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Nordlyset
i sin evig vekslende skjønnhet

flammer over himmelen...

Se på det,

drikk glemsel og drikk håp av det

- det er selv som den higende menneskesjel.

Som dens irrende uro vil det omspenne

den hele hvelving;

blir dog bare glitrende lysflukt.

I sin ville lek vakrere enn alt,

vakrere enn morgenrøden

- men det bærer ikke bud om dagens komme -

Fridtjof Nansen, 1894
(In Norwegian)
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Chapter 1

INTRODUCTION

A brief presentation of the background of
this thesis and its present composition
1.1 Space Physics

1.1.1 The Sun
The Sun, being the centre for the Earth’s

annual circulation, is the main energy source of
the whole Solar-system. All life at the Earth is
maintained by the solar power in the light
emissions through the photosynthesis. The Sun
emits electromagnetic radiation over a wide
frequency spectrum; visible light, X-rays, UVs
and IRs. The Sun also works as an important
source supplying highly ionized plasma into
the interplanetary medium. Trough the Sun’s
interplanetary magnetic field (IMF), recon-
nected to the terrestrial magnetic field, many
interesting and yet not well understood proc-
esses take place when the solar plasma interact
with the Earth.

1.1.2 The Aurora Borealis
The perhaps most famous process is the

Aurora Borealis, “The Northern Lights”,
caused by charged particles streaming down
along the magnetic field in both the northern

and southern hemisphere giving raise to optical
emissions from the upper atmosphere, the ion-
osphere.

1.1.3 The Dayside Aurora
The region where the Sun-Earth connection

is believed to be most direct is in the geomag-
netic dayside near the polar cusps. Here, the
IMF is able to merge with terrestrial field lines
and transport solar wind plasma along open
magnetic field lines directly down into the ion-
osphere. However, the rate at which this proc-
ess take place, the spatial extent and the
relative importance are still discussed. Other
processes like diffusion and viscous interac-
tion, transferring plasma across closed field
lines, are also matters of actual concern. There-
fore, it is of great importance to decide this
degree of coupling, and the major clue is to
precisely specify the open/closed field line
boundary.

The most straight forward method in theory;
to track the magnetic field lines through simul-
taneous multi-point magnetic field measure-
11



INTRODUCTION
ments,  is  both very expensive (require
hundreds or thousands of simultaneous operat-
ing satellites) and is in practice quite impossi-
ble.  However,  by using known part icle
characteristics and the particles tracing the
magnetic field much information may still be
gained about the magnetic field structure and
the open/closed boundary. In combination with
optical observations from the ground, this con-
stitute a major tool to explore these phenom-
ena.

Svalbard has proved to be the ideal location
for such studies. The perfect geomagnetic loca-
tion and the pre-existing local infrastructure
have resulted in the University Courses on
Svalbard (UNIS) and several scientific installa-
tions. EISCAT ESR, the Auroral Station and
the optical site in Ny Ålesund combined with
spaceborn measurements have all contributed
to major discoveries of the high-latitude day-
side aurora during the later years, and still will.

The dayside aurora was first studied by the
Russians in the 1960s, [e.g. Feldstein and
Starkov, 1967]. From all-sky camera films they
found the high-latitude dayside aurora to shift
equatorward during increased geomagnetic
activity. Later [Vorobjev et al., 1975] reported
dayside poleward moving forms: “Individual
auroral forms of auroras move towards the
pole; each form exists for 5-10 min, rises at the
equatorial boundary of the luminescence
region and disappears after a poleward drift of
two degrees.” A decade later, [e.g. Sandholt
et al., 1986] also reported poleward moving
auroral forms (“the midday breakup”), where
the direction of motion is controlled by the
I MF By  componen t ,  [ e . g .  Sandho l t
et al . , 1993].  Most  recent ly,  [Sandholt
et al., 1998] have classified the dayside aurora
into different types.

From the launch of the first satellites into
polar orbits in the late 1960s, the particle popu-
lation at the geomagnetic dayside has been
investigated. These particle observations soon
revealed the existence of different regions in
the high-latitude magnetosphere. Some of the
first signs of a dayside polar cusp region
(although not first reported) were probably
found in particle observations from the ESRO
IA and IB satellites. [Søraas, 1972; Søraas
et al., 1977, Figure 6; Søraas et al., 1980] show
some examples of these low altitude ESRO sat-
ellite passes. Nevertheless, these papers were
not the earliest ones to report observations of
this region. [Heikkila and Winningham, 1971]
and [Frank, 1971] first published observations
of the cusp in low and high altitudes, respec-
tively. Heikkila and Winningham presented
observations of soft electrons and protons from
the polar orbiting Isis 1 satellite, while Frank
used the Imp 5 satellite.

Later, the dayside particle precipitation has
been further studied and divided into regions.
The automatic classification of the dayside par-
ticle precipitation into regions; cusp, LLBL,
mantle ,  BPS and CPS by [Newell  and
Meng, 1992; Newell and Meng, 1994] has con-
tributed to the general understanding of these
dayside magnetospheric regions.

1.2 January 9 to 12, 1997

1.2.1 “The Practice of Space Physics”
On January 11 1997 a $200 million geosyn-

chronous communication satellite suddenly
failed. A press release from AT&T January 15
1997 stated: “The Telstar 401 satellite experi-
enced an abrupt failure of its telemetry and
communications this morning (01/11/97) at
6:15 a.m. Eastern Standard Time affecting
service for all customers.” Afterwards it is not
clear what actually happened, whether the
12



INTRODUCTION
break down was directly caused by the dis-
turbed conditions in space or if the actual time
of failure was just a coincidence.

However, the huge economical aspects and
the commercial interests involved clearly illus-
trates the needs and the importance of forecast-
ing  the  space  wea ther.  [Maynard  and
Siscoe, 1998] have presented a brief overview
of these efforts in predicting the space weather
and some ideas for the future. To get reliable
forecasts, good models are needed, and proper
models must be based and tested on a huge
amount of observations.

1.2.2 The CME Event
On January 10 1997 a huge cloud of

fast-streaming high-energized plasma, a Coro-
nal Mass Ejection, hit the Earth’s magneto-
sphere. A review on Coronal Mass Ejections is
given by e.g. [Crooker et al., 1997]. This gave
the ideal situation for studies of the magneto-
spheric processes that take place both before,
during and after a rapid and intense injection of
plasma. In other words, this experiment-like
event offered us some good opportunities to
maybe understand some of the physics taking
place in the magnetospheric and ionospheric
environment.

1.2.3 The Purpose
The purpose of this thesis is to contribute to

exactly that by first to present in-situ particle
and solar wind data from the period January 9
to 12 1997 and then try to draw some conclu-
sions from this huge data set. Furthermore,
these data will be directly complemented with
groundbased observations from Svalbard,
when available. The major instruments used in
the study are the TED and MEPED detectors
on-board the NOAA-12 satellite, solar wind
instruments on the Wind spacecraft and an
All-Sky camera and two Meridian Scanning

Photometers from Longyearbyen and Ny
Ålesund. Observations from other instruments
are introduced when suitable.

1.2.4 Outline
All the instruments used are presented in

Chapter 2, before an overview of the whole
January 9-12 1997 period, as observed by the
Wind satellite and the TED and MEPED parti-
cle detectors on-board the polar orbiting
NOAA-12 satellite, is given in Chapter 3.
Chapter 4 provides a brief review of the differ-
ent regions in the dayside aurora and presents
some of the basic theories. Chapter 5 first
introduces the groundbased optical observa-
tions from Svalbard. These measurements are
then directly compared with NOAA-12 obser-
vations during five passes where the satellite
track was within the field-of-view. These
observations are also discussed and put into the
context of previous work, before the conclu-
sions and ideas of future work are outlined in
Chapter 6. Undefined abbreviations can cause
chaos, so a listing of those used in this thesis is
given in Appendix A. Appendix B briefly sum-
marizes the basic steps of a technique devel-
oped in Chapter 5 to transform from elevation
angle at a groundbased station to the equivalent
magnetic latitude. Finally, the references are
listed.

1.3 Notation - Some Confusion
Often single terms may have several differ-

ent interpretations. This can give raise to con-
fusion, so an explanation may be necessary.

1.3.1 Proton or Ion
What do you call a positive-charged unspec-

ified particle, an ‘ion’ or a ‘proton’? By defini-
tion, the negative charged electrons make no
confusion. A positive-charged particle makes
13



INTRODUCTION
more trouble. From chemistry, ‘ions’ may be
both negative and positive charged, and a ‘pro-
ton’ is often another word for the positive ion-
ized hydrogen. Consequently, in this thesis I
have just chosen to let the words ‘proton’ and
‘ions’ denote all the positive charged types of
particles; hydrogen and heavier ions.
14



Chapter 2

INSTRUMENTATION

A brief overview of the space and ground
instruments used in this study
2.1 The NOAA-12 Satellite
NOAA-12 was successfully launched from

Vandenberg by an Atlas-E rocket on May 14
1991. The satellite got into an orbit with an
inclination of 98.6o, perigee of 804 km, apogee
of 824 km and period of 101.2 min., see
Figure 2.1.

If the footprint coordinates is plotted in a
magnetic local time vs. invariant latitude refer-
ence system, Figure 2.1 is confirmed. In
Figure 2.2 the MLT/ILAT footprints from Jan-
uary 9-12, 1997 is displayed. This figure shows
how NOAA-12 mostly passes the noon-mid-
night meridian slightly on the dayside for the
northern hemisphere and on both the day- and
nightside for the southern hemisphere.

NOAA-12 is 3.71 m long and 1.88 m in
diameter, with a total mass of 735 kg in orbit.
A 2.37 x 4.91 m2 solar array is the power
source, see Figure 2.3. The satellite has a
designed lifetime of 3 years and a three axis
stabilization [“The Satellite Encyclopedia”,
WWW].

The US satellite NOAA-12 is an important
part of the National Oceanic and Atmospheric
Administration (NOAA) and Television and
InfraRed Observation Satellite (TIROS) pro-
gram. During the years, seven TIROS/NOAA
satellites have been launched, and maximum
two satellites have been operating at any time;
one orbiting near the dusk-dawn meridian

FIGURE 2.1 Sketch of the NOAA-12 orbit. An
arrow indicates the direction of
orbiting. The sketch shows how
NOAA-12 always is lapping near
the dusk-dawn meridian plane in an
sunsyncrone orbit. (NOTE: The
scaling of distances is incorrect.)

To the Sun

Geogr. N
The Earth

NOAA-12 Orbit

Dusk

Dawn
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INSTRUMENTATION
plane and the other near the noon-midnight
meridian plane. The main purpose has been to
do meteorological investigations.

