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Abstract

The energetic electron population at geosynchronous orbit is highly variable
and affected by many different time-dependent processes. Substorm injections
recur on time scales of hours, local time variations result from the geomagnetic
field asymmetry, magnetic storms create periods of enhanced activity and quiet
periods result in continual loss, seasonal variations are driven by changes in the
Earth’s magnetic field geometry around its orbit, and solar cycle variations oc-
cur on time scales of years. From 1988-1995, the SEM-2 (Space Environment
Monitor) onboard the geostationary satellite Meteosat P2 detected 42.9-300keV
electrons in five differential energy ranges. This energy range is ideal to investi-
" gate two important components of the geosynchronous environment: the trapped
radiation belt population and the lower energy substorm injected electrons. The
SEM-2’s 30 look directions allow the determination of the symmetry axis of the
particle distribution, and comparison with the Tsyganenko 89 magnetic field
model shows that this provides a good indication of the magnetic field direction.

The dependence of radiation belt intensity and substorm injection signatures
on local time and geomagnetic activity is quantified in models based on flux
probability distributions, and the effects of including a time lag behind K, for
the high energy data are explored. A longer term model is constructed to give
the probable range of observed flux in terms of mission duration.

Injection frequency is investigated using wavelet analysis and found to depend
on solar wind speed. Wavelets are also used to investigate a 16-day periodicity
which may relate to previous observations interpreted as planetary wave signa-
tures.

The solar cycle dependence of both populations is examined. The lower energy
population peaks at solar maximum, but is also enhanced in the declining phase

which has the dominant effect on the higher energy electrons.



Contents

1 The
1.1
1.2
1.3

14

2 The
2.1
2.2
2.3

3 The
3.1
3.2

3.3

Earth’s Magnetosphere

The Solar Wind . . . . .. . ... ... .. . . ... ...,
The Magnetosphere . . . . . . . . .. .. ... ...
The Radiation Belts . . . . . ... ... ... .. ... ......
1.3.1 Trapped Particle Motions . . . . ... ... ... .....
1.3.2  Drift Shell splitting . . . . . ... ... ... ... ...
1.3.3 Quasi—trapi)ing ........................
Magnetospheric Substorms . . . . . . .. ... ... L.
1.4.1 Magnetic Storms . . . . ... ... oL
1.42 Substorms . . . . .. .. ... ..

Geostationary Environment

Observations at Geostationary Orbit . . . ... . ... ... ...
Energy Spectra . . . . . . . .. ... L
Applications of the SEM-2 Data . . . . .. ... ... .......

Meteosat SEM-2 Data Set

3.2.1 Calibration . ... ... .. ... ... ... .. ...,
3.2.2 Telemetry . . . .. . . . .. .. ... ..
The SEM-2 Archived Data Set . . . . .. ... ... ........
3.3.1 Archiveddata . . . ... ... ... ... . ... .....
3.3.2 Calculation of the Anisotropy Index . . . . . .. ... ...

13
13
17
21
22
31
34
39
39
40

50
ol
65
73



3.3.3 Corrections Made to the Archived Data Set . . .. .. .. 92

3.3.4 Advantages of the SEM-2 DataSet . . .. ... ...... 95

4 Evaluation of the Calculated Magnetic Field Direction 97
4.1 Modelling the Magnetic Field . . . ... ... ... ........ 97
4.2 Previous Testing of the Tsyganenko 89 Field Model . . . . . . .. 99
4.3 Calculation of the Magnetic Field Direction . . . ... ... ... 102
4.4 Results. . . . . . . . . . e 103
4.5 SUIMMATY . .« v v v v v e e e e e e e e e e e e e e 114
46 Conclusion. . . . .. .. . . .. .. 117

5 Local Time Dependences: Energy Dependence and the Effect of

Geomagnetic Activity 121
5.1 Energy Dependence . . . . . . . ... .. .. ... ......... 124
5.2 Dependence on Geomagnetic Disturbance . . . . . ... ... ... 146
5.3 The Diurnal Flux Variation . . ... ... ... .. ........ 156
5.4 Anisotropy Index and Spectral Index . . . . ... ... ... ... 158
5.4.1 Anisotropy Dependence on Local Time . . . . . ... ... 158

5.4.2 SpectralIndex . . . . . ... .. ... L. 161

5.4.3 Flux Related to Spectral and Anisotropy Indices . . . . . . 163

5.5 Pitch Angle Distributions . . . . .. .. ... ... ... ..... 166
5.6 Summary . . . .. . ... e e e e e e e e e e e 177
57 Conclusion . . . . . . .. . ... 178

6 Substorm Injections 183
6.1 Substorm Injection Frequency . ... ... ... ... ....... 183
6.2 Long Term Dependence of the Substorm Injection Frequency . . . 193
6.3 Superposed Epoch Analysisof Peaks . . ... .. ... ... L., 198
6.4 Summary . . . ... ... e e e e e e 206
6.5 Conclusion . . . . .. ... ... ... e 208

7 Long Term Dependences 210
7.1 Solar Cycle . . ... . . . . . . . . 210



7.2 Solar Rotation. . . . . ... ... ... ... ... ...

7.3 16-day Periodicity . . . . . . . . . ... ...

7.4 Mission duration . . .. ... ... ... ... ... ...

7.5 Conclusion . . . . . . . . . . L. e

Concluding Remarks

SEM-2 Errors

Al Archiving Errors . . . . . .. ..o oL
A1l Omissions . . . . . . . . .. . L
A1.2 DataClipping . . . . . . . . . .. ... .
A.1.3 Polar Flux Asymmetry . . . . . . ... ... .. ......

A.2 Onboard Data Compression Error . . . . . ... ... ... ....
A.2.1 SEM-2 Data Compression Report . . . . .. ... ... ..

A.3 Decompression Errors. . . . . . . .. ... ... ... ... ...,
A.3.1 Scaling Factor Error . . . . . ... .. ... .. ... ..
A3.2 Overflow Errors . . . . .. . ... ... ... ... .....

Coordinate Systems

B.1 GEO Coordinates . . . . . . . .. ... .. ... ....

B.2 GSM Coordinates . . . . . . . . .. ..

242

248
248
248
248
249
250
261
265
265
266



List of Tables

2.1
2.2

3.1
3.2

5.1

7.1
7.2
7.3
7.4

Al
A2

LANL detector electron energy levels . . . . . . . ... ... ... 52
LANL satellites and detectors . . . . . . .. ... ... .. ..., 52
SEM-2’s five differential energy levels . . . . . ... .. ... ... 77
Elements of the archived SEM-2 data set record . . . . . . .. .. 89
Total flux pointsin K, ranges . . . .. . ... .. ... ...... 147
SEM-2 yearly temperatures and densities . . . . . . .. ... ... 214
SEM-2 yearly temperatures and densities for high K, . . . . . .. 215
SEM-2 yearly temperatures and densities for low K, . . . . . . .. 215
Yearly average diurnal variations . . . . .. .. ... .. ... .. 217
Percentage of counts affected by the compression error . . . . . . 260
Errorson ISCALE . . .. . .. ... ... ... ... ... ... 265



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15

2.1

2.2
23
24
2.5
2.6

3.1

The Parker spiral . . . . . . . . ... .. .. .. ... . ... 16
The Earth’s magnetosphere . . . . . . ... ... ... ...... 18
Superposition of dawn-dusk and corotational electric fields . . . . 20
Radiation belts: electron and proton distributions . . . . . . . .. 23
The three trapped particle motions . . . . . ... ... ... ... 24
Thelosscone . . ... ... .. . .. .. e 27
Contoursof B, ITand L . . . .. ... ... ... .. ... ..... 32
Splitshells . . . . . . . . . . . .. . . 33

Shell splitting for particles starting on common field lines at noon 35

Shell splitting for particles starting on common field lines at midnight 35

Quasi-trapping regions in the magnetosphere . . . . . . . . . . .. 36
Thedrift losscone . . . .. ... ... ... .. .......... 37
Magnetopause shadowing . . . . . .. .. ... .. ... ..., 38
Reconnection . . . . .. .. ... ... L Lo 44
Substorm variations of H, AF and particle lux . ... ... ... 47

MPA data showing local time distribution of geosynchronous orbit

TEEIONS . . v v v vt e e e e e e e e e e e e e e e e e e 95
Cayton et al.’s energy spectra . . . . . . . ... ... ... ..., 66
SEM-2 energy spectrum showing Cayton et al.’s data . . . . . . . 67
Energy spectrum of SEM-2data . . . ... ... ... ....... 69
Energy spectrum dependence on local time . . . . . . .. .. ... 71
Energy spectrum of AE-8data . . . . ... ... . ... ...... 72
Meteosat P2’s longitude, 1988-1995 . . . . . .. . . ... ... .. 76



3.2
3.3
3.4
3.5

4.1
4.2
4.3
4.4
4.5
4.6

4.7

4.8
4.9
4.10

4.11

412

4.13

5.1
5.2
5.3
5.4
9.5
5.6
5.7
5.8

LANL flux for 08 November 1993 . . . . . . . . . . .« . ... .. 80

SEM-2 flux for 08 November 1993 . . . . . . . . . ... . ... .. 81
SEM-2 daily summary plot . . . . . . .. .. ... ... ... .. 83
SEM-2 monthly summary plot . . . . . . . ... ... ... ... 88

Comparing SEM-2 calculated field direction with a model field . . 103
Local time difference between modelled and observed theta . . . . 105
Local time difference between modelled and observed phi . . . . . 105
Difference between modelled and observed theta in terms of K, . 108
Difference between modelled and observed phi in terms of K, . . . 108

Local time dependence of modelled and calculated GEO theta at

different Kp values . . . ... ... ... ... ... ... ... 109
Local time dependence of modelled and calculated GSM phi at

different K, values . .. ... ... ... ... .......... 109
Seasonal differences between modelled and observed theta . .. . 111
Seasonal differences between modelled and observed phi. . . . . . 111

Local time dependence of modelled and calculated GEO theta for
each Season . . . . . ... ... 113
Local time dependence of modelled and calculated GSM phi for
eachseason . . . . .. .. .. ... ... 113

Effect of season and magnetic activity on the magnetic equator at

synchronous orbit . . . . . .. .. ... ... . oL, 115
The SEM-2 eclipse anomaly . . . .. ... ... .......... 116
Sample of flux data showing diurnal variation . .. ... ... .. 123
Scatter plot of E5-E4 flux versus local time . . . . . ... ... .. 125
Statistical plot of E5-E4 flux versus local time . . . . . ... ... 125
Distribution of peaks in local time . . . . . . . . ... ... .... 127
Superposed epoch analysis of injection peaks . . . . . ... .. .. 128
Statistical plot of E4-E3 flux versus local time . . . . . ... ... 129
Statistical plot of E3-E2 flux versus local time . . . ... ... .. 129
Statistical plot of E2-E1 flux versus local time . . . . . . ... .. 130



5.9

5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28
5.29
5.30
5.31
5.32
5.33
5.34
5.35
5.36
5.37
5.38

Statistical plot of E1 flux versus local time . . . . . . . ... ...
Average and median flux versus local time- . . . . . .. ... ...
Magnetic field contours in the Earth’s equatorial plane . . . . . .
Outer magnetosphere drift paths . . . . .. ... .. ... ...,
LANL statistical plots . . . . . . ... .. ... .. .. .....
Low energy flux in the absence of injections . . . . .. ... ...
Flux dropouts . . . . . . . . .. . .. ... .
Local time dependence of flux decreases . . . . . . . ... ... ..
Adiabatic modelling of a flux decrease . . . . .. ... ... ...
Statistical plots of E5-E4 flux inrangesof K, . . ... ... ...
Statistical plots of E4-E3 flux in rangesof K, . . . ... ... ..
Statistical plots of E3-E2 flux inrangesof K, . . ... ... ...
Statistical plots of E2-E1 flux in rangesof K, . . ... ... ...
Statistical plots of E1 flux inrangesof K, . .. . ... ... ...
Correlation of flux with K, . . . . . . ... ... ... ... ....
Statistical plots of E1 flux in ranges of K, time lag applied . . . .
Statistical plots of E1 flux in ranges of Kp(7) . . . . . . ... ...
Identification of average local time behaviour . . . . . .. ... ..
Anisotropy index versus local time . . . . . ... ... ... ...
Anisotropy index versus local time in rangesof K, . . . . . . . ..
Spectral index versus local time . . . . . . ... ... ... .. ..
Spectral index versus local time inrangesof K, . . . ... .. ..
Total flux versus anisotropy index, in rangesof K, . . . . . .. ..
Total flux versus spectral index, inrangesof K, . . ... .. ...
Anisotropy index versus spectral index, in rangesof K, . . . . . .
Example pitch angle distributions . . . . . . ... ... ... ...
Calculation of pitch angle . . . . . . .. .. ... ... .. ....
Calculated pitch angle distribution dependence on local time . .
Pitch angle distribution dependence on local time, low K,

