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Were you ever out in the Great Alone, when the 

moon was awful clear,

And the icy mountains hemmed you in with a 

silence you most could hear;

With only the howl of a timber wolf, and you 

camped there in the cold,

A half-dead thing in a stark, dead world, clean 

mad for the muck called gold; . . .

While high overhead, green, yellow, and red, the 

North Lights swept in bars—

Then you've a hunch what the music meant . . . 

hunger, and night and the stars.

The Shooting of Dan McGrew 

Robert Service
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ABSTRACT

It has been suggested that the north-south component of the 

interplanetary magnetic field (IMF), which is thought to link the 

magnetosphere with interplanetary space through merging, is an 

essential factor in the transfer of energy from the solar wind to 

the magnetosphere. The purpose of this thesis is to examine re

lationships between the north-south component of the IMF (Bz) and 

geomagnetic storms and substorms.

First, the energy dissipated in the magnetosphere by three 

major processes—joule heating by the auroral electrojet, injection 

of energetic particles into the ring current belt and particle 

precipitation into the auroral ionosphere—is estimated for 15 geo

magnetic storms. Then, the total magnetic energy, associated with 

the north-south component of the IMF brought up to the front of the 

magnetosphere, is estimated and compared with the above estimates 

of the dissipated energies.

Only a weak correlation between the total dissipation energy

and the magnetic energy is found when the latter is expressed in

terms of Bz> However, the correlation is considerably improved when

the magnetic energy is expressed in terms of B = (|b | - B )/2,
m 11 z

where |b ] represents the IMF magnitude. There is also a gross 

correlation between the time variations of the dissipated energy and 

the magnetic energy during the course of the storms. The magnetic 

energy is generally greater than the sum of the dissipated energy

iii
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during the initial and developing stages of the main phase of

magnetospheric storms while the dissipation is greater during the

recovery phase.

Noting that the energy injected into the ring current belt

is the largest of the three energy dissipation terms, it can be

theoretically shown that this energy injection rate is proportional 

2
to Bm . These results are interpreted as showing that the IMF 

north-south component appears to control the transfer of energy into 

the magnetosphere and the development of magnetospheric storms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This research was supported in part by the National Aero

nautics and Space Administration through Grant NGR-02-001-001 and 

in part by the National Science Foundation through Grants 

GA-36873X and GA-37094.

I heartily appreciate all the help and assistance extended to 

me by friends and fellow workers at the Geophysical Institute.

The efforts of some, however, require special thanks.

My deepest appreciation goes to Dr. Syun-Ichi Akasofu, gener

ally for his guidance and inspiration, and specifically for informal 

chats alongside his cheery Franklin stove on frosty winter evenings 

and for chalkdust-raising discussions on various aspects of magneto

spheric substorms.

I wish to thank a fellow student, Fumihiko Yasuhara, for his 

willing helpfulness, for our many late-night discussions and for 

his valued friendship.

Discussions on various topics, in the earlier years with Dr. 

Koji Kawasaki, and more recently with Drs. Yohsuke Kamide and 

Joseph Kan, are gratefully acknowledged.

I also wish to thank Dr. Thomas Roberts for his help and 

enthusiasm in the early years of my graduate training.

, The help and extra efforts extended by Mrs. Sharon Johnson,

Max Buhler and Miss Andrea Frank for computer programming and data

ACKNOWLEDGEMENTS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v i

processing, and by Frank Danels for his expeditious handling of 

the photography are gratefully acknowledged. In addition I wish 

to thank Miss Hiroko Horiuchi for her careful drafting assistance.

My thanks for checking all the thesis references goes to Mrs. Anne 

Pervinkler.

To Drs. T. Neil Davis and John Morack, I am especially grateful 

for their thorough reading of the manuscript and for pointing out 

and discussing the obfuscatory nature of some of the passages.

The interplanetary magnetic field data used in this thesis 

was kindly supplied by Dr. Ching-I. Meng.

Warmest thanks and gratitude go to Mrs. Barbara Beedle for 

the many late night hours of typing and her deep personal interest 

in the production of this dissertation.

I wish to thank my parents for their support and encouragement 

during this long, and sometimes lonely journey.

And finally, I wish to thank my wife, Phyllis, for her help 

and for sharing with me the unique beauty of our Alaskan life.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Page

ABSTRACT iii

ACKNOWLEDGEMENTS v

TABLE OF CONTENTS vii

LIST OF ILLUSTRATIONS xii

LIST OF TABLES xxii

CHAPTER I INTRODUCTION TO SOLAR-TERRESTRIAL RELATIONSHIPS 1

1.1 Magnetospheric Storms 1

1.1.1 Components of the Geomagnetic 1
Storm Field

1.1.2 The Definition of the Storm Field 2
Components

DCF: The physical basis for the 2
ssc and the initial phase 

DR: Current system responsible 3
for main phase decrease 

DP: The field of the polar mag- 6
netic substorm 

DT: The field due to the mag- 7
netotail current

1.1.3 Relationship between DCF, DR and 7
DP

1.1.4 Asymmetry of the DR Field 8
1.1.5 Types of Geomagnetic Storms 11

1.2 The Causes of Magnetospheric Storms 13

1.3 Observations of the Relationship between 18
the IMF and Geomagnetic Activity

1.3.1 Solar-Wind Convection Electric 19
Field

, 1.3.2 Refinements of Observed Quanti- 21
ties

1.3.3 Correlation Studies Using the 23
AE Index

1.4 Summary 31

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v i i i

CHAPTER II THE ROLE OF THE INTERPLANETARY MAGNETIC FIELD 33
IN THE DEVELOPMENT OF MAGNETOSPHERIC STORMS

2.1 Outline of Investigation 33

2.1.1 The IMF Effect of the Transfer 33 
of Solar-Wind Energy into the 
Magnetosphere during Magneto
spheric Storms

2.1.2 The Effect of the IMF on the 34 
Variety of Development of 
Magnetospheric Storms

2.2 Procedures of Investigation 34

2.3 Definition of Quantities Used in this 35
Study

2.3.1 Solar-Wind Parameters 35
a. Interplanetary magnetic 35 

field magnitude, |b |
b. North-south component of 36

the IMF, B
c. The flux of southward IMF 36
d. Solar-wind electric field 37
e. An estimate of the IMF ener- 37 

gy transferred to the mag
netosphere during magnetic
storms

2.3.2 The Magnetospheric Parameters 40
f. The auroral electrojet ac- 40

tivity index, AE
g. The low-latitude asymmetry 41

index, ASY
h. The average ring current 42

storm time variation, Dst
i. Joule heating due to auroral 42

currents
j. Kinetic energy of precipitated 47

particles
k. Energy injection into the 50

ring current belt

2.4 Geomagnetic Storm Analysis 57

2.4.1 The Storm of February 15-17, 57
1967
a. Prestorm conditions 57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



b. Initial phase 58
c. Main phase 63
d. Southward flux brought to 64

the front of the magneto
sphere

e. Solar-wind electric field 66
f. Asymmetric ring current 66

2.4.2 Comparison of Energy Dissi- 67 
pation Rates

2.4.3 Comparison of the Total Mag- 71
netic Energy, e, and the Total
Energy Dissipation; U ., U ., 
and U 1 2

P

2.5 The Magnetospheric Storm Energy and 73
the IMF Energy

2.5.1 Selected Examples of Geo- 75
magnetic Storms
a. February 7-9, 1967 75
b. July 26-27, 1969 78
c. February 2-4, 1969 81
d. January 13-14, 1967 81
e. April 27-28, 1969 85
f. March 7-9, 1970 89
g. March 23-24, 1969 89
h. September 27-29, 1969 92
i. October 29-30, 1968 92
j. October 31-November 1, 92

1968
k. November 1-2, 1968 99
1. November 16-18, 1968 99
m. November 20-21, 1968 99

2.5.2 Discussion of the Results 106

2.6 Detailed Discussion of the Geomagnetic 112
Storms used in this study

2.6.1 The Storm of February 7-9, 112
1967
a. Prestorm conditions 112
b. Initial phase 114
c. Main phase 115
d. Southward flux brought to 117

the magnetosphere
e. Solar-wind electric field 117
f. Asymmetric ring current 119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



g. Energy injected into the 
ring current

119

2.6.2 The Storm of July 26-27, 1969 121
a. Prestorm conditions 121
b. Initial phase 122
c. Main phase 124

2.6.3 The Storm of February 2, 1969 130
a. Prestorm conditions 130
b. Initial phase 133
c. Main phase 135
d. Southward flux brought to 

the magnetosphere
136

2.6.4 The Storm of January 13-14, 
1974

139

a. Prestorm conditions 139
b. Initial phase 140
c. Main phase 144
d. Energy injected into the 

ring current
146

2.6.5 The Storm of April 27-28, 1969 146
a. Prestorm conditions 146
b. Initial phase 148
c . Main phase 150
d. Southward flux brought to 

the magnetosphere
152

e. Energy injected into the 
ring current

152

2.6.6 The Storm of March 8, 1970 153
a. Prestorm conditions 153
b. Initial phase 157
c. Main phase 159

2.6.7 The Storm of March 23, 1969 160
a. Initial phase 160
b . Main phase 162

2.6.8 The Storm of September 27-29, 
1969

168

a. Prestorm conditions 168
b. Initial phase 168
c. Main phase 170
d. Energy injected into the ring 

current
172

2.6.9 The Storm of October 29- 
November 1, 1968

175

a. Prestorm conditions 175
b. Initial phase 175
c. Main phase 177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



d. October 31, 1968, initial 179
phase

e. Main phase 179
f. November 1, 1968, initial 182

phase
g. Main phase 182

2.6.10 The Storm of November 16-20, 184
1968
a. Prestorm conditions 184
b. Initial phase 185
c. Main phase 185
d. Storm on November 20, 1968 192

2.7 Estimates of Error in the Energy 197
Calculations

a. The errors associated with 197
the IMF e(t)

b. The error associated with 198
U.(t)

c. The error associated with 198

Uj (t)
d. The error associated with 199

Up (t)

CHAPTER III AURORAL SUBSTORMS AND THE INTERPLANETARY 200
MAGNETIC FIELD

3.1 Summary 200

CHAPTER IV SUMMARY 204

4.1 The Energy Balance of Magnetospheric 204
Storms

APPENDIX I 207

APPENDIX II 241

BIBLIOGRAPHY 242

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF ILLUSTRATIONS

Figure 1.1,

Figure 1.1,

Figure 1.3.

Figure 1.3.

Figure 2.3,

Figure 2.3.

Figure 2.3. 

Figure 2.3,

Figure 2.3,

.1 A comparison of the rates of evolution of 
Dst (H) and range during the first three 
days of weak, moderate and great storms.
Dst curves are drawn with full lines and 
those for DS with broken lines.

.2 An idealized representation of the variety 
of development of the geomagnetic storms, 
as observed in the H-component records of 
low-latitude surface magnetometers.

.1 Linear correlation coefficient of various 
interplanetary parameters with AE for lead 
of lag times up to 5 hours.

.2 A linear fit of interplanetary parameters 
(dashed curve) to the hourly average of AE 
(solid curve). The subscripts on the 
parameters give the lead time in hours of 
the parameters with respect to the AE value.

,1 East-west electric field results from 
Chatanika Radar experiment (after Rino 
et al., 1974).

,2 The ionization production by isotropic 
streams of mono-energetic electrons 
impinging on a model atmosphere (after 
Rees, 1963).

,3 The recombination coefficient determined 
from Chatanika Radar measurements (after 
Baron, 1973).

,4 A plot of U^(t) the ring current energy
injection rate vs time, for different values 
of the decay constant, t , using the Dst data
for February 15-16, 1967.

,5 The calculated total energy injected into 
the ring current, U^, as a function of
the decay constant, T = 8 hours was used.

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x i i i

Figure 2.4.1 Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
February 15-17, 1967. Here |B{ and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

Figure 2.4.2 High-latitude H-component records for 
Februray 15-16, 1967.

Figure 2.4.3 Comparison of ATS-1 and low-latitude
H-component records during February 15-17,
1967. Local midnight is marked with 
closed circles.

Figure 2.4.4 Comparison of interplanetary magnetic 
field magnitude, |b |, and north-south 
component, B with ASY, Dst, AE, vxB 
and IB x. Z z

Figure 2.4.5 Comparison of the Dst, ASY and AE indices 
and the ring current energy injection rate 
for February 15, 1967.

Figure 2.4.6 Comparison of the energy dissipation rates 
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt 
with the IMF energy transfer rates in 
terms of B and the function B for 
February 1§, 1967. m

Figure 2.4.7 Comparison of the sum of the magnetospheric 
energy dissipation rates with the IMF 
energy transfer rate in terms of B .

m

Figure 2.5.1 Comparison of the energy dissipation rate 
due to joule heating by the auroral 
electrojet plus injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms of 
the function B for February 8, 1967.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.5.2 Comparison of the energy dissipation rate 79
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt and 
the IMF energy transfer rates in terms of 
B and the function B for July 26-27,
1§69. m

Figure 2.5.3 Comparison of the energy dissipation rates 83
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt and 
the IMF energy transfer rates in terms 
of B and the function B for February 
2-4,z1969. m

Figure 2.5.4 Comparison of energy dissipation rates due 84
to joule heating by the auroral electrojet
and injection of energetic particles into
the ring current belt with the IMF energy
transfer rates in terms of B and the
function B for January 13-1?, 1967. 

m

Figure 2.5.5 Comparison of the energy dissipation rates 88
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms of 
B and the function B of April 27-28,
1§69. m

Figure 2.5.6 Comparison of the energy dissipation rates 90
due to joule heating by the auroral
electrojet and injection of energetic
particles into the ring current belt with
the IMF energy transfer rates in terms of
B and the function B for March 7-9, 1970.
z m

Figure 2.5.7 Comparison of the energy dissipation rates 93
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms of 
B and the function B for March 23-24,
1 ? 6 9 . "

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



XV

Figure 2.5.8 Comparison of the energy dissipation rates 94
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt 
with the IMF energy transfer rates in 
terms of B and the function B for 
September §7-28, 1969. m

Figure 2.5.9 Comparison of the energy dissipation rates 97
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms 
of B and the function B for October 29-30,
1968§ m

Figure 2.5.10 Comparison of the energy dissipation rates 98
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms 
of B and the function B for October 
31-November 1, 1968. m

Figure 2.5.11 Comparison of the energy dissipation rates 100
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms of 
B and the function B for November 1-2,
1 § 6 8 . m

Figure 2.5.12 Comparison of the energy dissipation rates 102
due to joule heating by the auroral 
electrojet and injection of energetic 
particles into the ring current belt 
with the IMF energy transfer rates in 
terms of B with the function B for 
November lf>-17, 1968. m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

x v i

2.5.13 Comparison of energy dissipation rates 103 
due to joule heating by the auroral
electrojet and injection of energetic 
particles into the ring current belt with 
the IMF energy transfer rates in terms of 
B and the function B for November 18-19,
1968. m

2.5.14 Comparison of the energy dissipation rates 105
due to joule heating by the auroral
electrojet and injection of energetic 
particles into the ring current belt 
with the IMF energy transfer rates in 
terms of B and the function B for 
November 20-21, 1968. m

2.5.15 A comparison of the energy dissipated, 107
U, within the magnetosphere with the energy,
e, brought to the magnetosphere, during 
the 15 storm periods studied.

2.6.1 Comparison of interplanetary magnetic 113
field data with geomagnetic field records
of February 7-9, 1967. Here |b | and B 
represent the IMF magnitude and north-2 
south component respectively and AE and ASY 
represent the combined high and low- 
latitude H-component records.

2.6.2 Comparison of interplanetary magnetic 118
field magnitude |b |, and north-south
component, B with ASY, Dst, AE, vxB and 
IB x. 2 z

s

2.6.3 Comparison of the ASY and AE indices with 120
the ring current energy injection rate for 
February 7-9, 1967.

2.6.4 Comparison of interplanetary magnetic field 123
data with geomagnetic field records of
July 26-27, 1969. Here |B i and B represent 
the IMF magnitude and north-south component 
respectively and AE and ASY represent 
the combined high and low-latitude H-component 
records.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x v i i

Figure 2.6.5 A comparison of ISIS-1, IMF and geomagnetic 
data for July 26-27, 1969.

Figure 2.6.6 Comparison of interplanetary data taken 
by Explorer 33 and Explorer 35.

Figure 2.6.7a Comparison of interplanetary magnetic field 
magnitude |B|, and north-south component,
B with AU, AL, vxB and IB t , using 
Explorer 35 data. Z s

Figure 2.6.7b Comparison of interplanetary magnetic 
field magnitude |b |, and north-south 
component, B with ASY, AE, vxB and IB t , 
using Explorer 33 data. s

Figure 2.6.8 Comparison of interplanetary magnetic 
field magnitude |b|, and north-south 
component, B with AE, and IB t  for 
February 2-4Z 1969. S

Figure 2.6.9 Comparison of the cusp (cleft) position 
with the interplanetary and geomagnetic 
magnetic data.

Figure 2.6.10 Comparison of interplanetary magnetic
field data with geomagnetic field records 
of January 13-14, 1967. Here |b [ and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low- 
latitude H-component records.

Figure 2.6.11 Comparison of the Dst index with the
ring current energy injection rate for 
January 13-14, 1967.

Figure 2.6.12 Comparison of interplanetary magnetic
field data with geomagnetic field records 
of April 27-28, 1969. Here |b | and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

125

129

131

132

134

138

141

147

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x v i i i

Figure 2.6,

Figure 2.6,

Figure 2.6,

Figure 2.6,

Figure 2.6,

Figure 2.6,

Figure 2.6,

Figure 2.6.

Figure 2.6,

.13 Comparison of interplanetary magnetic field
magnitude |B|, and north-south components,
B with ASY, AE, vxB and IB t . 
z ’ z s

.14 Comparison of the Dst and AE indices with 
the ring current energy injection rate for 
April 28, 1969.

.15 Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
March 7-9, 1970. Here |b | and B represent 
the IMF magnitude and north-soutl component 
respectively and AE and ASY represent the 
combined high and low-latitude H-component 
records.

,16 Comparison of interplanetary magnetic 
field magnitude |b |, and north-south 
component, Bz with ASY, AE, vxB and £B x 
using Explorir 35 data. Z S

,17 Comparison of the ASY and AE indices and 
the ring current energy injection rate 
for March 7-9, 1970.

,18 Comparison of interplanetary magnetic
field data with geomagnetic field records 
of March 23-24, 1969. Here jB| and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

,19 Comparison of interplanetary magnetic 
field magnitude |b |, and north-south 
component, B with ASY, AE and £B x, using 
Explorer 33 iata for March 23-24,S1969.

,20 Comparison of the ASY and AE indices and the 
ring current energy injection rate for 
March 23-25, 1969.

,21 Comparison of IMF magnitude (|b |) and 
north-south component (B ) data taken by 
Explorer 35 (x = 38 R ) ind Explorer 33 
(x = -116 R ). 6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.6.22 Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
September 27-29, 1969. Here |b | and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

Figure 2.6.23 Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
September 27-30, 1969. Here |b | and Br 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

Figure 2.6.24 Comparison of interplanetary magnetic field 
magnitude |B|, and north-south component,
B with ASY, AE, vxB and IB t , using 
Explorer 33 data forZSeptembir 29-30, 1969.

Figure 2.6.25 Comparison of the ASY and AE indices and
the ring current energy injection rate for 
September 27-29, 1969.

Figure 2.6.26 Comparison of interplanetary magnetic field 
magnitude |B[, and north-south component,
B using Explorer 35 data, with ASY, AE, 
and ring current injection.

Figure 2.6.27 Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
October 31-November 1, 1968. Here |BJ and 
B represent the IMF magnitude and north- 
south component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

Figure 2.6.28 Comparison of the ASY and AE indices and the 
ring current energy injection rate for 
October 31-November 1, 1968.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

2.6.29 Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
November 1-2, 1968. Here |b | and B 
represent the IMF magnitude and norlh-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

2.6.30a Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
November 16-17, 1968. Here [B| and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

2.6.30b Comparison of interplanetary magnetic field 
magnitude, |B|, and north-south component,
B from Explorers 33 and 35 with AE, and

2.6.31 Comparison of the ASY and AE indices and the 
ring current energy injection rate for 
November 16-17, 1968.

2.6.32a Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
November 18-19, 1968. Here |b | and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low-latitude 
H-component records.

2.6.32b A comparison of the IMF data from Explorers
33 and 35 with EB t and AE for November 18-19,
1968. S

2.6.33 Comparison of the ASY and AE indices and the 
ring current energy injection rate for 
November 18-19, 1968.

2.6.34a Comparison of interplanetary magnetic field 
data with geomagnetic field records of 
November 20-21, 1968. Here |b | and B 
represent the IMF magnitude and north-south 
component respectively and AE and ASY 
represent the combined high and low- 
latitude H-component records.

183

186

187

188

190

191

193

194

x x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x x i

Figure 2.6.34b Comparison of interplanetary data from 195
Explorers 33 and 35 satellites, EB t  and 
the AE index for November 20-21, 1^68.

Figure 2.6.35 Comparison of the ASY and AE indices and 196
the ring current energy injection rate for 
November 20-21, 1968.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 2.4.1 A comparison of preshock and postshock 
solar-wind parameters.

Table 2.4.2 A comparison of the energy dissipated by 
various processes within the magnetosphere 
with the energy brought to the 
magnetosphere calculated using B during 
the storm period February 15-17,m1973.

Table 2.5.1 A comparison of the energy dissipated by
various processes within the magnetosphere 
with the energy brought to the magneto
sphere calculated using B during the storm 
period February 7-9, 1967?

Table 2.5.2 A comparison of the energy dissipated by
various processes within the magnetosphere 
with the energy brought to the magneto
sphere calculated using B during the storm 
period July 26-27, 1969. m

Table 2.5.3 A comparison of the energy dissipated by
various processes within the magnetosphere 
with the energy brought to the magneto
sphere calculated using B during the storm 
period February 2-3, 1969?

Table 2.5.4 A comparison of the energy dissipated by
various processes within the magnetosphere 
with the energy brought to the magneto
sphere calculated using B during the storm 
period January 13-14, 196?.

Table 2.5.5 A comparison of the energy dissipated by
various processes within the magnetosphere 
with the energy brought to the magneto
sphere calculated using B during the storm 
period April 27-28, 1969.m

74

63

xxli

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



x x i i i

Table 2.5.

Table 2.5.

Table 2.5.

Table 2.5.

Table 2.5.

Table 2.5.

6 A comparison of the energy dissipated by 91 
various processes within the magnetosphere
with the energy brought to the magneto
sphere calculated using B during the storm 
period March 8-10, 1970. m

7 A comparison of the energy dissipated by 92a
various processes within the magnetosphere
with the energy brought to the magneto
sphere calculated using B during the storm 
March 23-24, 1969. m

8 A comparison of the energy dissipated by 95
various processes within the magnetosphere
with the energy brought to the magneto
sphere calculated using B during the 
storm period September 27-29, 1969.

9 A comparison of the energy dissipated by 96
various processes within the magnetosphere
with the energy brought to the magnetosphere 
calculated using B during the storm 
period October 29-Sovember 1, 1968.

10 A comparison of the energy dissipated by 101 
various processes within the magnetosphere
with the energy brought to the magneto
sphere calculated using B during the storm 
period November 16-20, 19?8.

11 The total energy, U and e, associated with 109
during each storm period.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION TO SOLAR-TERRESTRIAL RELATIONSHIPS

1.1 MAGNETOSPHERIC STORMS

One of the basic problems of magnetospheric physics is under

standing the processes responsible for the occurrence of geomagnetic 

storms, or more accurately, magnetospheric storms, since we now 

recognize that a geomagnetic storm is one aspect of a complex 

phenomenon involving the whole magnetosphere. In this section the 

morphology of a magnetospheric storm is reviewed, and the physical 

mechanisms responsible for the different phases of a storm are 

discussed.

1.1.1 Components of the Geomagnetic Storm Field

A geomagnetic storm, observed at low latitudes, generally 

begins with a sharp, almost simultaneous, worldwide enhancement of 

the geomagnetic surface field. Shortly thereafter, a large decrease 

of the north-south component of the surface field occurs.

These variations in the earth’s magnetic field are caused by 

current systems external to the earth. The field produced by these 

current systems is called the disturbance field. This disturbance 

field, D, can be analyzed into four main source fields,

D = DCF + DR + DP + DT (1.1)

The DCF field arises from a change of intensity of the Chapman- 

Ferraro current on the magnetopause boundary; the DR field arises 

from the growth and decay of the ring current; the DP field is

1

CHAPTER I
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caused by the growth and decay of the substorm current system which 

includes the auroral electrojet; the DT field arises from a change 

of electric current across the magnetotail. In section 1.1.2 these 

fields are explained in detail.

Variations in the external disturbance field will induce cur

rents within the earth which will further modify the surface fields. 

The induced currents are proportional to the frequency of the field 

variations and have the effect of increasing the horizontal com

ponent and reducing the vertical component of the field measured on 

the surface of the earth.

1.1.2 The Definition of the Storm Field Components

DCF: The physical basis for the ssc and the
initial phase

The formation of the magnetospheric cavity can, as a first ap

proximation, be explained in terms of the balance between the solar-

2 2 
wind dynamic pressure (2nmv ) and the magnetic pressure (B /811) at

the magnetopause (Martyn, 1951).