Fortunately, the spacecraft also carry some
equipment for studies of the environment in
space. The Space Environment Monitor
(SEM-2) is a multichannel charged-particle
spectrometer sensing the fluxes of charged par-
ticles at the satellite altitude. Huge and rapid
changes in the magnetospheric and ionospheric
environment can result in a lot of problems for
people both in space and at the ground. Huge
fluxes of very high-energetic particles during
extreme disturbed conditions is a danger both
for astronauts (may develop cancer) and satel-
lite electronics and solar panels in space. These
particles can also have still unknown effects on
the climate. Problems with radio communica-
tions, navigation and power supplies at the
ground are some matters of actual concern too.
Therefore, SEM-2 is designed to sense parti-
cles over a wide energy range, from 0.3 to
6900 keV. SEM-2 consists of the “Total Energy
Detector” (TED) and “Medium Energy Proton
and Electron Detector” (MEPED) detectors
and a data processing unit (DPU),  Figure 2.3.

2.1.1 The TED Detector
The Total Energy Detector (TED) measures

the total energy electron and proton fluxes in
the 300 eV to 20 keV energy range. Two inde-
pendent measurements are made looking out-
wards at 0° and 30° from the local vertical,
well within the atmospheric loss cone at mid-
and high-latitudes*. Each measurement is also
subdivided into 11 energy channels, shown in
Table 2.1, and is done independently for both
electrons and protons.

The detection principle is based on electro-
static analysers (ESA). The ESA is selecting
particles according to their charge and energy
using two curved plates at different electrical
potentials. Only those particles of the appropri-
ate charge and energy, can pass entirely
through the ESA. At the outlet of the ESA, a
Continuous Dynode Electron Multiplier
(CDEM) produces a pulse for each particle
passed by the ESA. By stepping the voltage

* The 0°channel usually detects particles with pitch
angles less than ~15° and almost never larger than
~35°, while the 30° channel mostly observes parti-
cles with pitch angles in the ~40°-45° range and
generally less than ~55°.

FIGURE 2.2 NOAA-12 MLT/ILAT footprints from January 9-12, 1997. The southern hemisphere is to
the left and the northern to the right.
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INSTRUMENTATION
applied to the ESA curved plates through a
series of exponential values, one can allow par-
ticles of increasing energy to pass through.

Four ESA detector systems are mounted in
two pairs. The two detector systems within
each pair are altered between measuring elec-
trons and protons in a two second cycle. The
first second of the cycle is devoted to measur-
ing electrons, the second one protons, and so
on. During each half cycle the detector system
runs through the sequence in Figure 2.4. Dur-
ing the first 1/13 s the background is measured.
In the following 11/13 s the analysers sweep
through Channel 1 to 11 integrating 1/13 s at
each channel. The last 1/13 s of the half cycle
the instrument is reset and no data is taken,

before the procedure repeats, measuring the
other particle type instead.

Every 2 s the maximum of counts accumu-
lated in the 11 channels and the corresponding
channel number where this occurred is trans-
mitted from both detector pairs and particle
species. The four channel numbers then give
the characteristic energies. In addition, the
counts from the channels 1, 3, 5 and 7 (indi-
cated in Table 2.1 by the *’s) are also tel-
emetried to the ground almost every 8 s†.

† Every fourth 8 s interval the background meas-
urement from each detector is transmitted instead.
Therefore, the final transmission sequence is 8, 8, 8
and 16 s.

FIGURE 2.3 Sketch of the NOAA-12 satellite [Raben et al., 1995]. (The HEPAD sensor is removed.)
17
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2.1.2 The MEPED Detector
The Medium Energy Proton and Electron

Detector (MEPED) provides both directional
and omni-directional measurements. The three
omni-directional Proton Sensors are in the 16
to 215 MeV energy range, but they are not used
in this study and will not be commented on.

The directional sensors, called telescopes,
make independent measurements of electrons
and protons. The geometric factor for all the
directional telescopes is 9.5×10-3 cm2 sr, and
the directional measurements are made point-
ing outwards from the Earth at 10 degrees and
80 degrees to the local vertical, which corre-
sponds to observing precipitating and trapped
particles, respectively. This is e.g. seen from

the atmospheric loss cone α850 at the space-
craft’s altitude, given by:

(2.1)

where B850 is the geomagnetic field strength at
the spacecraft’s altitude and B120 at the mag-
netic mirroring point of the last trapped parti-
cle. Assuming a magnetic mirroring point in
120 km altitude, from Equation 2.1 the atmos-
pheric loss cone is found to be 45o to 50° in
850 km altitude in the northern hemisphere
above 50° geographic latitude. The 10° detec-
tor is generally observing particles with pitch
angles less than ~15° and never larger than
~30°, while the 80° detector always is detect-
ing particles with pitch angles larger than 65°,
generally larger than 80°.

The two electron telescopes contain a single
700 µm thin 25 mm2 solid state detector (SSD)
each. The SSD is covered by a 0.51 µm nickel
foil, reducing the detector’s response to pho-
tons, low-energy electrons (<10 keV) and pro-
tons up to about 150 keV. Pulse-height
discrimination gives three energy thresholds
from 30 keV to 300 keV, see Table 2.2. Each
integral energy band has an upper energy limit
of 1000 keV.

The two proton telescopes are each contain-
ing two solid state detectors (SSD). The front
SSD has an effective area of 25 mm2 and thick-
ness of 200 µm, and the back one an effective
area of 50 mm2 and thickness of 200 µm. A
2500 nT magnet is mounted across the input of
the telescope to prevent any less than 1.5 MeV
electrons from reaching the SSD detectors. The
front detector is coated with an 18 µg/cm2 alu-
minium layer to reduce the detector’s sensitiv-
ity to photons, and this layer also serves as an
electrical contact. On average, a 50 keV to
200 keV proton deposit only about 8 keV in
this very thin aluminium layer. The lower and
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FIGURE 2.4 One half for the TED duty-cycle.
The duty cycle is repeated once
more.
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Channel
Number Energy range (eV) Centre energy (eV)

*1 300-458 379

2 458-773 616

*3 773-1088 931

4 1088-1718 1403

*5 1718-2349 2033

6 2349-3610 2979

*7 3610-4870 4250

8 4870-7392 6131

9 7392-9914 8653

10 9914-14957 12436

11 14957-20000 17479

TABLE 2.1 The energy range covered by the NOAA-12 electron and proton TED detector,
[Raben et al., 1995]. (A * means that the fluxes from this channel is telemetried to ground.)

Particle Energy (keV)

Protons

30 - 80

80 - 250

250 - 800

800 - 2500

> 2500 integral

Electrons

> 30 integral

> 100 integral

> 300 integral

Ions (Z  ≥ 2) 6000-55000

TABLE 2.2 Energy range for the MEPED 10 and 80 degrees directional sensors, [Raben et al., 1995].
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INSTRUMENTATION
higher energy protons deposit even less energy.
Thus, pulse-height discrimination and coinci-
dence logic is used to select four differential
energy bands from 30 to 2500 keV and one
integral channel for energies larger than
2.5 MeV, see Table 2.5.

The noise levels of the TED and MEPED
detectors are both very low, comparable with
the minimum count-rate, and can thus be
ignored in the discussion. A more complete
description of both the satellite and the instru-
ments onboard is given by [Raben et al., 1995].

2.2 Groundbased Instruments
at Svalbard

In 1978 The Auroral Station (“Nordlyssta-
sjonen”) was built in Adventdalen just outside
Longyearbyen at Svalbard. The Auroral Sta-
tion is an optical site for ground-based observa-
tions of the dayside and nightside auroral
activity above Svalbard. The University of
Tromsø is the owner of the site, and the Optics
Group at the Geophysical Institute at the Uni-
versity of Alaska contributes both with instru-
ments and finances. From the opening of the
University Courses on Svalbard (UNIS) in
1993, the Geophysics Group at UNIS now also
has become a significant user of the Station in
teaching, scientific research and the daily
maintenance of the Station.

At the Auroral Station several instruments
are more or less continuously running each
winter; a flux gate magnetometer, several
All-Sky Cameras (ASC), a Meridian Scanning
Photometer (MSP) and several spectrometers/
spectrographs. Some kilometres further up the
Advent valley, on the Mine-7 mountain, the
Svalbard EISCAT radar is situated, but the ESR
was not running during the actual period stud-
ied and is omitted here.

2.2.1 The All-Sky TV Camera
The Auroral Station has an All-Sky TV

Camera (ASC) operating primarily at the
630.0 nm red line-emissions from oxygen‡.
This is the UiO/UNIS camera, owned by UiO
and maintained and driven by UNIS. The
ins t rument  i s  descr ibed  in  [Moen and
Lorentzen, 1997].

The processing of the All-Sky Camera data
from the real image as seen by the camera, to
the transformed image projected down onto the
map, is done by running the GeoMapper pro-
gramme on a PC. UNIS has this software
installed on one of their computers. The pro-
gramme takes the geographical position of the
observing camera and the assumed height of
the auroral emissions as input (250 km altitude
is used). Then, for each pixel in the real image,
the corresponding position for the emissions is
calculated and projected onto the map.

Note: It is important to be careful in using
this method, as noted by [Moen et al., 1995].
The assumption of the emissions only coming
from a very thin layer is not the real case. In
fact the emissions have a certain extent in
height. Therefore, possible errors caused by
spurious effects are introduced. [Moen
et al., 1995] mention that east-west elongated
rayed arc structures moving in the east-west
direction may lead to an artificial rotation. Also
the question of which assumed height to be
chosen for the emissions, is not straight for-
ward. A to high height causes a to large radial
distance from the observing station on the final
map. However, using this technique carefully
gives a good indication of where the emissions
took place and makes it more easy to directly

‡ In January 1997 only the 630.0 nm channel was
operative. From the winter season 1997/1998 sev-
eral extra bands were included, e.g. 557.7 nm and
427.8 nm.
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compare optical observations with observa-
tions onboard a spacecraft.

2.2.2 The Meridian Scanning
Photometer - Longyearbyen

The Auroral Station also had a Meridian
Scanning Photometer (MSP) running. This was
the University of Alaska Fairbanks MSP. Scan-
ning along the north-south magnetic meridian
from horizon to horizon, the Longyearbyen
MSP easily display the north-south motion of
the aurora. The main scientific objective of this
MSP is to identify the local time position of the
ionospheric signatures of the separatrix and the
cusp [Moen and Lorentzen, 1997]. A second
purpose is to use the MSP in Longyearbyen in
conjunction with the MSP in Ny Ålesund to
determine the auroral heights.

The Longyearbyen MSP spends 16 sec to
make one scan and has a spatial resolution of
1 angular degree. The spectral resolution is
typically 0.4 nm [Moen and Lorentzen, 1997].
During the winter 1996/1997 the MSP was
operating in four wavelengths; 630.0 nm,
557.7 nm, 486.1 nm and 427.8 nm.

