm a l. I n  t h i s  method th e  d i r e c t i o n  o f  

N i s  e s t im a t e d  by t a k in g  th e  c r o s s - p r o d u c t  o f  two s u i t a b l y  c h o se n  

( i n d i v i d u a l  o r  a v e ra g e d ) m a g n e tic  f i e l d  v e c t o r s  on o p p o s it e  s id e s  o f  

th e  m agnetopause. The m ethod r e l i e s  on th e  a ss u m p tio n  t h a t  th e  no rm al 

f i e l d  com ponent th ro u g h  th e  m agnetopause i s  z e ro  ( %  = 0) ,  o r  a t  l e a s t  

v e r y  s m a ll com pared to  th e  t a n g e n t ia l  f i e l d  com ponents on o p p o s it e  

s id e s  o f  th e m agn eto p ause. D is a d v a n t a g e s  o f  th e  method a re  t h a t  th e  

m a g n e tic  f i e l d  a t  th e  m agnetopause i s  o f t e n  v a r i a b l e ,  so t h a t  i t  may no t  

be s t r a ig h t f o r w a r d  to  ch o o se th e  a p p r o p r ia t e  f i e l d  v e c t o r s .  A ls o ,  th e  

m agnetopause may a t  t im e s h ave a s u b s t a n t i a l  n o rm a l f i e l d  com ponent 

th ro u g h  i t .  F i n a l l y ,  th e  d e t e r m in a t io n  o f  N u s in g  t h i s  method becom es 

i n c r e a s i n g l y  p ro n e  to  e r r o r  as th e  m a g n e tic  f i e l d  v e c t o r s  on o p p o s it e  

s id e s  o f  th e  m agnetopause become more n e a r ly  a l ig n e d  ( e i t h e r  p a r a l l e l  o r  

a n t i p a r a l l e l ) .

Minimum V a r ia n c e  (MV) n o rm a l. F o r  a s t e a d y - s t a t e ,  1-D  m agnetopause (no  

v a r i a t i o n s  a lo n g  i t )  th e  c o n d it io n  V.B_ = 0 r e q u ir e s  t h a t  re m a in s  

c o n s t a n t  a c r o s s  th e  m agn eto p au se. In  p r a c t i c e  does n o t re m a in  

c o n s t a n t ,  b u t in s t e a d  th e  d i r e c t i o n  o f  th e  b o u n d a ry  n o rm a l may be 

e s t im a t e d  b y f i n d i n g  th e d i r e c t i o n  i n  w h ich  th e  m a g n e tic  f i e l d  a c r o s s  

th e  m agnetopause v a r i e s  l e a s t .  T h is  i s  done th ro u g h  a t e c h n iq u e  known 

as minimum v a r ia n c e  a n a l y s i s ,  w h ic h  was f i r s t  a p p l ie d  to  m agnetopause  

s t u d ie s  by S o nn eru p and C a h i l l  C 1 9 6 7 ). Minimum v a r ia n c e  a n a l y s i s  le a d s  

to  th e  d e t e r m in a t io n  o f  t h r e e  e ig e n v a lu e s  X j,  X2 , X3 and c o r r e s p o n d in g  

( u n i t )  e ig e n v e c t o r s  N ±, N^, N3 , w h ic h  l i e ,  r e s p e c t i v e l y ,  a lo n g  th e  

d i r e c t i o n s  o f  maximum, in t e r m e d ia t e  and minimum v a r ia n c e  o f  th e  m a g n e tic  

f i e l d .  The minimum v a r ia n c e  v e c t o r ,  N3 , ca n  u s u a l l y  be in t e r p r e t e d  as  

th e  d i r e c t i o n  o f  th e  b o u n d a ry  n o rm a l v e c t o r ,  N. As f o r  th e  t a n g e n t ia l  

d i s c o n t i n u i t y  m ethod, minimum v a r ia n c e  a n a l y s i s  r e l i e s  on th e  m easured  

m a g n e tic  f i e l d  v e c t o r s  a t th e  m agn eto p au se, b u t i t  h a s th e a d v a n ta g e  o f  

m aking no a ss u m p tio n s  about th e  p r e s e n c e  o r  a b se n c e  o f  a n o rm a l f i e l d  

com ponent, B^. Minimum v a r ia n c e  a n a l y s i s  (and th e  o t h e r  two m ethods 

as w e l l )  does n o t ta k e  in t o  a c c o u n t any s y s t e m a t ic  ch a n g es su c h  as  

tim e v a r i a t i o n s  o r  v a r i a t i o n s  i n  th e  m agnetopause a t t i t u d e  w h ich  may
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ta k e  p la c e  d u r in g  th e  tim e i n t e r v a l  o f  th e  m agnetopause c r o s s i n g .  A ls o ,  

i f  th e  r a t i o  o f  th e  two s m a lle s t  e ig e n v a lu e s  i s  s m a ll ( \ 2/ X 3 3 ) ,  i . e . ,

i f  th e  m agnetopause c u r r e n t  i s  u n i d i r e c t i o n a l  (J^ p  a lw a y s p e r p e n d ic u la r  

to  th e  d i f f e r e n c e  v e c t o r  B^sph -  5m sh^» th e n  N3 becom es u n r e l i a b l e  as  

an e s t im a t e  o f  N ( e . g . , S o n n e ru p , 19 76 ; Sonnerup and L e d le y ,  1 9 7 9 ).

E x a m p le . To i l l u s t r a t e  th e  above d is c u s s i o n ,  F ig u r e  B . 2 ( a )  shows a 

1 -h o u r  p l o t  o f  m a g n e tic  f i e l d  d a ta  and F ig u r e  B . 2 ( b )  shows th e  b e h a v io u r  

o f  th e  m agnetopause m a g n e tic  f i e l d  i n  hodogram  fo rm a t. To d e te rm in e  

th e  d i r e c t i o n  o f  th e  n o rm al to  th e  m agnetopause an i n t e r v a l  f o r  a n a l y s i s  

i s  ch o se n  i n  th e  m a g n e tic  f i e l d  d a ta  w h ich  i s  a p p ro x im a t e ly  c e n t r e d  on 

th e  m agnetopause l a y e r .  The i n t e r v a l  i s  ch o sen  s u c h  t h a t  i t  in c lu d e s  

th e  m agnetopause l a y e r ,  i . e . ,  th e  r e g io n  i n  w h ich  th e  f i e l d  m ag n itu d e  

a n d /o r  d i r e c t i o n  ch a n g e s , as w e l l  as a s h o r t  i n t e r v a l  (a  few m in u te s  o r  

l e s s )  o f  m agn eto sh eath  and m a g n e t o s p h e ric  f i e l d  d a ta  on e i t h e r  s id e  o f  

th e  m agnetopause l a y e r .  A g e n e r a l r u l e  f o r  c h o o s in g  th e  i n t e r v a l  i s  

t h a t  i t  s h o u ld  in c lu d e  a l l  th e  in f o r m a t io n  ab o ut th e  r o t a t io n  o f  th e  

f i e l d  a t  th e  m agnetopause i n  th e  s h o r t e s t  p o s s i b l e  t im e , in  o r d e r  to  

m in im is e  th e  r i s k  o f  any a t t it u d e  ch a n g es o f  th e  m agn eto p au se. I n  th e  

p r e s e n t  in s t a n c e  t h i s  i n t e r v a l  i s  c h o se n  to  be from  3 :1 0  to  3 :1 8  UT. 

D e t a i l s  c o n c e r n in g  t h i s  c r o s s i n g  ca n  be fo und  i n  T a b le  B . l .  The model 

m agnetopause n o rm a ls  a re  d e te rm in e d  u s in g  th e s a t e l l i t e  (IS E E  1) 

l o c a t io n  a t  th e  c e n t r e  o f  th e  a n a l y s i s  i n t e r v a l .  The t a n g e n t ia l  

d i s c o n t i n u i t y  n o rm a ls  a re  o b t a in e d  from  th e  c r o s s - p r o d u c t  o f  th e  

m a g n e tic  f i e l d  d a ta  p o in t s  a t  th e  s t a r t  and end o f  th e  i n t e r v a l ,  o r  by  

u s in g  an a v e ra g e  o f  th e  f i e l d  d e te rm in e d  o v e r  th e  f i r s t  and l a s t  ^ -m in  

o f  th e  i n t e r v a l .  D ata p o in t s  fro m  th e  w h ole o f  th e  i n t e r v a l  a re  u se d  

i n  th e  minimum v a r ia n c e  a n a l y s i s  to  d e te rm in e  th e  e ig e n v a lu e s  and 

c o r r e s p o n d in g  e ig e n v e c t o r s .  I n  F ig u r e  B . 2 ( b ) ,  B j , B2 and B3 

c o rre s p o n d  to  t h e  m a g n e tic  f i e l d  com ponents a lo n g  th e  d i r e c t i o n  o.f 

maximum, in t e r m e d ia t e  and minimum v a r ia n c e  ( N j , N2 , N_3 ) . The 

hodogram s i n  F ig u r e  B . 2 ( b )  t r a c e  o u t th e  t i p  o f  th e  f i e l d  v e c t o r s  

(a n c h o re d  a t th e  o r i g i n )  i n  th e  B2B i  and B3B1 p la n e s .

T a b le  B . 1 shows t h a t  i n  th e  p r e s e n t  exam ple t h e r e  i s  f a i r l y  good 

agreem ent betw een th e  d i f f e r e n t  m ethods o f  e s t im a t in g  N. The d a ta  i n  

F ig u r e  B . 2 ( a )  h a v e  been p lo t t e d  u s in g  th e  no rm al d e te rm in e d  b y minimum  

v a r ia n c e  a n a l y s i s ,  s in c e  t h i s  d i r e c t i o n  was fo und  to  o r d e r  th e  d a ta  b e s t  

o v e r  th e  1 - h o u r  i n t e r v a l .  T a b le  B . l  a ls o  g iv e s  some a d d it io n a l  

in f o r m a t io n  a b o u t th e  m a g n e tic  f i e l d  b e h a v io u r  i n  th e  m agnetopause l a y e r .



248

The s e n s e  o f  r o t a t i o n  r e f e r s  to  th e  s e n s e  o f  r o t a t i o n  o f  th e  t a n g e n t ia l  

f i e l d  com ponents (B j and B2 ) fro m  th e  m a g n e to s p h e ric  t o  th e m a g n eto sh eath  

f i e l d  o r i e n t a t i o n ,  as v ie w e d  fro m  th e  E a r t h .  I t  i s  d e te rm in e d  by u s in g  

e q u a t io n  (1 6 ) i n  Sonnerup and C a h i l l  (1 9 6 8 ).  E q u a t io n  (2 2 )  i n  th e  same 

p a p e r  h a s b een  u se d  to  d e te rm in e  t h a t  th e  r o t a t io n  a n g le  i s  l e s s  th a n  

2tt. A n a ly s is  o f  IS E E  m agnetopause c r o s s in g s  d u r in g  1979 shows t h a t  a

r o t a t i o n  a n g le  s m a l le r  th a n  2tt i s  a g e n e r a l f e a t u r e  o f  th e  m agn eto p au se, 

i n  agreem ent w it h  th e  r e s u l t s  o b t a in e d  by Berchem  and R u s s e l l  (1 9 8 2 b ;  

se e  a ls o  S w if t  and L ee, 1 9 8 3 ).  The q u a n t it y  s g iv e s  a m easure o f  th e  

v a r i a t i o n  o f  th e  f i e l d  m a g n itu d e a c r o s s  th e  m agnetopause and i s  z e ro  i f  

th e  f i e l d  s t r e n g t h  s t a y s  c o n s t a n t .  I t  i s  g iv e n  b y  th e  r a t i o  o f  th e  

s t a n d a rd  d e v ia t io n  o f  i n d i v i d u a l  m easurem ents o f  th e  f i e l d  m a g n itu d e  

d iv id e d  by th e  f i e l d  m a g n itud e a v e ra g e d  o v e r  th e  c r o s s i n g  and was u se d  

b y S o nn eru p and C a h i l l  (1 9 6 8 ) to  s e p a r a t e  c r o s s i n g s  i n t o  th o se  o f  th e  

r o t a t i o n a l  d i s c o n t i n u i t y  ty p e  and th o s e  o f  th e  t a n g e n t ia l  d i s c o n t i n u i t y  

ty p e . The e r r o r  e s t im a t e s  o f  N3 i n  th e  N1N3 and N2N3 p la n e s  and th e  

e r r o r  AB3 i n  th e  m a g n itud e o f  B3 a re  o b t a in e d  u s in g  th e  e r r o r  a n a l y s i s  

d is c u s s e d  i n  S o n n eru p (1 9 7 1 ; 1 9 76 ; n o te  t h a t  L e p p in g  and Behannon (1 9 8 0 )  

g iv e  an a l t e r n a t i v e ,  e m p i r i c a l l y  d e te rm in e d  fo rm u la  f o r  AB3) . The  

e r r o r  e s t im a t e s  a r e  lo w e r l i m i t s ,  s in c e  th e y  o n ly  a c c o u n t  f o r  random  

e r r o r s .  Note i n  th e  p r e s e n t  exam ple t h a t  th e p r e s e n c e  o f  a p ro m in e n t  

m agnetopause FTE a t  3 :1 2  UT le a d s  to  a s u b s t a n t i a l  v a r i a t i o n  i n  B3 and  

a c o r r e s p o n d in g ly  la r g e  e r r o r  e s t im a t e  AB3 .
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TABLE B . l

A n a ly s is  o f  11 A u g u st 1979 M agnetopause C r o s s in g

D ate

Time

MP L o c a t io n  

NFa

NFo

m™ 1

TD'

11 A u g u st 179 (IS E E  1)

3 :1 0  -  3 :1 8  UT 

1 1 .5 3  Re , 1401 LT, 1 3 .8  LAT 

(0 .9 0 4 ,  0 .3 8 3 ,  0 .1 8 8 )  

(0 .8 9 0 ,  0 .3 9 5 ,  0 .2 2 8 )

( 0 . 8 5 3 ,  0 .3 7 8 ,  0 .3 5 9 )  

(0 .8 6 1 ,  0 .3 3 9 ,  0 .3 7 9 )

Minimum V a r ia n c e  A n a ly s is

No. o f  d a ta  p o in t s  

A i,  NX

\ 2 ,  N_2

a 3 > n 3

S ense o f  r o t a t i o n  

R o t a t io n  a n g le  

S (=  a /B )

B3 ± a b 3

AN 3 . N i  

A N 3 . N 3

120

7 3 3 .0  ( - 0 . 4 3 0 ,  0 .2 1 6 ,  0 .8 7 6 )  

5 0 .5  ( 0 . 2 5 0 ,  - 0 . 9 0 4 ,  0 .3 4 6 )

5 . 7  (0 .8 6 7 ,  0 .3 6 8 ,  0 .3 3 5 )  

r ig h t - h a n d  

< 2tr

0 .0 8  (= 3 . 5 / 4 6 . 3 )

- 1.1 ±  6.6
0 . 1 °

2 .0 °
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DRY 223 1979 ISEE 1

F ig .  B .2 . D e t e r m in a t io n  o f  th e  m agn eto p au se n o rm a l.
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11 flUG 1979 I SEE 1

R 1 0 . 9 5  1 1 - 5 5  1 2 . 1 0

L T  1 3 5 4  1 4 0 1  1 4 0 7

L O T  1 5 . 3  1 3 . 8  1 2 . 3

Fig. B.2. Determination of the magnetopause normal.
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APPENDIX C

LIST IN G  OF MAGNETOPAUSE CROSSINGS

The co m pu ter p r i n t - o u t  g iv e s  a l i s t i n g  o f  th e  d a t e s ,  l o c a t i o n s ,  

t im e s  and v a r io u s  o t h e r  c h a r a c t e r i s t i c s  o f  IS E E  1 and 2 m agnetopause  

c r o s s i n g s  w h ich  w ere u se d  as p a r t  o f  th e  s u rv e y  d e s c r ib e d  i n  C h a p t e r  4. 

T h is  in f o r m a t io n  may be o f  u se  to  any s c i e n t i f i c  r e s e a r c h e r  w is h in g  to  

s t u d y  th e  p r o p e r t i e s  o f  f l u x  t r a n s f e r  e v e n t s .

Key:

M a g n eto sh e ath FTEstv 0= no FTEs
M a g n eto sp h ere FTEs ) 1= s t a n d a rd  FTEs 

2= r e v e r s e  FTEs 
3= i r r e g u l a r  FTEs 
4= m ixed FTEs

M a g n eto sh e ath Bl 7 1= n e g a t iv e
M a g n eto sh e ath

bm 2= p o s i t i v e  
3= in t e r m e d ia t e

S ig n  o f  and d e te rm in e d  im m e d ia te ly  a d ja c e n t  to  th e  c r o s s i n g  
o r  i n  th e  h a l f  h o u r i n t e r v a l  a d ja c e n t  t o  th e c r o s s i n g  (t h e  l a t t e r  
i s  in d ic a t e d  i n  p a r e n t h e s e s ) .
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* * * * *

*****

** ***

i:r li c a t i o n  u »  % A i ’- i ‘>77; i i u h t h - i i ; d a y * 3; t i m e - 7 . 8 2  u t ; i n b o u n d ; p - i i .6; l t - i b o b ; l a t - 2 6 . o 
N A C H l TL 'I HL A TH  F U f :  0; tt AGl'LT OSPHC PC F T E S *  0 „ , iri, M ,, ,,
S I G N  UF tlAGIIl T U S U L A T M  DL IS* J t 3);  - I G M  O F  M A u N E T O S H E A T H  « M I ̂  * 1 J 1)
D I P C C T i n i i  U F  I UPIIAL U S L D  F U P  P L O T T I N G  D A T A  IN G S M  * ( . 9 1 7 ; - . 2 3 4 ;  . 3 2 3 )

T I N E - 2 1 . 3 6  U T ;  O U T B O U N D }  » - l 4 . 0 ;  L T -  B 0 4 ;  L 4 T -  2 6 . 4r.P LI . CA TI U N IT * Y C A P - 1 ° 7 7 )  nt lN T M- li ;  D A Y -  3} T I N E - 2 1 . 3 6  U T ;  OL 
M A C ML T U S U t A T H  F T L S *  0} MAGI'.LTOS P M e P  C F T C S *  0 1IGI! nr N A G N L T U - I I L a T M  b l  IS* 2( 2 ) ;  S I G N  O F  M A G N E T . I S H F a t H  b .- 
DIPLCTILt'. U F  I UP.IIAL U S C D  F U P  P L O T T I N G  5aTA I N  GSrt* ( . 6 5 9 ; - . SI

B M  IS*  11 1) 
8 7 3 1  . 4 8 7 )D I P L C T I L t

f-r L U C AT i nr t i:* Y L A r - i « 7 7 ;  m u h t h - i i ; d a y - 5; t i m e - 1 7 . 1 4  u t  ; i n b o u n d  
-------  —  ............. MALa.Ll C I P H C P C  F T C S  * _ 0

R - l l . o )  L T - 1 1 3 6 ;
• * is. u  t.

D I P C C T i n M  U F  M1P.NAL U S I D  FOP. P L O T T I N G  D A T A  I N  G S M *  ( . 3 7 9 ; - .  008; . 4 6 9 )

L A T *  Z 6 t 4

HP L UC  ATIOI' IS* Y L / . r - 1 9 7 7;  Mf.’llTM-ll; D A Y *  6J T I M E *  5 . 8 0  IJT; IJIJTB.J'JND; R - 1 2 . 7 ;  L T *  3 0 1 ;  L A T -  4 0 . 4  
MAGItl TOf IICATH T T E 1 * 1} N A G U I  1 OS P H C P  E F T E S  * 1 „ T .. ,, ,,
5 1 0 1  J F  NACftl T U r i lL A T H  OL IS* 1( 1); S I G N  O F  M A G N t T O S H F A T H  PIM Is* 1 1)
Dll L C T I P M  OF C U P f  AL U S C D  F U P  P L O T T I N G  D A T A  IN G S M  * I . 7 0 7 } - . 1 7 0 ;  . 6 8 7 )
N »  L U C A T I U N  IS* Y L A r - 1 9 7 7 ;  MUI T H - l l J  D A Y *  8J T I D E -  2 . 5 0  U T } I N B O U N D ;  R - 1 1 . 3 !  L T - 1 1 2 2 )  L A T *  2 6 . 1  
f l A f M L T U r u E A T M  F T C E *  i» N A G I I L T O S P U l P C  F T C S *  1 .
ElCtt O F  NACIILT OSIILATM A l IS s 1( 1); S I G N  O F flA GN CT ;T S H|  AT H RI1( IS* It 1)
D i r t C T I U l ’ i!F I O R M A L  U S E D  F U P  P L O T T I N G  D A T A  I N G S M *  l . -350;-. 2 0 4 ;  . 2 3 4 )
NP L O C A T I O N  IS* Y I A P « 1 ° 7 7 ;  N I N T H - 11; D A Y -  o; T I r t E - 1 4 . 3 9  U T ;  O U T B O U N D ; R - 1 2 . 1 ;  L T -  7 4 5 ;  L A T -  4 0 . 4  
MACflL 1 U - •!EATH_FTf-..- ?_..0i. M A G N L T O S P H L P L  F T c S * ^ . . O ^ rt...... . „„ .IGI! OF M A G H t T O i H E  ATM B M IS*

7 . 4 ;  L T * 1 2 1 4 ;  L A T *  21, 

1)

D L ' C T I O U ^ U F ^ I * H P H A L L U S  CD F U P  PL fiTT!NC."d A T a " t’n " g S M  * ‘( 77l'} - 1 21 /; " • 5 9 9)
M P  L O C A T I O N  IS* Yt Af ■ 1 (,7 7  < M O N T H - l l J  D A Y * 1 0 ;  T I M E - 1 4 . s 9  U T 5 I N B O U N D ;  R-
s i ^ i L ? r ‘ M A c 7 n M s h i ! A i ) i l 6L i s V 1 L i r(” i V ; K C s i g m “ o f  m a g n e t o s h e a t h  b m  i s * it 
D i P i c T i r r  ur i.u r n ./i " s l d  f o f  p l u t t i n c  d a t a  i n  g s m * ( .93a; .066; . 2 6 1 )
”.r L O C / T I O N  II* YL AT * 1 9 7 7 »  M U N TI I- l l;  D A Y - 1 0 ;  T I M t - 2 2 . 4 0  U T ;  O U T B O U N D ;  R - 1 0 . 4 ;  L T -  7 0 0 ;  L A T *  2 3 . 7
h A c n n u ;  i i c a t h  r n f *  o; lur.itci o s p h l p e  f t c s * 3
S I G N  U F  NAr.rLTUf.llCATII BL IS* 1( 1); S I G N  O F  M A G N L T O S H L A T M  ISl 2( 2)
D I R E C T I O N  O F  I.URNAL U S L D  F U P  P L C T T I N G  D A T A  IN G S 1 * t . 6 0 3 ; - . 6 6 8 ;  . 2 9 5 )
MP L O C A T I O N  II* Y L A P  * 1 ° 7 7 ; M U N I H - l l ;  D A Y - 1 2 ;  T I D E - 2 1 . 33 U T ) I N B O U N D )  R - 1 1 . 2 I  L T - 1 0 5 0 ;  L A T -  2 4 . 2  
U.ACl C T U 5 I I C A T H  F T L S * 0; M A G N L 1 U S P H L P2 F T C S *  0
L I C M  OF M A U U L T O S H L A T M  &L IS* 2< 2 ) # S I G N  U F  M A G N L T U S H L A T M  B D  IS* 11 1)
D I F L C T I C N  U F I U P M A L  U - C D  F O P  P I O T T I N C  D A T A  I N  G S M *  I . 9 4 8 ; - . 1 4 3 ;  . 2 8 4 )

I N B O U N D ;  R •
BM IS* 1( 
1 4 3 )  . 2 3 4 1

9 . 4  ; 
1)

L T - 1 1 1 1 )  L A T *  2 3 . 1U P  L O C A T I O N  IT* Y L A F - 1 « 7 7 ;  M11 KTH -1 1;  D A Y - 1 2 ;  T I U E - 2 2 . 5 7  U T ; 
iU . C H L T U S  H E A T H  F T L S *  li n A G I I L T n s r H L F  i P I C S *  1 „ , „
S I G N  C F N A G f u T U l H l A T M  ftL II* 1( 1 ) ; S I G N  O F  M A G N E T J S H E A T W  
n i F ^ c t i i u l  o f  ; n^M/.L u s l d  f u p  p l o t t i n g  d a t a  i n  g s d * ( . « 4 a ; - .
DP L O C A T I O N  II: Y L A P - 1 9 7 7 ;  MOI I TM -l l ; D A Y - 1 3 ;  T I M E -  8 . 3 2  U T ; O U T B O U N D ;  R - l l . O l  L T -  7 1 0 ;  L A T -  4 5 . 3  
NALIIl T U I U u A T H  T T l ;* I) MAGI L T C i r H L F C  F T L S *  3
s i n i  tip liAGficiuim C a t i i  b l  i i i  iT l); s i g n  o f  m a g n e t o s h e a t h  o m  i s * 11 u
D I P l f T i n ;  i iT MJF.M7L U S L D  FOf P L 0 T 1 I N G  D A T A  IN G S D  * < . 6 6 1 ; - . 5 i « ;  . 5 2 2 )
D r  LL'CATinii II* Y L A f - l * » 7 7 ;  M U N l M - l i ;  D A Y - 1 5 ;  T I N E -  h . 2 7  U T ; I N B O U N D ; R - 1 1 . 8 ;  L T - 1 1 0 6 ;  L A T -  2 9 . 2  
NAIUILTMI IlCAT'l TTI I * us M A G U L l U S  P H L P u  F T E T  * 0 „ ,
S I G N  U F  I'AGr.t T U S M L A T M  BL IS: C; S I C N  OF U A G N - T O S H c  A T H  BM IS* 3 
D I P W CT IUII UF NIIPMAL U S L D  F U P  P L U T T I U G  D A T A  IN G S U  * ( . 9 4 5 ) - . 0 3 4 )  . 3 26)
-IP L O C A f l U M  I T : Y L A r - l « » 7 7 ;  M O N T M - 1 1 *  D A Y - 1 7 )  T I . 1 E - 1 5 . 2 5  U T )  I N B O U N O )  P - 1 2 . 3 )  L T - 1 0 4 6 1  L A T -  2 9 . 6  
,1ACtvrTUIUr.ATrl FTl 1 * UJ U Af oU.t TDSPH uRC F T C S  * U ^ ^ ,, ,,
L I C M  nr MAGt.C TU1IIL/.TH BL IS* L( 2);  S I G N  O F  riAGNtT J j H C A T H  B D IS* 31 3)
D I F C n i i r .  U F  f U P M A L  O S L O  F U P  P L O T T I N G  D A T A  IN G S D *  ( , D 8 3 ; - . 2 2 B ;  . 4 1 1 )
M P  L O C A T I O N  If* Y E A P - l l>77; i D U N T H - l l ) D A Y - I D ;  T I M E -  6 . 3 2  U T ; O U T B O U N D ;  R - 1 4 . 6 ;  L T -  7 2 2 ;  L A T -  4 1 . 3  
M A C M f  T O S M T A T H  T T E 1 *  li IIAGI’L T 01 PlltPC F T C S *  1
1IG! L F  U A C C l  TUlllC/iTM &L III 11 1); S I G N  UF M A G N t  T Oi  HC AT H B M  IS* 11 1)
OiriCTini'. 11F I.URMAt U S C D  F U P  P L O T T I N G  D A T A  I N G S D *  ( . & C 2 i - . 4-*9j . 6 6 1 )
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♦ # 4 **