Pitch angle distribution dependence on local time, high K, B

10



5.39 Energetic electron pitch angle distributions in the near equatorial

magnetosphere . . . . ... Lo Lo o 176
5.40 Geometry of the injection boundary . . . . . . . ... ... .. .. 180
6.1 Morlet wavelet . . ... .. .. ... ..o 184
6.2 Wavelet transforms of common signals . . . . .. ... ... ... 186
6.3 Wavelet transform showing substorm and diurnal frequencies . . . 190
6.4 Wavelet determination of injection frequency . . . . . . . . . . .. 191
6.5 Injection frequency throughout the mission . . . . . . . ... ... 194

6.6 Monthly averaged flux for each SEM-2 energy range for the whole

MISSION . . . . v v v e e e e e e e e e e 195

6.7 Monthly averaged solar wind speed for the duration of the mission 196

6.8 Monthly averaged K, for the duration of the mission . . ... .. 196
6.9 Substorm frequency and solar wind speed . . . . . . .. ... ... 197
6.10 Superposed epoch analysis of peaks, LT 2300-2400 . . . . ... . .. 200
6.11 Superposed epoch analysis of peaks, LT 0600-0700 . . . . . . . .. 201
6.12 Superposed epoch analysis of peaks, LT 1200-1300 . . . . . . . .. 202
6.13 Superposed epoch analysis of peaks, LT 1800-1900 . . . . . . . .. 203
6.14 Pitch angle distribution of injection peaks . . . . ... ... ... 205
6.15 Peak flux versus K, across the nightside . . ... ... ... ... 207

7.1 Monthly averaged sunspot number for the duration of the mission 211

7.2 Solar flare occurrence, 1991-1996 . . . . . ... . ... ... ... 213
7.3 Yearly temperature and density . . . . . ... .. ... ... ... 216
7.4 Yearly El statistical plots . . . . ... ... ... ... ... ... 218
7.5 Yearly E5-E4 statistical plots . . . . . ... ... ... .. .. 219
7.6 Flux of >1.4MeV electrons versus solar wind speed . . . .. . .. 222
7.7 Eb5-E4 and El flux versus solar wind speed . . . . ... ... ... 222
7.8 Wavelet tranforms of daily averaged data . . . . . ... ... ... 224
7.9 Average wavelet modulus of dailydata . . . ... ......... 226
7.10 The 27-day periodicity throughout the mission . . . . . ... . .. 226
7.11 Wavelet tranforms over 10-20 day periods. . . . . . ... ... .. 230

11



7.12 16-day wavelet tranforms . . . . .. ... ... ... .. ... .. 231
7.13 Histogram of total flux-. . . . . ... .. ... ... ... ..... 235
7.14 Average total flux versus accumulation time . . . .. ... .. .. 237
7.15 Year-long flux averages . . . . . ... .. ... ... .. e 237
Al Thepolarfluxerror. . ... ... .. ... .. .. .. ....... 249
A.2 Polar-azimuthal flux distribution . . . ... ... ... ... ... 250
A.3 Input ranges for SEM-2 data compression . . .. ... ... ... 252
A.4 Decompression output numbers and errors . . . . ... ... ... 253
A.5 Corrected input ranges and percentage errors for compression . . 254
A.6 Compression errors forexponent 4. . . . . . . . ... ... ... 256
A.7 Compression errors forexponent 5. . . . . . . .. .. .. ... .. 257
A.8 Compression errors for exponent 6 . . . . . . . .. ... ... ... 258
A.9 Compression errors forexponent 7. . . . . . . . .. ... .. ... 259
A.10 Effect of compression error on counts . . . . ... ... ... ... 260
B.1 The GEO coordinatesystem . . . . . .. ... ........... 268
B.2 The GSM coordinatesystem . . . . . ... ... ... ....... 269

12



Chapter 1

The Earth’s Magnetosphere

This chapter discusses the near-Earth environment: the solar wind which streams
out through the solar system, the magnetosphere which is the domain of the
geomagnetic field, and the radiation belts, where energetic charged particles are

trapped in the Earth’s magnetic field.

| 1.1 The Solar Wind

The solar wind comprises particles from the outermost region of the solar atmo-
sphere, the corona, which have high thermal energies enabling them to escape
the Sun’s gravitational field (Parks, 1991). The result is a near-radial outflow of
plasma. According to Chen (1974), a plasma is a quasineutral gas of charged and
neutral particles which ezhibits collective behaviour.

Quasineutrality requires that the scale length of the plasma is large compared
with the Debye length of the plasma. An isolated charge has an electrostatic

potential ¢ given by:

_ g
4meor (1.1)

where:

q is charge

€g is the permittivity of free space
7 is the distance from the charge.

Introducing an isolated charge into a plasma would result in a charge cloud of

13



the opposite sign collecting around it, which then shields the affect of the charge
from the rest of the plasma. The Debye length Ap is a measure of shielding in -

the plasma. In this case ¢ is called the Debye screening potential:

R 1.2
¢ 47regre (1.2)

where the Debye length Ap for an electron-proton plasma is given by:

kTefo

22 =
Mg qg

where:

k is Boltzmann’s constant

T, is the electron temperature

ge is the electron charge

no is the plasma density (Parks, 1991).

If » < Ap, then equation 1.2 shows that the potential becomes the Coulomb
potential. If r >. Ap, then the potential decreases exponentially. Therefore
outside the Debye sphere (a sphere of radius Ap centred on the charge) this
potential decreases rapidly, so the Debye sphere can be regarded as the sphere
of influence of the charge. Thus, if the plasma scale length is much larger than
Ap, it can shield out an applied potential in a distance very short compared to
its size, i.e. most of the plasma, is unaffected.

The density of the plasma is required to be low enough that short-range col-
lisions between particles are negligible, so that long-range electromagnetic forces
are dominant. The plasma exhibits ‘collective’ behaviour, where many of the
charged particles react together to electromagnetic forces. The number of parti-
cles in the Debye sphere, Np, is given by:

3
Np = @—TQ’AD— (1.4)

and the plasma parameter g is defined by:

1

g

The condition g < 1 is called the plasma approximation: this condition must be

met for there to be enough charged particles present for them to be considered.
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a plasma, because there must be enough particles for Debye shielding (Kivelson,
1995). Equations 1.3, 1.4, and 1.5 combine to give:
1
g~ g,—gg- (1.6)
So for ¢ < 1, some combination of high temperature and low density is required.
If g is small there are few collisions, and as g tends to zero the plasma becomes
collisionless.

The solar wind plasma has the magnetic field from its point of origin, at the
Sun, frozen into it: this is because in an electrical conductor magnetic fields diffuse
slowly. As the Sun rotates ‘away’ from the outflowing particles and magnetic field,
it produces the Parker spiral (figure 1.1). The particles stream out radially but
the magnetic field ‘winds up’ since the field lines are rooted on the Sun. The
latitude band 30° on the Sun is divided into sectors of opposite polarity, which
creates sectors in the solar wind. The magnetic field carried by the solar wind is
referred to as the Interplanetary Magnetic Field (IMF).

The solar wind streams out from the Sun through the entire solar system
and envelopes the Earth’s magnetosphere. At the Earth, solar wind electron and
proton number densities are typically 5 particles cm™2, and the solar wind velocity
is on average 400 kms—!. These parameters are dependent on solar activity and
can vary widely. Where the Sun’s magnetic field is weak, high speed solar wind
streams can result. Coronal holes, coronal mass ejections and solar flares are
all sources of high speed solar wind. Large coronal holes have been linked with
geomagnetic disturbance (Neupert and Pizzo, 1974). The link between solar and
geomagnetic activity was shown to have two components by Venkatesan et al.
(1991). ‘The K, index, a measure of geomagnetic activity, has two maxima for
each maximum in the sunspot number, which provides a measure of solar activity
and peaks every 11 years. K, sums for sudden storm commencement (SSC) days
correlate well with the number of SSC days and the correlation peaks at solar
maximum. K, sums for non-SSC days also correlate with the number of non-SSC
days but the peak correlation occurs 5 years after solar maximum. These two

discrete components of geomagnetic activity result from flare activity, with the

shock front from the flare causing a SSC, and corotating solar wind streams.

15
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1.2 The Magnetosphere

The Earth’s magnetic field is confined by the magnetized solar wind, to a region
around the Earth known as the magnetosphere. Figure 1.2 shows the main fea-
tures of the Earth’s magnetosphere. The boundary between the domain of the
geomagnetic field and the solar wind is called the magnetopause. The magne-
tosphere is compressed by the solar wind on the sunward side, with the mag-
netopause typically at about 10Rg, and drawn out into a tail several hundred
Rg long in the anti-sunward direction. For this reason, although a dipole model
for the Earth’s magnetic field, with the geomagnetic axis inclined to the Earth’s
spin axis at 11.5°, is a reasonable approximation close to the Earth, it proves
less accurate as altitude increases and the magnetosphere becomes increasingly
asymmetric.

Meng (1970) showed that the position of the magnetopause correlates with
substorm activity. From observations of magnetopause crossings by the elliptical
satellite IMP-2 he deduced that during substorms the magnetosphere is com-
pressed and so the magnetopause lies closer to Earth. Later Sibeck et al. (1991)
studied 1821 magnetopause crossings from different satellite data sets and showed
that the location of the magnetopause depended on the direction of the IMF and
on solar wind dynamic pressure. In very disturbed conditions, the magnetopause
has been observed inside geostationary orbit.

Because the solar wind is supersonic and superalfvénic when it encounters the
Earth a bow shock forms, typically about 3Rg upstream of the magnetopause.
This is a collisionless shock because the low density of the solar wind near the
Earth means that the solar wind particles have a very long mean free path,
of the order of the Sun-Earth distance, and so collisions are rare. Between the
magnetopause and the bow shock lies the magnetosheath. A small fraction of the
magnetosheath plasma (< 1%) crosses the magnetopause into the magnetosphere
and forms the boundary layer. This boundary layer plasma at low latitudes is
called the low-latitude boundary layer whereas at higher latitudes it is swept into
the tail and forms the plasma mantle (Lui, 1992).

The plasmasphere, bounded by the plasmapause, includes the ionosphere and
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extends to 3 or 4R g from the Earth’s surface. The plasma within the plasmapause
is the only part of the magnetosphere that is corotating with the Earth (Parks,
1991). The position of the plasmapause shifts according to geomagnetic activity:
it generally lies inside 5Rg but is found further out when K, is very low. (Lyons
and Williams, 1975a, and references therein). Particle energy increases from
<1eV deep inside the plasmasphere to a few eV at the plasmapause (Young,
1983).

The radiation belts are populated by particles which are trapped in the Earth’s
magnetic field, and are discussed further in the next section. The drift motion of
trapped particles around the Earth produces the ring current. The peak current
density lies between 4 and 5 Rg or closer during times of increased activity. The
geomagnetic tail is produced by the transfer of some of the solar wind’s momen-
tum and energy to the geomagnetic field and has been observed to extend more
than 200Rg. The plasma sheet is a current carrying region of the tail which lies
between the low particle density tail lobes. The plasma sheet and magnetotail are
important sources of the trapped radiation further inside the magnetosphere. The
plasma sheet itself comprises hot (>1keV) tenuous (~ 0.5cm™3) plasma which is a
combination of plasma originating in the ionosphere and in the solar wind ( Younyg,
1983, and references therein). The earthward edge of the plasma sheet lies at a
geocentric distance of about 6-8Rg, and closer to the Earth when geomagnetic
activity is high. The electron energy density decreases exponentially inward from
the inner edge of the plasma sheet, due to the average electron energy decreasing
while the density remains fairly constant (Frank, 1971).

Figure 1.3 shows how the convection of plasma sheet particles earthward due
to the dawn-dusk electric field is affected by the superposition of the corotational
electric field. This produces effectively ‘forbidden’ paths for particles. Electrons
of 0.1-1.0 keV are excluded from the dusk region of geosynchronous orbit, and for
higher energies, this exclusion region is wider. In geomagnetically quiet times,
when the convection electric field is smaller, this forbidden region for plasma
sheet particles may be so large that plasma sheet particles are excluded from the

geosynchronous region altogether (Thomsen et al., 1996a).
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The geosynchronous orbit at 6.6Rg lies in a dynamic region which may, at
times of different geomagnetic activity, find itself in the plasmasphere or plasma
sheet, or occasionally even outside the magnetopause, as well as seeing ring cur-

rent particles (Garrett et al., 1981).