2.2.3 The Meridian Scanning
Photometer - Ny Ålesund

There was also one MSP active in Ny
Ålesund. The Ny Ålesund MSP was operating
at 630.0 nm and 557.7 nm. However, this MSP
was not scanning from horizon to horizon.
Instead, on January 12 1997 the MSP was
scanning from 10 to 165 degrees from the
northern horizon along the magnetic meridian
(personal communication with Bjørn Lybekk,
UiO, spring 1998).

2.2.4 Optical Field-of-View
Figure 2.5 displays the Ny Ålesund and

Longyearbyen geographic field-of-view when
the emission altitudes of 250 km and 120 km
are assumed. These heights are typical for the
630 nm and 557 nm bands, respectively, and
they are consistent with the discussion in
Section 5.4. In doing the projections a curved
Earth and emission layer is assumed, cf.
Appendix B.

The Ny Ålesund MSP (the red line and
labels) was scanning from 10 to 165˚ from the
northern horizon as shown in Figure 2.5, while
the Longyearbyen MSP (the blue line and
labels) was scanning from 0 to 180˚ (in fact
outside the figure display). However, the obser-
vations made at these very low elevation angles
(<10˚ from the horizons) are of little value and
are ignored. In Figure 2.5 the circular UiO/
UNIS Al l -Sky  TV camera  geograph ic
field-of-view is also projected to 250 km alti-
tude for reference. Due to a low detection effi-
ciency at very low elevations these ASC
images are usually cut at 70˚ from zenith
before the projection. Therefore, in Figure 2.5
the ASC field-of-view is shown for zenith
angles <70˚.

From Figure 2.5 the latitudinal width per 1˚
elevation increases as the MSP line-of-sight
approaches one of the horizons. For a higher
altitude this effect becomes even more visible.
This effect is also the reason for only showing
the Longyearbyen MSP intensities at >15˚
above the horizons in Section 5.4.2, equivalent
to 15-165˚ from the northern horizon.
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FIGURE 2.5 Ny Ålesund and Longyearbyen MSP elevation angles (from the northern horizon)
projected to 250 km and 120 km altitude. The UiO/UNIS 630 nm ASC field-of-view
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2.3 The Wind Spacecraft
Wind was launched from Cape Canaveral,

USA, November 1 1994 at 23:31 UTC as a part
of the International Solar Terrestrial Physics
(ISTP) program. Wind has a designed lifetime
of three to five years, and the main purpose is
to measure the incoming solar wind, magnetic
fields and particles. Wind is cylindrical,
approximately 2.8 m in diameter, and 1.25 m
high and has a mass of 1250 kg, see Figure 2.6.
The spacecraft is spin-stabilized and has a spin
rate of 20 rpm around an axis within 1° of the
normal to the ecliptic plane. The Wind space-
craft is further described in [Harten and
Clark, 1995] and by the [“NSSDC Master Cat-
alog Display Spacecraft”, WWW].

The first nine months of operation, Wind
was placed in a double-lunar swingby orbit
near the ecliptic plane, with the apogee from
80-250 Re and the perigee between 5-10 Re.
This orbit was achieved by making use of the
lunar gravity. During January 9-12 1997 Wind
was on its way towards the apogee, moving
from {XGSE = 75, YGSE = -61, ZGSE = -2} to
{108, -53, -6}.

Later, Wind was inserted into its final orbit
about the sunward Sun-Earth gravitational
equilibrium point (L1), varying from 235- 265
Re. In this orbit Wind continuously measures
the incoming solar wind, magnetic fields and
particles and provides an approximately
one-hour warning to the other ISTP spacecraft
of changes in the solar wind.

Wind contains 8 instruments which consists
o f  24  s epa ra t e  s enso r s ,  [Ha r t en  and
Clark, 1995]. However, only three of the
instruments are used here:

2.3.1 The Magnetic Field Investigation
(MFI)

The Magnetic Field Investigation (MFI)
exper imen t  i s  desc r ibed  by  [Lepp ing
et al . , 1995].  The basic instrument is  a
boom-mounted dual triaxial fluxgate magne-
tometer and associated electronics. The instru-
ment provides:

1. Near real-time data as “Key Parameter
Data’ (nominally one magnetic field vector
per 92 s)

2. Rapid data (10.9 samples of the magnetic
field vector each second)

FIGURE 2.6 The Wind spacecraft,
from [“NSSDC Master Catalog
Display Spacecraft”, WWW].
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3. Snapshot memory data and Fast Fourier
Transform data based on 44 magnetic field
vectors per second

Only the first group of the interplanetary
magnetic field observations is presented in this
thesis. R. Lepping (NASA/GSFC) is the Princi-
pal Investigator (PI) of the MFI experiment.

2.3.2 The Solar Wind Experiment (SWE)
The Solar Wind Experiment (SWE) is pre-

sented by [Ogilvie et al., 1995]. This experi-
ment consists of:

1. Two Faraday cup (FC) sensors
(150 eV-8 keV)

2. A vector electron and ion spectrometer
(VEIS) (7 V-24.8 keV)

3. A ‘strahl’ sensor (studying the electron
‘strahl’ close to the magnetic field direction)

4. An on-board calibration system

The ‘Key Parameters’ (velocity, density and
temperature) of the solar wind is extracted
from detailed three-dimensional measure-
ments made by the Faraday cup. The solar
wind most probable thermal speed
and the solar wind velocity in GSE-coordinates
are presented in this thesis. K. Ogilvie (NASA/
GSFC) is the Principal Investigator (PI) of the
SWE experiment.

2.3.3 The 3-D Plasma (3-DP)
The 3-D Plasma (3-DP) experiment is

explained by [Lin et al., 1995]. This experi-
ment first of all provides measurements of solar
wind electron and ion velocities, temperatures
and densities, as well as suprathermal electron
and ion fluxes in four energy bands. However,
in this thesis only the electron and ion densities
and temperatures are presented.  R. Lin
(UC Berkeley) is the is the Principal Investiga-
tor (PI) of the 3-DP experiment.

2kT M⁄
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Chapter 3

January 9-12, 1997

An overview of the interplanetary
conditions from Wind and the NOAA-12
electron and proton observations during

the CME-event January 9-12, 1997
3.1 The CME Event
On January 6 1997 the first signs of a

“Halo” Coronal Mass Ejection (CME) was
observed around 16 UT in coronagraphs* from
the SOHO spacecraft. Figure 3.1 shows an
image  of  the  so lar  corona  obta ined  a t
18:50 UT. This event developed into a huge
magnetic bubble, a magnetic cloud, formed by
a strong magnetic field. Inside, the strong mag-
netic pressure balances the gas pressure result-
ing in a lower density, however at the surface
the density increases, and in front of the mag-
netic bubble a shock wave is created.

Some days later, on January 10 this event
passed SOHO (XGSE ~ 230 Re) on its way
towards the Earth. At 00:10 UT a first sudden
rise in the solar wind speed and density was
observed, and a second jump was seen at
04:30 UT. These changes were also observed
by the Wind spacecraft (XGSE ~85 Re). A
shock front was detected about 01:00 UT fol-

* A coronagraph is a specially designed telescope
using a blocking disk in front of the aperture lens.

lowed by a magnetic cloud around 04:30 UT.
When hitting the Earth, it worked as a great
source of energy effecting the particle popula-
tions in the magnetosphere. Therefore, we
should expect huge changes in the fluxes of
both trapped and precipitating particles.

FIGURE 3.1 SOHO-LASCO/C2: A “Halo”
CME at 18:50 UT on January 6
1997. [ISTP Sun-Earth Connections
Event Solar Observations, WWW]
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3.2 Interplanetary Conditions
First of all, an overview of what is believed

to be some of the most important magneto-
spheric input parameters, the interplanetary
conditions, is very useful. The Wind space-
craft, as described in Section 2.3 on page 23, is
well suited for measuring the solar wind
parameters. During January 9 to 12 1997 Wind
moved sunwards in GSE-coordinates† from

† The Geocentric Solar Ecliptic (GSE) coordinate
system. The X-axis always points from the Earth
towards the Sun, while the Z-axis points towards
the ecliptic North Pole. During the year this system
thereby rotates, however the diurnal rotation is
very small. This system is therefore well suited for
referencing data of solar wind and interplanetary
magnetic field. (For a complete listing of fre-
quently used coordinate systems and how to trans-
form between different systems, see
[Hapgood, 1992].)

{XGSE = 75, YGSE = -61, ZGSE = -2} to {108,
-53, -6}, see Figure 3.2.

3.2.1 Wind Data
The solar wind parameters from January 9

to  12  1997  f rom Wind  a r e  shown  in
Figure 3.3. Some important features are seen
in the interplanetary magnetic field compo-
nents in the upper panel:

• The first one is the very long southward
directed IMF, where IMF Bz is constantly
negative from 04:41 to 16:21 UT on Janu-
ary 10 followed by a northward IMF from
16:21 UT on January 10 to 02:58 UT on
January 11.

• The second one is the continuous negative
IMF By starting at 07:52 UT on January 10
and ending at 02:04 UT on January 11.

• The third one is the IMF Bx-component
being negative from 05:53 UT on January

FIGURE 3.2 The orbit of the Wind spacecraft January 9-12 1997.
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FIGURE 3.3 Some useful Solar Wind Parameters from the Wind spacecraft during the CME-Event,
January 9 to 12, 1997. The times when the IMF By and Bz components are negative, and
when the IMF clock angle is < 45° and > 90° have been shaded. (The data set has been run
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January 9-12, 1997
10 to 02:58 UT on January 11. (The latter
being the same time as the IMF became
very weak, which is called a magnetic
hole.)

More features may also be noted in the panels
3 to 6 of Figure 3.3:

• The very low minimum in the electron den-
sity in panel two of ~1-2 electrons/cm3 at
00:53 to 01:59 UT on January 11, followed
by a very intense peak of ~20-35 electrons/
cm3 at 02:54 to 03:17 UT.

• The peak in the ion density in panel three of
~20-47 electrons/cm3 at 23:34 UT January
10 to 03:20 UT January 11.

• The peak in the electron temperature in
panel  four of  ~10-13 eV at  04:58 to
11:56 UT January 11 and the corresponding
peak in the ion temperature of ~15-25 eV at
04:58 to 11:11 UT on January 11.

• The rapid change in the solar wind most
probable thermal speed in panel five from
well below 25 km/s to well above 50 km/s
at 02:56 UT on January 11. The thermal
speed stayed high for the whole rest of the
period, January 11 to 12, and reached a
maximum value of nearly 100 eV at 06:30
and 07:06 UT on January 11.