2nmv2 = B2/8II (1.2)

An increase in the solar-wind dynamic pressure causes the magneto

sphere boundary to move inward until the pressure within the mag

netosphere equals the pressure without and therejy increases the 

Chapman-Ferraro current on the magnetopause.

An enhanced magnetopause boundary current produces a northward 

(positive) magnetic field within the magnetosphere which is identi
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fied as the DCF field. Thus, when a sudden increase of solar-wind 

kinetic pressure occurs, surface magnetometers will detect a world

wide increase in the H-component; these increases are called sudden 

impulses (si) or sudden storm commencements (ssc). The sudden 

increase of solar-wind kinetic pressure arises from the passage by 

the earth of an interplanetary shock wave or from discontinuities 

generated by plasma ejected from a solar flare.

The initial phase of a geomagnetic storm is that relatively 

quiet period following the ssc during which the H-component of a low- 

latitude geomagnetic field shows an enhancement for up to a few 

hours. This enhancement is the result of immersion of the magneto

sphere in a postshock solar wind which is generally higher than 

quiet-time levels in velocity, number density and temperature.

Often the IMF is enhanced in the postshock solar wind, but the 

energy density of the IMF is so low that plasma pressure always 

dominates.

DR: Current system responsible for main phase decrease

The worldwide decrease of the H-component during a geomagnetic 

storm, called the main phase decrease, is largely the surface 

manifestation of a ring current. The ring current disturbance field 

is the magnetic field produced by a disruption of trapped particles 

which drift into the earth's geomagnetic field. Postulated by Singer 

(1957), these belts of trapped radiation were discovered by Van 

Allen and Frank (1959) and by Vernov fit ai. (1959).
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The magnetic field produced by the motions of an axially- 

symmetric, uniform distribution of plasma trapped in a dipole field 

has been studied by many, including Dessler and Parker (1959); 

Akasofu, Chapman, and Venkatesan (1963); and Sckopke (1966). The 

particles execute several types of motions, elucidated by Alfven 

(1950), such as cyclotron motion about a field line, bounce motion 

between mirror points along field lines, and drift motions due to 

other force fields. The drift velocity vd, is given by

F x B (.j

(1-»

Here the force, F, may be the result of E, vf, V?, the curvature 

of the magnetic field and others due to time variations of these 

fields. Except for E x B drift, these motions result in a current 

which may be eastward directed in the inner regions of the belt but 

westward directed in the outer regions, due primarily to a change of 

sign of pressure gradient. The net effect is a westward current, 

the magnetic field (DR) of which serves to decrease the geomagnetic 

field. This is seen in the main phase of a geomagnetic storm. Di

rect measurements of the time variations of the low-energy proton 

distribution, which provides the major energy for the ring current, 

have been well correlated with low and mid-latitude surface mag

netic variations during periods of geomagnetic storms (Cahill, 1966; 

and Frank, 1967).
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The field produced by any stationary distribution of plasma in 

a dipole field is related to the total kinetic energy of the par

ticles through the Dessler-Parker-Sckopke equation (cf. Parker and 

Dessler, 1959; Sckopke, 1966),

V 0) i -  i
- i—  - W  <2Ur + U > (1-4>

0 m

where Br (0) is the ring current field at the earth's center; BQ, the

earth's field strength at the equator; Ur> the total ring current

particle kinetic energy; Uffi, the total energy in the geomagnetic

24 1
field above the earth's surface (8 x 10 ergs), and U , the mag

netic energy of the ring current. The term is strongly model 

dependent and difficult to calculate. However, Akasofu and Chapman 

(1972) have calculated the magnetic energy caused by the model

ring current system studied earlier (Akasofu and Chapman, 1961) to

21
be 2.9 x 10 ergs. This is of the same order as the kinetic energy

of the quiet-time ring current particles. Recognizing this and the

— 22 
fact that during the times of interest Ur is of the order of 10

ergs, the magnetic energy term will not be considered. Since = 

1/3 BqM (Carovillano and Maguire, 1968), equation 1.4 can be re

written,

Ur = 1/2 (S • $r (0)) (1.5)

25 3
where M is the dipole movement of the earth (8.07 x 10 gauss cm ). 

Since Br (0) is equal to the worldwide surface average of the H- 

component, which can be approximated by the Dst index, the kinetic
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energy of a symmetric distribution of ring current particles can 

be written in terms of Dst (corrected for induction),

— 00
U. = 4 x 10 Dst (y). (1.6)

This ring current is often depicted and discussed as being 

located in the trapping region of the magnetosphere. However, 

during quiet times, Sugiura (1973) found that the distribution of 

plasma from the inner magnetosphere out to the plasma sheet in 

the magnetotail seems to be continuous and that the continuity of 

current from the tail to the ring current seems to be a prevailing 

feature.

DP: The field of the polar magnetic substorm

At high latitudes very large perturbations of the earth's 

main field (^10%) occur intermittently, although these disturbances 

are generally limited to the auroral regions and are typically 

stronger on the nightside. These disturbances are caused by 

intense ionospheric currents near the auroral oval. Since the 

currents which produce the large decrease in the north-south 

component of the surface field are westward and since they are 

generally confined to narrow regions of increased conductivity, 

these currents are called the westward electrojet. This current 

system is generally confined to the early morning-midnight sector 

although it may, during very great substorms, appear to dominate 

at all local time sectors. Often a smaller, eastward current
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system which may, at times, also be confined to an electrojet, 

exists in the local evening sector. The magnetic field produced 

by these electrojets is called the DP field.

DT: The field due to the magnetotail current

The tail current also serves to reduce the intensity of the 

geomagnetic field. This current is driven by the electric field 

which is developed across the magnetotail. Although it is thought 

that a portion of this current is diverted along geomagnetic 

field lines to the auroral oval, the variations of this current 

during substorms and storms are not known. For this reason, the 

contribution of DT to the disturbance field, D, cannot be dis

cussed.

1.1.3 Relationship between DCF, DR and DP

The disturbance field, D, observed on the earth is primarily 

a summation of the fields DCF, DR and DP, resulting from the 

magnetopause boundary currents, the westward ring current and the 

polar electrojets. The lack of a direct relationship between the 

initial phase (DCF) and the main phase (DR) has been noted by 

Akasofu and Chapman (1963) and has been interpreted as meaning 

that an enhancement of solar-wind pressure, responsible for the 

DCF field, is not related to the development of the main phase of 

magnetic storms.
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The relationship between DCF and DP is also not too clear.

A large DCF (ssc) may seem to be sufficient to cause DP (a 

substorm). Yet DP activity often occurs when DCF is small. The 

correlation between DCF and DP is statistically improved when 

large DCF events occur after a period of southward directed 

interplanetary magnetic fields. This topic is discussed further 

in section 1.3.

Akasofu and Chapman (1963) noted that magnetic storms with a 

large main phase (DR) were accompanied simultaneously by frequent 

and intense polar magnetic substorms (DP) and that those storms 

with a small main phase were associated with little DP activity. 

This correlation is directly related to the longitudinal asymmetry 

of the DR field.

1.1.4 Asymmetry of the DR Field

As observed on the earth's surface, the low-latitude main 

phase decrease of the H-component is not that which would be due 

to a uniform ring current. A longitudinally symmetric decrease 

is approximated only late in the recovery phase of the geomagnetic 

storm when polar magnetic activity is at an ebb. The low-latitude 

disturbance field can be analyzed into symmetric and asymmetric 

components: the axially symmetric, latitudinally-dependent time

variation, Dst; and the asymmetric, longitudinally-dependent 

disturbance local time inequality, DS.
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Sugiura and Chapman (1960) analyzed the main phase decrease 

of many weak, moderate, and large geomagnetic storms in the above 

terms. In their display of the storm time variations of Dst (H) 

and the range of DS (Figure 1.1.1), it is obvious that the asym

metric component maximizes during the developing phase of the 

main phase. The asymmetric part of the ring current, observed in 

situ and through the asymmetric storm field at the earth's surface, 

shifts westward during weak, moderate, and strong storms, although 

its intensity is generally diminished in local time sectors 

earlier than 1800 UT (Akasofu and Chapman, 1967). Feldstein and 

Shevnin (1966) noted that the asymmetry of the DR field was 

related to DP activity. When DP activity was intense, the asymme

try was great. These and other observations have led to the 

picture of an injection of plasma into the trapping region during 

substorms. When substorm activity is frequent and intense, 

injection occurs deep in the magnetosphere (Akasofu and Chapman, 

1964; Frank, 1970) and results in a substantial increase in the 

particle population in the near-earth trapping region. Here, the 

loss of protons due to charge exchange and other mechanisms is 

much greater than at larger distances. Hence, the recovery rates 

during intense storms should be greater (cf. Akasofu et al.,

1963). Akasofu and Chapman (1967) also noted that large storms, 

those with large asymmetries, had a greater recovery rate than
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Figure 1.1.1 A comparison of the rates of evolution of the Dst (H) and 
range during the first three days of weak, moderate and great storms. 
Dst curves are drawn with full lines, and those for DS with broken 
lines. -



11

smaller storms. In other words, they decayed more rapidly toward 

quiet-time levels than did small storms.

Several three-dimensional current systems have been pos

tulated to explain the asymmetry of the main phase field. Cum

mings (1966) and Fukushima and Kamide (1973) have suggested a 

model which includes, in the evening sector, a partial ring current 

which closes through the circuit consisting of field-aligned 

currents and the eastward electrojet.

1.1.5 Types of Geomagnetic Storms

The signature of geomagnetic storms in the H-component 

magnetograms at low-latitude observatories shows considerable 

variety. Roughly speaking, there are two classes of geomagnetic 

storms. The more obvious, the ssc storms, are recognized by a 

sharp increase in the H-component with corresponding changes in 

the D and Z components. These storms generally follow a large 

solar flare and their character results from the impact with the 

magnetosphere of the solar-flare blast wave propagating outward 

through the solar wind and from a sudden change in the solar-wind 

kinetic pressure. This fairly common type of storm is character

ized by an initial phase, which begins with a ssc and ends with 

the onset of the main phase decrease (Figure 1.1.2). Thus one 

characteristic feature of ssc storms is an enhancement of the DCF 

field.
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Figure 1.1.2 An idealized representation of the variety of 
development of the geomagnetic storms, as observed in the 

H-component records of low-latitude surface magnetometers.
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The other class of geomagnetic storms is known as a gradually 

commencing storm, or Sg storm, and does not have a ssc or initial 

phase before the development of the main phase. Thus, Sg storms 

are not associated with the initial enhancement of the DCF field. 

In general, Sg storms are weaker than ssc storms. But there are 

a number of Sg storms which have greater Dst values than the 

average Dst values of great magnetic storms. However, their 

characteristics are the same as the main and recovery phases of 

the ssc type. Thus Sg storms are associated with an enhancement 

of the DR and DP fields. Sg storms have a strong tendency to 

recur every 27 days.

1.2 THE CAUSES OF MAGNETOSPHERIC STORMS

The Chapman-Ferraro theory (1930, 1931, 1932, 1933, 1940) of 

magnetic storms was highly successful in explaining the cause of 

the DCF field. However, a serious difficulty arose when an 

explanation of the formation of the ring current and auroral 

phenomena was sought. Chapman and Ferraro showed that the dia

magnetic solar-wind plasma could not penetrate the magnetosphere

and simply flowed around it. Since the energy associated with a 

23
geomagnetic storm, ^10 ergs, is so small compared with the 

total kinetic energy of the solar wind intercepted by the magneto

sphere during a storm, it was thought that the energy transfer
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from the solar wind to the magnetosphere would be a relatively

simple process. Parker (1962) noted:

A brief look at the energy in the solar-wind incident

on the outer boundary of the geomagnetic field is

instructive at this point. An enhanced wind of 1500

km/sec and 50 protons/cm^ represents a kinetic energy 
2 2

flux of 1.5 x 10 egs/cm sec, so that over a cross 
19 2

section with 4IL, radius (2 x 10 cm ) the incident 
21

energy is 3 x 10 ergs/sec. The thermal energy for 
2

a 10 y main phase is thus equivalent to the accumu

lation of this enhanced flux for less than 10 seconds.

Then, proposing that heating of the plasma within the magnetosphere 

by Alfven waves led to the formation of a ring current, he con

tinued:

The enhanced solar wind, as indicated by the active 

phase of the storm, has a duration of several hours.

Thus, only a tiny fraction of the energy incident on 

the outer boundary is accumulated as thermal energy 

deep in the geomagnetic field.

However, on the basis of a detailed analysis of the development

of geomagnetic storms, Akasofu and Chapman (1963) did not find

the expected relationship between an enhanced solar-wind pressure

(measured in terms of the DCF field) and the magnitude of the

main phase decrease (measured in terms of the DR field). They

noted: "It would seem that in order to initiate these DR and DP

developments, there must be some additional property associated
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with the solar plasma flow." Akasofu and Chapman (1963) also 

noted:

The variety of development of the storms seems to 
suggest some intrinsic differences between the solar 
streams far beyond what we would expect from a mere 
difference between their pressures. The nature of 
their intrinsic differences is, at present, not 
known.

After additional study on this problem, Akasofu (1964) con

cluded:

It may be concluded from the discussions in the above 
that an enhanced ionized component of the solar plasma 
flow does not necessarily lead to the growth of the 
ring current belt and also the development of auroral 
and polar magnetic substorms. Further, changes in 
the plasma pressure, sudden, irregular, positive or 
negative, do not contribute in any obvious way to the 
major phase of magnetic storms.

Although it is only of historical interest, Akasofu (1964) 

proposed that the additional property associated with the solar 

plasma flow is the neutral component of the solar wind, neutral 

hydrogen.

On the other hand, Piddington (1963) suggested: "The differ

ent main phase intensities result from differing degrees of 

frictional interaction, the differences, perhaps, depending on 

the interplanetary field strength and direction."

The importance of the interplanetary magnetic field in ex

plaining the cause of geomagnetic storms was first suggested by 

Hoyle as early as 1949. He noted:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

Nevertheless, the intrinsic magnetic energy carried by 
the [solar wind] is important at appreciable distances 
from the earth where it provide^ a plausible mechanism 
for the origin of aurorae. If H and H refer re
spectively to the earth's dipole field and the inter
planetary magnetic field in the solar wind, the ad
dition H + H would result in the formation of two 
neutral points.

Hoyle estimated that these neutral points would lie in a plane 

about 6 Rg in front of the earth and that electrons entering 

through the neutral points would be accelerated to 40 kev and 

could penetrate down to the D region of the ionosphere. He also 

recognized that there was a direct relationship between the 

latitude of the aurora and the orientiation of the interplanetary 

magnetic field: "Since Hs varies in magnitude and direction, the

places where the auroral displays occur must vary from one 

magnetic storm to another," (Hoyle, 1949, p. 102-103).

Incorporating these ideas, Dungey (1953, 1961, 1963) later 

discussed a qualitative model, utilizing the solar wind and its 

associated small magnetic field moving relative to the earth. 

Remarkable for its clarity and insight, his model allowed one to 

conceptualize the merging of the geomagnetic field with the 

interplanetary magnetic field (IMF), the reconnection of geo

magnetic field lines in the tail region, and the resulting 

steady-state convection plasma flow.

He suggested that if the IMF had a southward component, it 

would combine or merge with the high-latitude dipole field lines
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of the earth at the magnetopause and be swept back to form a mag

netospheric tail that was 'open' or connected to the interplane

tary field. Axford et al. (1965) extended this concept by sug

gesting that the tail field lines could connect in the manner 

suggested by Petschek (1964) and rejoin the inner dipole field 

line configuration while releasing magnetic energy that was then 

available to energize magnetospheric plasma.

Historically, there were two other studies which led to the 

investigation in this thesis. Akasofu and Chapman (1963) found 

that the DR and DP fields develop simultaneously. Thus, the 

formation of the ring current is closely associated with the 

occurrence of substorms, and therefore a magnetic storm is that 

period during which intense substorms occur very frequently.

Fairfield and Cahill (1966) and Fairfield (1968) found that 

polar magnetospheric substorms tend to be more closely associated 

with a southward directed component of the IMF than with a north

ward directed field.

Combining these two results, one can infer that the develop

ment of the main phase of magnetospheric storms is closely re

lated to the north-south component of the IMF. The following 

section briefly reviews recent studies of the relationships 

between substorms and the IMF.
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1.3 OBSERVATIONS OF THE RELATIONSHIP BETWEEN THE IMF AND GEOMAG
NETIC ACTIVITY

Many workers have correlated various solar-wind parameters 

with geomagnetic activity to determine whether there was some 

function of the solar wind which was directly responsible for 

these processes. The speed, temperature, number density, kinetic 

energy density of the solar wind and the magnitude, direction and 

variance of the interplanetary magnetic field (IMF) have been 

compared with various indices of geomagnetic activity. In earlier 

literature, daily local and world indices such as AR and Kp were 

used.

Using Pioneer V data, Coleman et al. (1961) showed that the 

component of the solar-wind magnetic field perpendicular to the 

sun-earth line correlated with the Honolulu H-component magneto- 

gram. However, many thought at that time that the correlation 

was merely coincidental. Greenstadt (1961), using the same data, 

showed that the daily average field correlated with AR at College. 

Snyder et_ al. (1963) used Mariner 2 data to show that there was 

no strong correlation between geomagnetic activity and number 

density, particle flux, kinetic pressure or temperature of the 

solar wind. Fairfield and Cahill (1966) also reported that in 

the magnetosheath a southward IMF was most effective in producing 

high-latitude geomagnetic disturbances. Schatten and Wilcox 

(1967) used IMP-3 results to show that when the IMF has a southward

18
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component, geomagnetic activity is more enhanced than when the 

IMF is north. Ballif et_ ah. (1967) stated that although there is 

a good correlation between geomagnetic variability and IMF magni

tude, there is still a high correlation between geomagnetic 

variability and transverse fluctuations of the interplanetary 

field.

1.3.1 Solar-Wind Convection Electric Field

Following the suggestion of Alfvdn (1950), Rostoker and 

Falthammer (1967) used the components of IMF and hourly averages 

of the solar-^ind velocity data obtained by IMP-1 to obtain the 

interplanetary electric field, I = v x B. When v is mainly in the 

sun-earth direction and £ is directed southward, the main electric 

field component, E^, will be directed westward (from dawn to dusk). 

They found that polar magnetic substorms and geomagnetic storms 

are far more likely to occur when E^ is directed westward. They 

also found that the onset of the storm and bay activity is strongly 

associated with a southward turning of the IMF-B component and that 

the recovery phase of the storm was accompanied by a sharp electric 

field direction. In addition, Rostoker and Falthammer suggested 

that when the product of the dawn-to-dusk electric field and time 

exceeded a critical level and the time interval was sufficiently 

long, a storm would be generated.
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Since the solar-wind velocity typically changes by less than 

a factor of 20% over consecutive hourly intervals, it appears that 

the dominant effect is the variation of the southward component of 

the IMF. In an analysis of 35 well-defined substorms and the corre

sponding IMF data from IMP-1, Rostoker (1968) noted several trends:

1. In all cases, the onset of the bay events occurred in 

conjunction with a southward Bz. Yet there were long 

periods of southward field and no corresponding storm 

activity.

2. Substorms occurring during extended periods of Bz < 0 

were found to be triggered when the IMF ecliptic component 

became directed away from the sun in the garden hose 

spiral angle 90° < <j> < 180°.

3. More bays occurred during periods where 90° < $ < 180° 

than for any other quadrant of longitude.

4. Geomagnetic activity was often associated with solar- 

wind discontinuities.

Mikerina and Ivanov (1970) analyzed in detail three geomag

netic disturbances and solar-wind electric field variations which 

occurred on September 26, 1966. They found that a twin-vortex 

current system existed in the polar cap before the enhancement of
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the dawn-to-dusk electric field component. This system was then 

observed to intensify and its axis of symmetry to rotate as the 

solar-wind electric field intensified. Maximum intensities of 

the eastward and westward electrojets occurred when the dawn-to- 

dusk electric field was maximum.

1.3.2 Refinements of Observed Quantities

There is a major problem in trying to use the observations 

reviewed in the previous section to attempt to understand the 

problem of energy injection or magnetospheric substorms. The 

index is too crude an indicator of geomagnetic disturbances to be 

of any real investigative value. Since it represents geomagnetic 

activity taking place over a three-hour period, impulsive events, 

like polar magnetic substorms, can be lost even though the index 

may show a greater level of activity. In addition, the K
P

index, derived as it is from subauroral zone stations, responds 

to most types of surface magnetic disturbance: polar magnetic

substorms, ring current disturbances, and magnetospheric responses 

to interaction with shocks or discontinuities in the solar wind.

In separating the effects due to various interplanetary 

sources, a better indicator, one which would express geomagnetic 

activity in terms of the known sources; DCF, DR and DP; was 

needed. The AE index, devised by Davis and Sugiura (1966), is 

derived from auroral zone data and satisfactorily monitors polar
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magnetic substorm activity (DP) and auroral electrojet activity 

when it is in the vicinity of the net of AE observatories.

Likewise, the main phase decrease (DR) of geomagnetic storm 

activity is better represented by Dst, a longitudinal average of 

the main phase field.

Fairfield (1968) found that AE is well correlated with both 

the magnitude of the interplanetary field and the component of 

the field perpendicular to the earth-sun line. This indicates a 

direct connection between the Bz component of the IMF and polar 

magnetic substorms. He showed that in the data taken from the 

magnetosheath, two-thirds of the observations during geomagnetically 

disturbed times occurred when the IMF latitude was southward.

Using data taken in the interplanetary medium, more than half of 

the observations made during disturbed times were during periods 

of southward IMF. Yet in both cases, within the magnetosheath 

and in interplanetary space, about two-thirds of the measurements 

made during geomagnetically quiet periods occurred when the IMF 

latitude was northward.

Foster et al. (1971) examined 54 substorms and formed an 

average substorm picture. Using a superposed epoch method on the 

averaged data, they showed that IMF magnitude and solar-wind 

velocity, number density and temperature do not correlate with 

the onset of a polar magnetic substorm. However, they did find
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that AE was correlated with IMF when it was directed southward.

The correlation was highest when the field turned southward on 

the average of 80 minutes before the onset of the substorm.

Furthermore, solar-wind parameters are not always independent. 

The variation in concert of these solar-wind parameters, during 

what has been called an interplanetary storm, hinders the search 

for specific key parameters which are directly related to the 

energy transfer and subsequent storm processes. If one of the 

solar-wind parameters does indeed result in increased energy ab

sorption by the magnetosphere, its effect will be masked by the 

near-simultaneous variation of all the other parameters as the 

plasma cloud sweeps by the earth. Burlaga (1972) has discussed 

these discontinuities in the solar wind and their geomagnetic 

effects.

1.3.3 Correlation Studies Using the AE Index.

In an attempt to establish just how quickly the magnetosphere 

responds to changes in the IMF, Arnoldy (1971) recognized that 

the southward interplanetary field might interact with the magneto

sphere as a continuing dynamic process rather than as a trigger 

for the magnetospheric substorms. He correlated AE with the 

time-integral of the southward field (Bg). He summed the product 

of the 10-minute-averaged IMF-Bg data with the time increment 

over an hour and found that the correlation between AE and
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ZBgt was greatest when the summation was performed on data taken 

during the hour-long interval preceding the hourly average of AE.

He also showed that there was little or no correlation between AE 

and solar-wind velocity, number density, solar-wind dynamic 

pressure, total magnitude of IMF or where denotes a

northward directed IMF (Figure 1.3.1). He concluded that 

maximum values of AE were linearly related to the maximum values 

of the integral of Bg over time (Figure 1.3.2). He confirmed the 

observations that the correlation of Bg with AE is more pronounced 

when the ecliptic coordinate is directed away from the sun.

Arnoldy (1971) also found that a better correlation existed 

between the two when solar magnetospheric coordinates were used 

rather than when solar equatorial coordinates were used. He 

found that when magnetosheath data were used instead of interplane

tary data the amplitudes of EBgx tended to be greater due to 

enhanced magnitudes of the IMF within the magnetosheath region, 

although the shape of the time plot of EBgx remains the same. He 

concluded that the integrated effect of the southward directed 

IMF fields before the occurrence of the substorm is the major, 

and perhaps only, phenomenon in the interplanetary medium which 

is responsible for the conversion of solar-wind energy into 

energy which is stored and later released during magnetospheric 

substorms. Since this energy is apparently not stored for
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periods greater than one hour before a substorm occurs, Arnoldy 

suggested that the time delay between the onset of southward 

directed fields and the occurrence of substorms could be inherent 

in the mechanism by which energy is released in the tail.

Rostoker at al. (1972) used 5-minute averages of IMP-1 data 

to examine more closely the correlation between the magnetospheric 

activity and the solar-wind electric field. They found that AE 

enhancements followed increases of the dawn-to-dusk electric 

field Ey (referred to earlier in this section) by about 30 to 50 

minutes. They suggested that the energy available for substorm 

processes results from a balance between gain and loss processes 

in the magnetosphere. This balance relation can be written as

AE = (a + p -Z)t . (1.7)

Here a represents the rate of energy transferred to the magneto

tail; p represents the rate of energy transferred to the inner 

magnetosphere. I represents various loss rates, such as that 

associated with quiet auroral arcs, and t represents the average 

time required to build up a substorm condition. The quantity p 

can be thought of as due to a process such as plasma injection 

into the dayside cusps. Similarly, a may represent the amount of 

southward magnetic field transported to the magnetosphere by the 

solar wind.
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Tsurutani and Meng (1972) also examined this correlation and 

found that the time delay between the southward turning and first 

appearance of a negative magnetic bay is typically less than 15 

minutes. Therefore, they concluded, the southward turning must 

be the trigger. However, approximately 10% of the IMF events 

studied had no corresponding geomagnetic activity. In addition, 

they found that if the IMF turns south, then north, and then 

repeats the process; the second of the corresponding substorms is 

usually the larger of the two (cf. Su and Konradi, J. Geophys.