1.3 The Radiation Belts

The Earth’s radiation belts were discovered in 1958 by James Van Allen and
his co-workers, who included Carl Mcllwain and Ernie Ray, and hence are also
known as the Van Allen belts. Explorer I data showed that particle intensities
could be organized in terms of the magnetic field intensity, and therefore that
the particles are controlled by the Earth’s magnetic field. The concept of inner
and outer radiation belts originated with the interpretation of data supplied by
Explorer IV, which detected high-energy protons (> 30MeV) and electrons (>
1.6MeV). The proton counts peaked in a region around 2Rg, and the electron
counts between 3 and 4R g, apparantly defining two radiation zones. Subsequent
data have shown that there are belts for each species and energy range, and that
the radiation in fact has a continuous distribution stretching from the ionosphere
to the magnetopause (Parks, 1991). There is however an electron slot separating
the electron inner and outer zones which, at quiet times, has very low fluxes of
electrons. The slot lies between 2-4R g, depending on electron energy, and has
been observed to fill with particles during substorm injections. The slot exists
because wave-particle interactions result in the slot region electrons being lost to
the atmosphere at a high rate (Lyons et al., 1972 and Spjeldvik and Rothwell,
1985).

The radiation belts exist because the interaction of plasma with the geomag-
netic field results in a population of trapped charged particles. The belts are
toroidal in shape, having a rough symmetry about the Earth’s magnetic dipolar
axis. The energetic particle distribution consists of high-energy protons in the
inner zone and high energy electrons in the outer zone (figure 1.4). For parti-

cles to be permanently trapped in the radiation belts they must be able to drift
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completely around the Earth. Anderson (1966) defined a stable trapping zone
for particles within 8Rg, which are completely trapped, and a distant radiation
zone beyond 8Rg where, due to the non-dipolar nature of the geomagnetic field,
particle drift paths are not complete: particles encounter the magnetopause on
the dayside or the tail on the nightside. Rothwell and Lynam (1969) observed
that the boundary between the stable and distant zones moved earthward as far
as 6Rg during geomagnetic activity. Frank (1971) observed the trapping bound-.
ary close to geosynchronous altitudes during a magnetic storm. Particle trapping
and drift motions are discussed later in this section.

The inner belt extends to latitudes +40°, and is closer to the Earth on the
western hemisphere (600km) than the eastern hemisphere (1600km). Its inner
and outer boundaries lie further away from the Earth nearer the equator. The
outer belt stretches beyond latitudes £55° and is also much thicker than the inner
belt (Delobeau, 1971). The inner belt fluxes are quite stable and only affected by
the most intense magnetic storms, whereas the outer belt is much more variable
and flux can change by a few orders of magnitude quite suddenly (e.g. Lezniak
et al., 1968) in the course of substorms. Northrop and Teller (1961) suggested
that, since the two radiation belt maxima have different particle energy spectra,
it is likely that their origins are also different. It is now believed that cosmic
ray interactions with atmospheric particles produce neutrons which then decay,
depositing protons and electrons in the inner radiation belt. Of the outer belt
particles, the lower energy component is believed to be of atmospheric origin,
whilst the higher energy particles are believed to come from the solar wind and
from plasma sheet particles accelerated inward during substorm injections (Parks,

1991).

1.3.1 Trapped Particle Motions

A simplified description of radiation belt particle motions is provided by adiabatic
theory (Spjeldvik and Rothwell, 1985). If there is little energy and momentum
transferred between particles, or between particles and the electric and mag-

netic fields that surround them, then it is possible to find parameters which are

22



6 7
9 = 8 $ !
"<
) = 8 0 !
$0 "% %
67
9 = $ @ @ # !
>4+ 7
) = A8($ B !
)l U - n
9 67 G 6 7 G ).= 6 7 ) 4
G @ IIII)*:+7.



B

(

C

? -

B
F
- # # CY%
n 1

% Z

(_

-% @

6$;-#F (C B F #(

/

)- !

-2(Y #- ?D B
S2(88 1 $(2-#

S2(Y #-

$) > Y*+47.

% & &

?D



radius:

=qu. B (1.8)
TL
_ mv,
=Y
ry =" (1.10)

where w is the cyclotron frequency.

The Larmor radius is therefore smallgr_ where the magnetic field strength is
greater. The effect of the Lorentz force combined with the particle’s velocity
along the field direction results in the particle following a helical trajectory. The
angle between the particle’s velocity vector v and the magnetic field B is known
as its pitch angle.

The first adiabatic invariant is the magnetic moment p. If the cyclotron
motion of a charged particle is considered equivalent to a current loop, then the
magnetic moment is equal to the current multiplied by the area of the loop. The

magnetic moment is defined by:

ri
h=5meB (1.11)

where p, is the particle’s momentum perpendicular to the magnetic field, m, is
its rest mass, and B is the magnetic field intensity.

If i is conserved then the total magnetic flux enclosed by the cyclotron motion
is conserved. Conservation of p holds as long as there are no significant changes
in the magnetic field on the time scale of the cyclotron period. In considering a
particle’s motion on a scale larger than the cyclotron motion, it is usual to work
in terms of the guiding centre motion rather than that of the actual spiralling
particle. The guiding centre system is based on the moving frame of reference in
which the motion of the particle is periodic and perpendicular to the magnetic
field: the guiding centre for a particle executing cyclotron motion will be the

centre of the circular motion.
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Bounce motion

The second type of particle motion is a bounce motion, in which the particles.
are reflected by ‘magnetic mirrors’ formed by the stronger magnetic fields which
exist at higher latitudes. As the particle spirals around a geomagnetic field line,
it moves to regions of stronger magnetic field closer to the poles. Its motion
perpendicular to the field is accelerated (equation 1.8), and since its total energy
must remain constant in a static field, its parallel motion diminishes. At the
mirror point, the parallel component becomes zero and the particle reverses and
spirals back along the field line. This bounce motion continues between conjugate
mirror points in either hemisphere. It is the bounce motion that leads to the
trapping of particles in the geomagnetic field to form the radiation belts. Since,

where « is the particle’s pitch angle:
pL =psina (1.12)

conservation of u implies, from equation 1.11 that:

-2 .2
1
SmBoao = sn; - B = constant (1.13)

where oy and By are the equatorial pitch angle and field, and B,, is the mirror
field, when « is 90°. So a given particle always mirrors at a point with the same
field strength. Note that if a particle’s equatorial pitch angle is 90° it ‘mirrors’ .
at the magnetic equator.

There is a limit on the pitch angle a particle has at any point which will
keep it mirroring far enough above the Earth’s surface to avoid being lost to
the atmosphere. This limiting pitch angle defines the loss cone, as illustrated in
figure 1.6. Particles whose pitch angles are inside the loss cone will be lost before
they can bounce back because they will collide with atmospheric particles before
reaching their mirror points (e.g. Roederer, 1970).

The second adiabatic invariant, J, is associated with the component of the

particle’s motion parallel to the magnetic field:

J= j(mv”ds (1.14)
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Figure 1.6: The loss cone: pitch angles aross will be lost to the atmosphere

(Roederer, 1970)

where mu) is the particle’s momentum in the direction of the field and ds is an
elemental path length along one complete bounce path. Conservation of J holds

as long as there are no significant changes in the magnetic field on the time scale

of the bounce period.

Drift motion

The third type of particle motion is an azimuthal drift around the Earth. There

are five types of drift motion:

o Gradient drift

Gradient drift occurs because the geomagnetic field is stronger on the earth-
ward side of the particles’ gyration about the field lines. The radius of
curvature of the gyration is therefore smaller on the earthward side (equa-
tion 1.9). Therefore per gyration, the particle moves a greater distance on
the far side of its cycle than on the earthward side, which means that the
particle experiences a net motion around the Earth. Because protons and
electrons gyrate in opposite senses, this drift is charge dependent. Electrons

drift eastward and protons westward.
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e Curvature drift

Curvature drift arises because the geomagnetic field lines are curved be-
tween the poles, and this results in a centrifugal force on the particles in
the direction radially outward from the centre of curvature. The resulting
drift motion must be perpendicular to both the magnetic field and centrifu-

gal force, ie. azimuthal.

e Electric field drift

A convection electric field exists across the magnetosphere in the dawn dusk
direction, induced by the solar wind flow past the Earth’s magnetic field.
This is combined with a radial electric field produced by the Earth’s rotating
dipole. The electric field produces a force which causes a drift. The drift
motion is independent of a particle’s charge (protons and electrons drift

together) and is independent of a particle’s mass and energy.

e Polarization drift

If the electric field is varying slowly with time, then the drift velocity also
varies in time. A frame of reference moving with the drift velocity experi-
ences acceleration and the associated force causes an additional drift. The
polarization drift is in the direction of the electric field, and depends on

both particle mass and charge.

e Gravitational drift

Gravitational drift results from the component of gravitational force per-
pendicular to the magnetic field. This drift is mass-dependent and heavier
particles drift faster. It also depends on charge. The effect of gravitational

drift is small compared to that of the other drifts.

For electrons with energies >10keV, as are detected by the SEM-2, the drift
motion is largely a combination of gradient and curvature drifts, (Spjeldvik and
Rothwell, 1985). Electric field drift only becomes important for low energy par-
ticles (<1lkeV) and the other drifts are negligible. The direction of both the
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gradient and curvature drift components depends on the charge of the particle,
electrons drift eastwards and protons westwards, forming the ring current.

The third adiabatic invariant, ®, is associated with drift motion. @ is the
magnetic flux enclosed by the drift shell of a particle. ® is conserved as long as
changes in the magnetic field occur on time scales longer than the drift period.
Drift velocities are longitude dependent: beyond 5Rg, since the gradient of the
field is larger on the nightside, the gradient drift velocity will be greater, so the
trapped particle will spend less time on the nightside than the dayside (Roederer,
1967).

Violation of the adiabatic invariants

The adiabatic invariants are violated when electric or magnetic field variations
occur which have frequencies close to one of the three motions. Since the fre-
quency of the drift motion is much lower than that of the bounce motion, which
in turn is much lower than that of the cyclotron motion, it is possible for one
of the invariants to be violated while the others are conserved. Northrop and
Teller (1961) state that, in the absence of scattering, it is the violation of these
adiabatic laws that is responsible for the loss of particles from the radiation belts.
Although in general the first invariant will be conserved due to the short time
scale of the spiralling motion, magnetic fluctuations on time scales comparable
with the particle bounce motion and longitudinal drift motion will result in the
second and third invariants not being conserved, and particles may, as a result,
diffuse away or be lost to the atmosphere.

The transport of particles in the radiation belts can occur through diffusion
processes, which result from the violation of one or more of the adiabatic invari-
ants. The invariants may be violated through wave-particle interactions, through
magnetic or electric field fluctuations, or through atmospheric collisions. Pitch
angle diffusion can occur when field fluctuations violate the first adiabatic in-
variant, or the second, or both together. During pitch angle diffusion energy
exchange takes place between the wave and particle and the particle’s direction

changes. The result of pitch angle diffusion is to move the particle’s mirror point
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along the field line. In doing so particles may enter the loss cone.

Radial diffusion allows particles to move across field lines in the radial direc-
tion: the particles move across drift shells. Pure radial diffusion occurs when
field fluctuations on the time scale of the drift period violate the third adiabatic
invariant but leave the first two intact. Because particles which diffuse radially
inward will find themselves in regions of stronger magnetic field, then if the first
adiabatic invariant is conserved, their kinetic energy will increase (equation 1.11).

Both radial and pitch angle diffusion can lead to the loss of particles from the
radiation belts. In changing the mirror points of particles, pitch angle diffusion is
the dominant mechanism by which particles are lost to the atmosphere. Radial
diffusion may move the particle onto a lower L-shell where it may be lost to the
atmosphere. In the Earth’s field, pitch angle diffusion is always accompanied by
radial diffusion because if the particle’s mirror point changes, it finds itself on a
different drift shell (Roederer, 1970).

Energy diffusion of particles can occur when particles are energized by or
lose energy during interactions with waves. Energy changes can also result from
collisions with particles in the exosphere (Spjeldvik and Rothwell, 1985).

Observations of electrons generally give a better idea of the structure of the
outer magnetosphere because a proton of the same energy will be much more

likely to suffer from violations of the adiabatic invariants ( West, 1979).

