


EXPLORER 1 2  MAGNETOPAUSE OBSERVATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

LARGE SCALE NON-UNIFORM MOTION 

R i c h a r d  L. K a u f m a n n  

D e p a r t m e n t  of Phys ic s  

U n i v e r s i t y  of New H a m p s h i r e  

D u r h a m ,  New H a m p s h i r e  03824  

and 

A n d r e i  K o n r a d i  

G o d d a r d  Space F l i g h t  C e n t e r  

G r e e n b e l t ,  Maryland 20771 



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ABSTRACT 

A number of events  have been s t u d i e d  which involve  

b r i e f  r e - e n t r i e s  of Explorer  1 2  i n t o  t h e  magnetosphere when 

t h e  s a t e l l i t e  appears  t o  be  loca ted  w e l l  beyond t h e  e q u i l i -  

brium magnetopause p o s i t i o n .  The i n v e r s e  behavior  involv ing  

b r i e f  emergences of t h e  s a t e l l i t e  from t h e  magnetosphere 

when t h e  s a t e l l i t e  appears t o  be loca ted  w e l l  below t h e  equi- 

l i b r ium magnetopause p o s i t i o n  has  also been i n v e s t i g a t e d .  

The events  s t u d i e d  provide evidence t h a t  r e l a t i v e l y  smal l  

po r t ions  of  t h e  magnetosphere occas iona l ly  become seve re ly  

d i s t o r t e d .  Seve ra l  p o s s i b l e  models of t h i s  d i s t o r t i o n  a r e  

d iscussed .  I t  i s  concluded t h a t  a bump o r  a wave-like s t r u c t u r e  

appears on t h e  magnetopause. Those s t r u c t u r e s  producing t h e  

l a r g e s t  d i s t o r t i o n s  a r e  g e n e r a l l y  e longated i n  t h e  north-south 

d i r e c t i o n ,  and i n  most c a s e s ,  t h e  maqnetosheath magnetic f i e l d  

i s  e i t h e r  nea r ly  p a r a l l e l  o r  nea r ly  a n t i - p a r a l l e l  t o  t h e  mag- 

ne tosphe r i c  f i e l d .  A s  a r e s u l t ,  t h e  d i s t o r t i o n s  do n o t  involve  

severe bending of any magnetic f i e l d  l i n e s .  The  d i s t o r t i o n  

f r equen t ly  appears  t o  be t r i g g e r e d  by a change i n  t h e  p r o p e r t i e s  

of t h e  s o l a r  wind. 
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D a t a  P r e s e n t a t i o n .  Mul t ip l e  c ros s ings  of t h e  mag- 

netopause are  common. Such events  have been i d e n t i f i e d  i n  

d a t a  from charged p a r t i c l e  and magnetic f i e l d  d e t e c t o r s  

c a r r i e d  aboard n e a r l y  every s a t e l l i t e  which has pene t r a t ed  

t h e  magnetopause. The p r e s e n t  work d e a l s  w i th  a c e r t a i n  se t  

of t h e s e  m u l t i p l e  c r o s s i n g s ,  a se t  which provides  evidence 

for  non-uniform motion of t h e  magnetopause. 

The magnetopause can u s u a l l y  be l o c a t e d  wi th  Explorer  

1 2  d a t a  us ing  e i t h e r  t h e  magnetometer ( C a h i l l  and Amazeen, 1963) 

o r  t h e  i o n  and e l e c t r o n  d e t e c t o r  (Davis ~- and Williamson, 1963) .  

Seve ra l  examples zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t y p i c a l  magnetopause c ros s ings  a s  seen by 

t h e s e  d e t e c t o r s  have been given previous ly  (Konradi and 

Kaufmann, 1 9  65) . 
Explorer  1 2  pene t r a t ed  t h e  magnetopause between 

06:OO and 13:OO l o c a l  t i m e  a t  r a d i a l  d i s t a n c e s  between 7.8 

e a r t h  r a d i i  and apogee of 1 3 . 1  e a r t h  r a d i i .  Mul t ip le  boundary 

c ros s ings  seen  by Explorer  1 2  i n  t h i s  r eg ion  usua l ly  involve  

one o r  more r e - e n t r i e s  i n t o  t h e  magnetosphere which qre sepa- 

r a t e d  by t i m e  i n t e r v a l s  of  only a few minutes (Hyde, 1 9 6 7 ) .  

Figure  1, which is  reproduced from t h e  work of Hyde ( 1 9 6 7 1 ,  

shows t h a t  m o s t  m u l t i p l e  boundary c ros s ings  are sepa ra t ed  by 

less t han  1 5  t o  20 minutes.  The l a c k  of c ross inqs  sepa ra t ed  

by less t han  t w o  minutes i s  produced by data sampling. - An- 

derson e t  -- a l .  ( 1 9 6 8 )  have presented  s i m i l a r  r e s u l t s  u s ing  IMP 

s a t e l l i t e  d a t a .  This  s i m i l a r i t y  i n d i c a t e s  t h a t  t h e  shape of 

Figure 1 i s  n o t  s e n s i t i v e l y  dependent upon t h e  detectors used, 

t h e  s a t e l l i t e  o r b i t ,  or  t h e  t i m e  i n t e r v a l  du r ing  which d a t a  

w e r e  c o l l e c t e d .  W e  s h a l l  t e r m  boundary c ros s ings  sepa ra t ed  by 



less than  1 5  minutes "ordinary m u l t i p l e  boundary events" .  

Such observa t ions  are c o n s i s t e n t  w i th  t h e  assumption t h a t  t h e  

magnetopause o s c i l l a t e s  uniformly i n  and o u t  over d i s t a n c e s  

on t h e  o rde r  of 0 . 1  e a r t h  r a d i i  and w i t h  per iods  of a few 

minutes. I t  is  a l s o  c o n s i s t e n t  wi th  t h e  assumption t h a t  waves 

are cont inuously p r e s e n t  on t h e  magnetopause and t h e r e f o r e  

produce nea r ly  continuous loca l  expansions and c o n t r a c t i o n s  

of t h e  magnetosphere. Such uniform motion of t h e  magnetopause 

produces m u l t i p l e  boundary c ros s ings  i n  which t h e  s a t e l l i t e  

spends roughly equal  t i m e  i n t e r v a l s  i n s i d e  and o u t s i d e  t h e  

magnetosphere, as i l l u s t r a t e d  i n  F igure  2a .  

Figure 1 a l s o  shows a r a t h e r  f l a t  d i s t r i b u t i o n  of 

events  s epa ra t ed  by per iods  exceeding 15 minutes.  These are 

t h e  events  which w i l l  be t r e a t e d  i n  t h e  p r e s e n t  work, and w i l l  

be termed "re-en t ry  events" .  F i n a l l y ,  t h e  r e -en t ry  events  

must be subdivided i n t o  three c l a s s e s  i n  o rde r  t o  s e p a r a t e  

events  produced by phys ica l ly  d i f f e r e n t  processes .  

A " b r i e f  re -en t ry  event"  i s  def ined  t o  involve  t h e  

fol lowing sequence of observa t ions :  t h e  s a t e l l i t e  is  f i r s t  

i n  t h e  magnetosheath f o r  a t  l e a s t  1 5  minutes,  then  e n t e r s  t h e  

magnetosphere fo r  n o t  more than  15 minutes ,  a.nd f i n a l l y  r e t u r n s  

t o  t h e  magnetosheath f o r  a t  least  15 minutes.  T i m e s  f o r  mag- 

netopause c ros s ings  are determined f r o m  magnetometer d a t a .  The 

magnetic f i e l d  d i r e c t i o n  and magnitude, and t h e  f luxes  of 

e l e c t r o n s  above about 20 kev and of pro tons  above about 1 4 0  kev 

must a l l  r e t u r n  t o  near  magnetospheric l e v e l s  i n  a l l  re -en t ry  

events .  F i n a l l y ,  t o  c l a s s i f y  as a b r i e f  r e -en t ry ,  w e  r e q u i r e  
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a t  leas t  one magnetopause boundary c r o s s i n g  t o  appear a t  a 

r ad ia l  d i s t a n c e  of less than  1 2  e a r t h  r a d i i  on t h e  inbound 

and outbound p o r t i o n s  of t h e  o r b i t .  This  requirement is  

in t roduced  t o  e l i m i n a t e  m u l t i p l e  boundary c r o s s i n g s  seen  

when t h e  s a t e l l i t e  i s  moving very slowly nea r  apogee, s i n c e  

t h e s e  could be  produced by s m a l l  scale motions of t h e  mag- 

netopause.  The s a t e l l i t e  r a d i a l  v e l o c i t y  is  0 . 4  km/sec a t  

1 2  e a r t h  r a d i i  and reaches 1.1 km/sec a t  8 e a r t h  r a d i i .  