Res., 22., 301, 1974).

Meng (1973) has challenged interpretations based on cross

correlation lag times and has shown that since the peak corre

lation occurs when the center of the amplitude-time profile of 

one event correlates with that of the other, any lead or lag is a 

strong function of the shape of the curve of the variables and 

should not be interpreted as having a physical origin. The time 

difference between the peaks of two dissimilar curves is then 

meaningless. Only when the two functions being compared have 

identical amplitude-time profiles does the time delay have meaning. 

He also found that there was nothing to indicate that the solar 

magnetospherir. coordinate system was preferable to the solar 

ecliptic system.

1 .
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Kokubun (1971, 1972) examined the relationship between the 

polar substorm and the IMF for several substorm periods by using 

a number of auroral and mid-latitude magnetograms, as well as the 

AE and Dst indices. He confirmed that polar substorms are well 

correlated with IMF-B^ component variations of the preceding 

hour. He found that the twin-vortex polar current system develops 

with the southward turning before the onset of the expansive 

phase of a substorm.

He concluded that the development of substorms and Dst were 

highly correlated with the southward component of the IMF. He 

found that a large storm main phase is associated with a prolonged 

southward orientation of the IMF, especially if there is enhance

ment of the solar-wind flux. When a sudden northward change 

occurs after a prolonged period of southward field, AE activity 

ceases and Dst displays typical recovery characteristics. Patel 

and Desai (1973) suggested that the southward interplanetary 

field somehow intensifies the ring current.

It is thus rather well established that the southward compon

ent of the IMF generally correlates with geomagnetic activity, as 

expressed by the auroral zone index (AE) or by the subauroral 

zone index (K^).
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Howeven, the*e *tudiei> do not an*wen the. question* oh what 

actually  happen* when the IMF tunn* *outhwand and what one th e  

pnoce**e* which lead to  the  on&et oh magnetic *ub*tonm* ahteJi the  

*outhwand tunning oh th e IMF. I* th e  *ign oh th e  Bz component on. 

the time note oh change oh th e IMF component* [cunl oh &olan-wind 

electn ic hietd) important in  tniggening *ub*tonmi? How do geomag

n etic *tonm* and *ub*tonm* pnoceed duning peniod* oh nonthwand 

IMF? What happen* when the IMF twin* *uddenly nonthl These 

questions will be discussed in Chapter II. As this survey indi

cates, there is impressive literature which indicates a close 

relationship between the southward component of the IMF and 

geomagnetic activity. However, this correlation is not necessarily 

consistent.

Although substorm development has been shown to be closely 

related to the southward Bz> geomagnetic inactivity has also been 

observed during periods when the IMF was southward directed 

(Gosling et al., 1967; Hones et al., 1971; Aubry and McPherron, 

1971; Nishida, 1971). This indicates that a southward IMF alone 

is not sufficient for a growth in geomagnetic activity. In 

addition, the occurrence of geomagnetic substorms during periods 

of northward IMF (see Chapter III) indicates that a southward IMF 

is not a necessary condition for the growth of geomagnetic
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activity. Hirshberg and Colburn (1969) suggested that when the 

IMF is directed northward after the ssc, the main phase does not 

develop.

Thus i t  appe.au th a t  a AouthwaAd IMF h> neltheA A u h h lclen t  

non neceiAany hon the. oe.cuAAe.nce. oh geomagnetic a c t iv it y .  Vet lt>

I t  obvlouA t h a t  thene  lt> tome connection between th e  Aoutbwand 

component oh th e  IMF and geomagnetic a c t i v i t y ,  ifihat h> thlA  

connection?

In order to answer this important question, in Chapter III 

the relationship between the IMF and the occurrence of a substorm 

is examined.

1. A SUMMARY

To summarize, geomagnetic storm variations, observed on the 

Earth, are the direct result of intensified magnetospheric current 

systems. During the ssc and initial phase, increased solar-wind 

pressure and discontinuous changes in solar plasma parameters 

enhance the magnetospheric boundary currents, resulting in an 

augmentation of magnetic field within the cavity. However, this 

effect is observed to be independent of the dissipative process 

associated with the main phase of a geomagnetic storm.

During the main phase, a series of large current surges 

,occur along the auroral oval, thus causing polar magnetic substorms. 

At the same time, energetic particles are injected in the local
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midnight sector into the near-earth trapping region. This in

jection of particles increases the total kinetic energy there, 

causing an enhanced belt of radiation (the ring current belt) 

resulting in a decrease of the surface field at low latitudes.

The growth of the main phase is the result of multiple injections. 

The recovery phase begins when the loss rate becomes greater than 

the injection rate so that the net kinetic energy of the ring 

current begins to decrease and thus the surface disturbance field 

begins to return to quiet levels. In the next chapter, an attempt 

will be made to solve or clarify some of the unanswered questions 

with regard to effects of the IMF on the magnetosphere, in par

ticular the role of the IMF in controlling the development of 

magnetospheric storms. The main thrust of this thesis is to show 

that the IMF controls the rate of transfer of solar-wind kinetic 

energy into the magnetosphere through the merging process.
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THE ROLE OF THE INTERPLANETARY MAGNETIC FIELD 
IN THE DEVELOPMENT OF MAGNETOSPHERIC STORMS

To what extent does the IMF control the transfer of solar-

wind kinetic energy into the magnetosphere? How does the IMF

affect the variety of development of magnetospheric storms?

These two basic questions in magnetospheric physics are investigated

in this chapter.

2.1 OUTLINE OF INVESTIGATION

Two methods are used in this chapter to study the above 

problems. They are explained in the following two subsections.

2.1.1 The IMF Effect on the Transfer of Solar-Wind Energy into 
the Magnetosphere during Magnetospheric Storms

The first method, used to investigate the energy transfer 

problem, is to estimate the energy dissipated in the magnetosphere 

as a function of storm time and compare this energy with the 

magnetic energy (as a function of storm time) associated with the 

southward component of the IMF brought to the front of the magneto

sphere. The integrated values of these two quantities over a 

storm period are also compared. Fifteen storms and the correspond

ing IMF parameters are analyzed for this purpose.

CHAPTER I I

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

The major magnetospheric energy dissipation is due to the 

following processes:

• Joule heating due to the auroral electrojet,

• Injections of energetic particles into the ring current,

• Precipitation of energetic particles into the polar 
ionosphere.

2.1.2 The Effect of the IMF on the Variety of Development of Mag
netospheric storms.

The second method is to examine a variety of storm-time

functions which are related to the solar wind and IMF quantities,

and compare them with the geomagnetic indices AE (AU and AL) and

Dst. For this purpose the functions 2BgT, £vBgT, v x Bz and

others are examined for fifteen storms.

2.2 PROCEDURES OF INVESTIGATION

In order to investigate relationships between magnetospheric 

storms and solar-wind parameters, the following quantities are 

calculated for each storm.

• Solar-Wind Parameters

a. The interplanetary magnetic field magnitude (|B J)
b. The north-south component of the IMF (B )
c. The flux of the southward field broughtZto the

magnetosphere (EvB t)
d. The solar-wind electric field (v x B , 3B /3t)
e. The energy associated with the southward component

of the IMF as a function of storm time (e(t))
and its integrated quantity over a storm period (e)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Magnetospheric Parameters

f. The auroral electrojet activity index (AE)
g. The asymmetry index for the ring current (ASY)
h. The index for the average intensity of the ring current

(Dst)
i. The rate of energy dissipation as joule heating by the

auroral electrojet as a function of storm time (U.(t))
and its integrated quantity over a storm period (ft)

j. The rate that energy is carried by particles precipi
tating into the auroral ionosphere as a function of 
storm time (U (t)) and its integrated quantity (U )

k. The rate thatpenergy is injected into the ring cuFrent
as a function of storm time (U (t)) and its integrated 
quantity (l^)

These quantities are defined in the next section. The total 

energy dissipation rate, as a function of storm time, is then,

U(t) = U.(t) + Uj(t) + Up (t). (2.1)

The total energy dissipated in the magnetosphere, integrated 

over the course of a magnetospheric storm, is denoted by U.

2.3 DEFINITION OF QUANTITIES USED IN THIS STUDY

2.3.1 Solar-wind parameters.

a. Interplanetary magnetic field magnitude, |b |

The interplanetary magnetic field was measured with the use 

of the triaxial fluxgate magnetometers on Explorers 33 and 35 

during periods when they were outside of the magnetosphere (Col

burn, 1969; Scearce et al., 1969; Ness, 1970). These data were 

obtained in Solar Equatorial (SEQ) coordinates where the IMF was 

expressed in terms of the IMF magnitude, |b |, latitudinal angle,

0, and the longitudinal angle, <f>, respectively. After digitizing
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the micro-filmed data, a transformation was made to rectangular

expressed. In the SEQ system (Coleman, 1966), the z-direction is 

northward in a plane containing the solar direction and the solar 

spin axis. The x-direction is the solar direction, and the y- 

direction is the third orthogonal direction which is contained in 

the solar equatorial plane,

b. North-south component of the IMF, Bz

The north-south component of the IMF is obtained from the 

transformation

The latitudinal component, 9, is measured from the equatorial 

plane. The southward component (9 < 0) is often denoted by Bg.

c. The flux of southward IMF

The flux of southward IMF brought to the magnetosphere by the 

solar wind in the time interval t is given by

Here L represents the "effective" width of the magnetosphere 

intercepting the IMF and is assumed to be 10 while v(t) repre

sents the solar-wind speed. This quantity, $, is closely related 

to that used by Arnoldy (1971). If the solar-wind speed and 

effective width are set equal to unity and the product of the 

southward field and a time increment, t , are summed over an hour,

components Bx , By , and Bz in which most of the IMF data are

B = |b | sine.
z 1 1

(2 .2)

(2.3)
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i his quantity, ZBgT is observed. The correlation which he obtained

; between this quantity and the AE index (f) is examined in section

(f).

: Given a solar-wind speed of 400 km/s, and a 10y value for Bg,

the flux delivered to the magnetosphere in an hour is <f> = 9.2 x 

2 1 2
10 y cm . For comparison, the flux of open field lines through

: the polar cap as described by the auroral oval located at an

21 2
; average latitude of 79 is about 2.6 x 10 y cm .

\y d. Solar-wind electric field.

r For those storm periods when solar-wind velocity data were

available, the product vBz was formed. In this case, a running 3- 

point average was performed on the velocity data set and the IMF-

B data set.
?. z

■ The solar-wind electric field, E, observed by a stationary

i observer (the magnetosphere), is given (Alfven, 1950, p. 177) by

E + -i- v x B - 0 (2.4)

Thus, the product vBz represents the dawn-dusk component, E^, of 

the solar-wind electric field.

e. An estimate of the IMF energy transferred to the magnetosphere 

during magnetic storms.

As described in the early literature reviewed in Chapter I 

and as will be discussed in detail later, there is a gross correla

tion between the southward component of the interplanetary magnetic

37
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field and magnetospheric disturbances. Hence, it is interesting 

to compare the energy carried by this component to the front of 

the magnetosphere with that dissipated within the magnetosphere 

during a magnetospheric storm. The rate at which magnetic energy 

associated with the southward IMF, e(t), is brought to the magneto

sphere is given by

L2 2
e(t) = ~  v(t) Bs(tr (2.5)

where v(t) denotes the solar-wind speed, and L represents the 

radius (here chosen as 10 Rg) of the effective merging cross

sectional area.

For those storms where solar-wind velocity data were not 

available, an average 400 km/s was used. For a southward IMF of 

5y and a solar-wind speed of 400 km/s, e(t) is given by e(t) =

1.83 x 1018 Bg(t)2 = 5.08 x 1019 erg/s.

In the course of this study, it soon became obvious that in 

spite of a gross correlation, the relationship between the magnetic 

energy, e(t), and the energy dissipated in the magnetosphere,

U(t), was not close. Often the dissipation continued, and even 

increased, during periods when the IMF was directed northward.

During these periods, the magnetic energy term was zero (because 

Bg was 0) and thus had no relationship with magnetospheric dissi

pation occurring at that time.
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This problem bears directly on the assumption that merging 

proceeds only when the IMF is directed southward and that the B^ 

component adequately represents the relationship between the 

direction of the IMF and various effects considered to be due to 

the merging process. However, it is known that the polar cap 

field lines are almost always merged with those of the IMF (Van 

Allen, 1970; Morfill and Scholar, 1973; Heppner, 1972; Yasuhara et 

al., 1973) and thus merging must continue even when the IMF has a 

northward component.

Thus a new function was sought; it should not have the 

alternating sign characteristic of Bz and should also reasonably 

reflect our intuitive ideas about the merging process. The new 

function should be zero when the angle between the IMF and geomag

netic field vectors was zero and should rise to a maximum as the 

IMF rotates to an anti-parallel orientation. Moreover, it was 

recognized that only the southward component of the IMF and its 

magnitude have been shown to affect geomagnetic processes through 

merging.

One simple function which satisfies these characteristics is 

given by

or, in terms of the observed latitudinal component of the IMF,

B» -  <l»l - V ' 2 (2 .6)

Bm = |b | (1-sin 0)/2

|5
li
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This function was then used in the magnetic energy calcula

tion. In the sections to follow, plots of the variations of the 

twelve-minute integrations, utilizing Bm , are presented along with 

the energy dissipation terms; for comparison, the magnetic energy 

is also calculated by using Bz> The symbol Bffl was selected since 

this function was chosen to represent the merging field.

A function of form, f = - |B | sin (a/2), where a = 0—tt/2 and 

where 0 is the IMF latitudinal angle, was also considered. But, 

since the rate of change of f was greatest when the field was 

purely northward (0 = t t / 2 ) , while the slope of B^ was greatest 

when the IMF was oriented within the ecliptic (0=0) and was 

symmetrical about 0=0, only the behavior of B^ was investigated 

at this time.

In spite of the empirical nature of B^, it will be shown in

the following sections that the total energy dissipated within the

2
magnetosphere is much more closely correlated with Bm than with

2
Bz . Important theoretical implications of this function will be 

discussed in Section 2.5.2.

2.3.2 The Magnetospheric Parameters.

f. The auroral electrojet activity index, AE.

Simultaneous geomagnetic records from the standard auroral 

zone stations (Appendix) were collected and replotted on common 

time and intensity scales. A baseline level was determined for
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each record by comparison with records of quiet periods before and 

after the storm activity from the same station. The records from 

all the stations were then replotted on a common UT time axis. An 

envelope is drawn to embrace all the positive values (AU) and 

another for all the negative values (AL). The AE index is then 

defined as the difference between the upper and lower envelopes,

g. The low-latitude asymmetry index, ASY.

The ASY plot is very useful in monitoring the development and 

the degree of asymmetry of the ring current and thus the injection. 

It is produced in much the same manner as the AE index. Geomag

netic records from stations located at low and middle latitudes, 

well distributed in longitude between geomagnetic latitudes of 20° 

to 40° (Appendix), were scaled and plotted on identical time and 

intensity scales. The quiet-day solar variations (Sq) were removed 

from the data by subtracting the levels of a quiet day near the 

date in question from those obtained for the storm period con

sidered.

Here, the setting of a baseline was difficult since the 

absolute magnitude of the Sq variations and the level on which it 

rides may vary up to 30y when compared to the quiet-day variations 

separated by only a few days. When the H-component traces from 

each of the stations were superposed, it was sometimes obvious 

that one or more traces were in error, due to a poor choice of
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baseline. In that case those traces were adjusted up or down to 

produce a minimum difference between upper and lower envelopes 

during quiet, pre-storm periods.

h. The average ring current storm time variation, Dst.

The Dst index was prepared from the data collected from 6 or 

more geomagnetic observatories located at low and middle latitudes, 

well spaced in longitude. After Sq was removed, the following 

summation was made to generate instantaneous Dst values

1 N
Dst(t) = i  E (AH - Sq )/ cos0. (2.8)

i=l

Here N is the number of stations used, and 6 is the geomagnetic 

latitude of the station indicated by the subscript letter i. The 

digitized Dst values generated here are smoothed over 3 points, or 

over about 5 minutes of data. Induction effects were not removed 

from these data.

These Dst values represent a considerable improvement over 

those published by Sugiura and Poros (1971) obtained from a three 

station distribution. Their Dst values can have a large contribu

tion due to an asymmetric ring current and thus poorly represent 

the average symmetrical variations of the ring current.

i. Joule heating due to auroral currents.

For conditions existing in the ionosphere, Ohm's law can be 

written as
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where £ is the height-integrated conductivity dyadic. From the

usual assumptions (no vertical currents or fields, = Eg = 0; no

north-south currents j =0; and at the auroral zone Z - Z ) this 
Jx ’ xx yy

relationship becomes 

Z 2

v  <2-10)

where j and E denote the westward current and electric field,y  y  *
respectively. Thus, we obtain the expression for the westward 

current along the auroral oval, in terms of the height-integrated 

Cowling conductivity, Z^, and the impressed westward electric 

field:

jy - S3 V  (2.11)

The energy, (t), dissipated per unit area per unit time as

joule heating by the auroral electrojet can be obtained from

Uj(t) = (j • E), (2.12)

where E is the westward electric field, and 3 is the height-inte

grated (or surface) current density. The westward electric field 

has recently been deduced from radar incoherent-scatter plasma 

transport measurements in the geomagnetic meridian plane. In 

regions where atmospheric drag is small, above 300 km, the electric 

field can be derived from the line-of-sight component of plasma
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ion drift. This field is assumed to map down to auroral heights 

along field lines. Within the instantaneous auroral oval, the 

measured electric field is westward and averages about 10 mV/m 

(cf. Figure 2.3.1) (Rino et al., 1974), although there are enhance

ments up to 30 mV/m, possibly due to an expansive motion of the

oval or to IMF-B effects, 
z

If an overhead, semi-infinite sheet current approximation is 

used, the current intensity can be related to geomagnetic varia

tions by

j(amps/km) = AH(y), (2.13)

and since the AE index is an expression of AH, this becomes

j(amps/km) = AE(y). (2.14)

In this approximation, the energy dissipated per unit area 

per unit time is simply,

Uj (t) = Ey j (t) . (2.15)

Thus, the total energy dissipated by Joule heating in the polar 

ionosphere during a period of time, t, is given by

V. = EyA J j(t)dt. (2.16)

Here A represents the horizontal surface area over which the 

current flows and t, the period of interest. Typical values for 

this calculation are
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Radar experiment (after Rino et al,, 1974).
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Uj = Ey j At here: Ey = 10 mV/m (2.17)

= (3 ergs/cm2s)At j = 300 amp/km

t = 3600s

A = (6000 km) x (1000 km).

Kamide and Brekke (1974) have shown that the overhead sheet 

current approximation increasingly underestimates the current in

tensity as the width of the current system decreases. Within a few 

hundred kilometers of the center of a current sheet, say 1200 km 

wide, the error is less than a factor of 2 when compared with 

current intensities deduced from radar incoherent-scatter measure

ments of ion velocity.

It must be noted that field-aligned currents are not considered 

here. The effect of a downward current in the morning sector and an 

upward in the evening sector would be to cause a positive variation 

in the surface H-component in the midnight sector, thus causing a 

further underestimation of the current intensity. Additionally, the 

induction effect may contribute errors of 10 percent or more in this 

calculation.

Values o

plotted; each data point in the curve represents the energy expended 

per each 12-minute period. Thus the curve represents the variations 

of the energy dissipation rate.
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r j. Kinetic energy of precipitated particles.

; The energy carried by electrons precipitated in the auroral

> ionosphere can be obtained from the total flux, N ^ ,  of incident

r electrons and their energy, Eq . The contribution of proton pre-

r cipitation to the total energy deposited is very difficult to

i estimate at this time, but it is not likely to be as great as the

l electron contribution when averaged over the auroral oval (Romick,

; personal communication) and is therefore neglected. Here we

: assume that Eq ^ 5.6 kev is representative of the auroral particle

, energy spectrum, since monoenergetic electrons of this energy have

a stopping height of approximately 113 km, which is the typical 

height of auroral arcs. The number of incident electrons is esti

mated in the following manner. In an auroral arc, the number den

> sity of ion-electron pairs, n, the ion-production rate, q, and the

; loss rate, L, due to recombination, are related by

^ - q - L ,  (2.18)

s here: L = an^

; a = recombination coef-
! ficient (cm la).

Under steady-state conditions, then,

i q = an^. (2.19)

From Figure 2.3.2 (Rees, 1966), the number of ion-electron pairs,

|
I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lONIZAl ION 1-ROPtJCriON (1Y ISOTROPICStRtAMS (O'-SO')or MONO-ENEKtlf.1|C FJLE(T<ONS.

Figure 2.3.2 The ionization production, by isotropic streams 
of mono-energetic electrons impinging on a model atmosphere 
(after Rees, 1963).
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R, produced by an incident electron per cm of travel is obtained. 

Thus, the total number flux of incident electrons becomes

= (2 .20) 
ie R x (depth) R R ' v '

where A is the horizontal surface area of the current region.

Since an increase in the ionospheric current is due mainly to

an enhancement of conductivity (since the east-west electric field,

Ey, is fairly constant), we can rewrite Ohm's law (Equation 2.10) as

“ (2 . 21)

density, n^.

Solving for number density and inserting this into the ex

pression above, we obtain 

j n
(2 .22)

j no 2
A. (2.23)

3 y

ionosphere during a time interval, t, is given by

u - p .  
» J

Ec I 4 p r > 2 A <2-M >
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As discussed earlier, the current intensity can be expressed in

terms of AE. Typical values for these quantities are:

Area A = 6 x 1 0 ^  m^

Incident electron energy E = 9 x 10-^ ergs

Electron-ion pairs ratio, P = 7 x 10^/cm

Recombination coefficient, a = 3 x 10^ cm^/s (Figure 2.3

Current density j = 300 amps/km
5 3

Mean electron density nQ = 2 x 10 /cm

Cowling conductivity E' = 43 mho with this conduc
tivity (nQ)

Westward electric field E = 10 mV/m
y

Time interval t = 3600s.

20
1.6 x 10 ergs/hr. This value is an order of magnitude less than

ergs/hr. However, since our estimates are based on data taken 

recently by the Chatanika radar, it is likely that the present esti

mate is more reliable than earlier ones, 

k. Energy injection into the ring current belt.

The growth of the ring current and the degree of asymmetry

during periods of intense substorm activity are closely related

to the north-south component of the IMF. In order to examine the 

relationship between the IMF and ring current energy, we must esti

mate the rate of energy injection into the ring current. The time 

variation of the average ring current energy, U , may be written as
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[

Figure 2.3.3 The recombination coefficient determined 
from Chatanika Radar measurements (after Baron, 1973).

I '
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where U^(t) represents the energy injection rate and L(t), the loss 

rate. Here the loss is approximated by an exponential decay.

The loss rate then is the quotient of the total kinetic energy of 

the ring current particles, and the decay constant, T, is equal to 

the lifetime of ring current particles in this particular case;

Then equation 2.24 is solved for the spatially averaged injection 

rate

The Dessler-Parker-Sckopke (DPS) relationship (Equation 1.4) is used 

to express the total energy of the ring current in terms of the ring 

current field at the earth’s center, ABr(0),

Now ABr (0) is equal to the worldwide surface average of the z- 

component of the ring current field. Since the field due to a 

symmetric ring current is approximately uniform over the earth, the 

fractional change in the magnetic field intensity at the surface of

L(t) = U /T. (2.26)

(2.27)

— 3 m
Ur = j  (corrected for induction). (2.28)

i
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T

r the earth can be expressed by the low-latitude local time average of

| the H-component disturbance field, Dst,

L ABr(0) = (ABr)z = |  I AH^cos 0t = Dst. (2.29)

[■ Then substituting into equation 2.28:

I u±(t) = - |  ~  (g|- + |) Dst(t), (2.30)
U o
["

f which upon insertion of the values for U and B , becomes
i: m o

; U^t) = (4 x 1020) (j- + i) Dst(t) ergs/s. (2.31)

! The decay constant, T, cannot be uniquely determined from

i ground data alone since there are two unknowns in this expression.

; It is necessary to know either the total energy introduced in the

; magnetosphere or the time of maximum U^t).

; However, T may be estimated empirically by using the following

F method. Since we have Dst as a function of time, equation 2.31

i yields a time profile of the ring current energy injection rate.

• Assume that IL (t), the energy injection rate, is near zero during

: the recovery phase of a geomagnetic storm when substorm activity is

i at an ebb. To determine T, several trial values of r ranging from

: 0.5 to 40 hours were substituted into this expression, and the

b smallest t which drove Ui(t) to small values during the recovery

; phase was then chosen. The selection of T = 8 hours is seen in

j: Figure 2.3.4 to be appropriate.

t
I:
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Figure 2.3.4 A  plot of U±(t) the ring current energy injection 
rate vs time, for different values of the decay constant, t , 
using the Dst data for February 15-16, 1967.
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Davis and Parthasarathy (1967) determined T empirically by 

plotting the rate of recovery of Dst versus Dst. The slope of the 

line through the data for Dst >50y indicated a decay constant of 

about 10 hours.

