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ABSTRACT 

From 6 - 2 0  March 1989 t h e  l a r g e ,  complex sunspot g roup  Region 5395 r o t a t e d  
across t h e  v i s i b l e  d i s c  o f  t he  Sun producing many l a r g e  f l a r e s  t h a t  bombdrded 
E a r t h  w i t h  a v a r i e t y  o f  i n t e n s e  r a d i a t i o n  a l t hough  t h e  e n e r g e t i c  p a r t i c l e  
s p e c t r a  were u n u s u a l l y  " s o f t " .  Aurorae were observed wor ldw ide  a t  low 
l a t i t u d e s .  On 13/14 March a "Grea t "  magnet ic  s to rm occu r red  f o r  which 
Ap* = 279 and AA* = 450. By bo th  measures, t h i s  event r a t e s  among t h e  l a r g e s t  
h i  s t o r i c a l  magnet i c  s torms.  Geos ta t i ona ry  sate1 1 i t e s  became i n t e r p l  ane ta ry  
mon i to rs  when t he  magnetopause moved ear thward o f  6 .5  Re. Ionospher ic  cond i -  
t i c n s  were ex t reme ly  d i s t u rbed ,  a f f e c t i n g  h f  through X-band comnunicat ions and 
t h e  o p e r a t i o n  o f  s a t e l l i t e s  used f o r  surveys and n a v i g a t i o n .  A t  lower  
a l t i t u d e s  t h e r e  were problems w i t h  s a t e l l i t e  d rag  and due t o  t h e  l a r g e  mag- 
n e t i c  f i e l d  changes assoc i a t ed  w i t h  f i e l d - a 1  igned  c u r r e n t  shee ts .  We are 
seek ing  r e p o r t s  o f  s a t e l l i t e  anomal ies a t  a l l  a l t i t u d e s .  Repor ts  a l s o  have 
been rece ived  about e f f e c t s  o f  these Sol a r - T e r r e s t r i  a1 d i  sturbances on o ther  
technology a t  Ear th  and i n  near -Ear th  space. Th is  p r e s e n t a t i o n  draws heav i l y  
on m a t e r i a l  i n  a s h o r t e r ,  summary paper " i r i  prgss"  f o r  "EOS" (A l l en ,  e t .  a l . ,  
1989). Recent major  s o l a r  a c t i v i t y  s ince  t he  abstract.  was submi t ted happened 
i n  mid-August,  l a t e  September, and mid-October 1989. These events and t h e i r  
consequences a t  Ear th  and i n  Space are covered b r i e f l y .  



SOLAR AND GEOMAGNETIC A C T I V I T Y  DURING ilARCH 1989 AND LATER MONTHS 
AND T H E I R  CONSEQUENCES AT EARTH AND I N  NEAR-EARTH SPACE 

On Monday, 6  March 1989, a  ve ry  l a r g e  and complex sunspot group, Region 
5395, r o t a t e d  i n t o  v iew around t h e  e a s t  l i m b  o f  t he  Sun and q u i c k l y  ga ined  
a t t e n t i o n  when i t  produced an X15/3B f l a r e  (N35, E69) .  T h i s  event  began a 
p e r i o d  o f  h i g h  s o l a r  a c t i v i t y  t h a t  l a s t e d  two we?ks and had many impor tan t  
consequences a t  Ea r t h  and i n  nea r -Ea r t h  space. From 6-19  March, Region 5305 
produced 11 X - c l a s s  and 48 M - c l a s s  X - r a y  f l a r e s .  Pro longed p r o t o n  events  
occur red  l a s t i n g  severa l  days and w i t h  an unusua l l y  h i g h  p r o p o r t i o n  o f  l ower -  
energy p a r t i c l e s .  T h i s  s o l a r  a c t i v i t y  produced an h i s t o r i c a l l y  " g r e a t "  
magnet ic storm, l o n g - l a s t i n g  P o i a r  Cap Absorp t ion  events and a major Forbush 
decrease. The ionosphere was g r e a t l y  d i s t u rbed .  Many problems were r epo r t ed  
w i t h  ope ra t i ona l  sate1 1 i tes;  increased d rag  caused ex tens ive  o r t  ; t per tu rba-  
t i o n s ,  te lecommun ica t ions  and n a v i g a t i o n  systems f a i l e d  because o f  t h e  d i s -  
t u r b e d  c o n d i t i o n s ;  au ro rae  were seen a t  u n u s u a l l y  low l a t i t u d e s  (above t h e  
T r o p i c  o f  Cap r i co rn  i n  A u s t r a l i a  and f rom Mexico and Grand Cayman I s l a n d  i n  
N o r t h  Amer ica ) ;  and t h e r e  was a ma jo r  e l e c t r i c a l  power outage i n  Quebec 
P rov i nce ,  Cavada t h a t  affected scne s i x  mi 11 i o n  customers f o r  n i ne  o r  more 
hours.  

F u l l  ana l ys i s  o f  t h i s  se r i es  o f  e x c i t i n g  eveF+ -  : s  j u s t  beginning, w i t n  
t h e  da ta  bases now be ing  assembled. In terest : !  ; : i ~ q t i s t s  have been i n  con- 
t a c t  v i a  e - m a i l  and w r i t t e n  r o r r e s ~ o n d e n c e  even w h i l e  t h e  events  were i n  
p rogress .  !? a d d i t i o n ,  t he  spec tacu la r  imagery (some o f  which i s  shorn here) 
has r e c e i v e d  a good dea l  o f  a t t e n t i o n  i n  t h e  p o p u l a r  p ress  as w e l l .  Sc ien-  
t i s t s  who are i n t e r e s t e d  i n  p a r t i c i p a t i n q  i n  t h i s  study should contact  Joe A l -  
l e n  (SPAN address 9 5 5 5 : : j a l l e n ) .  F i g u r e  1 ~ ~ : : : i d r - i z i . s  t h e  a c t i v i t y  and i t s  
e f f e c t s .  F i g u r e  l ( a )  shows GOES-7 s o l a r  X- rays ,  p r o t o n  f l u x e s  (one energy 
range) ,  and magnet ic f i e l d  (Hp component) v a r i a t i o n s .  Panels o f  ground-based 
d a t a  show t h e  H-component o f  t he  geomagnet ic f i e l d  measured a t  Bou lder  Mag- 
n e t i c  Observa to ry  (USGS) and t h e  f l u x  f rom t he  3eep R i v e r  Neutron Mon i t o r  
(Canada), f o r  March 5-6, 1989. Corresponding data f o r  March 13-14 are shown 
i n  F i gu re  l b .  A f u l l  se t  o f  the  s tack p l o t s  f o r  March i s  g iven  i n  the A p r i l  
and May 1989 issues o f  "SOLAR-GEOPHYSICAL DATA: Par t  1, prompt r e p o r t s " .  

SOLAR FLARES: 

F o l l o w i n g  t h e  l o n g - l i v e d  X15/3B f l a r e  o f  5  March, Region 5395 produced 
one o r  more f l a r e s  d a i l y  near o r  surpass ing the  X1.t' l e v e l  u n t i l  t he  18th o f  
March. The X4 .0  f l a r e  o f  Thursday, 9  March. peaked a t  1532 UT and o p t i c a l l y  
was r a t e d  a 4 - B r i g h t  ( 48 ) .  the  h i ghes t  ca tegor ies  o f  bo th  area and i n t e n s i t y .  
F i g u r e  2 i s  an H -a l pha  image o f  t h i s  f l a r i n g  r e g i o n  taken by t he  USAF S o l a r  
O p t i c a l  Observing Network (SOON) te lescope a t  Holoman, NM, about f i v e  minutes 
be fo re  maximum. 

On F r i d a y ,  10 March, ano ther  l o n g - l a s t i n g  f l a r e  reached :he X4.5,'3B 
l e v e l .  A t  t h i s  t ime,  Regicn 5395 was s t i l l  22' east o f  Cen t ra l  Mer id ian  and 
a t  r e l a t i v e l y  h i g h  l a t i t u d e ,  cons i de r i ng  t h a t  t he  sunspot c y c l e  i s  almost a t  
maximum. The f l a r e  on the  10th and i t s  e lec t romagnet i c  c h a r a c t e r i s t i c s  were 
t h e  b a s i s  f o r  an S E S C  f o r e c a s t  o f  h i g h  m a g n ~ t ~ r :  a c t i v i t y  a t  E a r t h  or: t h e  
12/13th. The l a s t  o f  t he  Iargt!  f l a r e s  from Req~on  5395 wa; an X5.5 a t  1 7 3 6  UT 
(N33,W62)  on the 17 th .  



INJECTION OF ENERGETIC PARTICLES TO GEOSTATIONARY ORBIT: 

On Tuesday, 7 March, t h e  f l u x  o f  4 .2-8.7 MeV p ro tons  began t o  r i s e  
g r a d u a l l y  above t h e  background l e v e l  so t h a t  e a r l y  on t h e  8 t h  i t  was an o rde r  
o f  magnitude h i g h e r .  J u s t  be fo re  1800 UT t h e  f l u x  increased sharp ly  by about 
two o rders  o f  m g n i t u d e  (see A p r i l  SGD, P a r t  1, p .  168) and con t inued  a t  h i g h  
l e v e l s  t h rough  t h e  14 th .  Maximum was reached a t  about  0700 UT on t h e  1 3 t h  
(see F i gu re  l b ) .  The SESC announced t h a t  a t  1735 UT on t h e  8 t h  t h e  f l u x  o f  >10 
MeV pro tons  exceeded 10 particles/cm2/sec/steradian so t h a t  a "Proton Event" 
was o f f i c i a l l y  i n  progress.  The p ro ton  f l u x  con t inued  a t  event  l e v e l s  u n t i l  
t he  14th.  The onset o f  h i g h  f l u x  was p r ~ b a b l y  caused by t h e  f l a r e  o f  March 6 
and was sus ta ined  by new i n j e c t i o n s  f rom subsequent f l a r e s .  