Events s a t i s f y i n g  t h e  above cr i te r ia  except  t h a t  t h e  

d u r a t i o n  of t h e  re -en t ry  exceeds 1 5  minutes a r e  c a l l e d  

"ord inary  re -en t ry  even t s " .  

Examples of b r i e f  re -en t ry  events  a r e  shown i n  Figures  

3 t o  5. F igure  3 i l l u s t r a t e s  a s i n g l e  magnetopause c r o s s i n g  

a t  04:15. A t  06:08 e n e r g e t i c  e l e c t r o n s  are aga in  de t ec t ed  

b u t  t h e  magnetic f i e l d  does n o t  r e t u r n  t o  i t s  magnetospheric 

va lue .  This i s  n o t  a re -en t ry  event .  A t  07:35 e n e r g e t i c  

e l e c t r o n s  a r e  seen  once more and t h e  f i e l d  d i r e c t i o n  does 

r e t u r n  t o  nea r  i t s  magnetospheric va lue .  The f i e l d  magnitude 

rises somewhat, n o t  t o  t h e  l e v e l  s een  w e l l  w i t h i n  t h e  mag- 

netosphere b u t  t o  approximately t h e  l e v e l  one wou4d expec t  i f  

t h e  magnetosphere w e r e  t o  expand outward by 2 1 / 2  p a r t h  r a d i i  

t o  envelop t h e  sa te l l i t e .  The m o s t  s t r i k i n g  propehty of t h i s  

and o t h e r  b r i e f  re -en t ry  events  i s  i t s  s h o r t  d u r a t i o n  r e l a t i v e  

t o  i t s  s e p a r a t i o n  from o t h e r  magnetopause c ros s ings .  

F igure  4 is  an  ex tens ion  of t h e  s a m e  o r b i t  shown i n  

Figure 3. A t  1 4 : 4 6 ,  approximately 7 hours a f t e r  t h e  b r i e f  

re -en t ry  even t  i n  F igure  3 ,  another  event  is  seen .  F i n a l l y ,  
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a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17x32 ,  a t h i r d  event  of t h i s  type  occurs .  

F igure  5 shows t h e  inbound pass  of September 2 dur ing  

which b r i e f  re-entry events  w e r e  seen  a t  07 :46  and 12:03.  An 

ord inary  m u l t i p l e  boundary c ros s ing  i s  a l s o  seen  on t h i s  pass  

s l i g h t l y  a f t e r  1 4 : O O .  H e r e  t h e  s a t e l l i t e  e n t e r s  t h e  magneto- 

sphere  f o r  2 minutes,  l eaves  f o r  6 minutes ,  and then  r e -en te r s  

f o r  a longer  per iod .  

Br i e f  re -en t ry  events  are n o t  c o n s i s t e n t  w i t h  a 

p i c t u r e  of uniform boundary motion as i l l u s t r a t e d  i n  F igure  

2 a .  Figure  2b i l l u s t r a t e s  a type  of non-uniform v a r i a t i o n  

i n  r a d i a l  d i s t a n c e  t o  t h e  magnetopause t h a t  is  c o n s i s t e n t  

wi th  t h e s e  observa t ions .  N o t e  t h a t  w e  do n o t  r e q u i r e  t h e  

e n t i r e  magnetopause t o  undergo t h e  r a p i d  motion implied by 

Figure 2b. I t  i s  s u f f i c i e n t  f o r  t h e  r a p i d  motion t o  be 

l o c a l i z e d  t o  a s m a l l  reg ion  of t h e  magnetopause. 

Figures  4 and 5 a l s o  con ta in  s e v e r a l  examples of what 

appears t o  be  t h e  i n v e r s e  of a b r i e f  re -en t ry  event .  A t  

18:57 on September 25 and a t  14:36 and 15:25 on September 2 

t h e  sa t e l l i t e  l eaves  t h e  maanetosphere f o r  a few minutes a f t e r  

having been i n s i d e  f o r  more than 15 minutes.  Events of t h i s  

t ype  w i l l  b e  c a l l e d  " b r i e f  emergence events" .  

The s e l e c t i o n  cr i te r ia  are t h e  s a m e  as f o r  t h e  b r i e f  

re -en t ry  events  except  t h e  sa t e l l i t e  must f i r s t  be  i n  t h e  

magnetosphere f o r  a t  l eas t  1 5  minutes,  t hen  l eave  f o r  less than  

15 minutes ,  and f i n a l l y  r e -en te r  t h e  magnetosphere f o r  a t  

l eas t  1 5  minutes.  

Figures  3 t o  5 i l l u s t r a t e  t h e  s h o r t  d u r a t i o n  of t h e  
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events  be ing  s t u d i e d  b u t  do n o t  show them i n  s u f f i c i e n t  d e t a i l  

t o  make i d e n t i f i c a t i o n  p o s i t i v e .  Each even t  has been examined 

i n  d e t a i l .  Figures  6 t o  8 provide  examples. A l l  a v a i l a b l e  

magnetometer data and data  from t h e  m o s t  f r e q u e n t l y  sampled 

i o n  and e l e c t r o n  d e t e c t o r  energy channel have been used i n  

prepar ing  t h e s e  f i g u r e s .  Each magnetic f i e l d  p o i n t  r e p r e s e n t s  

t h e  average of 1 6  v e c t o r  measurements taken du r ing  a five-second 

per iod .  Each p a r t i c l e  f l u x  p o i n t  i s  t h e  maximum f l u x  scanned 

by t h e  sp inn ing  d e t e c t o r  du r ing  a 5-second i n t e r v a l  ( s a t e l l i t e  

s p i n  per iod  i s  2 seconds) .  

The r e -en t ry  shown i n  F igure  6 is  s i m i l a r  t o  most 

ord inary  t r a v e r s a l s  of t h e  magnetopause. The f i e l d  d i r e c t i o n  

changes suddenly t o  t h e  magnetospheric va lues  shown i n  F igure  

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= looo, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI) = 1 l O O ) .  The magnitude i n c r e a s e s  suddenly,  and 

both magnitude and d i r e c t i o n  remain s teady  d ru ing  t h e  event .  

The s t anda rd  d e v i a t i o n  i n  f i e l d  magnitude i s  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 gammas 

dur ing  most of t h e  i n t e r v a l  shown, and can be  a t t r i b u t e d  

e n t i r e l y  t o  d a t a  d i g i t i z a t i o n  (Kaufmann, 1 9 6 7 ) .  A f a i r l y  

s teady  e n e r g e t i c  p a r t i c l e  f l u x  i s  seen  w i t h i n  t h e  h igh  f i e l d  

reg ion .  

P i t c h  ang le  d i s t r i b u t i o n s  of t h e  t rapped p a r t i c l e s  have 

a l s o  been c a l c u l a t e d ,  and are u s u a l l y  s i m i l a r  t o  o rd ina ry  mag- 

ne tosphe r i c  p i t c h  ang le  d i s t r i b u t i o n s .  For example, data  f r o m  

t h e  event  beginning a t  17:32 on September 25 have previous ly  

been desc r ibed  i n  d e t a i l  (Konradi and Kaufmann, 1965).  Nearly 

a l l  t h e  events  t h a t  have been d e t e c t e d  are s i m i l a r  t o  t h e  one 

shown i n  F igure  6. 
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Figure 7 is  an example of one of t h e  few unusual 

events .  The f i e l d  d i r e c t i o n  aga in  changes ab rup t ly  t o  t h e  

magnetospheric va lues  shown i n  F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 0 ° ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJI = 6 0 ° )  

as e n e r g e t i c  p a r t i c l e s  are f i r s t  seen .  The f i e l d  magnitude 

i n c r e a s e s  a t  t h i s  p o i n t ,  b u t  the  f i e l d  magnitude and d i r e c t i o n  

and t h e  p a r t i c l e  f l u x e s  f l u c t u a t e  more than  i s  t y p i c a l  w i t h i n  

the  magnetosphere. 

F igure  8 shows a b r i e f  emergence event .  The s m a l l  

i n c r e a s e  i n  f i e l d  magnitude j u s t  before t h e  event  is p r e s e n t  

i n  s e v e r a l  cases, and sugges ts  t h e  magnetosphere i s  being  

compressed j u s t  p r i o r  t o  t h e  observed boundary p e n e t r a t i o n .  

Important  characteristics of each event  s t u d i e d  i n  

t h i s  work are summarized i n  Table I .  

Event S e l e c t i o n  C r i t e r i a .  Even i f  t h e  magnetopause 

only underwent uniform o s c i l l a t o r y  motion, some events  meeting 

t h e  c r i t e r i a  stated above would be found. I n  this s e c t i o n  w e  

w i l l  show t h a t  t h e  number of events  found i s  no t  s e n s i t i v e l y  

dependent on t he  s e l e c t i o n  c r i t e r i a  and t h a t  b r i e f  re-entry 

events  occur  much more f r equen t ly  than  they would i f  t h e  mag- 

netopause osci l la ted uniformly. 