The total energy injected into the ring current was calculated 

for the February 15, 1967 storm using several trial values of the 

decay constant. Notice that in Figure 2.3.5 there is little dif

ference between the energies obtained for values of the decay con

stant (T = 10 hrs) obtained by Davis and Parthasarathy (1967) and 

that obtained in the above (T = 8 hrs). It is likely then, that a 

decay constant of 8-10 hours is representative of the middle re

covery phase. However, it is possible that a much more rapid decay 

occurs just after the epoch of maximum main phase decrease or 

following a particularly intense energy injection.

The plots in the following sections are essentially a time 

profile of the average injection rate. The product of the injection 

rate and the time increment is summed for 12 minutes to yield the

energy injected during that 12-minute interval. For a main phase de

crease of -300y which develops in three hours, equation 2.31 gives an 

average injection rate of +1.5 x lO1  ̂ergs/s, using a time constant 

of eight hours. This quantity is positive during the development of 

the main phase decrease; however, the injection rate will become

negative when the time rate of change of Dst is positive and greater
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Figure 2.3.5 The calculated total energy injected into the ring 

current, U^, as a function of the decay constant, T. In this 

study, a value of T » 8 hours was used.

I '
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in magnitude than Dst or of the same sign; for example, such a 

situation occurs during an ssc initial phase and also during the 

recovery phase. Davis (1969) noted that some negative injections 

are caused by the compression of the magnetosphere (due to enhance

ments of solar-wind kinetic pressure).

The total energy injected into the ring current is the integral 

over a storm period of the ring current energy injection rate:

This value for each storm is presented in section 2.5.2.

2.4 GEOMAGNETIC STORM ANALYSIS

2.4.1 The storm of February 15-17, 1967

In this example the storm of February 15-17, 1967, is chosen to 

illustrate the relationships between the interplanetary and magneto

spheric parameters, defined in Section 2.3. Since this storm was 

typical in many ways, its growth and decay are also described in 

detail.

a. Prestorm conditions.

This storm most likely resulted from a large (3B) solar flare 

which reached its maximum on 13 February 1967 at 1816 UT near the 

central meridian, 20°N, 10°W. This flare was also accompanied by 

Type II and IV radio emissions, indicating that plasma was being 

rapidly ejected from the sun. The transit time, from the onset of 

the flare to the arrival of the flare plasma producing the ssc, was 

about 53.5 hours, resulting in a mean transit speed of 774 km/s.

(2.32)
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Prior to the time of the ssc (15 February at 2348 UT), geo

magnetic activity as measured by the index was fairly low. ZK^ 

values for February 13, 14 and 15 were 7+, 9 and 8, respectively; 

the Kp index for the four 3-hour intervals prior to the ssc were 

0,0,0,1. Solar-wind parameters in the vicinity of the earth on the 

sunward side were typical of very quiet conditions: the average

solar-wind velocity was approximately 270 km/s, while the IMF mag

nitude was 6.8y (Hirshberg et al., 1970).

b. Initial phase.

The arrival of the shock wave associated with the solar flare 

plasma was observed as discontinuous values of the IMF magnitude, 

solar-wind velocity and solar-wind temperature. At this time, the 

Explorer 33 satellite was just outside and sunward of the magneto

sphere. The shock wave was recorded at the satellite (located at x

= 8 R , y = 28 R , z = -13 R ) at 2351 UT, three minutes after the e J e e

ssc was reported on the earth's surface. Hirshberg et_al. (1970) 

concluded that the shock front was probably inclined at about a 70 

degree angle from the ecliptic plane since Explorer 33, due to its 

relative location, should have observed a discontinuity, propagating 

radially from the sun, about 2 minutes before it reached the earth 

if the shock front were proceeding at a 0° angle.

The solar-wind magnetic field observations of Explorers 33 

(Figure 2.4.1) and 28 (not shown) indicate that the component
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Figure 2.4.1 Comparison of interplanetary magnetic field data with 

geomagnetic field records of February 15-17, 1967. Here |b | and 
B represent the IMF magnitude and north-south component respectively 

and AE and ASY represent the combined high and low latitude 

H-component records.

j
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of the field went northward about an hour before the appearance of 

the shock wave and remained positive, except for a small excursion 

lasting for about 20 minutes, until the sudden and large southward 

turning at 0839 UT on February 16.

The magnitude of the IMF increased sharply at 2350 UT on Feb- 

j ruary 15, and then increased to almost 30y by about 0900 UT on the

i 16th. The auroral zone geomagnetic data (Figure 2.4.2.) indicate

that a small disturbance occurred at about the time of the ssc and 

! also during the aforementioned 20-minute period of southward field.

However, as the IMF direction rotated southward, geomagnetic acti- 

\ vity grew until 0838 UT when a large southward turning occurred. A

major substorm erupted with the occurrence of a second ssc or si at 

0835 UT. This event marks the onset of the main phase. Notice that 

' just prior to this time the IMF magnitude became large and steady

and that Bz was positive during this two-hour period. Low-latitude 

H-component traces (Figure 2.4.3) showed a small, sudden worldwide 

' decrease in magnitude and variability. But as soon as the IMF

 ̂ became variable and started to rotate southward, geomagnetic acti

vity began to increase.

[
j Table 2.4.1 illustrates the pre- and postshock solar-wind

conditions.

i 60
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Figure 2.4.2 High-latitude H-component records for February 15-16, 
1967.
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A comparison of preshock and postshock solar-wind parameters.

Quantity Preshock
values

Postshock values 
(after 0599 UT)

Values after 
0910 UT

V 271 km/s 388 km/s (384-426) 500 km/s 
(656) km/s peak)

B 6.8y 17.5 (10-25)y 32y (42y peak)

T 2.5 x 104 °K 12.7 x 104 °K 1.2 x 104 °K

n 7.4/cm3 15.1/cm3 13.6/cm3

He/H 0.8% 4.3% 22%

Note that the preshock solar-wind velocity was 271 km/s; just 

behind the shock front it rose to 388 km/s. In the hours that 

followed, the velocity increased to over 676 km/s at 1147 UT on the 

16th, almost 12 hours after the passage of the shock wave. This 

velocity increase suggests that the plasma cloud may have been 

driven like a piston and that it was accelerated from the rear,

c. Main phase.

The onset of the main phase coincided with the occurrence of 

the following phenomena: (a) two very large positive spikes, at

0910 and 0920 UT, in all low-latitude magnetic records, (b) a large 

polar magnetic substorm, (c) a large increase in the He++/H+ ratio 

in the solar wind, (d) a large oscillation up to 42y in IMF magni

tude and down to 6y in several minutes, and (e) an increase in solar-

1
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wind speed to 560 km/s. Hirshberg et_ al. (1970) suggests that the 

spike was due to the arrival of the helium-enriched, high-velocity 

plasma impacting the magnetosphere thereby compressing it and 

causing the increase in surface field. An increase of the He++/H+ 

ratio from a few percent to about 25 percent can alone double the 

plasma pressure.

The asymmetry of the ring current field, seen in the ASY index 

(Figure 2.4.1), during the main phase was great, indicating deep in

jections of ring current particles during substorm activity. But 

after the IMF turned north and substorm activity appeared to sub

side, the recovery rate of the main phase was very rapid for about 

an hour, whereupon a much slower decay rate became evident.

Additional southward turnings of the IMF were associated with 

smaller substorms. Consequently, the ring current asymmetry did not 

develop as much as before. As soon as the IMF turned north again, 

the substorm activity (displayed in AE, Figure 2.4.1) ceased, the 

asymmetry decreased, and the recovery phase continued,

d. Southward flux brought to the front of the magnetosphere.

In Figure 2.4.4 the plot of £Bgt, using the 82-second IMF data, 

shows gross agreement with the plot of the AE index. However, when 

storm-time variations of both quantities are closely examined, it 

can be seen that the correlation is quantitatively rather poor. For

64
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22 24 02  04  06  08  10 12 14 16 18 20 22 24 02  04
15 FEB 1967 16 FEB 1967 UT 17 FEB 1967

Figure 2.A.4 Comparison of interplanetary magnetic field magnitude, 

|B|, and north-south component, with ASY, Dst, AE, vxBz and £B 8T.
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instance, comparing the AE index and 2Bgt for two substorms which 

occurred between 08 and 10 UT and between 11 and 14 UT on February 

16, it is obvious that while the second storm was more intense than 

the first, the quantity IBgt for the first substorm was almost twice 

as large as that for the second. This period was also studied by 

Arnoldy (1971). However, since he used hourly values for the two 

quantities, much detail is lost in his analysis.

e. Solar-wind electric field.

In Figure 2.4.4, the two-hourly average values of the dawn-to-

dusk (westward) component of the solar-wind electric field are also

plotted along EBgt. As expected, the westward electric field (Ê . <0)

correlates as well as IB t with AE, since a southward IMF is associ- 
s

ated with a westward electric field as seen by a stationary obser

ver, namely, the magnetosphere.

f. Asymmetric ring current.

The asymmetry of the ring current field has been attributed to 

the presence of a large cloud of protons which is injected in the 

midnight sector during the expansive phase of a substorm. In Figure

2.4.1 we see that the ASY plot shows several large asymmetries in 

the low-latitude H-component field. Except for the two positive 

spikes, associated with the impact of solar flare plasma, these 

large increases in the asymmetry of the ring current are coincident

I
I.
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with the onset of AE enhancements (substorms) displaying the effect 

of injection which occurred during the substorms. Here notice that 

the onset of substorms and increases in the ASY plot are associated 

with large southward turnings of the IMF. Conversely, when the 

field suddenly turned north at about 14 UT on February 16, the ASY 

index decreased rapidly.

2.4.2 Comparison of Energy Dissipation Rates

The analysis of the geomagnetic storm presented above enables 

us now to estimate the geomagnetic storm indices, AE and Dst, and 

thus the rates of energy dissipation, U^(t), Up (t), and U^t).

Figure 2.4.5 shows from the top the AE index, U ^ t ) , the ASY index 

and the Dst index; both the AE and ASY indices are duplicated here 

to examine relationships between these indices, U^(t) and the Dst 

index. There is a gross correlation among the AE, ASY indices and 

U^(t), but the correlation is quantitatively rather poor. The large 

positive excursions in the energy injection rate are closely related 

to the growth and asymmetry of the ring current field. In the 

period during which the largest injection occurred (0940-10 UT), it 

is likely that the actual injection rate is less than the indicated 

value of 1.7 x 1 0 ^  ergs/s because of the influence of the preceding 

positive spike. This indicated rate is almost 100 times larger than 

the average injection rate estimated by Davis (1969) and is about 

what he got for largest rate.

1
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15 FEB 1967 16 FEB 1967 UT HOURS 17 FE8 1967

Figure 2.4.5 Comparison of the Dst, ASY and AE indices and the 

ring current energy injection rate for February 15, 1967.
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During the recovery phase, the indicated injection appeared to 

be below the noise level on the plot. On the other hand, it is 

immediately obvious that there is a close correspondence between the 

negative values of injection and the large positive enhancements in 

the surface field. Large "negative injections" are seen to occur 

with the ssc and those positive spikes identified by Hirshberg et 

al. (1970) as being associated with a sharp increase in the He/H ion 

ratio, and thus to a sudden compression of the magnetosphere. Thus, 

as Davis (1969) noted, some negative injections are not due to a 

loss process.

In Figure 2.4.6, U_. (t) (joule heating) and U^t) (ring current 

injection) are plotted using medium density and dashed lines respec

tively. The kinetic energy deposition rate by auroral particles, 

except during large events, is less than the energy dissipation by 

joule heating and is omitted here. The variations of the IMF mag

netic energy, e(t), brought up to the magnetosphere are shown by a 

heavy line, when computed using the function, and by a fine line 

when computed using the southward component of the IMF. It is 

immediately obvious that the magnetic energy, e(t), when expressed

in terms of B , is poorly correlated with either U.(t) or U.(t).
z 1 j

In particular, there is no correlation of c(t) with U_. (t), which is 

much more continuous than lk(t). The correlation is considerably 

improved when e(t) is computed using B^. Therefore the estimates of 

e(t) hereafter will be performed using B^.
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The correlation of the energy lost through joule heating and 

2
the summation of vB x is notable. Indeed there is a remarkable 

m

peak-to-peak correspondence between the plots of these two para

meters. The variation of energy injected into the ring current, 

although not as close, is also generally correlated.

Figure 2.4.7 displays the magnetic energy e(t) expressed in 

terms of and the total energy dissipated in the magnetosphere

U = U. + U.. i  3

2.4.3 Comparison of the Total Magnetic Energy, e, and the Total 
Energy Dissipation; Ui, Ih, and U^.

The total energy expended within the magnetosphere by joule

heating, particle precipitation, and injection of particles into the

ring current during this storm period (28 hours long) was 2.35 x

22 22 23
10 , 1.57 x 10 and 1.51 x 10 ergs respectively. All together

the total energy dissipated in the magnetosphere during this storm 

23
was 1.90 x 10 ergs. It is interesting to note that if the in- 

2
tegral of vBm over time represents energy which could be considered

to have been added to the magnetosphere, there was almost sufficient

23
energy supplied to produce this storm (1.66 x 10 ergs). In fact, 

the energy balance was achieved to within 13%. On the other hand, 

when the southward component B was integrated in the same fashion, 

the energy supplied by this quantity was 42% less than that dissi

pated within the magnetosphere.
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16 FEB 1967

i j l

Figure 2.4.7 Comparison of the sum of the magnetospheric energy 
dissipation rates with the IMF energy transfer rate in terms of B .
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For a more detailed examination, the storm was divided into the 

following time intervals: initial phase (2200-0830 UT on February

16), first substorm and main phase decrease (0830-1000 UT), rest of 

the main phase decrease (10-14 UT), beginning of recovery phase (14

17 UT), small substorm (17-21 UT), and the rest of the recovery 

phase (21-24 UT).

Table 2.4.2 depicts the energy terms for these periods. During 

the initial phase and the main phase (developing period), the energy 

brought to the magnetosphere is greater than that dissipated.

During the recovery phase the dissipated term is largest. The 

energy brought to the magnetosphere is larger than the dissipated 

terms during the onset of the substorm at 18 UT on 16 February. 

However, after the maximum epoch the dissipation terms dominate.

2.5 THE MAGNETOSPHERIC STORM ENERGY AND THE IMF ENERGY

In the first part of this section, the quantities U^(t), Uj(t), 

U(t) and e(t) and their integrated quantities U^, U^, U and e are 

examined for fourteen other storms along the lines of analysis 

presented in the previous section. In the second part, the relation

ships between U and e are examined for all the storms studied in 

this thesis. Details of the analysis of individual storms are given 

in section 2.6.
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Time 
(UT hrs)

ENERGY BALANCE - STORM 2-15-67

Field energy Joule heating Ring current 
injection

Energy
imbalance
e -(U j +Ui )

Percent
imbalance

22-08.5 4.16 X
22io z/ 3.21 X io21 2 2

2.49 x  10 1.35 X io22 48.0%

08.5-10 4.14 X
22

10z 2.59 X io 21 2 2
3.65 x 10 2.30 X io21 5.88%

10-14 6.29 X io22 9.32 X 1021
2 2

5.72 x 1 0 ^ -3.60 X io21 -5.41%

14-17 2.17 X io 21 2.33 X io 21 8.50 x  1021 -8.63 X io21 -79.9%

17-21 1.80 X io 22 4.41 X io 21 1.52 x 1022 -1.60 X io 21 -8.16%

21-24 3.92 X io 20 1.62 X io21 0.868 x 1022 -9.91 X io 21 -96.2%

TOTAL 1.66 X io 23 2.35 X io22 23
1.51 x 10 -8.5 3c io21 -4.87%

J

U

Energy expressed in ergs per interval. 

Table 2.4.2
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; 2.5.1 Selected Examples of Geomagnetic Storms.

In this section the dissipated and IMF energy terms are com

pared for each of the remaining storms. Accompanying each storm 

!■ discussion is a figure which displays variations in the energy

I 2
i expended within the magnetosphere and variations in vB^ and a table

which gives the integrated values of these terms during various 

■ storm periods.

. a. February 7-9, 1967.

= Preceding this storm, from 12 to 15 UT, the IMF was directed

; northward (6 ^ 45°, |b | 10y). The quantity, e(t), yields a

i quiet-time value of 1.7 x lO1  ̂erg/s (Table 2.5.1). In spite of the

: long period of northward IMF, the ring current injection energy and

i the energy dissipated by the joule heating, integrated over this in

i terval, exceeded the magnetic energy contribution by 49.0%. If we

; assume that this magnetic energy was responsible for the storm and

s that the solar-wind kinetic energy must make up the difference in

; order to achieve an energy balance, it is easy to show that the

solar-wind velocity in a thin cylindrical shell of 0.02 Rg thickness 

i must be slowed from 400 km/s to 373 km/s, to supply the additional

energy.

During the growth of the main phase, the energy imbalance was 

: positive with about a 17% surplus. However during the recovery

: phase, especially late during the recovery phase the energy im-

« balance was large with almost 92% more energy being expended in

I
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ENERGY BALANCE - STORM 2-7-67

Time Field energy Field energy Joule heating Ring current Energy
(UT hrs) from B from B U. injection balance

e(t)S c(t)m J U,

4.37 x 10"'

Energy expressed in ergs per interval. 

Table 2.5.1

Percent
imbalance

12-15 192.81 x 10x* 1.07 X 1021 3.29 X io20 1.77 X io21 21-1.03 x 10 -49.0%

15-18.2 221.59 x 10 2.74 X io22 6.06 X io21 1.75 X io22 +3.94 x 1021 16.7%

18.2-19.8 2.53 x 1021 1.24 X io22 2.65 X io21 9.37 X io21 +3.8 x 1020 3.2%

19.8-22 1.43 x 1022 2.36 X io22 5.09 X io21 3.13 X io22 -1.28 x 1022 -35.2%

22-30.6 2 19.53 x 10xx 2.58 X 1022 1 . 1 0 X io22 3.02 X io22 22-1.54 x 10 -37.4%

30.6-37.6 1 . 8  x 1 0 2 2 3.46 X 1022 1.03 X io22 2.97 X io22 -5.50 x 1021 -13.5%

37.6-60 2.71 x 1020 4.82 X 1 0 2 1 8.26 X 1021 5.79 X IO22 22-6.14 x 10xx -92.7%

25  22
1.78 x 1 0 ^  -9.17 x 1 0 ^6.06 x 10 1.30 x 10 -41.4%
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Figure 2.5.1 Comparison of Che energy dissipation rate due to 
joule heating by the auroral electrojet plus injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of the function B for February 8, 1967.
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joule heating and ring current injection. On the other hand the 

overall energy imbalance during this storm amounted to only ^ 41%. 

For the entire storm, the estimate of the particle kinetic energy 

contribution is two orders of magnitude less than the energy dissi

pated in the joule heating plus the energy injected into the ring 

current. The variations of e(t) and U(t) (the sum of the energy 

dissipated by joule heating, Ik , and the energy injected into the 

ring current, t^) is compared in Figure 2.5.1. The correlation 

between these quantities is generally close except during the late 

recovery phase,

b. July 26-27, 1969.

The total energy dissipated during this storm, U = 1.47 x

23
10 ergs, was almost equal to the total IMF energy intercepted by 

23
the magnetosphere, e = 2.00 x 10 ergs, and this estimate may be 

high due to encounters of the satellite with the bow-shock. In 

addition to the general agreement between magnetospheric and inter

planetary quantities there is a gross correlation between the time 

variations of the IMF term and the energy dissipated in joule 

heating by the auroral electrojet (Figure 2.5.2).

For discussion purposes, the storm period was broken down into 

a prestorm period (08-12 UT), initial phase with substorm (12-16 

UT), extended initial phase (16-20 UT), main phase decrease (20.5

04 UT), recovery phase (04-16 UT), and isolated substorm (16-24 UT), 

(Table 2.5.2).
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Figure 2.5.2 Comparison of the energy dissipation rate due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt and the IMF energy transfer 
rates in terms of B and the function B for July 26-27, 1969.
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Time 
(UT hrs)

ENERGY BALANCE - STORM 7-26-69

Field energy 
from B

Joule heating Ring current 
injection

U,

Energy
dissipated

3.19 x 10"' 1.15 x 10

Energy expressed in ergs per interval. 

Table 2.5.2

Percent
imbalance

08-12 1.58 X i o 21 2.60 x 1020 0.182 x 1022 2.08 X i o 21 -24.0%

12-16 2.37 X i o 22 2.49 x 1021 2 21.46 x 10 1.71 X i o 23 +3.87%

16-20.5 3.10 X i o 21 2 09.10 x 10 U 0.426 x 1022 5.17 X i o 21 -40.0%

20.5-28 9.27 X i o 22 221.01 x 10 2 24.32 x 10 5.33 X i o 22 +73.9%

28-40 7.18 X i o 22 2 21.40 x 1 0 ^ 3.69 x 1022 5.09 X i o 22 +41.1%

40-48 7.25 X i o 21 4.13 x 1021 1.41 x 1022 1.82 X i o 22 -60.2%

U



i The dissipation terms were less than the magnetic energy term

s during the initial phase and during the main phase decrease while

f during the recovery the energy dissipation term was larger. The IMF

i energy estimates obtained during the main phase decrease and the

| recovery phase should be treated with caution because of contri-
[

butions due to bow-shock enhanced IMF values.

c. February 2-4, 1969.

I Throughout this whole storm period, the energy imbalance (Table

j 2.5.3) was negative; the magnetosphere dissipated twice as much

f energy as calculated to be brought to the magnetosphere by the

IMF. The IMF was directed northward for almost 20 hours before the 

onset of the storm. Therefore, it does not seem likely that the 

magnetosphere had stored much free energy before the storm. Since 

the satellite was possibly in the magnetosheath, the measured fields 

may not be representative of the IMF at the front of the magneto

sphere and thus the IMF energy plot (Figure 2.5.3) may not represent 

the energy brought to the front of the magnetosphere. If the dissi

pated energy had come from the solar-wind kinetic energy, the

23
transfer over the 64 hour storm period 10 ergs from the solar wind 

would have resulted in a slowing of the solar wind near the magneto

sphere from about 500 km/s to 446 km/s.

d. January 13-14, 1967.

During the prestorm period, the energy dissipation rate is 

greater than the magnitude of the IMF energy term (Figure 2.5.4).
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ENERGY BALANCE -  STORM 2 -2 -6 9

Time Field energy Joule heating Ring current Energy Percent
(UT hrs) from Bm Uj injection imbalance imbalance

15.7-23 7.09 X 1022 1.35 X 1022 9.39 X 1022 -3.61 x 1022 -33.7%

23-06 1.37 X 1022 1.16 X 1022 2.41 X io22 -2.20 x 1022 -61.6%

06-12 7.14 X 1021 8.21 X 1021 1.72 X io22 -1.83 x
22

ioz/ -71.9%

12-16 5.59 X io21 6.47 X io21 2.49 X 1022 -2.58 x io22 -82.2%

16-01 8.55 X 1021 1.16 X io22 3.24 X 1022 -3.54 x io22 -80.6%

TOTAL 1.03 X 1023 5.14 X 1022 1.92 X io23 -1.40 x io23 • -57.7%

Energy expressed in ergs per interval. 

Table 2.5.3



Figure 2.5.3 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and Injection of energetic 
particles into the ring current belt and the IMF energy transfer 
rates in terms of B and the function B for February 2-4, 1969.



I

Figure 2.5.4 Comparison of energy dissipation rates due to joule 
h eating by the auroral electrojet and injection of energetic 
particles into the ring current belt wit h  the IMF energy transfer 
rates in terms of B and the function B for January 13-14, 1967.



Assuming that this energy was transferred into the magnetosphere 

during the unusually large initial phase (12-19.5 UT on January 13), 

an energy imbalance of 53% occurred (Table 2.5.4). However during 

the main phase decrease, from 1930 to 2400 UT, the large southward 

field increased the IMF energy term to 279% of the energy dissi

pated. Because of all the missing data, the period 24-04 UT was not 

considered.

The dissipation term during the early recovery phase, 04-09 UT 

on 14 January, was almost as large as the IMF energy term in spite 

of the strong southward component leading to a 12% deficit. Again, 

during the late recovery the dissipation rates exceeded the assumed 

input rate.

e. April 27-28, 1969.

The total energy expended during this geomagnetic storm was

23 23
approximately 1.4 x 10 ergs; 1.2 x 10 ergs was added to the

kinetic energy of ring current particles, while the rest was lost as

joule heat and by other processes (Table 2.5.5). For comparison, the

23
magnetic energy term for this period was 1.1 x 10 ergs, 24% less 

than the sum of the dissipation terms. It is remarkable that the 

difference between these two sums is so small. Most of the energy 

of the storm was dissipated during the second half of the main phase 

decrease, 08-16 UT on April 20. In Figure 2.5.5 the variations of 

the dissipation terms are compared with the IMF term. If it is

1
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Time 
(UT hrs)

ENERGY BALANCE - STORM 1-13-67

Field energy 
from B

Joule heating

u j

Ring current 
injection

Energy 
imbalance 

e -(U, + U.)