EXTREME HAGNETOSPHERIC COHPRESSION: 

The March 1989 s o l a r  and geophys ica l  a c t i v i t y  was accompanied by a se r i es  
o f  magnetopause c r o s s i n g s  w i t h  ext reme c h a r a c t e r i s t i c s .  F i g u r e  l ( b ) ,  t h i r d  
panel,  shows t he  GOES-7 one-minute-averaged observa t ions  o f  t h e  Hp component 
( app rox ima te l y  p a r a l l e l  t o  E a r t h ' s  r o t a t i o n  a x i s )  o f  t h e  magnet ic  f i e l d  a t  
geos ta t i ona ry  a l t i t u d e  d u r i n g  March 13 and 14, 1989. The reve r sa l s  o f  the  Hp 
component o f  t h e  g e o s t a t i o n a r y  f i e l d  t o  n e g a t i v e  va l ues  i n d i c a t e s  t h a t  t he  
magnetopause, t y p i c a l l y  l o c a t e d  a t  10 Re d i s t a n c e ,  moved i n s i d e  t h e  geos ta -  
t i o n a r y  o r b i t  (6 .6Re) .  Such r a r e  even t s  a re  c a l l e d  "Geos ta t i ona ry  Mag- 
netospauce C ross i ngs "  (GMC), and a r e  caused by ext reme c o n d i t i o n s  o f  s o l a r  
wind p ressu re ,  o f t e n  coup led  w i t h  s t r o n g  southward IMF components. Given a 
reasonable model f o r  t he  magnetopause shape, t h e  minimum d i s t ance  t o  t he  sub- 
s o l a r  p o i n t  was 4 . 7  Re, o r  o v e r  a f a c t  o f  two compress ion i n  l i n e a r  s i z e .  
The f i r s t  o f  severa l  c ross i ngs  was observed by GOES-7 on t he  13 th  a t  14:16 UT 
(07:02 l o c a l  t i m e ) .  and by GOES-6 some 36 minutes l a t e r  a t  05:52 l o c a l  t ime.  
For t h i s  episode, t h e  magnetopause was w i t h i n  6.6 Re a t  t he  dawn magnetosphere 
f o r  app rox ima te l y  3.2 hours.  Toge ther  w i t h  t h e  c r o s s i n g s  l a t e r  t h a t  day, 
these episodes comprise t h e  l o n g e s t - d u r a t i o n  compressions observed by t he  GOES 
s a t e l l i t e s  d u r i n g  a s tudy p e r i o d  ex tend ing  from 1979 t o  t he  present .  

One may es t imate  t h e  energy (work)  r e q u i r e d  t o  compress t he  magnetosphere 
from a qu iescent  subso la r  boundary d i s t ance  o f  10 Re t o  our  est imated minimum 
d i s t a n c e  o f  4 .7  Re. The p roduc t  o f  t h e  p r o j e c  ed c r o s s - s e c t i o n a l  dawn-dusk 3 area o f  t h e  magnetosphere and t h e  p ressu re  ( B  /80 )  o f  t h e  days ide  magnet ic  
f i e l d ,  B,  g i v e n  by t h e  s imp le  model o f  Roederer (1970) ,  y i e l d s  t he  f o r c e  
exer ted  a t  the  maqnetopause. I n t e g r a t i n g  from t he  i n i t i a l  t o  the  f i n a l  sub- 
s o l a r  d i s t a n c e  u s i n g  t h e  magnetopause boundary shape o f  Ho l ze r  and S l a v i n  
(1978) .  we f i n d  t h a t  t h e  work done ' ;  4  x 1015 j o u l e s ,  about 1/6th the  average 
d a i l y  US e l e c t r i c a l  energy consumption i n  1987. 

COSMIC RAY PENETRATION: 

The geomagnetic f i e l d  p rov ides  p a r t i a l  s h i e l d i n g  aga ins t  pene t ra t i on  t o  
Ea r t h  o f  ene rge t i c  p a r t i c l e s  o f  s o l a r  o r  g a l a c t i c  o r i g i n  (cosmic r a y s ) .  The 
minimum energy r e q u i r e d  t o  reach E a r t h ' s  atmosphere o r  su r face  I s  a decreas ing 
f u n c t i o n  o f  geomagnetic l a t i t u d e ;  p d r t i c l e s  o f  t he  o rde r  o f  100 keV o r  h igher  
have e s s e n t i a l l y  f r e e  access t o  l a t i t u d e s  poleward o f  t he  au ro ra l  zones. For 
an a x i a l l y  symrnetvic f ~ e l d  such as t h a t  o f  i d i p o l e ,  t h e  f r a c t i o n  o f  t h e  
p r i m a r y  f l u x  a t  a g i v e n  energy r e a c h i n g  E a r t h  as a f u n c t i o n  o f  dec reas i ng  
l a t i t u d e  would s u f f e r  an abrupt  t r a n s i t i o n  from f u l l  t ransmiss ion  t o  none a t  a 
s p e c i f i c  l a t i t u d e ,  the  " c u t o f f  l a t i t u d e "  f o r  t h a t  energy. For t he  r e a l ,  asym- 



m e t r i c  magnetosphere, however, t h e  t r a n s i t i o n  f rom f u l l  t r a n s m i s s i o n  t o  no 
t r ansm iss i on  occurs over  a  l a t i t u d e  range o f  severa l  degrees; i .e. t h e  c u t o f f  
i s  n o t  "sharp" .  

F i g u r e  3 shows 2.5-16 MeV c u t o f f - l a t i t u d e  observa t ions  by SEL inst ruments 
aboard t h e  l o w - a l t i t u d e ,  p o l a r  o r b i t i n g ,  NOAA-10 s a t e l l i t e  f o r  a l l  13 passes 
o f  March 13, 1989. The c u t o f f  range i s  denoted by r a d i a l  l i n e  segments, w i t h  
t h e  h i g h e r  l a t i t u d e  end -ba r  i n d i c a t i n g  t h e  2 .5  MeV c u t o f f  and t h e  l owe r  
l a t i t u d e  end-bar  i n d i c a t i n g  t h e  16 MeV c u t o f f .  These c u t o f f s  have been 
d e f i n e d  as t h e  l a t i t u d e  o f  a  measurzble decrease below f u i l  t ransmiss ion  f o r  
t h e  : e s p e c t i v e  energy.  A r e g i o n  o f  p a r t i a l  t r a n s m i s s i o n  ex tends  seve ra l  
degrees southward o f  t he  i n d i c a t e d  boundaries. Observat ions o f  a l l  t r ave r sed  
c u t o f f  l a t i t u d e s  a r e  p l o t t e d  as a  f u n c t i o n  o f  geograph ic  l o n g i t u d e  i n  t h e  
upper panel ( a ) ,  and as a  f u n c t i o n  o f  magnet ic l o c a l  t ime  i n  t h e  lower  panel 
(b)  . Nor thern -  and southern-hemi sphere observa t ions  have been combined, s i nce  
no sys temat i c  d i f f e r e n c e s  have been found between them f o r  t h i s  day. 

C u t o f f s  were observed f rom a  minimum o f  about 44' t o  a  maximum of about 
725 geomagnetic l a t i t u d e .  I t  w i l l  be no ted  t h e  l a t i t u d e  range o f  t h e  observed 
c u t o f f s  f o r  t h a t  day was q u i t e  broad:  about  25O w ide  a t  60-120° eas t  
geograph ic  l o n g i t u d e ,  w h i l e  s i g n i f i c a n t l y  l e s s  (abou t  10') some 180' away. 
Panel 5 (b )  i n d i c a t e s  t h a t  t h e  c u t o f f s  were g e n e r a l l y  l o w e r  i n  t h e  even ing  
hours,  w i t h  t he  most e q i ~ t o r w a r d  be i ng  44' l a t i t u d e  occu r r i ng  about 1830 UT a t  
about 82' eas t  l ong i t ude ,  p l a c i n g  i t  over  t h e  c e n t r a l  USSR. 

A s o l a r  p ro ton  event was i n  progress on March 13, t h e  launch da te  o f  D i s -  
covery.  However t h e  spectrum o f  t h e  p a r t i c l e  event was q u i t e  " s o f t ; "  t h a t  i s ,  
t h e r e  were r e1  a t  i v e l y  few h igher -energy  (>30 MeV) p ro tons  and a1 pha p a r t i c l e s  
p resen t .  Even w i t h  t h e  southward excurs ion  o f  c u t o f f  l a t i t u d e s  on March 13, 
D iscovery ' s  maximum excurs ion  t o  about 28' l a t i t u d e ,  and t he  so f tness  o f  t he  
p a r t i c l e  spectrum, p reven ted  t h e  s o l a r  p r o t o n  even t  f rom pos i ng  a  r a d i a t i o n  
hazard t o  t h a t  a c t i v i t y .  I n  c o n t r a s t ,  t he  Sov ie t  v e h i c l e  MIR, w i t h  a  maximum 
o r b i t a l  l a t i t u d e  o f  about 51°, would be expected t o  have s u f f e r e d  a  s i g -  
n i f i c a n t l y  i n c reased  exposure t o  e n e r g e t i c  p r o t o n  and a lpha  p a r t i c l e  r a d i a -  
t i o n ,  b u t  f o r t u n a t e l y  was n o t  exposed t o  a major  ha rd  event such as those o f  
August 16 o r  September 29, 1989. 

RADIATION BELT PRECIPITATION: 

The e n e r g e t i c  p a r t i c l e  sensors abosrd t h e  NOAA-10 l o w - a l t i t u d e ,  p o l a r -  
o r b i t i n g  s a t e l l i t e  measure e l e c t r o n s  and p r o t o n s  i n  t h e  eqergy ranges o f  
> 30 keV t o  > 300 kcV, and > 300 keV t o  > 80 MeV, r e s p e c t i v e l y .  F i g u r e  4  
shows a gray-shade p l o t  o f  t h e  10-day averages o f  t h e  p ro ton  f l u x e s  observed 
by NOAA-I0 i n  t he  evergy range 30-80 keV. The f l u x e s  a re  averaged i n  5' b i n s  
o f  geographic l a t i t u d e  and l o n g i t u d e .  