*****
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MP LIICmOM IS: YUP'1977; MONTH* 11» PAY-20; TINE* 1.27 UT ; INBOUND; R-11.5] V CMlT LI IILA1 M FTlS: i» I'AGI LTOSPHCPL FTES: 4si dm uf i‘Ann rui iilatii bi i s : k .......
L T - 1 0 2 1 )  LAT-  24

D I P I C T I U I I  o r
____  1)} SIGN OF MAGNETOSHtAT H BN IS * 2< 2)i.JKMAL "SLD FUP PLOT7INC DATA IN GS.M: ( .920)-.311) .239)

i-P LOCATION IL : wLAr*1977; ITNTH-U; DAY-20; TIMk«14.30 UT; IJUTBJUNO; R-13.2; IT- 656; LAT- 3'
nacultu;hlaiii rrif: o; maguli nsPHtpe ftcs: oSIGN liF IIAGMI TilSIll'ATII 01 IS: L ( 2); SIGN OF NAGNETOSHEATH BN IS: 3< 1)DIPi.CTini OF NORMAL OSLO FUk PLOTTING DATA IN GSM: ( .°37;-.120; .329)
r.p me AT mil II * YLAP-1977; Mtmrn-ll; da y-2 2 : TINE-11.31 or J INBOUND) R-IO.7) LT-1058; LAT- 31- I'LTiiriicatm rur: i; iiagiilrnspmepl f ress iSIGN It F PAUil TfllllLATlI RL Ii : 3 ( 3); SIGN UF NAGHSTOSHc AT H BN IS: 2{ 2)DirrCTIGII OF I.UP.I1AL USED FIJP PLOTTING DATA IN GSM: ( .B39J-.241) .487)

MP LOCATION IS: VLAr»1977; MONTH-11; DAY-2>; TII1c-10.26 UT; INBOUND; R-12.3; LT- 952; LAT- 24. MAC ML 1 USIICATH HIS: 0} MAGI'.l TMSPHuPL FT = S: 0SIU OF NAGPl TOillLATIl I1L Ii * 21 2); SIGN L’P NAGMLT JSMEATH BM IS * 31 3)PIPECTU'i: OF I URMAL L'SLD FUP PLI1TTIMG DATA IN GSM: ( .339I-.428; .335)
-IP LOCATION 1 i : YLAP-1977; MNN1H-11; DAY-25; T 1ME-1U.13 UT ; OUTIOUNO; R-14.1; LT- 645 ; LAT- 44 P.Al mTUlHEMH FTt L.: 2*. f-.AGI UUSFHtre FT'cl: 2SIGN OF I1AGML TO! Ml ATII BL IS: ; (  2 ) ;  SIGM OF MAGNETOSHFATH BN IS: 2(  2)........... . ........ ....... ... T I N G ---  ‘ “D I PECT I L ’ II Of I.O) MAL I 'SLD TUP PL01T; DATA IN GSM: { 5 5 7 ; - . 6 0 0 ;  . 5 7 4 )  

INBOUND;  R- 9 . 6 ;  L T - 1 0 4 1 ;  LAT-  2 9 .r.p l o c a t i o n  m  YLAr . - i »>77;  m u n i m - i i ; d a y - 2 7 ;  t i n e -  7 . 0 5  u i ;
MAGNl.TtJfl lCATH r l L f :  01 MAGHLmS PIICRC FT E S : 0
SIOM OF MAGMCTOSIICa TM OL I S :  2 ( 2 ) ;  SIGN OF MAGNbT'JSHC AT H BN I S :  2(  2)
DIP.l CTIOI !  OF NORMAL USED FUP PLOTTI NG DATA I N  GSN: 1 . 9 2 9 ? - . 3 5 2 ?  . 4 3 5 )

,MP LOCATIUM I I  : Y LAP • 1 9 7 7 ;  I’O M T I I - l l ;  D A Y - 2 7 ;  T I N E - 2 0 . 44 UT I OUTBOUNOl R - 1 5 . 3 )  L T -  634  J L A T-  21  
MAI Ml TUI  MEATM FTLS:  2 ;  I IAGI ITTOSP' ICPE FTC5J 3
SI Cl l  JF MAGMLTUSI ILa '! ll BL I S :  3 ( 3 ) ;  SIGN L*F MAGML TO'. ’i r  ATM BN I S :  2 (  2 )
P I FELTI L ' M OF I L'PP.AL LSLD FIJP. PLOTTI NG DATA I N  GSM: { . 7 3 5 ; - . 6 0 3 ;  . 3 0 9 )

Ml’ LOCATION I S :  YC AP - 19 77 J  f l l J N T M - l l ;  D A Y - 2 ° ;  T I I 1 L - 1 4 . 5 6  U T ; INBOUND; R - 1 1 . 4 ;  L T - 1 0 0 2 ;  LA T-  2 9 .  
MAfni  TOSUEATI I  r T I  s:  l ;  MAGIILTOSPIIl PL FT ES : 1
SIGN LF MAGKt 1 O i l  HATH BL I I  * I t  I ) ;  SIGH OF MAGNET OSHE AT H BN I S :  21 2 )
D I PLCTI OM UF I-OPIIAL USED FIIR PLOTTING DATA I I I  GSM: ( . 7 6 5 1 - . 4 1 5 ;  . 4 3 9 )

MP LOCATION I I ”: Y L A P - 1 9 7 7 ;  M U M M - 1 1 ;  D AY - 3 0 ;  T I M E -  2 . 3 0  UT ; OUTBOUND; R - 1 1 . 5 ;  L T -  5 5 2 ;  LA T-  23 
I*. AC I LT0I I IEATI1 TTI  L *• 1 )  I* AM'L)  01 PHCF C FTL3 : U
SIGH OF HAGMLTOi IILATM BL I I  : I f  S IGH OF flAGNC TOSME ATH BM I S :  2
D I P l CTI UI I  UF N'JFMAL OSLO TUP- PLOTTI NG DATA I I I  GSN: ( . 3 3 4 ; - .  7 82 ;  . 5 2 6 )

I P  L UCAT MN U :  Y L A P - 1 9 7 7 ;  t ' U N H I - 1 2 ;  DAY*  2:  T I N E -  2 .1)9  u i  ; INOTJNO;  R -  9 . 1 ;  L 7 -  9 5 b ;  L A T-  2 1 .  
t*A< I ILTUf  MEAT H FT L i  s 1 )  NAGIIL1 OSPHtPC FTES:  1
SIGN UF MAGI'L TOSI ILATI I  ft L I S :  i (  1 ) ;  SIGH OF MAGMlTOSHEAlH BM I S :  2 (  2)
P I F I C T I O M  OF I IUrHAl  L'SLU TUP l LOT ( ING DATA IM GSM: ( . 9 6 5 ;  . 1 3 3 ?  . 2 2 6 )

MP LOCATIUM I S :  r L A P « m 7 7 ;  M N I U M - 1 2 ;  DAY-  2 ;  T I M t -  3 . 2 6  UT ;
NAGNLTOfl lEATH FTT; : 4J MAGNETOSPHEPL. FTTS: _ 4 INI30UN0J R-  6 . 3 )  L T - 1 0 3 6 )  L A T-  2 1 .

S l C I M l F  l lAGMuHl iMLATt l  &L I S :  11 1 ) ;  SIGN OF MAGMLTQSHCATH BM I S :  1C 1)
D I P L L T I t T  UF lOPt .AL Ui CU FOP PLOTTING DATA I N  GSN: I . 9 6 5 ;  . 1 3 3 ;  . 2 2 6 )

T I . 1 6 - 1 4 . 0 7  U T ;  OUTBOUND; R - 1 4 . 0 ;  LT -  6 0 6 ;  LATH*  l UCATION I S :  YLa P - I O - ’-y 
MAC lit TUI  NEATH FTI  S : . 0

OIJNTH-12;  DAY* 
PAGULTOSPHEF 2.FTtr 11 -  • u» i m 'j. il 1 i .j PHEP S FTLS:  0

i l U J  OF l,1AGIJLTCLI IL»TI I  B l  IS t I t  3 ) ;  SIGN OF MAGIICTQSHFATH BN I S :  1< 3 )  
D I P r C T I O l i  OF NIJPMAL I 'SLD FUP PLOTTING OATA I N  GSN: < . 4 7 5 1 - . 6 1 6 1  . 6 2 9 )

36

T I M E -  3 . 1 0  U T ; INBOUND; R - 1 3 . 2 ;  L T -  9 3 4 ;  LAT-  3 4 .

LT -  5 4 6 !  L A f -  16

•  15

MP LOC7 TI I1I I  I S :  Y U r « l o 7 7 ;  M ON T H - I Z ;  DAY-  4 /
pacnltc:heath r r  l i : 3 ; pagi'itcshierc ft  el * _
SIGH UF MAGNLTDLHLATI I  BL IS» i t  3 ) ;  S IGN OF MAGM6T0SHEATH BN I S :  2 t  2)
D I PE C T I U I !  UF I 'JPMAL OSLO FOP PL0T1 IMG DATA IM GSM: ( . B 3 0 J - . 2 8 0 , *  . 4 8 3 )

f i r  t UCATI UN I i :  Y L A r - 1 9 7 7 ;  M U M H - 1 2 ;  0 AY-  4 ;  T I M b - 2 2 . 2 1  OT ; OUTQOUNO; R - 1 2 . 9 )
MA( NLTUiHEATH T T L i  : 3 ;  I1AGNL1 OS PHtPE FTCS:  3
SICM OF NAGOLTUSI ILATH BL IS-: ZJ S IGN OP MAGNuTOSHkATH BM I S :  1
D I PECTI OM OF MURMAL USED TOR PLOTTING DATA I N  GSN: ( . 6 4 4 ; - . 5 1 5 ;  . 5 6 6 )

MP LOC AT I  l)M I S :  Y C A P - 1 " 7 7 ;  MHNTM-LZ;  0 AY-  4;  T I M E - 2 0 . 3 4  UT I OUTBOUND; 9 - 1 0 . 8 )  LT -  5 2 9 ;  LAT 
MAC MLTOSIIEATII  T T l S :  OJ i lAGI .CTnSPHtRC FTCS:  0
SIGN o r  MAGMIOSHLATH DL I S *  l ;  SIGH OF MM'NbTOSHEATH BM i s :  l
DIP.ECTICN OF NORMAL U- ED FUR PLOTTING DATA I N  GS.M: ( . 6 4 4 ; - . 5 1 5 ;  . 5 6 6 1

MP LOCATION I S :  Y U P r l o 7 7 ;  MUNTI1-12;  DAY-  t, ;  T I M E - 1 8 . 3 7  U T ; INBOUND)  R - 1 2 . 0 ;  L T -  9 0 6 )  LAT-  
MA( III TOSIICATH FTLS:  1 )  .MAGMLTOSPH.Pc FTES:  1
i l C M  UF M AGi mOM l EAT I I  BL IS « I t  3 ) ;  SIGN UF MAGNETOSHEATH ON I S :  1(  1)
D I P E C T i n i l  UF NORMAL USLD FIJP PLOTTING DATA I N  GSN: t . 7 8 4 ) - .  5 0 3 )  . 3 6 3 )

9 . 2 9  U T ;  OUTBOUND) R - 1 4 . 6 )  L T -  5 4 9 ;  LAT

SIGN OF’ MAGNlTnSMfcArH (I*

22.

MP UJCATIUN IS: YLAP-1977; MLM1TH-12; DAY- 7.' TIME I'At Cl Tui MEATH FTI S! O; DAGNUOS FHCP E FTEi : 0UGH .IF HAGMLTUS MEAT H BL I‘ « uj SIGH OF MAGNlTOSMt A FH (|B IS1 3PIPECTICT UF I OP MAL 1'SL‘D TOP PLOTTING DATA IM GSN: ( .712)-.335;
39

6 17 )

.IP LOCATION I S :  Y E A r - 1 9 7 7 ?  MNI .TH-12J DAY-  9 ;  T I M S -  5 . 0 4  UT ; INBOUND;  R - 1 0 . 
MAOrLTUfMEATH F T r i :  i ;  Ma GHLTUSPHt PE FTCS:  1
S I M ’ Or  MAf.llt TI1SHL7 Til BL I S :  l (  1 ) ;  SIGN UF MAGMCT OSUF AT H BM 15:  3< 3)  
D I P t C T I O M  UF HIIRMAL USED FIJP PI UTTlMG DATA IM GSM * t . 9 0 3 ; - . 1 0 2 ;  . 4 1 8 )

r r  LOCATION I S :  y L f P * 1 9 7 7 j  MONTH- 12;  O A Y- 1 1 ;  T I M E - 1 4 . 3 5  U T I  INBOUNOJ R - 1 0 . 4)  LT 
MAGOLTur i l lATH FTL?« OJ I' .AGOLTOSPHl RL FT ES : 1
1 ICM OF HAGMLTnSHLATI I  BL I S :  .;{ 3 ) J  SIGN OF HAGMbTOjHEAl  H BN 13:  3 1 3)--------------------  - -  - . *  -  — -  ----------------- -------  I N  '  ‘ '  -------

7 ;  LT -  9 2 0 ;  LAT-  2 6 .

9 1 6 )  LA T-  2 7 .

D I F E C T I t T  OF I OPllAL UsLD FOP PLOTT IHf .  DATA

MP LOCATION I S :  Y C AF - 1 U 77 ;  P | I N T M - i i ;  D A Y - l u ;  TIME  
I1AC MLTOSIILATH FTT i  s 1! PAG ML 1 IJS PH.P L FTLS:  3
i  IGM LT PAGNl TI ISI ILa TII BL I - :  l :  S i n .  "F MAGMLTOS' l tATM BP I S :  2
DI Pr CT I NP,  UF MMPMA1 USED TOP P i n T T l U G  DATA I "  GSMj t . > 7 0 ) - . 8 1 3 )  . 3 4 3 )

GSN: « . 8 7 0 ;  . 1 3 5 ;  . 4 7 4 )

3 . 4 3  UT;  OUTBOUND; R - 1 4 . 1 ;  LT -  5 26 ;  LAT< 23

PP l PC AT IOl l  I S :  Y L A F - 1 0 7 7 ;  MONTH-12;  D AY - 1 3 ;  T l . M E - 2 l . 3 4  UT ; IMB JUMP; ® - 1 3 , 2 ;  LT -  8 1 8 ;  L a T ■ 1 5 . 3  
MAL ! Ll  NS i lLAl  fl r  } I L : 2 ; t AGI LTUi  Pl l tPC FTCs : 2SIGN OF MACMETUI IILATII BL IS: It I); SIGH OF HAGMLTUSHF ATM 8N IS: 3t 3)DIP LCTILIII OF t OPMAL USI D FUP PLOTTING DATA IN G 3 H: ( .373;-.435; .220)
HP I OC AT ION IS: YrfP-l«i77j PUI«7M-!2 j DAr-14; TIN6-17.50 UT; OUTBOUND; R-17.9; LT- 547; LAY- 21. .IAGMI TUSHtATM FTIS: 0 ; f.AGNLTOSFHCPC FTCS: 3SION DF P.AGNLTnillLATH BL IS: j;  ̂IGM OF .MAGI bT JSHL A T H BM IS: 3DIFLCTIOli UF 1'IJPtlAL USCD FOP PLOTTING DATA IN GSN: ( . 426)-.843) .329)
MP LOCATIUM IS: YLAP-1977; MflNrH-12; DAY-lc; TIME- 6 . 19 U D  IMOOUND) R-13.4; LT- 824; LAT- 30.1 M/GNi TIN ilCATO FJLS: 1; P AGI.LIUS PHEP C Fits: 1SIi.l' UF I'AGNL TUSHLATII BL IS: 31 3); SIGN OF DAGNETO^MEATH BM IS: 1 ( l)Din-CTIGM OF I.JF.N/L OSLO FOP PLOTTING DATA IN GjM: t .670;-.539; .453)

DAY-16; TIMb-23,29 UT) OUTBOUND; R-15.1; LT- 519; LAT- 12. . 1 L FT Eli i 3__ Eon of m a g n lfusheath bn is: 3DIPLCTIOII OF I OP.MAL OSLO FOR PLOTTING DATA IN GV1: I .491:-.880: .1571
,1? LOCATION I U  r L » r - 1 9 7 7 j  Mf lNTH- 12;  
. T A O m U *  I 'LATH FTt  1 s U)  PAONETOS PHt t  
SIGN OF OAGI't TOSHLATH CL I S :  1 ;  SIC
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B i l l  L 4 T -  2 2 . <i

T I M E - 1 3 . 2 6  UT? OUTBOUND? R - 1 3 . 6 ?  L T -  530? LA T-  3 2 . 5

*1P LOCYTTUN IL : UAP-1°7/; MONTH-12? 0AY-10J TIME-16.2« UT ? I.̂ ROIINO I 9-12.8| LT-
MAGKtT'JSĤ ATH 2« 2.

DIFLCTILI1 {IF l JRNM 11CD FOR I’LOTlING DATA IN GSM? ( ,750?-.363, «3A6)
II’ LHC A l l  Of! I  r  * f t  . \ r ' - l «»77 l  m m u i  l l -  12 j D 4 Y - 1 o ? T I M E -  

i lAt ML TUL til A1I I  F T T L : o» f lAl i l !LTt lSPHLPu F I uS ?  u
* TC», CT I'AGI' i VOL MCA Til &L I I  * C; ' I C O  OF MAGNETOS 
M p C C T I . 1 I .  IF NORMAL I 'Sl 'D FLIP PI O T T I mG DATA IM GSM: . . . . . .  -------

HP IncAT inn IL? YUP-1977? MONTH-12? DAY-21? TIME- 1.08 UT? INBOUND ? R«
,̂ ,f.nLt5F1 PAr.r.LTrJnLAT)l°&L IS J* L 31*̂ F3 ich Of̂ W.C.NtTOSNfcAT'B Btt IS. 3 DIPiCTIM' .IF I L1P11AL USED FOP PL&TTING DATA IM GSM? ( .75P.?-.617? .212)

1 3 . 7 ?  LT -  7A7? LA T-  1 3 . 2

MP LOCATION 1 L * Y l A T - I ^ T ? /  m M T H - U ?  DAY- 21? TIME*  
!ii . rhiJTM«f i n V t i . r r t . f : u? ' HAMULI f)S PI Il PL FTE j ? 0

2 . 3 A  Ul ? INBOUND? 9 - 1 2 . 2 ?  LT -  802? L 4 T -  1 5 .  9

p k ^ [ v r j h r i T , . ° 6 L ' ; t v , iLL f., s ? v v p l W h e t ^ - a t h » « P . »< 2 >
D I P L C T i m :  IjF NORMAL OSLO FOR P L U l T I I I G  DATA IP US1? ( . 7 5 8 , - . 6 1 7 ,  . 2 1 2 )

NP LOCATION U !  Y L A F - 1 0 7 7 ?  l ’Q N l H - 1 2 ?  DAY- 21? T I M E - 1 9 . 66 Ul  I OUTBOUND? '

”ir!if ?:P2*!ABfilltF»?SiC*.TH16L I I  :’,,l l - SPSloh Û MAGMLTTSIIcATH bn IS * 1DIP 6CTIIT OF I L’RMAL ULCD FOP rifJTTIMr. DATA in GSM? ( .5A3;-.765? • 3A6)

■ 1 6 . A? L T -  610? L A T-  1 A . 1

MP m e  AT III? i i n  Y LAP - 1U7 7 ?  mi NTH- 12 ?  D A Y - 2 2 ;  T I 1 C - 1 2 . 2 3  UT? INBOUND; 9 - 1 1 , 5 ?  
MA( Nl TO! MCA Til r T l  L? 0? MANOL T OS PHeP Z FTuS? G ,  , ,
• t ,[• r?F ' A N i t i l U '  I L M I I  BL lb? 1? S ICI I  OF MAGNETHSHEATH 8M I S *  l  
M f L’CTIPT. i:(lftitAL L'SCD FLIP PLOTTING DATA I N  GSM? I  . 7 3 7 ? - . 5 6 9 ?  . 3 6 6 )

L T -  0 1 2 ;  LA T-  2 8 . 6

MP LOCATION 1 1 J Y U P - 1 0 7 7 ?  MONTH-1 2 ?  DAY-2A? T I M c -

*<? i‘ J,} l ~5 r  * I* a g n I’ t n L a t i i 1 5 l i n * L I  ? ' F s i  c h o f ^ magnf i T o s h e  a fh qm i s ? i
f>IPUCTILi l l  UF )-[)PPAL tISLO FCiP PLOTTING DATA I N  GSM? 1 . 3 7 6 ? - . 3 A 6 ?  . 3 7 0 )

5 . 3 1  UT? OUTBOUND? 9 - 1 6 . 7 ?  L T -  500? LAT-  2 3 . A

T I M E - 1 2 . 6 1  UT? OUTBOUND? 9 - 1 5 . 1 ?  L T -  A32? LA T-  2 9 , 2

.11* LLCA1I0 I *  U :  Y l . A P « l 0 7 7 ;  M U M N - 1 2 ?  D A Y - 2 5 :  T I M 2 - 2 2 . J 3  Ul  ? I N B I U N O ! 9 - 1 0 . 5 ?  
1 / f  NLT I HEATH FT! 1? I ?  MAONCT IIS PHLP C FTCS? 0 T .  ,

c I  n  i 0 F I . A 0 f! L T !) 5 N L A T11 BL IS * 1(  1 ) J  SIGN l)F MAGNL TJSNE ATM BM IS? , 3  3)
DIP L CTI l . l l  OF f’ l lPNAL OSLO ru» PLUTTINL.  DATA IN GSM i ( . 7  6 u ? - .  6 51? . 1 1 2 )

MP LOCATION i n  Y L A F - 1 Q 7 7 ;  M U M H - 1 2 1  DAY- 26? T I M E -  
MACtll TUniEATM F T f l ?  OS NAGHLTDSPMEF C FTES ? 0
1,1 Oil OF MAGNl Tl l l l l LATN DL IS? -  ?. SIGN OF MAGf.cTJS 
D I l t i C T I O l  i*F I.UP MAI L'UL'D FNP I’ l n l T I t l G  DATA IM GSM?

."P L r c A T i n r .  i r ?  Y r A f - i r?77;  n o n t n - i : ;  d a y - 2 g ? t i m e -  6 . 2 a u t ;
I1ACMLTU1 lit ATM TTL l ?  1? MAGI LTOS FHc.PL FTuS? 1 
J I t  I tiF l*AMi! T'OwNI ATII  flL I I ?  1 (  D ?  SIGN OF MAGMETU3HCATH 
P I PE C T I OM  OF I NP.HAL OSLO FLIF PLOT' l lNG DATA I N  GSM? ( . 6 5 6 ? - .

L T -  7 5 7 ;  LAT-  3 . 5

763? . A 2 3)

INBOUND? 9 - 1 2 . 3 ?  L T -

B'1 IS? 1 ( 1 )  .683? . j IG)

7A0 ? LA T-  2 A.A

’ IIJM I I ?  YLAP- 1U7 7 ?  IM1MTH-12;  DAY-3U? T I M E -  
HwATH r T L L ? 1? OAr . l l L l U i r i l CPC FT t L?  0 
MAG) l TDI . IMATH fiL IS? 2} S I NN OF MAGMLTOG

MP LOCATION
H f . I r l ^ i l A G r i - T i l i n r A T i r f t L  ' is? ' : ; " S l i * . n  OF ~MAGMLTOSHt ATH BM I S? ^  2 
D I V I  C T I I T .  OF I' .nri lAl I 'SLD FOP PLOTTING DATA IM Gj.M? ( • 6 N 8 ? —• 630? • 3 A 1 )

T I M E - 1 3 . 2 3  Ur? INBOUND? R - 1 A . 8 ?  L T -  708? L 4 T -  2 7 . 1

r*P LCCATIDN I i , :  Y LA P- 1 0 7 7?  I I L P T H - I Z ;  DAY- 31?  T I . 1 6 - 1 1 . a 2 UT ? OUTBOUND? 
MAOMCTOri lEATfl  FTLl  ? 0? llACf.Ct OSPULFC FTES ? 0
SI  Oil OF II AON L TUI  I I I  ATI I  GL IS? 1? SICM OF MAGNLTJSHE ATM BM IS? 2 ,
n i F E C T i n i l  i i r^MORMAL USCD FLR P L ^ T l l N G  DATA IM GSM? ( . 3 2 7 ? - . 8 1 7 ?  . A 7 5 )

3 . 1 0  UT? INBOUND|  9

9 - 1 8 . 2 ?  L T -  A3?;  LAT-  3 0 . 0

MP LOCATION I T  * Y L A P - 1 « 7 H ;  MllNI ?l- 1? DAY-  2? T I M E -  3 . 1 0  UT ? INROUN 
i lArt ' .LTl l f  HEATH FTIIS? 1? ItAGl.l  TOS PULPC FTCS? 0 _ .  ,
SIC 11 OIF HANI .LTI lsm ATH BL IL ? 1(  1 ) ?  S IG?I OF rtAGNtTOS’J -AT H OM IS? 
D I J E d l C I ’ Ur  OUPNAL L'LfD FOR PLOT TING DATA I N  GSM? ( , B 6 < r ? - . 4 o 2 ?  .