T h e  shor t  d u r a t i o n  of m o s t  re -en t ry  events  is  m o s t  

s t r i k i n g  i f  w e  examine those cases i n  which t h e  sa t e l l i t e  has 

been i n  t h e  magnetosheath f o r  a per iod  of a t  least  t w o  hours  

before and a f t e r  t h e  event .  I f  t h e  magnetopause moved uni- 

formly i n  and o u t  as i n  F igure  2 a ,  one would expec t  m o s t  of 

these r e - e n t r i e s  t o  l a s t  f o r  per iods  of  about  t w o  hours.  Seven 



events  i n  t h i s  class w e r e  seen ,  and t h e  average d u r a t i o n  of 

t h e s e  r e -en t ry  events  w a s  less t han  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 minutes.  Every t i m e  

t h e  magnetosphere expanded enough t o  envelop t h e  s a t e l l i t e  when 

t h e  sa t e l l i t e  appeared t o  be  more than 2 hours (about  1 e a r t h  

r a d i u s )  w i t h i n  t h e  magnetosheath, t h e  r e s u l t i n g  envelopment 

l a s t e d  less than 15 minutes.  I t  i s  clear t h a t  t h e  magneto- 

pause does n o t  o s c i l l a t e  uniformly i n  and o u t  over d i s t a n c e s  

on t h e  o rde r  of one e a r t h  r a d i u s  wi th  per iods  on t h e  o rde r  of 

one o r  two hours .  

Emergence events  show a s i m i l a r  tendency t o  be  b r i e f .  

Seven events  have been d e t e c t e d  which f a l l  i n t o  t h i s  class.  

The average d u r a t i o n  of a l l  seven events  i s  t h r e e  minutes.  

F i n a l l y ,  re -en t ry  and emergence events  could be clas- 

s i f i e d  a s  b r i e f  by examining t h e  r a t i o  of t h e  t i m e  from t h e  

n e a r e s t  magnetopause c r o s s i n g  t o  t h e  d u r a t i o n  of t h e  event .  

Uniform boundary motion, a s  i l l u s t r a t e d  i n  F igure  2a, should 

produce a r a t i o  near  one. Non-uniform motion (F igure  2b) 

should produce e i t h e r  l a r g e  or s m a l l  r a t i o s .  F igure  9 presen t s  

t h i s  r a t i o  f o r  a l l  observed re -en t ry  events .  The tendency 

f o r  t h i s  r a t i o  t o  be  very l a r g e  o r  very s m a l l  i s  most ev iden t  

f o r  t h e  circled p o i n t s ,  which are sepa ra t ed  by more than one 

hour from t h e  nex t  magnetopause c ros s ing .  

Events could have been sepa ra t ed  i n t o  e x a c t l y  t h e  same 

groups by s p e c i f y i n g  t h i s  r a t i o  r a t h e r  than  by us ing  t h e  pre- 

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

could be s e l e c t e d  by e i t h e r  of t w o  q u i t e  d i f f e r e n t  methods 

i n d i c a t e s  t h a t  t h e  s e l e c t i o n - p r o c e s s  i s  n o t  s e n s i t i v e l y  dependent 
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on t h e  s p e c i f i c  cr i te r ia  which have been used. 

Some model must be introduced t o  show q u a n t i t a t i v e l y  

t h a t  w e  are n o t  simply observing t h o s e  few b r i e f  events  t h a t  

would be expected as t h e  s a t e l l i t e  happens t o  pass  through 

t h e  extreme o u t e r  edge of one of t h e  uniform excursions il- 

l u s t r a t e d  i n  F igure  2a. 

The s i m p l e s t  model involves  a s t a t i o n a r y  s a t e l l i t e  with  

t h e  magnetopause expanding and c o n t r a c t i n g  s i n u s o i d a l l y .  

rad ia l  d i s t a n c e  t o  t h e  magnetopause i s  

The 

R = R, + AR cos r t  

where  R, i s  t h e  equ i l ib r ium r a d i a l  d i s t a n c e  and AR i s  t h e  

o s c i l l a t i o n  amplitude.  The p r o b a b i l i t y  t h a t  a s a t e l l i t e  

placed a t  random i n  t h e  range (R,  - AR, R, + OR) i s  l oca t ed  

below a p o i n t  R1 i s ,  us ing  equat ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) 

R1 - R, + AR 1 + cos r t l  

- - 
2AR 2 

P =  

The r a t i o  of t h e  t i m e  t h i s  s t a t i o n a r y  s a t e l l i t e  spends w i t h i n  

t h e  magnetosphere t o  t h e  t i m e  spend o u t s i d e  t h e  magnetosphere 

i s  t hen  

The p r o b a b i l i t y  t h a t  a s a t e l l i t e  w i l l  be l oca t ed  a t  a r a d i a l  

d i s t a n c e  such t h a t  it spends less than  t h e  r a t i o  of t i m e s ,  f ,  



1 0  

i n s i d e  t h e  magnetosphere i s ,  from equat ions  ( 2 )  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  

p = -  1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ - cos(&) 
2 2  ( 4 )  

This express ion  p r e d i c t s  t h a t  t h e  r a t i o  f ( t h e  a b s c i s s a  of 

Figure 9 i s  l / f )  would be less than 0 . 1  i n  only 2% of a l l  t h e  

r e - e n t r i e s .  By symmetry, t h e  r a t i o  would a lso  be  g r e a t e r  t han  

1 0  i n  2% of t h e  cases. W e  a c t u a l l y  see more than  1 0  t i m e s  t oo  

many events  w i th  ra t ios  exceeding these l i m i t s  t o  be  explained 

by t h i s  s imple model. The discrepancy i s  even more pronounced 

fo r  r a t io s  exceeding 20 and 50 .  Here t h e r e  are ,  r e s p e c t i v e l y ,  

more than  30 and more than 1 0 0  t i m e s  t o o  many events  t o  be  ac- 

counted f o r  by uniform boundary motion. We conclude t h a t  of 

t h e  22 events  s t u d i e d  i n  t h i s  paper ,  one or  two are probably 

t h e  r e s u l t  of uniform o s c i l l a t o r y  motion of t h e  magnetopause. 

Models of Non-uniform Motion. Five p o s s i b l e  types of non- 

uniform boundary motion are shown i n  F igure  1 0 .  Figure  10a 

i l l u s t r a t e s  t h e  p o s s i b i l i t y  t h a t  t h e  e n t i r e  magnetopause 

r a p i d l y  expands and c o n t r a c t s  wi thout  be ing  g r e a t l y  d i s t o r t e d .  

This  motion could be i n  response t o  a f a i r l y  r a p i d  ( 5  t o  1 5  

minute) change i n  so lar  wind p res su re .  

F igure  10b shows t h e  magnetopause being pushed i n  a t  

one p o i n t  and s imultaneously bulg ing  o u t  elsewhere.  Such a 

d i s t o r t i o n  would be  expected i f  a s m a l l  ( < l o  e a r t h  r a d i i )  

inhomogeneous r eg ion  i n  t h e  solar  wind w e r e  t o  s t r i k e  t h e  

magnetopause. A s i m i l a r  d i s t o r t i o n  could be  produced by a 
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t h i n  d i s c o n t i n u i t y  i n  t h e  s o l a r  wind as it sweeps p a s t  t h e  

magnetosphere. 

The p o s s i b i l i t y  t h a t  a l a r g e  ampli tude wave propagates  

around t h e  magnetopause i s  i l l u s t r a t e d  i n  F igure  1Oc. Models 

b and c are q u i t e  s i m i l a r .  A b r i e f  re -en t ry  even t ,  f o r  example, 

would r e p r e s e n t  t h e  pe r iod  dur ing  which t h e  bu lge  i n  F igu re  10b 

o r  t h e  wave i n  F igure  1Oc envelops t h e  sa te l l i t e .  

An extreme example of what could happen i f  a very l a r g e  

amplitude wave w e r e  t o  form i s  shown i n  F igure  1 0 d .  H e r e  t h e  

wave has completely detached from t h e  magnetosphere. This  

r e s u l t s  i n  a f l u x  tube  con ta in ing  magnetospheric f i e l d  l i n e s  

and magnetospheric plasma which i s  imbedded i n  and swept a long  

wi th  t h e  s o l a r  plasma. 

duced as t h e  f l u x  tube  w a s  swept p a s t  t h e  sa t e l l i t e .  