The p r e - a c t i v i  t y  averages (bo t tom pane l )  i 1  l u s t r a t e  t y p i c a l  va lues w i t h  
obv i ous  h i g h  f l u x e s  i n  t h e  a u r o r a l  r e g i o n s  and i n  t h e  r e g i o n  o f  t h e  South 
A t l a n t i c  anomaly, approx imate ly  cen te red  a t  20' S .  340' E. A t  m id -  t o  lower -  
l a t i t u d e s  t he  average f l u x e s  a re  severa l  o rde r s  o f  ~nagni  tude sma l le r .  For t h e  
average o f  the  a c t i v e  (March 10 t o  20) p e r i o d  ( t o p  pane l ) ,  o v e r a l l  f l u x  i n t e n -  
s i t i e s  have s t r o n g l y  increased.  The au ro ra l  and anomaly reg ions  a re  s t ronger  
and b roade r ,  as expec ted ,  and so a r e  t h e  e q u a t o r i a l  f l u x e s .  T h i r t e e n  h i g h  
i n t e n s i t y  ' s t r i a t i o n s '  ac ross  t h e  o t h e r w i s e  d e p l e t e d  m i d - l a t l t u d e  r e g i o n s  
imp ly  t h a t  t he  most in tense  increases, s i g n i f i c a n t  1 y above background averages 



a t  m i d - l a t i t u d e s ,  l a s t e d  f o r  a  t o t a l  p e r i o d  o f  about a  day (13 o r b i t s ) .  
S i m i l a r  behavior  i s  observed a t  p ro ton  energ ies up t o  about 2  MeV and i n  t h e  
e l e c t r o n  da ta  a t  energ ies  o f  > 30 and > 100 keV. 

GEOHAGNETIC STORHS/SUBSTORHS: 

Magnet ic  substorms were o c c u r r i n g  i n  t h e  a u r o r a l  zone b e f o r e  t h e  p a r -  
t i c l e s  f rom t h e  March 6 t h  f l a r e  a r r i v e d  a t  Ea r t h .  F o r  example, C o l l e g e  and 
Anchorage recorded  about  2,000 nT amp l i t ude  n e g a t i v e  bays i n  H  around 1100- 
1200 UT on t h e  5th.  However, a t  m i d - l a t i t u d e s  across t h e  US, magnet ic cond i -  
t i o n s  were r a t h e r  q u i e t  u n t i l  a  s to rm sudden comnencement (ssc)  a t  1735 UT on 
t h e  8 th .  The main-phase H minimum fo l lowed a t  around 0100 UT on t h e  9 t h  w i t h  
s l  i g h t l y  d i s t u r b e d  c o n d i t i o n s  l a s t i n s  through t h e  10 th .  

The "great  magnet ic storm" o f  13/14 March 1989, began w i t h  a  sudden s torm 
commencement a t  0128 UT on t h e  1 3 t h  (a f te rnoon /even ing  o f  t h e  1 2 t h  ove r  N. 
Amer ica) .  Another ssc occur red  around 0747 UT and a  l a r g e  nega t i ve -H bay was 
r eco rded  a t  Bou lder  Magnet ic  Observa to ry  around 1100 UT. Near 2100 UT t h e  
Bou lde r  H-component began a  r a p i d  p o s i t i v e  e x c u r s i o n  t h a t  c a r r l e d  t h e  f l u x -  
g a t e  sensor  o f f - s c a l e  a t  +2,000 nT. Large p o s i t i v e - H  va l ues  c o n t i n u e d  f o r  
about 5 hours a f t e r  which t h e  t r a c e  r e t u r n e d  t o  c o n d i t i o n s  o f  n e g a t i v e - H  
recovery  from a  main-phase de2rcss ion.  Comparison o f  H  v a r i a t i o n s  f rom USGS 
observa to r ies  and t h e  NORDA s i t e  show l a r g e  p o s i t i v e  H  d e v i a t i o n s  across t h e  
m i d - l a t i t u d e  US f o r  about  s i x  hours  a t  t h e  end o f  t h e  1 3 t h  and e a r l y  on t h e  
1 4 t h  (UT) [ F i g u r e  5, Herzog and Wi lson  persona l  communicat ion] .  A l l  obse r -  
va to r y  magnetometers were o f f  s ca l e  a t  +2,000 nT f o r  p a r t  o f  t h i s  t ime .  

I t  appears l i k e l y  t h a t  f o r  extended pe r i ods  on 13/14 March t h e  eastward 
A u r o r a l  E l e c t r o j e t  was l o c a t e d  ove r  t h e  c e n t r a l  U n i t e d  S t a t e s  f o r  seve ra l  
hou rs .  Th i s  i s  c o n s i s t e n t  w i t h  t h e  DE-1 a u r o r a l  imagery r eco rded  i n  t h e  
southern hemisphere when i t  i s  p r o j e c t e d  on to  t he  no r t he rn  hemisphere and t h e  
wide.  i n t e n s e  b e l t  o f  d i s c r e t e  au ro ra  rema in ing  when DMSP F9 passed ove r  N. 
America around 0400 UT on the  14 th  (cover  i l l u s t r a t i o n ,  EOS, Nov 14, 1989). 

I n  t h e  a u r o r a l  zone, substorm c o n d i t i o n s  p e r s i s t e d  be fo re ,  du r i ng ,  and 
a f t e r  t h e  most a c t i v e  i n t e r v a l  o f  6 -20  March. A s ke t ch  o f  p r e l i m i n a r y ,  
g raph i ca l  Aurora l  E l e c t r o j e t  i nd i ces  shows t h e  charac te r  o f  au ro ra l  zone sub- 
storm a c t i v i t y  on March 13/14th (F i gu re  6, Kamei). P l o t s  o f  AU and A1 v a r i a -  
t i o n s  were produced g r a p h i c a l l y  i n  Kyoto from records o f  some 11 obse rva to r i es  
t h a t  were prompt ly  a v a i l a b l e  i n  d i g i t a l  format .  P r e l i m i n a r y  AE i s  t h e  range 
between AU and AL a t  each i n s t a n t .  I t  ranges from low va lues near ze ro  t o  as 
l a r g e  as 3000 nT. However, any AE-type index  shou ld  be used w i t h  c a u t i o n  
d u r i n g  t h i s  t ime o f  peak a c t i v i t y  because, as noted above, t he  h igh ly-expanded 
a u r o r a l  zone was f a r  sou th  o f  " a u r o r a l w  magnet ic  o b s e r v a t o r i e s .  Toyo Kamei 
(Kyoto)  has suggested t h a t  he may t r y  d e r i v i n g  spec i a l  mid-1 a t i  tude AE i nd i ces  
us ing  records from No r t h  American s i t e s  such as Boulder,  Freder icksburg,  and 
Newport which were c l o s e r  t o  t he  e l e c t r o j e t .  



Globa l  magnet i c  a c t i v i t y  i n d i c e s  were made a v a i  1  a b l e  p romp t l y  from 
Goet t ingen  (Kp) and P a r i s  (aa) .  A t  NGDC we c a l c u l a t e d  8 - p o i n t  runn ing  means 
o f  t h e  3 - h o u r l y  ap and aa i n d i c e s  and s e l e c t e d  t h e  m o s t - d i s t u r b e d  24-hour 
va lues o f  each as Ap* and AA*, r e s p e c t i v e l y ,  f o r  comparison w i t h  t h e  h i s t o r i -  
c a l  r e c o r d .  Fo r  t h e  13 th ,  b e g i n n i n g  a t  0300 UT, Ap* = 279 (2  nT u n i t s ) .  
L i k e w i s e ,  AA* = 450 ( 1  nT u n i t s )  s t a r t i n g  a t  0600 UT.  Accord ing  t o  these 
measures, t h i s  magnet ic storm had one o f  the  most d i s t u r b e d  24 hour per iods  o f  
any recorded s i nce  t h e  m id -  19th cen tu ry .  As shown i n  Table 1, the  March Ap* 
va l ue  ranks as t h e  t h i r d  l a r g e s t  magnet ic storm s ince  1932 based on i nd i ces  o f  
d i s t u r b a n c e  d e r i v e d  f r o m  r e c o r d s  o f  a  g l o b a l  ne two rk  o f  12 o r  13 obser -  
v a t o r i e s .  Acco rd i ng  t o  t h e  March AA* t h i s  was t h e  l a r g e s t  magnet ic  s to rm 
s i nce  1868 as recorded by t h e  2 - s t a t i o n  network o f  almost an t ipoda l  s i t e s  i n  
t h e  UK and A u s t r a l i a .  

EXTRMELY LARGE AURORAL ZONE: 

Both spacec ra f t  and ground-based s i g h t i n g s  i nd i ca ted  t h e  extreme coverage 
o f  t h e  auro ra .  The s a t e l l i t e  DE-1 was pass ing over  t h e  A n t a r c t i c  du r i ng  t h i s  
key t ime and ob ta ined  s t r i k i n g  au ro ra l  images a t  u l t r a v i o l e t  wavelengths (1360 
A  t o  1650 A), ma in l y  due t o  emiss ions f rom t he  Lyman-Bi rge-Hopf ie ld  bands o f  
m o l e c u l a r  n i t r o g e n .  F i g u r e  7 i s  DE-1 imagery f rom two separa te  passes over  
t h e  A n t a r c t i c  s i x  y e a r s  a p a r t  ( c o l o r  images have he re  been reproduced as 
Xerographic cop ies  i n  b l a c k  and w h i t e ) .  The q u i e t  au ro ra l  ova l  on t he  l e f t  was 
recorded  a t  1623 UT on 22 March 1983 and t h e  enormously expanded auro ra l  ova l  
on t h e  r i g h t  was recorded a t  1826 UT on 13 March 1989 f rom a  s i m i l a r  v iewpoint  
and season, and a t  about t he  same Un iversa l  Time as t h e  e a r l i e r  image. Th is  
was d u r i n g  a  t i m e  o f  w i d e l y  r e p o r t e d  a u r o r a l  s i g h t i n g s  across A u s t r a l i a  and 
Tasmania. The 13 March 1989 o v a l  was one o f  the  l a r g e s t  recorded  by DE-l 
u n t i l  t h a t  recorded on t h e  14 th .  