9 . H?  L T -  73B? LAT-  10oA

2 ( 2 ) 
20C)

MP LUCATIUN IS? Y L A P - i ‘»7il; MUNTH 
MACI I I .THI I ICA1I I  FTI  L ? 0? f . . ! , |!,.<l t ! r n 1, ? r n A r?  2 :  T I M 5 - 2 1 . 15 UT;  nUTBQUND? R - 1 8 . A ;  L T -  AA1 ; LAT r.AMiL i 01 P-Il F u FT*_S: t) « ) .6
t i n ? '  CF NAOULTOl I I La TII  BL I s ? : ? ; ION O F ' mAGNLTOSHC ATM BM IS?
DI PCCTI I I M OF OMPMAL OSLO r up PLOTTING DATA I I I  r~ -GS1 ? ( , A l? A ? - . 8 6 9 ?  . 0 2 5 )

RE. "iT^Y-AJS’tT.j.'pAiRE^FTEiJ T{" 6’ l3 a l  uf! *• 9-3i LT- “ i .  ss. j
oiFLCTIt.M*u"r ?i!iPllF.LTJlsSo H i  ..Ll J n i. i0 ,,o2f»',{S,,5H ?"?‘ ^ O ? ;-;H o ,J.3O7.

asrhr?S f , -fr̂ K-r*i,i>7<7.ilS.HEiS?PAtrJrc-1 uri "r.ouN.i E.U.M it- Li*i ur. 17.9
SFFBcVfnre^^iftriiLfii ass , e 6 n f . K s f . Bj5 " ir i? Mi ,:i,7S?-:?5,,3.i,6.
3 I r F i W 6 L Ii!!I!Tl1r f T L ( f p, , i ? 7 “ ft . ! ! i ! l ! fo,5 f / i i p i : * ? T r I i  r ‘ l , e - 1 - - 1<1 u r ' i t .  l a t .  1 0 . 0

H I-F c firR N i^ M f'lliE h  M  r t A n ,1 .*T*,
!I^F,FfliFS?AV^'Nt?b!p'}r"A * S !:t"l!Jpaip!:*?Tusi TJ ME‘ UTi imam01 LT" <’13! 2- ’
5 i r L C ? L l i Au ^ i m p ' l u T " : c l 5  Ful M tUL f c l f l  Vf, 3 3 , ? 3 ? o i 11

u , !  ImomD! R - 1 5 - l !  1 1  ■  s24! L ” -  ' • *
SICK OF I ' .AOft l  U5 I IL / T i l  HL IS? I ?  SIGN OF NAGNLTJSHt  ATH BM IS? 1 
D i r u C T I U N  o r  I.UP.HAL OSLO FUI> PLOTTING DATA i n  t,S.1? I .  A 9 3 ? - . 8 6 7 ?  . 0 7 1 )

TI . 1C-  1 . 3 5  UT? UUT8 3UNO? R - 1 B . A ?  L T -  ^15? LAT-  7 . 3

___ . . .  . . .  __ _____ . .'.g n i  t o s h *- a t o  bm i s : i
D I I l CTION OF I 'OPNAL USLD F'JP PLOTTING DAfA IN Gj M? ( , 2 ^ 0 ; —.<?*,7; .1<,0>

SCrhL,ffti,Vb,!L,Tfi!'; ii r̂ -p- i? ,','A*SI,,,L?-«spfiipgA?Tiii Tp 3- l2 -“  ur' lat. ,3 .5

?4P LLCATIUN I L?  r L A f - 1 0 7 ! - ;  MONT?)- 1? DAY-1G? 
MACMf 1 HI  NEAT N FT T 1 ? 1? i .AMNLr OS PHCP E FT ES ?
s i n ;  of  i ' a g i i c t u s h l / t i i  bl  i s ? i ; s i g n  uf  m .m

A36? L A T ■ 7 . 8SIr.hl,?8ISSiTi:fTrl:!'r-5V7n/i.aKH?p/i((.E*?;W! 'J"6-10-15 UT2 ^ taouno; c-ai.a; lt-

npFrCTint!At'lFL|‘:iifllALTrlLpn FLIP FlftTT!NF,lOATA,’:iri',GS.,I|H( A?279i- ! U 9 i1.1a9)
3KoibL,T5E.Vi-AT.Il-7T7h?,' ' i 7 7l’AA3fJl;?3CK?i£pBA?7l?i T” 2- 1" - 71 u,i lat. ,.o
TirlVTit:liASrSr!jisllfX'llsLri Hl< pLA,Ti5g,‘p2?*n«{5,,g5sjfHf " S tST-IS^t, l .c 72,

3Lr.hL?fi;T.1,KT.I,^ T n -fr - i? T'7,Al-:!'y?:js,-A'pBAF,T^s “»■  ■ »««■ «» •■ **•*>
SIF.t, OF CAI.IU TtJTML/.TIl  BL I S !  1 ;  SICI I  UF (1AB.4ETOS'tEA!H 8M I S :  1
O I F L C I i m i  UF l l tmi lAL USED ruF  P U l T T I t l C  BATA I I I  GAB. ( . L 5 7 ; - . S s S; . 0 « 7 1

LT -  658? LAT-  3 . 0
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HP Ll CAT ion IS :  r u r « l ‘!7 l, J I1UN1 H- 1 ; D / ,Y « i : ;  T IM C -2 2 .2 5  UT J INBOUND) R - 1 4 . 0 !  
MAGM TOSHtATH TTLLJ u; I1AGI.LT0S PHLPJ FT1: * :  0
H i l l  OF IIAU’LTMLIILAlll BL l £ :  1 J 5 I  ON IF  ItAt,»N‘L JOSH ; A T M 8** IS *  1
PIPtCTICI*. OF t'URI'.AL USED F&P P IU T T I i K. DATA I I !  uSMt 1 . 4 5 1 ; - . 8 6 7 ; - . 2 1 3 )
l‘ P LUC AT 1011 I C  * YLAF«1°7»J!  I ' l l l l l  M- i ;  D AY - 1 5 ;  T I M E -  3 . 3 9  U T ; OUTBOUND} 9 - 2 1 . 6

5 f - S A r . « £ T n ;  . e a t h  i s ,  1 ,
P I  P ICT Ki l l  OF IIURMAL I 'SLD PUP P LO l T l NG DATA I N  GSM« ( • 3 1 6 1 - • 9 4 9 1 0 . 0 0 0 )

I T  l U C AT I J I !  I L  s YL a P " 1 ° 7 1 ;  MONTH" i j  D A Y - l o ;  T I M S "  8 . 4 0  UT } INBOUND; 9 - 1 3 . 0 ;

J IM ^ /^ S IX G t V L T U th r M i^ & L  i f L l ¥ i 5 y V PCS l £ 5 ’' np  m a g h e t o s h e a i h  BM IS*  I I  3)
0 IP LCTIl ’ H or  I OPI'AL OSLO TOP PLOTTING DATA IN GSM: ( . 4 4 5 ; - . 8 1 5 )  .3 7 1 )
PI* LUC AT IUI1 15 : YLAP»1‘>7I*; ' T I . T I I *  1 ;  D A Y - 1 7 ;  T I 1 5 -  7 . 0 D  UT J OUTBOUND; 9 - 1 9 . 2  
MACHl TUI HfcATII F T L ; :  0 }  NAGOtl  01 PHCPC FTLS « 0
S I U I  (JF MAGUCTDSIILATM &L 15:  I:,* SICO JF MAGNLTOSHc ATH BM I S *  l
D I P L C T i r O  OF I'.URHAL USt l )  F u r  PL " T T 1151- DATA IN 6 5 1 :  ( . 2 6 9 ) - . 8 4 6 )  . 4 6 1 )

MP IP C /T I .U l  1 5:  YLAR»l°7 l: ;  OHIO )'■ 1;  DAY-18) T I M E - 1 3 . 46  UT) INBOUND; 9 - 1 6 . 8 )  
HAr.IILTU5HF.ATH rT L 5 :  l ;  IIAciU'TnSPHcFC FTF5 * 3 , . .
5 I U I  UF I1AF-IiL T 05 HL a TH DL 1 5 :  l ;  b IGM )F rIAGI UT I S ' k  M M  8H l b :  2
O i l  izCTIlJH l)F NORMAL U5LD FIJP PLOTTING DATA IM GS*l: { . 4 4 4 ! - . 8 5 5 ;  . 2 6 8 )

HP I LCATIUM *S« v u a r «1**7' * ;  MONTH- i ;  DAY-1<*;  T I M E - 2 3 . 36 U T ; OUTBOUND; 9 - 2 1 . 9  
.MAC MI 1 UIHFATH FT!  5:  0 ;  MAC-I'.U US PHLPt  FTCS:  1
' I (  I Ur  HAOMLl ULIILATM f)L 15: l ;  -IG.N OF HADfiLTOSHLATH BM IS :  1
D 'P IC T IU N  or I' iri.AI USED f j ; ri Ht t ] | |( .  DATA IN »-S I : ( . 3 ' - o ) - . 9 j S ; - . 0 2  L)

L T -  6131 LA T-  - . 5  

; L T -  4 2 3 ;  LAT-  1 0 . 5  

L T -  6 1 2 ;  LAT-  2 0 . B 

; L T -  3 4 9 )  LA T-  1 9 . 7  

L T -  5341 LA T-  I B . 2 

; L T -  4 1 1 ;  LAT-  1 . 3

HP LOG/ T I ON 1 5 :  Y L / . P * 1 « 7 m ; MUNI ) ' -  l ;  D AY - 2u ;  I I r t i - 1 9 . 2 3  IJI ; INBOUND; R - 1 9 . 2 ;  L T -  5 1 0 ;  LAT-  2 . 5  
H/ . tNL rULI ILAl H F T I 5 :  0 ) N AGI LT OL T HuP C FTu j  : 0
IICI. i'F MAGI C T 1)1 IL/.TlI BL 15: L! blCft OF 11/ r,|;£T JS.IEa T H  Brt IS: 1
D I F _ F T I . 1 U  O F  N.UPU/1 U 5 L 0  T U P  P L O T T I N G  D A T A  I N  Gb.1t ( . 3 0 H ; - . 9 1 7 ; - . 0 9 6 )
•“ ? LOC/.^IIJH 15: YL AT • in?!1; HL'IiTII- 1/ D A Y - 2 2 ;  I l i t -  5 . 0 0  U T ; O U T B J U N O ;  9 - 2 0 . 7 ;  L T -  347; L A T -  1 2 . 7  

ill TUI H c A T H  rTf f : 0: fur.t.E! 01 P H L P  C F T C S :  G
Siril or N.AC.Hl T O I H L A T H  BL IS: 2; S I G H  o f  H A G N c T'JSHI ath BM i s : 1
P I f L C T T O I  o r  I.IIRH/.L O S L O  F U P  P L t l Tl I NG  D A T A  IN G i l :  ( . 2 0 6 ; - . 9 3 1 ;  . 3 0 3  )
U P  L 0 C / 1 I 0 M  1 5 :  Y L A F - 1 0 7 1 ! ;  M O N!  H -  1; D A Y - 2 3 ;  T I M E -  4 . 0 9  UT J I N B O U N O ;  R - I 9 . 5 J  L T -  453 )  L A T -  7 . 2 
UAri'.t'TUI H E A T H  FT! 5:  l ;  M A G N E T O S  PULP C F T E S  : 1
LII r. P F  .“ AI.lii_TnbHi.ATH BL IS: b I G H  O F I1AGKCT J S H E A T M  B1 lb: l
D i r L C T I l N  O F  l.'JRMAl Hb C D F O P  F'LOTT I N C  D A T A  IN G S M :  t , 4 5 7 ; - .  3 3 5 ;  . 0 8 6 )
UP LOCATION 1 5 :  Y L / R - 1 9 7 H ;  MONTH- 1;  OA Y - 2 3 ;  T I M E -  8 . 2 9  U T ; INBOUNO;  
MAC 111 TOt l lb ATM FTl 5 : 1 ;  NAMILTPSPIKP' . .  FT ! i 5 » 1
M  F IJ j r  f . A G M n U J I IL/ .Ti l  BL 1 5:  l ;  I l C N  HF MAGNET OS HEATH 0M I S :  l
D i n l c T i n n  o f  i u i r h a l  i ' Sl*d fup. p l u t t I n c  d a t a  i n  g s h i  < . 4 7 4 » - . a i a ;  . 2 6 9 )

9 - 1 6 . 3 ;  L T -  5 16 !  L A T-  1 3 . 9

>1P LOCATIOI I  1 5 :  YLAP« 1 ° 7 U ; MONTH 
M / r i ' l  TUI  HtATH FJt  5 : 2 ;  MAG"'
S i n i  OF UAC.ru. TO. HLATH BL lb :
M/F I ' l  TUI  HtATH FJt  5 : 2 ;  MAGNL1 05 PHCPC FTE5
c * r r n  nc? r i K  i n  > r u  n i  r e  • SICM OF M

PLOTTINC DATA I N  GSMIo i f l c t i o i : h f  n o p i i / l o s l d  f u p

MP LOCATION 1 5 :  Y W . r - l « 7 P ;  I1UNTH-  7 ;  D a Y -  4;  T l M c - 2 1 . 5 2  U1 
M/OHLTUTI ICATl I  P T r i  : Zl MAGIIET 05 PHuPC FT£S : 0
5ICP. ilF HAG) LT05HLATH BL 15 :  l l  S IGN OF HAGNETOSHbATM (1M
O I P . C T i n i l  l)F I IHRU/.L H5LD F.JR P LOr T I N G DATA IN G S U  I . 3 9 0 ;

7; DAY- 2) T IME- 7 .2 0  UT ! OUTaOUNO; 9 - 1 9 . 5 ;  L T -1 8 3 9 ;  LAT- 3 .7  
HCPC FTE5: 2
SIGH OF 11/GIILTOSHEATM 8.1 IS :  l

‘  '  ( . 3 5 1 ;  . 9 3 6 1 - . 0 2 3 )

INBOUND; 9 - 1 6 . 2 ;  L T - 1 B 5 9 ;  LA T-  2 0 . 1

I i :  1
. 8 7 1 ;  . 2 9 0 )

L T - 1 6 0 1 ;  LAT-  1 1 . 9I1P LOCATION I I :  Y L A P - 1 0 7 D ;  MOUTH- 7 ;  DAY-  5}  T I M E - 1 4 . 3 2  UT J OUTBOUND) 9 - 1 1 . 7 1  
MAFMITUSHEATH F T L 5: l ;  MAGI'l TOSPHl PC F T 5 S : 0
ClCt l  OF HAGHCTObHL/TH BL I S :  1 (  1 ) ;  SIGH OF MAGNkTOiH6ATH B1 I S :  1 (  1)
D l f L C T i r i  OF CUPMAL 1'5 CD FOP PLOTTING DATA IM GS1:  t . 7 1 3 ;  . 5 / 4 ;  . 4 0 4 )

HP LOC/ TI OH 1 5:  Y C A P - l ' m i ;  H U I TH -  7)  OA^-  7;  T I M E -  7 . 0 2  U T ; INBJUNO; R - 1 6 . 3 ;  L T - 1 8 4 5 ;  LA T-  . 3  
i l / G I I t T U f  HEATH FTl 5:  0 )  Na GIIL 105 PHtP u FTCS : 0
j I fl> y r  I AGn l TU5HCATH BL I i  * 2 :  5 IGH OF HAGNETOb' lbATH BM i s :  3
D I F l CTIOI '  HF MOPIIAL L'SCD FOR PLOTTING DATA I N  GSM: ( . 4 7 7 J  . 3 7 6 ;  . 0 7 7 )

I1P LOCATION 1 5 :  YLAf  ■ l ° 7 l ‘.} MOHT| i-  7 ; p a y -  1} T I M S - 2 3 . 5 1  U T ; OUTBOUND)  
ii/.l I LT I ' 5 Hl A1 rt F T l 5 : l i  MAUI tTOSPHCRL FTE5 : 1
I I I . I I  OF HAGMLTOI HLATH BL I I :  I t  1 ) ;  S IGN OF MAGHETOSHb ATH BM I S :  i t
D I P r C T I O i :  HF I U P N / L  OSLO FOP I NOT T I NG DATA IN GSM: t . 9 3 9 ; .  2 0 U ; —. 1 9 9 )

9 - 1 1 . 7 ;

1)
L T - 1 5 3 8 ;  LAT-  2 6 . 9

MR LOCATIUI I  1 5 :  “ L» P - 10 7 1 : ;  MCNTH- 7} DAY-  9 ;  T l M c - 1 2 . 5 9  U T ; IHBJUND;  9 - 1 0 . 3 ;  L T - 1 B 2 0 ;  LAT-  - 3 . 1  
1AFIII T01 HCa TH FTL.  : 3 )  NAGlif TOS PHCPG FTES:  U
SIGN OF HAG| LTUSI ILa TI I  BL I S :  2 )  SIGN OF MAGHCTQSHcATH BM I S :  2
( ' l l  LC1 I  III! OF IIUPHAL I 'SLD FLP PLOTTING DATA IN G51:  ( . 4 0 3 ?  . 9 1 4 ; - . 0 3 7 )

MP Lt'CATICjH I S :  T I A P - L 9 7 H ;  MOUTH- 7 ;  0 AY-  9 ;  T I M E - 1 3 . 3 8  UT;  INBOUNOj R - 1 8 . 2 J  L T - 1 B 2 3 )  LA T-  - 2 . 2  
UAGHCTOSHEATil  TT l  I  : 0 ;  MAGNCTnS PHCP L FTES:  2
SICI !  OF MAW LTMiMLATH BL I S :  1 ;  5 I L N  OF MAGNi. n S ' l b A M  8,1 I S :  1
L ' i r C C T I d l i  DF t.ORNAl U5LD FOP PLOTTING 04TA IN GSM: t . 4 0 5 ;  . 9 1 4 ; - . 0 3 7 )

I1P LOCATION I S :  Y( A P - i ' ) / " ;  MONTH- 7 ;  DAY-  9 ;  T I M E - 1 5 . 20 l i t ; INBOUND; R - 1 7 . 1 ;  L T - 1 P 3 1 ;  LAT-  1 . 4  
ft Af HI TUI  MEATH FTl  5:  0 ;  KACOLI nSPHuP C F T t S  : 2
b i l l !  OF i 'ACIU TL’ I .HLAl l l  BL U :  1 )  5 I CM UF MAGNET UbMC ATM BM IS« l
D I P !  Cl  I f T  OF NUPIIAL OSL'D f Bp PLOTTl l l t .  DATA IN GS1« ( . 4 0 3 )  . 9 1 5 ?  . 0 1 4 )

MP LOCATION 1 5 :  Y U P - 1 0 7 K; MONTH- 7 ;  D A Y - 1 0 )  T I M E -  8 . 2 3  UT)  OUTBOUND} 9 - 1 0 . 9 ;  L T - 1 5 3 9 ;  LAT-  9 . 0  
M A l T L i r b l i r A T I I  FTt  5 :  US UAWiL TU5 PHEP C F TE5 : 0
I i r i !  OF MAtit'f T ( l i  111 A T H QL IS t 5 j  5 I t . f i  OF MAGI,CT IS Mb ATH BM I S *  1 
n I P L d I G I I  JF li'JF UAL OSLD FOP PLOTTING DATA I N  GSM: ( , 6 9 3 ;  . 5 4 3 ;  . 4 6 7 )

L T - 1 6 0 1 ; LAT-  5 . 5,“ P LOCATION 1 5 :  Y L A P - 1 9 7 0 ;  H n , r , l -  7 ;  0 AY - 1 G;  T 1 I 1 E - 1 0 . V 9  L'T) CUTBOUNO; R - 1 3 . 3 )
MACI'.LTOI HCATII FT!  5 : 2 ;  Ua i ,l i C U ’S PHCPC FTES t 2
S i t  I' OF HACMLTUSHI ATM BL I S :  I t  1 ) ;  SIGN OF MAGNE TObUb A X H BM I S :  I t  1 )
D I F C C T I U U  Or I OP UAL USuO FOR PLOTTING. DATA I I I  G b l :  t . 7 7 2 ;  . 6 0 3 ;  . 2 0 2 )

MP L O C / T i n n  I f :  Y l A P - 1 9 7 " ;  HUNTI I -  7 ;  D A Y - 1 2 J T I M E - 1 7 . 4 0  U D  OUTBOUND; 9 - 1 0 . 6 ;  L T - 1 5 2 1 J  LA T-  1 8 . 2  
M/M III TOSHtATH F T I S :  0 )  MAGf.LTOSPHtP5 FTES:  0
S i t  11 OF ITAC.I'L TM5I ILATI I  BL l b :  u ,* SIGH ‘JF MAGNCTOSMb ATH B1 I S :  1
DIPLCTIL' I !  t IF I I JP I . / L  MILD F!)P PLOT TING. DATA I N  GSM: ( . 7 0 4 ;  . 5 5 8 ;  . 2 5 2 )

UP I OC/ .T I OH I S :  Y C AP - 19 7N;  MONTH- 7;  D A Y - 1 2 ;  T I M E - 1 8 . 1 5  HT;  UUTBOUNO;  
“ /  CNLTrSl IkATH FTl  5 : 0 ;  fAGI-LTOSPl lCP 5 FTCS:  0
- I I I ;  OF liAGl l TGI  I ILATl l  BL I b t  St  3 ) ;  5 IGM OF MAGNET JSHF Al H 4,1 IS i I t
D I PLCT I OM (IF l l l lPIIAL t'SCD FOP PLOTTING DATA I I I  G,S1« ( . 7 8 4 ;  . 5 6 9 )  . 2 5 2 )

UP LOCATION I S :  Y L A F - 1 9 7 G ;  MtiNTI I -  f, D AY - 1 5 P  T I M E -  2 . 3 2  UT J OUTBOUND;  
UACf'Ll  0511b ATH F TL5:  0 ;  . AGI Ll  H l l ’ HLRE FT b l  '• G
S U M  OF I'AGI'L TOI H L A T11 BL I S :  2? 5 I W I  OF NAGNtTJSHb ATH 8^ I S :  2
D I l l C T i m *  OF NHRHAL OSLO FOR P l f lTT l NG DATA I N  GSM1 t . 8 1 1 ;  . 5 2 3 ;  . 2 62 )

9 - 1 1 . 3 )

1)
LT * 1 5 2 9 ;  LAT-  1 9 . 6

9 - 1 0 . 5 !  L T - 1 5 0 9 ;  LA T-  2 0 . 2
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n r  l o c a t i o n  i s :  y l a p - i <’7..i ; m o n t h -  7 ; d a y « 1 '»; t  
MAn i t T O f  HEATH F i l l :  15 MAMI Lr n*  P' lLPC FTES:
S I i ’ ll OF MAi'.t.l TUSI ILATM RL I S :  L; SIGH 'JF MAGM

NUN P I -_ 7 ; _D A Y - 1 . ' > ;  T I M E -  6 . 3 6  UT;  IHBTJ ND)  R - 1 5 . 2 )  L T - 1 9 0 9 )  L A T-  - 3 . 2  

Ml T  JSi l tATH PM I S :  2
OIF LOTION t i r ’ IIURH.AL USLD FHP PLOTTING DATA IH GSM: ( . 5 1 6 5  • 8 r>6}  . 0 1 4 )

.ir i nc at mu i f :  y i a p - i ^ g j  month* 7; d a y - I ’m t i m c - 2 3 . do u r j  uutbuunoj  r - 12.21 l t - i s o z j  l a t -  22.6
lU C I l L TU r i ' t ATH  FTL S : 0 ;  f U M  LT f lSr uLFL F T C f :  0 ,  ............................  „ ,  , ,
• k  ii ur h.a g n l t u s i i l a t i i  ol m  2t z ) ;  - s i g n  Of n a g n l t j j Hcatm n i  i s :  21 z )
P I I  L C T I C M O F S  UPHAl I S L D  FHP KLUT1 l A c  DATA ! f l  GSM: ( , 7 9 2 ; . 5 2 0 ;  . 3 1 9 )

IIP LUC AT I i l I I  I S «  v | . &r * l « « 7U i  II1JIJ1 <1* 7;  D A Y - 2 1 ;  T I M E - 1 2 . 3 7  U T ; INBOUND) R - 1 B . 9 J  L T - 1 7 4 0 )  LA T-  - 3 . 8

'’iS,"L ^ l ‘' ^ ! ' r S ? f i C ; . r t,26L { ; ' ( " l r ,c,MVTP L i ?f.il:' ’iF f u o . t .n s H E . r H  b* i s .  u  n
D l P r c t l H I I  III* MIJPNAL US CD flip PLUTTI . IC DATA i n  GSM: ( . 726)  . 5 8 8 ) - . 3 5 8 )

HP LUC/* Tl iJI I  1 2 :  Y L A P - 1 9 7 1 )  MONTH- 7 ;  O A f - 2 4 ;  T I M E -  . 3 0  UT J INROUNO) R - 1 6 . 2 )  L T - 1 7 4 3 )  LAT-  1 0 . 8  \\H I L l L l l l l  AID F T L 1 : 0 ;  GAOMlTUS PHLPC F I L L *  0
S I f  I! UF IIAGMCTlJi HATH UL I I :  J» S I L M OF MAGNETOS IfcATH B* I S :  2
DIFLC T i l ’ ll (IF nur.MAL I ISL» FUR PL in T i n t  DATA I I I  Gj .1 : ( . 4 4  5; . 7 1 2 ;  . 5 4 4 )

MT LJCAT TUII I S :  YL a I * 1 °71‘ ; I [ Iti’ l l -  7» D A T - 2 4 ;  T I M E - 1 6 . 3 0  UT ; JUTBOUNO) R - 1 0 . 7 )  L T - 1 4 4 6 )  LAT-  1 4 . 3

5 t!tW i!S !f!!rK h U T ..#t i  t o W B r S H M *  W . j »s .«.th -  « .  «  *.PIPLClinil UF IIURIIAL l’St.0 FUR PL0T1 I MG DATA IN G j  is ( .703,* .142! .696)
T I M E -  9 . 4 0  UT » INBOUND)  R - 1 6 . 4 )  L T - 1 7 3 3 1  LAT — 1 1 . 9MP Li lCATIDI I  I Z: Y U r - l ^ P ;  MOUTH- 7 ;  D A T - 2 6 ;  T I f

sirriLUFw tusulAth ŝl in* LZ?"zV;P iGM̂ gF liAGu:n*HLArH bm is *.. |{ *>
DIPCCTIL ’ II UF IIUPMAL U l l D  TUR PLOTTING OATA Il< GS1 s ( . 3 9 0 )  . 9 Q 6 ) - . 1 4 5 )

MP LUCATIiJN I S :  VLAF- 197P- I  MONTH- 7;  D A Y - 2 7 ;  T I M E -  3 . 2 0  U T ; OUTBOUND) R-

*•? I  f  [!l U r 1 !• A 0 |T i1 r C1 n f  A T»10 & L i n , '1 i.(1 i ?t), / r ' *L l G f V n F  m a g m e t u s h e a t h  BM i s : 2 ( 2
D I F I C T I U M  UF NORMAL 1’S.LD FUP PlUTTl f tc .  DATA I H  G S H  1 . 8 3 2 !  . 4 3 2 )  . 3 4 7 )

MP LI ICATIUM I S :  Y L A P- 1 9 7 M:  MOUTH- 7 ;  D A Y - 2 8 !  T I M t - 1 9 , 5 6  UT I IMBO'JNO; R - 1 5 . 7 ;  L T - 1 7 2 9 )  LAT-  7 . 5

i { W i 1 3 ? 1  r a & E E ' t n J i i t * T i i 2 6 l  L I V i | y V F C s ^ S i a F  S a o t c t o s h e . i h  b *  i s .
D I P l CTI I IH u r  IWIF’ MAL USLD FUR PLOTTING DATA IN GSM: ( . 6 2 0 5  . 7 8 4 5  .