• The increase in the anti-sunward solar wind
velocity, in the negative GSE X-direction,
seen at 04:01 UT on January 11, where the
Vx gets smaller than -450 km/s. Vx stayed
less than -450 km/s for the rest of the
period, January 11 and 12, and several
times nearly reached -600 km/s. The Vy-
and Vz-components mostly stayed in the
interval -50 to 50 km/s, most often very
near 0 km/s, all the actual days.

3.2.2 The IMF Clock Angle
In the second panel of Figure 3.3 the IMF

clock angle is displayed. The clock angle θ is
defined here simply as by [e.g. Sandholt
et al., 1998]:

(3.1)

Here By and Bz are the Y and Z components of
the IMF, respectively. Therefore, the clock
angle gives the rotation of the IMF in the Y-Z
plane. 0° (180°) clock angle denote strongly
northward (southward) IMF, while 90° clock
angle indicate a dominating By component
and the Bz component close to zero.

[Sandholt et al., 1998] have divided the
IMF clock angles into three regimes; CAR 1,
CAR 2 and CAR 3, where 0 ° < θ < 45°,
45° < θ < 90° and 90° < θ < 180°. In the sec-
ond panel of Figure 3.3, regime CAR 1 is indi-
cated with blue and CAR 3 with red colours.
The reason for this sorting in regimes, is that
Sandholt et al. found the clock angle to order
the dayside aurora quite well.

The most remarkable pattern in the IMF
clock angle during January 9-12 1997 is the
very long period with the clock angle in the
CAR 3 regime. From 04:41 UT to 16:21 UT
on January 10 the clock angle continuously
stayed in CAR 3 regime. At the same time the
Bz component was << 0. This combination
would strongly increase the reconnection rate
at the low-latitude magnetopause, and an
expansion of the dayside polar cap towards
lower latitudes would be expected. Afterwards
followed a period of CAR 2 until 20:49 UT,
which should slowly reduce the reconnection
rate, so the low-altitude open-closed field line
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boundary could gradually redraw polewards.
From 23:31 UT on January 10 to 05:01 UT on
January 11 was CAR 1, with the Bz >> 0
(except some shorter excursions to CAR 3 at
~02:58 UT and 03:05-03:09 UT). Now, the
low-latitude magnetopause reconnection rate
should fade and the open-closed field line
boundary move severely further polewards.

3.2.3 The Time Shift Effect
When comparing solar wind data from a

spacecraft far upstream from the Earth with
simultaneous satellite data from the ionosphere
and optical data from the ground, the time
delay must be taken into account. Some esti-
mate must be made of which amount of time
the information in the solar wind needs to
propagate from Wind’s position and down into
the polar ionosphere. With other words; when
is the response seen in the ionosphere?

[Lockwood et al., 1989, and references
therein] have presented a solution to this prob-
lem. Given the time lag Tsb between the satel-
l i t e  and  t he  subso l a r  bow shock ,  t he
propagation time Tbm from the bow shock
across the magnetosheath to the subsolar mag-
netopause, the communication time Tmi
between the magnetopause and the cleft iono-
sphere and the final ionospheric propagation
delay Tis to the station where the groundbased
observations are done, the total time delay Ttot
is found:

(3.2)

A simplified version of Equation 3.2 is
given by [Lockwood et al., 1989]:

(3.3)

Here Xs and Ys are the X and Y GSE coordi-
nates of the spacecraft and Xm is the X coordi-
nate of the subsolar magnetopause. BX and BY
are the IMF components from the spacecraft,
and VSW is the solar wind velocity (km/s), see
Figure 3.4. To a good approximation the loca-
tion of the magnetopause Xm is given by
[Rodger, 1998]:

(3.4)

where NSW is the density (cm-3) of the solar
wind plasma. Collecting terms gives:

(3.5)

Ttot Tsb Tbm Tmi T is+ + +=

T tot
1

V SW
---------- Xs 1.3Xm Y s

BX

BY
------⋅ 

 –– 2.6Xm+

T is 120+ +

=

s( )

FIGURE 3.4 Sketch of the geometry used in the
calculations of the time delays.
Note: The figure is not to scale.
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3.2.4 Calculating the Time Delay
If the solar wind parameters from Wind

Janua ry  9 -12  1997  a r e  r un  t h rough
Equation 3.5 Figure 3.5 is obtained. In the cal-
culations Tis is set equal to 0, since it is
unknown. Therefore, when comparing with
observations from a groundbased station at
some MLT the extra time delay Tis must also
be added.

What is causing the very strong fluctuations
in Figure 3.5? To find the answer, each of the
first three terms in Figure 3.5 is examined in
Figure 3.6, Figure 3.7 and Figure 3.8. It is
clearly seen that the third term is responsible
for the spikes. This is explained if ,
giving excursions to extreme values in the plus
or minus directions, depending on the signs of
By and Bx. Thus, the time lags in Figure 3.5
f ound  by  t he  me thod  o f  [Lockwood
et al., 1989] is probably most reliable only
when .

This may be illustrated by the following
example. If |Bx| = |By| the third term in
Equation 3.5 reduces to -Ys where Ys is -61 to
-53 Re. Combined with a Xs of 75 to 108 Re
the difference Xs - Ys is found to be about 135
to 160 Re, a significant increase of the time
delay! If instead Bx = -By the same difference
is found to be about 15 to 55 Re, a significant
reduction of the time delay! Assuming a solar
wind velocity of 450 km/s (an average of the
period), this gives approximately Ttot = 35 to
40 min. and Ttot = 7 to 15 min., respectively.

This clearly demonstrates how difficult it is
to calculate the exact time shift when |X| ≈ |Y|
and the X and Y components are large; espe-
cially when  and the Bx or By compo-
nents are of changing signs. Therefore, a
simplified procedure must be used. Assuming
the Wind spacecraft to be far upstream so that

Xs > |Ys| the third term in Equation 3.5 can be
omitted, giving:

(3.6)

This solution is the same as assuming the
problem is one dimensional (only in the
X-direction), ignoring the effects of the IMF
also pointing along the Y-axis. From January 9
to  12  Wind  moved  f rom {X G S E = 75 ,
YGSE = -61, ZGSE = -2} to {108, -53, -6}, and
during the whole period Xs always stayed
larger than the Ys coordinate!

Using Equation 3.6 instead of Equation 3.5
and again setting Tis equal to zero gives
Figure 3.9. Figure 3.9 shows how the time
shift according to Equation 3.6 varies between
22 and 30 min. January 9 to 12. The variation
is mainly caused by the Wind spacecraft mov-
ing further upstream while the solar wind
velocity is changing, except around the end of
January 10 and the beginning of January 11
when the solar wind density reaches an
extreme maximum, giving an extra rise in the
time shift.

Comparing Figure 3.5 and Figure 3.9
reveals that the  removal of the Ys dependent
term introduces an extra error of maximum
10-15 min., best seen at 06-24 UT on January
10. Figure 3.5 reveals a 35-40 min. time shift,
while Figure 3.9 display a 25-29 min. time
shift. This is the only time when the time delay
from Equation 3.5 is well-defined for a longer
period, so perhaps Figure 3.5 should be used
instead in this interval. However, during the
rest of the period only Equation 3.6 and
Figure 3.9 can be applied, so in the following
discussion we therefore choose Equation 3.6
and Figure 3.9 to represent the whole period
studied.

Bx By⁄ 1≥

Bx By⁄ 1«

Bx By⁄ 1≥

T tot

Re

V SW
---------- Xs 139.6 NSW V SW

2⋅( ) 1 6/–+[ ]

T is 120+ +

=

s( )
30



January 9-12, 1997
FIGURE 3.5 Calculated time delay from Wind to
the noon cleft ionosphere vs. the
Universal Time when the IMF was
monitored at the Wind spacecraft,
using Equation 3.5.

FIGURE 3.6 The time shift from the first term in
Equation 3.5 vs. UT at Wind.
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FIGURE 3.7 The time shift from the second term
in Equation 3.5 vs. UT at Wind.

FIGURE 3.8 The time shift from the third term in
Equation 3.5 vs. UT at Wind.
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This decision is, however, not critical for
the conclusions to be drawn in the next sec-
tions in this chapter, since the period of the
NOAA-12 orbit is 101 min. But, when com-
paring observations of optical events from the
ground, corresponding low-altitude satellite
passes and solar wind parameters from Wind,
a 10-15 min. period is significant and may
cause misleading conclusions. However, on
January 12, the day to be studied in detail in
Chapter 5, the time shifts in Figure 3.9 of 25
min. are consistent with the observed one of

~ 28 min. at 09:00-10:00 UT January 12 of
[Sandholt et al. , 1997]. Thus, based on
Figure 3.9 and the results of Sandholt et al. a
~ 25 min.  t ime delay on January 12 at
06:00-18:00 UT is assumed, and the rest of the
period studied is also supposed to be described
by Figure 3.9.

The ionospheric propagation delay Tis
(from the noon cleft ionosphere to the station/
NOAA-12) must also be added. Some esti-
mates have been made. [Saunders et al., 1992]

FIGURE 3.9 Calculated time shift from the Wind spacecraft to the noon cleft ionosphere
January 9 to 12 1997, using the modified Equation 3.6.
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found ionospheric delays Tis  of ~5 min.
8-12 MLT and longer delays of ~10-15 min. in
the regions 1-2 hours MLT outside this inter-
val. The analysis was based on simultaneous
observations using the CANOPUS magnetom-
eter network in the 7 to 13 MLT sector during a
6-hour period of IMP 8 IMF Bz oscillations.

3.3 Summary Plots:
NOAA-12 Observations

By looking at particle data from the low alti-
tude NOAA-12 satellite, we would now like to
focus on the days around this CME-event. The
NOAA-12 satellite spends approximately 100
minutes on one orbit, in about 800 km altitude.
The NOAA-12 satellite is also orbiting in the

dusk-dawn plane‡. Therefore, this satellite is
well suited for studies of the variation in the
particle fluxes in the magnetic morning and
evening sectors.

Having the huge amount of particle data in
mind (several MB of data), it is clear that some
compact presentation technique is needed. A
convenient way of summarizing this huge data

FIGURE 3.10 The sorting of NOAA satellite passes into sectors. First, each pass is divided into a morning
and evening part, using the MLT. Then, each part is processed into boxes in a column from
45° to 90° ILAT. Each box is 0.25 or 1.0° ILAT wide in latitude and contains the average
MEPED or TED flux detected within that invariant latitude interval, respectively.
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set, which has also been applied at ESRO IA,
[Hauge  and  Sø raa s , 1975 ;  Lundb lad
e t a l . , 1979 ] ,  and  NOAA-6 ,  [Sø raa s
et al., 1998], particle data, is as follows:

1. All NOAA-12 passes from January 9-12,
1997 over both hemispheres are taken into
account.

2. Based on magnetic coordinates (magnetic
local time and invariant latitude) four
regions are defined; morning sector north,
morning sector south, evening sector north
and evening sector south. (E.g. for the
morning sector north: magnetic local time
is from 00 to 12 MLT and the invariant lati-
tude is positive from 45 to 90° invariant lat-
itude).