The L Parameter

Mecllwain (1961) introduced the L parameter which is a function of the second
adiabatic invariant for static fields I (see next section) and the magnetic field
B. The L parameter was found to organize measurements adequately along lines
of force and was conceptually straightforward: L is the equatorial radius of a
magnetic shell in Rg in a dipole field. Stone (1963) estimated that the L value
is equal to the equatorial radius of a shell in Earth radii to an accuracy of a few
percent. Points where B and L are constant form a ring in each hemisphere: the
rings are connected by a shell such that a particle mirroring at this particular B

and L drifts on this shell. Particles with different mirror points will not drift on
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the same shell, and this is termed shell splitting. Frank (1965a) found that the
(B,L) coordinates failed to organize electron data adequately beyond 6Rg, and
explained this as due to the degree of distortion of the geomagnetic field by the

solar wind.

1.3.2 Drift Shell splitting

A particle’s bounce motion combined with its drift motion traces out a drift shell.
Because the geomagnetic field is not dipolar in the outer zone, there are magnetic
field gradients in the azimuthal direction which cause particles to drift radially
as they move round the Earth. The radial drift depends on pitch angle. If the
first and second adiabatic invariants are conserved, particles which originate at a
certain point will return to that point, but will drift on different shells according
to their equatorial pitch angle (Northrup and Teller, 1960): this is called shell
splitting. In the case of perfect azimuthal symmetry, two particles with different
mirror points starting from the same origin will drift on shells which coincide,
i.e. they share all the same lines of force: this is termed shell degeneracy. In an
azimuthally asymmetric field, the shells do not coincide. Drift shell splitting be-
comes important beyond about 5Rg since it is at larger altitudes that the dipole
approximation becomes increasingly inaccurate. At low altitudes, a dipole model
of the Earth’s magnetic field with the geomagnetic axis inclined to the Earth’s
spin axis at 11.5° is a reasonable approximation. As altitude increases and the
deformation of the magnetosphere by the solar wind becomes more pronounced,
this approximation becomes invalid because there is extensive asymmetry be-
tween dayside and nightside field structures. Roederer (1967) predicted that in
the outer zone equatorial pitch angles would be field-aligned on the nightside but
perpendicular on the dayside as a result of shell splitting.

Drift shell splitting can be explained using the integral invariant I, which is
also referred to as the second adiabatic invariant for static fields. From equation
1.14, if the mirror points are I; and 5, then:

l2
J= 2/1 muydl (1.15)

1
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a second particle starting on the same field line but mirroring at a lower field
value B,, < By, will also have a lower value of the integral invariant J "< I If

there is perfect azimuthal symmetry, these two shells will in fact coincide.

| = CONST

I' = CONST

r B,= CONST
B! = CONST
INITIAL FIELD LINE SPLIT SHELLS
AT ¢ AT & + 180

Figure 1.8: Split shells (Roederer, 1970).

Figure 1.9 shows particles drifting from the same initial field line at noon
round to midnight. This figure was produced by Roederer (1970) using the Mead-
Williams quiet time magnetic field model. In drifting from noon to midnight,
shell splitting is directed radially inward. The figure shows how in drifting from
noon to midnight the equatorial pitch angle decreases. Recall from equation 1.13
how conservation of the first adiabatic invariant means that the magnetic field
intensity at the mirror point of a particle remains constant. Since the equatorial
field strength decreases going from noon to midnight, then the equatorial pitch
angle also decreases. Figure 1.10 shows a similar figure for particles drifting from
the same initial field line at midnight round to noon. In this case shell splitting
is directed radially outward and the equatorial pitch angle increases.

Roederer (1967) stated that one manifestation of shell splitting would be that

equatorial pitch angles would be field-aligned on the nightside but perpendicular
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on the dayside. Konradi (1965) had observed from Explorer 12 data that outer
zone dayside trapped particle fluxes are peaked perpendicular to the magnetic
field. Serlemitsos (1966) first identified field-aligned trapped electrons on the
nightside from Explorer 14 data, and also saw dayside electron pitch angle dis-
tributions peaked perpendicular to the field direction. Haskell (1969) noted from
Explorer 33 data that at the far edge of the outer belt, particle fluxes peaked
along the field on the nightside and perpendicular to the field on the dayside.
Pfitzer et al. (1969) used data from the geosynchronous satellite ATS 1 and the
elliptical satellite OGO 3 to confirm the existance of shell splitting. Their ob-
servations showed the pitch angle distribution to be near-isotropic at noon but
cigar-shaped at midnight. Using data from the geostationary satellite ATS 6,
Kaye et al. (1978) observed 40° pitch angle flux to dominate 90° pitch angle
flux on the nightside, and 90° flux to dominate 40° flux on the dayside.
Roederer suggested that pancaked dayside and cigar-shaped nightside dis-
tributions would result from the different drift paths followed by particles with
different equatorial pitch angles. In the outer magnetosphere, only particles with
certain pitch angles can survive drifting around the Earth: others are lost to the

tail or magnetopause.

1.3.3 Quasi-trapping

Further modification of the pitch angle distribution of trapped outer zone par-
ticles arises from quasi- or pseudo-trapping. Anderson (1966) defined a stable
trapping zone for particles within 8Rg, which are completely trapped, and a
distant radiation zone beyond 8Rg where, due to the non-dipolar nature of the
geomagnetic field, particle drift paths are not complete. Quasi-trapping was de-
scribed by Roederer (1967, 1970): figure 1.11 shows the location of quasi-trapping
regions in the magnetosphere. Since contours of constant magnetic field inten-
sity from beyond 7Rg on the nightside magnetic equator do not close on the
dayside, particle drift paths are not complete: the outermost closed contour is
termed the limit of stable trapping. Similarly particles drifting from the dayside
may be lost to the tail. Other authors report different distances for the trapping
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B Bounce loss cone A

Bounce loss cone

/\lele trapping
Orift loss cone

~———— Drift loss cone

> Stable trapping

| MIDNIGHT

| NOON

Figure 1.12: The drift loss cone for the nightside and dayside (Roederer, 1970).

To explain the morning-afternoon pitch angle asymmetry they introduced the
concept of the magnetopause as an absorber. Figure 1.13 (Sibeck et al., 1987)
illustrates how drift shell splitting can lead to the loss of 90° particles from the
outer zone at the dayside magnetopause. Because of the directions in which the
particles drift, electrons eastward and protons westward, 90° electrons will be
lost at the pre-noon magnetopause and 90° protons will be lost at the post-noon
magnetopause. This process is called magnetopause shadowing. As a result of
this there should be a depletion of 90° electrons in the post-noon region in the
outer zone. In times of high geomagnetic activity the magnetopause can move
earthward and so this depletion would be observed closer to the Earth. Mag-
netopause shadowing cannot be responsible for a morning-afternoon pitch angle
asymmetry on drift paths which do not intercept the magnetopause.

Sibeck et al. (1987) used a drift shell splitting model to explain unusual pitch
angle distributions observed during storms and substorms. Shell splitting leads
to particles injected on the nightside drifting to different dayside radial positions

depending on their pitch angle: 90° particles will end up furthest away from the
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Earth. Thus the outer edge of the injection signature will show a surplus and the

inner edge a deficit of 90° particles once drifted to the dayside.

1.4 Magnetospheric Substorms

The magnetospheric substorm is so called because the main (second) phase of
the magnetic storm consists of many of them. Magnetic storms are discussed in
section 1.4.1, and substorms, which are smaller and more common than storms,

are discussed in section 1.4.2

1.4.1 Magnetic Storms

The solar wind has varying speed and when fast solar wind catches up with slow
solar wind, the plasma and the magnetic field carried with it are compressed.
This, combined with a strong, southward IMF, is a major factor in storm oc-
currence (Fairfield, 1992). A magnetic storm is a prolonged disturbance of the
magnetosphere caused by solar wind variations. Until recently, the primary cause
of storms was believed to be solar flares. Gosling (1993) showed that during high
activity, fast coronal mass ejections (CMEs) were in fact responsible and that
flares were not a factor in producing large magnetic storms. A CME is the spo-
radic ejection of a large mass of coronal particles by the Sun into interplanetary
space, which can produce an interplanetary shock depending on the speed of the
ejection. Whilst the CME events produce particles comparable to the solar wind
in terms of elemental abundances and ionization states, flare-associated events
are rich in heavy elements which are highly ionized (Reames, 1996). The trigger
for the CME is not understood. The shock wave disturbance carries the condi-
tions conducive to magnetic storms: high flow speeds and strong magnetic fields,
often with a strong southward component.

The resultant storm is identified in three phases, two of which energize the
magnetosphere and the third of which is a recovery phase. Following compression
of the magnetosphere by a solar wind shock front, the first phase begins with a

sudden commencement which is observed at mid-latitudes as a sharp rise (taking
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a few minutes) in the horizontal component of the magnetic field. This phase
lasts a few hours during which time the magnetosphere remains compressed. The
second phase correlates with the southward turning of the IMF, allowing magnetic
reconnection at the magnetopause and the transference of energy from the solar
wind to the magnetosphere. The ring current is enhanced, causing large decreases
in the horizontal component of the magnetic field over most of the Earth, and
the magnetosphere inflates. This phase typically last several hours. During the
last phase, the recovery, the ring current diminishes through loss processes and
is not replenished. Over a day or so the magnetic field returns to the pre-storm

value.

1.4.2 Substorms

The substorm is the process responsible for dissipating the energy which the
magnetosphere has extracted from the solar wind. Substorms usually occur at
least daily, around local fnidnight. From the Earth they are identified by their
auroral.signa.tures and negative bays in the magnetic field. At geostationary orbit
the substorm is observed as a sharp increase in particle flux called an injection.
By this process each substorm contributes particles to the ring current. In fact,
substorm injections are a major source for populating the outer radiation belt
and outer ring current (Young, 1983). Greenspan et al. (1985) showed that the -
injection signature could not be a stationary spatial structure that the satellite
passed through because the elliptical satellite ISEE 1 saw high energy particles
arriving first on both inbound and outbound passages.

The Near-Earth Neutral Line (NENL) model of substorms is probably the
most widely accepted model (Russell and McPherron, 1973). When the IMF
turns southward dayside reconnection occurs and magnetic flux is swept over
the poles and added to the tail lobes. The nightside plasma sheet and tail cur-
rent thin, and move earthward. Reconnection occurs in the tail and as the field
lines are cut a plasmoid is ejected tailward. Although the convection electric
field formed from the action of the solar wind on the magnetopause moves par-

ticles earthward from the tail, this is not sufficient to cause injections which are
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impulsive processes driven by inductive electric fields due to magnetic field dipo-
larizations (e.g. Mauk and Meng, 1987). Another popular type of model is based
on the disruption of the tail current in the thin current sheet resulting in the
diversion of currents into the ionosphere, a phenomenon called the substorm cur-
rent wedge. The substorm injection boundary model has also been suggested, in
which particles tailward of a boundary are accelerated but those earthward of the
boundary are not disturbed. Mauk and Mcllwain (1974) found from ATS-5 obser-
vations of low energy electrons that the injection boundary had a spiral structure
and a scale dependent on K, such that injections were observed earlier at high
K,. Lopez et al. (1990) explain the spiral shape and K, dependence by means
of the magnetic perturbation due to the cross-tail current: the boundary is at a
critical ratio of the perturbation magnetic field to the dipole field. Moore et al.

(1981) suggested the existence of an injection front which propagates earthward,
the energized plasma behind it. Since spectrograms show how some pre-existing
parts of the particle distribution are left undisturbed by adjacent (in energy),
newly injected plasma, this points to a sharp spatial boundary between the new
and pre-existing plasma (e.g. Mauk and Meng, 1987). The injection front was
interpreted as being due to a travelling compression wave from the tail. The orig-
inal injection boundary model made no statement about how the particles are
energized. The injection boundary and propagating front models of the substorm
have been combined and put in the context of the NENL model, by assuming
the compression wave is launched by reconnection in the tail (Baker and Pulkki-
nen, 1991). The results of Friedel et al. (1996) confirm that the injection region
has sharp boundaries in magnetic local time, but may extend over several Rg
radially.

Two theories exist concerning the mechanism of substorm energy release. The
loading and unloading model has solar wind energy stored in the magnetosphere
up to a point when it is all released, then the build-up starts again. In the
directly driven model the magnetosphere responds to solar wind changes: there
is some evidence to support this model in the strong relation of the IMF B, to

the AF index, although there is nothing which could account for the very sudden
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substorm onset as a directly driven feature (Fairfield, 1992).

Wing and Sibeck (1997) correlated B, and solar wind dynamic pressure with
the geosynchronous magnetic field. Increases in dynamic pressure enhance the
field on the dayside but decrease it on the nightside: this is due to enhanced
magnetopause and cross-tail currents respectively. The effect of B, was strongest
when southward and reduced when northward. Thus the solar wind dynamic
pressure and B, strongly control the geosynchronous field magnitude and direc-
tion.