1 2 . 5 5  L T - 1 4 5 0 J  LA T-  1 6 . 3  

2)

7 . 2

1( 1)
0 3 8 )

,MP LL'CAl IUM I L :  v L A P » l n 7 f )  HUNT H-  75 D A Y - 2 9 ;  T I M e - 1 1 . 2 2  UI 5 UUTBJ'JNO; R - 1 1 . 3 )  L T - 1 4 3 8 )  LAT-

S ^ i ; ' A ^ M S k ^ U T K h i - l T . r & L  n » 0 i | 6 T ) S H f » T H  BJ I S .  U  1 .
DIF LCTI UI I  UF IIUPMAL USLD FUP PLOTTING OATA I N  GSM: ( . 3 4 0 ;  . 3 2 6 5  . 4 3 4 )

- 1 6 . 1 )  L T - 1 7 1 8 5  LAT-  - 2 . 3

S l b f P u F ^  HAGUtTUSHLATH RL I S : " '  iC'ziT " S I G M '  IF  MAGNET OSHFATH RM I S :  11 1)
D I P L C T I D t i  UF IIUP.f’AL USED FL’ P PLOTTING DATA I N  GSM: ( . 5 3 5 5  . 8 2 7  5 - .  175  )

• 1 1 . 1 )  L T - 1 4 1 4 )  LA T-  2 0 . B 

1)

MP Lf CAT I U i ;  i s :  YLAr -197<«5 MONTH- 7 ;  D A Y - 3 1 ;  T I M E -  4 . 4 5  U T ; l ND l UMD)  »« 
MATIILTUC MEA) H F T E i :  l' 5 ft AM'.l TMS PHtF L F T b S : „  2
SIMM UF HAGUETUSULATH RL I S :  2(  2 ) 5
D I P L C T I Dt i  UF IIUP.f’AL USED FL’ P PLU1T1NI

Ml* LUC AT TOM I S :  Y L A P - 1 « 7 R ;  lUl f ITH- 7s O A T - 3 1 ;  T I M E - 2 0 . 5 1  UT } OUTBO'JNOj R- ]
MAGilLTUI HEATH FTT S : 1J HAGIILTOS PHtPL FT l S: 1 ......... „ , i j r i r u  T f . , , , ,
S I D '  OF MAGI L-THSltLATH BL I S :  ? (  2 ) ;  S IGH Mf  MAG MET JSME ATM n« I S :  1 1,  
DIF LCTIUI !  UF I IUPMAL U l L D  FOP P I OTT I NG DATA IM GSM: ( . 4 0 6 ;  . 4 0 2 5  . 7 7 6 )

Ml’ l C CAT I  DM I S :  Yl AP -  I V  7» 5 NON'Til- B5 DAY-  T I M E -  4 . 2 1  UT 5 0UTB3UH0 5

?{rEl S P ilS Si!r!iIlffi!H 'lL  r : iSGlJ;,F !i.«..6I 0S-eiTH B, IS. I I  1.
D I PL C T I UM  UF HUP.UAL L’SLD FUF P L U T l l f i c  DATA I N  GSM: ( . 5 6 8 )  . 3 1 2 1  . 3 8 6 )

8 . 6 5  L T - 1 3 4 7  # LAT-  1 7 . 5

. 3 9  UT;  INBOUND i R - 1 4 . S J  L T - 1 7 0 9 ?  LAT-  4 , 5

35 L T - 1 7 1 2 5  LAT-  3 . 6

9 . 0 5  L T - 1 3 5 5 J  LAT-  1 2 . 5

MP LOCATION I S :  YLf P -  1M7M i I IHI ITH-  05 D A Y - . 5 ;  TIME

l  I T  ll* I' .AGP.LTHI n t A TH ^6 L  ' l s V ' LL l ‘‘ n ; P L S IGMJ ’jF MAGMETTSHt AT H BM IS * 1 1  1)
D I P L C T I U I I  HF I'.URfiAL HSLD F0» PLUT11NC DATA I N  GSM: ( . 6 3 1 ;  . 8 4 0 5 - .  1 1 0 )

I P  LL'CATIUM I S *  Yl a P - I 11? " ;  ML’ MTH- 0 ;  DAY-  5 ;  T I M E -  1 . 2 5  UT 5 INBOUND) R - 1 4 .
MArj l lLTU! I ILA) H FI  L I  : .15 MAGNETOS PHuP E FTCS:  2
S TCI1 UF MAGIIETUSIIL ATlI  BL I S :  15 S I L f i  OF lUGUETUSHE ATH BM T S : 1 ,
r i P l I C T i n i l  UF MimUAL OSLO FIJP PLOTTING DATA IM GSM: ( . 5 3 1 ;  • 8 40  5 —• 1 1 0 )

MP LUCATIUM I S :  Y I A P « 1 0 7 P ;  MUIUI I -  d i  DAY-  5 ;  T I M E - 1 3 . 3 4  UI ) OUTBOUND) R«
MAniLTUSHEATH F T L L : 05 MAGI .LI  US PULP K FTESs 1 J Tt
SICM UF MAGUl TUSHLa TH PL I S :  1 ;  SIGM 'JF MAGNuT'JSHEAT 1 BM I S :  1
P l p c c r i c n  OF IIUPMAL USLD FUP PL nr  TI NG DATA IM GSM: ( , 8 H 5 )  . 2 6 9 )  . 3 7 9 )

l*r LI ICATIUM I S *  Y L A P - 1 0 7 K )  MUtlT' l -  B) PAY*  5 ;  T I M E - 1 4 . 30 UT 5 UUTRO'JND) R-  9 , 9 )  L T - 1 4 0 3 )  LA T-  1 2 . 3

I'itf!L?.r - !lkgfL'rf,?!IEAt1.1 S»M£ns.c«rH um IS. u  1)
D I P r C T i n r  OF NORMAL USED F.)P PLUTTl f t r ,  DATA IN GSM« ( . 9 8 5 )  . 2 6 9 )  . 3 7 9 )

MP LUC AT IDM I S :  YIAP. - 197PJ  MUUI H-  P;  DAY-  7;  T I M E -  9 . 0 4  UT J INBOUND) R - 1 5 . 9 )  L T - 1 6 4 9 )  L A T— 1 4 . 9  
P ACI LTU1 IN ATH TTLS:  U» HAGl .LTL'SPHirC FTEL : 0
l i r U I l F  I 'Ai . l lCTni  HLATH DL I I :  1 )  S I CH OF MAGM..THS I U T H  BM I S :  \ •
P I r ' C T I r ■ i ' ; i r  U.i h i a L USIU r n  P l U T T I I ' f  DATA i n  GSM! ( . 7 7 7 ;  . 5 3 7 ) - . 3 2 8 )

0 i  Ai  T i n t -  2 . 4 3  UT i OUTBOUND) R - 1 3 . 2 ;  L T - 1 4 1 7 )  L A T-  1 6 . 3
‘•A( f'.LTUI IlCATH FT I I : 0 )  MAf.f'.LTUS PHEPE FTES : 0 

SIGH uF MAGMl T USHLATl I  OL I S :  1(  J ) ;  S IGN OF MAGHcTOS Ht AT H
I ' l P L C T i r i l  UF i:UP).Al U j L l )  FUR PLOTTING DATA I I I  GSM: ( . 8 3 0 )  ,

!'P 1 UC AT Tnr: ; NUNTl I -  6 ;  OAY -  9 )  T I M c - 2 0 . 1 0  UT J
{■7 Gill TUf  HLATH FTLS:  2;  flA'il LVMSPI ILPL FTCS? 2 
f i I l H  UF HAGI.STnSHLfsTH PL I S :  1(  1 ) ;  SIGM OF f* AGtlc THSHE A M
P I I I C T I I T  OF I IUPMAl USLD FlIP PLUTTI I IG DATA IM GSM: ( . 6 5 2 )  .

BM I S :  1(  1)
2 0 7 )  . 5 1 8 )

INBOUND) R - 1 4 . 4)  L T - 1 6 5 3  ) LAT*  3 . 2

BM I S :  1 (  1 )
7 3 5 ;  . 1 8 7 )

oIFpcVS.,!-AS»LAlisI!):tTHsDh Htt 11,
MP LUCATIOM I S :  Y L A P - 1 ‘>78;  MUNTH... u n i n u u . i  i l h i  -  u i  n u n  n« <s» A l i n t -  I .  11 U i
MACI'.i TL-: HEATH FTI  I  : 05 MAI I uVO jP HLP.L FTES:  2

MAGULTHf I ILATII  OL IS t 1(  1 ) ;  S IGH OF MAGMETOSHE ATH 
D I F l CTIUI I  UF IMF HAL MSI D FUP PLOTTING DATA IM GSM: ( . 4 6 3 )

• ; r *  LOCATION i s :  Y L i P - 1 9 7 8  
UAf-f'l-TUIlluATM m i :  15
r i G l ’i JF MAGfit TDSHl  ATM QL 
DI PLCT i r . l l  UF HUP UAL USLD

MP lMCAT IUN I S :  YLAP- 197 H  
MA GflLTUf HLATH F T l S :  G5
S i m  OF MAGMl TUSHLATH PL 
D I P E C T I L I I  UF HUP HAL USED

HP LOCATION IS«  7LAP- 1Q7R  
M / r i ; L T I l I  Ilf-ATH F T l S :  2 )
- I C C  UF HAM l TI ’ SHLATI I  BL 
DIP ECT I f  II (IF HUPIIAL USLD

BM I S :  1C 1).504) .402)
D A Y - 1 2 )  T I M E -  7 . 1 1  UT J INBOUND) R - 1 2 . 7 )  L T - 1 6 5 5  ) LA T— 1 5 . 2

BM I S :  2 (  2)
. 6 9 4 ) - . 5 5 2 )

OUTBOUND; R-  9 . 7 )  L T - 1 3 2 7 ;  LAT-  1 9 . 0

BM I S :  I I  1)
. 0 8 7 )  . 7 0 1 )

I N 8 Q U N 0 | R - 1 4 . 3 )  L T - 1 6 3 3  ) LAT — 1 2 . 2

Brt I S :  2 (  2)
. 3 5 0 ;  . 0 0 3 )

INBOUND)  R - 1 3 . 4 )  L T - 1 6 4 1 )  LAT — 1 0 . 2

DM I S :  3(  3 )
. 3501  . 0 0 3 )

) "UHTM-  8 ;  D A f - 1 2 )  T I M c - 1 8 . 3 7  M I ;  
MAGUlI  USPHEPE FTES:  0
I S :  1< 3 ) ;  SIGN OF MAGNETQSHFATH
FLI PLOTTING DATA IM GSM: < . 7 0 3 ;  .

5 MONTH- 85 D A Y - 1 4 ;  T I M E - 1 4 . 5 5  NT)  
MAGMETUSPHlPE FTES:  0
I S :  2 ( 2 ) ;  SIGN UF HAGNcTDSHcATH
TUP PLOTTING DATA IN GSM: ( . 5 2 7 ;  .

/  MONTH- 0)  D A Y - l i ;  l l M E - 1 5 . 5 1  U T ) 
MAGI LU1SPHEPS FTSS : 0
I S :  SC 2 ) ;  SIGH CF MAGNETOS.1CATH
FUF PLOTTIMG DATA I N  GSM: ( , 5 2 7 )  ,
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.'IP LUC/ T i n
U A C t - l T U  -
s ir.i i ur  
n i P t C T I l

'iou is* r L / . F « i ‘«7»; m o n t h -  y ;  d a y - i s ; t i m e *  7,os u r j  o u t b o u n d ; R - 1 3 . 5 ;  

' i * 5 o r lV n J [ i l a t i i 1 6 l i i ' V l , Ls (  J i V j ’P e 5 i G N J nF m a g n c t u s  i f a t h  r m  i s *  |( 2)
II! UF I l i lFh/ ‘,L USLO FUP P L f j n  I . iO DATA IM GSM* < . 8 7 9 ;  . * 3 7 ;  . 1 9 3 )

MB JUMP; R * 1 2 . 9 ]r r  Luc/.r ir jM i s *  r L / . r » i 9 7 0 ;  m o n t h - e i  d a y - 1 7 ;  t i m e -  i . * m  u r ;  im  
'1A n i L T r i  I l f  ATM F TI L : 3J flAGULTniPHt.P.t: FTCS* 3
S im  OF MAGNl TUrilCATH 6 l  i s : L( 1 ) ;  SIAM OF MAGNETOSHI aH  BM IS *  21 2)
P ir_ C T ir . l !  UF I HIP UAL USIP TUP. PLOTTING DATA II I US*: ( . 6 1 7 ;  .7 8 7 ;  . O i l )
MP LL’CATIDU I I  : Y L A r « l ‘'7 l i ;  MONl M- P) DAY-17; T IM E -1 2 .0 8  UF J 0UT30UN0; R- 3 . 1 )  
.".AniLTiJrilEATH r T L : :  l ;  MAGML TnSPHCP\1 FTES* 1
S I t  II OF MAGf’it TUIULATII RL IE. * 1* SIGN OF MAGNiT 35H!: ATH 08 IS *  2
D IF L C T I tT  UF l.UPMAL 1'SL‘D FLIP PLOTTING DATA IN GS1* ( . 7 5 3 ;  .2 3 0 ;  .5 9 3 )
IP IUCATIOII  IS *  Y L A r - l« 7 P ;  MONTH- 8 j  DAY-19; T I M E -1 0 .3 9  i )T ; IMR JUNO; R - 1 3 . 6 ;  

UAi MLTni IICATU FTL1: 5; MAGUETnsrHLPS FT1 5: 2 .  _ ,
J f l  UF 'lACrLTL’-IILATU CL I j  ! (  1 ) ;  SIGH OF NASNcTUsHEATH 8.1 IS * 2j 2)
OIPECTINM UF NORMAL I'SLD FUP PLOTTING DATA IN GSM* t . 596} . 7 2 * 1 - . 2 * 7 )
mp m c A i in r ;  i s :  y i a p »-197h ; m o u t h -  8;  d a y - 2 o ; t i m e -  1 . 1 2  u r ;  o u t b o u n d ; r - 1 2 . 9 ;
GA( III TU1ULATM FTl w* 0 ; MAGMElOSPHCPS FTCS* 0
SIGN UF HAG) LTOSMl /.Til &L IS « S i  3 )J  SIGN OF tlAGNkTOS'lE ATH 81 IS :  21 2)
D I f  L C T in i  ur  UUPli/L USED Flip PLnTTIHC DATA IN  GSrt* ( . 6 1 9 ;  . * 6 * ;  .6 3 3  )
,(** LuC/TIUN IS *  YLA P-1970; MONTH- fi; DAY-21; T I M E - 2 1 . 0 0  til ; INQl'J IO; R - 1 2 . 2 ;  
MAI.MfTUS IICATlI FT I I * 0 ;  MAGIILl US PHIP C PTES * 0 r j  nM r „ , ,  , ,
SIMM OF MAGI LTUSlIt ATI! BL IS *  St J ) ;  SIGN OF MAGIIETOSHF AT H 311 IS*  2< 2)
P IP IC T in i !  .IF IlUfMAL HSID FUP PLllTT IilC DATA IN GSM * ( .T 3 5 ;  .6 6 9 ;  .1 1 0 )
rp  LUCATini! i : «  YlAr-l«>7*s; MONTH- Os DAY-21; T I M E - 2 1 . *1 U T ; INBOUNDj R - l l . * |  
G/r.MLTUrilCAT!l FTLI * 2 i  MAGIILTOSPUl PL FTCS * 0
SIGN nr MAGMLTnSMLf.TM RL IS « Li SIGN 'JF MAGNhTOSHL ATH 81 IS * 3 ,
C*IF ECTIL.il UF NORMAL UsLP FUP P lt lTTli lG  DATA IN GS.1l ( , 7 3 5 ;  .6 6 9 ;  .1 1 0 )
r*P LUCATinr; I  r  * Y C A r - in 7 n ;  MONTH- y; DAY-22; T IME- 9 .0 1  UT; OUTBOUND; R - l l . l ;
MAI MLTUI ItbATM TT1 S: u; MAl.llLTUSPULP’-  FTcS* 0 .................................................
L I U '  UF r  AGMLTl’IilLATM OL Tl * i ( 2 ); SIGN 11F MAGNETOSHFATH QM IS *  21 2)
DIPLCTIUM UF UUP Ilf L I'SLD FUP PLOTTING DATA IN GS 1« ( .rt«2J .3 1 9 |  . 3 2 0
MP LUCATinU I S : r i .A P -1 9 7 8 ;  MUNTU- fl ,* D A Y-2* ;  T IME- 6 . 3 *  UT; INBOUNO; R - 1 2 . 1 ;  
MAGILTUi IluAl U r u i i  o; NAGIiLTf’ I  PHLPC FTES* 0
SIGN flF MAGUCTUSIICATII DL IS *  3 /  SIGN UF I1AGNCT OS ‘IE ATH BM TS« 1 ,
DIFLCTIl lM UF I1UPMAL US) D TOP PL ill TING DATA IN GSM: ( . 7 9 * ;  . 5 6 5 ; - . 2 2 2 )

rp LL’CATIUM IS *  rL A r -1 9 7 U ;  ML’NTM- 8; DA Y-2*;  T I I1 fc -17 .18  U T; OUTBOUND; P- 9 . 1 ;  
UAt MLTU: lltATH FTT L : 0 ;  MAGI U  ()> PHLP E FTES« 0 _ .
S i t  II UF MAMlLTuSIIL ATM OL IS *  21 2 ) ;  SIGN OF MAGNETOS I t  AT H Rrl IS :  2( 2)
DIP uCTIUI! UF MDPMAL USLD FUP PLOTTING DATA IN GSM* < .9 5 7 ;  . 1 * 3 ;  .2 6 1 )

MP LUC AT IUN IS *  r iA P » lu 7 M ;  I'.UfU H- S i  0AY-26S T I M E - 1 2 . 50 UT; IrlBJUNO; R - l * . 9 j  
UAGliLTUIIIEATII F T l f :  l ;  MAGt.LTnSPMLPL FTCS: 0
SIGN OF ItAGNl TUS IILATN I I I  IS *  l ;  I lu l l  OF :1AGM>_ r Js I t  A M  81 IS*  3
OIPLCTIIT. OF NDPI.AL ILLD FUP PIUTTINI,  DATA I ” GSM* ( . 0 6 * ;  . 7 3 8 ; - . 1 1 3 )
IT  LUOTIUM IS *  YLAP-1 0 7 H: MIJNTU- 8;  DAY»20. T I M E - 1 * . 15 UT ; IN8QUN0; R - 1 3 , 8 ;  
lU C N nD IN LA T lI  T T IL *  0;  MAGI'l T USPHLT L FTCS* U
i | t l ’ UF IIAMit TULMLATII OL I !  * IJ  i l C I i  UF M AGN’LT I) j  HE AT H BM IS *  l
D lFLC TIf ' l l  NF NDPliAL I'SCD FUP PLHT11UO DATA IN 9 3 1 1 f . * 6 1; . 7 J « | - . U 8 )

MP LUC ATIUII IS *  Y L A r - i9 7 8 >  NUNTU- 3 ;  DAY-27; T IME- 2 . * 6  UT ; OUTBOUND; R- 9 , 9 ;  
PArilLTUl IICATI1 FTI S* MAG) L TNS “ IILP E FTtS * G
£ I U !  OF MAGNLTUIHLa TII 6l IS *  : :  SIGN of magnetos  IFATH 01 i s :  l
PIPLCTIUM ilF NDPNAL US I I) FUP PLOTTUIt. DATA IN Gj M* t . 7 * 6 ;  .3 3 2 ;  .5 7 7 )
r r  LUCATIU;* I L *  YL..P-L0 7 1 1 : ML'I!'. U- V }  DAY-2«; T IN E -  1 . 1 *  UT S IN81UN0; R - 1 2 . 0 ;  
NAGIILTUSNEATM r n t :  2 |  MAGNLI (IS PHk.PL FTES « 3
SIGN UF MAGMLTUSIII ATM OL IS *  I t  1 ) ;  SIGM l)F MAGNLTJSUk AT H R M IS *  3( 3)
P IF L C T ir i l  OF IlLTMAL USLU FUP I L I ' I I I N C  DATA I I I  GS.1* I . 9 3 3 ;  . 3 5 3 ; - . C 3 9 )
hP Ll'C AT ION IS *  YLAP-197H; Ml!) T)1-  8; DAY-2o{ T I M E - 1 2 . 16 Uf ) UUTOUJNOj R - 1 0 . 1 )  
MAI Ml TUSIIEATII FT l S* i )  MAGI ( TUSPHl PU FTl S* 1
LlCII UF MAGfILTUSIILa TII RL IS *  I t  l j ;  SIGN 'JF NAGNkTUV1FATH 81 IS *  I t  1)
P IFr .CTIt ’N L.F l.tlf I'.AL L'SCD FUP PLUTTIIIG DATA I I I  GSM: ( . 8 3 7 )  .0 1 1 ;  . 5 * 8 )

IT  LOCATION IS» YLAF -1V7R; MNNTN- H; DAY-31; T I . 1 g - l O . l 8  UT } INBOUND; R -1 2 . * , *  
fl/GIlLTUSIIkATU FT I S : 3;  MAGNL1 OSPHCRL PTES * 0
MCN UF MAGMl TUSHLATN flL IS *  1 ( 1 ) ;  SIGN UF MAGNET JS HEATH 8.1 IS *  1( 1)
P i r fC T IU M  UF IIURI1AL NSCO FUP PLOTTING DATA IN GS1* ( . 3 3 1 ;  . 3 9 6 1 - . 3 9 0 )
MP LOCATION I S :  YLAC * l t ’7H; MONTH- a; DAY-31; T IM E -2 1 .5 5  U T ; OUTBOUND) R - 1 0 . 6 ;  
MAI IIl T J)1 IlCATlI FT IL*  u ; C AGl'L T'’S P«LP C FTCS: 0
s i g n  nr m a g i il t n s i i l a Tu ul i s * 2 ) ;  s i g n  gf m a g n e t o s h e a t h  bm r s * u  d
D IP IC T IO !  UF MUPfAL NSL'D FUP I LOTTING DATA IN GSM* ( . 7 9 3 ; - . 2 5 6 5  .5 5 3 )

r p  LOCATION 1 1 :  Y L / r - 1 9 7 r ;  MU). H I -  *>; Da y -  2:  T I M E - 1 0 . 3 5  UT ; I f lBOUND; R - 1 2 . 3 ;  
r l /Cf ILTI I :  11 b A T11 F T T f :  2 ;  NAGNLI US PUCP C FTES * 3
SIGN UF MAGUCTUSHL/.TN OL IS *  I t  1 ) ;  SIGN l)F MAGNLTOSHEATH Ri tS* I t  1)
O IF IC T IU I I  UF NUFI1/L USLD FLIP P LU If lU G  DATA IN GS>1 > ( . 8 0 9 )  .5 8 1 ;  .0 8 6 )
rP LL'CATIUI! IS *  YLAP-197D; I1UN1N- Q; DAY- 3) T H E -  7 .2 0  UT; (lUTBOUNOl R -1 0 .6 1
rAmirTurNLATH f t i s * i ; m a g n l t u s p h c p l  f t c s * i
SICM OF MAGNtTUSHLATN OL IS * 1(  1)5 SIGN LF P.AGNb TO j MC AT H 8H IS *  1( 1)
DirCCTINN u r  MURMAL USLD F')P> PLIITTIflG OATA IN GSM* ( . 9 0 * ;  . 0 1 8 ; . * 2 9 )
MP LOCATION IS *  Y LA P-iny i! :  MONTH- 9;  DAY- 2 ; TIME- 5 . 0 *  UT ! INBOUNO; R -1 2 .5 S  
MAI III TUSHfcATH FTLS: 2; NAOMI 1 US PH SP U FTCS* 2
Sini:  NF MAGI'i TUSIILf.TU 8L IS : 1( 1 ) ;  SIGH OF NAGMETOSHE AT H 81 IS *  11 1)
PIPkCTIUM UF NUPI1AL LSCD FI)P. PLOTTING DATA IN GSM* ( . 3 * 8 )  . 3 9 1 ) - . 3 5 3 )

MP LUC A T I  UN I S *  Yl AF-1«>7C:; NIJIiTlI-  9 )  PAY-  5;  T I M f c - 1 6 . 1 3  U F ; OUTBOUND) R- 9 , 3 )  
MAG jt TL’SNCATH F T L S: 1 )  MAGIILT MS l ' l |£PC FTES * 1
SIGN UF MAGIU TUSI ILAT,  I OL I S *  1(  1 ) ;  S IGN DF MAGNET 1 SHE ATH 01 I S *  1(  1)
D I PL C T I NN  UF MUPMAL NSfD TUP PI OT T 1MC DATA IN GSM * ( . 7 2 1 ;  . 0 6 2 )  . 6 9 1 )

MP LL'C AT IUN I S : Yl AF-1971 ; IMji-TH- o; DAY- 7; T I M E - 1 * . 35 UT i IN BOUND; B - 1 2 . * ;  
MAt MLTlirULATH FT[ f  : 1;  MAGI.L 1 US PHCP C FTES* 1
S l f l l  JF MAGMtTUSUl ATH 8L I S *  3;  SIGN OF MAGNETOS.IE A TH ON I S *  2
D I F t C T i n U  UF I IUPliAL t'SCD FUP PLOTTI NG OATA IN GS 1 * t . * 0 * ;  . 9 1 1 ; - . 0 8 8 )

MT LMC/T IUM I S *  YLAP - 1 9 7 0  * MUNI I I -  DAY-  Oj T I M E -  
MAC I l L T U S U r A T l I ^ n  r r * ^  1 ; MAtU.rTUrpMCF’ L . F T L S * _  1

8 . 5 )* *  u r ;  o u t b o u n d ; »
° 111 w 1 11 I I I - ‘ i t  I ' . i ' i i U j . r ' i t r i .  r i ’. j i  i

; ‘ MACUf TUSNL/ .TN RL I S *  1 ( 1 ) ;  SIGN OF MAGNt H S H C A I H  B1 I S *  1(  1)
D I P I C T i n t  UF I1UPMAL USLD TIJP P L U I l l N G  DATA IN GS1* ( . 7 7 6 ) - . 2 1 6 ;  . 5 9 3 )

•IP LUCATTUN I S *  Y L A P- 1 9 7 C;  MONTH- Q; OA Y « l u :  T I M E -  0 . 0 0  U T ; IHBQU.HO; R - 1 2 . 2 ;  
M / r . i inu sMCATi i  m s *  1 ; M A t - m n s P U L P u  f t l s * o

u c r  MAGflLTUSIIL/ .Ti l  BL IS * 1 )  SIGN MF MAGNE T US HE 4 f H l)M I S *  2
D I P L C T i n c  OF I I I IPNAL L'Sl D FIN' PLUTTINO DATA I I I  GS N * ( . 9 9 6  i . 0 1 7 ) - .  0 8 3 )

MP LUC AT I  Dll I S *  Yt AP- 19711;  MUM H -  a ;  DAY-103 T I M E -  . * 5  U T ) INBOUNO; R - 1 1 . 3 ;  
IIAG Nl T US HEATH T T I S *  0; MAM' l T US TI ILPC FTLS * 0
S I G N ,  UF I i AGNLTDS NL ATM BL I S *  M ;  SIGH UF MAGNETOS BE AT H 31 I S *  3< 3)
D I P l CTI IN:  ur  NUPM/L OSLO FUP. P t u r T I H G  DATA I I I  Gj M* ( . 9 9 6 ;  . 0 1 7 ; - . 0 8 3 )

L T - 1 * 0 5 ; LAT-  9 . 8  

L T - 1 6 1 H ; LAT-  - 1 . 7  

L T - 1 3 1 2 1  LA T-  1 7 . 1  

L T - 1 6 1 8 )  LAT — 1 9 . 6  

L T - 1 3 3 1 ;  LAT-  1 8 . 8  

L T - 1 6 2 * ;  LAT-  - 1 . 0  

L T - 1 6 3 0 | LAT-  - 1 . *  

L T - 1 3 3 0 ;  LAT-  1 3 . 5  

L T - 1 6 1 1 )  L A T— 1 5 . *  

L T - 1 2 5 * ;  LAT-  2 0 . *

L T - 1 5 * l l  LAT — 1 5 . *  

L T - 1 5 * 9 s LAT — 1 * . 6  

L T - 1 2 * 2 ;  LAT-  2 1 . 5  

L T - 1 5 5 8 ;  LAT-  - 3 . 1  

L T - 1 3 0 0 |  LAT-  1 8 . *  

L T - 1 5 3 6 }  LAT— 1 9 . 5  

L T - 1 2 2 5  » LAT-  2 2 . 6  

L T - 1 5 3 7 ;  LAT-  - 3 . 3  

L T - 1 2 * 7 |  LAT-  2 0 . 3  

L T - 1  523 ; LAT — 1 0 . 5  

L T - 1 2 2 5 ;  LAT-  2 3 . 3  

L T - 1 5 1 2 ; LAT « —I  * • *  

L T - 1 1 3 9 J  LAT-  2 6 . 0  

L T - 1 5 1 0 ;  L » T -  - 1 . 8  

L T - 1 5 1 7 ;  LAT-  - 3 . 7
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T I D E -  2 . 0 5  u r ;  I  mb n j n d  ; 9 -  9 . 7 ; L T - 1 5 3 2 ;  l a t -  - « . o

Lrtp l u c a t i u u  ic* .  Y L . , r - i o 7 r ;  « a r - i o :
MAGMU l ' i I I LA1 I I  FTr  1 : 0}  IIAGN.r.l O' PULPZ FTES i - ..........................
S I O N U F  HAGNl TUSI ILATM BL 13 * «’ ( 2 ) J  SIGH UF HAGUE- TOS V ATH BM 13 i 2 2)
n i P 5 C T i r . l l  11F NORMAL OSLO FMP I 'Lf’T l  I i iO DATA IN GSM: ( .BOR;  . 5 0 3 ? - . 0 7 9 )