The second DE-1 image o v e r  A n t a r c t i c a  ( t o  appear on an EOS cove r )  was 
recorded a t  0151 UT on 14 March 1989, and coast1 ines a re  superposed here. The 
image was mapped o n t o  t h e  N o r t h e r n  Hemisphere a t  200 km a l t i t u d e  us i ng  a  
MAGSAT geomagnetic f i e l d  model. I n  t h i s  p r o j e c t i o n  two broad bands o f  au ro ra l  
emiss ions  a r e  seen. The n o r t h e r l y  band i s  cen te red  a l ong  t h e  US-Canadian 
border  and t h e  equatorward band i s  a t  unusua l l y  low l a t i t u d e s .  Patches o f  t he  
p r o j e c t e d  aurora appear over  A1 abama, Georgia, and no r t he rn  F l o r i d a  and over 
Texas, Oklahoma and New Mexico.  These images agree w e l l  w i t h  v i s u a l  au ro ra  
s i g h t i n g s  r e p o r t e d  f rom across t h e  southern Un i t ed  S ta tes  du r i ng  l o c a l  n i g h t -  
t i m e  hours  o f  t h e  1 3 t h  and e a r l y  14 th .  Th i s  DE-1 image was ob ta i ned  about 
o n e - h a l f  hour a f t e r  t he  end o f  t h e  p e r i o d  o f  extended p o s i t i v e - H  recorded a t  
Boulder  Magnetic Observatory  when t he  eastward Auro ra l  E l e c t r o j e t  appeared t o  
l i e  across t he  US from Washington s t a t e  t o  V i r g i n i a .  

The USAF m e t e o r o l o g i c a l  s a t e l l i t e  DMSP recorded  t h e  image o f  v i s i b l e  
au ro ra  around 0355 UT on 14 March 1989 ( F i g u r e  9 ) .  I t  shows a wide band of 
d i s c r e t e  aurora ex tend ing  from j u s t  below Hudson's Bay t o  above Chicago a t  i t s  
narrowest  ex ten t .  L i g h t s  o f  c i t i e s  and o t h e r  heat sources ( e . g ,  o i l  f i e l d  gas 
f l a r e s )  f rom t h e  e a s t  coas t  o f  t h e  US t o  t h e  c e n t r a l  s t a t e s  and a long t h e  
G u l f ,  and i n  Mexico and Cuba h e l p  a  v iewer  t o  p o s i t i o n  t h e  au ro ra .  I n  t h e  
h i g h  c o n t r a s t  o r i g i n a l  imagery i t  i s  poss i b l e  t o  see wisps o f  d i f f u s e  aurora 
I n  a  band ac ross  New Mexico.  Texas, Oklahoma, Arkansas, and :preading over  
most o f  the  S . E .  US. 



RADIO AURORAE: 

Radio auro ra  c o n d i t i o n s  were r epo r t ed  by a t  l e a s t  50 opera to rs  a t  144 MHz 
across t h e  southern US and ex tend ing  down t o  Cancun, Mexico and t h e  Carr ibean 
i s l ands .  Other  r e p o r t e d  l o g s  documented r a d i o  aurora a c t i v i t y  on 50, 220 and 
432 MHz. 

Ionospher i c  c o n d i t i o n s  f o r  t h e  p e r i o d  6-20 March a re  shown i n  F igure  10 
wh ich  p l o t s  t h e  r eco rded  h o u r l y  c r i t i c a l  f requency  o f  t h e  F 2 - l a y e r ,  foF2, 
sca l  ed f rom v e r t  i c a l  i n c i d e n c e  soundings a t  t h e  Bou lde r  obse rva to r y .  Loca l  
noon i s  a t  1900 UT and t h e  r a p i d  r i s e  i n  foF2 a t  1300 UT i s  caused by s u n l i g h t  
beg inn ing  t o  i l l u m i n a t e  t h e  ionosphere above Boulder .  These days have t h e i r  
l o c a l  evening foF2 va lues  near t h e  monthly median except  f o r  t h e  15th. On 13 
March a t  0600 UT t h e  Boulder  foF2 va lue  drops w e l l  below t h e  median and s tays  
l o w  ( o r  m i s s i n g )  u n t i l  0600 UT on t h e  14th.  D a y l i g h t  va l ues  on t h e  14 th  
r e c o v e r  t o  near  t h e  median u n t i l  around l o c a l  noon and a r e  t hen  depressed 
t h rough  t h e  15 th  and i n t o  t h e  16 th .  Dayt ime va l ues  on t h e  1 6 t h  a re  aga in  
depressed and then near-median c o n d i t i o n s  p e r s i s t e d  u n t i l  t h e  19th. 

CONSEQUENCES OF THE MARCH ACTIVITY AT AND NEAR EARTH: 

Repor ted consequences o f  t h e  March s o l a r  a c t i v i t y  as sensed a t  o r  near  
E a r t h  i n c l u d e  documented e f f e c t s  on sa te1  1 i t e s  i n  space ( g e o s t a t i o n a r y  and 
l owe r  a l t i t u d e ) ,  i o n o s p h e r i c  p e r t u r b a t i o n s  t h a t  a f f e c t e d  te lecommunicat ions 
and n a v i g a t i o n  systems ' s a t e l  1  i t e  and ground-based), t h e  g rea t  magnetic storm 
d e s c r i b e d  above, aurot  4e r e p o r t e d  a t  u n u s u a l l y  low l a t i t u d e s  (mis taken f o r  
f i r e  r e f l e c t i n g  o f f  c louds  o r  o t h e r  unusual phenomena), and documented e f fec t .  
on t echno log i ca l  systems - -  some amusing and some ser ious .  We do no t  i ~ c l u d e  
any m a t e r i a l  f rom c l a s s i f i e d  sources. F a i l u r e s  i n  commercial and defense sys- 
tems a r e  s e n s i t i v e  t o p i c s  and a r e  n o t  r e f e renced  here .  There p robab l y  a re  
o t h e r  f a i l u r e s  o f  which we a re  unaware. I n  t h e  l i s t i n g  below, i f  an i tem i s  
g i v e n  w i t h o u t  s p e c i f i c s ,  i t  i s  because ou r  sources asked us n o t  t o  r evea l  
d e t a i l s .  

EFFECT ON SPACE SYSTEHS: 

There was concern  about t h e  launch  o f  t h e  s h u t t l e  D i scove ry  d u r i n g  
Ground Level  and PCA Events ;  however, as d iscussed  above t h e  low 
i n c l i n a t i o n  and l o w - a l t i t u d e  o r b i t  combined w i t h  t he  s o f t  spect ra  o f  the  
p a r t i c l e  event t o  min imize r a d i a t i o n  exposure t o  the  as t ronau ts .  There 
was concern about t h e  i n j e c t i o n  o f  TDRS-0 i n t o  i t s  ope ra t i ng  geos ta t i on -  
a r y  o r b i t  d u r i n g  t h e  p rog ress  o f  a  ma jo r  magnet ic  storm, and i n  f a c t  
some anomalous b e h a v i o r  o f  t he  TDRS-D s a t e l l i t e  i n  o r b i t  has been 
repo r t ed .  I t  i s  be ing  i n v e s t i g a t e d  whether t he  la iwch  cond i t i ons  o r  t he  
c o n t i n u i n g  geornagnet. i c  a c t i v i t y  was respons ib le .  

A p r e v i o u s l y  s t a b l e  l o w - a l t i t u d e  s a t e l l i t e  i n  near  c i r c u l a r  o r b i t  a t  
rough1 y 60' i n c l  i na t  i o n  began episodes o f  u n c o n t r o l l e d  tumbl i n g  on March 
6 ,  8/9, and 14th,  which i n t e r f e r r e d  w i t h  ope ra t i ons .  

G O E S - 7  had a communicat ions c i r c u i t  anomaly on t h e  12th,  l o s t  imagery 
and had a communications outage on the  13th.  

Three l o w - a l t i t u d e  NOAA p o l a r  o r b i t i n g  weather  s a t e l l i t e s  and t h e  USAF 
DMSP coun te rpa r t  t o  t he  NOAA se r i es  had t r o u b l e  un load ing  torque due t o  
t he  uncommon1 y l a r g e  ambient maynet i c  f i e l d  changes. 



Japanese g e o s t a t i o n a r y  communicat ions s a t e l l i t e  CS-38 had a severe 
p rob l em  a t  1050 UT on 17 March t h a t  i n v o l v e d  f a i l u r e  and permanent 
l o s s  o f  ha1 f o f  t h e  dual  redundant command c i r c u i t r y  on-board. 

Barnes 1 imb sensors  used t o  l o c k  low-a1  t i t u d e  p o l a r  o r b i t e r s  on to  C02 
b r i g h t e n i n g  a t  t h e  Ea r t h ' s  1 imb have sensor degrada t ion  we1 1 - c o r r e l a t e d  
w i t h  r i s i n g  s o l a r  a c t i v i t y .  T h i s  was encoun te red  i n  1978-79 " b u t  t h e  
prob lem went away" w i t h o u t  eng ineer ing  f i x e s .  

Opera t iona l  s a t e l l i t e s  o f  t he  European Space Agency were r epo r t ed  no t  t o  
have exper ienced outages b u t  MARECS- 1 (177') had many sw i t ch i ng  events 
on 3, 17 and 29 March. 

A s e r i e s  o f  seven commercial geos ta t i ona ry  communications s a t e l l i t e s  had 
c o n s i d e r a b l e  prob lems m a i n t a i n i n g  o p e r a t i o n a l  a t t i t u d e  o r i e n t a t i o n  
w i t h i n  s p e c i f i e d  ranges. They r e q u i r e d  some 177 manual opera to r  i n t e r -  
ven t i ons  t o  make t h r u s t e r  adjustments i n  o rde r  t o  ma in ta i n  t h e  r equ i r ed  
a t t i t u d e  d u r i n g  t h e  d i s t u r b e d  c o n d i t i o n s  on t h e  13/14th.  These were 
more t han  a r e  no rma l l y  r e q u i r e d  d u r i n g  a year  o f  r e g u l a r  operat ions.  