Percent
imbalance

8-12 9.40 X 1021 2.19 X 1021 9.04 X 1021 -1.80 X io21 -16.1%

12-19.5 5.60 X 1022 5.42 X 1021 3.11 X 1022 1.95 X io22 53.4%

19.5-24 1.55 X 1023 4.92 X io21 3.60 X 1022 1.14 X io23 279%

24-28 8.25 X io22 8.30 X io21 4.16 X io22 3.26 X io22 65.3%

28-33 4.40 X io22 8.18 X io21 2.19 X io22 1.39 X io22 46.2%

33-48 2.32 X 1021 7.45 X io21 2.91 X io22 -3.43 X io22 -93.7%

TOTAL 3.49 X 1023 3.65 X 1022 1.69 X 1023 1.43 X 1023 69.4%

Energy expressed in ergs per interval. 

Table 2.5.4

oo
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Time 
(UT hrs)

18-02.9

02.9-08

08-16

16-24

TOTAL

ENERGY BALANCE - STORM 4-27-69

Field energy 
from B

Joule heating Ring current 
injection

Energy
imbalance

Energy expressed in ergs per interval. 

Table 2.5.5

T

Percent
imbalance

3.,03 X 1021 2.,10 X io21 1 .,24 X io22 -1,.15 X io22 -79 .1%

4.,06 X 1022 5.,31 X 1021 3..83 X 1022 -3,.00 X io21 -6.138%

6.,25 X 1022 9,.25 X io21 4,,69 X 1022 6,.30 X io21 11 .2%

7.,64 X 1020 1,.82 X io21 2 .,42 X 1022 -2,.52 X io22 -97 .1%

e - 0 ^  + Uj)
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Figure 2.5.5 Comparison of the energy dissipation rates due to 
Joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for April 27-28, 1969.



assumed that the energy indicated by the IMF is responsible for the 

dissipated during the storm, the energy imbalance is negative, the

dissipated energy is larger than the IMF energy, during the initial

and recovery phases of this storm.

f. March 7-9, 1970.

The dissipation during this storm was estimated to be approxi- 

23
mately 3.6 x 10 ergs, the largest amount in this study. The

amount of energy brought to the front of the magnetosphere during

23
the storm period is estimated to be 2.7 x 10 ergs. Assuming that 

the energy carried by the southward component of the IMF is related 

to the energy dissipated during a storm these values represent an 

imbalance of about 25%. Although this was the largest storm studied 

here, this imbalance is not the worst case presented. The intensity 

of the storm or the magnitude of the dissipation does not seem to be

related to relationships between the dissipation terms and the IMF

magnetic energy contribution (Figure 2.5.6). In this storm, the 

IMF term was greater than the dissipation only during the prestorm 

intervals, 07 to 14 UT on March 8. The dissipation was greatest 

during the recovery phase (Table 2.5.6).

g. March 23-24, 1969.

This storm is unusual in that the estimate of the energy dissi

pated in the magnetosphere was less than the energy estimated from 

the magnetic energy term. Except for during the initial phase of 

the storm, the magnetic energy term was greater than the dissipated

£
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Figure 2.5.6 Comparison of the energy dissipation fates due to 

joul e heating by the auroral electrojet and injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for March 7-9, 1970.
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Time 
(UT hrs)

ENERGY BALANCE - STORM 3-7-70

Field energy Joule heating 
from B U .

Ring current 
injection

Energy
imbalance

Energy expressed in ergs per interval. 

Table 2.5.6

Percent
imbalance

13.0-22 2.59 X 1022 1.39 X io22 1.93 X io22 -7.30 X IO21 -21.,98%

22-31 4.52 X

CMCMo

1.44 X io22 4.02 X 1022 -9.40 X 1021 17..2%

31-38 2.90 X 1022 1.33 X 1022 9.13 X 1021 6.60 X IO21 29..5%

38-41 1.98 X io22 1.30 X io22 3.61 X io22 -2.93 X io22 -59..7%

41-48 1.15 X 1023 1.36 X io22 1.25 X 1023 -2.40 X
22

10zz -17..3%

48-54 1.30 X io22 9.64 X io21 1.59 X io22 -1.25 X
22ioz -49..1%

54-70 2.18 X io22 1.45 X io22 2.52 X io22 -1.79 X
22iozz -45..1%

TOTAL 2.70 X 1023 9.23 X io22 2.71 X io23 -9.33 X
22iozz -25,.7%

cui + V



7 ~

!

f 92

['

i terms throughout the storm (Table 2.5.7). In fact, during the
j'

| intensification of the ring current (06-13 UT) the magnetic energy

■ term was almost twice the dissipated term. Note also that (Figure

2.5.7) the variations of the energy injected into the ring current 

were grossly correlated with the variations in the energy brought 

to the magnetosphere by the IMF.

h. September 27-29, 1969.

The energy dissipated during the two storms occurring in this 

23 23
interval was 10 and 3 x 10 ergs respectively, while the magnetic

23 23
energy term amounted to only 0.86 x 10 and 2.3 x 10 ergs, respec

tively. Assuming that the IMF energy transported to the front of 

the magnetosphere is responsible for the storm, these values indi

cate that a 14.4% and 28.4% deficit was incurred during these storms 

(Figure 2.5.8, Table 2.5.8).

i. October 29-30, 1968.

In Table 2.5.9 and Figure 2.5.9 the energy dissipated during the 

storm is compared with the IMF energy. It is seen that the dissi

pation terms are largest during the expansive phase and that over 

the course of the storm the net deficit amounted to only about 15%. 

j. October 31 - November 1, 1968.

It can be seen in Figure 2.5.10 that the energy dissipated as 

joule heating by the auroral electrojet generally correlates with 

the variations of the IMF magnetic energy term. The energy
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ENERGY BALANCE - STORM 3-23-69

Time Field energy Field energy Joule heating Ring current Energy balance Percent
(UT hrs) from B from B injection using Exp 33 imbalance

(Exp 3?) (Exp 3?)

1 4 .5 -1 8 .4 5.15 X io 21 6.72 X io 21 2.12 X io 21 7.75 X io 21 -3 .1 5 X io 21 -31.9%

1 8 .4 -2 0 .7 7.87 X 1022 2.87 X 1022 2.85 X 1021 2.46 X 1022 1.20 X 1021 4.36%

2 0 .7 -2 .3 1.07 X 1023 1.04 X io 23 8.02 X io21 8.08 X io22 1.52 X io22 17.1%

2 .3 -6 .0 3.11 X io 22 2.86 X 1022 4.19 X io 21 1.25 X io22 1.19 X io 22 71.3%

6 .0 -1 3 .5 7.04 X 1022 1.50 X 1023 9.31 X io 21 3.56 X io 22 1.05 X 1023 234.%*

* 56.7% using Exp 35.

Energy expressed in ergs per interval. 

Table 2.5.7

23 23
1.61 x 10^J 1.30 x 10 J2.43 x 10 3.18 x 10 2.65 x 10

92a



Figure 2.5.7 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for March 23-24, 1969.



Figure 2.5.8 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for September 27-28, 1969.
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ENERGY BALANCE - STORM 9-27-69

Time 
(UT hrs)

Field energy 
from B 

e

Joule heating Ring current 
injection 

U i

Energy 
imbalance 

e - 0 ^  +  Uj)

Percent
imbalance

13-24 ' 1.01 x l O 22 2.65 x 1021 6.43 x 1021 1.02 x 1021 11.2%

24-33 2.38 x 1022 3.07 x IO21 1.57 x  IO22
21

5.00 x 10 26.6%

33-39.5 3.83 x 1022 7.14 x 1021 3.74 x IO22 -6.20 x 1021 -13.9%

39.5-43 1.36 x  1022 6.60 x  1021 2.13 x 1022 -1.43 x 1022 -51.2%

Subtotal 8.56 x  1022 1.95 x  1022 8.04 x 1022 -1.45 x 1022 -14.4%

52-60.5 1.72 x 1022
21 '

9.11 x  10 3.10 x 1022 -2.29 x 1022 -57.1%

60.5-66 2.91 x 1022 8.75 x 1021 1.63 x 1022 4.00 x IO21 . 15.9%

66-69.5 5.43 x 1021 2.95 x 1021 3.60 x IO22 -3.36 x 1022 -86.1%

69.5-88 8.71 x 1022 2.72 x 1022 6.15 x 1022 -1.60 x 1021 .-1.80%

Subtotal 1.38 x 1023 4.80 x  1022 1.45 x 1023 -5.48 x 1022 -23.4%

TOTAL 2.25 x 1023
22

6.75 x 10 * 2.25 x  1023 -6.75 x 1022 -23.1%

Energy expressed in ergs per interval. 

Table 2.5.8
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Percent 
imbalance

6-16 5.28 x  102i£* 3.79 x 1021 2.93 x 1022 1.97, x l O 22 5 9 . 5 ’/.
1 6 - 2 2  2.42 x 1022* 8.11 x 1021 5.50 x 1022 -3.89 x 1022 -61.6%

22-06 1.S4 x 1022* 1.87 x 1021 1.37 x 1022 2.80 x 1021 17.9%

Subtotal 9.54 x 1022 1.377 x 1022 9.8 x 1022 -1.63 x 1022 -14.6%

08-10 

10-14 

14-22 

22-32

Subtotal 1.816 x 1023 3.S55 x 1022 1.885 x 1023 -4.54 x 1023 -20.0%

??4- 92 ?3 ??
32-48 9.10 x 10 4.08 x 10 1.42 x 10 -9.18 x 10 -50.2%

994. 99 99 99
48-60 2.90 x K T  3.53 x 10 S.42 x 1 0 ^  -9.05 x 10 -75.7%

Subtotal 1.20 x 1023 7.61 x 1022 2.26 x 10 23 -1.82 x 1022 -60.2%

TOTAL 3.97 x 1023 1.284 x 1023 5.127 x 1023 -2.44 x 1023 -38.1%

* Explorer 35 
+  Explorer 33

Energy expressed in ergs per interval.

2.36 x 10^- 

8.79 x 102' 

1.93 x 102: 

8.10 x lO2'

6.24 x 10 

3.44 x 102< 

1.16 x 102' 

3.19 x 102:

-4.16 x 10 ' 

1.53 x 10? 

-3.0 

-2.66 x 10:

,22

-43.4% 

35.5% 

- 2 2 .2 7 .  
-66.5%

ENERGY BALANCE - STORM 10-29-68

Tine Field energy Joule heating Ping current
(UT hrs) due to B • injection

Table 2.5.9



Figure 2.5.9 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt vith the IMF energy transfer 
rates in terms of Bg and the function B for October 29-30, 1968.
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Figure 2.5.10 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for October 31-November 
1, 1968. 2 m
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dissipated during this storm greatly exceeded the IMF energy term. 

If it is assumed that the energy calculated by the energy tern is 

related to the energy dissipated during the storm, it is seen in 

Table 2.5.9 that over the storm period there was a net energy 

deficit of 20%. 

k. November 1-2, 1968.

A gross correlation is again seen in Figure 2.5.11 but in 

this case the energy expended in ring current injection is larger 

than the IMF energy term. During this storm a 60% net deficit of

energy was indicated. From October 29 to November 2, a total of

23 23
4 x 10 ergs was brought to the magnetosphere while 6.4 x 10

ergs dissipated a net imbalance of -38%.

1. November 16-18, 1968.

The storm period, November 16-19, 1968, was marked by a long,

weak-to-moderate storm. The total energy dissipated for this four 

23
day period was 2.3 x 10 ergs, (Table 2.5.10). The IMF energy

23
brought to the magnetosphere during this period was 2.8 x 10 

ergs. Thus, if this term corresponds to the energy transferred 

into the magnetosphere during this period, the magnetosphere would 

have received an over-supply of 20%. See Figure 2.5.12 and Table 

2.5.13.

m. November 20-21, 1968.

During the storm which occurred on November 20-21 the total 

22
dissipated energy amounted to 9.2 x 10 ergs while the magnetic
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Figure 2.5.11 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt wit h the IMF energy transfer 
rates in terms of B̂ and the function B for November 1-2, 1968.
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ENERGY BALANCE - STORM 11-16-68

Tice 
(UT hrs)

Field energy 
froc B 
(Exp 35) .

Field energy 
from B 
(Exp 3?)

Joule heating Ring current 
injection

Energy
dissipa ted

Percent
imbalance*

00-09 9.02 x IO21 9.62 x 1021 1.21 x 1021 4.01 x IO21 5.22 x 021 72.8%

09-12 2.76 x 1021 1.32 x 1022 5.10 x 1020 1.64 x IO21 2.15 x o21 28.4%

12-20 7.17 x 1022 7.66 x 1022 5.24 x  1021 2.80 x 1022 3.32 x o22 116%

20-36 4.20 x 1022 1.46 x 1023 6.04 x 1021 3.52 x 1022 4.12 x o22 1.94%

36-48 8.42 x 1022 1.44 x 1023 1.31 x 1022 3.90 x 1G22 5.21 x o22 61.6%

48-56 3.20 x 1022 9.39 x IO21 2.2S x IO22 3.22 x o22 -62.1%

56-64

64-80

1.23 x 1022 

1.58 x 1022

4.5S x IO21 

9.24 x IO21

5.69 x 1021 

2.64 x 1022

1.03 x 

1.19 x

o22

o22

19.4%

32.8%

80-90 6.02 x 1021 7.72 x IO21 7.13 x 1021 1.49 x o22 -59.6%

90-96 9.63 x 1020 8.30 x 1020 3.17 x IO21 4.00 x o21- -75.9%

Subtotal 2.77 x 1023 5.79 x 1022 1.731 x IO23 2.31 x o23 19.9%

96-105 1.43 x  1022 1.47 x  1022 1.68 x 1021 5.05 x IO21 6.73 x o21 53.6%

105-110- 3.64 x 1022 6.85 x 1022 4.15 x IO"1 1.67 x IO22 2.09 x o22 63.2 %

110-120 3.04 x 1022 1.39 x 1023 3.59 x IO21 2.36 x IO22 3.22 x o22 16.0%

120-129 4.25 x 1021 1.45 x 1021 6.88 x IO21 8.33 x o21 -49.6%

129-136 9.56 x 1021 1.59 x IO21 7.53 x 1021 9.12 x o21 59.2%

136-144 1.15 x 1022 4.72 x IO21 1.03 x IO22 1.50 x o22 -23.3%

Subtotal 1.C65 x 1023 2.22 x 1C'2 . 7.01 x IO22 9.23 x c22 +15.4%

TOTAL 3.91 x 1023 8.02 x 1022 2.44 x 1023 3.24 x o23 +21.1%

* using Explorer 35 data
Energy expressed in ergs per interval. 

Table 2.5.10
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Figure 2.5.12 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particle's into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for November 16-17, 1968.
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energy term summed to 1.065 x 10 ergs—a 15% surplus (Figure 

2.5.14). During this storm the variations of the magnetic energy 

term is seen to envelop the ring current injection plot, while the 

joule heating curve seems to have a weaker correlation with B^.

An inspection of the figures in this section reveals a general 

correlation between variations of e(t) and U(t) and leads to the 

conclusion that the energy transfer from the solar wind to the 

dissipation process proceeds without significant time delay. It is 

possible that during magnetospheric storms the magnetosphere does 

not store large quantities of energy before dissipation occurs. 

However there are some periods, especially following quiescent 

intervals just prior to an expansive phase when some time delay is 

apparent, indicating some degree of energy storage.

Further inspection of these figures reveals that during the 

recovery phase the energy injected into the ring current is gen

erally larger than the IMF energy. In addition to the interpre

tation that the magnetosphere is simply dissipating an over-supply 

of energy, one may also suspect that the decay constant, used for 

the calculation, is in error during these times. Indeed, it does 

appear from an inspection of the Dst plots of these storms that the 

effective recovery rate of storms does change with storm time and 

that the decay constant increases with storm time. The decay con

stant also may be greater for smaller values of Dst. Then it may

23
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Figure 2.5.14 Comparison of the energy dissipation rates due to 
joule heating by the auroral electrojet and injection of energetic 
particles into the ring current belt with the IMF energy transfer 
rates in terms of B and the function B for November 20-21, 1968.
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be that if during these periods a large decay constant were sub

stituted for the value of 8 hours, the plot representing the energy 

injected into the ring current would more closely follow the IMF 

energy term variations.

2.5.2 Discussion of the Results

For each of 15 geomagnetic storms the total energy, U, dissi

pated within the magnetosphere—namely, the sum of the joule 

heating by the auroral electrojet, precipitation of energetic 

particles into the polar ionosphere and injection of energetic 

particles into the ring current—has been compared to the energy 

associated with the IMF, e, which is brought to the front of the 

magnetosphere during each storm period. In the previous subsection, 

both of these quantities were shown to compare reasonably well.

The integrated quantities, over the entire storm period, for the 15 

geomagnetic storms are plotted in Figure 2.5.15. It can be seen that 

in spite of large scatter, the dissipation energy tends to increase 

when the IMF energy increases. It is common to make a least- 

squares fit to data such as these, however, this may not be valid 

because there are undetermined errors associated with both e and 

U. The use of least squares is justifiable if the variance of the 

independent variable is less than ten percent of the dependent 

variable.

If one line is drawn through the uppermost points and another 

through the lowermost points, the slopes of these two lines are
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1.70 and 0.40, respectively. The average of these slopes is 1.04.

The Increasing spread of the data points indicates that there is

possibly a constant fractional error associated with the measure

ments.

The ratio of the total magnetic energy, e, over U, the total 

dissipated energies, obtained for each storm (Table 2.5.1) ranged 

from 1.70, for a very unusual storm occurring on January 13, 1967 

I (d), to 0.40, for the storm on November 1, 1968 (k), which oc-

. curred less than twelve hours after a previous large geomagnetic

storm (Table 2.5.11). If all the IMF energy brought to the 

magnetosphere for all the storms is compared to all the energy 

, dissipated over all the storms, a ratio of 0.88 is obtained. This

indicates that the energy dissipated by geomagnetic storms on the 

average is about 18% greater than the IMF magnetic energy brought

[ up to the magnetosphere.

| The results may be interpreted in at least two ways.

(i) The interplanetary magnetic energy is the main source 

of the magnetospheric storm energy.

(ii) The interplanetary magnetic field controls the rate of

conversion of solar-wind kinetic energy in such a way

2
that the rate is proportional to B .

It is possible that while the dissipated energy is propor- 

2
tional to , this term may actually represent the energy transfer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1
[

I'

e (ergs)

Storm Period x 1023

1/13/67 3.49

2/07/67 1.30

2/15/67 1.66

2/02/69 1.03

3/23/69 2.43

4/27/69 1.07

7/26/69 2.00

9/27/69 2.25

3/07/70 2.70

11/16/68 2.05

11/18/68 0.671

11/20/68 0.811

10/29/68 0.954

10/31/68 1.816

11/01/68 1.20

Sum 25.43

i

min Dst

xlO23 Ratio ^  (-y)

2.06 1.70 176

2.22 0.59 121

1.75 0.95 120

2.43 0.42 175

1.88 1.29 223

1.41 0.76 91

1.47 1.36 83

2.93 0.77 35

3.63 0.75 268

1.34 1.53 61

0.971 0.69 84

0.598 1.16 47

1.12 0.86 65

2.27 0.80 206

3.02 0.40 231

29.10 14.03

Ratio of Average = 0.87 Average Ratio =0.94

Table 2.5.11

Total Energy during each Storm Period 

U (ergs)
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rate from the solar wind to the magnetosphere, rather than the 

actual energy dissipated during magnetospheric storms.

The quantity, Bm , used in this thesis can be related to the 

electric field, E, along the reconnection line of two merging mag

netic fields. Near the end of this research, an important paper was 

published by Sonnerup (1974). He showed that the electric field 

along the reconnection line could be expressed as a function of the 

magnetic field exterior to the merging region and the angle between 

the two magnetic field vectors,

Here k is a quantity which is logarithmically dependent on the 

magnetic Reynolds number and is taken 'to be of the order of unity.

represents the Alfvdn velocity in the inflow region, which in 

the case of magnetospheric merging is just outside the magnetopause. 

Now, if Bq can be identified with the magnetic field just outside 

the magnetopause, and if this magnetic field can be represented by 

the IMF measured at a point away from the magnetosphere, and if kV^ 

can be considered constant, the expression for the electric field 

can be expressed in terms of Bm

The potential, $, across the magnetosphere can then be expressed by

where is the length of the reconnection line. Hence, the elec

tric field across the magnetotail can be expressed as

E - kV.B sin2(0/2). 
A 0 (2.33)

E = kV.B (2.34)

(2.35)
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E = E L /L, (2.36)
t m

where L Is the width of the magnetotail. If it is assumed that the 

energy dissipated in the magnetosphere is transferred from the 

kinetic energy of the solar wind, the energy dissipation rate,

2
which has been shown to be proportional to B , must be related to

the kinetic energy flux at the front of the magnetosphere. Since,

even during periods of relatively small changes of solar-wind

velocity, there can be large changes in the dissipation rate within 

2
the magnetosphere, may be related to the cross-sectional area 

into which the influx of kinetic energy of solar-wind particles 

occurs. Thus, the radius of this effective area, the so-called 

'merging line', is proportional to B^. Therefore, it may be re

written as

E = kV.B L /L « B 2 . (2.37)
t A m m m

Now, noting that the largest energy dissipation occurs in 

terms of the ring current particle injection, the energy injection 

rate is proportional to the injection velocity, v ^  of the ring 

current particles (E x B drift). The energy injection rate which 

should be equal to the number of particles injected into the trap

ping region per second is then proportional to

v± = Et x Bt/Bt2, (2.38)

where Bfc represents the magnetic field component perpendicular to

the neutral sheet. If it is assumed that Bfc does not change
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r significantly at the injection point (namely, at about the geo

; synchronous distance), the above equation may be reduced to

; v± - Et/Bt - Et « Bm2. (2.39)

[■: 2
i Thus, the injection rate is proportional to Bm .

i;
2.6 DETAILED DISCUSSION OF THE GEOMAGNETIC STORMS USED IN THIS STUDY

2.6.1 The storm of February 7-9, 1967.

a. Prestorm conditions.

This storm followed a sequence of solar flares which occurred 

on February 4 between 1641 and 1902 UT, in the McMath region lo

cated at N 11°, E 40°. This center of activity produced type II 

and type IV radio bursts which are indicative of a plasma cloud 

being ejected rapidly through the solar atmosphere.

Prior to this geomagnetic storm, Explorer 33 (X 'v 62 R^,

Y ^ 23 Re) sampled typical quiet-time values of the solar wind (390 

km/s) and the IMF (directed northward, in an "away" sector, with a 

magnitude of 10y). The kinetic pressure began to increase at 1315 

UT and increased sharply at 1348, 1455, and 1619 UT on February 7 

(not shown). These enhancements were observed on surface magneto- 

grams (Figure 2.6.1) about 16 minutes after the time of occurrence 

at the satellite. Curiously, they were most noticeable at the 

midnight sector stations, Kakioka and Tashkent, rather than in the 

noon sector where the compression effect should be felt more strongly.

! 112
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Figure 2.6.1 Comparlaon of Interplanetary magnetic field data with 
geomagnetic field records of February 7-9, 1967. Here |b | and B 
represent the IMF magnitude and north-south component respectiveJy 
and AE and ASY represent the combined high and low—latitude H-component 
records. ’ 113



A very large increase of kinetic pressure, at 1619 UT, was associ

ated with the ssc at 1636 UT.

During this pre-ssc interval, the solar-wind speed rose to 

approximately 600 km/s, while the IMF magnitude remained steady at 

about 10y. Although the IMF-Bz component became slightly negative 

for about 8 minutes, this prestorm interval was characterized by a 

strong northward IMF until 1501 UT. The geomagnetic records 

showed negligible ring current and auroral electrojet activity 

throughout this period,

b. Initial phase.

The IMF turned sharply southward at 1501 UT and remained 

southward until 1701 UT. The ecliptic component (not shown) dis

played a rotation from a dawn-to-dusk direction to about 320° 

(toward the sun). Note that the IMF magnitude experienced small 

reductions and recoveries during the southward turnings. About 96 

minutes after the large southward change, the IMF magnitude, jB|, 

suddenly doubled to 29y.

There were no coincident geomagnetic variations either at 

auroral or low latitudes with the large southward turning at 1501 

UT (Figure 2.6.1). However about 30 minutes later, some high- 

latitude stations (Appendix) recorded increases in the general 

level of activity, while the low-latitude H-component records 

(Appendix) indicated the beginning of the main phase.
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c. Main phase.

A large substorm at 1636 UT developed with the ssc; it was 

almost ten minutes earlier than the sudden enhancement of IMF 

magnitude. Note that the ssc appeared after a general decrease of 

the low-latitude H-component. The enhancement of the low-latitude 

H-component due to the ssc was greatest in the midnight sector. 

This situation is unusual if the positive variations are due only 

to the compression of the magnetosphere and an increase in the 

boundary current. However, since a large substorm also occurred 

at the time of the ssc, this unusually large increase at Kakioka 

is possibly due to a combination of the worldwide ssc enhancement 

and the positive bay in the night sector associated with the large 

substorm.

In this study, the ssc-associated variations were observed to 

be larger in the night sector a number of times. Kawasaki et_ al_. 