A b r i e f  r e -en t ry  even t  could be pro- 

F igure  1 0 e  shows a t r a n s i t i o n  between an open and a 

closed magnetosphere and is in tended  t o  r e p r e s e n t  any basic 

change i n  magnetopause s t r u c t u r e .  The p a r t i c u l a r  t r a n s i t i o n  

i l l u s t r a t e d  has  been d i scussed  by Sonnerup (1365), and involves  

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

t h e  magnetosphere is  opening o r  c l o s i n g ,  t h e r e  must be  a l i n e  

on t h e  magnetosheath which s e p a r a t e s  t h e  open from t h e  c losed  

p o r t i o n s .  This l i n e  then  moves as one r eg ion  grows and t h e  

o t h e r  s h r i n k s  u n t i l  t h e  magnetosphere i s  completely open or 

c!.osed. The propagat ion of t h i s  l i n e  could d i s t o r t  t h e  mag-  

netopause as shown i n  F igures  10b or  c. The p r i n c i p a l  d i s -  

t i n c t i o n  between Figures  lob ,  c ,  and e i s  the cause  of t h e  

wave-like p e r t u r b a t i o n  or bulge.  I t  could be  produced: as 
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a d i r e c t  response t o  a s m a l l  scale or l o c a l i z e d  change i n  t h e  

i n c i d e n t  solar  plasma, as a response t o  t h e  passage of a t h i n ,  

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

reg ions  of s o l a r  plasma, o r  a s  an i n d i r e c t  response t o  some 

change i n  t h e  s o l a r  plasma. The i n d i r e c t  response could in-  

vo lve  an  i n s t a b i l i t y  of t h e  magnetopause (Sen, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1965, Anderson 

-- e t  a l . ,  1968) o r  a b a s i c  change i n  magnetospheric topology 

(Sonnerup, 1965) .  

Ground Magnetograms. Ground magnetograms can a i d  i n  

d i s t i n g u i s h i n g  between some of t h e  above models. I f  t h e  e n t i r e  

boundary w e r e  compressed and then  expanded s e v e r a l  minutes 

l a t e r  (Model a ) ,  a bump would be  s e e n  i n  e q u a t o r i a l  magneto- 

grams. To account  f o r  t h e  observa t ions  t h e  compression and 

expansion would have t o  be a t  l e a s t  0 . 2  t o  2.5 e a r t h  r a d i i  

(Table  I)  and t o  average a t  l e a s t  one e a r t h  r a d i u s .  Sudden 

impulses would be  produced by changes i n  t h e  magnetopause 

c u r r e n t  l a y e r  and by any changes i n  t h e  energy of  t rapped 

p a r t i c l e s  which may t a k e  p l a c e  dur ing  t h e  event .  The ampli- 

tudes of sudden impulses produced by changes i n  magnetopause 

c u r r e n t s  can be  es t imated  us ing  Mead’s ( 1 9 6 4 )  model. They 

vary between about 1 and 20 gammas f o r  t h e  observed even t s ,  

and average 1 0  gammas. The few events  which would produce 

sudden impulses of less than  5 gammas could be  missed i n  ground 

magnetograms, b u t  l a r g e r  events  should be  seen .  Only one event  

w a s  accompanied by an observable  p e r t u r b a t i o n  i n  e q u a t o r i a l  

magnetograms. This  one even t ,  t h e  09:56 August 27 b r i e f  
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emergence, i s  d i scussed  i n  a l a t e r  sect ion of t h i s  paper .  From 

t h e  near ly  complete l ack  of magnetic f i e l d  p e r t u r b a t i o n s  a t  

e q u a t o r i a l  s t a t i o n s ,  w e  conclude t h a t  most of t h e  events  

s t u d i e d  i n  t h i s  paper a r e  n o t  produced by impulsive expansions 

o r  c o n t r a c t i o n s  of t h e  e n t i r e  magnetopause. 

A l l  t h e  o t h e r  models (F igures  9b-e) involve  d i s t o r t i o n s  

of magnetic f i e l d  l i n e s .  These d i s t o r t i o n s  should propagate  

down f i e l d  l i n e s  and be  observed i n  a u r o r a l  zone magnetograms. 

A number of a u r o r a l  magnetograms w e r e  scanned wi th  inconclu- 

s ive  r e s u l t s .  One d i f f i c u l t y  i s  t h a t  magnetograms a t  t h e s e  

s t a t i o n s  a r e  f r equen t ly  d i s t r u b e d  so  t h a t  even a 20 gamma 

p e r t u r b a t i o n  would o f t e n  be  l o s t  i n  t h e  no i se  produced by 

ionospher ic  c u r r e n t s .  Seve ra l  of t h e  events  s t u d i e d  were 

c l o s e l y  a s soc ia t ed  wi th  t h e  commencement of l a r g e  micropul- 

s a t i o n  events  (damped waves wi th  per iods  of s e v e r a l  minu te s ) .  

The micropulsa t ion  even t s ,  however, are much more common than 

t h e  b r i e f  re -en t ry  and emergence even t s .  I n  a d d i t i o n ,  a 

number of b r i e f  r e -en t ry  and emergence events  were n o t  as- 

s o c i a t e d  w i t h  micropulsa t ions .  These obse rva t ions  sugges t  

t h a t  g i a n t  micropulsa t ions  may be  produced by d i s t o r t i o n s  i n  

t h e  magnetopause, b u t  much sma l l e r  d i s t o r t i o n s  than those  

s t u d i e d  h e r e  must be r e s p o n s i b l e  f o r  many of them. 

Ground magnetograms, t h e r e f o r e ,  can e l i m i n a t e  model a 

b u t  w e r e  n o t  a b l e  t o  d i s t i n g u i s h  between t h e  o t h e r  models. 

Boundary Normal. Magnetic f i e l d  measurements have 

been used t o  determine t h e  d i r e c t i o n  of t h e  magnetopause 

normal v e c t o r ,  as desc r ibed  by Sonnerup and C a h i l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 9 6 7 ) .  
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Determination of t h i s  d i r e c t i o n  provides  a t es t  f o r  s e v e r a l  of 

t h e  proposed models. I f  a wave o r  bump i s  formed, i n t e r a c t i o n s  

wi th  t h e  solar  wind should cause  it t o  propagate  from t h e  sub- 

s o l a r  p o i n t  toward t h e  t a i l  of t h e  magnetosphere. W e  would 

then  expec t  t h e  magnetopause normal t o  t i p  toward t h e  t a i l  o r  

an t i - sun  d i r e c t i o n  each t i m e  t h e  s a t e l l i t e  e n t e r s  t h e  mag- 

netosphere and t o  t i p  toward t h e  sun each t i m e  t h e  s a t e l l i t e  

e n t e r s  t h e  magnetosheath (F igu re  lob ,  c ) .  I f  waves are pro- 

duced by an i n s t a b i l i t y  they should grow a s  they propagate  

twward t h e  t a i l ,  so d i s t o r t i o n s  should become more s e v e r e  as 

t h e  d i s t a n c e  from t h e  subso la r  p o i n t  i n c r e a s e s .  Completely 

detached f l u x  tubes (F igure  10d) would e x h i b i t  normal vec to r s  

which d e v i a t e  markedly from t h e  d i r e c t i o n  p red ic t ed  by s teady  

s t a t e  t h e o r e t i c a l  models, a t  least  when pro jec t ed  onto  t h e  

e q u a t o r i a l  p lane .  

I n  o rde r  t o  provide confidence i n  t h e  r e s u l t s  of mag- 

netopause normal c a l c u l a t i o n s ,  d a t a  from each passage through 

t h e  magnetopause have been analyzed i n  t e n  s e p a r a t e  ways us ing  

t h e  methods of Sonnerup and C a h i l l  ( 1 9 6 7 ) .  For eacn passage,  

a s e c t i o n  of d a t a  w a s  s e l e c t e d  which included t h e  p r i n c i p a l  

magnetic f i e l d  d i r e c t i o n  and magnitude changes and which ex- 

tended from a p o i n t  t h e  s a t e l l i t e  w a s  c l e a r l y  w i t h i n  t h e  mag- 

ne toshea th  t o  a p o i n t  t h e  s a t e l l i t e  was c l e a r l y  w i t h i n  t h e  

magnetosphere. I n d i v i d u a l  d a t a  p o i n t s  taken t h r e e  t i m e s  pe r  

second w e r e  t hen  used t o  c a l c u l a t e  a boundary normal. The 

s t anda rd  d e v i a t i o n  of t h e s e  i n d i v i d u a l  d a t a  p o i n t s  i s  about  

1 0  gammas. The d a t a  w e r e  then  d iv ided  i n t o  two segments, 
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us ing  t h e  c e n t e r  of t h e  magnetopause a s  t h e  d i v i d i n g  l i n e ,  and 

t h e s e  segments w e r e  analyzed t o  determine boundary normals. Next, 

a segment of data  con ta in ing  only t h e  c e n t r a l  p o r t i o n  of t h e  

magnetopause where g r a d i e n t s  are s t e e p e s t  w a s  s i m i l a r l y  analyzed. 