The Japanese g e o s t a t i o n a r y  m e t e o r o l o g i c a l  sa te1  1 i t e  GMS-3 " s u f f e r e d  
severe s c i n t i l l a t i o n s  d u r i n g  1200-1430 UT on March 23." Data t ransmis -  
s ions  were l o s t  f o r  about 1 h o u r  around 1300 UT. 

i e s  Geos ta t ionary  communications s a t e l  1 i t e s  r e p o r t e d  ope ra t i ona l  anomal 
on 18 and 20 March b u t  n o t  on e a r l i e r  d i s t u r b e d  days. 

The a g i n g  NASA s a t e l l i t e  SMM was s a i d  t o  have made good r e c o r d i n g s  
c o n d i t i o n s  d u r i n g  t h e  d is tu rbances  b u t  " i t  dropped i n  a l t i t u d e  as i f  
h i t  a b r i c k  w a l l "  d u r i n g  t h e  t ime  o f  h i ghes t  magnet ic a c t i v i t y .  I t  
r e p o r t e d  t o  have dropped 1/2-km a t  t h e  s t a r t  o f  t he  " b i g  storm" and 
have dropped "3 m i l es "  d u r i n g  t h e  e n t i r e  d i s t u r b e d  pe r i od .  

More t h a n  80,000 i tems i n  o r b i t  a r e  t r a c k e d  d a i l y  f r om  E a r t h  and most 
a re  i d e n t i f i e d  and o r b i t s  ca l cu l a t ed .  When a new o b j e c t  i s  de tec ted  i t  
i s  commonly c a l l e d  an "Uncor re la ted  Targe t "  (UCT) and e f f o r t s  are made 
t o  i d e n t i f y  i t  as e i t h e r  a new o b j e c t  i n  space o r  a p r e v i o u s l y  known ob- 
j e c t  whose o r b i t  has changed. Most UCTs a re  d e b r i s  f rom s a t e l l i t e  
launches  o r  breakups b u t  some a r e  " l o s t "  s a t e l l i t e s  whose o r b i t s  a re  
changed by i n c r e a s e d  d r a g  due t o  h e a t i n g  o f  t h e  upper  atmosphere by 
s o l a r  and geomagnetic a c t i v i t y .  Around 1000 UCTs a re  norma l l y  encoun- 
t e r e d  d a i l y  b u t  on 13 March t he re  were about 2000 repor ted .  The number 
r ose  d a i l y  by about 500 t o  800 events  ( t h e  l a r g e s t  increase was on t h e  
17 th  March) t o  reach a maximum on 18 March o f  almost 6000 UCTs. A f t e r  
t h a t ,  t h e  number d e c l i n e d  t o  around 2300 UCTs by 23 March. 

COMMUNICATIONS AND NAVIGATION DIFFICULTIES: 

o On March 6 a commercial r a d i o  network warned a f f i l i a t e s  o f  p o t e n t i a l  f o r  
s l g n a l  r e l a y  problems d u r i n g  t he  two weeks ahead. 

a The US Coast Guard r e p o r t e d  numerous LORAN n a v i g a t i o n  problems, p a r -  
t i c u l a r l y  on 6 and 13 March. These were accompanied by p r o b l m s  w i t h  
u s i n g  h f - r a d i o  communications t o  a l e r t  users  t o  t h e  problems. 



The US Navy MARS (mar ine h f - r a d i o  ne twork )  c i r c u i t s  on 10-20 MHz were 
ou t  wor ldwide w h i l e  144-148 MHz t r a n s c e i v e r s  used f o r  shor te r - range  com- 
municat ions were r e c e i v i n g  power fu l  s i g n a l s  f rom remote l o c a t i o n s .  

A new h f - D i r e c t i o n  F i n d i n g  system t o  be demonstrated i n  Texas on 
13 March f a i l e d  t o  work due t o  " rernwal  o f  t h e  ionosphere." 

A ham o p e r a t o r  i n  Minnesota r e p o r t e d  " a u r o r a l  r a d i o  p r o p a g a t i o n  
f e a t u r e s  observed down t o  Ecuador and Columbia."  Below 50 MHz " t h e  
ionosphere d i  sappeared" whi l e  a t  h i ghe r  f requencies range and i n t e n s i t y  
were enhanced, e  .g. Cal i f o r n i a  Highway P a t r o l  mess.ages were overpowering 
l o c a l  t ransmi  ss ions  i n  Minnesota. 

VLBI observer  i n  t h e  F l o r i d a  keys r epo r t ed  excep t iona l  c o m u n i c a t i  ons a t  
f requenc ies  > 140 MHz. 

I n  A u s t r a l  i a  t h e r e  were many r e p o r t s  o f  poor  h f - r a d i o  c o n d i t i o n s  on 
13/14 March. P o l a r  t o  m id -1  a t i  t ude  c i r c u i t s  were "use less "  and 
e q u a t o r i a l  c i r c u i t s  were "ve ry  weak and no isy . "  Dur ing  dayt ime foF2 on 
t he  14 th  was "mos t l y  c 5 MHz". Large, r a p i d  swings o f  foF2 occur red  a t  
n i g h t  on t he  14/15th. 

I n  t h e  US, the Boulder  Ionosonde recorded foF2 a t  n i g h t  as low as 2 
MHz and t h e r e  were p e r i o d s  when i t  c o u l d  n o t  be measured because o f  
0 - l a y e r  absorp t ion .  Dur ing  t he  dayt ime foF2 was 4 t o  5 MHz. 

Geodet ic  su rveys  i n  t h e  US and, p o s s i b l y ,  s h i p  n a v i g a t i o n  near  
A u s t r a l i a  us i ng  s i g n a l s  from n a v i g a t i o n  s a t e l l i t e s  were impai red.  

Automatic garage doors i n  a  Cal i fo rn  i a  coas ta l  suburb began t o  r a i s e  and 
c l  ose w i t hou t  apparent reason. The phenomenon was e v e n t u a l l y  t r aced  t o  
a Navy s h i p  t h a t  was employ ing a s p e c i a l  shore-based system i n  an a t -  
tempt t o  m a i n t a i n  remote r a d i o  communications w h i l e  h f - r a d i o  was o u t  o f  
opera t  i on .  

POWER FAILURES AND OTHER EFFECTS OF INTENSE AURORAL CURRENTS: 

o  The Hydro-Quebec Power Company exper ienced  a massive f a i l u r e  t h a t  
darkened most o f  Quebec Prov ince f o r  up t o  n i n e  hours. I t  was caused by 
l a r g e  ambient magnet ic f i e l d  changes a t  0244 l o c a l  t ime  on Monday morn- 
ing,  1 3  March. The magnetic s torm induced a ve ry  low frequency c u r r e n t  
i n  power 1  ines o f  the  James Bay genera t ing  s t a t i o n .  When t rans fo rmers  
became sa tu ra ted  by 1 i n e  harmonics, t h e  overcur ren t  p r o t e c t i o n  on t h ree  
s t a t  i c  " vo l  t - ampere r e a c t i v e "  ( v a r )  compensators t h a t  c o n t r o l  1  i n e  v o l t  - 
ages t r i p p e d  c i r c u i t  breakers s h u t t i n g  down about 44% o f  t he  power then 
being d i s t r i b u t e d .  When f o u r  o t h e r  v a r s  shu t  down due t o  unbalance 
p r o t e c t i o n  on t he  t h i r d  harmonic f i l t e r ,  t h e  system crashed. Power t o  
Mont rea l  and Quebec C i t y  f a i l e d  and t h i s  was q u i c k l y  f o l l o w e d  by c o l -  
l a p s e  o f  o t h e r  g e n e r a t i n g  c a p a c i t y  as t h e  ne tworked  power g r i d  
" p ro tec ted  i t s e l f "  f rom the  excess ive l oad  demands caused by t h e  f i r s t  
massive f a i l u r e .  Hydro-Quebec customers l o s t  use o f  some 19,400 MW o f  
power i n  Canada; the re  was a f u r t h e r  l o s s  o f  1,326 MU o f  power expor ted  
t o  t h e  US; and o t h e r  a v a i l a b l e  power c o u l d  n o t  be accessed because o f  
t h e  d i s t r i b u t i o n  system f a i l u r e .  Some 6 m i l l i o n  customers were w i t hou t  



power e a r l y  i n  t h e  morn ing o f  a  new work week. The ma jo r  r e s t o r a t i o n  
e f f o r t  t ook  more than 9 hours and many customers were w i thou t  power f o r  
1  onger t imes.  

I n  c e n t r a l  and sou thern  Sweden t h e r e  was a s imul taneous power l o s s  
( w i t h i n  one second) on s i x  d i f f e r e n t  130 K V  power d i s t r i b u t i o n  l i n e s  a t  
about t h e  same t ime  as t h e  Hydro-Quebec system f a i l u r e .  

Local power systems i n  Pennsylvania, New Jersey, Maryland, New York, New 
Mexico, A r i zona ,  and C a l i f o r n i a  no ted  e f f e c t s  o f  t h e  magnet ic s torm:  
c a p a c i t o r  banks t r i p p e d ,  vo l t ages  were depressed and t ransformers were 
n o i s y  b u t  t h e r e  were o n l y  s h o r t  outages and no genera l  b lackout .  

Aeromagnet i c  and o t h e r  f i e l d  su rvey  c o n d i t i o n s  were r e p o r t e d  as 
" imposs ib le "  f rom South A f r i c a ,  A u s t r a l i a ,  Canada, and the  US. 

D e c l i n a t i o n  changes o f  g r e a t e r  t h a n  3' measured a t  US v a g n e t i c  
o b s e r v a t o r i e s  exceeded d e s i g n  s p e c i f i c a t i o n s  f o r  a  new a i r c r a f t  
magnet ic n a v i g a t i o n  system be ing  t e s t e d  i n  t h e  c e n t r a l  US. 

Record -2000 nT H-dev ia t ions  occurred a t  Moscow and -620 nT a t  Kakioka. 
Magnetometers i n  A u s t r a l i a  were " o f f s c a l e  f o r  6  hours on the 14 th  cen- 
t e r e d  on 0000 UT". Magnetometers a t  m i d - l a t i t u d e  US o b s e r v a t o r i e s  
repea ted ly  o f f  s ca l e  on t h e  13/14th a t  + 2000 nT. 