An energy coupling function € describing the degree of coupling between the
solar wind and magnetosphere has been defined in terms of solar wind speed v,

the IMF intensity B and its orientation 6 (polar angle in GSM coordinates):
6
€ = vB? sin4(§)l§ (1.18)

where [ is equal to TR (Akasofu, 1979 and Akasofu, 1980). A good correlation
exists between € and the total energy generated in the magnetosphere during
magnetic storms, and with the AF index. When € reaches a critical value sub-
storm onset occurs. If € is much larger, a huge enhancement of the ring current
occurs. Subsequent consideration of € shows that at a sudden storm commence-
ment, € and AF increase together, as does the energy stored in the tail. Akasofu
suggests that with real-time solar wind parameters available, € may provide a
means for predicting substorms and ring current enhancement.

A double peak in the response time of the AL index to the solar wind input
parameter vB; (B; equal to —B, if B, is negative, or zero if B, is positive) showed-
shorter response times (~20 minutes) occurred at high magnetospheric activity
and longer response times (~60 minutes) at moderate activity (Bargatze et al.,
1985). The interpretation was that 20 minutes may be the typical response time
for a solar wind coupling mechanism, and 60 minutes the typical time for the
release of stored magnetotail energy. This would then imply that both driven
and unloading aspects are important to substorm occurrence.

The ‘trigger’ for substorms has long been sought. Bruening and Tanskanen
(1987) observed a substorm apparantly triggered by a short northward excur-

sion of the IMF B, after a period of southward B, during which a taillike field
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developed and geosynchronous particle flux decreased.
Substorms are commonly described in three phases: the growth phase, the

expansion phase and the recovery phase.

Growth phase

The IMF is typically northward during magnetically quiet magnetospheric con-
ditions. During the growth phase, the southward turning of the IMF and the
resultant reconnection at the dayside magnetopause lead to the storage of energy
in the geomagnetic tail, which is later released suddenly in the substorm expan-
sion phase (Fairfield, 1992, and references therein). Energy storage continues
as long as the IMF remains southward or until a substorm occurs, and if the
IMF turns northward then energy storage levels off but resumes when the IMF
is southward again (Baker et al., 1982a).

Magnetic reconnection provides a mechanism for the transfer of mass, energy
and momentum from the solar wind to the magnetosphere. Dungey (1961) first
proposed reconnection at the dayside magnetopause and in the tail. Through
reconnection, energy stored in the geotail is converted to the kinetic energy of
particles. Support for the theory of reconnection lies in the increased magneto-
spheric activity observed when the IMF turns southward. Reconnection should
serve as a mechanism for accelerating plasma away from the site of reconnection,
termed the X-line or reconnection line, and this has been observed on the day-
side by Paschmann et al. (1979). A simple schematic of reconnection is shown
in figure 1.14.

In the ionosphere, the growth phase is marked by enlargement of the polar
cap and enhancement of ionospheric electrojets. During the growth phase, 1-
1.5 hours before the expansion phase onset, the geomagnetic field becomes more
taillike. The cross-tail current moves earthward, and trapped particles follow
contours of constant magnetic field closer to Earth, which causes flux dropouts to
be observed at geostationary orbit. These flux decreases are often seen prior to
injection events and were first observed by Erikson and Winckler (1973). They

typically last 40-60 minutes, before the sudden increase in flux at the expansion
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Figure 1.14: Schematic representation of the reconnection model. A southward
directed interplanetary magnetic field is shown connected to magnetospheric field

lines (Dungey, 1968.)
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phase onset (Erikson et al., 1979). Sauvaud and Winckler (1980) noted that
these particle dropouts observed out of the magnetic equatorial plane by ATS 6
(having a magnetic latitude of 12°) appeared greater than when observed in the
equatorial plane by ATS 1. They also observed that the dropouts are greater for

higher energy particles.

Expansion phase

At expansion phase onset, negative magnetic bays are seen at the auroral zone
and positive magnetic bays at lower latitudes (Nagai, 1983). The expansion
phase lasts 0.5 to 1 hour. The expansion phase onset is characterised by a surge
of tail plasma earthward: this injection consists of plasma sheet particles which
have been accelerated by an induced electric field produced by the collapse of
the magnetic field (Winckler, 1970). The trigger mechanism for this release is
not fully understood. At the same time trapped particles, which were drawn
earthward during the growth phase, move tailward on lines of constant magnetic
field. The magnetosphere becomes more dipole-like. These two mechanisms lead
to an increase at geostationary orbit of both the high energy trapped particles
and lower energy particles injected from the tail. Sauvaud and Winckler (1980)
saw in ATS 6 data that lower energy particles (32-51keV) are observed at greater
flux after the dropout than before it, and therefore must have been accelerated,
whereas higher energy particles simply returned to the levels of flux they had
before the dropout.

The injection site is believed to be near local midnight and close to geosta-
tionary orbit, since all particle energies are observed to arrive simultaneously
when injections are observed near local midnight i.e. before much dispersion can
have taken place. At later local times, the injections are observed to have under-
gone energy dispersion, with the lower energy particles, which have lower drift
speeds, arriving later (Mcllwain and Whipple, 1986). McPherron et al. (1973)
and later Nagai (1987) proposed models in which the cross-tail currents convert
to field-aligned currents which connect to the polar ionosphere. This can happen

because the field lines occupied by geostationary orbit map down to the auroral
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zone. Mcllwain (1974) used ATS-5 data to show that the injections originate at
an injection boundary which maps down to the equatorward edge of the auroral

oval.

Recovery phase

The recovery phase lasts 1 to 2 hours. In the near tail, drift echoes of injected
particles are observed. In the mid-tail, the plasma sheet thickens and in the
far tail, electrons are seen to stream tailward. Precipitated particles have been
observed in the morning sector during the recovery phase, which may be due to
the earthward part of the tail flipping back after the ejection of a plasmoid.
The recovery phase has often been regarded as a passive phase, when the
magnetosphere slowly returns to its quiet state following an active period. Some
authors, e.g. Kopdnyi and Korth (1995), have argued that the recovery phase it-
self contains structural changes in the magnetic field configuration. Kopédnyi and
Korth observed electron and ion dropouts lasting 10-30 minutes in the local morn-
ing sector during the recovery phase, in the course of multiple substorm events,
at geosynchronous orbit. These dropouts were distinct from magnetopause cross-
ings (the satellite GEOS-2 remained well inside the magnetosphere during the
observation) and from the midnight sector growth phase dropouts caused.by the
earthward motion of the radiation belt. During these dropouts, the magnetic field
intensity increased and the tailward component turned sunward and then back
again. Their explanation of the dropout is that during multiple substorms the
plasma sheet moves earthward and thins to such an extent that a geostationary
spacecraft finds itself in the lobes. This dynamic behaviour is seen in the recovery
phase. Kopdnyi and Korth also noted that the recovery phase of one substorm

can overlap the growth phase of the next substorm during a multiple event.

In summary, figure 1.15 is a schematic representation of the behaviour of
geosyncronous flux, the AE index and the geosyncronous H component of mag-
netic induction during a substorm (Sauvaud and Winckler, 1980). The flux de-

crease occurs in the growth phase accompanying the stretching of the tail, and
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the injection and field dipolarization are seen at onset.

The abrupt increases in particle flux observed at geosynchronous orbit at
substorm onset have been shown to have a one to one correlation with substorms
(DeForest and Mcllwain, 1971). Injections are the geosynchronous manifestation
of the substorm. Of the injected particles, those with small pitch angles (in the
loss cone) will be precipitated into the atmosphere, whilst those with large pitch
angles become trapped, intensifying the ring current. Multi-satellite observations
of the injection region (e.g. Reeves et al., 1990) serve to show how particles are
injected inward and subsequently undergo drift motion around the Earth.

Arnoldy and Chan (1969) observed the injection of 50-150keV electrons with
ATS-1 at geostationary orbit (the next channel, 150-500keV, did not always see
the injection) near midnight and their subsequent drift on closed field lines around
the Earth. They noted that at these energies the group of electrons injected
can rarely be observed for more than one complete drift, the electrons either
dispersing so that the group is no longer identifiable, or else lost from either the
energy range of the detector or from synchronous altitudes. High energy (0.4-2
MeV) electrons were observed by Lanzerotti et al. (1967) to drift round the Earth
a few times before fading, and their observations agreed well will calculated drift
velocities.

Since there is no disturbance in the midtail in the growth phase, and none in
the midtail or distant tail in the growth or expansion phases, this suggests that
the substorm must originate in the near tail and effects propagate down the tail

as the storm progresses (Luz (1991) and references therein).

The Aurora

A large amount of the energy released in a substorm is dissipated during aurorae,
when energetic particles from the plasma sheet precipitate into the high lati-
tude atmosphere. The incident particles ionize and excite atmospheric particles
which, on recombining or returning to their ground states, emit visible light in
the characteristic auroral colours, most commonly red and green. Some of the

incident particles’ energy is also converted to bremsstrahlung X-radiation. The
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precipitation of particles into the ionosphere increases ionospheric conductivity
and eastward and westward ionospheric currents — electrojets ~ flow to the order
of millions of Amperes. These currents can significantly affect the magnetic field
measured at the Earth’s surface.

The auroral substorm begins with quiet arcs drifting equatorward. The most
equatorward arc brightens suddenly in the pre-midnight sector, which marks
the onset of the auroral substorm. During the expansion phase the brightening
expands poleward and westward into a dynamic auroral display spanning the
midnight sector, and at the westward edge a westward-travelling surge is produced
and an auroral bulge forms at the boundary between dipole and tail field lines.
When the expansion poleward ends the expansion phase is over. The recovery
phase of the auroral substorm lasts about 90 minutes, during which the disturbed
region dims and the westward-travelling surge diminishes, and quiet arcs are re-

established.
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Chapter 2

The Geostationary Environment

Meteosat P2 is in a geostationary orbit, which is a special case of geosynchronous
orbit. A satellite in geosynchronous orbit has an orbital period the same as
the Earth’s rotation period. In geostationary orbit, the satellite’s inclination
to the Earth’s geographic equator is zero, so the spacecraft remains over the
same point on the Earth’s surface throughout its orbit. Geostationary orbit is
therefore widely used for communications, weather prediction and surveillance
applications. Geostationary orbit lies at 6.6Rg from the Earth’s centre, at an
altitude of ~ 3.6 x 10* km, on the far side of the outer radiation belt and beyond
its maximum particle intensity.

Geostationary orbit is positioned at the outer edge of the trapped radiation
zone and at the inner edge of the magnetotail plasma sheet. In quiet times geo-
stationary orbit is generally earthward of the plasma sheet, but in active times it
is in the plasma sheet and observes fresh injections of particles during substorms.
This therefore presents a highly variable environment since the plasma sheet is
highly dependent on geomagnetic activity. In addition the response of the mag-
netosphere to activity means that at active times when the magnetosphere is
strongly compressed a geostationary satellite may encounter the dayside magne-
topause (e.g. Korth et al., 1982) and at quiet times it may cross the plasmapause

(e.g. McComas et al., 1993).
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2.1 Observations at Geostationary Orbit

In this section previous observations of the geostationary environment are dis-
cussed, including recent observations from the Los Alamos National Laboratory
(LANL). The SEM-2 has the same detector unit as the low energy electron detec-
tor, the Lo-E, on the LANL Charged Particle Analyser (CPA) which was flown
on various geosynchronous satellites as part the Defense Support Program of
satellites (Aiello et al., 1975). The CPA measures electrons of energies 30keV to
2MeV in 12 energy channels and protons 75keV-200MeV in 26 energy channels.
LANL have therefore obtained a large amount of data on electrons in the SEM-2
energy range at geosynchronous orbit since the launch of the first CPAs in 1976
(e.g. Baker et al., 1981a).

Other LANL detectors on synchronous satellites, namely the MPA (Magne-
tospheric Plasma Analyser) which measures ions and electrons from 1eV to 40
keV per unit charge, and the SOPA (Synchronous Orbit Plasma Analyser) which
measures 50keV-1.5MeV protons, electrons and helium ions, have added greatly
to the knowledge of this region. The MPA has six detectors covering polar angles
25° to 255°, and the spin of the satellite is divided into 24 azimuthal setors
of 15° each. The spin axes of the satellites point to the centre of the Earth,
and a complete distribution is obtained every 10s spin, ions and electrons al-
ternately. An energy sweep through 40 logarithmically spaced energy channels
from ~40 keV /charge down to ~1eV /charge is performed within each azimuthal
sector. The SOPA has three detectors at polar angles 30°, 60°and 120° to the
satellite spin axis, each with a field of view of about 11°, and measurements are
made in 64 azimuthal sectors every 10s spin. There is on board magnetic field
measurement but the field orientation has been derived from the shape of the
MPA particle distributions (Thomsen et al., 1996). Table 2.1 shows the electron
energy levels of three LANL detectors and table 2.2 shows which instruments are
on which satellites. Several of these geosynchronous satellites have operated at
the same time over a range of longitudes, providing continuous data from 1976
to the present. Results from these and other instruments are reviewed here.