3. All passes are then processed, and the
fluxes are assigned to boxes within one of
the regions, see Figure 3.10. (Because of
NOAA-12’s orbit plane, each region is vis-
ited only once every orbit). For the MEPED
detector each box is 0.25° ILAT wide in lat-
itude, while it is 1° ILAT for TED. (This is
due to the different time resolution of the
two instruments).

A complete listing of all the times when
NOAA-12 was entering the different sectors
during January 9 to 12 1997 is given in
Table 3.11. NOAA-12 spends about 10-15
minutes in each of the regions; entering the
northern evening sector from the equatorward
edge, the northern morning from poleward, the
southern morning from equatorward and the
southern evening from the poleward edge.

‡ At very high latitudes in the Northern (Southern)
hemisphere the NOAA-12 satellite most often is
passing the noon-midnight meridian at magnetic
local times on the dayside (nightside), because of
the orbit’s inclination, see Figure 2.2 in Chapter 2.

3.3.1 Proton Flux at the 80˚ MEPED
Detector

By using the described selection method for
the 80 degrees MEPED proton detector,
Figure 3.12 on page 38 is obtained. According
to Section 2.1.2 on page 18, in the Auroral
Zone, this detector measures trapped protons,
because the axis of detection points almost
perpendicular to the local magnetic field direc-
tion.

The first thing one notices is the rather large
rise in the fluxes of protons trapped in the
Earth’s magnetic field January 10. The
increase is most intense and spans over the
widest range (from ~60 to ~75 degrees) in
invariant latitude in the southern evening sec-
tor. However, a similar intensification is also
seen in the other sectors, although in a smaller
scale. The increment is best seen in the two
lowest energy channels (30-80 keV and
80-250 keV). During January 11-12, the fluxes
decrease a bit, even though they still are larger
than for the 9th.

From Table 3.11 on page 35 it is possible to
more precisely decide when the huge increase
took place. In the southern evening and morn-
ing sectors the very sharp enlargement, espe-
cially in the 30-80 keV channel, is first seen
(in pass 19) at 07:23 UT on January 10. How-
ever, in the northern sectors an increase is
obse rved  a l r eady  i n  ( pa s s  18 )  a t
04:50-05:03 UT in the evening side and
05:03-05:15 UT in the morning side. This
activity starts to move equatorward in the
northern evening sector during the next pass,
before a maximum intensity and a clear
motion of both the poleward and equatorward
boundaries of trapped 30-80 keV protons
towards lower latitudes occur (in pass 20) at
~08:14 UT. The region stays shifted equator-
ward until somewhere between 16:50 and
18:20 UT, when the region again starts to
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Northern
hemisphere

Southern
hemisphere

Northern
hemisphere

Southern
hemisphere

Dusk Dawn Dawn Dusk Dusk Dawn Dawn Dusk
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0147 0200 0237 0251 0244 0258 0334 0350

0329 0342 0418 0435 0427 0440 0516 0533

0512 0525 0601 0619 0610 0623 0700 0717

0655 0708 0745 0801 0752 0805 0844 0859

0836 0850 0928 0943 0933 0947 1025 1040

1017 1032 1110 1124 1114 1128 1206 1220

1158 1213 1250 1304 1255 1309 1346 1400

1339 1354 1430 1444 1436 1450 1526 1540

1520 1534 1610 1623 1617 1630 1706 1719

1701 1714 1750 1803 1758 1811 1846 1859

1842 1855 1930 1943 1938 1951 2026 2039

2021 2035 2110 2123 2117 2131 2207 2220

2201 2215 2251 2304 2257 2312 2348 0001

2342 2356 0033 0046

Ja
nu
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12

0039 0053 0130 0144

Ja
nu

ar
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10

0124 0138 0214 0229 0222 0235 0312 0327

0307 0320 0356 0412 0405 0418 0453 0511

0450 0503 0538 0556 0547 0600 0637 0654

0632 0645 0723 0739 0730 0743 0821 0836

0814 0828 0906 0921 0911 0925 1003 1018

0955 1009 1048 1102 1052 1106 1144 1158

1136 1151 1228 1242 1233 1247 1324 1338

1317 1331 1408 1422 1414 1428 1504 1518

1458 1512 1548 1601 1555 1608 1644 1657

1639 1652 1728 1741 1736 1749 1824 1837

1820 1833 1908 1921 1916 1929 2004 2017

2000 2013 2048 2101 2055 2109 2145 2157

2139 2153 2229 2242 2235 2250

2319 2334 0010 0023

FIGURE 3.11 Overview of the times of entry for all the NOAA-12 passes January 9 to 12 1997, see text.
To decide the correct time of each single pass in Universal Time the table should be
compared with the following figures: Figure 3.12, Figure 3.13, Figure 3.14, Figure 3.15,
Figure 3.17, Figure 3.18, Figure 3.19, Figure 3.20, Figure 3.21 and Figure 3.22.
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propagate polewards. This is also approxi-
mately the same time as the fluxes in the
southern evening sector start to decrease.

In the beginning of January 11 an increase
is seen in the morning sectors. At ~01:16 UT
and ~01:52 UT (pass 30) an increment in the
30-250 keV energy range is seen in the north-
ern and southern morning sectors, respectively.
Thus, the enhancement occurred somewhere
be tween  ~00 :23 -00 :35  (pas s  29 )  and
~01:16 UT.

In Figure 3.12 on page 38 the Dst-index is
also shown. The very good correlation
between the decrease in the Dst and the
increase/equatorward motion of the proton
fluxes in the evening sectors is obvious. The
Dst falls off very rapidly at 06-08 UT on Janu-
ary 10 before reaching a minimum of -84 nT
09-11 UT. Then the Dst start climbing before
reaching a maximum of 49 nT at 01-02 UT on
January 11.

3.3.2 Proton Flux at the 10˚ MEPED
Detector

The 10 degrees detector points 10 degrees
from the local vertical.  By referring to
Section 2.1.2 on page 18, it is seen that in or
near the auroral zone, the 10 degrees detector
displays the flux of precipitating particles.
Therefore Figure 3.13 on page 39 shows the
fluxes of precipitating protons.

The proton precipitation clearly shows a
huge increase at the same times as for the
trapped protons on January 10. More or less
the same description may be used here, but the
latitudinal extent of the precipitation is much
more narrow, especially in the morning sec-
tors. Here, the two lowest energy channels also
show the most clear increase in the flux.

Us ing  t he  s ame  p rocedu re  a s  i n
Section 3.3.1 the same times are found for the
enhancements on January 10, suggesting an
intensification of the both the precipitating
trapped proton fluxes took place somewhere
between 06:10 and 07:23 UT in the southern
hemisphere and gradually from ~04:50 UT
(reaching maximum displacement and inten-
sity from ~08:14 UT) and onwards in the
northern hemisphere. Therefore, some process
must have been operating and injecting ener-
getic protons around this time.

The increase in the two morning sectors in
the beginning of January 11 is not this easily
seen in Figure 3.13. In the southern morning
sector no clear rise is found. However, in the
northern morning sector an enlargement is
observed at ~01:16 UT.

3.3.3 Electron Flux at the 80˚ MEPED
Detector

For the trapped electrons, an increase in the
fluxes on January 10 is  also observed,
Figure 3.14 on page 40. However, the main
difference from the protons is that the intensifi-
cation is strongest in the morning sectors. At
~07:23 UT the southern morning sector shows
a sharp rise in the trapped electron fluxes. No
clear increase is detected before this time in
the southern hemisphere. In the northern
morning sector, however, a growth in the
trapped electron fluxes is observed from
~05:03 UT. Then an equatorward displace-
ment of the northern morning and evening
regions is seen ~06:32-06:55 UT. At the same
time the latitudinal widths of both northern
regions become very narrow.

An other feature is the clear increase
observed in the >300 keV detector, seen in all
the sectors. The trapped highest-energetic
electron fluxes are remarkably larger (factor
~10-100) during January 10 to 12 than on the
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9th. So, some injection and acceleration proc-
ess must have been initiated January 10. The
process must also have been working during
January 11 and 12 supplying energized plasma
to maintain the trapped highest energy electron
fluxes.

In the northern evening sector the motion of
the trapped region towards lower latitudes is
also observed, just as for the protons in
Section 3.3.1 and Section 3.3.2. However, the
intensities are far lower than in the morning
sectors.

The good correlation with the Dst-index is
obvious. The increase in electron fluxes in the
morning sectors is observed to correspond very
well with the negative bay in the Dst on Janu-
ary 10. The equatorward motion of the trapped
region in the northern evening sector also
appears at the same time, as for the protons.

3.3.4 Electron Flux at the 10˚ MEPED
Detector

For the precipitating electrons the most
intense fluxes are also observed in the morning
sectors on the January 10, Figure 3.15 on
page 41, and the two lowest energy channels is
dominating. Some discrete events are also seen
the other days, but the intensities are still larg-
est in the morning sectors of January 10.

The dramatic increment in the southern
morning sector observed ~07:23 UT on Janu-
ary 10 is consistent with the observations of the
protons and the trapped electrons. In the south-
ern morning sector the >30 keV detector shows
a weak decrease in the electron flux in the next
passes after this onset.

Later, on January 12 a sharp injection is
seen in the southern evening and morning sec-
tors  a t  ~08:21 to  ~08:50 UT.  [Bjordal
et al., 1997] reported the abrupt onset of a neg-

ative bay at 07:28 UT with further intensifica-
tions about 07:56 UT and 08:16 UT. Bjordal
et al. also displayed POLAR PIXIE X-ray
images and POLAR UV images from the
opposite (northern) hemisphere between 07:15
and 09:15 UT. Their images show strong X-ray
activity 08:05 to 08:35 UT. Thus, the intense
electron precipitation observed by NOAA-12
in the southern hemisphere is obviously result-
ing from the same substorm as reported by
[Bjordal et al., 1997]. (Some X-ray images
from this event is displayed in Figure 5.28 and
discussed in Section 5.7.)

In the northern evening sector an intensifica-
tion is observed at ~01:02 UT on January 11.
This is also consistent with the observations in
Section 3.3.2 of the precipitating proton fluxes
in the morning sector and the positive peak in
the Dst. For all the days a good consistency
between the Dst and the maximum in the elec-
tron fluxes is found.