MV LUCATIOH i :  : T L A F - I ^ m ; N U I 1M -  9 t  D A f - 1 0 ;  1 I . M E - 1 0 . 5 5  UT } OUTBOUND) 9 .  9 . 0 )  L T - 1 2 2 7 ;  LAT•
N A o m u f  h e a t h  r t t - *  i; i .a ' i n i  t i i s f h l f l  f t l s * 1 , ,  , ,
r  i r t l  I T  t-.ACriL Ttl ' . I IL ..Til  BL ID * t I ) i  C ION OF " AGO* T 1. \r i 1 H 21
r i n c i i L i ;  f’ F i . u H . A i  r u n  rop  r i  n n  i f . r.  r a t a  i 1-1 os ms < . 2 6 7 ?  . 6 3 5 )

2%.5

* > / 0 ; Hill T i l -  D A r - l u ;  T I M S - 1 2 . 2 0  UT ; OUTBOUND; R - 1 1 . 8 ;  L T - 1 2 5 0 ;  L a t -  2 1 . 1  
; h a g i i l i nSPi u. i ' :  FTsS*  1

. . .  . ................_ ......................  BL I S *  U < )l D i or .  (IF MAGNETOSHEATH BM I!
D I P l C T I U :  ilF NUPli/ .L u s e d  f Tjr p l o t t i n g  d a t a  IN  g SM* ( . 0 C 2 I  . 2 6 7 ;

2C 2) 
35)

IIP l O C A l I O N  X L : YLAP ■ l ° 7 f * » MUtiTH- « ;  R A Y - 1 2 ;  T I M E - 1 9 . 55 U T ) OUTBOUND; R- 9 . 6 J  L T - 1 1 3 7 ;  LAT-  2 5 . 9
p a d .l Tu : UuAiH r u s *  1 ; m a m  Lt  i ? s r n c r c  f t e s * i
: ir.M u r  CAl .NLTl IMl l  ATM BL IS I 1 (  1 ) ;  S IGN UF MAGNETOSNTATH BM I S  * 15 1)
D l f l C T I U :  u r  I.UPNAL USLn n i f  PLOTTI NG DATA IN OS.M: ( . 6 5 2 ;  . 1 1 7 ;  • 7 5 9 )

D A Y - 1 5 ;  T I M E - 1 6 . 55 UI  ,* INBOUND; R - 1 A . 0 )  L T - 1 5 3 8 ;  LAT-  - 5 . 3  
" P TES» 0

S 11>N riF fUGNETOSMLATH PM I j J 1(  1)  
n i PL C T I t l l !  UF NUU1AL U S i U  FUR PLr iTTl i .C DATA IN Gi.M: ( . ->Ao; . 3 2 7 ; - . C 9 9 )

I'P U'C/.TIUt; I L » v L A P - l n7Uj RI’M  H- D 
ITCI'UTUI IU1ATII n i f :  GJ NAGN.l TOS PULP C
S I ' jI i f’ F I*AGl.L’ TIJSMLATII RL IS :  2 (  l ) i
niPLCTItl l !  UF NUU1AL L'SiU FUR PLriTTli.C
r.p m c / . T i U N  i l  * Y L A r - i ° 7 i ' ; hi  hi t  11* « ;  d .. .
.1A0I LTUfMEATi l  T T L f :  0 ;  MAi . l l lTUSPHt.PC FTES * 0
s i n '  rir m a g u t u s u u a t i i  bl  i s : u (  2 ) ;  s i g n  o f  k a gn
Dirtcrici; u f  n u r p / l u s e d  f o p  p l o t t i n g  d a t a  i n  g s .i *

D A Y - 1 5 ;  T I M E - 1 7 . A3 U T ;  INBOUND; R - 1 3 . 2 1  L T - 1 A A 3 ;  LA T-  - A . 9

KAGNLTJSMIATH B*  I S :  1(  1)
( . 9 5 0 ;  . 3 2 7 ; - . C 9 9 )

UP LOCATION I Ss  Yt  AT-  1°7B * tUi l iTM- 9 ;  D AY - 1 5 ;  T I M E -  6 . 5 7  U T ; OUTP 1UND; R - 1 1 . 3 ;  L T - 1 2 1 5 ;  LAT-  2 5 . 0  
HANOI TtJl i i rATH TTLST i ;  RAGHLTIU PHLPC FTES s 0
- IG I :  ur CAGr l TIJLIILmTII BL IS :  35 2 ) ;  SIGN IlF .MAGNETOSHEA1 H Brt IS :  1( 1)
D I P f C T I P t !  IlF UUP UAL USED FOP PLOTTING DATA I N  GSM: ( . t J A G ; - . U R 9 )  . 5 2 5 )

I1P l  l)C AT I  ON I S :  Y I A P - 1 9 7 U ;  MONTH- 9 ;  O A Y - 1 7 ;  T I M E -  5 . 2 0  U T ; INeOUND;  R - 1 0 . 7 ;  L T - 1 A 5 0 ;  LAT — 1 2 . A 
I ACI .l TIN I IcATU T T l S* 2 ;  I'AC.i ;LUJSPI ILPE FTES : 0
I I  Gil OF I' .Al.NETIii I ILAl  M BL IS « 1» S I GN UF MAGNETOS HEATH 8M I S :  2
PIPLCTIT . I i  UF NOPNAL USLD FOR PLOTTING DATA I N  GSrt: ( . 3 A 9 ;  . 5 0 5 ) - . 1 5 6 )

MT LL’CAl 1111' I S *  YLAP- . . 97P. ;  UNI .T' l -  Q;  D A Y - 1 7 ;  T I M S - 1 5 . 2 5  UT J UUTBJUND; R - 1 0 . A ;  L T - 1 1 5 A ;  LAT-  2 7 . 3  
NACN5 TUI  HEATH FTl  L : 0 ;  MAGt'Ll NS PHCRL FTfcSt 0
SIGN OF NAOMETUSIU M i l  BL I S :  2 (  2 ) ;  S IGN OF MAGNETOSHL AT rt BM I S :  2(  2 )
P I F t C T i r t l  OF NOPM/.L OSLO FOP PLOTTI NG DATA IN GSM* ( . 9 3 t ) ; - . G l O ;  • 3 A7)

I1P LUCAl I  Oil I S? Y L A P - l ‘ i7>'; I I I INTI I -  9J DAY- 201  T I M E -  1 . 5 3  MT I OUTBOUND) R - l l . f l )  L T - 1 1 3 B )  LA T-  2 5 . 5  
i lAi . f l lTUSOILATH TTI .S:  l ;  MAOIILTDSPHLRE FTES:  0
SIGN NT MAGI CTOS HLAT i I BL I S *  2 (  3 ) ;  SIGN OF IIAGNCT JSHLAl  H BM l i t  2(  2 )
O i r i C T I C t ' .  IlF CLlPN/.l i ISLD FUR PL iT I T I N G  DATA IN GSM: { . 3 3 0 ;  . 2 1 0 ;  . 5 0 3 )

.IP LOCATION I S :  YL A P - 1 V 7 B ;  MOUTH- 9 ;  D A Y - 2 1 ;  T I M E - 2 2 . 5 1  U T ; IMBOUMO; R - 1 2 . 1 )  L T - 1 A 2 3 ;  LA T-  - . A  
MAGNt TnSI ILATH T T I S *  U) HAGUE TITS PHLRC FTCS* 0
S i c r  GF MACNLTCSHLMM bl  i s : 21 2 ) ;  S I  Gil UF MAGNET OSHfc AT H BM I S *  1(  1 )
0 IP EC T I N N  OF NOPHAL USCO FI1P PLDTTI t lG DATA IN  GSM: ( . “3 9 9 ; - . 0 1 1 ; - .  0 3 9 )

MP LOCATION I S :  Y I A P - 1 ‘»7H; MOUTH- 9 )  D A Y - 2 2 ;  T I M E - l u . A A  U Ti OUTBOUND; R - l l . l ;  L T - 1 2 0 2 ;  LAT-  2 8 . A 
MArNLTUSI leATM FT2S:  1 ;  I IAGIL i’ US THt P L F T E i  : 1
S I C I i  OF MAGUETOfI lLATI I  BL I S *  1 (  1 ) ;  S IGN OF MAGHET.JSHEATH B.M I S :  1(  1)
D I P l CTICN UF NORMAL USLD FUP P i n n i M O  DATA I N  GSM: { . 7 6 6 ;  . 1 6 A ;  . 6 2 1 )

7 . A 8  u r ;  INBl ' JNO;  R - 1 2 . 7 ; L T - 1 A 0 6 )  L A T - - 1 0 . 2MP L U C A i m ? 1 I S *  r L / r - 1 9 7 B ;  r U l j l H -  o ;  D AY - 2A ;  T I M c -  
I IAGNl TOri lEATI I  F I L S *  0 )  MAGNETOS PULP C FTES*  0 
SIN!  o r  H Ar uL TOI  I ILATH OL I S :  H 2 ) ;  SIG.N OF MAGNETOSir  AT H BM I S :  2(  2)
n i P . E C T i mi  OF l inr i lAL USED Fu r  PLOTTI NG DATA IN GDI *  ( . O Q l ;  . A 3 3 ; - . 1 3 A )

MP LOCATION IS* YLAP-1«:7«; MIIUTH- 9; l)AY-2A; TIttfc-lB.15 UT ; OUTBOUND) R- 9.5) LT-10A7) LAT- 31.6 
MAGNLTUIHLATH FTLS: u; IIAUNLTnSPHLPL FTES* 0
SIGN OF MaGI .LTOSI ILATN BL I S *  2 (  2 ) ;  SIGN UF rtAGMSTUS'HtAVH BM I S *  2 (  2 )
D I P L C T I C N  Or NUPMAL USLD FiUP P I O TT I I I G  DATA I N  GSMI ( . 9 1 9 ; - . 1 6 8 ;  . 3 5 6 )

NP LOCATION I S :  Y l , \ P « i fi 7U;  MONTH- 9 ;  DAY- 2G)  T I M E - 1 7 . 11 U T ; INBUUNO; R - 1 2 . 6 !  L T - 1 A 0 2 ;  LAT-  - A . l  
HANOI. TOSIIEATH FT l S : U) Ma g I ILTOSPHERl. FThS*  0
SIGN CF NAGHl TOSHL/ .TN BL I S *  2 )  SIGN, OF MAGNETOS HE A M  an IS * 2
D I PL C T I NN  0^ HOF UAL USLD FUR PLOTTI NG DATA I N  GS.Mt ( . 9 1 7 )  . 3 8 5 ;  . 1 0 8 )

.MP LOCATION I S *  Y I A P - 1 9 7 H ;  MOUTH- « )  O A Y - 2 6 )  T I M E - 1 7 . 2 9  UT ) INBOUND)  R - 1 2 . 2 )  
i iAGt.LTCi NEAT 11 T T I S :  U? NAG! LTOSPHCrU FT E i  * 1
S ICO .IF NaCMl TUSI ICATI I  BL IS i 1 ;  S I GN OF NAGNl TOSHE ATH OM I S :  2
D I PC CT I l ' N  OF N.OPM/L 0S1D FDP PLOTTI NG DATA I N  GSM* ( . 9 1 7 ;  . 3 8 5 ;  . 1 0 0 )

.IP LPCATIUI I  I S *  Y C A T - 1 9 7 H ; NUI ITI I -  o ;  D A Y - 2 7 ;  T I M E -  ^ . u l  U T ; 3UTB0UN0;
.Uf NLTOSHEATH FTLC* i ;  MAGNLTOSPHLPC FTE3 * 1

L T - 1 5 0 6 ) LAT-  - A . 2

R- 9 . 1 )  L T - 1 0 5 3 ;  LAT-  3 2 . 1
. i n  i i L i u : n u m  m . .  x t  i i ai-i 'L I l lj  PHtW L h T t i *  1

SION OF MAG.ILTOSHI ATH BL I S *  1(  1 1 )  SIGN OF HAGN’s TOi  5C AT H B.M I S *  I I  11
D I P L C T i n i l  UF Nl i rNAI  USLD FUP PLOTTING DATA I N  GSM* ( , 7 2 A ; - . < , 0 6 ?  . 5 58 )

MP Ll 'CATIOM I S *  YL AP . - l c' 7 f  J MONTH- 9 )  D A Y - 2 « ;  T I M E - 1 8 . 3 0  UT I OUTBOUNO) R - 1 5 . 0 )  L T - 1 1 3 0 )  LAT-  2 A . 9  
MA GI ILTOf  MEATH F T I S *  Oi MACNCTOSPHLPt.  FT'l S : 0
SIGN OF HAGflLTOSIILATM BL I S *  L(  2 ) )  SIGN OF MAGNSTJSHC ATH BM I S *  1(  1)
DIPECTIL 'U OF I.OP.MA.L USED F'JF PLOTTING DATA IN GSM: ( . o A 5 ) - . 2 B 3 ;  . 7 2 5 )

MP LI .CATION IS«  Y l AP- l Q7» i S NUUTN- 9 ;  DAY-2'>; T I M e - 2 1 . 0 0  UT ; OUTBOUND; R - 1 7 . 0 )  L T - U 3 5 ;  LAT-  2 2 . 5  
MA.ri.Ll OSH LATH FTl  S : U)  Ma UNI i OSPHLF L FTLS*  0
SIGN OF I’ AUru VOSHLm TN BL I S *  L(  2 ) ;  SIGN ilF MAGNET JSHE ATH 3H I S *  1(  1)
DIF bC T I l  II IlF I IOPM/.l NS CD FUR PI OTT INC DATA I N  GSM: ( . 9 1 3 ) - .  1 09 ;  . 3 9 2 )

MP LOCATION I S *  Y I . A P - i n 7 H ;  N O I O M - I G ;  PAY-  1 ;  T I M E - 2 3 . 5 2  U T ; 
MA COLT L'SIILA f l l  T11 S : 1J MAG). |1 US T Nt P L FTES:  1 
SIGf l  OF .' IAUMLTOSNCATH BL I S *  Jt 3 ) )  SIGN UF NAGNETJS'HFATH 
D I P I C T i r i l  UF IIOPNAL GSLD TUP PI nTT IMG DATA I N  GS.Mt ( . B S ^ i -

NP LL’CAT ION I S :  YL AT -  l ° 7 l  ; l‘ U , T M « 1 0 .  DAY-  J )  T I H t - 2 1 .  M U I  i 
HArf iLTO;  HEATH F I T S :  0 ;  I 'AuNL I OS P u ' p  E F T FJ t  o 
SIGN JF MAGNLTnr.lN ATH BL I S *  2;  SIGN OF flAGMi. TOSHc A M  BM 
D i r s ' C T i m i  UF NUP.n/.L USLI'  PUR PLOTTING DATA IIS GS.M: ( . 9 6 2 ;

HP LOCATIUN I S :  Y L A P - l ° 7 l i :  .1(11 1 H - 1 C ;  DAA- 6 ;  T M E -  6 . 9 2  UT ) 
HAGIIETUSI IEATH TTLS*  C) I 'AGIir TIJS Pi'LP L FT l S: 0
SIGN Or NAG.ML TI )SHL»TH BL I S *  2 ; SIGN JF NAGUtT JSHL A TH BM 
D I P LC T I Ci :  OF HUP HAL USED FOP PLOTTING DATA I N  GSMs ( . 9 2 ^ ;

HP LOCATION I S :  V LA. P - ln7 » ;  HONTM- IC ;  DAY-  OJ T I M t -  7 . 5 5  UT ? 
MACIILTIJS I ILATH F U S *  G) flAGNLl OS PHl P -  FTLS:  0
s i n 1 o r  n a g n u T o i  HL. .TU ol i s : s i c ; i  of  m a g n l t u ^' I e a t h  bm
D I P E CT I UN ilF NORMAL USED FLIP PLOTTI NG DATA IN GSM* ( . 9 2 2 1

MP LOCATION I S *  Y L A P - l g7 B ; f l l i m i l - l C ;  PAY-  0 ;  T I .ME- 21̂ .  i l  UT ; 
MAf N.L TUS MCA f II TTLS*  1 )  HAM L TI'S PHLP C FTES * 0
S U N  UF MAGNLTtlSI l l  ATN BL IS : 1 ( 1 ) ;  S IGN OF MAG’IETOSHC ATH
D I P L C T i n i  u r  NORMAL OSLO FOP PI 01 T I NG DATA I N  GS.M: ( . * 1 3 ; - .

OUTBJJNDJ 9 - 1 1 . 2 ;  L T - 1 0 5 0 ;  LAT-  2 8 . 2

B*< I S :  1(  1)
. 0 5 3 5  . 5 1 1 )

INBOUND;  9 - 1 2 . 2 ;  L T - 1 3 3 8 ;  l a t -  1 . 0

I S *  2 
. 2 6 6 ) - . 0 6 5 )

INBOUND; 9 - 1 2 . 2 )  L T - 1 3 2 « I  LAT-  - 5 . 3

I S *  3 
. 2 2 5 ) - . 3 1 6 )

INBOUND; R - 1 0 . 8 )  L T - 1 3 3 5 ?  LAT-  - 9 . 1

I S : 2
. 2 2 5 ) - . 3 1 6 )

OUT BQUNO 5 9 - 1 2 . ^ ;  L T - 1 0 3 5 )  LAT-  2 3 . 2

BM I S *  2(  1)
0 3 2 )  . 5 0 1 )
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** ***
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*****

♦  •***

i,

(*P t UC i*.TIUI‘ II? YLAP*l«7r:; MONIM-IC; DAY* (j; 1IMS-13.35 UT; INBJ'JNO; R- 9.8; LT-1362; LAT-
SIOdV'F* IUGh V)SIILATM°&L IS : ,,LC(1'r 2)l; PCSllrVlJF MARMSTOSHC ATH 3 S 1 05M 11 
pip.nct inn tiF m:c*r./.L usld flip pluttimo data in oaM* ( . 9 5 0 ; . 3 0 7 , - .057 )
wp 1 t*ca t Tnu r ' s  r u r * i < m i ;  n u o r o - i i ;  d a y *  t i m e * 6 . 2 0  u r j o u t b o u n d ; r - h . 2 i  l t - i o 3 o ; l a t -

-A. 5

3 3 . 3

d i p l c i i c t . of i .u p p a l  u s l d  fur  p l a i t i n g

MP LOCATION I T '  ^ LAT*  10711; ttPTJTM* 105 D A * - 1 1 ;  T I r l •= “ 2 . i 6  UT i INBOUN

!'5cMLJF;"Â irKliaTMtSl 'r??"Li"'i'?iP:;:i«h:'Ai= ?u3„sTuy,ur„ is.DiPFcVinn of  i iop. i i al  u s c d  f o p  p l o t u n g  d a t a  i m  o s u  ( . 9 c 5 ;  . 3 5 5 1 - .

2 . 1 6  UT;  INBOUND;  R - l l . l ;  L T - 1 3 2 0 ;  l A T *  - 1 . 1

2 ( 2 ) 
236)

HP LOCATION IS- '  Y L A P - I « 7 H i  MONTH* lG,  D A Y - l l . *  T I M E - 1 3 . 8 0  UT j UUTBOUNDJ R - 1 1 . 3 ,  L T - 1 0 6 3 ;  LAT-

p i f : ! ! L5K: ' r l&AScT&I l i fcITI>°f il  ^ 6 r t A r . » g r 81 I S .  1 A i l
OI PCCTI UM UF I IORPAL USLD FUP PLOTTING DATA IN GSM: ( . 3 f d ; - . 2 1 9 ;  . 6 6 6 )

l O N T U - l G )  D A f - 1 3 ;  T I M C - 1 2 . J 0  U T ; INBOUND} R - 1 0 . 6 ;  L T - 1 M 0 )  L AT «

"MAttNlTUSHSAT 1 BH I S *  1
GSM« ( . 9 * 9 ;  . 2 6 3 ; - . 1 7 2 )

HP LUC AT ION IS * YLAP«197*»;  l O N T U - l G  J D A f - 1 3 ;  T I N '
HAr i l LTl i ' l l uATH F T I .h  Cl  MAGIILT 05 PHl P L FTES*  2 ,
SIGN OF MAGI'LTOSUl ATI! &L I S :  L:  SIGN OF MAGNLT]
D I P L C T i n n  flF NORMAL L'SLD FI)P PLOTTING OATA I N  OS

NP LUCATIUM I S :  Y L f . F - l ‘>78;  MUNTM-10;  D A Y - 1 3 ;  T I M S - 2 3 . 0 5  UT ; QUTBOUI

l I G n LOr' l !AGHLVNSlL|LATM°OL IS *'  L I  ( ’  Z ] ; F CS I O N ^ I F  MAGNETUSHfATM S M I  S l 
D I P L C TI L ’ N UF NJPNAL I 'SLD Fl.P PLOTTING DATA I N  OSH: ( . 3 6 5 ; - . 3 7 6 ,  •

HP LOCATION I S *  Y L A r * 1 9 7 P ;  NUKTI I - IOJ  DAY-15. *  1 I,M = - 2 1 . u 2  Ul J INBOUNI  
NAGML1 OS HfcAl M FTI  S : OJ MAGNEl NS PNuPC. FTES * 0 „ ,  ,  T,
SIGN UF MAGI'LTUSMl ATII  BL I S :  2 ( 2 ) ;  SIGN OF NAGNfc[OSHt ATH BN IS «
DI KCCTI ON OF NOPHAl OSLO FUP PLOTTING DATA IN 0 S1 :  l • • 9 8 A; . 1 7 6 ,

NP l I 'CAT ION I S :  YCa F - 1 1,7 h ; 0 0 1 ) 7 0 * 1 0 ]  D A Y * 1 5 ;  T I 1 E - 2 1 . 5 5  U T ; I NB3UN0J R - 1 0 . 6 J  L T - 1 3 0 6 J  LAT-  
M/GI ILTUSOCAUI  F I T S :  dl PAGI 1 1 USPHuPL FT2S*  Z
< t r  I { UF NAGNLTOSML a TO flL I S *  1;  SIGN JF NA6NL T Jj Nl AT -l BM I S *  L
0 I P C C 1 I C N  OF I'OPPAL L'SLD FOR PLOT) IMG DATA IN GS1:  ( . 9 R 6 ;  . 1 7 6 ;  . 0 2 9 )

3 6 . a

- 6.2

T I M S - 2 3 . 0 5 UT ; OUTBOUND,* P - 1 1 . 0 ;  LT -  9 * 7 }  LAT-  2 9 . 6

2 ( 3)
. 3 8 2 )

D A Y - 1 5 :  1I,M = - 2 1 . u 2 U l i  INBOUND]  R - l l . 7 ;  L T - 1 2 5 6 ;  LA T-  2 . 2

1 (  1 ) 
, 0 2 9 )

. 3

3 ,  <,3 I IT;  UUTV3UN0; R - 1 1 . 5 , *  L T - 1 0 6 0 }  LAT-  6 0 . 2

9 . 7 ;  L T - 1 2 5 9 J  LAT-  

1)

- 6.0

NP LUCA1IUM I S :  Y L A F * i ° 7 n ; OOMTO- U' ;  D A Y - 1 0 ;  T M S -  
MACI i tTUf l lCATrl  F i t  S* (.<; I 'AGNLl OSPHIF -  P l ^S  : ,u
*101'  PF PAOMLl uIil IL Al  II BL IL • » ;  * I f»M OF .1AGNCT3S JEAT H B*t I S *  Z
D I RECT I ON Ul5 OOPOAL L'SCG FO® P LUf Tl OG DATA I N  GSM: l . 7 6 5 ; - . O A M  . 6 6 6 )

HP LUCATI i lN I S :  Y l 6 r - l n 7C;  ML'NTU-1G; D AY - 10 :  H U E -  7 . ^ 3  UT ,* INBOUND;  R»

S I t  M^0f M I a(uVl 1 OS mLa TO^Sl ^  K  I G ^ F  fiAGMtTOS-lE ATH BH I S .  1 (
OI PCCTI l - l !  OF MOPMAL t'sCD FOP PU1TTING DATA I N  GSM: ( . 9 3 0 ;  . 0 3 8 ; - . 3 5 8 )

f*P LL’C A T T M  I S *  YLAP* 1 ° 7 B ] M U Ml M- l G ;  OA Y - 2 1 :  T I N S -  6 , 0 0  UT ; JUTBOUNO; R - 1 2 . 0 ;  L T -  9 6 5 ;  LAT-  3 6 . 1

« a F S p a s 8 i B ! i H i . t i T . i i i l  5 ^ ; n i ? s r )y t s ; s n s .)F 11. ^ 1 0 , » , s . .  1 . u
D I F l CTIOO OF HOPNAL L’SLD FOP. PL01 I IMG DATA 1H GSH: ( . 7 0 6 ; - . 1 2 3 , *  . 5 9 3 )

.IP LOCATION I S :  Y L A P - 1 ° 7 D ;  {1(11*10-10} D A Y - 2 3 ;  T I M E -  1 . 2 5  U T I  INBOUND;  R - 1 1 . 3 J  L T - 1 2 3 2 )  L A T -  2 . 6  
MACI'ETL'SOEATU F T I S :  o;  HAGI: i:TPSPHLPL FTLS: , .  0 , L, . , ,
t ; iG • PT IIAGIIl TOSHL/TO BL I S *  L(  2 ) j  S IGN OF MAGIILT ) S H t  AfO B1 I S *  1(  1)
D i r C C l I L ' N  OF I.OPI'AL O . t n  FUR PI OTT I MG OATA !* '  GS *1: ( . 9 9 f ;  . ' J 5 6 ;  . 0 5 6 )

I:a, I btr * f V U T .  our.au,.o, 8 .U .5, IT. .58, u r -  « . r

niPiVTinnAni:*'?-,mf,!ki*Tl!sLo In) vihrttk t i n  Yf, 2!S7‘[’;VI«:.S?u{s:,ai 11 
SIrMl?6(iIi!lliS1n IL !,r’ 5?T',f,.F:l!i;f|l*)iiirlAilTi?! T 5*1*5*51 UM «• 8- 5'SIGN OF I Al.ilFTli: MLATiI BL IS* .( 1); SIGN OF MAGNfcTJSHE ATH B.H (Si 1)
D I P l CTIOO UF HORN/ L OSlO FOP P l O T l l N G  DATA I N  GSM: ( . 9 6 6 ; - .  l L ; - .  203

T I M S - 2 2 . 0 2  UT;  0 UT B 3 " N 0 ;  R - l l . l ;  L T -  3 5 6 ;  LAT-  2 9 . 5  

n i F L C T i r i l  ( IFUf l Ri iAL L'SLD FUP PLOTTING OAT'a I n GS h ' ^ I  3 H 9 5  . 6 70 ; 1 1 3 76  ) l >

l CC/ TIllN 11: YL'.r- 19 71;; PLNTH-10; DAY-25;
GAG LT(U l LATH FTf S : 0,* I* AGl i n  US PHLP.C FTES:
SIGN or I.Ai.l CTOSIIL; TO BL IS: 2( 2); SIGN 0
0 IF LCTIt'H OF NORMAL L'SLD K!P PLOT) ING OATA II

.WG»L,i^SI.IilEl5fT1rFTrbtr " i? 7wAAJl!ft,V8sW^p?A?TE3! TP E‘ d*21 u u  ,)UT,}QUNn» R’ l2 - 3! 
r.iMcVEl-!;aS{?1 MpilK^LLEb fW ntmHAc lin % 31
r.p l I'C ATI t lN I S *  *1 AF *  1^7(1; MUNTH* iO;  D A Y - 3 0 :  T I M E -  6 .
MAGIti TOSOF AT,I F T I S *  6;  I 'AGI.Ll  CIS PHl PS FThS * 2
SIGN UT F Af.Ni TUsHLATl I  BL I S :  1 ( 1 ) ;  SIGN OF MAGNETO

LT -  9 6 5 ;  L A T-  6 2 . 7

33 UT;  INBOUND;  R - J O . O ;  L T - 1 2 1 6 ;  LA T-  . 6

o i P i r T i n u  of
- •  ....... ................... -NETOSHFATH BH IS I 2 (  2)

!1PNAL I SLD FUP I L U T 1 I U G  DATA IN GSM: ( , 9 l < , j  . i ’ 3 J - . 3 3 5 )

PEri^'fSLlR'rJU rllf ■ S.7’7,Ar.}'l:?t!;)J(i-?*rfcM I 5"6' 15,‘a  uri I '"’Qg',0! lT*1“ 1' L*r - 3- ‘
5(f!:c ? y AliPLr,!!H!«r!lsfe fU pcorfrnc lift  ^ ? * T a!3I4j;.SS.fs:.« ll 11

" n5'  1- J7 U ,! I "8'IU'40' "■  , - sl U *1J02! LiT* ‘ - 1
SIGN UF ('.AGI-LTUSIILmTU BL IS :  l j  SIGN OF MAGNLTOSilE ATM BM IS *  3
D IF l CTIUN or IIOPMAL OSLO FUP PLOTTING DATA IN GSM: ( 1 . 0 0 0 ; - . 0 0 6 ; - . C 03 )

>lfr.l,P?S?iIiSliT,I. r f T{ i ! r ' } ? 7 "fAS!!,r f , ' ! N i i R g * I f . H  , { " « - 3 3 - '33 o r ,  q u t i q u n o , . . U . « ,  I T -  T O . ,  m .