Numerous other satellites have contributed to the geosynchronous data set.
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CPA LoE (keV) | CPA HiE (MeV) | SOPA (keV) | SOPA (MeV)
30-300 0.2-2 50-75 0.75-1.1

45-300 0.3-2 75-105 1.1-1.5

65-300 0.4-2 105-150 >1.5

95-300 0.6-2 150-225 0.7-1.8
140-300 0.9-2 225-315 1.8-3.5
200-300 1.4-2 315-500 3.5-6.0
500-750 6.0-7.8

7.8-10.8

10.8-26

Table 2.1: LANL detector electron energy levels

CPA | MPA and SOPA
1976-059 1989-046
1977-007 1990-095
1979-053 1991-080
1981-025 1994-084
1982-019 LANL-97A
1984-037
1984-129
1987-097

Table 2.2: LANL satellites and detectors
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The SMS (Synchronous Meteorological Satellite) and GOES (Geostationary Op-
erational Environmental Satellite) series of satellites carry SEM systems which
include the EPS (Energetic Particle Sensor) which has one high energy integral
electron channel and several proton channels, and magnetometers. ATS (Ap-
plications Technology Satellite) 1, 5 and 6 also provided both measurements of
energetic protons and electrons, and magnetic field data.

Other valuble observations of the outer radiation belt have come from elliptical
satellites, such as the recent CRRES (Combined Release and Radiation Effects
Satellite) mission, which occupied a geostationary transfer orbit. |

The following review of results is divided into sections, for electron energies

below, within and above the SEM-2’s range.

Low energies

Figure 2.1 shows summarized results from MPAs on three geosynchronous satel-
lites for six weeks of data; even though the geosynchronous environment is highly
variable, there are clear local time preferences for observing each of the var-
ious regions (McComas et al., 1993). McComas et al. found that at quiet
times (K, < 2) the satellites’ orbits could lie completely inside the plasmasphere,
whereas during more active times the plasmasphere could only be seen in the
afternoon to evening. In addition, the dusk side plasmaspheric bulge was seen
to vary significantly with activity. Seven distinct regions are observed: Firstly,
the cool, dense plasmasphere (Psp on figure 2.1, and 13.1% of the data) which
is mostly observed at the dusk bulge, but could be seen at all LTs when the
magnetosphere was very quiet. The hot plasma sheet (PSh, 40.3%) is observed
mainly between 2000 and 0800 LT, but also reaches round to the dayside . The
warmer, less dense plasma trough (PT, 22.5%) is seen over a similar LT range
to the plasmasphere, and a combination of the plasma trough and plasma sheet
(PT/PSh, 18.6%) is seen mostly pre-noon. An empty trough region, devoid of
plasma sheet, plasmasphere or plasma trough populations (Empty, 4.3%) is seen
between the plasma sheet and either plasmasphere or plasma, trough, on the dawn

or dusk side. These trough regions were explained by changes in the convection
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electric field, causing different particle orbits to open or close, trapping or un-
trapping different populations (McComas, 1996). The magnetosheath and/or low
latitude boundary layer (Msh/BL, 0.7%) is observed mostly on the dawn side.
The magnetospheric lobe is seen only rarely, between 0000 and 0800 LT (Lobe,
0.3%). Lobe observations, characterized by no ions of energy above a few eV and
no electrons of energy above a few keV, tended to correlate with magnetopause
crossings, implying they occur when the magnetosphere is compressed. Magne-
topause encounters were found to be more common pre-noon than post-noon.
The low energy end of the ring current was also a constant feature of the MPA
observations at the top part of its ion energy range.

Moldwin et al. (1996) used multiple MPA and SOPA data to observe ‘plas-
maspheric intervals’, regions where plasmapheric plasma is observed at geosyn-
chronous orbit. The intervals, identified by cold (~1eV), dense (10-100cm™3)
plasma, are generally seen around dusk, although at low K, they are larger
and are seen post-dusk, whereas at high K, they are smaller and seen close
to noon. They result from the spacecraft traversing the plasmasphere’s dusk-
side bulge. From a survey of 15 plasmaspheric intervals and their relation to
substorm injection events, the authors conclude that plasmaspheric regions are
brought out to geosynchronous altitudes by the reconfiguration of the duskside
magnetosphere during magnetospheric substorms. Since the thermal ion motion
of the plasmaspheric population is governed by ExB drift, the outward motion
" of the plasmasphere requires an eastward electric field, which is generated in the
midnight region by the earthward ‘motion of the plasma sheet boundary during
the substorm growth phase.

Thomsen et al. (1996a) studied plasma sheet particles at geosynchronous orbit
using data from three MPAs. The warm electrons of the plasma sheet would
appear, lower energies first, after the spacecraft observed the cold ions of the
plasmasphere in the dusk sector. Sometimes this energy dispersion was not seen
and this was interpreted as either sunward motion of the plasma sheet boundary,
or as a sudden particle injection. Both ion and electron plasma sheet densities

were found to peak in the evening and night sectors, the minimum occurring in the
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noon/dusk region. The distribution was found to be generally anisotropic (T, >
Tj) but most anisotropic in the morning sector, and least anisotropic at dusk.
Superposed epoch analysis of the plasma sheet at geosynchronous orbit. in the -
course of substorms was carried out by Birn et al. (1997) using MPA and SOPA
data. The zero epoch time for the analysis was established from dispersionless
injections of 50keV to a few hundred keV ions, then the plasma sheet flux at
30eV to 40keV was superposed. Generally, the plasma sheet electron population
increases in temperature and density at substorm onset. The anisotropy shows
the injection is associated with a brief parallel electron distribution, and the axis
of symmetry obtained from the anisotropy calculation shows the stretched field
geometry undergoing dipolarization at onset.

The tail lobes are occasionally observed at geosynchronous orbit when geo-
magnetic activity is high. Lobe encounters at geosynchronous orbit, identified
by no ion flux above 1eV and no electron flux above several hundred eV, are
a manifestation of the distortion of the tail current sheet away from the mag-
netic equator during high geomagnetic disturbance ( Thomsen et al., 1994). Lobe
encounters were further investigated by Moldwin et al. (1995). Two types of en-
counter, flank and midnight events, were both found to occur at high K. Flank
encounters were often associated with magnetopause crossings on the same day-
and high IMF B,, indicating a compressed magnetosphere, whereas midnight
events were believed to be associated with the substorm growth phase: simul-
taneous observations from other geosynchronous satellites showed that the tail
field was extremely taillike at the time of the lobe events, and that injections

were frequently associated with their observation.

SEM-2 energies

Many observations of the substorm growth phase and particle injections from
geostationary orbit have been made at the energy range of the SEM-2. At geosyn-
chronous orbit <300keV electrons track the solar wind conditions in the respect
that they are controlled by substorm activity which is in turn controlled by the

solar wind velocity and IMF (Baker et al., 1997).
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Garrett et al. (1981) used 30eV - 80keV electron data from ATS-5 and ATS-6
to examine different geosynchronous populations and their behaviour for different
local times and geomagnetic activity levels. Using a double Maxwellian (i.e. two
population) representation, they identified a hot component related to trapped
electrons, a cooler but denser population seen primarily at midnight which they
relate to the plasma sheet, and a second cooler component seen at all local times
which they refer to as either high energy plasmasphere electrons or residual elec-
trons from previous injections. Cayton et al. (1989) divided the 30-2000keV
electron energy spectrum into two components, one below 300keV dominated by
substorm injections, and the other showing little influence of them.

The geosynchronous environment experiences extreme variability as the result
of magnetospheric substorms. During the growth phase energetic particle flux is
seen to decrease, then at onset increase suddenly, often by orders of magnitude.
It had been suggested that the substorm growth phase might be a manifestation
of a previous substorm expansion or recovery phase, but Baker et al. (1981b)
argued against this by showing that an isolated substorm exhibited growth phase
characteristics which could not be associated with any other substorm. The
injection was observed in geosynchronous >30keV electrons and coincided with
large negative bays in auroral zone magnetograms, indicating onset. Multi-point
(geosynchronous and ground-based) measurements by Baker et al. (1982a) also
showed that growth phase features were peculiar to one substorm and not ‘left
over’ from a previous one.

The onset of the isolated substorm studied by Baker et al. (1981b) was pre-
ceded for an hour and a half by the stretching of the field to a taillike configuration
and the development of the cigar phase at geosynchronous orbit. Baker et al.
(1982a) also found the early growth phase is weakly cigar-like, the late growth
phase strongly cigar-like and after onset the distribution is strongly pancaked.
Shell splitting leads to a nightside depletion of 90° particles in the growth phase,
seen prior to pre- and post-midnight injections.

Baker et al. (1978) defined an anisotropy sequence for 30-300keV electrons

in the course of substorms with the Los Alamos LoE data. There was no in situ
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magnetic field data so the symmetry axis of the distribution was calculated using
measurements from the LoE’s five sensors at 30° intervals to the spin axis, com-
bined with the spacecraft spin, by fitting the particle data to spherical harmonics
(Higbie et al., 1979), and the symmetry axis was then assumed to be the field
direction. Baker et al. found that 1-2 hours before onset the electron distribution
is field aligned accompanying a taillike field, then at onset changes abruptly to a
pancaked distribution and the field is dipolarized, and this distribution persists
after the injection. The electron flux is seen to decrease prior to onset, then after
the injection return to a level higher than before the substorm, although the size
of the enhancement decreases with increasing energy. During the dropout the
electron distribution evolves from isotropic to cigar-shaped. The injection cor-
responds to local auroral zone ground observations of magnetic bays indicating
substorm onset. The median time between the cigar-shaped distribution set-
ting in and the injection was found to be 95 minutes. The interpretation of the
electron anisotropy sequence is that as the tail becomes stressed, the electrons be-
come field-aligned through their drift paths in the distorted field. Magnetopause
shadowing may also contribute. It was noted that this sequence was only ob-
served prior to a substorm: if there was no substorm, then the cigar phase did
not occur and near isotropy was maintained. Therefore the cigar phase can be
seen as a manifestation of the growth phase and may provide a predictive tool
for substorm occurrence. It was also noted that 70% of the cigar phases were
associated with southward turnings of the IMF. The cigar-like distribution was
observed about 25% of the time, on the nightside. At high K, the cigar phase
was more pronounced, and began as early as noon, and the pre-noon distribution
was more pancaked. During quiet times a local time dependence was still evi-
dent, with the distribution being less pancaked at midnight than at noon. The
30-300keV electron flux was observed to peak at noon in quiet times but in the
morning sector at moderate K,, which is a combination of the effects of shell-
splitting, magnetopause shadowing and substorm injections. Drift path tracing
showed that for higher energy particles, because their radial gradient is higher,

the probability of developing a cigar phase is higher. The cigar phase is more
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pronounced at dusk than dawn because the distribution is masked by the more
isotropic, freshly injected particles.

Baker et al. (1982a) found from IMP-8 solar wind data that the growth phase
corresponds to a southward turning of the IMF. Energy storage is enhanced by the
southward IMF, and this energy storage results in a taillike field and cigar-shaped
distribution. If the IMF turns northward, the energy storage ‘levels off’, as does
the development of the geosynchronous substorm features. In one case observed,
the northward turning of the IMF after a period of being southward may have
triggered the substorm. In the case of multiple substorms observed, each one
was preceded by a period of southward IMF and geosynchronous cigar phase.
These observations support the energy storage and release (unloading) model of
substorms: energy is imparted to the magnetosphere from the solar wind when
the IMF is southward, and stored as tail currents. Energy input stops if the IMF
turns northward, and the magnetosphere stays in its stressed form until the IMF
turns southward again and energy storage resumes, or until a substorm occurs
and the energy dissipates in accelerating particles, heating plasma and diverting
large currents through the ionosphere. The switch to a pancaked distribution at
onset sometimes seemed to coincide with IMF reversals but not always, so this
could not be identifed as a substorm ‘trigger’.