The va lue  Ap* = 279 ( de r i ved  from ap i n d i c e s )  was t he  t h i r d  l a r g e s t  24- 
hour  d i s t u rbance  recorded s i nce  these g l oba l  i nd i ces  began i n  1932. The 
va lue  AA* = 450 ( f rom a 2 - s t a t i o n  g l o b a l  index)  was t he  l a r g e s t  24-hour 
d i  s turbance recorded s i nce  1868. 

AURORAE VIEWING REPORTS FROM GROUNO OtSERVERS: 

o B r i l l i a n t  au ro ra  was seen ac ross  t h e  US on t h e  n i g h t  o f  Sunday/Monday 
(12/13 March) and Monday/Tuesday (13/14) .  Repor ts  were r ece i ved  f rom 
ups ta te  New York, New Jersey,  Colorado (Boulder) ,  Texas (Brownsvi 1 l e  and 
San An ton io ) ,  New Mexico (Los Alamos), A r i zona  ( F t .  Huachuca), and 
C a l i f o r n i a  (Los Angeles and San F r a n c i s c o ) .  B r i g h t  green, b l u e  and 
w h i t e  forms were r e p o r t e d  o v e r  t h e  e a s t e r n  US w i t h  ma in l y  r e d  au ro ra  
r e p o r t e d  f r om  f a r t h e r  sou th .  Backpackers i n  t h e  mountains o f  wes te rn  
N o r t h  C a r o l i n a  r e p o r t e d  i n t e r e s t i n g  o b s e r v a t i o n s  f rom a very  i s o l a t e d  
l o c a t i o n .  They saw mos t l y  s t a t i c  b r i g h t  r ed  auro ra  f o r  about f o u r - t o -  
s i x  hours b u t  w i t h  wh i t e  beams converg ing toward t h e  southern ho r i zon .  
Red au ro ra  were r e p o r t e d  f rom F l o r i d a  Keys, Grand Cayman I s l a n d  and 
Cancun, Mexico. 

o  Aurora was r e p o r t e d  on t h e  n i g h t  o f  13/14th seen f rom near London and 
ex tend ing  t o  t h e  sou thern  h o r i z o n .  I t  was " b r i g h t e r  than a n y t h i n g  I 
have ever  seen . . . i n  terms o f  630 nm F - reg i on  emissions" accord ing t o  
David Rees (U. Col lege London). 

o Southern A u s t r a l i a  was l a r g e l y  under  c l o u d  cover  t h a t  p reven ted  
v i e w i n g  auro rae ;  however r e p o r t s  were r e c e i v e d  f rom 1 arqe r e g i o n s  o f  
n o r t h  A u s t r a l i a ,  i n c l u d i n g  Exmouth (above t h e  T r o p i c  o f  Cap r i co rn )  on 
t he  n i g h t  o f  13/14 March. 



SURFACE TECHNOLOGY AFFECTED : 

o Geophysical exp lo ra t i on  surveyor repor ts  - -  
S. A f r i ca :  "Condi t ions u n l i k e  any seen before! Nothing worked." 
W. Aus t ra l i a :  "Never seen cond i t ions  q u i t e  l i k e  i t ." 
Bass S t r a i t ,  Aus t ra l  i a :  concern over increased pipe1 i ne  corrosion. 

o  Microchip product ion  f a c i l i t i e s  i n  N.E. US out  o f  operat ion two o r  more 
times due t o  magnetic a c t i v i t y .  

o  Undersea cables i n  A t l a n t i c  and P a c i f i c  had l a r g e  vol tage swings. 

o  High l e v e l s  o f  UV-B measured around t ime o f  naked eye s p o t t i n g  o f  
sunspot reg ion  5395 near Seguin, Texas. 

o Power d i s t r i b u t i o n  f a c i l i t y  b lack outs i n  Canada and Scandinavia. 

o Out o f  worldwide h f - r a d i o  contac t  from southern US t ransmi t te r .  

CONCLUD IN6 THOUGHTS: 

As t h e  geophysical  reco rd  i s  accumulated and evaluated, i t  i s  c e r t a i n  
t h a t  o ther  types o f  data and o the r  examples o f  t he  consequences o f  t he  major 
so la r  a c t i v i t y  o f  6-20 March 1989, w i l l  become known. We know t h a t  there  are 
instances o f  e f f e c t s  worldwide t h a t  have not  been p u b l i c l y  reported because o f  
commercial o r  na t i ona l  secu r i t y  concerns. Nat ional ,  reg iona l  and Uor ld  Data 
Centers are a c t i v e l y  seeking t o  gather comprehensive data sets from t h i s  t ime 
f o r  f u t u r e  ana lys is  and are a lso  i n te res ted  i n  rece i v ing  documented repo r t s  o f  
e f f e c t s .  

From comparisons o f  the annual number o f  days o f  h igh  magnetic a c t i v i t y  
w i t h  t h e  annual sunspot number and the  annual number o f  s o l a r  f l a r e s ,  i t  i s  
known t h a t  the peak(s) o f  magnetic storminess do no t  occur 
d u r i n g  the  years o f  t he  maximum s o l a r  a c t i v i t y  measures. Comparison o f  the  
reported number o f  i n - o r b i  t opera t iona l  sa te l  1  i t e  anomalies f o r  spacecraft  not 
mainly a f fec ted  by cosmic rays shows t h a t  the frequency o f  anomalies fo l lows 
main ly  t he  occurrence o f  major  magnetic storms. Al though the  c u r r e n t  s o l a r  
cyc le  i s  r i s i n g  r a p i d l y  toward maximum (probably t o  occur i n  ea r l y  1990), the 
o v e r a l l  l e v e l  of magnetic a c t i v i t y  has not  shown a s i m i l a r  increase ( E .  
Hi ldner,  personal communication). The short  1  i s t  o f  major magnetic storms i n  
Table 1  shows tha t  i n  1940-41 and 1959-60 two o r  more events occurred w i t h i n  
18 month per iods .  There have been few storms, i f  any, as g rea t  as t h a t  o f  
13/14 March; however, the  poss ib i  1  i t y  t h a t  another may occur i n  1990 o r  soon 
a f t e r  must be considered. 

A s  soc ie t y  cont inues t o  move t o  wider  uses of h igh- techno logy  devices,  
o f t e n  c o n t r o l l e d  by fas te r  and more compact m ic ro -ch ip  e lec t ron ics ,  i n  space, 
i n  a i r c r a f t ,  and on the  ground and as communications and power d i s t r i b u t i o n  
g r i ds  become more important and more t i g h t l y  networked, our s u s c e p t i b i l i t y  t o  
mdjor impacts on the popu la t ion  and systems increases. 



RECENT SOLAR ACTIVITY: 

A f t e r  submiss ion  o f  t h e  a b s t r a c t  f o r  t h i s  t a l k  and p r e p a r a t i o n  o f  t h e  
summary r e v i e w  paper  on t h e  March a c t i v i t y ,  more ep isodes  o f  l a r g e  s o l a r  
f l a r e s  o c c u r r e d  o f t e n  accompanied by ma jo r  p r o t o n  even ts ;  a l so ,  t h e r e  were 
pe r i ods  o f  increased f l u c t u a t i o n s  i n  t h e  > 2  MeV e l e c t r o n  l e v e l  a t  geos ta t i on -  
a r y  a l t i t u d c  - -  sometimes w i t h  major  magnetic storms sometimes w i t hou t .  F l a r e  
l o c a t i o n s  ranged f rom c e n t r a l  mer id ian  t o  t h e  west l i m b  and beyond. I t  i s  n o t  
c l e a r  t h a t  spacec ra f t  cha rg i ng  was a common occurrence d u r i n g  these episodes 
b u t  some s i g n i f i c a n t  and many l e s s  impor tan t  e f f e c t s  a re  known. 

AUGUST 1989 EVENTS: 

On 1 and 2 August t h e r e  were l a rge ,  l o n g - l a s t i n g  d i u r n a l  changes i n  t h e  
l e v e l  o f  > 2 MeV e l e c t r o n s  r eco rded  by GOES-7 ( F i g u r e  1 1 ) .  These events ,  
a lmost  s u r e l y  a r i s i n g  f rom passage o f  t h e  s a t e l l i t e  th rough  a t rapped popula- 
t i o n  o f  e n e r g e t i c  e l e c t r o n s .  a re  n o t  seen every day. On days when t h e r e  are 
a l s o  ene rge t i c  p r o t o n  w e !  ~ s ,  t h e  e l e c t r o n  sensor ma in l y  records t h e  changes 
o f  p ro ton  counts.  F:-urn 2 August onwards t h e r e  a re  one o r  severa l  upper l e v e l  
C- type o r  M-type f:awes d a i l y  u n t i l  on t h e  12 th  t he re  was an X2/2B l e v e l  ( X -  
r a y / o p t i c a l )  f l a r e  o e g i n n i n g  s h o r t l y  b e f o r e  1400 UT and peak ing  around 1430 
UT. The d i f f e r e n t i a l  p r o t o n  energy t r aces  began r i s i n g  o u t  o f  t he  background 
about 1520 UT and t h e  i n t e g r a l  f l u x  o f  > 10 MeV pro tons  reached a maximum o f  
9,200 p f u  on t h e  1 3 t h  a t  0710 UT. 3 .  Feynman has p l o t t e d  t h e  comparable 
p r o t o n  f l u x e s  f r om  t h e  August 1972 and 1989 even ts  ( F i g u r e  12, persona l  
communication). F u r t h e r  X - l e v e l  f l a r e s  occurred d a i l y  on t h e  14 th -17 th  w i t h  
one e a r l y  on t h e  1 6 t h  f r o m  r e g i o n  # 5629 near  t h e  west l i m b  t h a t  reached an 
o f f - s c a l e  e s t i m a t e d  maximum o f  X20.0/2B a t  0118 UT. T h i s  f l a r e  on t h e  i 6 t h  
produced a s t e p - l i k e  i nc rease  i n  t h e  h i ghes t  energy p r o t o n  counts  around 0140 
UT (F igure  13) and cosmic r a y  neu t ron  mon i to rs  wor ldwide recorded a 7% t o  10% 
i nc rease ,  a  "Ground Leve l  Even t "  (GLE). Apa r t  f rom a p o s s i b l e  smal l  GLE i n  
J u l y  1989, t h i s  was t h e  f i r s t  such w ide l y  recorded event  i n  11 years, i . e .  t h e  
f i r s t  o f  c y c l e  # 22. 