The i n d i v i d u a l  d a t a  p o i n t s  w e r e  then  v e c t o r i a l l y  aver- 

aged i n  groups of 6 or 7 .  The number of p o i n t s  used i n  each 

group w a s  selected so t h a t  each group contained data from one 

complete s a t e l l i t e  r e v o l u t i o n ,  thereby minimizing any p o s s i b l e  

modulation a t  t h e  s a t e l l i t e  s p i n  per iod .  These averaged data 

w e r e  d iv ided  i n t o  fou r  segments a s  descr ibed  above and used as 

i n p u t s  t o  t h e  normal vec to r  c a l c u l a t i o n s .  The averaqed i n p u t s ,  

then ,  c o n s i s t e d  of fewer d a t a  p o i n t s ,  b u t  each p o i n t  had a 

s t anda rd  d e v i a t i o n  of only about  4 gammas. F i n a l l y ,  a l l  i n d i -  

v i d u a l  data  p o i n t s  w e r e  averaged i n  groups of 4 and 1 6  and used 

a s  i n p u t s  t o  provide t h e  l a s t  2 estimates of t h e  boundary normal. 

The reason f o r  c a l c u l a t i n g  boundary normals i n  s o  many 

ways f o r  each data  segment i s  t h a t  t h e  c a l c u l a t i o n s  a r e  i n e f -  

f i c i e n t  a t  providing re l iab le  r e s u l t s .  The normal i s  assumec? 

t o  p o i n t  i n  t h e  d i r e c t i o n  i n  which t h e  s t anda rd  d e v i a t i o n  of 

t h e  magnetic f i e l d  measurements i s  a minimum. I n  some cases, 

however, t h e  minimum s t anda rd  d e v i a t i o n  i s  a long  t h e  s a t e l l i t e  

s p i n  a x i s  s i n c e  one magnetometer s enso r  p o i n t s  i n  t h i s  d i r e c t i o n  

and may remain i n  one d i g i t i z a t i o n  l e v e l  f o r  an apprec i ab le  

t i m e  i n t e r v a l .  A l l  r e s u l t s  i n  which t h e  c a l c u l a t e d  normal vec to r  

w a s  w i t h i n  4 5 O  of t h e  s a t e l l i t e  s p i n  a x i s  w e r e  considered unre- 

l i a b l e .  The s p i n  a x i s  w a s  nea r ly  t angen t  t o  t h e  t h e o r e t i c a l  

magnetopause (Mead and Beard, 1965), so t h a t  t h e o r e t i c a l  

normal vec to r s  w e r e  never w i t h i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45O of  t h e  s p i n  

--- 
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a x i s .  I n  a few cases t h e  s e t  of t e n  c a l c u l a t i o n s  y i e lded  

s e v e r a l  normal vec to r s  which w e r e  no t  a long t h e  s p i n  a x i s  

and w e r e  a l s o  n o t  c o n s i t e n t  wi th  each o t h e r .  These r e s u l t s  

are presented  i n  Figures  11 and 1 2 .  The s o l i d  p o i n t s  repre-  

s e n t  normal d i r e c t i o n s  which w e r e  determined c o n s i s t e n t l y  i n  

a t  l eas t  f i v e  of t h e  t e n  ana lyses .  Open p o i n t s  w e r e  d e t e r -  

mined c o n s i s t e n t l y  i n  three o r  four  of t h e  t e n  ana lyses .  To 

be c o n s i s t e n t ,  each c a l c u l a t e d  boundary normal w a s  r equ i r ed  

t o  d e v i a t e  from t h e  average d i r e c t i o n  shown i n  Figures  11 

and 1 2  by less than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20' when p ro jec t ed  onto  t h e  e q u a t o r i a l  

p lane  and when p ro jec t ed  onto a meridian p lane .  

The north-south dev ia t ions  of t h e  c a l c u l a t e d  boundary 

normals from t h e  r a d i a l  d i r e c t i o n  a r e  p l o t t e d  a s  a func t ion  

of t h e  geomagnetic l a t i t u d e  of t h e  sun i n  Figure 11. The 

d a t a  a r e  compared t o  a f i t  t o  S p r e i t e r  and Summer's ( 1 9 6 3 )  

observa t ions  of t h e  t i p  dur ing  normal magnetopause c ros s ings  

based on Explorer  1 2  d a t a .  The t h e o r e t i c a l  model appears t o  

underest imate  t h e  d i s t o r t i o n  of t h e  magnetosphere when t h e  

sun i s  n o t  perpendicular  t o  t h e  e a r t h ' s  d i p o l e  a x i s .  Son- 

nerup and C a h i l l ' s  f i t ,  however, i s  i n  reasonable  agreement 

wi th  t h e  p r e s e n t  d a t a  and, except  f o r  t h e  two p o i n t s  i n  par- 

en theses ,  t h e  scat ter  i n  t h e  d a t a  i s  e s s e n t i a l l y  t h e  same as 

t h a t  seen  du r ing  o rd ina ry  magnetopause c ros s ings .  This  i n d i -  

c a t e s  t h a t  even dur ing  pe r iods  when t h e  magnetopause must be 

movinq r a p i d l y ,  t h e  normal v e c t o r  does n o t  t i p  s i g n i f i c a n t l y  

i n  t h e  north-sourth d i r e c t i o n .  I n d i v i d u a l  magnetic f i e l d  

l i n e s ,  t h e r e f o r e ,  are not being d i s t o r t e d  s i g n i f i c a n t l y  more 



17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dur ing  t h e  events  s t u d i e d  h e r e  than they a r e  on a t y p i c a l  

day. 

The eastward t i p  of t h e  magnetopause normal v e c t o r  

r e l a t i v e  t o  Mead and Beard ' s  ( 1 9 6 4 )  t h e o r e t i c a l  model is  

p l o t t e d  as a func t ion  of geomagnetic l o c a l  t i m e  i n  F igure  1 2 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 

A t  geomagnetic l o c a l  t i m e s  l a t e r  than 1 0 : 0 0 ,  t h e  p o i n t s  are 

s c a t t e r e d  s l i g h t l y  more than s i m i l a r  p o i n t s  determined by 

Sonnerup and C a h i l l  ( 1 9 6 7 ,  1968) us ing  o rd ina ry  boundary 

t r a v e r s a l  d a t a .  The f a c t  t h a t  t h e  average c a l c u l a t e d  boundary 

normal t i p s  about 10' westward of t h e  t h e o r e t i c a l  boundary 

normal i n  t h i s  l o c a l  t i m e  i n t e r v a l  i s  probably no t  s i g n i f i c a n t .  

Unce r t a in t i e s  i n  t h e  s p i n  a x i s  d i r e c t i o n  and magnetometer 

e r r o r s  a t  t h e s e  low f i e l d  s t r e n g t h s  produce a 10' u n c e r t a i n t y  

i n  t h e  a b s o l u t e  d i r e c t i o n  of magnetic f i e l d  measurements. 

I n  t h i s  geomagnetic l o c a l  t i m e  i n t e r v a l ,  t h e  d i r e c t i o n s  

obta ined  as t h e  s a t e l l i t e  leaves  t h e  magnetosphere ( l a b e l l e d  

by t h e  l e t te r  L) a r e  d i sp laced  an average of about  10' t o  

t h e  e a s t  of t h e  d i r e c t i o n s  obta ined  as t h e  s a t e l l i t e  enters 

t h e  magnetosphere ( l a b e l l e d  by t h e  l e t te r  E ) .  This  d i sp l ace -  

ment is  c o n s i s t e n t  wi th  t h e  p i c t u r e  of e i t h e r  a wave o r  a 

bump on t h e  magnetopause propagat ing from t h e  subso la r  p o i n t  

t o  t h e  t a i l  along t h e  dawn s i d e  of t h e  magnetosphere, as d i s -  

cussed ea r l i e r  i n  connect ion wi th  F igure  1 0 .  