#61 p C u rr l iV .  t l i f i  ?f, u

5IrW'?iifi1,l!?Ti: FT7Ftr *J?7',S»i:}!i,rSi*fAG?*pTTcSl 71Mm UT: l " ‘
f>iFi:c? ir,!.aRfL?!()pilki’T! c K  )h) a M I L  i l l "  ?f, 11

f’ ^ c f - L r n ' M ^ A r ' r F i l’' 1 ; F ‘ c V 7 n AAr,‘;L'i:o ' r , Ii d K t * F T E ' I  T J n 2 - 2 2 - 0 '  u t ‘ OUTBQimn,  R . i r u ,

DIP rV T11: {iA' i F L N [ ] P-!! A L T !! S L D F1^ '  p t o T f l r l G  DATA IN GSM!:I L ('Jr d 2 0 * - . S 2 5 ; S ! 5 7 1 )  ”

5£cttffi?*V&Tfit| TEK'r ‘ i? 7uAA,clKE»KsKxidR8A?TESf Ti MS' 2 l-1% IJT! 0UT3'llJN̂
s i^ c ffr r r ik LS}{ps}j}.LATl!sSh Hi Pti.1 T i A r,4SN&ISfht , x. S711

L T -  3 1 3 ;  LA T-  2 7 . 1

LT -  B05;  LAT-  2 8 . 1

MR LOCATION IS :  rL A P -197 i ! ;  I1 U N I0 - I1 ;  D A Y - l l j  TIME* 
lX-C!’l-T0S!)F.ATM_FTl.S*_..2;. PlAGr'LTDSPHtPC FTCS* 0 6 . 3 3  UT;  INBOUND; R-  9 . 3 ;  L T - 1 1 3 7 1  LA T-  2 . 6

P,AGN* t o s i i l a t h  bl i s * l ; s i g h  of m a g n l T j s n e a t i  b-» i s * »
D i r CC T l L ’ l' OF OOP! AL USLD FOP PLOTTING OAfA IN GS *1 * ( . 933  ; - .  136  ; - . 2 9 6 )



262

f*p l o c a t i o n  i n  y e a p » : " 7 m : m u h t u - i i ; d a y * u ; i
MAC Pi TO! I ILATH F T l S :  0 ;  MACPL) HSPHl  PC FT 1Z*
i i r n  i_f rAi i tu t u l m i a t m  fil i i  : ? :  ^ i o r ,  of  hart

T I M E • 1 6 . 2 *  NT;  OUTBOUND; 9 - 1 2 . 0 ;  LT>
0

_____ _ . . .  _ ..........  MARNCTOSUt AT H DM I S : 3
d i p e c t i i j m  u r  normal p s c d  fuf1 p l o t t i n g  d a t a  in  r,$.u i w i m - . s o o i  . * 9 0 )  

mp lcicATiu n  m  r iA f

102; LAT- 36.5

i fJ7 " ; c n m i i - i i ;  d a y - 1 3 ;  t i m e - 1 3 . 1 9  u r ;  i n b o u n d ; 9 - 1 1 . 6 ; l t - i 1 1 2 ; l a r -  3 . 5.'.Ar.f L (L’liiLAin m i l : u ; «ai»I LT CITHCPL F T Ls :  1
ir. t ;  u f  p a g n l r 1 1 s i i l a t h  p l  1 : 1  u  s i g h  cf  m a g n e t o s u e a t h  r « i s :  2

p i P L C T i n r .  u r  n h p k / l u s e d  f u p  p l d t t i n c  d a t a  i n  g s m : i . 9 0 7 ; - . 1 2 1 ; . 1 0 6 )

PP LCCATIlJN I „ :  Yl AT ■ l ° 7 f  ; ML'NT H* 1 1 ;  D A Y - 1 * I  T I M E -  A . 02 UT ; OUTBOUND; i\t f .PLTO; 11 ( AT r! F T I L :  0 ;  Ma o P.I U1L PilERE FTLS:  0
P - I A . A ;  L I -  1 1 1 ;  LAT-  3 3 . A

SIRP C.’F I'.AC HL TUSHl a TII  BL I S :  c-i £.1 } oi i j r i  u r  n i u j m l  a i -i un o ;  < i
D I RECT I ON UF I I I IPCAL USED FilP PLU1TING DATA IN GS.1i ( . 7 P 3 ) - . 2 u l ;  . 5 8 9 )

PP LHC AT IlJfl I I  « Y[ A P . : t , 7 n ;  l l i m n i - l l ;  P A Y - 1 5 ;  T I M E - 1 6 . 15 u r  I INBOUND) R - 1 7 . 5 )  LT*  10 2 2 )
f v n i L T n n i F A T n  f u s : o ; k a h i l i  ns p u l p  c f t e s : o
Li r , I I  CF MAGNi TnSHLATH BL IS : 11 SIGN OF MAGilC TOS HEATH B.M IS« 1
n i P L c r i n :  mf i .opmal u s e d  f «jp p l o t t i n c  d at a  i n  a s m : i , 9 e t j } - . i 6 5 ;  .0 2 6 )
l‘ P LPrATI IJM IS« V1 AP - 1 0 7K J  ' i m . T I I * l l ;  P A Y - 1 5 ;  T I r S E - 2 3 . 0 6  IJT; INBOUND; P * H . A ;  L T - 1 0 5 6 1  LAT*  3 . 6  
PA CPLTl ’ I  III ATM F T I L :  Of MAGNET ns PHuP L FTLS:  0
SIGN OF I 'Al- .*LTCLI IL. .TI I  DL IL * Z< Z); SIGN UF P.AGNfcTJiUEATH B.M I S :  2< 2)
D I P t ' C T i n i :  IF I1UPI1AL l " C O  FUP PLOTTI NG DATA IN GSM: ( . 9 0 o | - . 1 6 5 »  . 0 2 6 )

( 2 ) ;  SIGN (IF rlAGNETUSHt ATM BM I S :  2 (  2 )

LAT*  1 5 . 1

*****

MP UICATI 'JN I I :  YLAPB1 ° 7 0  5 Ml l Nl l ' * l l ;  DAY-1! - ;  f I M 2 - i 9 . A 3  U T ; INBOUND; 9 * 1 * . 7 ;  L I - 1 0 3 2  ; LA T-  3 . 2  
“ ACMLTUL MEATH T I L L :  0} I*AG) l l r j i P M L P L  F I L L :  0
SIGN DF PAGPLTlH MLa TH BL I I  * 2 (  2 ) ;  SIGN ')F MAGNETJSHEAT H 9M I S :  11
P I P  I’ C T I L T  UF I.CIPNAL USED FUf PIUTT1I IG DATA I N  GSM: ( . 9 8 6 ; - . 1 6 5 ;  . 0 2 6 )

r P  LHC ATIUN I L : Y M r . l V 7 l  ; I T I l N I I ' l l i  D A Y - I U ;  T I M I - 2 1 . 1 5  »J f ; UUTBOUNO;
MAGI1LT U%HEATH FI  I f :  01 f 'ARI’L'l US PML P C FTL1 : 0
SIGH [)F NAGNf TIJSI ILATN BL I S :  2 (  £ ) ;  SIGN GF MAGNET 'JSHF ATH BM 13:  I I
P I P L C T I N N  OF lltJPM/L I 'SLP rUP PLL'TTI l iG PATA I P  G J i :  ( . - ) 2 6 ; - . 7 1 i ;  . 3 2 1 )

r.P LOCATION I L :  Y L A r « 1 0 7 P ;  m i N T H - l l ;  P A Y - 2 0 ;  T I M E - J O . 03 UT ) INBOUND; P 
i -AGHLTUf l l tATl l  F T I S :  0 ;  1‘ AGI’ L l  OSPMl FL F T l S: 0
SIGN UF MAGNLTOSIILATH BL I S :  u(  1 ) ;  SIGN l,F MAGNl T I j Hl A) M BM 1 3:  i t
P I P . I CT I I ' N  OF IK’PNAL OIL'D FOP PLOTTING DATA IN GSM: ( .  9 * 3 ; - .  1 8 9 ; - .  2 76  )

MP Lf’CATIOf l  I S :  Y L A r « l 9 7 f i J  N O M M - H ;  D AY - 2 1 ;  T I M C -  7 . 1 1  UT ; OUTBOUND;
MAC fit T 0 1 MCATM F T I S :  1 ;  rlAGIIL 1 US PH»F L FTLS:  1
LI ON PF I AIi MLTULMLa TII BL IL : 3 I J  LIGN OF NAOML TUSHEAT H UM I S :  1(
DIPLCT ION OF NUPIIAL L' ILD FOP PLOTTING DATA Ml GSM: ( . 5 ^ 1 ; - . 2 5 5 1  . 7 6 5 )

IIP LOCATION T l :  YL AP*  1971' ;  M O N T I I - l i ;  P A Y - 2 1 ;  T I N E -  * . < . 3  UT;  OUTBOUND; 9 - 1 1 . 6 ;  L T -  7 1 2 ;  LA T-  3 6 . 0  
MAC I.LT O I H L a TM T T L ; :  u )  MAGI.LVCJSPHCPE F T L - :  1
! I C l i  UF NAl.NLTMI i Ca TII  BL IL : l Z  SIGN OF NAGNLT'JSUEATH BM I S :  l
P I P l  CT I I ' l l  OF IU1PIU.L OSI P FOP PLOTTING DATA I N  GSM: I . 5 9 1 ; - . 2 5 5 ;  . 7 6 5 )

1 * . 7 ;  LT * 1 0 3 2  » 

1)

9 - 1 * . 1 ;  LT -  7 3 5 ;  

1)

•  B• 21  L T - 1 1 1 * ;  

1)

P - 1 4 . 6 ;  L T -  7 5 0 ;  

1)

LAT-  2 3 . 5

LAT-  - 1 . 0

LAT-  * 0 . *

NP LUCAriOt ;  I i :  Y U F r l < ? 7 r ;  P U N T l ' - l l ;  D A Y - 2 3 ;  T I H b -  3 . 2 B  U T ; INBJUMD;  R 
MAGNLTU: I ILATII  F I L L :  U)  P.AGPLT nS PHLRC FTCS:  2
SIGN Ur  I ' .AGI'.LTOSIILATlI BL I S :  2 (  2 ) ;  SIGN UF MAGNUOSHEATH BM 1 5:  1 (
n i P L C T i n n  of  n n r t:al  i ’S l p  f u p  i l o t t i n g  d a t a  i n  g s m « ( . 9 9 j ; - . o a a ; - . 0 7 7 )

IIP LUCAUON is: YLAP-1O70; HJNTH-ll; IUY-23; TIME-17.21 U T J UUnOUNO) 
N/GNLTUrilEATU FTTS: l; -IaMIET USPHLPC FTLS: 0
SIGN UF MAGNl TOSHLa TH PL I S  * 1 ( 1 J ,* SIGN OF MAGN1; T )S BEATM BM I S :  2(
DIPLCT I O N- U F  NOPMAL IJILP FUP PLUTTING DATA I N  GSM: ( . 3 0 0 ; - . * * 9 ;  . 1 5 * )

P.P LOCATION I  r  t YLAF«1<'7B;  M I - P T N - I i ; D A Y - 2 5 ;  T I U S » 1 5 . 3 0  UT;  IHBTUNO;  «■ 
MACNl TOfULATH F T l S :  2» NAGI:LTOSPH!.Pl FT- .S:  2
SIGN or  MAGl juTHI I ILATM BL 11 : 1(  1 ) ;  SlG' l  UF I IAGUtrOSHCATH BM I S :  1 (
O I P L C r  IOr* OF NORMAL OSLO FUF H O T T I N G  DATA I I I  GSM: < . ° 9 5 ; - . 0 8 9 t - . G 3 7 )

MP LOCATION I L :  Y L A f - t 9 7 P ; N N N I H - l l ;  D AY - 2 7 ;  T I M L - 2 1 . 1 *  U T ; INBOUND; 9> 
fT/.LMLTL'LIIEAy h  T T l L :  3;  MA l - N l I O i r H C PC  F T E j :  0
SIGN OF NAGP.l TOI h Ta TN BL I S :  L (  1 ) ;  S IGN OF GAGNETOSHE AT H BM I S :  3 (
n m C T I U N  OF I IUH7.L NSL D FIIP PLOTTING DATA IN  GSM: I . 9 2 ? ; - .  3 70 ;  . 0 1 6 )

PP LL'C/ .TIDI  I I :  Y L A P - 1 ‘’ 7U;  N U N T M - l l J  D A Y - 2 7 ;  T I ' 1 c - 2 l . 3 l  UT ; INBTUND;  9-  
NAGNLTU. I lLAl  I n i L :  ( I ;  PAGNLTOL PNl RL FTLS!  U
SIGN OF NAGULTHL'ULATH BL I S :  I t  1 ) ;  SIGN OF MAGNCTOSHT Al H BM 15:  31
D I P L C T I U N  OF NMPM/.L I ’LLD FUR PLUTTI I I G DA IA IN  Ol M:  ( . 9 2 9 ; - . 3 7 0 ;  . 0 1 6 )

MP LOCATION I I :  Y U P - 1 0 7 N ;  O O N T H - l i ;  DAY-311; T I N E -  7 . 1 3  UT ; INBOUND; ».  
i lACNL'TUINCATH F T L 1 : U; f*Ar P.LTUS Pl lcPL FTLS:  1
S U N  CF I* AGML TnSI IL AT II OL I S :  L ( L ) ;  SIGN IF MAGNET J VIE AT H B1 I S :  1 (
D I U C T I U P  UF NIJPNAL 0 1 L 0  FJP PLOTTING DATA I N  GSM: ( . 9 *  1 ; - .  3 37 ; - .  0 2 * )

7 . 0 7  UT;  UUTBTUND;

J i r . M ' u r ' f ’ AbMuTULi lU Til BL I : S 2 ) J  " S I G T O F  UAGNETUS Hr AT H 9 M I S !  3(
n i P i c T i n n  u f  n i i h i a l  os Ln  f u p  p l o t t i n g  d a t a  i n  g s m : i . 7 5 3 ; - .  1 * 3 ; . 6 * 6 )

P,P LOCATION I S !  Y [ . , - r - l « , 'P . ;  N l i N T U - 12 ;  DAY-  3 ;  T I N E *  
NArpLTOSl IEATH FTt L : u;  Ra GI ILTOSPu CPl F T I 1 : 0

- 1 0 . a ;  l t - 1 0 3 * ;  

1)

R - 1 4 . 3 )  L T -  7 2 2 )  

2)

7 . 0 ;  L T - 1 1 0 9 )  

1)

1 2 . 1 ;  L T - 1 0 0 2 ;  

3)

l l . o ;  L T - l o o o ;  
3)

1 1 . * 1  L T - 1 0 0  7  I 

1)

R - 1 5 . 5 ;  L T -  6 5 * !  
3 )

LAT-  3 . 3

LA T-  2 9 . *

LA T-  - 1 . 0

LAT-  2 . 5

LAT-  1 . *

L * T -  1 0 . 9

LAT-  3 6 . 7

NP LOCATION I I :  Y I AP - 1 9 7P . ;  M i N l H - U ;  DAT-  5;  T I M E -  2 . 2  
MAC II I  TUI  l lcATH FTC I : (•; NAG) LIUS PNLPL F T L l : U
S I C N  OF PAGNLTUS li t  ATM BL I I :  3 ) ;  SIGN UF i lAGNtT'JS TC AT H BM I S :  2(
D i r  L C T I f T  OF NORMAL USED FDP PLOTTING DATA I N  GSM: ( . 9 2 * ; - .  3 8 1 . * - .  0 0 7 )

2 . 2 3  UT;  INBOUND; 9 -  9 . 2 ; L T - 1 0 0 2 ;

2 )

LAT-  - . 5

PP LOCATION I i :  r i A r - l ‘' 7 p ;  n ; )  T O - 1 2 ;  DAY-  5 ;
MACNETOf HEATH FT i f :  0 ;  MAMIE)  OS PHLPL FTCS:  _
SIGH UF PAGNLTUSI ILa TH BL I S :  3 ;  SICN OF NAGNuTOS' lbATH BM I S :  2
Di r . CCT I PN OF IIURNAL USLD FOR PLOTTING DA IA IN o i l :  ( , o * 2 ; - . 6 2 2 , *  . * * 7 )

MP LOCATIDM I f :  Y I A F - 1 9 7 K ;  P O N r H - 1 7 ;  DAY-  0;  T I M E -  2 . 2 0  U T ;  UUTBOUNO;  
I 'Al' I IL TUI  HEATH F T I S :  0} A CI*,L T U S M L P u  FTuS:  0
S I C I I  OF NAGIII TITI'NLa TH BE IS : 1< SIGN JF P A G N L T J j l f c A M  I j !  2
D I P L C U L ’ M OF f.OPMAI I ’ICD Fl|P PLOTTING DATA I N  f.SM: ( . 6 7 9 ; - . 6 2 9 ;  . 3 7 9 )

MP LOCATION I S :  y ( \ \P .  i nyr ,  • H UNTH- 12 ;  D A T - l o ;  T I M E - 1 2 . 30 IJT; OUTBOUND;  
MAC ULTOSIIEATN FT! 1 : 0 ; P.AOIIU nSPH.Tw f t g s  : 0
ni GP L’ F PAGNl TUSML..TM BL IS : . ( ’ ),* j I G N  UF MAGNET JS HC A T H BM I S :  2(
DIFI .CT I  PIT UF ! IIJ PIIA l I 'SLD FU® PLOTT I Nt  DATA IN GS 1: ( . 6 2 5 ; - . 6 2 5 )  . * 6 9 )

MP LOCATION I S :  Y U I - 1 9 7 P ;  MIJNTN-12;  D AY - 1 2 ;  T I M E -  7 . 1 9  UT;  INBOUND;  R- 
• 'AGIJLTL’ i NEATH r ] i ' » :  1 ;  P.AM'.LT '2'. 1 Nl PE FTE1 : 1
SIC.M UF MACNILTUSlILATII fSL I i  : _? 2)', S IGN UF MAGNLT-JSHEATH B*  I S :  1(
D i n C T I C M  UF I 'UHI / .L " S I D  r i )P P L U M I N G  DATA IN i .JM: ( . 92 3 ; - .  J 8 *  . * - . 0  3 * )

f I H r - 1 6 . 2 1  UT ,* OUTBOUND; 9 - 1 * . * ;  L T -  6 3 0 ;  LAT-  2 9 . 5

9 - 1 5 . 0 )  L T -  6 2 3 )  LAT-  1 9 . 8

9 - 1 5 . 6 ;  L T -  o2 2 ;  

2 )

9 . 5 ;  L T -  9 3 3 ;  

1)

L A f -  3 5 . 6

L A I -  7 . 5

P P  LL C AT II I!  \n MLTUf H U T  
SIGN f'F PAG) '  
DI PLCTI OM OF

NP l UCAT ION 
t l / GNLTUni EAT  
H i p  n r  p a g i i  
DIPLCT I ' l l !  o r

I I : "LAl  
U T T L S : 1,717 . A U 1 U  i l l  ? H t P E AF T c f :  = * ^ f ' H T J N D ;. . . - i  I ! .AC..
CTIJri lLATN BL IS : " ’ L;  " ' SIGN OF^NAGllLTDSUP A T N  n.M r -  s 1 

i : : P “7 L  I l i LO r e p  P L U n i l O  DATA i n  GSM! ( . 7 0 9 )

R - 1 2 . 9 ;  L f -  5 * 6 ;  LAT-  1 9 ,

M: F T r H , F 7 n ,7 ' 7 u M ; L T n : P H i p C AF ^ 1 ^!  T I r 1 E - l * . 5 a  UT;  I N B U N P ,  P - 1 1 . 7 )  L T -  9 0 1 )  LAT-  7 . 8  

VlNPRAL ‘ o i l ’d FUP P L 0 r T ! l I|Gn OATA>1I N MG r M f ' l ( A.f ‘J ? l ; - l T 6 1 ;  1 . 1 C 9 )



263

*  * *  *  *

* * * * *

*****

♦  ♦ **«■

* * * * *

* * * * *

*****

*****

*****

** ***

*****

*****

*****

*****

*****

*****

*****

*****

*****

* * * * *

I

P I L CA T I UN  IS« YL a F ■ 19 7>' J 1 ‘ tJ f! T M •  ’ 2 5 PAY- 151  T l r t t '  
MAGPt Tl l f l ' LATH r T ( L : 1 ! .AOl ' . lT nSPl I tP.L FT i. j J 1 „
. I f . |  [ F P A I U l T U . I I I S T U  6 l  111 1< 1 ) ;  SIGN I l f  MAG: ILT J^HCATH HU H i  1 ( 1 )

P U I I T M - U ;  P A Y - 1 5 ;  T I r t t -  A , 31 U T ; NUTBOUNO; * ? - 1 3 . l ;
•■■ ■ nspr _ -- -

n I p i  c T i i i i t  of  un r i i / . i  us t o  p u p  p l f i t ^ I mH d a t a  i h  r . s n * _ i ' . ' » 6 A ; - . 7 m  - A2A )  

pp U i r A T I l l i l  i : :  YL*.F * l « 7 t ! ; Ml )NTH« i 2 ;  P A Y - 1 5 ;  T I M E -  6 . 5 0  UT J GUI BOUND; R - l a ,

i i n n  I ' F ' i ' A u r L V M i m Ca t i i ^Sl i i *V1 ^ [ ( ' l 1) i Pl" 5 i c n ’ of  magnl- t j s h f a t h  * s , . 2 P! 3)
P I P l C T I l i n  (IF I IUPt i /L 11S L P Fl)P. PLDl  T I  i l l  Oa TA I I I  G S H  ( . A 6 A J - . 7 7 8 .  . A 2 A)

LT- 537; lA T• 2A.5

L T -  5 5 7 ;  LAT-  3 1 . 3

1 3 . 3 ;

2)
; T  l l Ca T H jn i n  Y L A F - 1 9 7 U ;  m j i . n i - l t ;  p a y - 1 7 ;  T l f i E - l A . o i  ut  ; i i .TBJUND; R-

i W o s H c A i H  »« is . at a
P I P l C T M N  OF NOTUAL USLP FI P PLOT T I l lG DATA I I I  0 ^ 1 *  ( . IOvj; - .  3 9 A , . 2 6 7 )

i p  L. i r  at  h i m  i f :  y l a p - 1 9 7 ! i ; p.i u i i h - i z ; p a y - i d ; t i m e -  b . s d  u r ;  i n b o u n d ; r - 1 2 . a ; l t -

U iltu^ u th  5, IS. 3. 3.
P I F l C T i n  fir I l l lPflAL L'SLD F-1P P L O D  DIG PATA I N  GSM: ( . 3 1 9 ; - . 5 7 ' J ;  . 0 6 2 )

LT -  5265 LAT-  3 0 . 3

3301 LAT-  1 2 . 9

rtP U ’ CATIDM IC« y l a P - 1 «7 P ;  P.CNTM-12;  P A Y - 2 1 ;  T I I l t - 1 7 , >32 U T ; I NBJUNP;  R - 1 2 . 1 ;

1 in i t , l j r " ! ‘ AonLVu! hr .AT) i 1 k  i 1 3 ( j 3», j PL e i g n j u f  m a g n l t u s h f a r*-f sm I S !  i (  u  
p i r i c T i n r  .i f  miPf .AL u s m  f d p  p l o t t i n g  d a t a  i n  c s n  ( . 7 M v j - . 6 o n - . i o u

,1 p LOCATION i s : Y I A P - 1 ° 7 ' : ;  I I Or .TH- 12;  Pa Y - 2 6 ;  T I M t - 1 1 . 5 0  UT ; INBOUND;  R - 1 3 . 7 ;  LT -  
r . A n i . u ; : i i i a m  m i :  u; iiam.lihi p mCpe. flei.*. o
S i n n  OF PACIlLTllL llLAT II 
P l P L C T I f N  IIF I.NPI1AL US

L T -  3 2 6 ;  LAT-  - . 7

S I D i  OF-"! AGnLTI IDlL AT II BL IS : "  “ C ( *  2.) 5 ”siG)T’ ,"lF MAGNbTJSMEATH firt I S  * 2< 2 )  
j 4 L •>. Lit. !. Ay.'JL * Us !.i*r . *1 f  p j^1F p f c iTTl ' iG DATA I I I  GS.1* ( . 7 6 5 ; - . 6 3 0 ;  . 1 3 5 )

P AY- 26 J  T I t l E - 1 2 . 15 U1 ; 1N0T.JNO; R - 1 3 . 6 ;  LT -  
" IS « 1

MAGNCTOSMtATH BM I i «  1
n i r l c t m u  i i f  i i m h i a l  u s c p  fup . p l o t t i n g  p a t a  i n  g s .u  ( . 7 6 5 ; - . 6 J o ; . 1 3 5 )

n *  LL'C ATIUI .  U S  YLa F - l ‘>7y : P I P T H - I E ;  PAY- 26J  
MAI NCTN1 MLATll r t L i :  3 ;  IIAGI'.L TGS PULP C rTES i
SIGN u r  PAGt'l Tu f  l lLATlt bL I S i  l ;  SIGN OF K/

7 5 6 ;  LAT-  1 2 . 0

75B;  LAT-  1 1 . 8

MP LUC AT IIJII I f :  Y L A P - 1 0 7 V ;  I I I INTH-  0 ;  0 A Y - 2 V ;  1 IrtE 
MAPPl  TOf HbATM F I L S :  i i  I IAGI.LTGSPH. PL FTCSs 1
s i g n  of  m a p owTOs i i l a t h  bl  u s  :< 3 ) ;  s i g n  î f m a g n e t  3 6  ̂a i h 0 .1 . 1s:

6 . 5 1  U T I  OU f BOUNOI R - 1 6 . 0 ;  