Geomagnetic s to rm sudden commencements ( ssc ' s )  occur red  on 14, 21, 23, 
and 27 August and t h e r e  was an i n t enss  magnet ic storm on 28/29 Aug. Aurora l  
zone magnet i c  c o n d i t i o n s  f r o m  Greenland ac ross  N. Amer ica t o  A laska were 
ex t reme ly  d i s t u r b e d  d u r i n g  t h i s  storm. The f l u x  o f  lower  energy l e c t r o n s  a t  
geos ta t i ona ry  a l t i t u d e  i n  t h e  290 VV - 2 MeV range was about 10 % and i n  the  
30 - 300 KeV range was about 5 x 10 a t  0330 UT on t he  29 th .  These d i s t u r b e d  
magnet ic c o n d i t i o n s  and h i g h  e l e c t r o n  f l u x e s  corresponded e x a c t l y  i n  t ime  w i t h  
t h e  permanent f a i l u r e  o f  h a l f  o f  t h e  GOES-6 te lecommun ica t ions  c i r c u i t r y .  
Th i s  f a i l u r e  was p rog ress i ve .  I t began w i t h  t he  s t a r t  o f  t h e  magnetic storm 
and ended a t  t h e  peak w i t h  t o t a l  system outage u n t i l  a  separate,  redundant  
c i r c u i t  was a c t i v a t e d .  T h i s  i s  o n l y  t h e  second such GOES c e n t r a l  te lecom- 
mun i ca t i ons  u n i t  f a i l u r e .  The "New S c i e n t i s t "  magazine o f  9 September 1989 
c a r r i e d  an a r t i c l e  " S o l a r  s torms h a l t  s t o c k  market  as computers c rash "  
d e s c r i b i n g  t h e  f a i l u r e  o f  t h e  Toron to  S tock  Exchange computer system d u r i n g  
t h i s  magnet ic a c t i v i t y  when i t s  th ree  " f a u l  t - t o l e r a n t "  d i s c  d r i v e s  f a i l e d  i n  
succession. 

M i  t h o u t  spec i  f y i n g  p a r t i c u l a r  sa te1  1 i t e s  o r  o r b i t  l o c a t  i ons ,  we have 
heard  t h a t  t he  h a r d  spec t rum p a r t i c l e  even ts  c h a r a c t e r i z i n g  s o l a r  a c t i v i t y  
d u r i n g  mid-August a f f e c t e d  s t a r  sensors and caused a g r e a t l y  increased number 
o f  SEUs compared t o  t h e  s o f t e r  spectrum events o f  March and t h a t  du r i ng  t h i s  
p e r i o d  m u l t i p l e  f l a r e s  occur red  i n  qu i ck  succession from a sunspot group near 



t o  c e n t r a l  me r i d i an  u n t i l  i t  moved on to  t h e  west 1  imb. These events combined 
i n c r e a s ~ d  f l u x e s  o f  b o t h  h i gh -ene rgy  p r o t o n s  and l o w e r  energy e l e c t r o n s  and 
produced major  magnet ic storms. 

LATE-SEPTEHBER/EARLY -OCTOBER 1989 EVENTS: 

On F r i d a y ,  29 September, r e g i o n  # 5698 ( ~ 2 6 ~ , ~ 1 0 5 ~ )  produced an X9.8 
f l a r e  beg inn i ng  around 1047 UT f r om  around t h e  f a r  s i d e  o f  t h e  sun's west  
l imb .  No o p t i c a l  f l a r e  was seen from Ear th ;  however, t h e  MAGELLAN s a t e l l i t e  
enroute t o  Venus was a t  0.7 Re and about 45' west o f  Ea r t h  and w e l l  p o s i t i o n e d  
t o  r ece i ve  a d i r e c t  exposure t o  t h e  f l a r e  p a r t i c l e s .  From Ear th ,  a l a r g e  l oop  
prominence t r u n c a t e d  a t  t h e  bo t t om  was observed r i s i n g  above t h e  sun 's  west  
l i m b .  T h i s  r e g i o n  was t h e  source  o f  X - ray  emiss ions  seen by  GOES-6 and - 7 .  
E n e r g e t i c  p ro tons  r eco rded  by GOES began t o  r i s e  above background l e v e l s  
around 1150 UT and reached a maximum a t  0210 UT on t h e  30th.  The event  had a 
ve ry  hard spectrum and l a s t e d  through 4 October, 

The Thule Neutron Mon i t o r  reached a 378% inc rease  above background l e v e l  
(F igure  14, SESC), making t h i s  t h e  l a r g e s t  amp1 i t u d e  GLE s i nce  February 1956, 
some 33 yea rs  e a r l i e r .  Margare t  Smi th  (Canada) r e p o r t e d  t h a t  t h e  GLEs 
recorded a t  Deep R i v e r  and Ottawa were b o t h  > 300% and a t  I n u v i k  > 475%. The 
event showed an unusual double-humped t r ace .  Louise G e n t i l e  (AFGL) i s  comp i l -  
i n g  cosmic r a y  even t  amp l i t udes  and r e l a t e d  i n f o r m a t i o n  w i t h  Peggy Shea 
(AFGL). She r e p o r t s  t h a t  two mon i to rs  near Rome, I t a l y  recorded GLEs o f  98.2% 
and 124.4%. John Humble (U. Tasmania) r e p o r t e d  t h a t  t h e  GLE a t  Hobar t  
exceeded 400%. 

One fami l y  o f  13 g e o s t a t i o n a r y  communicat ions sa te1  1 i t e s  recorded  46 
" h i t s "  from 0912 UT on 29 September through 0048 UT on 5 October.  On t h e  30 th  
these s a t e l l i t e s  exper ienced  about  one h i t  p e r  hou r .  Most were r e l a t i v e l y  
minor  " p i t c h  g l i t c h e s " ;  however, some were SEUs and some were phantom commands 
t h a t  cou ld  have f i r e d  t h r u s t e r s  except  f o r  so f tware  safeguards. From 09/29- 
10/01, TORS-A (now a r e s e r v e  s a t e l l i t e )  r eco rded  53 RAM h i t s  i n  the  memory 
ch i ps  now known t o  be suscep t i b l e  t o  cosmic r ay  energy. The normal number i s  
about 1  h i t  every  o t h e r  day. However, t h e  two newer s a t e l l i t e s  TDRS-C and -D 
d i d  n o t  have RAM h i t s  due t o  t h e  changeover t o  hardened ch ips .  NOAA's GOES-5 
and - 6  exper ienced  SEUs on 30 September. GOES-5, - 6 ,  and - 7  exper ienced  
"severe  drops i n  c u r r e n t "  o u t p u t  by s o l a r  power panel  a r r a y s  on t he  2 9 - 3 0 t h  
(abou t  0 . 1  amp). The p o l a r  o r b i t e r  NOAA/TIROS-10, i n  100% s u n l i g h t ,  ex -  
pe r i enced  an uncommanded t e l e m e t r y  change on 1 October  a t  t473.8°,~166.60 a t  
0619 UT. 

Many s t a r  sensor h i t s  a re  known t o  have caused o r i e n t a t i o n  problems i n  
some s a t e l l i t e s  and a g r e a t e r  i n c i d e n c e  o f  SEUs was l ogged  d u r i n g  these  s i x  
days than du r i ng  t he  record  days i n  August 1989. Suddenly, i t  was an i n t e r -  
e s t i n g  t o p i c  t o  compare t o t a l  f l uence  d u r i n g  t h e  maximum 24-hours a t  t h e  end 
o f  September w i t h  t h e  maximum p e r i o d  i n  August 1972 which has l ong  served as 
t he  anomalously l a r g e  p ro ton  even t .  

MID-OCTOBER 1989 EVENTS: 

On Thursday, 19 October 1989, a t  about 1230 UT a l a r g e  s o l a r  f l a r e  began 
near  t h e  Sun 's  c e n t r a l  m e r i d i d n .  I t  peaked a t  1258 UT a t  an es t ima ted  XI3 
l e v e l  (above X12 i s  o f f  s ca l e  on GOES). O p t i c a l l y  t he  f l a r e  was r a t e d  48 (as 
was t he  l a r g e  f l a r e  on 9 March 1989).  



R e l a t i v i s t i c  p r o t o n s  began t o  a r r i v e  a t  GOES-7 j u s t  a f t e r  1300 UT and 
another  GLE was recorded worldwide. Prompt con tac t s  f rom sate1 1 i t e  teams and 
o p e r a t i o n s  groups r e v e a l e d  concerns abou t :  communicat ions s a t e l l i t e s  hav i ng  
u n u s u a l l y  f r e q u e n t  p i t c h  g l i t c h e s ,  GALILEO en rou te  t o  c i r c l e  t h e  Sun be ing  
exposed t o  h i g h  energy p a r t i c l e s  t h a t  c o u l d  impede impo r t an t  communicat ions 
d u r i n g  t hese  e a r l y  s tages  o f  deployment,  MAGELLAN had a s e r i o u s  s t a r  sensor 
h i t  t h a t  f i n a l l y  made i t  necessary t o  t r y  and f i n d  a s o f t w a r e  con t i ngency  
means t o  o r i e n t  t h e  s a t e l l i t e  when i t  a r r i v e s  a t  Venus. 

Repor ts  from 19 Oct and f o l l o w i n g  days i n c  

GOES-6 had 2 SEUs and GOES-5 had 1. 

1 uded : 

GALILEO p r o j e c t  team t u r n e d  on t h e  > 10 MeV/nucleon sznsor  t o  m o n i t o r  
heavy ions  d u r i n g  t h e  f l a r e  emissions. Since F r i day  a t  8:00 pm PDT, Tom 
Gar ra rd  (Cal Tech) con f i rms  t h a t  t hey  recorded c l e a r  f l a r e  s igna tu res  i n  
t h e  p a r t i c l e  composi t ion and t h a t  oxygen ions a re  an impor tan t  p a r t  of  
t h e  plasma. 