3.3.5 The High-Energy Particle Drifts
By looking at Figure 3.12 to Figure 3.15

one thing is very clear. The high-energy pro-
tons show larger fluxes in the evening sectors
and the high-energy electrons in the morning
sectors. [Meng et al., 1981] studied the spatial
distribution of energetic particles in the distant
magnetotail (XSM < 0) using the IMP 7 and
IMP 8 spacecrafts. Superposing about 10 years
of observations onto the dawn-dusk meridian
cross-section, they found a dawn-dusk asym-
metry for electrons and protons in the plasma
sheet. Electrons gathered to the morning side
and protons to the dusk side. Their statistical
pattern is in good agreement with the January
9-12 1997 observations from the NOAA-12
satellite.

This pattern is expected, since e. g. the
high-energy electrons in the ring current are
drifting from near midnight, where the ejection
37
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FIGURE 3.12 NOAA-12 80° MEPED Proton Fluxes from three energy channels (30-80 keV,
80-250 keV & 250-800 keV) vs. Invariant Latitude and Time, January 9-12 1997.
The Magnetic Evening (Morning) Sectors are at the top (bottom). The Southern
(Northern) Hemisphere is to the left (right). In the middle the Dst-index is shown.
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FIGURE 3.13 NOAA-12 10° MEPED Proton Fluxes from three energy channels (30-80 keV,
80-250 keV & 250-800 keV) vs. Invariant Latitude and Time, January 9-12 1997.
The Magnetic Evening (Morning) Sectors are at the top (bottom). The Southern
(Northern) Hemisphere is to the left (right). In the middle the Dst-index is shown.
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FIGURE 3.14 NOAA-12 80° MEPED Electron Fluxes from three energy channels (>30 keV,
>100 keV & >300 keV) vs. Invariant Latitude and Time, January 9-12 1997.
The Magnetic Evening (Morning) Sectors are at the top (bottom). The Southern
(Northern) Hemisphere is to the left (right). In the middle the Dst-index is shown.
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FIGURE 3.15 NOAA-12 10° MEPED Electron Fluxes from three energy channels (>30 keV,
>100 keV & >300 keV) vs. Invariant Latitude and Time, January 9-12 1997.
The Magnetic Evening (Morning) Sectors are at the top (bottom). The Southern
(Northern) Hemisphere is to the left (right). In the middle the Dst-index is shown.
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of ring current particles is expected to be, and
towards the morning side where the largest
fluxes of electrons should be. When the elec-
trons have drifted almost around the Earth and
passes the evening sector, it is expected that
the electron fluxes should be much smaller
because of no sources and significant losses in
the  morn ing  and  noon  s ec to r s .  The
high-energy protons, drifting in the other
direction from midnight via the evening side
past noon to the morning side, show a similar
feature. This results from the charge depend-
ence in the magnetic gradient drifts:

• The E×B-drift velocity vDE given by

(3.7)

where E and B’s are the electric and mag-
netic fields, respectively, does not explain
the effect. This E×B-drift is charge inde-
pendent, causing both electrons and protons
to drift in the same direction. Therefore the
E×B-drif t  is  not  responsible for  the
observed morning/evening asymmetry in
the high-energy electron and proton fluxes.

• However, the magnetic gradient and curva-
ture drifts do. The magnetic drift velocity
vDB is given by:

(3.8)

where K the energy of the particle, q the
charge, B the magnetic field and α the parti-
cle’s pitch angle. Assuming the injection of
particles to take place at midnight, the posi-
tively charged high-energy protons experi-
ence a westward drift from midnight
towards the evening side. On the other
hand, the negatively charged high-energy
electrons are drifting eastward from mid-
night towards the morning side,  see
Figure 3.16.

During the drift period around the earth,
trapped protons and electrons are continuously
lost. Important loss processes may be wave
generation causing scattering of particles into
the atmospheric loss cone (e.g. electron pre-
c ip i ta t ion  on the  morning s ide  due  to
wave-particle interaction), particles passing
through the magnetopause (quasi-trapped)
and violation of the adiabatic invariants. The
sunlit ionosphere also changes the background
plasma. Thus, passing noon and reaching the
opposite dusk/dawn side of Earth, the trapped
and precipitating high-energy electron and

vDE
E B×

B
2

-------------=

vDB
K

qB
3

--------- 1 α2
cos+( )B B∇×=

FIGURE 3.16 A sketch of the drift of energetic
electrons and protons assuming an
injection of particles at midnight
and only the magnetic drift (thick
solid and thick dashed arrows).
The corotation electric field Ecorot
and a uniform convection electric
field Econv are indicated.
(A drift of low-energy protons
towards the morning sector has also
been included for reference. This
drift will be discussed when the
low-energy TED data is presented
in Section 3.6.2.)
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proton fluxes have become smaller. Further
details on magnetospheric drifts, is given by
e.g. [Roederer, 1970; Fälthammar, 1973; Lyons
and Williams, 1984].

3.3.6 The Time of Year Effect
In most of the panels presented the southern

sectors show the largest fluxes. This may be
due to a ‘time of year’ effect. In January it is
winter in the northern hemisphere and summer
in the southern. The Earth’s axis of rotation is
pointing more towards the Sun in the south
than north. Therefore, in average the Earth’s
dipole axis also is pointing more towards the
Sun in south, giving a matching tilt of the mag-
netosphere and the best direct coupling
between the solar wind and the ionosphere in
the southern hemisphere. In this way, any
direct entry of solar wind plasma should per-
haps be best seen in the southern hemisphere.

This proposal is in good agreement with our
observations, although we have only studied
one time of the year here, January 9-12 1997.
A further future study, also including observa-
tions from other times of the year, is needed to
test whether such a relationship is always
present.

3.4 The Ratio: Precipitating to
Trapped Flux

In order to better see the differences
between the trapped and the precipitating
fluxes, the ratio precipitating to trapped flux
fratio can be plotted:

(3.9)

where f10 is the precipitating flux, and f80 the
trapped flux. Since some of the data points may
be zero, zero-containing elements must be
excluded before doing the division**.

3.4.1 The MEPED Proton Flux Ratio
By running the proton flux data through

Equation 3.9 as described above, Figure 3.17
on page 44 is encountered. Here the red col-
ours indicate that the precipitating flux is domi-
nating, while the blue ones show where the
trapped flux is dominating (anisotropic zone).
The yellow colours imply that the fluxes are of
equal size and isotropic.

Just as for the 10 and 80 degrees fluxes
(Figure 3.13 and Figure 3.12), the flux ratio
plot in Figure 3.17 more or less shows the same
pattern. The interesting and very clear move in
the northern evening sector of the boundaries
towards lower latitudes on January 10 is clearly
seen. However, the largest advantage by plot-
ting the ratio in this way, is that the isotropic
boundaries and the anisotropic zone are more
clearly obtained.

Of interest is also the very strong anisotropy
seen in the 30-250 keV energy range from
~60° to ~70° ILAT in the northern evening and
morning sectors and the southern morning sec-
tor in the beginning of January 11. This aniso-
tropy corresponds with the event described in
Section 3.3.1 to Section 3.3.4.

3.4.2 The MEPED Electron Flux Ratio
Using the same procedure on the electron

flux data gives Figure 3.18 on page 45. Here
the anisotropic zone is very much wider. In the
highest energy channel (>300 keV) a sharp
increase in the latitudinal width of the aniso-
tropic (blue) region is observed from the end of
January 10 or beginning of January 11. This
pattern persist the rest of the period. In the
northern evening sector this expansion is

** In fact, the zeros both in the numerator and the
denominator makes trouble since the plotting rou-
tine makes use of the logarithmic function, which is
undefined for an argument equal to zero.

f ratio

f 10

f 80
--------=
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FIGURE 3.17 NOAA-12 MEPED Proton Flux Ratio for three energy channels (30-80 keV,
80-250 keV & 250-800 keV) vs. Invariant Latitude and Time January 9-12,
1997. Red colours where the precipitating flux is dominating, blue where the
flux is trapped and yellow colour for the isotropic flux.
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FIGURE 3.18 NOAA-12 MEPED Electron Flux Ratio for three energy channels (>30 keV,
>100 keV & >300 keV) vs. Invariant Latitude and Time January 9-12, 1997.
Red colours where the precipitating flux is dominating, blue where the flux is
trapped and yellow colour for the isotropic flux.
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observed from ~21:39 UT January 10 and
onwards. In the northern morning sector, how-
ever, this enlargement was seen already at
~11:51 UT. In the southern morning sector the
increment is discovered from ~12:28 UT.

The equatorward motion of the trapping
boundary in the northern evening sector (dis-
cussed in Section 3.3.1 to Section 3.3.4) i also
seen in the electron flux ratio in Figure 3.18 on
January 10. The displacement of course both
starts and ends at  the same times as in
Figure 3.14 and Figure 3.15.

3.5 The Difference:
Precipitating Minus
Trapped Flux

Looking through the whole NOAA-12
MEPED data set for January 9-12, 1997, one
tendency is clear. In the intervals where
Figure 3.17 shows isotropic proton fluxes, all
the single passes indicates that the 10 degree
fluxes are slightly larger than the 80 degree
fluxes. For the electrons though, this is not
seen. One way to illustrate this feature is by
taking the difference fdiff

(3.10)

where f10 is the precipitating flux and f80 is the
trapped flux. But, when the logarithm of fdiff is
to be taken, one has to redefine†† the logarith-
mic function

(3.11)

†† The way the logarithmic function logredefined
is defined for -1≤x≤1 in Equation 3.11,
is equal to saying the 10° and 80° fluxes are identi-
cal whenever the absolute flux difference | fdiff | is
less than 1 particle/(cm2 s ster keV).

since the logarithmic function is not defined
for negative arguments.

3.5.1 The Proton Flux Difference
When the described method is used,

Figure 3.19 on page 47 is obtained. The red
areas indicate that the precipitating 10 degree
fluxes are larger than the trapped 80 degree
fluxes by the difference given. The blue areas
shows the opposite case where the trapped flux
is largest. The green areas show where the
fluxes are of equal size.

The first thing one notices in Figure 3.19, is
the very clear interval, poleward of the aniso-
tropic zone (in Figure 3.17), where the precipi-
tating fluxes seem to be larger than the trapped
ones (red areas on the figure). This occurs for
the invariant latitudes corresponding to the iso-
tropic zone in Figure 3.17. However, this
effect is most likely artificial, as notified by
[Dave Evans, personal communication]. Due
to radiation damage the effective dead-layer on
the 80 detector increases vs. time, thus block-
ing off the lower energy protons and reducing
the flux detected.

3.5.2 The Electron Flux Difference
The same effect is though not seen by the

MEPED electron detectors, since the electrons
is not so much effected by the dead-layer.
Figure 3.20 on page 48 does not show any sign
of a wider region where the electron precipita-
tion dominates. Only smaller discrete areas are
seen, and those are mainly on the equatorward
side of the isotropic region.