(1971) noted that substorms were associated with ssc's most often 

and were larger, when the IMF was directed south during the 

interval preceding the ssc. After the IMF rotated northward, the 

large ssc-associated substorm began to recover along with the low- 

latitude positive changes, but the main phase decrease continued.

After the IMF turned southward again (1801 UT), substorm 

activity grew at 1812 UT and 1946 UT, deepening the main phase 

decrease. In Figure 2.6.1, it can be seen that the growth of a
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substorm is associated with the development of asymmetry in the 

main phase field observed at low-latitude magnetic stations.

The main phase appeared to reach its maximum depression and 

to begin its recovery at about 2300 UT shortly after the rotation 

of the IMF vector to a more northerly orientation. The recovery 

phase continued after this epoch until about 0645 UT on February 

8. During this period, although the IMF was southward for three 

or four short periods and was accompanied by substorm activity, 

the recovery phase was definitely in progress. On the other hand, 

during these substorms, the asymmetry of the low-latitude field 

increased: M'Bour, in the dark sector, recorded a strong substorm-

asssociated positive bay, while San Juan and Honolulu, in the 

afternoon sector, observed negative bays, possibly due to an 

asymmetric ring current.

At 0639 UT the IMF turned southward and shortly thereafter 

0700 UT) the injection of energy into the ring current exceeded 

the loss rate. Low-latitude stations in the evening sector, 

Honolulu and Kakioka, recorded an intensified decrease in the H- 

component, although at San Juan, a post midnight station, the 

recovery rate was scarcely affected. During this period of south

ward IMF, a large asymmetry of the ring current field developed in 

spite of the fact that substorm activity was less than half as 

intense as during the early epoch of the developing phase. In
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addition, it can be seen that the ring current intensified in all 

sectors, except in the early morning sector, resulting in an 

enhanced negative H-component.

A large substorm accompanied by a substantial low-latitude 

positive bay developed at about 1000 UT and was followed by a 

similar but smaller set of events three hours later. At 1336 UT, 

during this last substorm, the IMF-Bz component turned sharply 

positive and remained at approximately 10y until about 1900 UT.

The injection rate is seen to be dependent on the IMF direction, 

once a storm is in progress: when the IMF turns south, substorms

grow and the injection occurs. Here again, with the cessation of 

substorms, the injection rate becomes less than the loss rate and 

the recovery phase commences anew.

At about 2000 UT, the low-latitude H-component decreased at 

all observatories. It does not appear that the asymmetry of the 

ring current field increased, but that an almost symmetrical 

increase in ring current energy occurred. There was no strong 

substorm activity until about 2130 UT when moderate activity 

developed. A low-latitude positive variation developed at the 

same time in all sectors, as well as at the location of the ATS-1 

satellite at geosynchronous altitude, and was most likely the 

result of a sudden compression of the magnetosphere due to a large 

change in solar wind kinetic pressure. This substorm appeared,
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perhaps only coincidently, with a few-gamma negative Bz component. 

Although a smaller substorm developed a few hours later, surface 

magnetometer data clearly indicate that the storm was in the last 

stage of the recovery phase.

d. Southward flux brought to the magnetosphere.

As on February 15, 1967, the EBgx plot (Figure 2.6.2) gener

ally follows the plot of AE variations. But as before, the use of 

data with high-time resolution shows that polar magnetic substorm 

activity, as represented by AE, is not very closely related to the 

rate at which the IMF southward flux is delivered to the magneto

sphere. In addition, it is apparent that the total amount of 

southward flux is not related to the intensity of the substorms.

e. Solar-wind electric field.

Since the solar-wind electric field is directed across the 

magnetosphere in the east-to-west direction, parallel to that 

across the polar cap, it is thought that variations in this field 

might regulate magnetospheric activity. It is seen in Figure

2.6.2 that there is a gross correlation between substorm activity, 

as represented by AE, and variations of the solar-wind electric 

field. In the first substorm, at about 1600 UT on February 7, 

when the electric field becomes westward and increases in magnitude, 

substorm activity begins and increases until the electric field 

suddenly rotates eastward. Then substorm activity decreases rapi

dly.
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Figure 2,6.2 Comparison of interplanetary magnetic field magnitude 
IB |, and north-south component, Bz with ASY, Dst, AE, vxB and EB t.
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However, the opposite case is presented during a substorm 

which occurred at 1409 UT on February 8. Here the solar-wind 

electric field was westward for more than 7 hours before the onset 

of the substorm and was also associated with substorm activity.

At 1340 UT it suddenly rotated eastward (in a sense opposite to the 

electric field across the polar cap). Shortly thereafter, at 1409 

UT, a substorm occurred. Thus the solar-wind electric field is 

seen to have no relation to the onset of the substorm.

f. Asymmetric ring current.

The main phase of this storm developed more slowly than that 

of the storm February 15, 1967; the asymmetry and Dst (minimum) 

was much smaller and the recovery rate of the main phase decrease 

was much smaller for the first few hours after the maximum epoch.

The plots in Figure 2.6.3 confirm that the energy injected into 

the ring current was smaller, being almost an order of magnitude 

less than the peak injection for the previous storm.

g. Energy injected into the ring current.

The variation of the ring current injection rate is plotted 

in Figure 2.6.3 with the variations in AE and ASY. It is apparent 

that the large positive injections correspond to the onsets of 

substorms and the growth of asymmetries in the ring current field 

observed at low latitudes. Notice that between 18 and 24 UT on 

February 7 the energy injection rate was the greatest; this period 

corresponded to the growth of the main phase.

119
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Figure 2.6.3 Comparison of the ASY and AE indices with the ring 
current energy injection rate for February 7-9, 1967.
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There are also periods when the energy injection rate becomes 

negative. In this plot each large increase in solar-wind kinetic 

pressure at 1619 UT on February 7, between 04 and 06 UT, between 

18 and 20 UT and at 2150 UT on February 8, was matched by a negative 

change in the injection plot.

2.6.2 The Storm of July 26-27, 1969

a. Prestorm conditions.

There does not seem to be any solar flare, in the four-day 

interval before the ssc, readily identifiable as being responsible 

for this geomagnetic storm. Although there were many observations 

of flares, none were rated with an importance greater than the 2F 

flare which occurred on July 25 at 1122 UT in the region near S18, 

E37.

From about 0524 to 1157 UT, the IMF was quiet and directed 

northward. Correspondingly, the AE index was also small and the 

solar-wind plasma parameters were steady. Since Explorers 33 and 

35 were well down-wind of the earth (X ^ -40 Rg) for this period, 

there is a delay of approximately 10 minutes for a signal traveling 

at a solar-wind speed of 400 km/s (3.8 Re/min) between the nose of 

the magnetosphere and the satellite. Both satellites were on the 

dusk side of the magnetosphere, with Explorer 33 in interplanetary 

space but possibly just outside the bow-shock region (X^g = -39 Re>
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Y^3 = 73 R£), and Explorer 35 located within the magnetosheath 

region (X35 = -40 Re, Y35 = 39 R£).

b. Initial phase

The ssc was observed at 1153 UT at all low-latitude stations 

as a positive enhancement of the H-component, which remained at an 

elevated value of approximately 25y for almost two hours (Appen

dix) . The onset of the ssc was also marked at high latitudes by 

an unusually large positive bay in the H-component (Appendix).

None of the auroral zone geomagnetic stations observed a negative 

bay at this time.

Associated with this ssc, a sharp increase from 8y to 18y in 

the IMF magnitude was seen by Explorer 33 at 1159 UT, while at 

Explorer 35 the change was from lOy to 24y. Although the estimated 

time delay was 10 minutes, the observed difference in time was 6 

minutes, implying that the interplanetary shock wave was propagating 

through the solar wind.

Although the IMF turned sharply south at the time of ssc, 

almost immediately thereafter it turned almost due north. This 

might explain why no substorms were observed with the ssc. Approxi

mately 30 minutes later, the IMF began to rotate south. At about 

1322 UT, after about 30 minutes of oscillations, the IMF-B
z

component became negative and substorm activity began (Figure 2.6.4).

After the ssc, low-latitude magnetograms displayed a nearly 

typical initial phase, a steady elevated H-component. The small
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Figure 2.6.A Comparison of interplanetary magnetic field data with 
geomagnetic field records of July 26-27, 1969. Here [b | and B 
represent the IMF t—g:: . „..t nd north-south component respectively 
and AE and ASY represent the combined high and low-latitude H-componentrecords.
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reduction after the ssc may have been caused by a sharp drop in 

the solar-wind pressure at that time. Then at about 1330 UT, the 

southward turning of the IMF, the onset of a large substorm, and a 

decrease of the low-latitude H-component signaled the beginning of 

the main phase,

c. Main phase.

Coincident with the onset of this main phase decrease, posi

tive bays in the H-component were recorded at evening sector low- 

latitude stations (Kakioka, Tangerang, and Tashkent, Appendix).

These were associated with the growth of the substorm at 1330 UT.

It is interesting to note that when the IMF turned sharply north

ward at about 1432 UT, the high-latitude positive variations (AU) 

ceased immediately, while the negative variations (AL) began to 

decay. The simultaneous decay of both disturbances may be ex

plained if the eastward current is the ionospheric current system 

suggested by Kamide et_al. (1973). Here, field-aligned currents, 

which cause an enhancement of the low-latitude horizontal component, 

connect the eastward ionospheric current to the partial ring 

current. When the IMF turned northward, the injection of energetic 

particles deep into the ring current decreased, causing a reduction 

of eastward currents in the ionosphere. The decay of the AL trace 

may also be due partly to a contraction of the oval. Indeed, the 

ISIS-I particle data (Figure 2.6.5) taken during this interval
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It/F-B: (Exp 331

Figure 2.6.5 A comparison of ISIS-1, IMF and geomagnetic data for 
July 26-27, 1969.
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indicates that the dayside cusp contracted poleward, and it may be 

inferred that the whole oval contracted at that time. Note that 

the main phase decrease was not observed in either the noon or 

morning sectors at low latitudes, indicating that the ring current 

was not substantially built up during this substorm event. The 

rapid decay of the main phase decrease in the premidnight sectors 

suggests that the particles were injected deep into the ring cur

rent region (where the life-time of ring current particles is 

expected to be short). The lack of a substantial ring current 

indicates that the injection was not large.

At about 1530 UT the IMF turned south again and weak AU 

activity began anew; there may have been a small substorm at about 

1600 UT. Unfortunately the IMF record is missing here, which 

obviates any further discussion of this substorm activity.

During the 6 hour period that the IMF remained northward (15

21 UT), its magnitude averaged a relatively quiet level of about 

12-y. At about 2100 UT, the IMF-Bz component again turned slightly 

southward and AE activity began to grow. Then, at 2232 UT, after 

the IMF vector displayed a large sudden shift to a more southward 

orientation, a large substorm developed; it was accompanied by 

low-latitude positive bays. Concurrent with the large increases 

in IMF magnitude, there occurred increased substorm activity and a 

definite steepening of the main phase decrease. Although there
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are several periods of missing IMF data, it is likely that the 

field remained south during this interval since substorm activity 

and the main phase decrease continued. The satellite observed 

large Increases of the IMF magnitude at about 06, 12, and 19 UT on 

July 27. Although these increases were coincident with some 

substorm activity, they are most likely due to encounters of the 

satellite with the bow-shock. It is not known whether or not the 

substorms caused a large scale change of the magnetospheric 

structure, resulting in the shift of the location of the bow- 

shock. Explorer 35 was within the magnetosheath region and did 

not observe these enhancements. At approximately 0857 UT (July 

27) the IMF reduced its southward orientation and substorm activity 

decreased.

An interesting situation occurred just after 1656 UT on July 

27 at the location of Explorer 33. The IMF rotated southward 

again and the AE index began to increase. However, it can be seen 

that Barrow was the only station which recorded an appreciable 

enhancement of the westward current. Dixon, in the midnight 

sector, recorded no activity until about 1840 UT, neither did 

Resolute Bay nor Mould Bay. Positive bay activity was observed at 

Great Whale River and Leirvoqur, then in the noon sector. Perhaps, 

the oval had contracted poleward prior to the substorm onset, and 

standard auroral zone stations could not observe electrojet activity.
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These gradual enhancements observed at Barrow may then represent 

an expansion of the oval down to lower latitudes or an increase in 

electrojet intensity. Unfortunately, Heiss Island magnetograms 

were not available and this speculation cannot be substantiated.

This situation is quite like that described as DP-2 variations 

by Nishida (1968) and as a growth phase by McPherron (1970). 

However, as Akasofu et al. (1973) have pointed out, this effect 

may be interpreted as an equatorward expansion and enhancement of 

the SP current system.

At about 1900 UT on July 27, concurrent with the sharp nega

tive bay at Dixon, large low-latitude positive bays were observed 

at night sector stations, further strengthening the suggestion 

that the initial and general increase of AE was not associated 

with a substorm and that the substorm activity was localized to 

only the midnight sector.

In Figure 2.6.6, the data taken by the two Explorer satel

lites are compared. It is clear that the data are similar after 

discounting the large positive spikes in the Explorer 33 data as 

the bow-shock encounters. However, it seems that at the location 

of Explorer 33 the IMF-Bz component is at times quite different 

from that at Explorer 35. This, plus the fact that both satellites 

were so far behind the earth (^40 Rg), prevents any strong in

ference to be made about IMF variations near the nose of the
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Figure 2.6.6 Comparison of Interplanetary data taken by Explorer 
33 and Explorer 35.
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magnetosphere. However, it is of interest that IMF variations, 

even at this distance, seem to correlate with substorm activity.

The IBgT and vxBz plots (Figures 2.6.7a and b), do not pro

vide much additional information because of missing data, and the 

poor satellite location.

2.6.3 The Storm of February 2, 1969 

a, Prestorm conditions.

Prior to this storm period, the IMF was quiet (|b | < 10y) and 

directed northward for at least 20 hours before turning southward 

at about 0700 UT. During this period geomagnetic conditions could 

be described as quiet. On February 2, the AE plot was flat from 

0000 UT until after about 0820 UT.

Explorer 33, located in the magnetosheath at X = 86 R^,

Y = 45 R , Z = 2.5 R and thus behind the earth, recorded a sudden 
e e

jump in IMF magnitude at 1524 UT. Geomagnetic stations recorded 

an ssc at 1502 UT. This time difference allows us to estimate the 

average speed of the discontinuity near the magnetosheath to be 

390 km/s. This compares with a solar-wind speed of 366 km/s 

determined at 1340 UT. The first continuous solar-wind data for 

this period (not shown) began about 16 UT on February 3 and 

indicates a 500 km/s solar-wind speed which then rose to about 650 

km/s at 2200 and gradually decayed to quiet levels by February 10 

(Unti et al., 1973, Hones et al., 1971).
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using Explorer 33 data. z a
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b. Initial phase.

The ssc, at 1502 UT, occurred during a period of southward

IMF which preceded the ssc for at least 8 hours. The discontinuity

responsible for the ssc was observed by the Explorer 33 magneto

meter as a sudden increase in the IMF magnitude to 30y and also as 

a sharp reversal of the field direction to almost due north (Figure

2.6.8). The H-component observed at low latitudes, which was 

enhanced on the dayside during the initial phase, began to decrease 

when the IMF rotated sharply southward. Unfortunately, there is a 

data gap at this point, but when the data resumed at 1930 UT, the 

IMF was directed southward and the main phase decrease of the 

geomagnetic storm had already begun.

During the ssc a small substorm developed in the midnight

sector (College), but a large substorm of over lOOOy began to 

develop at 1836 UT, the onset time of the main phase (Appendix). 

Large positive bays were observed in the dark sector at low lati

tudes (Appendix). In fact, all the low-latitude stations, even 

those in the dawn sector, recorded some positive changes in the H- 

component at this time. It should be noted that at the standard 

auroral zone stations no positive bays were observed, even in the 

noon sector. Thus, the westward electrojet may have completely 

dominated all along the oval at this time and its effect may be 

related to the positive bays observed at low latitudes.
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Unti et al. (1973) have examined the shock system during the 

initial phase of this event and reported that between the times of 

1500 and 2000 UT there were several types of discontinuities 

observed. Briefly, these were a fast forward shock at 1500 UT, 

corresponding to the ssc, which accelerated and heated the solar 

wind, four tangential discontinuities (at 1641 UT, 1741 UT and two 

at 1836 UT) which preceded the helium-enriched plasma and two fast 

reverse shocks (1944 UT and 2000 UT). They ascribe these obser

vations to the passage of the earth through a high velocity solar- 

wind stream. These high velocity streams originate from 'M- 

regions'. Substantial geomagnetic activity occurred both 27 days 

before and 27 days after this storm, identifying it as a recurring 

storm.

Geomagnetic effects were obvious only for the first shock 

which was manifested by an ssc at 1502 UT. The arrival of helium- 

enriched plasma at 1856 UT was marked by the positive enhancement 

of the H-component at low-latitude stations,

c. Main phase.

In spite of the complex shock structure preceding it, this 

main phase appeared very much like an example of a typical geo

magnetic storm. The initial phase occurred during a period of 

northward IMF. When the field direction became southward a large 

substorm and the main phase decrease developed. Although there is
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speculation that the main phase decrease begins when the flare 

plasma impacts the magnetosphere, here the main phase decrease is 

substantially under way when the helium-enriched plasma arrives in 

the vicinity of the magnetosphere. Unti et al. (1973) suggested 

that this event is the result of long-lived solar activity occur

ring near the M region or solar sector which vents solar wind at a 

substantially different velocity.

After the field turned north at 21 UT on February 3, both 

high and low-latitude activity ceased until 2030 UT on February 

4. Then, the AE index suddenly increased, indicating an activation 

of magnetic disturbances along the auroral zone, but the IMF 

remained northward.

d. Southward flux brought to the magnetosphere.

Before the ssc at 1502 UT on February 2, the IMF had a large 

southward component for 7 hours and the XBgx plot indicated that a 

substantial amount of southward flux had been carried to the front 

of the magnetosphere, but no substorm developed. As a counter

example, a sizable substorm developed at 21 UT on February 4, yet 

the amount of southward flux was virtually nil. It appears that 

the correlation between IBgx and AE is not as strong as previously 

thought.

It is likely that the B component does not adequately repre

sent processes related to merging. One of the expected consequences
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of merging is postulated to be an equatorward motion of the dayside 

cusp as the dayside magnetic field is transported to the magneto

tail. Fortunately, some ISIS-I particle data (Figure 2.6.9) are 

available to monitor the location of the polar cusp and how the 

cusp location is controlled by parameters such as the AE, Dst 

Indices and the IMF components can be examined. As is well known, 

the latitude of the midnight sector aurora is a function of Dst 

(Akasofu and Chapman, 1963). If a substantial ring current exists 

and the latitude of the nightside auroral oval decreases, it is 

reasonable to expect that the latitude of the dayside cusp should 

also decrease. In fact, this behavior is observed very near the 

end of February 2. At that time, the cusp was located at a very 

low latitude 0WO°), while an intense substorm activity (which 

began at about 18 UT) subsided and the Dst indices were large 

(-160y). However, it is quite obvious from the observation that 

followed that the cusp location correlates also with the AE index. 

As Dst recovered and substorm activity began to subside, coincident 

with the rotation of the IMF back toward the ecliptic plane, the 

cusp latitude increased. At 15 UT on February 3, the IMF began to 

rotate southward from a strong northward position and the cusp 

moved equatorward. During this time Dst was recovering, but a 

substorm was beginning to develop. At 02 UT on February 4, the 

IMF becoming increasingly northward directed, Dst had almost
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Figure 2.6.9 Comparison ot the cusp (cleft) position with the 
interplanetary and geomagnetic magnetic data.
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recovered and no substorm activity was evident. During this time, 

the cusp shifted poleward until about 21 UT when the IMF-Bz 

component began to decrease. Unfortunately, no measurements were 

made until after the small substorm had begun, but by the time of 

the measurement the cusp had expanded equatorward even though the 

IMF had not developed a strong southward component.

2.6.4 The Storm of January 13-14, 1974

a. Prestorm conditions.

This storm occurred late in the recovery phase of a moderate 

geomagnetic storm which developed on January 8. Geomagnetic 

activity during the 5 days between storms was low except for three 

substorms (not shown) which had maximum AE indices greater than 

500y. The interplanetary magnetic field vector, except during 

these three substorms, was generally directed within the solar 

equatorial plane and had an average magnitude of about 5y. During 

the aforementioned substorm periods, the IMF became strongly 

southward. In the 12 hour interval following these substorms, the 

IMF-B^ component was very small and generally northward.

After a doubling of the average IMF magnitude of 5y at 0222 

UT the character of the IMF changed. The IMF vector became 

increasingly anti-parallel to the earth's field, while the magnitude 

and variance increased for about 4 hours. This interplanetary 

activity was matched by a small increase and recovery of the AE
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index at 4 UT. Unfortunately, the IMF record is missing during 

the period from 08 to 10 UT when the recovery of the AE index took 

place.

It is likely that this storm was associated with a 3B flare 

occurring at 0131 January 11, 1967, located at 26°S 47°W. The 56 

hours between the onset of the flare and the occurrence of the ssc 

corresponds to an average speed of 740 km/s. This is higher than 

the value measured at 1200 UT by Explorer 33 (440 km/s). Thus the 

flare ejecta originally must have been traveling much faster than 

the solar wind. This is reasonable since the parent flare was a 

particularly intense event,

b. Initial phase.

At 1150 UT the IMF magnitude, upstream of the magnetosphere, 

suddenly increased from 8y tc 21y and then steadily climbed to a 

maximum value of 42y at 1409 UT (Figure 2.6.10).

Unfortunately, there is no full-time coverage of solar-wind

plasma data for this period, but the Vela satellite data (Bame et

3
al., 1968) shows a large increase in number density from 7/cm to 

22.5/cm3, while the velocity increased from about 340 to 440 km/s 

at 1200 UT. These solar-wind plasma variations could be inter

preted as a large discontinuity sweeping by the magnetosphere.

Bame (1968) noted that this discontinuity was a shock-wave traveling 

by the earth at a speed of ^ 463 km/s. At 1150 UT Explorer 33 was
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Figure 2.6.10 Comparison o£ interplanetary magnetic field data with 
■geomagnetic field records of January 13-14, 1967. Here |b | and B 
represent the IMF magnitude and north-south component respectively 
and AE and ASY represent the combined high and low-latitude H- 
component records.
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located at X = 63 Rg, Y = 23 Re , Z = 11 Rg . Assuming the average 

solar-wind speed of 340 km/s (3.2 Re/min), the travel time to the 

magnetosphere from the satellite would be approximately 16 minutes. 

The sharp enhancement of the solar-wind magnetic field magnitude 

was observed 13 minutes before the observed ssc at 1203 UT, indi

cating a propagation speed of 515 km/s. Associated with the sharp 

rise in IMF magnitude were some rapid oscillations in the Bz 

component. Unfortunately, there was a data gap from 1311 UT to 

1348 UT. When the data resumed, the field magnitude was 36y and 

the IMF direction was very strongly northward.

The sudden commencement was observed worldwide, but the 

initial phase which followed was far from a typical steady positive 

enhancement (Appendix). Instead, three or four periods of oscil

lations were observed. Only M'bour, San Juan and Honolulu, in the 

noon morning sector, displayed an enhancement of the H-component 

during the initial phase. In the evening sector, Kakioka and 

Tashkent experienced at least two large negative excursions which 

may have begun before the ssc, but coincident with the southward 

turning earlier. The positive H-component enhancements in the 

noon-morning sector ceased as abruptly as they began at about 1340 

UT. However, in the evening sector, it took more than two hours 

for the negative bays in the H-component to recover. The remainder 

of this initial phase was characterized in the H-component at all 

stations by near quiet-time levels.
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During this initial phase there was considerable high-latitude 

activity (Appendix). College, in the midnight sector, recorded a 

large substorm of approximately 1300y. This substorm, which began 

at 1140 UT, lasted 1-2/3 hours which is just the duration of the 

positive variations at low latitudes.

The College and Fort Yukon all-sky cameras (Appendix) recorded 

active and bright surges prior to the auroral substorm break-up at 

1140 UT; it was seen over Fort Yukon. Following the breakup the 

aurora was so intense that the Fort Yukon film became saturated.

The College all-sky camera recorded bright patchy forms which 

extended to the southern horizon at least until 1330 UT, at which 

time the College magnetometer indicated recovery.

During this time, the ATS-1 H-component magnetometer on the 

ATS-1 satellite at the geosynchronous altitude (Appendix) showed 

positive excursions from a level which was depressed about 250y 

from its quiet-time levels. The ATS-1 electron detector recorded 

an increase in flux of almost 2 orders of magnitude which began 

about 1130 UT, almost 30 minutes before the ssc onset at 1203 UT. 

Thus, the sudden change in the interplanetary field magnitude at 

1150 UT seems to be related to the ssc observed at low latitudes 

at 1203, while the substorm onset and electron injection occurred 

before the discontinuity passed the earth.
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For the rest of the period corresponding to the initial 

phase, the IMF magnitude was large and slowly decreasing, while 

rotating southward from a strongly northward orientation.

Thus, the initial phase for this storm was markedly long; it 

lasted nearly eight hours. The first 2 hours and 40 minutes were 

marked by 4 large oscillations of the low-latitude magnetograms 

and corresponded to the passage of a large discontinuity by the 

magnetosphere. During this period the IMF direction was generally 

south but underwent at least three oscillations. The rest of the 

initial phase was geomagnetically quiet and corresponded to a 

large northward IMF.

c. Main phase.