A p o l a r  o r b i t e r  l o s t  a microwave t r a n s m i t t e r  u n i t .  I t  was r e s e t  f rom 
ground c o n t r o l  and went o u t  aga in  a f t e r  about 2 m inu tes .  They were 
adv ised t o  leave  i t  o f f  u n t i l  t he  a c t i v i t y  ends. 

TDRS opera t ions  repor ted :  TDRS-A had 50 RAM h i t s  on 19/20th. TORS-C had 
2 and TDRS-D had 4 SEUs. 

MAGELLAN s t a r  sensor n o t  recovered as o f  26 Oct and major l o s s  o f  power 
ou tpu t  f rom s o l a r  panels.  

Joan Feynman (JPL) es t imated  s o l a r  wind v e l o c i t y  > 2000 Km/sec. 

ESTEC p repa r i ng  SEU l i s t  f o r  l o w - a l t i t u d e  ESA s a t e l l i t e  UOSAT-2 i n  p o l a r  
o r b i t  . 
GOES-5, -6  and - 7  power panel ou tpu t  losses about f a c t o r  o f  s i x  g r e a t e r  
than  du r i ng  September 29, 1989 pe r i od .  

S t rong  geomagnetic s torm on 21 Oct recorded i n  Japan. B r i g h t  r ed  aurora 
seen i n  N. Japan a t  ~ 3 5 '  geomagnetic l a t i t u d e  d u r i n g  two separate i n t e r -  
v a l s  on 21s t .  Report  o f  l a r g e  vo l tage  f l u c t u a t i o n s  o f  e l e c t r i c a l  power 
f o r  o p t i c a l  - ~ u n i c a t i o n s  cab le  between Japan and USA. 
l o w - l a t i t u d e  <,rora s i q h t i n g s  r epo r t ed  from A u s t r a l i a  (-535') a t  1330 UT 
on 20 Oct and 1430 UT on 21 Oc t .  From De l t ona ,  F l o r i d a  ( - ~ 2 8 . 5 ~ )  a t  
0030 on 21 October.  Many o t h e r  s i g h t i n g  r e p o r t s .  

Magnet ic storms recorded by US observa to r ies  on 20 and 21 October 

Magnetopause C ross i ng  (MPC) by GOES-6 and - 7  on F r i d a y ,  20 Oct ,  f rom 
1700-1900 UT as b o t h  GOES moved ou t s i de  magnetopause. 

GLEs recorded  on 19 October a t  Jung f rau j och  (5%), Kergue len  (252) ,  
Ot tawa (41%), and Oulu (38%).  Another  GLE occu r red  on 22 October  and 
measured 17% a t  Oulu.  



o  S o l a r  power panel a r r ay  systems on comnercial  geos ta t ionary  comnunica- 
t i o n s  s a t e l l i t e s  degraded about 0 .3  amp each on two o l d e s t  s p a c e c r a f t  
and a - j u t  0 .7  amp each on 11 o the r s .  These 13 s a t e l l i t e s  had t h e  f o l -  
l o w i n g  p i t c h  g l i t c h e s  and SEU coun t s :  1 9 t h  - 7 ;  2 0 t h  - 68; 21s t  - 13; 
22nd - 5 ;  23rd - 28; 24 th  - 9 ;  and 25 th  - 7 .  

o  On 24 Oct another  la rge ,  l ong -  l a s t i n g  X5.7/38 f l a r e  occurred f rom near 
t h e  west l imb .  I t  added another  p o s i t i v e  upward k i c k  t o  t h e  h i g h  l e v e l s  
o f  ene rge t i c  p ro tons  p e r s i s t i n g  s i nce  t h e  19 Oct .  

Ano ther  "Dear Co l league"  memo was assembled d e a l i n g  w i t h  t h e  s o l a r  
a c t i v i t y  a f f e c t i n g  E a r t h  and s a t e l l i t e s  i n  o r b i t  ( s i m i l a r  t o  t h a t  c i r c u l a t e d  
f o r  t h e  March even t s ) .  I t  i nc l uded  se l ec ted  prompt p l o t s  from SELDAOS-11 and 
was sen t  t o  a  con tac t  l i s t  mainta ined by Joe A l l e n  o f  persons and i n s t i t u t i o n s  
i n t e r e s t e d  ma in ly  i n  s a t e l l i t e  anomal i e s  f rom environmental  causes. 

Prompt r e p o r t s  o f  s o l a r - g e o p h y s i c a l  a c t i v i t y  f o r  t h e  days f rom 19 
Oc tober  a r e  a v a i l a b l e  i n  t h e  weekly " P r e l i m i n a r y  R e p o r t  d Forecasr  o f  S o l a r  
G e o p h y s i c a l  D a t a "  from t he  Space Environment Serv ices Center (SESC) of NOAA's 
Space Environment Labora to ry .  A t  t he  end o f  November the  Nat iona l  Geophysical 
Data Center (NGDC) w i l l  p u b l i s h  wor ldwide e a r l y  da ta  i n  P a r t  1 :  Prompt Repor t  
o f  " S o l a r - G e o p h y s i c a l  D a t a "  (SGD) r e p o r t s .  

S i x  months l a t e r  P a r t  2: Comprehensive Repor t  o f  SGD w i l l  c o n t a i n  more 
e x t e n s i v e  da ta  l i s t i n g s  and f i g u r e s .  I f  community suppor t  wa r ren t s  t h e  
e f f o r t ,  NGDC's STP D i v i s i o n  - -  i n c l u d i n g  WDC-A f o r  STP - -  w i l l  a t t emp t  t o  
assemble a  comprehensive mu l t i - vo lume "UAG Repor t "  on t h e  October a c t i b i t y  o r  
p o s s i b l y  on the  e n t i r e  " S o l a r - T e r r e s t r i a l  H i g h l i g h t s  o f  1989", t h a t  i s ,  un less 
t h e  Sun p rov ides  even more impress ive events  t o  d i s t r a c t  us du r i ng  t h e  months 
and years  j u s t  a f t e r  sunspot maximum (see t h e  h i s t o r y  o f  c y c l e  1 9 ) .  
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AA* Most Disturbed 24-hours h d e x  (2-stations from 1868) 
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A p *  Most Disturbed 24-hours Index (13 stations since 1032) 
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Auqust 1972 ana Aug~s:  1989 Proton Events 

24 hour in te rva ls  (From event onset)  

Fran Joan F e y m  ( JPL)  

Figure 12 

4 3 



S O L A R - T E K H E S T H l h  ENVIRONMENT 
August  1')H') 

L o c a l  Mldnlghl -1 L o c a l  Noon NOOC BOULDER 

SOLAR-TERRESTRIAL E N V I R O N M E N T  
Seotember 1983 



i- i 1 t I 

29 Si? 30 SEP 01 OCI 

Frun Herb Sauer (NOAA/SEL) 


	Navigation
	VOLUME I
	Table of Contents
	Preface
	Trends in Spacecraft Anomalies
	Solar and Geomagnetic Activity during March 1989 and Later Months and Their Consequences at Earth and in Near-Earth Space
	Review of March 1989 Solar Activity and Resultant Geomagnetic Storm
	 A Survey of Medium Energy Electrons at High Altitude Based on ISEE-1 DATA
	Charging of Geosynchronous Spacecraft by Variable Intensity Substorm Environments
	Surface Charging of Engineering Test Satellite V of Japan
	Identification and  Solution of a Charging Problem in a  High-Altitude Detector
	Questfor the Source of Meteostat Anomalies
	Sensitivity Analysis with a Simple Charging Code
	Laboratory Studies of Spacecraft Charging Mitigation Techniques
	The Electrical Properties of ZOT after a Long Term Exposure to Thermal  Vacuum Environment
	Active Spacecraft Potential Control by Emission of Weak Ion Beams
	Plasma Sources for Active Charge Control
	Polar Code Simulation of DMSP Satellite Auroral Charging
	Numerical Simulation of the Wake of Non-Equipotential Spacecrafts in the Ionosphere
	High-Voltage Auroral-Zone Charging of Large Dielectric Spacecraft -A Wake-Induced Barrier-Effect Mechanism
	Some European Activites on Spacecraft-Plasma Interactions in Low Earth Orbit
	A New 2 1/2-D PIC Charging Code for Low Earth Orbit
	Charge Accumulation and Ion Focusing For Dielectrics Exposed to Electron and  Ion Beams
	A Threshold Voltage for Arcing on Negatively Biased Solar Arrays
	The Nature of Negative Potential Arcing - Current and Planned Research at LeRC
	Comparasion of Currents Predicted by NASCAP-LEO Model Simulations and Elementary Langmuir-Type Bare Probe Models for an Insulated Cable Containing a Single Pinhole

	VOLUME II
	Space Station Freedom Solar Array Plasma Interaction Test Facility
	SAMPIE - A Shuttle-Based Solar Array Arcing Experiment
	Optical signatures of the beam-plasma interaction during theECHO 7 sounding rocket experiment
	Neutral Gas Effects on the Charging of ECHO-7
	Immediate and Delayed High-Energy Electrons due to Echo 7Accelerator Operation
	Altitude Effects on High-Time Resolution Measurements of Vehicle Charging due to Electron Emission at LEO Altitudes
	A Review of the MAIMIK Rocket Experiment
	Current Saturation of Electron Beam Emission from the SCATHA Satellite
	Dynamics of Spacecraft Charging by Elcctron Beams
	Spacecraft Charging During Electron Beam Injection and Turn-Off
	Three Dimensional Computer Models of the Currents Collected by Active Spacecraft in Low Earth Orbit
	EnviroNET-A Space Environment Data Resource
	Modification of Spacecraft Charging and the Near-Plasma Environment Caused by the Interaction of An Artificial Electron Beam With the Earthss Upper Atmosphere
	Neutral Environment with Plasma Interactions Monitoring System on Space Station
	BEAR Electrostatic Analyzer- Description and Laboratory Results
	BEAR Electrostatic Analyzer-Flight Results
	Sheath Waves on Conductors in Plasma and Their Applications for Low-Earth-Orbit Systems
	Current Collection in a Spacecraft Wake-Laboratory and Computer Simulations
	A Preliminary Spacecraft Charging Map for the Near Earth Environment