In the isotropic zone another feature is seen,
the continuous flipping pattern from precipitat-
ing dominating, via identical to trapped domi-
nating fluxes. This indicates that the electron
precipitation is much more discrete and
strongly localized than the proton precipita-
tion.

f diff f 10 f 80–=

x( )redefinedlog

x( )10log– for x 1–<

0 for 1– x 1≤ ≤
x( )10log for x 1>






=
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January 9-12, 1997
FIGURE 3.19 NOAA-12 MEPED Proton Flux Difference for three energy channels (30-80 keV,
80-250 keV & 250-800 keV) vs. Invariant Latitude and Time January 9-12, 1997.
Red colours where the precipitating flux is larger, blue where the trapped flux is
larger and green where the fluxes are equal.
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FIGURE 3.20 NOAA-12 MEPED Electron Flux Difference for three energy channels (>30 keV,
>100 keV & >300 keV) vs. Invariant Latitude and Time January 9-12, 1997.
Red colours where the precipitating flux is larger, blue where the trapped flux is
larger and green where the fluxes are equal.
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3.6 NOAA-12 TED Data
The TED detector provide measurements of

the low energetic protons and electrons in the
300 to 20000 eV energy range. Four channels
are transmitted to ground for both the electron
and proton sensor, Section 2.1.1. If the TED
data sets are run through the same routine as
the MEPED data sets and ordered in sectors,
four energy panels in each sector are obtained.
However, since the time resolution is 8 and 16
seconds for the TED data sets in contrast to 2
seconds for the MEPED data sets, one has to
increase the width of each box from 0.25 to 1.0
degrees in magnetic latitudinal extent, thereby
reducing the latitudinal resolution.

3.6.1 The TED 0˚ Electron Sensor
In  F igure 3 .21  the  NOAA-12  TED

low-energy precipitating 0 degree electron
fluxes from January 9-12, 1997, are displayed.
The first thing to notice is how all the fluxes
tend to have their maximum intensity at the
higher-latitude border of the precipitation area
and how the low-energy electron flux is usually
never found equatorward of the high-energy
electron flux in Figure 3.15. In fact, a energy
vs. latitude dispersion is seen in the electron
data.  In Figure 3.11 and Figure 3.5 the
lower-energy channels show the peak intensity
further poleward than the higher-energy ones.
This is in good consistency with the general
theory of the magnetosphere, where low ener-
getic particles are believed to enter the magnet-
osphere only at open magnetic field lines or in
the open/closed magnetic field line region.
Low-energy particles can not persist for longer
time periods in the inner magnetosphere,
because through acceleration processes the
energy of a trapped particle is increased as it
moves inwards from the open/closed boundary.

Of interest is also the strong intensification
on January 10. In the southern hemisphere the
low-energetic precipitating areas get very
intense and wide in latitudinal extent, espe-
cially in the evening sector. In the northern
evening sector a clear equatorward motion is
also observed on January 10. Both occurrences
appear at the same time as examined in
Section 3.3.1 to Section 3.3.4.

In the end of January 10 and beginning of
January 11 a very strong intensification is
observed in the northern hemisphere in only
the lowest (300-458 eV) energy channel. The
rise in the flux is observed in three successive
NOAA-12  pa s se s  f r om ~21 :39 UT to
~01:16 UT (perhaps until ~02:58 UT) in both
the morning and evening sectors. This is at the
time when the plasma filament hit the magnet-
osphere.

3.6.2 The TED 0˚ Proton Sensor
I n  F igu re 3 .22  t he  NOAA-12  TED

low-energy 0 degree precipitating proton fluxes
are shown. Of great interest is the very strong
spot in the beginning of January 11 in the
northern morning sector. The spot is first
weakly observed in the January 10 ~21:53 UT
pass, growing at ~23:34 UT, before it disappear
after ~03:10 UT on January 11. This disappear-
ance may be artificial, because the spot is
observed at the edge of the field-of-view. Nev-
ertheless, the spot is observed about the same
time as in the electrons. Within this interval the
low-energy precipitating proton flux reaches
the maximum of the whole four-days period.
The peak is strongest in the 300-458 eV proton
channel and is decreasing in intensity with
increasing energy. An increase in the fluxes is
also observed at the same time in the southern
morning sector, but far from as intense as in the
northern hemisphere.
49



January 9-12, 1997
FIGURE 3.21 NOAA-12 0° TED Electron Fluxes from four energy channels (300-458 eV, 773-1088 eV,
1718-2349 eV & 3610-4870 eV) vs. Invariant Latitude and Time, January 9-12 1997.
The Magnetic Evening (Morning) Sectors are at the top (bottom).
The Southern (Northern) Hemisphere is to the left (right).
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FIGURE 3.22 NOAA-12 0° TED Proton Fluxes from four energy channels (300-458 eV, 773-1088 eV,
1718-2349 eV & 3610-4870 eV) vs. Invariant Latitude and Time, January 9-12 1997.
The Magnetic Evening (Morning) Sectors are at the top (bottom).
The Southern (Northern) Hemisphere is to the left (right).
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January 9-12, 1997
The observations of soft precipitating pro-
tons in the morning sector can be explained.
For the soft particles the magnetic drift may be
ignored (K is small in Equation 3.8). Thus, the
E×B-drift, Equation 3.7, is dominating, and
combined with the corotation electric field
Ecorot transports the low-energy protons from
the nightside to morning side, instead of
towards the evening side as for the energetic
protons. This is indicated with the medium
solid arrow, which emanates from the thick
solid high-energy proton drift in Figure 3.16.
[Lyons and Williams, 1984, Figure 4.27] also
displays this effect.

[Newell and Meng, 1992] also mention
observations of soft ions in their CPS morning
side band, extending from 06 MLT towards
noon. “This band is primary due to keV elec-
tron precipitation, with some associated ion
precipitation (sometime the ions are at much
lower energies).” However, due to our selec-
tion procedure (morning equals 00-12 MLT)
and NOAA-12’s orbit, the most poleward pre-
cipitation in the summary plots is rather closer
to noon. So, the intense spot in the proton pre-
cipitation may possibly correspond to [Newell
and Meng, 1992]’s CPS map near noon,
extending in average up to 75o ILAT, but may
also be of LLBL or cusp origin. This is how-
ever not of any importance here and will not be
stressed any further.

Of great interest is also the equatorward
motion of the low-energy proton precipitation
seen on January 10 in the northern evening
sector. But the fluxes here are small (factor 10
to 100 less) compared with the morning sec-
tors. This displacement is also simultaneous
with that discussed in Section 3.3.1 to
Section 3.3.4.

3.7 Discussion
Let us first focus on the intensification fol-

lowed by an equatorward motion of the oval
seen in Figures 3.12 to 3.15 on January 10.
From Section 3.3.1 to Section 3.3.4 an
enhancement was observed at  04:50 to
05:15 UT in the northern hemisphere reaching
the maximum from ~08:14 UT. About this
interval Figure 3.9 shows a stable time shift of
24-26 minutes. From Section 3.2.2 the IMF
clock angle was observed continuously in
regime CAR 3 from 04:41 UT, which corre-
sponds to just after ~05:05 UT in the iono-
sphere when the time delay is taken into
account. However, the clock angle had been
switching between CAR 2 and 3 some time
before the NOAA-12 pass. So, the enhanced
fluxes in the NOAA-12 observations is proba-
bly a combination of this switching rather than
a direct result of the turning to CAR 3. The
precipitation/trapped region, yet not shifted
equatorwards, is also supporting this. How-
ever, the next pass in the northern hemisphere
at 06:32-07:00 UT, corresponding to around
06:07-06:35 UT at Wind, is well within the
period of CAR 3, and the region in the north-
ern evening sector is observed to have shifted
some equatorwards.

In the subsequent NOAA-12 pass in the
southern hemisphere ~07:23-07:50 UT
(~06:58-07:25 UT at Wind) the first sharp
increase in the particle fluxes was observed. In
the following northern hemisphere pass about
~08:14 UT (~07:50 UT at Wind) the particle
fluxes showed the first strong intensification
and equatorward displacement in evening sec-
tor. In both passes the clock angle was very
large (>165°) for a longer period. At the same
time the IMF Bz component was very strong
southward, about -15 nT. The Dst-index was
also falling off very rapidly. The other solar
wind parameters (density, temperature, ther-
mal velocity and flow velocity) did not show
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any remarkable change at this time. So, the
event must be caused by the changes in the
IMF.

The equatorward motion of the energetic
particle precipitation during disturbed condi-
tions has also been studied by others. From
ESRO IA and IB observations of >100 keV
protons, [Søraas, 1972] found an equatorward
motion of the low latitude boundary of the pro-
ton precipitation in the nightside in connection
with geomagnetic storms: “It can be seen that
the equatorward boundary moves to lower lati-
tudes with increasing geomagnetic activity. Its
location depends significantly on Dst and to a
lesser extent on the Kp index. The location of
the equatorward boundary does not depend
significantly on the AE index, … . The poleward
boundary on the other hand seems to depend
solely on the AE index.” Søraas also studied the
poleward boundary: “There is a general ten-
dency for the poleward boundary to move to
higher latitudes with decreasing Dst, but as the
statistical analysis has shown, this boundary
depends mostly on the AE index. There is an
indication in the data that the poleward bound-
ary starts to move equatorward when the Dst
decreases below -60 γ.”

The other event in the beginning of January
11 was observed in the northern hemisphere
~ 01:02-01:30 UT (a 29 min. time delay gives
~ 00:33-01:01 UT at Wind) in the northern
morning sector. In that period the clock angle
was well within CAR 1, the IMF {~ -3, ~ -6,
~ 13} nT. At the same time the electron den-
sity, the electron temperature, the ion density
and the ion temperature were stable at
~ 4 cm-3, ~ 3 eV, ~ 25 cm-3 and ~ 4 eV, respec-
tively. The rather high ion density is probably
an important source of the enhanced particle
fluxes observed by NOAA-12 in the beginning
of January 11.  The fact  that  NOAA-12
observed increased fluxes in several passes
both before and after this interval may be com-

bined with the ion density. The ion density was
increasing from about 21-22 UT on January
10 ,  r e ach ing  a  max imum f rom abou t
01:00-03:10 UT at Wind on January 11, before
the return towards lower densities. At the same
time the enhanced particle fluxes was detected
especially in the 0° TED proton detector in the
northern morning sector, but also to some
degree in the other sectors.