At 1922 UT the IMF-Bz component became negative and shortly 

thereafter a sequence of substorms began. The main phase began at 

about the same time. During this time the magnitude of the IMF 

was slowly and smoothly returning to pre-storm levels, taking 

about a day to do so.

Unfortunately, there is another data gap from 00 UT 

January 14 to about 04 UT. During this period the main phase 

reached a maximum decrease and began to recover. Coinciding with 

a lapse in substorm activity beginning at about 02 UT on January 

14, the asymmetry of the ring current decreased. It is possible 

that the IMF was northward for a short period during this time.
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Shortly after 4 UT, when the IMF data record begins again, substorm 

activity and the ring current asymmetry increased; it was a period 

of a strong southward field. However, at 0910 UT the IMF suddenly 

turned northward and polar magnetic substorm activity again almost 

subsided. The asymmetry of the ring current also decreased at 

this time to very low levels and the field resumed a recovery 

toward quiet-time levels.

During the third period of substorms (04-10 UT) low-latitude 

stations in the morning sector, M’Bour and San Juan, recorded 

positive enhancements of the H-component, while in other sectors 

there was either recovery or continued development of the ring 

current. Since the high-latitude stations which showed the largest 

negative bays during this period were Canadian stations, the 

positive bays at M'Bour and San Juan, superposed on the recovery 

phase, are possibly the signature of field-aligned currents into 

the morning sector of the auroral oval.

One striking thing about the storm is the lack of positive 

bay activity (AU) in the plot of the AE index during the second 

substorm which occurred at about 22 UT on January 13. A check of 

many sub-auroral zone stations did not reveal any positive bay 

occurring near this time interval nor were there any low-latitude 

positive bays. This suggests that there was no eastward electrojet 

at this time and that the westward electrojet pattern dominated 

the auroral oval.
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d. Energy injected into the ring current.

Immediately obvious in Figure 2.6.11 are the large peaks 

during the initial phase of this storm. These large positive and 

negative "injections" correspond to the passage of a large discon

tinuity by the magnetosphere. Although there was a decrease in 

the H-component at some low-latitude stations (Appendix), indi

cating an increase in energy of ring current particles, this in

jection was observed by the large changes in the DCF field. How

ever, the ring current injection became positive for a considerable 

period, corresponding to the main phase decrease.

2.6.5 The Storm of April 27-28, 1969

a. Prestorm conditions.

A 2B class flare on April 24 at 0309 UT located in the region 

N 23°, W 63° was tentatively identified as the source flare for 

this geomagnetic storm. The average velocity of the plasma cloud 

between the sun and the earth was 420 km/s which is close to the 

typical solar-wind speed. Although ring current activity, as 

indicated by the Dst index (not shown), was low prior to an si (or 

ssc) at 1831 UT, the IMF was southward and there was some small 

substorm activity. At the time of this event the IMF had turned 

northward. The associated substorm was only observed at Dixon 

although positive bays were observed in low-latitiude H-component 

magnetograms. During the eight hour interval between this event
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Figure 2.6.11 Comparison of the Dst index with the ring current 
energy injection rate for January 13-14, 1967.



and the ssc at 0232 UT on April 28, the IMF was slightly northward

and both the plots of the AE and ASY indices were relatively flat,

indicating that no major geomagnetic activity occurred. During

this storm period, Explorer 33 was located near X = -70 Re,

Y = 58 R and Z = -55 R and Explorer 35 at X = -35 R , Y = 50 R . 
e e r e e

The fact that the discontinuity was observed, simultaneously to 

within a minute, both at the earth and the satellites, indicates 

that the shock wave must have been propagating obliquely to the 

ecliptic plane,

b. Initial phase.

After the sudden enhancement of the IMF magnitude a gradual 

southward rotation of the IMF began and the AE index began to grow 

(Figure 2.6.12). At auroral latitudes (Appendix), the ssc was 

observed as a negative, then positive pulse while at Godhaven (not 

shown), a midnight station, positive bay activity was recorded. 

Little geomagnetic activity occurred during the next hour and a 

half even though the IMF was southward. However, at 0436 UT low- 

latitude magnetometers recorded a positive pulse; at about the 

same time the IMF magnitude experienced a sharp reduction from 20y 

to 12y. This pulse marked the end of the initial phase which was 

typical in that low-latitude records (Appendix) show an elevated 

but relatively steady enhancement of the horizontal component,
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indicating increased solar-wind pressure and compression of the 

magnetospheric cavity. During the initial phase the IMF was 

rotating southward,

c. Main phase.

Almost immediately after 0436 UT on April 28 the main phase 

decrease began, with the greatest decrease seen in the afternoon 

sector station of Tangerang. Positive bays were seen in the 

evening sector stations at 0700, 0810, 1000 and 1230 UT. Each of 

these pronounced positive bays were simultaneous with large polar 

magnetic substorms. At about 0830 UT the IMF recorded at the 

location of Explorer 33 turned northward. A break in the data 

occurred at both satellites at this time. When the data resumed 

the IMF was still northward and magnetospheric activity had de

creased sharply. Although there was a moderate substorm shortly 

after 10 UT (Figure 2.6.13), following a period of southward 

field, a large (>1000y) substorm occurred at about 1240 UT as seen 

in the AE plot. This substorm was marked by a strong positive bay 

in the day sector (Kiruna) and a large negative bay at Dixon 

Island, then in the early evening sector; the corresponding nega

tive bay was not seen toward the east at Barrow. Unfortunately, no 

data from Siberian stations was available. This substorm was 

generally coincident with the large sharp increase in the IMF 

magnitude from about 28y at about 1230 UT on April 28; shortly 

afterwards the IMF rotated sharply southward and the substorm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



08 UT 12 16 20 ' 24 04 08 12 16 20 24
27 APR 1969 28 APR 1969

Figure 2.6.13 Comparison of interplanetary magnetic field magnitude 
|B|, and north-south components, Bz with ASY, AE, v x a n d  EB t .
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grew. However, in spite of a large magnitude of the southward 

component at this time, the associated substorm was of the same 

magnitude as the others. Note that in this case positive variations 

were seen at several high-latitude stations. At about 1340 UT the 

IMF went north rather suddenly, and the substorm and ring current 

activity rapidly decayed. For the rest of the storm period the 

IMF was strongly northward and there was very little electrojet or 

ring current activity.

d. Southward flux brought to the magnetosphere.

Again, it is clear with the improved time resolution satellite 

data (Figure 2.6.13) that £Bgt is generally correlated with AE but 

that the close correlation obtained by others was not obtained 

here. Specifically, the large ssc-associated substorm at 1831 UT 

was not associated with any southward field, yet the quiet period 

two hours before it was associated with more than 6 hours of 

variations in EBgi. Arnoldy (1971) noted that the correlation was 

best when AE values for the hour following the IMF variations were 

used for the cross correlation. However, even if a delay time is 

considered the peaks in EBgT do not correspond closely with those 

in AE.

e. Energy injected into the ring current.

Here a large "negative injection" is associated with the ssc, 

indicating an increase of the DCF field. It is interesting that
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the injection event at approximately 14 UT on April 28 is larger 

than any of the events during the main phase decrease. As men

tioned earlier, positive variations were observed in the dayside 

high-latitude H-component records during this substorm, whereas in 

the previous substorms only one afternoon sector station in the 

auroral zone network observed a positive bay. This indicates that 

an eastward current was more strongly developed during this 

substorm, that the partial ring current was large, and that a sub

stantial injection of particles into the ring current must have 

occurred, as seen in Figure 2.6.14.

2.6.6 The Storm of March 8, 1970

a. Prestorm conditions.

Prior to the arrival of the solar flare material, the solar- 

wind velocity was 440 km/s. However the average speed, estimated 

from the difference between the onset time of the flare and the 

time of the ssc, was 1150 km/s. The central meridian flare in 

McMath region 10614 (S 11°, E 12°) on March 7 at about 0130 UT is 

tentatively identified as that responsible for this storm.

Two sudden geomagnetic impulses were observed, at 2004 UT and 

2159 UT March 7, and were associated with variations in the IMF 

magnitude. These sudden impulses could be the result of the 

impact with the magnetosphere of plasma ejected during the flares 

which occurred at 0420 UT on March 5. The estimated average speed
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Figure 2.6.14 Comparison of the Dst and AE indices with the ring 
current energy injection rate for April 28, 1969.
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of the ejecta was 651 km/s. The solar event was actually a double 

flare, one flare occurring on each limb of the solar disk. These 

flares occurred so far from the central meridian of the sun that 

only the shock wave associated with the flare reached the earth.

No corresponding substorm activity was observed.

For more that 24 hours before the ssc at 1417 UT on March 8, 

the IMF magnitude averaged approximately 9y while the orientation 

was strongly directed southward (Bz ^ -8y) (Figure 2.6.15). How

ever no substantial ring current activity was displayed by the Dst 

index, although the AE index was at times greater than lOOOy. In 

other storms studied, auroral zone magnetic activity of this mag

nitude would have been associated with an enhancement of ring 

current. Note that there was an appreciable asymmetry in the low- 

latitude records (ASY) indicating that there was some injection of 

ring current particles.

At 02 UT on March 8 (Appendix) the high-latitude disturbance 

begins to intensify. At Leirvogur, then in the post midnight 

sector, a large but gradual negative bay developed, while at 

College a positive enhancement occurred. Great Whale River 

recorded a small negative bay and the other auroral zone stations 

showed little activity. This activity was unusual in that it 

developed gradually in the AE index. This could be interpreted to 

be due to an expansion of the auroral oval under the influence of
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Figure 2.6.15 Comparison of interplanetary magnetic field data 
vith geomagnetic field records of March 7-9, 1970. Here ]Bj 
and B represent the IMF magnitude and north-south component 
respectively and AE and ASY represent the combined high and 
low-latitude H-component records. 1
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the southward field, or to a localized and gradual intensification 

of the electrojet current.

The low-latitude response to this substonn was also uncommon 

(Appendix). At about the time of onset of the activity, seen at 

Leirvogur, M'Bour, a low-latitude midnight sector station, displayed 

a gradual positive enhancement which was strong enough to drive 

the H-component above the quiet level base line. Only stations in 

the African sector responded to this high-latitude activity. The 

duration and slow growth of the low-latitude positive bay is 

atypical and suggests a long continuing injection into the trapping 

region. Yet, since a large low-latitude negative bay did not 

develop, the corresponding particle injection was probably not 

deep enough or intense enough to substantially energize the ring 

current.

Another substorm at about 08 UT, a short spike-like event 

typical of a substorm, was associated with a sharp positive enhance

ment of low-latitude magnetograms in the evening and afternoon 

sectors. The injection was possibly quite brief and the low- 

latitude positive bay decayed rapidly,

b. Initial phase.

A sudden enhancement of the IMF magnitude was observed at 

1410 UT by Explorer 35 which was located almost directly in front 

of the magnetosphere (X = 56 Rg, Y = 3.5 Rg) (Figure 2.6.16). About
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7 minutes later, at earth, a large and unusual ssc was observed. 

Coincidently a substorm developed; its AE index reached a value of 

o.4500y. Large low-latitude positive bays grew in the evening 

sector, while the H-component decreased in the morning sector.

After the passage of this discontinuity, the IMF was quite 

disturbed and was recorded only by IMP-G located on the dusk side 

of the magnetosphere within the magnetosheath. The IMF vector 

remained directed towards the ecliptic plane until 1552 UT when it 

turned strongly north for about one and a half hours. It turned 

south again at 1732 UT.

The initial phase was complicated by substorm activity associ

ated with the substorm after the ssc and with the southward turning 

at 1732 UT.

c. Main phase.

The main phase appeared to start at 1830 UT with the largest 

main phase decrease occurring at M'Bour (-350y), then in the 

evening sector. The asymmetry of the ring current field during 

this main phase decrease was considerable. It is especially 

noteworthy that the maximum asymmetry occurred at about 2130 UT on 

March 8 during a period of moderate substorm activity and during a 

northward rotation of the IMF. After 22 UT the asymmetry rapidly 

decreased and by 0000 UT on March 9 the ring current field was 

almost symmetrical in longitude. This rapid decay of the large

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



160

asymmetric field suggests that a very deep injection of particles 

into the trapping region occurred (Figure 2.6.17). Since the 

lifetime of protons injected deep in the trapping region is small, 

the asymmetric part was lost rapidly. Large "negative injections" 

were observed during the sudden impulses at 2004 and 2159 UT on 

March 7 and therefore were likely due to enhancement of the DCF 

field. The largest "negative injection" was associated with the 

ssc on March 8 while two smaller ones may also have been caused by 

large solar-wind pressure variations.

The substorm which followed the period of southward IMF 

between 02 and 04 UT had little associated positive bay activity 

and resulted in a small increase of the asymmetry of the ring 

current field. The recovery of this event was rapid and the 

symmetrical ring current continued its decay to quiet-time levels. 

A period of increasing southward IMF from about 09 to 16 UT on 

March 9 was associated with a series of three substorms which 

increased in magnitude. These substorms produced asymmetries in 

the ring current field which were proportional to their magnitude.

2.6.7 The Storm of March 23, 1969

a. Initial phase.

At 1005 UT on March 23 Explorer 35, which was located in 

front of the magnetosphere (X e 34 Rg , Y = 55 R£), recorded a 

sudden increase in the IMF magnitude which was most likely related
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to the ssc observed at 1012 UT (Figure 2.6.18). This delay time

implies a disturbance speed of 516 km/s. However, Explorer 33,

located far downstream from the earth (X = -116 R , Y = -11 R ,
e’ e’

Z = -64 Rg), observed a magnitude enhancement at 1029 UT, a time 

delay which implies a disturbance travel speed of 725 km/s, almost 

50 percent more than the above estimate.

During the initial phase the IMF was directed north until 

1412 UT. During this period no substorm activity was registered 

in the AE index (Figure 2.6.18). After the IMF turned south 

however, substorm activity increased. A gradually developing 

negative bay was observed at College and Barrow (not shown) while 

Dixon (not shown) and Leirvogur, both afternoon sector stations, 

displayed a large gradual positive enhancement. In the local 

midnight sector, a moderate-sized negative bay (^30y) was observed 

in the low-latitude H-component magnetogram at Kakioka, Tangerang 

and Teheran (Appendix).

b . Main phase.

A second ssc (or si) occurred at 1826 UT on March 23 and was 

immediately followed by the main phase decrease. The substorm 

associated with this ssc grew to over 750y in the AE index (Figure 

2.6.19), as did the substorm which began at about 21 UT. Compare 

this substorm group with the larger substorm at about 09 UT on 

March 24. During the substorms immediately following the ssc, the
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Figure 2.6.18 Comparison of interplanetary magnetic field data with 
geomagnetic field records of March 23-24, 1969. Here |b | and Bz 
represent the IMF magnitude and north-south component respectively 
and AE and ASY represent the combined high and low-latitude 
H-component records.
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23 MARCH 1969 24 MARCH 1969 !

Figure 2.6.19 Comparison of interplanetary magnetic field magnitude j
|B|, and north-south component, B with ASY, AE and IB x, using !
Explorer 33 data for March 23-24,z1969. 8
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IMF magnitude was almost 30y, while at 9 UT the magnitude was 

about 22y. In the first case the average varied between 5y and 

15y, averaging less than 10y, while in the second, reached -20y 

and averaged -17y. This implies that the IMF vector was much more 

southward directed for the second substorm than the first.

Little high-latitude positive bay activity accompanies the 

substorm at 09 UT, possibly indicating a greatly expanded oval 

(Figure 2.6.18). But at low latitudes the asymmetry of the ring 

current field is apparently much greater than the asymmetries 

which occurred during the substorms at 18 and 22 UT on March 23.

In fact, at San Juan, a post-midnight station, the positive enhance

ment increased the H-component to almost quiet-time levels. Note 

that this positive bay activity was so great that it appeared as a 

"negative injection" in Figure 2.6.20. These observations are 

interpreted as the result of the increased energy injection with a 

more southerly directed IMF and are consistent with observations 

associated with the deep and intense injection of particles into 

the near-earth trapping region during a large substorsm associated 

with a strongly directed IMF.

Note that these satellites, separated by over 150 Rg, have 

recorded almost identical IMF data (Figure 2.6.21). The plots of 

data recorded by Explorer 33 are time shifted relative to Explorer 

35, so that corresponding events line up (a shift of 20 minutes).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



" I

i 166

Figure 2.6.20 Comparison of the ASY and AE indices and the ring 
current energy injection rate for March 23-25, 1969.
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Figure 2.6.21 Comparison of IMF magnitude (|b |) and north-south 
component (B ) data taken by Explorer 35 (x " 38 R ) and Explorer 
33 (x - -116ZRe)'.

167



2.6.8 The Storm of September 27-29, 1969.

a. Prestorm conditions.

For almost three hours before the ssc, the IMF was directed 

southward, AE activity was less than 100y and the Dst index dis

played a gradual positive enhancement possibly due to an increase 

in solar-wind pressure. Unfortunately, there is no solar-wind 

data available for this period.

b. Initial phase.

At 2109 UT on September 27 the IMF magnitude suddenly in

creased more than twice, while the Bz component of the IMF turned 

northward (Figure 2.6.22). At 2125 UT, coincident with the ssc 

substorm activity developed in a series of three increasingly 

larger substorms. The corresponding low-latitude records indicate 

a positive enhancement of the initial phase and showed little 

effect of the substorms. Unfortunately, there is a data gap in 

the IMF record, between 2320 UT and 0320 UT, on September 28. 

However, one can surmise that the Bg component was probably north

ward, or at most only slightly southward, since the AE index 

displayed little activity. At about 0735 UT the IMF turned sharply 

south but no substorm activity developed immediately. About 35 

minutes later, AE activity grew to a moderate level of about 200y. 

At that time the IMF turned north and the substorm activity de

creased. Throughout this unusually long initial phase the
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Figure 2.6.22 Comparison of interplanetary magnetic field data with 
geomagnetic field records of September 27-29, 1969. Here |B| and 
B represent the IMF magnitude and north-south component respectively 
and AE and ASY represent the combined high and low-latitude H-component 
records.
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low-latitude plots displayed some activity. Since substorm 

activity, as described by the AE index, was low and since much of 

the low-latitude variations were coherent, the solar-wind pressure 

must have been quite variable, causing random compressions and 

decompressions of the magnetosphere,

c. Main phase.

At 1010 UT the IMF turned sharply southward and shortly 

thereafter a large substorm began to grow. Coincidently, large 

positive spikes, at 1110 UT, greater than 100y in magnitude, were 

observed in low-latitude H-component magnetograms (Appendix). The 

positive spikes occurred in the evening sector (Tangerang and 

Kakioka), while a broad positive bay occurred after midnight 

(Honolulu and San Juan). The substorm appeared to be limited to 

local time sectors, since Dixon Island, Abisko and Leirvogur dis

play dimished substorm activity (Appendix).

In Figure 2.6.23 it can be seen that each substorm produced 

an asymmetry of the ring current field. In comparing the substorms 

at about 1400 UT and 1800 UT, it is obvious that positive variations 

are greater in the first than in the second, while the IMF was 

more strongly south for the second substorm. The second substorm 

was only intense over Barrow, indicating a localized event, while 

the substorm at 1400 UT was observed over a wide longitudinal 

sector.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright ow
ner. 

Further reproduction 
prohibited 

w
ithout perm

ission.

•:"if MU l, P/VJP 1- - -1 h___ Â viT-'-
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When this storm had partially recovered, another ssc occurred 

at 0453 UT on September 29 (Figure 2.6.23, 2.6.24). The IMF mag

nitude suddenly increased to 13y at 0447 UT. This six-minute time 

interval implies a propagation speed of over 1400 km/s. For the 

previous ssc the inferred average velocity was 650 km/s.

This storm period was quite active; the IMF was southward 

directed and variable for much of this interval. There seems to 

be little one-to-one correlation between substorm activity and 

IMF-Bz variations. Compare the substorms at about 1400, 1800,

2130 and 0030 UT with the corresponding IMF data. The large 

substorm at about 1400 UT, during a southward IMF, resulted in a 

smaller decrease of the ring current field than did the following 

substorm which was much smaller and occurred during a period of 

northward IMF.

d. Energy injected into the ring current.

Figure 2.6.25 displays some large positive and negative 

injections occurring between 04 and 12 UT on September 28. Since 

the magnetosphere appears to have undergone substantial compres

sions and decompressions during this time, these injections are 

probably not real.

However, at 1130 UT the large positive injection was respon

sible for the growth of the main phase decrease. The substorms 

occurring during the recovery phase did not cause significant 

injection.
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Figure 2.6.24 Comparison of interplanetary magnetic field magnitude 
|B|, and north-south components B with ASY, AE, vxB^ and EB^t , 
using Explorer 33 data for September 29-30, 1969.
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Figure 2 . 6 . 2 5  Comparison of the ASY and AE Indices and the ring 
current energy injection rate for September 2 7 - 2 9 ,  1 9 6 9 .
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2.6.9 The Storm of October 29, 1968

a. Prestorm conditions.

This storm may have resulted from a solar flare in McMath 

region 9739 (W 29°, S 19°) which occurred at 0200 UT on October 

28. Explorer 35, located near X = -6 Rg, Y = -9 Rg , observed two 

sudden enhancements of IMF magnitude, at 0642 and 0910 UT on 

October 29 (Figure 2.6.26). During this period, the perpendicular 

component of the IMF was generally directed northward. At low 

latitudes a worldwide increase of the H-component at 0646 and 0909 

UT occurred, marking the beginning of the initial phase.

b. Initial phase.

As can be seen in the low-latitude records (Appendix), this 

storm was associated with a long initial phase during which very 

little southward flux was brought to the front of the magneto

sphere. At 1206 UT the IMF magnitude suffered a sudden decrease 

of 17y for about 40 minutes. At 1212 UT each of the low-latitude 

stations, except San Juan, recorded a decrease in the H-component. 

During this event San Juan was possibly under the influence of the 

focus of the Sq current system, resulting in this anomalous be

havior. During this time there was some weak substorm activity, 

as indicated by the composite plot of high-latitude H-component 

records (Figure 2.6.26). In conjunction with a sudden reduction
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Figure 2.6.26 Comparison of Interplanetary magnetic field magnitude 

|B|, and north-south component, B using Explorer 35 data, with ASY, AE, 
and ring current Injection. z
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in the IMF magnitude and a southward turning at 1608 UT, a large 

substorm developed,

c. Main phase.

A worldwide decrease in the low-latitude H-component occurred 

at the time of this substorm. Honolulu, on the dayside, recorded 

a rapid recovery to about prestorm values, while at M'Bour main 

phase decrease reached a maximum of about 150y. At this time the 

intensity of negative bays was up to 1500y. Following this, an 

unusually rapid recovery of the main phase decrease was seen at 

all low-latitude stations during the maximum epoch of the substorm. 

It is likely that this recovery is partially due to low-latitude 

positive bays, rather than to a real recovery. At this time the 

IMF magnitude suddenly dropped to about l y  and the Bz component 

rotated to the north.

After 1800 UT the IMF vector was directed nearly parallel to 

the ecliptic and the H-component at all low-latitude stations, 

except Honolulu, decreased until the IMF rotated northward at 

about 2000 UT. Note that when the IMF turned northward, a substorm 

developed and the low-latitude disturbance field recovered to near 

prestorm values. Then at approximately 2035 UT, during the maximum 

stage of the substorm, a new main phase decrease began to develop 

in the low-latitude magnetic records, as the IMF began to rotate 

southward. At about 22 UT the main phase decrease reached
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approximately 70y; substorm activity ceased, and the IMF rotated 

to a northward direction.

The period from 1700 to 2200 UT is unusual. It is possible 

that a very large and deep injection of particles into the trapping 

region occurred in conjunction with the large substorm between 17 

and 18 UT. This could result in a large partial ring current and 

an associated eastward current in the auroral oval. Unfortunately, 

there is no high-latitude data from the evening sector at this 

time, although a small positive bay was recorded at Great Whale 

River. Note that a large ring current was not produced by the 

large substorm at about 18 UT, but a large symmetrical decrease 

was produced during the small substorm which followed later (20 

UT).

In Figure 2.6.26. the ring current energy injection is also 

displayed. The large "negative injections" correspond to sudden 

positive enhancements of the low-latitude field. Some of these 

are most likely due to increases in the DCF field, resulting from 

increase solar-wind plasma pressure. There is little doubt that a 

large injection at about 1630 UT is responsible for the growth of 

the main phase. However, the negative injection peak at about 17 

UT may be the result of a low-latitude field enhancement caused by 

the substorm, rather than by the real recovery.
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d. October 31, 1968, initial phase.

This storm possibly resulted from flares at 0854 and 1114 UT 

in McMath region 9749 located at N 08°, S 15° and W 12°, S 16°, 

respectively. Explorer 33, in the dawn sector (X => 18 Rg,

Y = -29 Rg), recorded an increase in IMF magnitude at 0853 UT. 

Low-latitude magnetograms recorded an ssc occurring at 0859 UT.