Solar wind-magnetosphere coupling and tail energy storage was studied by
Baker et al. (1985) using geosynchronous satellites in conjunction with solar
wind and tail observations. It was found that the magnetosphere responds to
the southward turning of the IMF with the first signs of the growth phase within
10-15 minutes; dissipation then usually occurs with the expansion phase onset
after about an hour of loading. These observations point neither to a directly
driven model, since onset does not occur until energy loading has been going on
for about an hour, nor specifically to an energy loading and release model, since
low-level energy dissipation occurs throughout the growth phase. Instead, both
types of model have factors to contribute.

Arnoldy and Chan (1969) observed geostationary electrons for substorms oc-

curring near midnight during moderate activity with ATS-1. They found the
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injection spectrum to be soft, since the injection was observed in 50-150keV elec-
trons but not always seen in 150-500keV electrons. They observed the substorm
electrons to be produced near midnight and drift, and that the drifting elec-
tron bunch was associated with precipitation: from this they concluded that the
injection may cause the stable trapping limit to be exceeded.

Following a substorm injection, magnetospheric waves can resonantly interact
with particles, scattering them into the atmospheric loss cone. Since the waves
which do the scattering are most effective at the geomagnetic equator, Baker et al.
(1981c) attempted to correlate auroral zone riometer data with geosynchronous
electron (>30keV) data. The study showed that substantial precipitation is al-
ways accompanied by the substorm injection of newly energized particles. These
particles are not just a displaced, pre-existing population which moves across
geosynchronous orbit as the magnetosphere expands or contracts, but are ac-
celerated at substorm onset. The field is observed to be stretched to a taillike
configuration on the nightside 1-2 hours before onset which causes shell splitting.
The particle distribution is field-aligned leading up to onset. During weak to
moderate precipitation events, the pitch angle distribution at the outer zone ge-
omagnetic equator is peaked at 90°, consistent with the predictions of the weak
diffusion case. Strong precipitation events occur when the flux at geosynchronous
orbit exceeds the Kennel-Petschek weak diffusion stable trapping limit. Although
the flux at geosynchronous orbit rarely exceeds the strong diffusion limit, when it
gets close very large precipitation events are seen at the conjugate riometer sta-
tion. These large precipitation events are accompanied by isotropic distributions
at geosynchronous orbit, primarily at low energies (30-60keV) consistent with
whistler mode cyclotron resonance scattering. During strong diffusion, strong,
fast (~10 second) fluctuations in the loss cone flux (not at other pitch angles)
are seen at the geomagnetic equator. Strong diffusion was seen only at local
times 2300-0900, and where most likely (0000-0800LT) was seen only 10-15% of
the time, most often when the solar wind speed was high. Baker et al. (1982a)
observed a substorm for which the precipitation of auroral electrons was delayed,

and this was interpreted as being the time for the stable trapping limit to be
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reached.

A large substorm, the last in a sequence of four following a global SSC, was
studied by Baker et al. (1982b) using multiple satellites at three different local
times at geosynchronous orbit. A flux dropout was observed 25 minutes prior to
the injection in 30-630 keV electrons at midnight, due to the spacecraft moving
into the plasma sheet prior to onset where the particle flux is much lower. The
same injection observed later at LT 0700 was preceded by a gradual decline
rather than a dropout, and the injected particles were energy-dispersed. Still
later observations (LT 1300) showed further energy dispersion, with the leading
edge of the injection being sharp only for energies >80keV. Similar signatures
were observed for protons and at >0.4MeV drift echoes were observed; tracing
back each drift echo gave similar times for the injection of close to midnight. For
this same injection, gradient anisotropy information was used to find the origin
of the injected particles. For a local injection, using 100-200keV protons which
have gyroradii ~0.1Rg it is possible to tell, from which side of the spacecraft sees
the flux and density enhancement first, which direction the injection comes from.
The injection was found to originate from beyond geosynchronous orbit.

Reeves et al. (1990) observed a substorm injection using data from the CPAs
on three synchronous satellites simultaneously. The event was isolated and oc-
curred in a fairly quiet time. When first observed at LT 0300, the electron
signature showed no energy dispersion, showing that the observation took place
very close to the injection site. The second satellite, at LT 1330, observed the
electrons to be energy dispersed and the leading edge of the signature to be less
sharp. The third satellite, at LT 1745, observed the energy dispersion to be more
advanced. The observations are consistent with the injection occurring some time
near midnight and the electrons then drifting eastward. Since ions drift in the
opposite sense to electrons, the ions reached the satellite at LT 1745 first, which
observed a fairly sharp peak; some disperion could be seen by the time the ions
reached the satellite at LT 0300. Observations of the westward-drifted ion injec-
tion signature were traced back using a field model, and their projected injection

time coincided with the electron injection and the ground magnetograms. By
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using the ions to locate the western edge of the injection region and the electrons
to locate the eastern edge, the injection region was found to span 90° around
midnight.

Drift shell tracing of injected particles in a model field was carried out by
Reeves et al. (1991) for three simultaneous observations of an injection by geosyn-
chronous satellites, two of which were on the same drift shell at the time. The
drift paths were found to extend further on the nightside and were closer to Earth
on the dayside when K, was high. The tracing showed that the electrons were
injected further east than the ions were. Tracing back from all three satellites
pinpointed the time of observation, and pointed to an injection region 50° wide.

Pc pulsations have been observed in the >30keV electron flux at geosyn-
chronous orbit by Baker et al. (1980). There are two principal kinds of geomag-
netic ULF pulsations: Pi (irregular) and Pc (continous). They have periods of
less than one second to several hundreds of seconds, and amplitudes of tenths to
hundreds of nanotesla, and have been shown to correlate with particle precipi-
tation and auroral intensity.  Saka et al. (1992) showed that the flux increase
of 30-200keV electrons at geosynchronous orbit is almost coincident with Pc5
pulsations and precipitation measured at the ground, and suggested that the pu-
sations are in fact excited by the injection. The pulsations observed by Baker et
al. were Pc4 and Pc5 pulsations with periods between 1 and 10 minutes. The
observations showed strong dependences on magnetic latitude and on season.

Multiple onset substorms at geosynchronous orbit were studied by Nagai et
al. (1983). Activity at synchronous orbit was observed in a discrete pre-midnight
longitude sector, with no signs observed elsewhere on the orbit, then propagated
east and west with successive onsets. Substorms often have multiple expansion
phase onsets, characterized by injections, each with its own associated auroral
signatures and auroral zone magnetic field negative bays. The onset on the
ground correlates with the injection, which follows a dropout. Their observations
also suggest that small substorms may occur without complete dipolarizations,
i.e. with some energy still left in the tail.

The frequency of substorm injections was investigated using multiple geosta-
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tionary satellites by Borovsky et al. (1993). Using observations close to midnight,
a sample of 1001 inter-substorm times produced an average time between onsets
of 5.74 hours, and a most probable time of 2.75 hours. The conclusion was that
substorms may become ‘periodic’ if conditions are favorable. These higher fre-
quency substorms are interpreted to be at the fastest energy loading and unload-
ing time of the magnetosphere. The lower frequency substorms were interpreted
to be ‘random’ events, where perhaps a solar wind trigger causes the onset. Half
of all substorms were found to fall in each category. An alternative interpreta-
tion is that two random processes, one solar wind and one magnetospheric, act
to trigger substorms, and when both probabilities are high, substorms can be

quasi-periodic.

High energies

Observations of geosynchronous MeV electrons, e.g. from the CPA HiE, show
different behaviour from electrons of energies seen in substorm injections, and
these may have some features in common with the high energy end of the SEM-2
range.

The relativistic electrons at geosynchronous orbit have been shown to exhibit
solar cycle dependence, with minimum flux occuring at solar maximum (Baker
et al., 1986, and Belian et al., 1996). Belian et al. showed that although the
relativistic electron flux correlates with solar wind velocity in the short term,
the long term correlation is not good. Also, although high solar wind speeds are
required to produce a high flux of relativistic electrons, they will not necessarily
do so. Baker et al. (1990) established that relativistic electron enhancements at
geosynchronous orbit lagged 2-3 days behind solar wind velocity and the geomag-
netic indices K, and AE. Correlating the electron flux and geomagnetic indices
produced peaks at multiples of 13 and 27 days. Blake et al. (1992) argued that
large flux enhancements require a substantial solar wind velocity increase and a
southward turning IMF: if the IMF is northward then the high speed pulse has
no effect on the relativistic electrons.

Baker et al. (1997) studied the response of relativistic electrons at geosyn-
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chronous orbit to weak geomagnetic storms, which are caused by high speed
solar wind streams (as opposed to coronal mass ejections which are responsible
for strong geomagnetic storms). Because of the Sun’s rotation the weak storms
may recur at 27 day intervals and this is reflected in the relativistic electrons. In
a sequence of three ‘recurrent’ storms observed, the third and largest was seen
to produce a lasting enhancement in the >2MeV electrons. It was thus shown
that even weak storms can increase the relativistic electron flux by a factor 10 or
more on a time scale of the order of a day.

Large, persistent enhancements in highly relativistic electron flux (3-10MeV)
at geosynchronous orbit were found to be rare at solar maximum but frequent on
the approach to solar minimum, where a 27-day periodicity associated with solar
wind streams could be detected (Baker et al., 1986). Superposed epoch analysis
showed that these relativistic enhancements had rise times of 2-3 days and decay
times of 3-4 days. The suggested mechanism behind this is that high speed solar
wind streams cause geomagnetic activity, and the resultant substorms produce
< 1MeV electrons which are then internally accelerated by the magnetosphere.
An alternative theory, that Jovian or solar wind electrons enter the distant tail
and are accelerated earthward during substorms is supported by the fact that
these electrons have a 27-day periodicity due to their transport by the solar
wind. However, sometimes the geosynchronous relativistic electron flux obviously
does not correlate with the Jovian or solar wind sources, which does point to
an internal acceleration mechanism (Baker et al. , 1989). The production of
relativistic electrons from the internal acceleration of substorm injected electrons
was questioned by Blake et al. (1992) since the ‘seed’ population is always present,
even in the absence of southward IMF turnings which, combined with fast solar
wind, produces relativistic enhancements.

A possible mechanism for generating the relativistic electrons observed at
geosynchronous orbit begins with substorm injected electrons undergoing radial
diffusion inward which violates the third adiabatic invariant, resulting in a large
energy gain transverse to the field. Then, pitch angle scattering at low L, which

violates all three adiabatic invariants, puts the electrons on higher shells which

64



puts them back in the outer zone. This may recur to ‘pump’ the electron energy
up (Baker et al., 1989 and Fujimoto and Nishida, 1990). If this recirculation
process is occurring, then the pitch angle distributions should be butterfly at
relativistic energies, but not at lower energies: Baker et al. report butterfly
distributions of relativistic electrons and pancaked distributions of lower energy

electrons simultaneously.

2.2 Energy Spectra

In this section energy spectra are produced and compared with those of Cay-
ton et al. (1989), which were obtained from CPA HiE and LoE data. The
geosynchronous plasma is not strictly Maxwellian, but the fitting of the particle
distribution in this energy range to two Maxwellians has been shown to be ade-
quate. Cayton et al. divided the 30-2000keV electron energy spectrum into two
components; a ‘soft’ component (30-300keV) characterized by substorm injec-
tions and a ‘hard’ component (300-2000keV) which shows little variability on the
time scale of substorms. The differences in the flux in the SEM-2 energy ranges
reveals these two different electron populations: the lower energies show large
substorm injections, but the E1 range shows little evidence of them. SEM-2’s
four lowest energy bands (42.9-201.8keV) identify with the ‘soft’ electron compo-
nent, whereas the highest energy band (201.8-300keV) identifies more with the
‘hard’ component.

Cayton et al.’s spectra are shown in figure 2.2. The undisturbed period (a)
was at 0530 UT and the disturbed period (b) was at 1100 UT : the longitudes
of spacecrafts 1982-019, 1984-129 and 1984-037 put them at local times 0300,
1030 and 1930 respectively for the undisturbed event, and at 0830, 0100, 1600
respectively for the disturbed event. These spectra therefore show that the char-
acterization of the plasma by two Maxwellians is valid for different local times
and different disturbance levels.

For a plasma in thermal equilibrium, each species may be described by a
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Maxwellian distribution f;(E) (Cayton et al., 1989, and references therein):
fi(E) = nj(2m;c?)}? exp(—E/kT;)
T 4n(KT)? o exp(o) Ko (o)

(2.1)

where:

E is energy

n; is the density of species j

m; is the mass of species j

c is the speed of light

k is Boltzmann’s constant

T; is the temperature of species j

K,() is a modified Bessel function of the second kind of argument «

where a = (m;c?/kTj).