A t  ear l ier  geomagnetic l o c a l  t i m e s ,  much l a r g e r  de- 

v i a t i o n s  f r o m  t h e  t h e o r e t i c a l  model are observed. The two 

p o i n t s  i n  pa ren thesewhich  showed s u b s t a n t i a l  d e v i a t i o n s  i n  

t h e  north-south d i r e c t i o n  a l s o  show s u b s t a n t i a l  d e v i a t i o n s  in 

t h e  east-west d i r e c t i o n .  These t w o  p o i n t s  were obta ined  
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during t h e  s a m e  b r i e f  r e -en t ry  even t ,  and t h e i r  r e l i a b i l i t y  

i s  marginal  s i n c e  each j u s t  b a r e l y  m e t  our  requirement of 

d e v i a t i n g  more than  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45" from t h e  s a t e l l i t e ' s  s p i n  a x i s .  N o t e  

t h a t  t w o  of t h e  s o l i d  p o i n t s ,  which are considered m o s t  re- 

l i a b l e ,  d e v i a t e  by 50" from t h e  t h e o r e t i c a l  boundary normal i n  

t h e  east-west d i r e c t i o n .  These r e s u l t s  i n d i c a t e  t h a t  s e v e r e  

d i s t o r t i o n s  of t h e  magnetopause occas iona l ly  t a k e  p l a c e  a t  

/ 

angles  of more than  30" from t h e  ear th-sun l i n e .  Sonnerup 

- and C a h i l l  ( 1 9 6 8 )  a l s o  found s i m i l a r ,  occas iona l  d e v i a t i o n s  

i n  t h i s  same reg ion .  The  r e s u l t s  are even c o n s i s t e n t  w i t h  

Figure 10d which shows f l u x  tubes completely sepa ra t ed  from 

t h e  magnetosphere. The few normal vec to r  d i r e c t i o n s  observed 

be fo re  1 O : O O  i n  

ear th-sun l i n e ,  

e x i s t ,  they a r e  

of cour se ,  a l s o  

F igure  1 2  a r e  gene ra l ly  perpendicular  t o  t h e  

implying t h a t  i f  t h e s e  sepa ra t ed  f l u x  tubes 

elongated along t h e  ear th-sun l i n e .  I t  i s ,  

p o s s i b l e  t h a t  f l u x  tubes do n o t  s e p a r a t e  from 

t h e  magnetosphere. W e  would then  r e q u i r e  t h e  magnetopause t o  

be s t r o n g l y  d i s t o r t e d  from i t s  u s u a l  conf igu ra t ion .  The 

observed boundary normal f o r  t h e s e  few events  i s  gene ra l ly  

i n  t h e  d i r e c t i o n  one would expec t  t o  see f a r  back i n  t h e  t a i l  

of t h e  magnetosphere. 

Sample Events.  D a t a  from a few events  which can most 

c l e a r l y  be  i n t e r p r e t e d  i n  t e r m s  of t h e  models presented  i n  

Figure 1 0  w i l l  be d iscussed  he re .  None of t h e  observed events  

provided any i n d i c a t i o n  t h a t  t h e  e n t i r e  day s i d e  of t h e  mag- 

h e r e  suddenly expands and then  c o n t r a c t s  s e v e r a l  minutes 
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l a t e r  wi thout  s u b s t a n t i a l  deformation (F igure  l o a ) .  The 

only even t  which w a s  accompanied by a bump on e q u a t o r i a l  

magnetograms w a s  t h e  b r i e f  emergence of August 2 7 .  Ground 

observa t ions  are  summarized i n  Figure  13. The even t  was seen  

throughout t h e  dawn hemisphere b u t  n o t  i n  t h e  dusk hemisphere. 

The ampli tude of t h e  H-component of t h e  d i s tu rbance ,  as seen  

a t  ground s t a t i o n s ,  i s  shown on Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 3 .  The v a r i a t i o n  of 

amplitude wi th  geomagnetic l a t i t u d e  of t h e  observer  i n d i c a t e s  

t h a t  t h e  d i s t u r b a n c e  w a s  n o t  a pure  compressional hydromagnetic 

wave produced by uniform boundary compression. O n  t h e  con- 

t r a r y ,  t h e  l a r g e  amplitude d i s tu rbances  seen  a t  high l a t i t u d e s  

i n d i c a t e  t h e  presence of hydromagnetic d i s tu rbances  t r a v e l i n g  

along f i e l d  l i n e s ,  and t h e i r  corresponding ionospher ic  c u r r e n t s .  

S a t e l l i t e  magnetometer d a t a  a l s o  show t h a t ,  though 

t h e  f i e l d  magnitude does n o t  change s i g n i f i c a n t l y ,  t h e  d i r e c -  

t i o n  of t h e  f i e l d  w i t h i n  t h e  magnetosphere changes suddenly 

by about 1 5 O  co inc iden t  w i th  t h e  b r i e f  emergence event .  Most 

of t h i s  change i s  i n  t h e  i n c l i n a t i o n  angle .  The t h e o r e t i c a l  

i n c l i n a t i o n  a t  t h e  s a t e l l i t e  l o c a t i o n  f o r  t h e  Jensen and Cain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 
(1962)  f i e l d  model i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 3 6 " .  The observed i n c l i n a t i o n  is - 1 6 O  

b e f o r e  t h e  event  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 3 O  a f t e r  t h e  event .  These r e s u l t s  i n d i -  

cate t h a t  t h e  magnetosphere was compressed re la t ive  t o  a 

dApole f i e l d  b e f o r e  t h e  b r i e f  emergence even t ,  much as it 

u s u a l l y  i s  (Mead and C a h i l l ,  1 9 6 7 ) .  A f t e r  t h e  even t ,  t h e  

f i e l d  d i s t o r t i o n  i n d i c a t e s  s u b s t a n t i a l  a d d i t i o n a l  compression 

r e l a t ive  t o  a d i p o l e  conf igu ra t ion .  

-- 

This  even t  w a s  observed on seven r a p i d  run  maqneto- 

grams. The peak of t h e  d i s tu rbance  i n  t h e  H-component mag- 
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netograms occurred between 0 an6 5 minutes a f t e r  t h e  mid- 

p o i n t  of t h e  event  as seen  on t h e  s a t e l l i t e .  The de lay  t i m e s  

t o  t h e  peaks do n o t  appear t o  be simply c o r r e l a t e d  wi th  e i t h e r  

t h e  geomagnetic l a t i t u d e  or l ong i tude  of t h e  observa t ion  

po in t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo p e r t u r b a t i o n  i n  t h e  s a t e l l i t e  record  was observed 

be fo re  09:56 whi le  t h e  d i s t u r b a n c e  began on two ground mag- 

netograms one o r  two minutes ear l ier .  This  i n d i c a t e s  t h a t  

t h e  p o r t i o n  of t h e  magnetopause near  t h e  s a t e l l i t e  was no t  

t h e  f i r s t  t o  be  per turbed .  N o  d i s tu rbance  was seen  on any 

r ap id  run  magnetogram be fo re  09:54 o r  a f t e r  10:07, providing 

some l i m i t  t o  t h e  d u r a t i o n  of t h e  p e r t u r b a t i o n .  

The magnetic f i e l d  a t  t h e  s a t e l l i t e  r o s e  about  1 0  

gammas du r ing  t h e  minute b e f o r e  e n t e r i n g  t h e  magnetosheath. 

T h i s  behavior  i s  s i m i l a r  t o  t h a t  shown i n  Figure 8 f o r  t h e  

14:36, September 2 event .  S i m i l a r  observa t ions  w e r e  a l s o  

made near  s e v e r a l  o t h e r  b r i e f  emergence events .  I f  a l a r g e  

p o r t i o n  of t h e  magnetosphere w e r e  being compressed as t h e  

reg ion  near  t h e  s a t e l l i t e  i s ,  a 1 0  gamma compressional 

hydromagnetic wave would be  produced and should b e  s e e n  a t  

e q u a t o r i a l  s t a t i o n s .  The f a c t  t h a t  f i e l d  compression is  

observed a t  t h e  s a t e l l i t e  dur ing  s e v e r a l  even t s ,  b u t  i s  seen  

only once a t  e q u a t o r i a l  ground s t a t i o n s  aga in  i n d i c a t e s  t h a t  

only a s m a l l  p o r t i o n  of t h e  magnetosphere i s  being  compressed 

a t  any g iven  t i m e .  

The e n e r g e t i c  p a r t i c l e  f l u x e s  and p i t c h  ang le  d i s -  

t r i b u t i o n s  be fo re  and a f t e r  t h e  August 27 even t  are t y p i c a l  of 

t h o s e  usua l ly  seen  w i t h i n  t h e  magnetosphere. 
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Figure 1 4  i l l u s t r a t e s  t h e  t i m e  development of one 

p o s s i b l e  magnetopause d i s t o r t i o n  which could produce t h e  

August 27 b r i e f  emergence event .  F igure  1 4 a  shows t h e  

magnetopause j u s t  be fo re  t h e  a r r i v a l  of a t a n g e n t i a l  d i s -  

c o n t i n u i t y  which i s  a l igned  a t  t h e  garden hose angle .  This  

d i s c o n t i n u i t y  s e p a r a t e s  a low d e n s i t y  r eg ion  of i n t e r p l a n e t a r y  

plasma from a high d e n s i t y  r eg ion .  

I n  Figure  14b t h e  d i s c o n t i n u i t y  has advanced so  t h a t  

a p o r t i o n  of t h e  magnetopause i s  i n  c o n t a c t  w i t h  t h e  high 

d e n s i t y  plasma. This  p o r t i o n  of t h e  magnetopause i s  shown 

compressed from i t s  o r i g i n a l  equ i l ib r ium conf igu ra t ion .  T h i s  

f i g u r e  a l s o  shows a p o r t i o n  of t h e  magnetopause which has 

exnanded beyond i t s  o r i g i n a l  equ i l ib r ium c o n f i g u r a t i o n  t o  

form a bulge.  Such an expansion i s  expected t o  occur when 

t h e  f a s t  (compressional)  magnetosonic wave v e l o c i t y  i n s i d e  

t h e  magnetosphere exceeds t h e  s o l a r  wind v e l o c i t y .  When t h i s  

cond i t ion  a r i s e s ,  t h e  enhanced p r e s s u r e  i s  t r ansmi t t ed  w i t h i n  

t h e  magnetosphere t o  t h e  i n s i d e  of t h e  magnetopause be fo re  

t h e  high d e n s i t y  s o l a r  plasma has a r r i v e d  o u t s i d e  t h e  mag- 

netopause t o  ba lance  t h i s  enhanced p res su re .  