The time difference between the onset of the flare and the ssc 

indicates a disturbance propagation speed of ^230 km/s. Although 

there was some small high-latitude substorm activity associated 

with this event, a large substorm did not begin to develop until 

about 1000 UT when the Bz component turned southward. At 1040 UT 

the College H-component displayed a sharp negative bay, while at 

Honolulu a large positive bay was observed. The other low-latitude 

stations observed a decrease in the H-component. At approximately 

1130 UT the Bz component began to rotate northward, and at this 

time the ASY plot displays a recovery of the low-latitude H- 

component (Figure 2.6.27). The asymmetry increases dramatically 

after 1327 UT when the IMF turns sharply south.

e. The main phase.

Following this southward turning, a large injection of ener

getic particles into the ring current belt (Figure 2.6.28), associ

ated with a series of polar magnetic substorms, produced a large 

main phase. At about 22 UT the IMF turned north, coinciding with
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Figure 2.6.27 Comparison of interplanetary magnetic field data with 
geomagnetic field records of October 31-November 1, 1968. Here |b | 
an<* represent the IMF magnitude and north-south component respectively 
and AE and ASY represent the combined high and low-latitude H-component 
records.
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Figure 2.6.28 Comparison of the ASY and AE indices and the ring 

current energy injection rate for October 31-November 1, 1968.
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a reduction of substorm activity and the beginning of the recovery 

phase. At 2241 UT the IMF turned south again and two substorms 

caused a small negative decrease of the H-component. The recovery 

phase resumed after the IMF returned to a northward orientation. 

The high and low-latitude data for this period is seen in the 

appendix.

f. November 1, 1968, the initial phase.

The third storm in this sequence began with an ssc at 0916 

UT. A sharp change in the IMF was observed at the location of 

Explorer 33 (X = 29 Re> Y = -27 Rg) at 0912 UT. This time delay

leads to a propagation speed of 770 km/s. This storm may have

been the result of a 3B class flare from McMath region 9740 which 

was located at W 23° S 18°, occurring at 1342 UT on October 30.

The time between the flare and the ssc implies an average propa

gation speed of 950 km/s. The two above values lead to the 

inference that although the initial speed was probably greater

than 1000 km/s the plasma cloud had decelerated along its passage

to the earth.

g. Main phase.

Since Sq was not removed from the low-latitude data, inter- 

petation of the ASY plots (Figure 2.6.29) is difficult. However, 

it can be seen that after the ssc the low-latitude H-components 

were enhanced until the onset of the large substorm at about 11
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Figure 2.6.29 Comparison of interplanetary magnetic field data with 
geomagnetic field records of November 1-2, 1968. Here |b | and B 
represent the IMF magnitude and north-south component respectiveiy 
and AE and ASY represent the combined high and low-latitude H- 
component records.
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UT. After the southward turning, the evening stations showed a 

decrease in the H-component which suddenly went positive in 

response to the polar magnetic substorm. At about 1445 UT a large 

positive spike in the low-latitude plots implied a sharp increase 

in solar-wind kinetic pressure, occurring at the time of the 

second large substorm. The auroral zone magnetograms, (Appendix) 

show that the substorm disturbance was rather localized. The 

injection was also rather localized. The ring current field 

asymmetry recovered before San Juan, a midday station, could begin 

to decrease (Appendix). The main phase reached a maximum at 

approximately 2230 UT and began to recover during sustained and 

intense substorm activity, occurring during a period when the IMF 

magnitude was decreasing and the north-south component was rotating 

from a southward direction towards the ecliptic.

2.6.10 The Storm of November 16-20, 1968

a. Prestorm conditions.

The geomagnetic Dst and AE indices indicate that on November 

15, geomagnetic activity was very low. However, the IMF-Bz 

component (not shown) was active and southward for most of the 

day. At this time, Explorer 33 was on the dusk side of the 

magnetosphere (X = 12 Rg and Y = 65 Rg). and Explorer 35 was on 

the dawn side of the magnetosphere (X = 32 R&, Y = -5 Rg).
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b. Initial phase.

An ssc occurred at 0915 UT on November 16, (Figures 2.6.30a 

and b). There were no substoras associated with this disturbance. 

The discontinuity associated with this ssc was observed by Explorer 

35 at 0906 UT and at 0913 UT by Explorer 33. This time difference 

indicates a disturbance propagation speed of 530 km/s. Note that 

the IMF was directed southward at 10 UT in the dusk side (Explorer 

33), while in the dawn side (Explorer 35) it was northward.

However, the variations of this component at the two satellites 

are similar.

Although the IMF magnitude was greater than 10y for most of 

November 16 and 17 and the IMF strongly southward directed for a 

substantial period of time, a main phase did not develop nor were 

the substorms very intense, for a period of 12 hours after the 

ssc. The ring current injection (Figure 2.6.31) displayed little 

real injection. The event at about 14 UT was most likely due to 

a solar-wind pressure variation since no substorms occurred at 

this time. This behavior is in curious contrast to all the other 

storm periods studied.

c. Main phase.

However, at about 0730 UT on November 17 substorm activity 

began to increase and a main phase decrease appeared to slowly 

develop. In Figure 2.6.30 two shock-like structures appear in the
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Figure 2.6.30a Comparison of interplanetary magnetic field data with 
geomagnetic field records of November 16-17, 1968. Here jB} and B 
represent the IMF magnitude and north-south component respectively 
and AE and ASY represent the combined high and low-latitude H- 
component records.
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Figure 2.6.31 Comparison of the ASY and AE indices and the ring 
current energy injection rate for November 16-17, 1968.
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Explorer 33 jB| traces, and also in the data for November 18 and 

19, (Figure 2.6.32a and b). These are interpreted to be bow-shock 

crossings even though the satellite is located at X^O Rg,

Y^-60 Rg. The reason for this interpretation is that the enhanced 

level of the magnitude plots generally coincides with the level 

observed within the magnetosheath after 22 UT on November 20.

Another ssc, at about 1630 UT on November 18, marked the 

beginning of another weak storm. During this period Explorer 35 

recorded a small southward field on the dayside of the magneto

sphere, and substorm activity (Figure 2.6.32) began to grow. At 

about 22 UT on November 18, both satellites recorded an increase 

in magnitude which was reflected in an increase in the southward 

field and an enhancement in the AE plot. Since all of the Sq was 

not removed from the data presented in the figure, interpretation 

of the low-latitude data is difficult. However, the low-latitude 

positive bay at Tashkent is obvious. This storm reached a maximum 

at about 06 UT on November 19, even though there was little 

substorm activity. The substorm activity centered at 12 UT 

seemed to produce small changes at low latitudes, the recovery 

rate did not appear to be appreciably changed, and by 24 UT on 

November 19, the storm seemed fully recovered.

From the ASY plot it can be inferred that the injected energy 

was small for this period. The largest variation in Figure
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Figure 2.6.32a Comparison of interplanetary magnetic field data with 
geomagnetic field records of November 18-19, 1968. Here |b | and B 
represent the IMF magnitude and north-south component respectively2 
and AE and ASY represent the combined high and low-latitude H- 
component records.



Figure 2.6.32b A comparison of the IMF data from Explorers 33 and 35 
with IBst and AE for November 18-19, 1968. .
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2.6.33 on November 19 is a "negative injection" at about 15 UT. 

This was seen as a sudden coherent enhancement of low-latitude 

magnetograms and was most likely due to variations in the solar- 

wind pressure. A smaller negative injection occurred at the time 

of the ssc which appeared earlier. The only significant variation 

in the ring current energy injection was due to the ssc on 

November 18.

d. Storm on November 20, 1968,

An ssc occurred at 0904 UT on November 20 (Figure 2.6.34a). 

The IMF was directed north prior to the ssc and although there are 

data gaps, the IMF appeared to remain northward until approxi

mately 1240 UT when a moderate substorm developed along with an 

asymmetric main phase decrease. Now Explorer 33 data cannot be 

used to monitor the IMF since it is within the magnetosphere. 

Figure 2.6.34b displays the variations of both satellites. Here 

it is seen that just prior to 20 UT, November 20, the IMF turned 

northward and AE activity ceased. For the rest of November 20 and 

for most of November 21, both AE and ASY were indicating no major 

magnetospheric activity.

Figure 2.6.35 displays the ring current injection and it is 

seen that the largest variation is the "negative injection" due to 

the ssc at 0704 UT. The major ring current injection for 1230 to 

14 UT corresponds to a growth of the ring current.
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Figure 2.6.33 Comparison of the ASY and AE indices and the ring 
current energy injection rate for November 18-19, 1968.
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Figure 2.6.34a Comparison of Interplanetary magnetic field data with 
geomagnetic field records of November 20-21, 1968. Here |b | and 
represent the IMF magnitude and north-south component respectively 
and AE and ASY represent the combined high and low-latitude H- 
component records.
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Figure 2.6.35 Comparison of the ASY and AE indices and the ring 
current energy injection rate for November 20-21, 1968.
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2.7 AN ESTIMATE OF THE ERROR ASSOCIATED WITH THE ENERGY
CALCULATION

In this section the accuracy of various parameters used in the 

energy calculations is assessed to determine the sensitivity of the 

results to errors of uncertainty,

a. The errors associated with the IMF e(t).

In this calculation the solar-wind velocity and the IMF are 

measured to well within a fractional standard deviation, S, of 5%. 

The only parameter with an error possibly greater than a few percent 

is the estimate of the radius of the effective merging region, L.

It is suspected that this dimension varies with the magnitude and 

direction of the IMF and it is expected that the error associated 

with the use of this constant would lead to an over-estimation of 

the energy when the IMF was directed northward, when little merging 

is thought to occur; and to an underestimation of the energy when 

conditions favored merging (Bz < 0), resulting in a large effective 

energy transfer cross-section. This type of error would cause the 

slope of a line, through the points such as in Figure 2.5.15, to 

be less than unity. Since L is experimentally undetermined, a 

fractional standard deviation (fsd) of 100% is assumed. Thus, the 

total fractional standard deviation associated with the magnetic 

energy calculation (Equation 2.5) in terms of the fractional 

standard deviation is, = [22(100%)2 + (5%)2 + (5%)2]1/2 « 200%.
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b. The error associated with U.(t).

The most undetermined error arises from the assumption of a 

dipole field and the subsequent use of equation 1.6 in this estimate. 

However, Siscoe and Crooker (1974) have noted that errors less than 

20% can be expected from asymmetries in the field. The largest 

source of error may be the choice of x, the decay constant. The 

recovery rate of different storms varies and is possibly inversely 

proportional to Dst (see Dst plots). The choice of x = 8 hours may 

be appropriate for the middle stages of the recovery phase but may 

be too large for the period immediately following the epoch of maxi

mum main phase decrease, a period of rapid recovery, and too small to 

represent the late recovery phase. The main effect of this choice 

would be to over-estimate the energy injected into the ring 

current during the late recovery phase. This behavior is often seen 

in the energy balance plots. Figure 2.3.4 displays the effect of 

various values of x on the estimate of IL(t). One may infer from 

this plot that a fsd error of 50% is not unreasonable for the chosen 

value of x. A fsd error of 10% may be associated with the scaling 

and baseline errors associated with the construction of the Dst 

index. The fractional standard deviation of the estimate of the 

energy injected into the ring current (Equation 2.31) is 

Su = [(20%)2 + (—1)2(50%)2 + (10%)2]1/2 = 54.8%.
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c. The error associated with

The major undetermined parameter in this calculation (Equation 

2.17) is the area of dissipation, the area over which the auroral 

electrojet flows; and an error of up to 100% in this parameter is 

assumed. is not known as a function of time during the storms 

studied but has been observed to vary up to 30 mV/m during other 

active periods; thus an associated error of 100% is justified.

Kamide and Brekke (1974) have shown that the current intensities 

given by equation 2.13 compare, within the factor of 2, with current 

intensities deduced using the incoherent radar technique. The total 

fractional standard deviation associated with this calculation is 

estimated to be, Sy = [(100%)2 + (100%)2 + (100%)2]1/2 = 173%.

j
However, since U^(t) is generally an order of magnitude less than 

U^(t), this error does not greatly affect the total energy 

calculation, U (t).

d. The error associated with U (t).
P

In equation 2.24 the values of nQ , Ê  and a have a statistical

error of less than 10% (Baron, 1974). The values for E and R,
o

used to represent the auroral precipitation, are taken from Figure 

2.3.3, which was based on laboratory measurements and a model atmo

sphere and are assumed to have an fsd of less than 50%. The fsd of 

the quantities E^ and the area of dissipation were discussed above. 

Thus the total fractional standard deviation of the estimate of the
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energy precipation rate, is

Sn = [(10%)2 + (50%)2 + (50%)2 + (100%)2 + 22x ((10%)2 + (100%)2 • 
P

9 9 1/ 9
(10%) + (100%) )] = 310%. However, since U is much smaller

P

than XL, this error should not greatly effect the total energy 

calculation.

error associated with each of the dissipation terms above can be

shown to result in a fractional standard deviation of the estimate

of the total energy dissipation rate of (S) x 100 'v 55% where

■ [<SD x v / + (Sa
c —  i _______________J_

The fractional standard deviation of the total IMF energy estimate 

is ^ 200%. This relative difference in accuracy indicates that the 

energy dissipation rate during magnetospheric storms can be related, 

within a factor of 2-3 to the rate that energy is brought up to the 

magnetosphere by the solar wind. It is obvious that the largest 

source of error is the effective merging length (Equation 2.5) and 

that more investigation of this parameter is necessary.
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AURORAL SUBSTORMS AND THE 
INTERPLANETARY MAGNETIC FIELD

Since the main results obtained in this chapter have been 

published in the Journal of Geophysical Research, November 1973 

issue (p. 7490), only a brief summary of the results is given 

here.

3.1 SUMMARY

We have confirmed that the IMF does not exert any trigger

like control over the onset of substorms. Auroral substorms are 

seen to occur along a contracted oval when the IMF has a northward 

component in much the same manner as when it is directed southward 

and the oval has expanded to the latitude of the auroral zone. In 

addition, even though substorms often appear to be associated with 

rapid changes in the orientation and direction of the IMF, auroral 

substorms are observed to occur when no rapid variations are 

present, regardless of the direction of the IMF, demonstrating 

that rapid temporal changes are not necessary for the production 

of a substorm.

It appears that the dominant effect of the IMF-Bz component 

is to control the latitude of the auroral oval. However, it must 

be emphasized that the ring current also has significant control 

of at least the nightside oval (Chapman and Akasofu, 1967). We

CHAPTER I I I
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have seen that, during quiet periods (Dst ^ 0), the auroral oval 

contracts poleward when the IMF is northward. The oval then may 

be out of the range of stations along the auroral zone. Stations 

there may erroneously indicate a quiet level of auroral electrojet 

activity. Then when the IMF vector rotates toward the southward 

direction, the auroral oval expands and shifts to the latitude of 

standard AE stations where the substorm activity can be recorded.

Other consequences of this relationship are seen in the DP-2 

variations described by Nishida (1968, 1971 a, b). Recently, 

Akasofu et al. (1973) showed that a significant part, if not all, 

of the DP-2 variation can reasonably be explained by the combined 

effect of the equatorward expansion of the permanent current

and its enhancement. Here the S*5 current refers to the current
9

system which is responsible for the polar daily magnetic variations 

(Kawasaki and Akasofu, 1967). It contains field-aligned currents 

which are found to be a permanent feature of the auroral oval 

(Zmuda et al., 1970). Cauffman and Gurnett (1971) showed that a 

dawn-to-dusk electric field always exists even during very quiet 

periods. Thus, the DP-2 variations are likely to be caused by 

modulation o 

of the IMF.

During periods of southward fields, the positive bay recorded 

at low latitudes in the night sector is found to be fairly
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pronounced and occurs within a few minutes of the onset of the 

substorm. In addition, prior to a large positive bay, a small 

negative dip is observed to occur. However, when the IMF is 

directed northward and Dst is low, substorm-associated positive 

bays at low latitudes are hard to distinguish. In fact, some of 

the substorms analyzed had no discernible positive variation at 

low latitudes.

A geomagnetic storm has been thought of as that period during 

which a series of substorms occur. That is, during a sequence of 

substorms, particles are injected deep into the trapping region 

faster than they are lost and result in the growth of the ring

current and thus the main phase decrease. In this study, small

substorms are shown to occur even during periods when the IMF is 

directed northward and the auroral oval is contracted; in fact, 

substorms along the contracted oval are not qualitatively different 

from those occurring at auroral latitudes. Why then, does a 

geomagnetic storm, i.e., the ring current, not develop when the IMF 

is directed northward?

It is reasonable to assume that the injection of ring current

particles occurs near the inner edge of the plasma sheet. One

parameter which may be important in answering the above question 

is the geocentric distance of the inner edge of the plasma sheet.

In this connection it should be noted that higher latitude field
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lines cross the equatorial plane of the magnetotail at greater 

distances. Thus it may not be unreasonable to assume that the 

inner edge of the plasma sheet is located closer to the earth 

from its average location when the auroral oval is located at a 

lower latitude than when it is located at higher latitudes. One 

may conclude, therefore, that the injection occurs at a point 

closer to the earth when the IMF is directed southward than when 

it is directed northward. One may further conclude that when the 

IMF is directed northward, the injection of particles toward the 

ring current occurs at such a great distance that these particles 

cannot form a complete ring and thus their magnetic effect becomes 

very small. On the other hand, when the IMF is southward, the 

injection occurs deep in the trapping region leading to a buildup 

of the ring current and thus a geomagnetic storm.

Recently, Kamide and Akasofu (1974) showed, using data from 

the Alaska meridian chain of stations, that during periods of 

northward IMF the total westward electrojet intensity was less, 

and the latitudinal width of the electrojet was narrower and at 

a higher latitude than during periods of southward IMF, confirming 

at least that substorms with a northward IMF are, in general, 

weaker than those with a southward IMF.
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CHAPTER IV 

SUMMARY

The main purpose of this work was to investigate the effect 

of the interplanetary magnetic field on magnetospheric storms and 

substorms. Was the north-south component of the interplanetary 

magnetic field related to the energy expended during these events, 

and did the orientation of the IMF control the dissipation rates 

or trigger the onset of substorms?

4.1 THE ENERGY BALANCE OF MAGNETOSPHERIC STORMS

The most significant result of this study is the observation 

that the variation of the energy dissipated, U(t), during geomagnetic 

storms is related to variations of the energy associated with the 

southward component of the IMF, e(t). Here e(t) is expressed in 

terms of the function

Bm = (IBI " V /2 = lBl (1 “ sin0)/2’

where ]B ( and 6 represent the IMF magnitude and latitudinal 

angle, respectively. The relationship between the energy brought 

up to the magnetosphere during a geomagnetic storm and the total 

energy, e, dissipated during the storm is approximately linear 

within the limits of the errors associated with these estimates.

It is concluded that the IMF regulates the transfer of energy 

from the kinetic energy of the solar-wind particles to the

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

magnetosphere. It is shown that the injection rate of energy

2
into the ring current is proportional to .

It is hypothesized that the north-south component of the IMF 

regulates the effective radius of the magnetosphere, and thus the 

cross-sectional area, through which the solar-wind kinetic energy 

has access. By controlling the width of the merging region, it 

follows that when the IMF is directed northward, the merging 

radius becomes small, and thus the magnetosphere presents a 

reduced cross-section to the solar-wind kinetic energy.

2
While there is, in general, a gross correlation between B^ and 

the total energy dissipation rate and while the above interpretation 

appears to be acceptable as a first approximation, there are often 

periods when the correlation breaks down. In order to examine this 

feature, the effects of the IMF on isolated substorms are closely 

examined by using all-sky photographs of the aurora, since the 

development of a magnetospheric storm is closely related to charac

teristics of substorms. It is found that the north-south component 

of the IMF and its rapid changes do not directly activate triggering 

mechanisms of substorms. Thus for isolated substorms (those which 

occur during relatively quiet or moderately disturbed periods), the 

energy transfer process is independent of substorm triggering pro

cesses, although substorms tend to be weaker when the IMF is directed 

northward than when directed southward. The data also indicate that 

the north-south IMF component controls the size of the auroral
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oval—e.g. when the IMF is directed northward, the oval contracts 

poleward; when the IMF is southward, the oval expands equatorward.

Another conclusion reached here is that the main phase 

decrease almost always develops in the presence of a southward 

IMF. This conclusion appears to contradict the combined con

clusion of two other findings, namely that a magnetospheric storm 

occurs when substorms occur frequently and that the occurrence 

frequency of substorms does not depend on the sign of the north- 

south component of the IMF.

However, it is shown that this apparent contradiction can be 

removed by noting that the injection of ring current particles is 

more intense and occurs deeper in the trapping region when the 

IMF is directed southward than when the IMF is directed northward. 

For the northward IMF, a weak injection occurs at such a great 

distance that the particles may not be able to form a complete 

ring with the result that their magnetic effect may be expected 

to be very small.

During the course of this study, it was also found that the 

energy dissipated in the auroral ionosphere through joule heating 

exceeds, the kinetic energy deposited by auroral electrons, when 

their quantities are integrated over a storm period 50 hours). 

However, during the maximum epoch of intense storms, the latter 

is, comparable to the former.
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APPENDIX I

HIGH-LATITUDE AND LOW-LATITUDE GEOMAGNETIC 
RECORDS FOR THE STORMS EXAMINED IN THIS STUDY

Page

February 7-9, 1967, High latitude 208
February 7-9, 1967, ATS-1 209
July 26-27, 1969, High latitude 210
July 26-27, 1969, Low latitude 211
February 2-4, 1969, High latitude 212
February 2-4, 1969, Low latitude 213
January 13-14, 1967, ATS-1 214
January 13-14, 1967, High latitude 215
January 13-14, 1967, All-sky 216
January 13-14, 1967, All-sky 217
January 13-14, 1967, All-sky 218
April 27-28, 1969, High latitude 219
April 27-28, 1969, Low latitude 220
March 7-9, 1970, High latitude 221
March 7-9, 1970, High latitude 222
March 7-9, 1970, High latitude 223
March 7-9, 1970, High latitude 224
March 7-9, 1970, Low latitude 225
March 7-9, 1970, Low latitude 226
March 7-9, 1970, Low latitude 227
March 23-24, 1969, High latitude 228
March 23-24, 1969, Low latitude 229
September 27-29, 1969, High latitude 230
September 29-30, 1969, High latitude 231
October 29-30, 1968, Low latitude 232
October 29-30, 1968, High latitude 233
October 31-November 1, 1968, High latitude 234
October 31-November 1, 1968, Low latitude 235
November 1-2, 1968, High latitude 236
November 1-2, 1968, ASY and AE 237
November 1-2, 1968, Low latitude 238
November 18-19, 1968, High latitude 239
November 20-21, 1968, High latitude 240
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Comparison of ATS-1 and low latitude H-component records 
during February 7-9, 1967. Local midnight is marked 
with closed circles.
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Low latitude H-component records for July 26-27, 1969.
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High latitude H-component records for February 2-4, 1969.
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Comparison of ATS-1 and low latitude H-component re

cords during January 13-14, 1967. Local midnight is 
marked with closed circles.
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CO LLEGE 

14 JANUARY 1967

0245 0300 0330 0332 0334 0336 0340 0345 0400

0430 0445 0450 0455 0500 0515 0520 0522 0524 0525
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0815 0830 0845 0900 0915 0930 0940

All sky photographs taken at Fort Yukon and College 
during January 13-14, 1967.
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All sky photographs taken at Fort Y ukon and College 
during Jan u a r y  13-14, 1967.
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High latitude H-component records for April 27-28, 

1969.
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L o w  latitude H-coir.ponent records during M a rch 7-9, 1970.
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High latitude H-co:aponent records for March 23-24, 

19691
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23 MAR 1969 24 MAR 1969
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Low latitude H-component records for March 23-24, 1969.
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High latitude H-component records for September 29-30, 

1969.
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Hours, UT .

High latitude records for October 29-30, 1968.
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Low latitude H-component records during October 31-No- 
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Comparison of the ASY and AE indices and the ring cur
rent energy injection rate for November 1-2, 1968.
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APPENDIX I I

Geomagnetic
Station__________ Location_________ Latitude and Longitude

Guam Mariana Island 4.0 212.9

Honolulu USA 21.1 266.5

Kakioka Japan 26.0 206.0

M'Bour Senegal 21.4 52.0

San Juan Puerto Rico 29.6 3.1

Teheran Iran 29.4 126.5

Tucson USA 40.4 312.2
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Observatories Used

Geographic Coord. Geomagnetic Coord. LGM*
Observatory N. Lat.° E. Long.0 N. Lat.° E. Long.0 UT

Leirvogur 64.18 338.30 70.22 71.04 2351

Narssarssuaq 61.20 314.16 71.21 36.79 0210

Great Whale River 55.27 282.22 66.58 347.36 0526

Fort Churchill 58.80 265.90 68.70 322.77 0704

Baker Lake 73.8 315.2 0630

Meanook 61.8 301.0 0800

College 64.87 212.17 64.63 256.52 1133

Barrow 71.30 203.25 68.54 241.15 1235

Cape Wellen 66.17 190.17 61.79 237.10 1250

Tixie Bay 71.58 129.00 60.44 191.41 1551

Cape Chelyuskin 77.72 104.28 66.26 176.46 1650

Dixon Island 73.55 80.57 63.02 161.57 1748

Heiss 71.3 156.1 2000

Abisko 68.40 18.90 66.04 115.08 2052

*Local Geomagnetic Midnight (LGM) at equinox 
Geomagnetic coordinates and time calculated for inclined dipole 
field.
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