The differential flux J(E), divided by p%/2m,, gives the distribution function
f;(E) multiplied by \/2/—mo . On a graph of the natural logarithm of flux versus

linear energy, the Maxwellian is a straight line with gradient a:
a = —(1/kT;) (2.2)

and intercept b:
2c

"= [47r<ij>2a exp(@) K (o)

Therefore, from the gradient and intercept, the temperature and density of
the plasma. can be found.

Figure 2.3 shows the SEM-2 data, with Cayton et al.’s data from spacecraft
1984-129 to aid comparison with figure 2.2. The SEM-2 points are averages for
all local times and for quiet (K, < 1+) and active (K, > 6—) conditions. The
placement of data points agrees well. The difference between the high and low
K, lines in the SEM-2 data is less than for Cayton et al.’s two intervals, but
since the SEM-2 points are long-term averages this is not surprising. Although
the E1 point falls in the region of ‘crossover’ between the two Maxwellians on
figure 2.2, it is regarded as the part of the SEM-2 energy range representing the

trapped population because it contains little evidence of substorm injections.

68



.54



Also shown in figure 2.4 are spectra for different K, conditions. The gradient
of the whole spectrum is higher for high K,. At low energies this is due to
increased activity producing more substorm injected particles at geosynchronous
orbit. The high K, line also has the highest energy point at a significantly lower
flux value than at lower K. This is due to the magnetosphere being compressed
during strong activity, so that the radiation belts are moved earthward and a
lower flux of radiation belt particles will be measured at geosynchronous orbit
on the far side of the outer belt. This point will also include magnetopause
encounters which cause the flux to drop out. The low K, spectrum shows flux
at all energies is lower than the average case: few substorms are occurring so
energetic electrons are not being delivered to the geosynchronous region.

Cayton et al.’s results for the soft (low energy) component suggest a density
of 5x10~3cm~3 and a temperature of 25keV. The hard (higher energy component)
was found to have a density of 104cm ™3 and a temperature of 200keV. To calcu-
late parameters from the SEM-2 spectra the transition between the hard and soft
components in figures 2.4 has to be placed between the third and fourth points
(E3-E2, E2-E1). As noted previously, in Cayton et al.’s spectra the transition
between the two curves is gradual: there are points in figure 2.2 (a), close to
where the curves cross, which lie on neither curve. Since it is known that the
E1 energy range is not generally influenced by substorm injections, then the El
point on the energy spectra is expected to give the best approximation to Cayton
et al.’s hard component, but two points are used to obtain a fit. The line formed
by the three lowest energy SEM-2 points is used to define the soft component.

The results obtained for the soft component are a temperature of about 30keV
and density of 3x10~3cm™3, and for the hard component a temperature of 105keV
and density 1x1073cm~3. Comparison with Cayton et al.’s results shows that
for the soft component the agreement is fairly good, but for the hard component
the results are less similar. So the lines fitted here are shallower for the soft com-
ponent (temperature higher, density lower) and steeper for the hard component
(temperature lower, density higher).

In figure 2.5 the dependence of the SEM-2 energy spectrum on local time is
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Figure 2.6: Energy spectrum of AE-8 data

the low energy flux is underestimated. The spectra of course depend on activity,
and whereas Cayton et al.’s represent very short time intervals, the SEM-2 spec- .
tra shown here are long-term averages. AE-8 was based on a moderate solar cycle
so quiet or active cycles may show differences (Vampola, 1989). Although AE-8
has versions for solar maximum and solar minimum, at geosynchronous altitudes
there is no difference between them (Pierrard and Lemaire, 1996).

A double Maxwellian fit to the electron population desribed by the AE-8
model was carried out by Pierrard and Lemaire (1996) and proved a good fit
over a range of L values including geostationary orbit, for energies up to 4MeV.
Garrett et al. (1981) used a two Maxwellian fit to the electron distribution func-
tion for geosynchronous electrons of 30eV-80keV data from ATS-5 and ATS-6.
They identified a more energetic component, corresponding to trapped electrons,
and two cooler components, one identifed as plasma sheet electrons (seen near
local midnight) and the other as either high energy plasmasphere electrons or as

previously injected electrons which have drifted in local time.
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2.3 Applications of the SEM-2 Data

Although the SEM-2 data have relatively low time resolution, the long data set
provides a vast resource for the study of time dependent features with time scales
ranging from tens of minutes to years.

From the review of previous observations of geosynchronous electron features
in section 2.1 it is clear that the SEM-2 energy range is ideal for observing new
plasma as it is injected from the magnetotail during substorm reconfigurations
of the geomagnetic field, as well as the resident radiation belt electrons. The last
section produced energy spectra which showed the presence of these two popu-
lations. Substorm injections are an obvious candidate for study, and although
the SEM-2 data may miss fine detail, much can be found out about the size and
frequency of injections and their distribution in local time. Strong local time
behaviour exists in both the substorm injected particles and the trapped par-
ticles at geostationary orbit. Analysis of this local time behaviour with such a
large data set can provide much information about substorms and the geomag-
netic field structure. The E1 energy range only will be used to represent trapped
(non-substorm influenced) electrons, and the E5-E4 ranges used for the study
of substorm-related phenomena. Sometimes it may be possible to infer things
about the electron environment by the presence of dropouts of the SEM-2 energy
ranges: if the high electron flux at radiation belt energies disappears, then the
SEM-2 is observing outside the radiation belt, perhaps in the tail lobes or beyond
the magnetopause.

The SEM-2 data set is seven years long which provides observations over a
large part of a solar cycle, from just before solar maximum to just before solar
minimum. Solar activity has a strong effect on geomagnetic activity and this will
be seen in the radiation belts. Long periodicities such as that associated with
the 27-day solar rotation may be studied. Also, because the Earth’s geographic
and magnetic axes do not coincide, geostationary orbit lies between +11° and
-11° magnetic latitude. During periods of high activity, when the inner edge of
the plasma sheet moves inside geostationary orbit and the field is stretched into

a tail-like configuration, a satellite at +11° magnetic latitude may find itself on
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a field line stretching far into the tail (Kivelson and Russell, 1995). This brings
another component of variability, on a seasonal time scale, into the expected

environment at geostationary orbit.
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Chapter 3

The Meteosat SEM-2 Data Set

3.1 Meteosat P2

The geostationary satellite Meteosat P2 was launched in June 1988, one of a
series of European Space Agency weather satellites. It began as a prototype
of Meteosat 2 and was later made flight-worthy. It was spin stabilised at 100
rpm and equipped with a visible-infrared radiometer and a meteorological data
collection system.

The first Meteosat satellite experienced operational anomalies which showed
a correlation with geomagnetic activity and local time. The first Spacecraft En-
vironment Monitor (SEM-1) was included in the payload of the second Meteosat
spacecraft, Meteosat F2 (Johnstone et al., 1985), to investigate differential charg-
ing which was at that time believed to be the cause of the anomalies. Although the
SEM-1 confirmed that spacecraft charging was occurring, the anomalies showed
no correlation with the charging events. The third Meteosat spacecraft, Meteosat
P2, was equipped with the second Spacecraft Environment Monitor, SEM-2, to
investigate higher energy electrons. The SEM-2 data were used to confirm a cor-
relation between the Meteosat P2 anomalies and energetic electron flux through
a process of deep dielectric charging (Coateset al., 1990 and Rodgers, 1991).

Although in a geostationary orbit, Meteosat P2’s location was shifted several
times: figure 3.1 shows how its longitude varied between 1988 and 1995. Since the

SEM-2 archived data is recorded at universal time, a time adjustment equivalent
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energy bin | lower threshold | upper threshold
/keV /keV
E5-E4 42.9 59.4
E4-E3 59.4 90.7
E3-E2 90.7 134.9
E2-E1 134.9 201.8
El 201.8 300

Table 3.1: SEM-2’s five differential energy levels

(Aiello et al., 1975). The Mullard Space Science Laboratory (MSSL) supplied
the data processing unit which incorporated an energy-level discriminator, the
power circuitry and the ground support equipment for the SEM-2.

The SEM-2 consists of five telescopes positioned at 30°, 60°, 90°, 120° and
150° to the spacecraft spin axis. Each telescope comprised a collimator which
defines a half angle of approximately 5°, an aluminized mylar window (which
does not admit light or protons with energy below 300keV) and a surface-barrier
detector which has an active depth of 700um, corresponding to the range of a
300 keV electron. Internal baffles were designed to reduce scattering from the
walls of the collimator. Whilst the telescope positions provide polar coverage,
azimuthal coverage was provided by the 600ms spin of the spacecraft.

The total energy range of the detector, 42.9-300keV, is divided into five differ-
ential energy ranges by the discriminators E1-E5 (table 3.1). Incident electrons
produce a current pulse the size of which depends on their energy. Note that the
uppermost 300keV threshold is nominal in that it corresponds to the highest en-
ergy particle that is stopped within the detector. Electrons of energy greater than
300keV produce a 300keV pulse but pass through the defector without depositing

any more energy.
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3.2.1 Calibration

The calibration of the SEM-2 and its integration on to the spacecraft were carried
out by MSSL. Calibration was performed at the Goddard Space Flight Center
(GSFC) by A. J. Coates and B. K. Hancock of MSSL, supported by S. Brown and
C. Smith (GSFC) and T. A. Fritz (LANL). The discriminator thresholds were
measured in a vacuum chamber using two electron beam systems with energies
30-120keV and 120keV+. Each telescope was aligned with the electron beam
tube in turn and counts were sampled for chosen electron beam energies. All five
thresholds were only determined for one of the telescopes due to lack of time;
three were determined for each of the other telescopes. The thresholds were
found to provide energy bandwidths which were correctly spaced logarithmically,
except for the lowest energy one which is slightly smaller. The thresholds were
found to be consistent between the telescopes to 10% or better, showing that the
system gains were well matched. An azimuthal scan was done at two energies to
determine the angular passband of the sensor, which is about 10° in each case.
A sequence was run to study scattering: results showed that a 106keV beam
scattered no more than 0.03% in the telecope tested. All angular and scattering
tests were therefore deemed to be satisfactory (Coates et al., 1990).

Some of the previous Low Energy Electron units had been found not to behave
as expected. Rodgers et al. (1993) compared 45-6_5keV electron data from the
LANL instruments on five geostationary satellites: 1976-059, 1977-007, 1979-
053, 1981-025 and 1984-037. They found significant differences existed between
the LANL data sets themselves: local time averages of electron flux differed
by a factor of 10 or more, from which Rodgers et al. concluded there were
problems with the LANL calibration. Rodgers et al. also made a comparison
of the LANL data sets with the SEM-2 data. Although this comparison was
done prior to the correction of the SEM-2 software errors (see section 3.3.3) in
terms of long-term averaged local time profiles of the data, the errors had little
effect on the SEM-2 data (Rodgers and Szita, 1993). To begin with, the SEM-2
calibration performed by MSSL produced calibration factors which did not agree

well with factors supplied by LANL. Rodgers et al.’s comparison showed that the
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LANL flux data were generally much larger (by orders of magnitude) than the
SEM-2 data. In the same study Rodgers et al. also compared the high energy
SEM-2 data with data from MEA (Medium Energy Analyser) onboard CRRES
(Combined Release and Radiation Effects Satellite), and found that these data
sets compared favourably.

Baker et al. (1981a) published a compilation of CPA data from 1976 to 1978.
This featured data from satellites 1976-059 and 1977-007. A comparison of their
local time averages carried out in Chapter 5 shows fairly good agreement with
the SEM-2 data, certainly within the same order of magnitude.

Data from other more recent LANL geosynchronous satellites, namely 1984-
129, 1987-097, 1989-046, 1990-095 and 1991-080 is now available and this com-
pares much more favourably with the SEM-2 data. An example is shown in figure
3.2. The energy levels shown are at the right of each plot, and the vertical bars
on these plots indicate local midnight for each satellite. A substorm injection
occurred at 1100 UT which was observed as a sharp peak by 1989-046 which was
at midnight, but as an energy dispersed signal by 1990-095 which was at 0930
LT.

The SEM-2 flux data for same day is shown in figure 3.3. The individual
LANL energy ranges are not identical to the SEM-2 levels, but the whole energy
range is about the same (except for the first two LANL plots which have an
extra, lower energy range). Local midnight for Meteosat P2 is shown by the bar
at about 0440 UT. Similar features to the LANL plots can be seen including the
1100 UT injection which shows some energy dispersion. The highest energy flux
level compares well with the LANL plots. The lowest energy flux is higher on the
LANL plots, but this difference is less than an order of magnitude and is not as
severe as for the earlier LANL data sets discussed by Rodgers et al. The small
discrepancy there is may be partly explained by a problem in the SEM-2 data
handling which is dicussed in Chapter 8. The middle energy levels also compare

reasonably well.
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