0.1 I
G S i :  l . 6 3 0 ;  . 7 0 ;

L T - 1 7 1 0 l LA T-  0 . 0

21 2 ).210)
L T - 1 6 1 5 ;  LAT-  2 6 . 7

P l r i C l I L T  OF 1 UPNAL USLP FUR PI OTT IMG PATA

pp LUCATini l  I S  i YCAP-1V7VJ MONTH- 7;  PAY-  3;  T I M E - 2 2 . 2 5  U T ; OUTBOUND; 5 - 1 2 .  A;

4 " r K E n i H i  i ? i 5 ,j, SP L i i S f t ' n *  Sa s . . 6t .)j . .e m h  sn i s . u  i i
P I P b ' r T I UP  IIF ni)PP./.L 1'SL‘ P Flip PLPT1 DIG DATA 1)1 OS U  I . 7 9 2 J  . A65J  • AC6)

p.r I D C a TI U) .  I f !  Y L A P - 1 ° 7 V ;  MUPTH- 7 )  PAY-  6;  T I M l - 1 1 . 0 1  U T ; INBQUNO i R - 1 3 . 2 ;  L T - 1 8 5 0 ;  LA T— 1 5 . 8  
P.»' i t . t -TCi Mt-ATH F I L L :  2J P Aol L> U6HI LP  C F T E S : i ,
L I  Gil PF PAr. ILT.Jl  I ILATI I  &L I f :  i )  S IGH 'JF MAGNLT.JS lb A TH RN I S *  1
p i P l.f i  i i i p  n r  i i i i pp .al  u s i p  rni* p i At t i u g  o a t a  i n  Gj .m : i . 6 9 7 ;  . * u ; - . 5 8 7 )

r r  LLC/.1 lu l l  in Y C A r - i ' > 7 v ;  c u n r n -  7 ;  p a y -  o ; t i m e -  a . 09 u r ;  n u T m u N n ;  r - 1 2 . 9 ;  l t - 1 6 2 o ; l a t -  5 . 9  
MAD.LTU:  l l tATH F T 1 1 : 25 P.Ar.JILr ns PHLP.b FTES I <. ,
SIGH IIF P.AGNLT' i ISMI ATlI  BL I S :  1 (  1 ) ;  SIGN fJF MAGNLTQSUtATH N H i  I I  1)
P I P L C T i m i  t)F IIDPMi.L USED FUR PLOT r i f l G DATA IN G61 :  I . 7 8 0 5  . 6 7 0 ;  . 2 3 3  )

P.P l l l CAT i n H  I S :  Y( A P - l rt7 c»; MUNI H-  75 D A Y . 1 0 ; T I M E -  3 . A 3  UT j  IMBO'JNO J R-1<J.0» L T - 1 P 2 3 )  L A T-  - 1 . 7  
V G K L T U f  HEATH TTLS:  25 I IAGPLTI ISHHLPL FT l S: 2
SI CN u r  MAGNLTDL i ILa TH k  i s :  s ;  SIGN GF Pi AGUl JOSHbATH 91 i s : 1
PI PECTI iJ I .  UF IIUP.IIAL I ISLD FUP PI 0T1 ING DATA I P  03.1: ( .AA7;  . 8 9 3 ;  .OAVl

t*,p LDCa TIDM I f :  Y L A P - 1 °  ffi MNNTI I -  75 P A Y - U ;  T I M E -  3 . Ad U T ; OUTBOUND; R - 1 3 . 8 ;  L T - 1 6 0 3 ;  LAT-  1A. A

^ M ! ' J F : r , ^ T ! S , C ; . r M 2 k  W ' l W f - , S . S. . t T . ) S H | . I H  5 .  I S .  U  I I
P I P L C T I O I i l)F NDPP.AL U i L P  FUP PLDT1 ING DATA IM GSM« I . 7 9 0 ;  . 5 * 9 ;  . 2 7 2 )

11 p L nr  AT I  ON I f :  Y L A P - 1 ‘ *7 0 ; P l i n r i l -  7 ;  DAY- 1 2 5  T I M t - 1 6 . 3 0  UT i IHBOUNO; R - 1 7 . 0 ;  L T - 1 3 2 9 ;  L A r ■ - 3 . 6
PACI 'LTUI I ILATH FTF L : 2.* f lAO.L TOS PMuPL F T L L : 0 ,  . „non GF IIAf. riLTDl HLAT1I BL I S :  1 )  S I GH OF NAONCJ'JS.IkATH BM I S i  l
n i P l C T I C ) ' .  IIF NUPIIAL USLD FOP PLI ITTI I IO DATA I N  GSM: ( . A 3 2 ;  . b V v ; - . C 6 7 )

PP LUCATIOl !  I f :  Y L A r - l r,7 v ;  *1';) I 'M- 7 ;  P A Y - U j  T I . 1 l - 1 9 . u M U T ; I N M U N O ;  R - l A . v ;  LT - 1PAA;  LAT-  - 2 . 2  
MAf.I l l  T(!f l l tAT >1 F i l l :  25 flAOPLTOl PIICPL FTES:  0 „ . a -  T,
SIGN. UF P.AGNl TUf  I ILATII  BL I f :  l! SIGN OF P.AOtUTJS' lL A TH Bfl I S :  1 
DIPL'CTIOM OF IIURI AL I ' f L P  FDP I ' LOTTUIG DATA I I I  GS.U I . * 3 a ; , d V 9 { - . 0 o 7 )

- 5 . 0

•  2 1 . 3

• 1 2 . 5

. 7

- 1 1 .  A

l":rrLT6r,^AT.IrrrL k t r 'iT 7“AA)i;"ji',!rp,TjrgAn r ? i  ” '’t ‘ 3 ,u  uri h - i m m  l it .
SxIrct ir;l;AofLI1!c!e.r!kf‘1 Mt.ff> f t i  rt4ulS 8 ,'o2f»S» ,cI4 f,V :2 .2 3  ; i4 7 . i . 27L,

S Ir .ff ir ,I,?!lTiIrfT rb fp'tr '7 u f!!if ll;p .T !r!!*lT.l si UTi “UT,)UM»' R- l2 - ’>1 ” - n s . ,  u r
MS.1:cV5rili*W‘Si)F!ll.[-,|!slf'li m bin 21
SlrhL'fSTfiKlT.1.1? 1 T!:i'r"ij79;Anf-'L'ftJrpSrrE*ni!*i Ti n£'  UI! wl^mo< u r

HA i n i J ' l T P ' f e D ! "1 “IS'agT H i r P . m .

1’. S c F r . v!:?’ ' 6■•7'’ftA2!1’,d { H F p S d f c — »»•** u t .
oipU t^m AOFl niip.ll).tTll:fli ftk ’. S N iD io ,

l?*^hL’?Ur i I| t * T S r n r ^ P‘ l 7 TOA * M ,! . T 0 S p W p L * F T f § {  ' ‘ " E ‘  ’ 1,<8,3U« 0 '  R" I 7 . 3 .  I T . 1 7 U I  LAT'
S U )i UF tlAGNI T()l ill ATM BL IS? j ( J ); SION L F MAGMsTOsHF ATH BM IS: 2( 2)
P I P C C T I f l !  (IF I .UP UAL U1LP F()P P L n D I I I G  PA) A IN GSM: ! . 6 2 A ;  . 7 0 A 5 - . 3 A 0 )

" ? . r T r b 1 ' r "cV~'7:i!:.!!LTI!iPM[pfA?TrSS t; mc‘ 2-" ’  ,Jli auTI!™ '‘t' ’ IT-15171 U I .  15.3
Miwu*8?c/;»i:r[!se& ft! atSfiiflr. si?s ?5 G,!:j,.,tr33,7'4}:H.!;L!s:;iii u
MAI r  c l  fit* T S-f 1 .r !: <r ■  i  *1 r”'? r uC r l # FT? '  i I } " S' “ -'J7 UT! lt- u l s i  u i - u .o

MFCCTin!lAnFLn[lrMALr llsu  f t f pfJrtlf.t 6^ ' K  ?.^VLT ° r ^ i r . ^ 3 . 21

•sEchl1?lirStlATil^rTip”S?t<,AaU5'I!}n?pm1^caftcSi <» * "uimu.ioi . - u u i  u - m o i  u r .  u ,
»?i!c95rrer. m ‘Tas?k iu ,£&,«/,* m  «s?ij“a«H.??.i3:10}!11
l!?rh^6r.VE’1!if.nTrstp-iV'T->;,A;!i!L-Vt1?P?;{.FPtn f ? !. ,l0nt- £-26 u,i u r .  -r.,
^ i p L C T l r l i A0 f l NuP. lk L ’ Ji lJ
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mp l o c a t i o n  i c i  Y L ^ r * i « ' 7 « j  m u n i i i -  n;  d a t - 3 o ; t i m e -  6 . j 9  u r ;  u u t r o u n d ; k - i o . o ; l t - i z s o ; l a t -  i f l . 3

I R  r;L 5 ̂ 1 1' AC. M E T ,f)111 i! T »11 6 u I L Vr L 1 ff b 1 V V P C 5 I n F UAGMfcTUS-ICATH 9*1 I S * 2 (  2)
niP.LCTi n i !  IIP NORMAL OSH)  FUF FUJI  1 IMG DATA I N  Oi rU ( . 9 6 1 ;  . 1 5 2 ;  . 2 3 1 )

IIP LOCATION I L : Tl  Ar « l <J7V 5 l iUNTM- 9 ;  0 / Y« 13 1 I M C - 1 5  . 0 3  UT i OUTBOUND; 9 - 1 0 . 9 ;  L r ■ 125 A} LAT-  1 6 . 2  
HAr . MUUrm. ATH n i t :  l :  Ma OMLT M« PHwP L FTCS« 1
5 I 0 M  UF MACMI. Tl lSI l l  A Ti l  BL I S :  ,1( £ ) ;  SIGH UF MARNE TUS' IF AT H BN 13:  1 (  1)
o i r t c T i n n  u f  nur. f ial  u s l c  f u p  i *l t i n x n o  d a t a  h i  g s i : ( . 9 3 0 ; - . o o i ;  . 3 6 9 »

MP LOCATION IC :  YLAT • l '.> 7 1*; Ml II ’ 1 H* 9 ;  DAY- 3: T IM E -1 2 .3 1  UT ; INBOUND) 9 - 1 1 . 9 ;  L T -1 5 1 5 )  L A T - - 3 2 .5  
MAr.ci TUrilEATil r T t r :  2J f AMI LTnSPH,.Pr FTCS: u
S I U I  UF MAf. l lLTUl I ILa TH Bt  I I :  1 (  1 ) ;  j IGI OF MAG' i l T Ja HI AT H BM I S :  l (  1)
P I P  t C T I L M  u r  HUPMAL OSLO FUP PLOTTING DATA IM GS1* ( . 7 6 0 ;  . 3 0 3  J - . 5 2 5  )

.IP LHC AT IUI I  I C » Y[_AF " l ‘>7'i; 1*111 T I I -  9 ;  PAY-  63 T I M E -  . 6 5  UT;  IJUT9UUND; P - 1 1 . A ;  i r - 1 2 3 2 ;  L A T « 1 8 . 9  
MACNl TPSI IEATH FT! 1:  0[ Aa GMLI US PULP C FILS-*  0
U i n :  PF fAC. i iCTULUl ATM RL I I  : ? t 2 ) ;  SIGN OF MAGMETUSHEAT H BM 13 :  1 (  1 )
PIFEicTIMM UF NORMAL USED FilP PLOTTING DATA I I I  GSM: ( . 7 0 0 ) - . 2 6 9 )  . 3 5 9 1

IIP I P C / T I O I I  i : »  T LARr l Q7 " i  MONTH- 9 ;  PAY-  6 ;  T I M E - 2 1 . 29  UT;  I N 9 3 U N 0 ;  R - 1 2 . 6 )  L T - 1 5 2 5 ;  L A T — 1 5 . 0  
UACl.LTUi  MEATH T T l * s 0 ;  NANI L ’ US N H R I  FTCS? 2
« i h l l  'JF MAGNETO. I l f  ATI! !i L I I - : 2 (  2)i S IGH MF .MAGMLT3SHF ATM BM I S :  1 (  l )
P I PL CT I U M  UF IKIPMAL USLP FIJP P l i m i l l C  DA1A IM G 5 M: ( .  772;  . 5 9 9 ; - . 2 1 2 )

MP LOCATION I I : YLAP»ln79 ;  MUMT M- o j pAf *  0 ; T I I1c- l<J.: )5 J I  J U'JTRGUMOj R -1 1 .3 J  L T -1 2 5 J )  LAT- 1 6 .1  
MACMLTUI l IC A Til TTl T : 1; MA0M.L1 US PMLP E F T E I « U „ „
SIGN L'F 1‘ AGMLTUI 'HATH BE i s : 1 ;  SIGH OF MAGNLTUS’ IF A(H 9H I S :  2 C>irLCTinn UF MUPM/L USED FUR P L r n H U ' .  DATA IM G S U  ( . 9 6 j ) . U 3 8 ;  . 3 2 5 )

MP LUCATIOM I f :  T U P - 1 9 7 9 ;  MONTH- 9 j  PAY-  03 T I M E -  8 . 2 6  UT ; INBO'JNOj R - 1 0 . 6 1  I T - 1 5 0 6 )  LAT — 3 3 . 5  
,‘1 / r i ' LTUr lUiATI I  FTf  S: 2J MAf. l 'ETOf PHc.PL FTLS:  2
3 I f  N OF MACMl TUSI ILATH BE I S : I t  1 ) ;  SIGN UF ‘1AGMLTG 3HL AT H BM I S :  U  1)
P i r E C T I L ’ II UF MUPPAL I ’SCD FUP P i n T T I U G  DATA IN GSM: ( . 6 6 0 ; . 2 6 6 ; - . 7 2 2 )

MP LUCATIUI I  I S *  Y CAF- 197 ' J ;  I ICNTH* 9;  DAY-  L1; T I M E - 1 8 . J l  UT ; UUTBUUNO) 9 - 1 0 . 1 )  L T - 1 2 1 0 ;  LAT-  2 1 . 8  
MAC ML T 111 I ILATII  F T I S :  13 I. AGI ' l  TOS PH IP L FTLS:  1
SlCi :  UF MAGNl TUSMI . WH BL I S :  l (  1 ) :  L IGH OF MARNE f  US H AT H BM I S :  1 (  1 )
P I F L C T I P H  llF I'.UPHAL I S L D  TUP PLOTTING DATA IM GSM: ( . 3 2 7 ; - . 0 5 8 1  . 5 5 9 )

MP LUCATIOI I  I S :  Y l A f - l 9 7 « ;  KIJM1H- o;  pA Y - 1 0 3  T I I 1 E - 1 H . 0 2  UI  ; INBOUND;  R - 1 0 . 2 ;  L T - 1 5 1 8 J  EAT— 2 3 . 6  
MALHITCS' I ICATH r T T S :  2 ;  M Ai ME TOE P m P G  F fES ! 2
S I  Cl. UF I* AGMLTUSIILAT ll f t l  I S :  1 (  1 ) ;  SIGH (IF . lAGMtTGSHL AT H BM I S :  I I  1)
o i r r c T i i : i :  uf  n o r m a l  u s l d  t u p  p i u i t i n o  d a t a  i n  g s m : ( . R 6 6 ;  . 3 0 7 ; - . 3 7 1 )

MP IL'CATIUK I S : y i a P * 1979; MIINHI- 9;  OAT-113 1 IU c -  6 .1 1  UT 3 OUTBOUND; R -1 G .6 ;  L T -1 2 1 3 ;  LAT- 2 1 .6  
MAnilTUI HEATH FT! t : 1;  flAGl LI US PUl PL FI IS  : 1
SIGN UF I ' AGMLTniHI  AT. I  BL I S :  1(  1 ) ;  SIGH UF MAGML1 JS*U AT H 3M 1 3:  1< 1)
P I PL CT I U M HF HIIPliAL L'SLD FUP 1-LU1 1 IMG DATA IN GS.1: ( . 9 0 2 ;  . 1 2 6 ;  . 6 1 2 )

MP L0CA1 IUM I S :  TL a P - 1 0 7 <j ;  MUNI H -  9J OAY- 133  T I M E -  3 . 0 5  UT J INRO'JNO) R - 1 0 . 8 )  L T - 1 5 0 3 )  L A T — 2 1 . 9  
MAGMl TUf  I ICATil  F T I S :  23 MA'-I ILl US PHv.PL F T l S :  0
S I M !  UF MAGML TDIHLATJI  BL I S :  L (  2 ) 3  SIGN UF MAGNC1 J H c  AT H B i  13 x 1 (  1)
P IF .CCTI I ’ M UF MUPI.AL OSLO FUR PL'M T IMG DATA IN GSM: ( . 7 5 0 3  . 6 5 2 ; - .  6 8 3 )

MP LOCATION I S :  Y L A ^- i n 7 ' » 3  MONTH- »3 P A Y - 1 3 ;  T I M E - 1 3 . 1 1  Ul ; OUTBOUND; 9 - 1 0 . 2 ;
MAC I 'Ll  USI'F ATM F T l S :  Ui  1AMIL’ DSPHi .PL FT ' .S:  0
i l l l !  Ur  M AGMu TL'j IIL a TH BL I S *  1 ( 1 ) 3  SIGN OF MAGMETUS HE AT H BM I S *  1 (  1 )
P I P L C T I U H  UF Hl'PMAL USED FUR I1L0T1I . I»J DATA IN GSM* ( . 9 9 51 . 0 3 6 1  . 1 0 6 )

L T - 1 2 1 7 ;  LAT-  2 2 . 5

UP LHC AT IOH I S :  Y L A r - l R 7 ‘»; MONTH- 9 :  PAY- 153  T I I 1 E - 2 2 . U J  Ul J OUTBOUND; R -  9 . 2 ;  
MAC ML TUI HLATH F T I L *  C;  II Af.-I L KJS P HCP L F I L S *  0
SIMM I T  MAGNET US IIL AT II 6 l  I S *  o (  i ) ;  S IGN UF MAGNETUSMEATH BM I S *  21 2)

L T - 1 1 2 6  ? LAT-  26 o 7

L T - 1 5 2 3 ;  L A T - - 2 2 . 9

P I P L C T i n :  JF M'JPMAL OSLO FOP PLUTTl I IG PA1A I I I  GSM: ( . 8 5 1 ;  . 0 8 1 ;  . 5 1 9 )

MP LL’CATIUM I S *  y L».F-197*J:  MONTH- ?;  O A Y - 1 7 :  T I M E - 2 3 . 6 2  UT ; I NBJUND;  R-  7 . 8 ;
MAL.MLTUri lGAlH r i K :  2 ;  r  AMI’ Ll US PHcPC FTLS*  2
SIGH L'F I". ANI' l  Tf j *  | ILA Tl I BL I S *  1 ( 1 ) ;  SIGH OF MAGNbTOSHL A H  BM I S :  2(  2)
n i F L C l I U M  UF MMRMAL OSLO TUP PLOTTING DATA I I I  GSM: ( . 7 7 1 ;  . 3 2 1 ; - . 3 6 5 )

MP LUCATIUM I S *  T I A P - 1 9 7 « ;  I'lJI P I -  9 ;  0 A Y - 1 B ;  T I M E -  5 . 5 0  UT;  OUTBOUND) 9 -  7 . 0 )  L T - 1 1 1 9 )  LAT-  3 3 . 6  
MAGIILTUS HLATH T T I S :  l ;  I IAMU TOS PHl P L F I GS :  l
s i t u  of  m a g n i  Tns i iL . Mi i  ol  i s * n  n ;  s i g n  u f  m a g m l t u s h g a t h  rm i s * k  3 )
DIF ECT ICO UF I'.IJPMAL O’. L D  FUP PLOTTING DATA IN GSM* ( . 7 2 6 ; - . 2 6 9 ;  . 6 6 3 )

MP LUC AT ini'. I S *  y L A P - l ° 7 y ; 1 HINT H-  9;  DAY- 203  T I M E -  7 . 2 2  U T ; IM8UUN0;  R - 1 0 . 5 ;  L T - 1 6 1 7 ;  LAT —  2 8 . 3  
M/CII (.TUSII fcATrl r i l S :  0 ; MAr i lL I USPI I^PL FT l S:  1
s ic i :  c r  m a g m l t i i s i i l a i u  hl  i s * : (  2 1 ; - i g h  u f  m a g n e t  lar i f  a t h  bm i s * z i  z \
DlPl .CT IUI !  UF l l 'HMIAL L'SLD FUP PLUTT I f i r  &ATA I N  GS1« ( .  7 65 ;  . 2 7 2 } - .  568 )

MP l DC ATIOH I S *  T C A P - 1 9 7 ' ' ;  MONTH- 9 ;  DAY- 223  T I M E - 1 6 . 3 5  UT;  INBOUNO; R - 1 0 . 3 ;  L T - 1 6 1 7 ;  L A T - - 2 2 . B  
MAT I L U C H t A T H  r i l L *  o;  f* A f. I Ll "S PHL PL FTGS : 0
r i r . l '  UF MAClil TUS IIL>‘>r  II BL I S *  u? c ) ;  S U / !  n F MAGNET 1S 8CATH BM I S *  3(  3)
D I P L F T I L M  IIP li i 'Pf.AL l»S*_n FUf Pt lTTTING DATA I N  <. jM: ( . 9 2 6 ;  . 1 3 3 ; - . 3 5 3  )

7 5 . 2

■20.0

f P l i C / . T I i l f ,  I S *  YLk F * 1 ‘ >7‘ i ; M N) U-  f>; DAY-  23;  T I ME-  2 . 5 9  I l f ;  UUTRJJND;  9 - 1 0 . 3 ;  L T - 1 1 2 6 ;  L A T ‘
MAf.'iI Tl i r i lEATI I  FT Ci S 1 ;  NAi’.l LI  US PULPS FTLS*  1
SIGN uF MAI ML7USI ILATU RL I S :  1 (  3 1}  SIGH (jF MAGIJL TOSMu AI H RM I S :  1(  1)
D I P1 CT I MI I  IlF ML’ PM./L USI D  FUR PLOTTING DATA IN GSM: ( . 8 9 3 ; - .  l 8 i ;  . 6 0 2 )

.IP LrCATIOM I S :  T L A P - 1 9 7 ' J ;  M l l t . P I - ’ P)  DAY - 25 3  T I H C -  2 . 0 3  UT ) I r lBOUNO; P - 1 0 . 5 )  L T - 1 6 2 0 )  L A T -  
l*A GMLTUf l i t  ATM TTC ?:  2 ;  f lACI' l  TUSPHLPS• FT'  S: 2
SIGH OF i lAGNtTUS l luATU BL IS' :  1 ( 1 ) 5  SIGH GF MAGNET JSHt AT H R'1 I > :  i (  1)
D I P L ' C l I l T  l)F MURfiAL I 'SLD M P  PLUTTIUG DATA IN GSM: { . 3 9 j ;  , i o l ; - , 6 3 9 )

r p  LUC AT IDS I S *  Y | A P • 1 ° 7 9 : MONTH- 9;  D AY - 2 5 ;  T I M E - 1 2 . 5 7  I ' T 5 OUTBOUND; 9 - 1 1 . 1 ;  L T - T 1 6 7 ;  LA T-  2 6 . 2  
MAY Ml TOSH t A Til TTI  S: 0 ;  r AGf'l TUSP'luP. _ FT_S-* 0
- i n :  JF I AGMLTLSHl . .Til  BL i s :  2 ( 2 ) ;  S IGH UF NAGIILT Jj HF ATH B *1 I S :  1 (  1)
D I P F C TI O l  HF I'.' 1RI!** L I STD FUP F I UT T I MC  DATA I I I  GS*1: ( . 9 1 2 J - . U 3 1 )  . 6 0 8 )

12.: L T - 1 3 6 9 ;  LAT — 1 6 . 3M P L w C/ T i n t l  i s :  Y L f l - l ° 7 1' ;  HUNT H-  9 ;  D A Y - 2 9 ;  TIM £ - 1 9 . 3 0  U T ; IMBOJNO; R-
N A n : n L -„ i i r . Am  t t l s : o ;  m a u  l : u s f h i p l  f t l s : o
SIGH ;iF MAGMl T'TSIILATII  BL I S :  r S I d  UF (1ARMLT JS HG A f H BM I S :  l
D I P L C T I N !  UF Hl.PI .7L OSlD TUP PLOTTING DATA I N  G^ 1: ( . 9 5 3 ;  . 2 3 1 ; - .  1 ^ 7 )

MP LOCATION I s :  Y L M r - l f ' 7 1*; MUI ’. H-  9 ;  D A Y - 2 9 ;  T I N E - 1 8 . 26 U f ;  I N B I U I D ;  9 - 1 3 . 6 ;  L T - 1 3 3 8 ;  LAT— 1 3 . 5
.’ / n u  t u ; i i l  a t . i r n ; : o :  magi  i : u s p i i l p l  F f = s :
s i n :  or  l u n . ;  t u s i i i  a t h  bl i s : n  3 ) ;  s i g n  h f  m a g m e t u s  i l a t h  bm i s : k  d
P I P l C T K l i :  o r  MURMAL OSLD F'jF I L U 1 T I I - C  DATA IN 9 S I :  ( . 9 5 J 3 . 2 3 1 } - . 1 9 7 )

LUCATIUM I S :  r L A F « l o 7 « . ; MIINTI I -  «}  DAY- 3G;  T I M E -  8. .J0 l)T ; .JHTBOUMD | 9 - 1 1 . 3 ;  L T - 1 1 3 1 )  LAT-  2 8 . 1  
MAi'Ml TOSMEATH FTLS:  S; MAGI l T US PI I^PL FTCS:  1
s i n i  nr  u a gi m  t i i s h l / t m  rl i s : i (  j i ; s i g h  u f ^ m a g m s t n j  h a t h  rm i s : 2 « 2 )
D l l  f C T i n  u r  I.LPM AL OSLD r j f  PL ’ ll T IMG DATA IN GS1:  ( , 9 1 9 ; - . D 9 l ;  . 3 R 3 )

MP LUC AT 10(1 I S :  YLAF -  i<)70;  MUMTH- iO;  DAY-  5;  T i l t -  6 , 1 5  UT J .JUTRUUn O; 9 - 1 3 . 2 ;  L T - 1 1 0 6 ;  LAT-  2 6 . 8  
MACIILTOSII: ATM r  T £ L : 0;  MAGI.L r n s PH t  Rl FTLS:  0
- i n  UF MAM.l' i .VJSUl a TII  BL i s :  L(  L) »  SIGH OF M.AGMt. T US ' I t  AT H R*1 I S :  2(  2 )
D i r c C T I  1M .IF HUFf ' /L  OSLD FUF PLOTTING DATA I N  ASM: ( . 9 1 8 ; - . 1 9 h ; . 363  )
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** +« «