The e f f e c t  should be more pronounced i n  t h e  dawn 

hemisphere when t h e  d i s c o n t i n u i t y  i s  a l igned  as shown i n  

F igure  1 4 .  The v e l o c i t y  of t h e  l i n e  of i n t e r s e c t i o n  between 

a plane  d i s c o n t i n u i t y  and t h e  magnetopause i s  v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= vn/cos 6,  

where v i s  t h e  propagat ion speed of t h e  p lane  d i s c o n t i n u i t y  

normal t o  i t s  s u r f a c e ,  and 6 i s  t h e  ang le  between t h e  d i s -  

c o n t i n u i t y  normal v e c t o r  and t h e  magnetopause normal. The 

n 
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v e l o c i t y  t h a t  a p lane  i n t e r f a c e  sweeps a long  t h e  magnetopause 

is  a minimum s e v e r a l  hours b e f o r e  l o c a l  noon where t h e  two 

normal vec to r s  are  nea r ly  perpendicular .  I t  i s  h e r e  t h a t  

t h e  bulqe  shown i n  Figure  1 4  would be  most l i k e l y  t o  form. 

A b r i e f  emergence event  would be produced i f  t h e  

magnetopause overshoots  i t s  new equ i l ib r ium p o s i t i o n .  The 

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

i s  gene ra l ly  h igher  than i n  t h e  bulk of t h e  high d e n s i t y  

plasma. This  e f f e c t  r e s u l t s  from t h e  c o n t i n u i t y  of t h e  

t o t a l  (magnetic p lus  gas)  p r e s s u r e , ( B  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/871) + p ,  through 

t h e  d i s c o n t i n u i t y .  The magnetic f i e l d  magnitude reaches a 

minimum w i t h i n  a t a n g e n t i a l  d i s c o n t i n u i t y ,  so  t h e  p a r t i c l e  

p re s su re  must reach a maximum. 

2 

The i n v e r s e  of F igure  1 4 ,  obta ined  by in te rchanging  

t h e  high- and low-density r e g i o n s ,  could produce an i n d e n t a t i o n  

i n  t h e  magnetopause r a t h e r  t han  a bulge.  Such an i n d e n t a t i o n  

would a l s o  produce a b r i e f  emergence event .  

The d i s t o r t i o n  of t h e  p l ane  d i s c o n t i n u i t y  by t h e  

e a r t h ' s  bow shock has been omit ted from Figure  1 4 .  This does 

n o t  a l t e r  t h e  b a s i c  conclusion t h a t  any t h i n  d i s c o n t i n u i t y ,  

whether p l ane  or curved, w i l l  i n t e r a c t  f i r s t  w i th  some one 

r eg ion  of t h e  magnetopause and w i l l  then sweep t o  o t h e r  reg ions .  

I n  f a c t  a shock wave o r  any o t h e r  sha rp ly  bounded inhomogeneity 

i n  t h e  s o l a r  wind could produce a sudden l a r g e  scale d i s t o r -  

t i o n  of t h e  magnetopause. A shock wave, f o r  example, would 

probably be  a l igned  s o  t h a t  i t s  normal vector would b e  roughly 

r a d i a l  from t h e  sun. Such a d i s c o n t i n u i t y  would b e  m o s t  
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l i k e l y  t o  produce bulges  w e l l  away from t h e  ear th-sun l i n e ,  

f o r  it i s  h e r e  t h a t  t h e  d i s c o n t i n u i t y  and magnetopause nor- 

m a l s  are most nea r ly  perpendicular .  

F igure  5 shows t h a t  s o m e  b a s i c  change took p l a c e  i n  

t h e  magnetosheath f i e l d  dur ing  each of t h e  b r i e f  re -en t ry  

events  on September 2 .  The f i e l d  w a s  much q u i e t e r  between 

events  t h a t  it w a s  b e f o r e  t h e  0 7 : 4 6  event  or a f t e r  t h e  12:03 

event .  Th i s ,  aga in ,  sugges ts  t h a t  t h e  a s s o c i a t e d  magneto- 

pause d i s t o r t i o n s  w e r e  i n i t i a t e d  by s o m e  change i n  t h e  s o l a r  

wind. The 1 0  gamma r i se  i n  magnetic f i e l d  magnitude s t a r t i n g  

a t  07:53 i n  F igure  6 sugges ts  t h a t  s h o r t l y  a f t e r  having ex- 

panded t o  envelop t h e  sa t e l l i t e ,  t h e  magnetopause is  being 

compressed by inc reased  s o l a r  wind p res su re .  The f a c t  t h a t  

a 1 0  gamma sudden impulse does n o t  appear i n  e q u a t o r i a l  

magnetograms aga in  shows t h a t  t h e  expansion and compression 

are l o c a l i z e d .  A s i m i l a r  10-gamma magnitude peak w a s  pre- 

v ious ly  noted j u s t  b e f o r e  t h e  1 4  :36 b r i e f  emergence event  

(F igure  8 )  and a s i m i l a r  20-gamma peak a l s o  preceded t h e  15:25 

b r i e f  emergence event .  

F igures  5 ,  6 ,  and 8 also show t h a t  t h e  maqnetic f i e l d  

i n  t h e  magnetosheath w a s  roughly a n t i - p a r a l l e l  t o  t h e  e a r t h ' s  

f i e l d  on September 2. Most of t h e  events  s t u d i e d  (See Table  I)  

involved ang le  changes near  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA180°, as on September 2 ,  o r  near  

O o  as on October 30 (F igure  1 5 ) .  This  f a c t  i s  a lso  c o n s i s t e n t  

wi th  our  conclus ion  t h a t  t h e  magnetopause i s  being  seve re ly  

d i s t o r t e d  i n  l o c a l i z e d  r eg ions .  It  i s  e n e r g e t i c a l l y  much 

easier t o  d i s t o r t  a r eg ion  of t h e  magnetopause when t h e  f i e l d  
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i n  t h e  magnetosheath i s  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  

magnetospheric f i e l d  i n  t h a t  reg ion .  Coupled wi th  t h e  

obse rva t ion  t ha t  most d i s t o r t i o n s  of t h e  magnetopause normal 

v e c t o r  involve  d e v i a t i o n s  i n  t h e  east-west d i r e c t i o n  (F igures  

11 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12), w e  conclude t h a t  l a r g e  scale d i s t o r t i o n s  of t h e  

magnetopause u s u a l l y  do no t  involve  s e v e r e  bending of f i e l d  

l i n e s  e i t h e r  i n  t h e  magnetosphere o r  i n  the  magnetosheath. 

Topology Changes. F igure  1 0 e  i l l u s t r a t e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe pos- 

s i b i l i t y  t h a t  a bulge or  i n d e n t a t i o n  could b e  produced i n  

t h e  magnetosphere a s  a n e u t r a l  l i n e  propagates  a long  t h e  

magnetopause. The n e u t r a l  l i n e  s e p a r a t e s  a c losed  p o r t i o n  

of t h e  magnetosphere from an open p o r t i o n .  By open, w e  r e f e r  

t o  a r eg ion  i n  which t h e  e a r t h ' s  magnetic f i e l d  l i n e s  become 

d i r e c t l y  connected t o  i n t e r p l a n e t a r y  f i e l d  l i n e s ,  as suggested 

by Dungey ( 1 9 6 1 ) .  

Pre l iminary  s t u d i e s  of a few events  have revea led  

magnetic f i e l d  and e n e r g e t i c  p a r t i c l e  f l u x  changes which are 

c o n s i s t e n t  w i t h  t h e  p o s s i b i l i t y  of a b a s i c  topo log ica l  change. 

A g r e a t  d e a l  of a d d i t i o n a l  a n a l y s i s  w i l l ,  however, be re- 

qu i red  b e f o r e  any d e f i n i t e  s ta tements  concerning t h e  n e c e s s i t y  

of such t o p o l o g i c a l  changes can be  made. 
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FIGURF:  CAPTIONS 

Figure 1. 

Figure 2 .  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  

Figure 4 .  

Figure 5. 

Figure 6.  

Figure 7 .  

Figure 8 .  

Figure  9 .  

Figure 1 0 .  

The number of t i m e s  which m u l t i p l e  c r o s s i n g s  of 
t h e  magnetopause w e r e  observed i s  p l o t t e d  as a 
func t ion  of t h e  t i m e  i n t e r v a l  between t h e  m u l t i p l e  
c r o s s i n g s .  From Hyde ( 1 9 6 7 ) .  

Models of  uniform ( a )  and non-uniform zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b) motion 
of  t h e  magnetopause. Shading i s  added above t h e  
t i m e  a x i s  when t h e  sa t e l l i t e  i s  i n s i d e  t h e  
magnetosphere. 

September 25 outbound o r b i t .  I s ,  t h e  i o n  and e l e c t r o n  
d e t e c t o r ' s  e i g h t h  dynode c u r r e n t ,  i s  a measure of t h e  
t o t a l  energy f l u x  of e l e c t r o n s  above about  20 kev and 
pro tons  above about  1 4 0  kev. The e l e c t r o n  f l u x  above 
about 20 kev i s  presented  below I 8  us ing  t h e  detector 's  
sca t t e r  geometry (Davis and Williamson, 1963) .  The 
bottom t h r e e  curves show t h e  magnetic f i e l d  magnitude, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 
B ,  and o r i e n t a t i o n ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa and Q ( C a h i l l  and Amazeen, 1963) .  
Shaded i n t e r v a l s  i n d i c a t e  pe r iods  w h e n t h e  s a t e l l i t e  
w a s  i n s i d e  t h e  magnetospheke. 

Cont inua t ion  of d a t a  i n  Figure 3. September 25 
inbound o r b i t .  

September 2 inbound o r b i t .  S i m i l a r  t o  Figure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  

D e t a i l  of a b r i e f  re -en t ry  even t  shown i n  F igure  5. 
18, the i o n  and e l e c t r o n  d e t e c t o r ' s  e i g h t h  dynode 
c u r r e n t ,  r e p r e s e n t s  t h e  f l u x  of e l e c t r o n s  above 
about  30 kev and protons above about  200 kev. 

D e t a i l  of a b r i e f  re-entry even t  shown i n  F igure  3 .  

D e t a i l  of  a b r i e f  epergence event  shown i n  F igure  5. 

Events are sepa ra t ed  i n t o  t h r e e  groups by t h e  
c r i t e r i a  descr ibed  i n  t h e  t e x t .  For each even t ,  
t h e  r a t i o  of t i m e  from n e a r e s t  magnetopause c r o s s i n g  
t o  t h e  d u r a t i o n  of t h e  event  i s  shown. N o t e  t h e  
groups do n o t  over lap .  Therefore ,  events  can b e  sep- 
arated i n t o  e x a c t l y  t h e  s a m e  t h r e e  groups by spec- 
i f y i n g  t h e  r a t i o  def ined  above. 

Five p o s s i b l e  models of  magnetospheric d i s t o r t i o n  
are sketched. 



Figure 11. The northward t i p  of  t h e  measured magnetopause normal 
v e c t o r ,  d n ,  i s  p l o t t e d  as a f u n c t i o n  qf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ,  t h e  
s u n ' s  geomagnetic l a t i t u d e .  The l i n e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.18A 
is  a f i t  t o  S p r e i t e r  and Summer's (1963) t h e o r e t i c a l  
model. The l i n e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 = 0 .64  X - 3.3 i s  t h e  f i t  made 
by Sonnerup and C a h l l  (1968) us ing  Explorer  1 2  
measurements from s i n g l e  and m u l t i p l e  magnetopause 
c ros s ings .  A letter E or  L near  a p o i n t  i n d i c a t e s  
t h e  s a t e l l i t e  w a s  e n t e r i n g  or  l e a v i n g  t h e  magneto- 
sphe re  as t h e  magnetopause normal w a s  being  measured. 
The s o l i d  p o i n t s  are considered more reliable than  
t h e  open p o i n t s ,  as d i scussed  i n  t h e  t e x t .  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-I 

Figure 1 2 .  The d i f f e r e n c e  between t h e  eastward t i p s  of t h e  
measured magnetopause normal and t h e  t h e o r e t i c a l  
normal, u s ing  Plead and Beard ' s  (1965) model, i s  
p l o t t e d  as a func t ion  of  GMLT, t h e  geomagnetic 
l o c a l  t i m e  a t  which t h e  obse rva t ion  i s  made. Other 
symbols are t h e  same as i n  F igure  11. 

-- 

Figure 13.  P e r t u r b a t i o n s  i n  t h e  H-component of ground magneto- 
grams are summarized f o r  t h e  09:56 August 27 b r i e f  
emergence event .  A symbol i s  placed  a t  t h e  geo- 
magnetic l a t i t u d e  and geomagnetic loca l  t i m e  of 
each ground s t a t i o n .  Numbers g i v e  t h e  amplitudes 
of  t h e  d i s tu rbance  seen  a t  t h e  s t a t i o n s  i n  gammas , 
whi le  an  X means t h a t  no s i g n i f i c a n t  p e r t u r b a t i o n  
could be found. Circ led  p o i n t s  r e p r e s e n t  s t a t i o n s  
i n  t h e  southern  hemisphere. The geomagnetic l o c a l  
t i m e  of t h e  sa t e l l i t e  i s  i n d i c a t e d  by an arrow. 

Figure 1 4 .  T h e  magnetospheric d i s t o r t i o n  expected as a p lane  
t a n g e n t i a l  d i s c o n t i n u i t y  sweeps p a s t  t h e  maqneto- 
sphere  i s  sketched i n  t h e  geomagnetic e q u a t o r i a l  p lane .  
D i s t o r t i o n s  produced when t h e  p lane  d i s c o n t i n u i t y  
passes  through t h e  bow shock have been omi t ted .  

Figure 15. D e t a i l  of t h e  02:09 October 30 b r i e f  emergence event .  

Table  I .  A l l  events  s t u d i e d  are l i s t e d .  BR and BE s i g n i f y  
b r i e f  re -en t ry  and b r i e f  emergence events .  ATB 

i s  t h e  t i m e  i n t e r v a l  by which t h e  event  i s  sep- 
a r a t e d  from t h e  nex t  n e a r e s t  magnetopause c r o s s i n g ,  
and AI? i s  t h e  r a d i a l  d i s t a n c e  t h e  sa t e l l i t e  has 
moved 2 u r i n g  t h i s  t i m e  i n t e r v a l .  
of t h e  event .  B's are ang les ,  i n  deg rees ,  between 
t h e  f i e l d  d i r e c t i o n s  j u s t  i n s i d e  t h e  magnetosphere 
and j u s t  i n s i d e  t h e  magnetosheath. F i e l d  d a t a  have 
been averaged over  about  one minute on e i t h e r  side 
of t h e  magnetopause t o  o b t a i n  t h e s e  d i r e c t i o n s .  No 
va lues  of $ are given  when the f i e l d  d i r e c t i o n  f l u c -  
t u a t e d  markedly du r ing  t h e s e  one-minute i n t e r v a l s .  
The s u b s c r i p t s  E and L l a b e l  measurements made as t h e  
sa t e l l i t e  w a s  e n t e r i n g  and l eav ing  t h e  magnetosphere. 

ATD i s  t h e  d u r a t i o n  



TABLE I 

DATE 

A u g ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA22 

A u g .  26 

A u g .  27 

Sept. 2 

Sept. 2 

Sept. 2 

Sept. 2 

Sept. 5 

Sept. 12 

Sept. 25 

Sept. 25 

Sept.25 

Sept. 25 

Sept. 30 

Sept. 30 

Oct. 6 

Oct. 1 2  

Oct. 12 

Oct. 30 

N o v .  5 

N o v .  7 

NOV. 7 

TIME 

0018 

0728 

0956 

0746 

1203 

1436 

1525 

1732 

1351 

0735 

1446 

1732 

1857 

0659 

0746 

1009 

0546 

0730 

0209 

1131 

1448 

1615 

EVENT 

BR 

BR 

BE 

BR 

BR 

BE 

BE 

BR 

BR 

BR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
€33 

BR 

BE 

BE 

BE 

B F. 

BR 

BR 

BE 

BR 

BR 

BR 

ATB (min) 

35 

25 

113 

2 50 

120 

24 

47 

211 

27 

19 8 

163 

64 

20 

38 

42 

76 

101 

72 

340 

176 

155 

85 

0.35 

0.44 

1.66 

1.12 

1.25 

0.32 

0.69 

1.66 

0.39 

2.45 

0.85 

0.53 

0.22 

0.52 

0.62 

0.75 

0.54 

0.58 

1.61 

1.09 

0.92 

0.21 

ATD ( m i n )  

5 

2 

2 

8 

1 

3 

3 

15 

2 

8 

2 

1 

3 

8 

3 

9 

3 

4 

1 

3 

2 

13 

20 50 

130 125 

160 150 

25 150 

170 140 

170 160 

120 

15 25 

20 20 

160 165 

110 160 

160 165 

1 0  1 0  
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