*****

*  • * *  r

*****

*****

*****

*****

*****

*****

*****

*****

*****

*****

*****

*****

*****

* * * * *

* f *« *

* * * * *

*****

rp  L u c / .T in r  i  l : y l a f - i " 7 ‘>; mcihim - i g ; n ay -  7; t i m e -  ? . , c z  u r ; i n b o u n d ; » •  8 . 7 ;  L T - i 3 t 9 ;  l a t — zo«5
r. z.r I M  t i l l  LA Til r T t_s 2 ;  mam  11 ULfl lLTL F CCS * -  T<? . ,  , ,
Ml-.; OF rAf.MLnii llL .MM UL i r  : L( 2 ) |  SIGN I IF MAGMLTOSHEA1 H BM IS *  2 l )
0 J PI C T11 * I; HF ClIff'AL 1'Sl.D FN) PLOTTING DATA I I I  GSM* ( . 2 9 9 ; - . 2 2 3 )
MF lOCATiriM IS* TLAF« l r>7>J; n i l  111-10; DAT* 7 ;  T I /1 ^ -1 1 .2 1  ‘Jl ) JUrBOUND; P - 1 0 . 3 ;  L T -110  3 J LAT- 3A.0  
M/* ( I ’.l T I .  litATM r u T :  1 | fSACrLTRlPlILPE FTCS * 1 , n T_ , ,  , ,
3 1Cl, (’F f'AGN.T.'jrIILATM BL IS :  1(  2 ) ;  SIGM OF HAGHtTUSHEAlri BM 13: l  1)
D IP l CTIUII i l f  NORMAL USL1) FUR PLOTTING DATA I I I  GS1* ( , < 3 9 1 » - . l3 3 ;  .A 27 )
MP l PC AT ION IL : Y l A f « l rt79 ;  MONTH-iO; DAY* 9; T IM E -1 0 .5 0  O i l  IMBUUNOI P- 9 . 8 ;  LT -130A ; L A I — 2 3 .1
DAri i l  T l i n i cATH r n r :  2 ; MAGI LTOSPHIPL f t l s : 2
u r n  uf m a g m l t u s m l aTu bl 3 3 : 1 : l i o n  mf n i . r - i u T i n u M  an is« 1
p i i l C T Il F n r  r jp r . / 'L  g u l p  f .ip i‘L n iT iu c  d at a  i n  g s m * < . 5 * 0 ; . 0 2 0 ; - . 76«)
MP LUC AT I  till IS :  YLAF«1°7'1; 1:111 TM*10| D A Y - l l ;  T IM 6 -1 6 .A 5  UT; INBOUND; P - 1 3 . 9 ;  LT -12A 7; LAT— 10. A
i v r m  u i l h s a Th m L *  o ; m a c i i i  t i i s p h l k l  f t l l * o m
;.ICr JF I'ACML TLjL t!L«Tll PL J.L * 2C 2 ) ;  SIGN IF masmltus  he a r H P*J I I I  1 1>
p i P i C T i m 1 riF i in p m / l u s l p  Fop p L n r r in c  d at a  i n  g s m * ( . 2 7 2 ; . v i s ; - . 2 2 «*>
HP L UC ATI III 1 i s :  r i A F - l « 7 ^ ;  Mll liTU-10; PAY-12; TIME • 6 .A 5  UI ; UUTHJUMD; R - 1 1 . 8 ;  LT-10A35 l  A T • 3 1 .9  
;;A( M  U  : IP ATM m i *  l ;  rAGf.LTUL) HLFU FT EL* 1
S l i . r  UF MACMN Til l nr  A &L i s : l ;  LION OF I1AGMLT )SMEAT I PH IS :  l  . .
P iP i' .C Tin :  ; if m utual  u s i  n f iip  p i o t t i n g  d at a  : n gsms ( . 7 9 * / ; - . 3 3 0 ; . : g4)
MP LCCATIUI. i s :  Y lA P -1 9 7 0 ;  H 'N P I - I O ;  DAY-121 T IME- 7 .0 7  UT; .JUIBO'JHO; R -1 7 .C ;  LT-10AB; LAT- 3 2 .0  
MAC Ml Tiil HEATH F IL L :  Oi MaGUl T UI PHI P L FT ES : 0
q r i '  CF MAGUETUSMLATH BL IS :  21 2)5 SIGM OF MAGMl TUSMCAIH PM IS :  11 1)
P IF w C T im  OF IIDPMAL L'SLP FLIP FLUTTIliC DATA I I '  G„1: ( . 7 9 9 ; - . 3 3 0 ;  . 5 0 3 )
MP LIICATIUll I f :  r L A F - l « 7 0 ;  .ll)l'r '!■ I P ; DAY-1A; T IM E -1 A .3 0  >J) ; !TUTB3UNP; »■ 9 . 3 |  L T -1 0 0 6 )  LAT« 3 8 .0  
MAPI'.l TULIILATII m s :  i ;  r.AGI'LTHSFHuRL FTl S* l  „ . ,
SICII n r  IIAGlll TUSHl ATH bl i s : 1(  1 ) ;  SIGM OF MAGMl TJ >hf a m  BM I * :  f 2)
DIRECTION OF I.LPMAL i l iLP  FJP PLOTTING DATA IN G3 1: ( , 6 9 3 ; - . 1 3 1 ;  .7 1 6 )

,U» LPCATIDr*. I f :  YLAF»1‘>7‘>; PlH'TM-10; DAY-16; T I M E -1 3 .2 5  UT ! INRTUNO; P - 1 1 . 7 ;  LT -123A ; LAT— 1A .0  
MAC ML T C1SIT ATM TTLL: OJ MAGMl I UL PHuPS FTES: 01 IC|i  CF MAGMl T U  ULATH 5 l IL : l ;  LlGH UF MAGMtT 3 SHE A r H BM IS :  2
P IF tC T I I IM  I IF IKIRMAL I'SCP FUF I LOTTING DATA I I I  GSM: ( . 9 4 u j . 1 8 A I - . 2 5 7 )
MP LUCATintl IS *  YLAF-197 ': ;  I* NUl H - 10; PAY-17; T IM E - 2 .2 6  UI ; OUT BOUND; R - 1 3 . 1 ;  L T -1 0 0 7 ;  LAT- 2 5 . A 
“AfljulC'SIlLATII FTi L * 01 PA'il.Ll ULMILFS FTEi * 0
SIGH OF MAGHTllL h La TM BL IL * Lf SION UF MAGNC TUS Mt ATH BM IS *  ’  
n i F s c T i n :  .if i:n«*.i./L u s e d  f:ip p l i i t t i h g  dat a  i n  Gom* ( , 9 0 2 ; - . 0 7 6 i  . a2 a >
•|p LL'CAT I  UN i s :  YLAF * 1 9 7 ° ;  l' ljM*' l-  I D ; PAY-10; T IM E -2 2 .1 2  IJT ! IHBPJMO; R - I 2 . 5 ;  L T -1 2 3 5 ;  LAT* - 9 . B  
l A U l  TPLUCATN F IL L :  ‘t i  MAGI.Ll Ui PMEPC Fr»-S* 2

Sir,i: nr rAf.iiLTnsiu a t i i  6 l IS :  i (  n ;  s i g n  of m a g n i t j s h l a t h  rm i s : 2 ( 2 )
P IF L C T I I ’N of IIUPMAL L'SLD F JF I’LUTUNG DATA IN Gj 1: ( . 8 7 1 ;  . 3 0 ^ ; - . 3 7 1 )

MP LUCA1IUM I S :  YLa F - 1 0 7 " ;  f - U N P I - 1 0 ;  D AY - 1 0 ;  T I M E - l O t s O  O i l  INBOUND; P - 1 A . 2 J  L T - 1 2 2 2 1  LAT-  
MArr.LTUSI lEATI I  TTl  S: 0 ,* I AM LI  CZ PULPS FTLS : 0
SIGN Or l -AGMl TUSHLAl  II PL I S *  1 ;  j  IGM n F MAGU. f'JLME A H  BM I S :  2
D1FLCTILM: UF IUIPMAI U . L D  FOP P L N I T I N G DATA IN GSM* ( • B 7 7 ; . 3 0 A ; - , 3 7 1 )

ItP LUC AT I  in J I S *  YLAP- ' . o . ’ V;  MUI - 'V I - Lj ; D A Y - I P ;  T I M E - i y . 0 0  U T ; INBOUND; P - 1 A . 9 ;  L T - 1 2 1 7 )  LAT-  
MAGI’ I 1 nSI ILATH FTF L : 0,* MAGIILI OS FHLPL FT L3 * 0
r.101' UF I, AGMLTUS‘ ICAT i I BL I L *  L (  2 ) ;  S IGN OF MAGNETOS HE AI H 9N I S *  2t  2)
P i r C C T I U M  UF l ltlPHAL I 'LLD r i | 0  FLI lTTI f l f .  DATA IN GS1 * { . 977J . 3 0 < U - . 3 7 1 )

■ "6.6

- 5 . 7

•; iiuDiM-io; PAr-i'’ ;
MAO) l rn*  F^LP.U FT EL* 0

__________  . . . .  I S *  2( 2 ) ;  SIGN OF I I ... _ .
O I P l i C U L N  OF MUP.MAL U SI P  FUP P L O l l I N G  DATA I N  G3.M: (

MAI 111 3 L'L llLATM r T T L *  U l  MAG
I  I{?*)_ilF MAGNlITnL III ATij_.nL IS * . 2 ( 2 ) ;  SIGN OF MAGNET JSHFATN BM IS *  Z( 3)

OUTBOUND; P - 1 3 . 6 ;  L I - 1 0 3 0 ;  LAT-  3 2 . 0

BM IS *  2(
3 3 0 ; - . U S I ;  . 3 AO)

L T - 1 2 1 8 ;  L A T - - I 1 . 8

- 2 8 .2

-9.5

» 3A. A

TP LL'C AT I  UN I S *  Y U A F - 1 9 7 " ;  r ' l f T  M - t o ;  D A Y - 2 1 ;  T I M E -  7 . 5 2  U T; INBOUND;  R - I 1 . 7 I  
MACMLTU; 11L A T11 T I L L *  21 1AGIIH UL F 'IL P L FTEL*  2
SIGN L’ F MAGIILTIISIILATII BL IS *  1; SIGN OF MAGIIL TUSHg AT i 8.M IS :  l
D IFLC Tin i l  UF NORMAL USL'D F!JP PLUTTIIIG DATA In  G31* ( .97A ; . 0 * 1 ; - . 21A)
IP LUC ATII))! IS *  Y lA P -1 9 7 9 :  MIJI'TH-IOJ DAY-^.l;  T IM E -1 9 .2 A  UT; OUTBO'JNO) ® - 1 1 .0 )  LT- 92AJ LAT 

MAGULTOfllEATH FTI L * 1J MAMILTOSPHIRL FTLS* 1
L i r . r  ur MAoriLTOiiiLATii cl i s * k  d ; s i g n  uf  m a g n i t t s h l a i  i  bn i s * 3( 31
P IP LCT IL't'i (IF r.tPMAL U^LP FUP rLMTT IMG DATA IN GSM* ( , M 7 G ; - . 1 2 6 ;  . A 7 7 )

NF LOCATION I S *  Y L A r - l r>70 ;  I ' U N T N - I C ;  D A Y - 2 3 ;  T I M E - 1 6 . A O  UT ; INBU'JUD; P - 1 2 . 2 ;  L T - 1 2 1 A ;  LAT-  
I1A( I ILTUSI1EATII FTI  3* 21 MAGIN TNS PMgF L FTl 3 * t.
SIM* L'F MAGML TUSIILATII BL I I *  1(  I ) ;  j  IGM OF MAGNtTOS IFATH OH IS *  11 I )
PIPCC* I  II' fir NilPlI/.L l‘S LB FUR PLOTTING DATA IM GSM* 1 . 0 7 5 ; - . 0 0 9 ;  .2 2 1 )

MF LUC AT IUM I S *  Yl  . ' . r - 1 « 7 »  ; MUI ITH- I O;  P A Y -  2 A 5 T I M E -  A . ?3  U I  ; 0UT9UUND; P - 1 1 . 1 ;  L T -  9 3 2 ;  LAI  
M ACHl TL’L Il ' IATH r T U *  11 "AH l t u s i  h l p c  f i l l : 1
SIGH or IIAGNL TOSIIL ATH OL IL » l l  LIGtl UF MAGMLTOS HC ATH BM IS *  l
D i r iC T IU M  OF IIOPMAL "SLP FOP PLOTTING DATA IM GLM: I . 7 A 3 I - . 3 6 2 ;  . 563)
OF LL'C AT IiJN IL *  YL.. I r 1 ° 7 ' : ; N O f- r i l - lu ;  0AY-2A; 1 1*>2- 
MArOILTOL NEATH FT I L * 1;  ilAGIN TUL FHl FL FTbL* 1
Sir.p OF MAGULTIISIILATII OL IS *  i (  1 ) ;  SIGN UF MAGNl TJSHCAIH BM IS *  I I  1)
P IP tCTILNI [IF IIOPMAL l '3 l  D F’JF PLUl 1 IMG DATA 111 GSM* ( . I A 3 J - . 3 6 2 ;  .5 6 3 )
Mr inCATIUN IS *  Y IA F * - I0 7 « ;  n i l , I  M-U>; DAY-26; T IM E -1 6 . 06 U T; nUTBOUNO; R - 1 2 .A ;  LT- 0 3 0 ; LAT 
.MAf.HLTO! HEATH TTIS* l ;  MAGMLTNSPHI PC FTF.3* 1
3 1 Cl1 OF MAGMLTOSIILATII BL IS *  .: ( 3 ) ;  LIG'I CF MAGML T JLHE AT H BM IS *  1( 1)
D irE C T IO l ’ OF MUPMAL ll^LD TOP PL01TING DATA IN GSM * ( . 7 7 1 ; - .  326; .SAB)

(IP LUCATIOII IS *  Y IA F -1 9 7 '* ;  NUHTM-10; DAY-20; T I M E - 1 3 . 02 OT; IMBOUMP; R -1 0 .3 J  L T -1 2 0 2 ;  LAT — 1 2 .2  
MAC,MI T OS 11 LAT H T U L :  2; MAU.LI PL PH..PC FTbS* 2
LIGi; OF MANMLTI’LHI/ .T II  QL IS*  1( 1 ) ;  SIGM OF » A'TMLT NS HE A X H BM IS *  1C 1)
P I F l C T I l i r  (IF IKIFMAL I ’SLD FOP P lOTf lNG DATA IM GSM* ( . « 0 9 l - .  1 9 1 ; - .  5 59 )

f'P LOCATION IS *  Y L A F - i m j ;  H U N II I - IO ;  PAY-2D; T IM G -2 3 .1 9  UI J OUTBOUND) P - 1 0 . 6 ;  LT- <3 A 2 3 L A I -  2 6 .3  
I ' /  CML Tl'L IICATII r T l '_ * l ;  f:A(>l L 1 OL FHLI’ L FT L-*  1
SIGH L’ F l‘ AC,MtTl)L NLATII BL IL 1 1 J SIt.N JF NACOU TUSHEATH 9M IS *  I
O i r iC T IC I I  NF MOPMAL USI D TllP PIOTTING OATA IN GSM * ( . 7 A A ; - , 5 3 9 ;  .3 9 3 )

6 . 3 0  UT;  UUT3QUN0; P - 1 2 . 2 ;  L f -  <J53; L A I -  3 5 . 1

-  3 2 . 0

MP l L CAT I  UN I S *  Y ( A r - : o 7 f»; n ' l T N - l u ;  O A Y - L1-'; T I M : -  1 . 3 5  u r ;  OUTBOUND 
MAGIILTUf IICATH r i l L *  Ul MAGl'L; NS F H t P C  FTES * 1
S i n '  UF I* ACNIL Tl l f l lL ATH BL I S *  SC 1 ) 1  SIGM CF MAG'lt T Oa' lt ATH BM I S *  l l  1)  
P I P L C T i n n  UF MpsiMAL L'SLD F'JP I ' LCTTING DATA IM G ^ i :  ( , 7 A A ; - .  5 3 9 ;  . 3 9 3  )

1 3 . 1 ;  LT -  9 1 0 ;  LAT-  2 5 . 2

MP LUC AT ION I S *  Y L P  * 1 f • 7 ' 1; fNIIN H- I UJ  D A Y - 3 1 ;  T I N E -  9 . 5 7
MAGIILTUSHEATM FTI  S* Li Ma M. I TU S  PHl KL FT LS * 1
L I C I I  OF MAGIILTOSNl ATII BL I S :  1 ;  SIC-M OF MANN.  IOS'1'. ATO

o r ;  o u t b o u n d ; p - 1 2 . 1 1  l t -  9 3 0 1  l a t -  a o . 2

P I F E CT 1L N OF MURMAL HLLP FOP PLi'N I INC, DATA I
____ . . .  B* IS *  l
GSM* ( , 7 C B; - , 2  A1;  . 6 6 A )

j? m u i t h - u ; d a y -  a ; t i m e - 1 7 . 13 ut ; i n b t j n d ; r - i o . 9 ;  l t - i i a o ; l a t « - b . b
MAGNLTnri lbATtl  FTT S * ZI MAM’L I OS ) HwPC FTLS*  2
LI CH OF CAGOl TUL IILATII  BL I . *  1C 1 ) ;  L I G' I  OF MAGNET JSHC AT ^ 13 M I S *  1C l )
P i r f c C I I O I l  OF MOPIIAI t 'SCP FOF PLD1 T I NG Da TA IN  GS 1 * < . 9-J6; —. 0 9 2 ;  —. 1A l )

MP LUCATIOI I  I S *  Y L A P - 1 9 7 9 ;  HCMl TM- l l ;  DAY-  5 ;  T I M E -  6 . 3 0  UT ; UUTB3UND; P - 1 3 .  A; LT-  
MYf Ml Tt ’L HEATH T Tl  .  * 0 ;  MAGI Ll CL M L P C  FTLL * 0
l i o n  (j f  m a g n e t o s  111 a t h  bl  i s * lc 2 ) ;  s i g h  o f  n a g . i f t «j $ c e a t h  rm i s * 3(  3)
P I F L C T I U I '  OF I.URIIAL OSLO TUP PLOT U N O  DATA I N  Ga .M: ( , 7 A 2 ; - . A 6 8 !  . A 7 9 )

90A;  L A f -  3 5 . A
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* ****

T I 1 i. - - 1 8 . . j 5 IJT » I .NBl 'JNO; R-  8 . 0MP I UC AT l u l l  IS- ’ V L A r - l ' ; 7 Q ;  H ’M  11-11;  L a y«
MAPMLTN. I l l .ATH r r i i :  <ti I1AGMLI 01 PI Il P l f t f s  * _ , .
SIGN OF l‘ AiUiLTn?MLATI I  BL I S :  LI  1 ) ;  SIGH f F MAGNLT ) 5HF Al H  OM I S :  11 11
P i n  Cl HIM MF MIMTM/.L OSLO r'JP PLU1 1 I ML DATA IM G 3 U  l .  ■ ) ( . * ' ♦ ; 1 1 7 ; - .  852 1

L T - 1 1 8 5 ;  L A T - - 1 8 . 0

IIP LOCATION I C : Y r A f - l « 7 0 ;  . I DPT I I - 1 1 ; D A Y - 1 0 :  T I M E *  
I* A Gill Tl  11 IF ATH F T i r t  0}  Ma M' I  m S P ' l l  PL FT! 5:  C 
S i d  f!F IIAC.f'! TMLULa TU P.L I'J : <. ( <1); 1 IftH L F MaGM
n u b C T i o r  i’ f ii -rr/.i i ' ; m  fop  p i - in  i m g  d a t a  in  gs i *

. jo  ui ; n u n a ' jN o i  »»1 3 • o * lt

T ) H.-AT -t B 1 [3 : 2(2)( ,7*v;-.->'*7; .2PI)
<U3;  LAT 2 2 . 7

♦  *  * *  *

*****

*****

*****

*****

*****

* * * * *

» ♦ * * *

* * * **

♦  * ***

, i r  i . i c / t m m  r i  s y l a p - i o 7 « ;  i o t f i « u ;  p a y - l i ; t i m e - 2 2 . 55  in ; 1 n h t j n p ; r -  q . » ;  l t - 1 1 8 2 ; l a t — 1 2 . 8
rt /FI 'L TUSl i rAT' l  r m :  0 ; PAI Mt i l lSP i l uPu  FTES:  0
1 1 Gl L’ F MAGrCTl  SHLATM BL IL : t> 2 ) J  SIGN OF MAGNETOS IcAT H B.1 IS * 2 (  2)
P I F i C T I l M  n r  Ml PI:a L i i s CD FJP PLOTTING PATA I N  GSM: ( .  7'»:'» j i z y  I 589»

mp LOC/Tin ii i s : yi a f * i o 7 ‘' ;  m m i u h - i i ; PAY-18; T IM E- 0 .U8 UT; INRJUND; R - 1 1 . 7 ;  L I - 1 0 5 6 ;  LAT- - 3 , 6
MAGI I TC.M'LATII FTLL: 2 ;  KAC.NL1 n«.PHLrE FTES : 1
.  IGP f,F I’ Af.MLTll i  I ILATI I  BL I S :  1 ;  SICM .JF 11/ GNETiTSIIEATH BM I S :  2
P I P w C T U r  l)F IU’ PI i / L  USLP F!1F PL f lTTI t iG DATA I I I  G j M : ( .  «62  J - , 2 6 5 ; - . C 6 5 )

r.P LLCATIMt'  K
-ia i i.i l D i n  l a t h  r t l l  s o ;  i- a g i ' l
s i g h  ( F  I IAGi 'LTUSULATM BL I S :  
p i r » _ r T i t : i ;  u f  i i c p i / l u s e d  fi jp  r

Y LAF-IO?'/;  N O N T H - l l ;  DAY«15; l i n e *  2 . 0 2  UT I JbTBJUMD; R - l H . l ;  LT- 838? LAT- 1 8 .1  
f-A(.l'Ln)SPIILPC FTCS * 0

2t  2 ) ;  SIGN OF MAGill TJS' IEATH Bf1 I S :  2(  1)
PLOTTING DATA I I I  06-1: ( . 0 6 8 ; - . 6 9 8 ;  . 2 7 0 )

k p  LiiCATinn i r : Y t . A r * i o 7 ^ ;  m u n i - n ;  d a y - i g ; t i k e - 1 6 , 8 0  ur  s i n b o u n d ; r- <?• a s l t - i i o s i  
*1/ COl TI TUEAT I FTF : :  2 ;  i iAGUbTMSPHLPL FTCS:  2
i l o l '  np I IANITTI IS I ILATII  BL I S :  1 ( 1 ) ;  Sir-M OF KAGUl T J \ ( I  AT H H I  I M  2(  2 )  
n i r L C I I G I !  ilF liOPM/.L U . L P  F!)P PLOTTING DATA I N  GSM: ( . 9 8 0 ; —. 2 1 6 J - . 2 6 8 )

L A T-  - 7 . 0

MR l U C /  THIN I T * Y L . . P - 1  
l1Af I l 1 USHLATIi T T L I : 1 .
: i g i : u r  c a m  t Ti  l m l a t i i  bl  i s :
P i r i C T  I t ' l l  OF IU1Pll/.l HSLP FOP

1 0 7 0 ; m j i T u - i i j  p a y - 1 7 ;  T i n t -  5 , 0 3  u t ; j m t v i u n d ; 
1 ; flAONLtnSPHi.PL FTtlS: 1

R - 1 3 . 0 ;  LT - 753; LAT- 3 1 .8
SIGN OF MAGULrOSMEAl It Qrt IS : l

PLOTTING PA1A I N  0 S1 :  ( . 7 2 1 J - . 5 8 3 1  , 8 2 9 )
r P  LOCATION I S :  Y L t r * 1 9 7 ' - » ;  M U N l l l - l l ;  DAY-17.*  T I M S -  5 . 5 6  UT ; MUTBOUNO; » * 1 1 . 9 ; LT -  306? LAT-  3 3 . 2  
11/1 NLTl : II! ATM T T i S :  0 ;  MAGHl TOSPh U l  FTLS:  G
SI GH OF 1‘ AOI.l.TUL ' ll ATM BL I S :  L(  2 ) ;  S IGN DF 1AGNLT1SI5ATH Bf1 I S :  l (  1)
P I P I C T I C T .  i)F Ml 1KIt /L OSLO FOP PLOTTING DATA I N  GSM: ( . 7 2 1 ; - . 5 8 3 ;  . 8 2 9 )

f*P LUC /  TTtirl i s :  Y LAP- L ' »7» ;  K U H H I - 1 1 ; D A f - l O l  T I M C - 2 J . 0 1  o r ;  I H B I ' H D ;  R - 1 3 . 7 ;  L T - 1 D 2 9 ;  l a t -  - 5 . 2  
I ’AGNl TUI  I 'UATH T Tl  S : .) J 1‘AGI . t I  US PHl PL FTES« 0
SIGN u r  MALI'S Tl 'SI ILATi l  BL I S :  21 2 ) ;  SIGN OF MAGflfcTUSHE AT 4 BM I j : 11 1 )
P I P l CTION OF MFIPMAL O^LP FJF PLOTHMC DATA IN GSM: l - . 2 1 2 J - . 2 1 2 )

.0* l IIC AT I  (III I S :  Y | AP « L0 7 ' » ;  MUMl M- 11 ;  P A Y - 2 1 ;  T I M C - I O . J ?  UT S I N B T J ^ P ;  P - 1 1 . 2 1  L T - 1 0 3 A ;  LAT-  - 1 . 0  
i l / f  I ’.LTOIMbATn FTf  S: i ;  NAi I LTOS PMCR L FTES : 0
• i l l  I! OF i'AGlll TOSIILATM BL I S :  1 (  1) ,* SION l)F MAGNLTl iHLATH 0^ I S :  31 3)
P i r i C T i r r  OF n ,pH/.L I ’s co  FOP PI 01 T ING d a t a  I N  GSM: ( . » 3 7 ; - . 2 9 1 ; - . 1 7 rj )

1P LOCATION i s :  Y I / . P * S 7 7 '»} IUJN1 H - 1 1 ; P A Y - 2 2 ; T I K E - 1 1) , 57 U T ; I N 8 'JUN0 j k - 2 2 . 2 ; L T -  n<tO; LA T-  7 , 7  
MArNi iTl ISl i rATH T T I S :  J;  ‘lA^I 'LrMSP' IcF ta FTCS:  0
j IGI  CF I AGI .LTLSI lL/ tTI I  bl  IS * 21 2 ) ;  S IGN OF MAGMl T T5 HF AT H b .1 I S :  l l  1)
P i r E C T I O N  OF NUPH/L 1'SL'D FOP PLOTTI fU.  DATA IM G S I :  ( , 3 2 / | - . 5 t < * l  . 1 8 2 )

KP LOCATION I S :  Y L A r - 1 7 7 ' ) ;  I ' . U N TM - l l ;  Pa Y - 2 2;  T I K E - 2 3 . 8 7  UT ; INBOUND;  P - 2 2 , 1 ;  L T -  858 ; LAT-  5 . A 
d/ .Cl iuTLl  ML ATM FTLS:  l ;  MAGI Ll l lS I HEP E FTES : o
S I GN  OF MAGtlf T l l f l l l  ATH OL I S :  s< 2)  i SIGN OF MAGNtT'JSHL AT H BM I S :  11 ’ 1)
P I P I C T I U M  OF I l lPM/ .L OSLO FOP PLOTTING DATA I I I  GSM: l . 6 7 4 ;  - . 7 3 0 ;  . 0 7 7 )

n r  LOCATION I S !  Y L / F - l 1)?' *;  MUI'1 H« 1 1 ; P A Y - 2 3 ;  T I M E -  . 8 9  IJT ; IMBJUNO;  R - 2 2 . 0 ; L T -  9 0 2 ;  LAT-  5 . 0  
MAri lLTlTI  nrATI l  FTF S : Oi “•ACMLVUS PHl P L FTES:  0
SIGN UF M AGill TDS I I I  ATI I BL I S :  31 3 ) ;  SIGN OF MAGNLTJSNEAi H Rtt I S :  11 1)
P I F l CTIOI I  MF IIOPMAL OSLO FOP. PLOTTING DATA IN GS1:  ( . 8 6 0 ; - .  8 6 8 ; - .  1 8 6 )»**«*