The fact that the IMF was quite intense
northward (~ 13 nT) and turning even more
northward after 01 UT suggests a poleward
retreat of the polar cap. However, since
NOAA-12’s orbit does not cross the magnetic
pole in every pass, any activity poleward of its
orbit is not monitored. Consequently, the very
strong northward IMF after the 01 UT pass
January 11 suggests a poleward motion of the
activity out of NOAA-12’s field-of-view. This
may also explain why the fluxes in the southern
hemisphere is slightly less than in the northern
about this pass and why the fluxes seem to
decrease in latitudinal width after the 02-03 UT
passes on January 11.

The very good agreement between the posi-
tive spike in the Dst-index and the introduction
of protons in the morning sector and electron in
the evening sector at 01-02 UT January 11
must also be commented. The energetic pro-
tons show enlarged both trapped and precipitat-
ing fluxes in both the morning sectors about
this interval, and the low-energetic precipitat-
ing protons also show the same pattern. The
energetic electrons show enlarged fluxes in the
evening sectors, especially for the precipitating
ones in the northern evening sector.

The energetic particle data (especially the
trapped fluxes in Figure 3.12 and Figure 3.14)
reveal a diurnal pattern below about 60˚ ILAT.
This is due to particle loss effects near the
South Atlantic magnetic field anomaly. [Berg
and Søraas, 1972] studied the longitude varia-
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tion of locally mirroring >100 keV protons in
low altitude. They found reduced number
fluxes near 0˚ and 360˚ geographic longitude,
caused by an increased atmospheric loss cone
as the effect of the protons mirroring in a lower
altitude in the southern hemisphere. However,
during disturbed conditions the longitudinal
dependence of the flux levels were less clear,
as a result of the loss cone being continuously
filled with particles.

3.8 Summary
An overview of the trapped and precipitat-

ing electron and proton fluxes as observed
from NOAA-12’s MEPED and TED detectors
January 9-12 1997 has been given, dividing
each hemisphere crossing into morning and
evening sectors. The particle data have been
compared with the Dst-index, and the good
agreement is striking. Solar wind parameters
from the same time have been presented and
the associated time delay calculated.

Then the solar wind parameters was briefly
compared with the NOAA-12 observations. A
good consistency between the IMF clock angle
in CAR 3 regime, the equatorward motion in
the northern hemisphere and the intensifica-
tions in the morning of January 10 was found.
At the same time the other solar wind parame-
ters remained almost unchanged, suggesting
the IMF to be the most important factor in the
solar wind in creating this event. A huge
increase in the ion density was also connected
to the enhancements in the NOAA-12 particle
fluxes at ~ 01-02 UT January 11. The simulta-
neously positive spike in the Dst-index was
found to match observations of increased
fluxes of protons in the morning sector and
electrons in the evening sector.

This data set of January 9-12 1997 contains
many more interesting features and other
aspects that could also be mentioned. But,
because of time and space limitations these
must be left to future work. However, now a
brief overview of the Wind and NOAA-12
observations has been presented and will serve
as a reference for the events to be discussed
later.

In the next Chapter some basic terms and
principles of the dayside aurora are discussed,
before  fur ther  s tud ies  of  some s ingle
NOAA-12 passes above Svalbard in Chapter 5.
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Chapter 4

The Dayside Aurora

A brief introduction to the dayside
magnetospheric configuration, different
source regions of particle precipitation,
models and dayside optical emissions
4.1 The Magnetosphere
The continuous interaction process between

the solar wind and the geomagnetic field gives
a magnetopause, the instant surface of pressure
balance. The dominant terms in this “equilib-
rium” are, [Mead and Beard, 1964]:

(4.1)

where p, Bt and µ0 are the solar wind ion pres-
sure, the magnetic field intensity just within the
magnetopause and the permeability of vacuum,
respectively. This magnetopause is constantly
moving due to the changing solar wind param-
eters. So, this “equilibrium” is not stable in
time. Inside this border, where the Earth’s mag-
netic field is dominating, is the magnetosphere.

In front of the magnetopause a bow shock is
formed by a fast magnetosonic wave. This bow
shock marks an outer border towards the undis-
turbed solar wind. Passing through the bow
shock, the supersonic solar wind is slowed
down to a subsonic speed. This gives a region

of shocked turbulent solar wind plasma, the
magnetosheath, between the bow shock and the
magnetopause. A schematic overview of the
bow shock, the magnetosheath, the magneto-
sphere and some particle source regions within
the magnetosphere (to be discussed in the next
sections) is given in Figure 4.1.

p
Bt

2

2µ0
---------=

FIGURE 4.1 The magnetosphere,
from [Lyons and Williams, 1984].
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4.2 Particle Source Regions
Several statistical studies of the particle

precipitation using particle observations from
low-altitude satellites has been done during the
years, [e.g. Wedde et al., 1973; Marøy, 1977;
Gussenhoven et al., 1985]. Wedde et al. pre-
sented measurements of >40 keV electron and
115-180 keV proton precipitation from the
ESRO IA satellite. For different levels of geo-
magnetic activity (the Kp index) they divided
the data set into sectors; midnight, morning,
dawn-noon, noon-dusk and evening, from
which Wedde et al. presented average particle
fluxes vs. invariant latitude.

However, [Newell and Meng, 1992] were
the  fi r s t  t o  p re sen t  p robab i l i t y  maps
(Figure 4.2) of observing precipitation from
specified magnetospheric regions in the iono-
sphere from an automatic source region identi-
fication. Using a neural network, [Newell
et al., 1991c], to automatic identify 60,000
low-altitude polar orbiting DMSP passes
through the dayside auroral oval, [Newell and
Meng, 1992] were able to create the first prob-
ability maps for observing precipitation of
plasma from the cusp, the LLBL, the mantle,
the BPS or the CPS into the ionosphere vs.
magnetic latitude and local time. Newell and
Meng’s first results suggested a cusp 2.5 hours

FIGURE 4.2 A map of the ionosphere to the magnetosphere based on plasma characteristics.
60,000 DMSP passes was automatically processed during different IMF conditions,
from [Newell and Meng, 1992].
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wide in MLT, a LLBL out to about 0900 MLT
and a mantle 0800 to 1600 MLT. They also
found the discrete nightside aurora extending
further towards dusk than dawn. Based on
these different probability maps (not shown
here), they made the summarizing map of all
the regions, shown in Figure 4.2.

During this first processing, Newell and
Meng did not take the IMF orientation into
account. Figure 4.2 is therefore an average of
different IMF orientations and diurnal and
annual effects. So, deviations from the map are
rather the rule than the exception. E.g. using a
unique DMSP F11 pass longitudinally cutting
the cusp and mantle and simultaneous optical
measurements from Svalbard on January 12
1993 [Maynard et al., 1997] found the cusp to
be at least 3.7 hours wide in MLT.

Later, [Newell and Meng, 1994] made new
probability maps also taking different solar
wind conditions into account. They found the
mapping of regions to be strongly correlated
with the solar wind pressure and developed
therefore the new probability distributions for
the mantle, the cusp, the LLBL, the BPS and
the CPS vs. low and high solar wind pressure
shown in [Newell and Meng, 1994, Plates 2
to 6]. From these 2 × 5 distributions and four
rules for selecting the dominating region at a
given position, Newell and Meng also created
the two new summarizing maps shown in
Figure 4.3 and Figure 4.4. Here it is seen how
the cusp and LLBL is much wider during a
high solar wind pressure. In fact, Newell and
Meng found a cusp area of 4.83 degree-hours
(MLAT × MLT) and 1.01 degree-hours
(MLAT × MLT) in the ionosphere during high
(p ≥ 4 nPa) and low (p ≤ 2 nPa) solar wind
kinetic pressure, respectively. Looking at these
maps it is important to keep in mind, as noted
by Newell and Meng, that the statistics below

FIGURE 4.3 The projection of magnetospheric
regions into the ionosphere based
on precipitation characteristics
observed at low altitudes during low
solar wind pressure, from [Newell
and Meng, 1994].

FIGURE 4.4 The projection of magnetospheric
regions into the ionosphere based
on precipitation characteristics
observed at low altitudes during
high solar wind pressure, from
[Newell and Meng, 1994].
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70° MLAT at 15 to 18 MLT is bad and must be
treated with caution, since the DMSP F7 and
F9 satellites were infrequent sampling that
region.

Having briefly introduced a framework,
including the yet undefined terminologies
cusp, LLBL, mantle, BPS and CPS of Newell
and Meng, it is clear that these terms need to
be specified. This will be done in the following
subsections.

4.2.1 The Cusp
Several definitions may be applied to spec-

ify what is the ‘cusp’, using either the cusp in
the magnetic field and/or the cusp observed in
particle spectra. [Heikkila, 1985] presented the
following definition of the cusp and cleft:
“The cleft is the low altitude region around
noon of about 100 eV electron precipitation
associated with 6300 Å emission, but contain-
ing also structured features of higher energy.
The cusp is a more localized region near noon
within the cleft characterized by low energy
precipitation only, having no discrete auroral
arcs, but often displaying irregular behaviour,
presumably associated with the magnetic
cusp.” However, it is not always guaranteed
that the magnetic and particle cusps are identi-
cal, and modelling the magnetic field, espe-
cially in the cusp region, is not directly easy.
Thus, another definition making directly use of
the observed particle characteristics is pre-
ferred here, as proposed by [Newell and
Meng, 1988]: “The low-altitude cusp is the
dayside region in which the entry of magne-
tosheath plasma is most direct. Entry into a
region is considered more direct if such parti-
cles maintain more of their original energy
spectral characteristics.”

How may the cusp be identified in practice?
[Newell et al., 1991b] has presented a brief
guide how to identify the source regions of

precipitation observed on the dayside. Their
cusp or “cusp proper” is characterized by very
high fluxes of particularly ions. These ions
typically have a spectral peak of 108 eV/
cm2 s sr eV or more, which is higher than else-
where in the auroral oval. The probably most
clear characteristic of the cusp, is the ion
energy being dominated by the bulk flow
velocity, and not the thermal energy. The elec-
tron temperature is below 100 eV, typically 30
to 100 eV, [Newell and Meng, 1992], giving an
average energy below 200 eV, [Newell
et al., 1991b]. Usually, although not always, a
dropout of the ions above a few keV is seen as
a poleward moving satellite enters into the
cusp, and an energy vs. latitude dispersion also
observed, see e.g. [Newell et al., 1991a,
Plate 1].

Some statistical works have also been done,
investigating the ionospheric mapping of the
cusp. [Newell and Meng, 1988] used 1 year
(5609 passes) of DMSP F7 precipitating elec-
tron and ion data in the 32 eV to 30 keV
energy range. They defined several criteria,
suitable for their DMSP data sets, before
processing all the passes through the cusp and
LLBL regions:

• If the energy flux in the 2 or 5 keV electron
channel was less than 107 eV/cm2 s sr eV,
je > 6× 1010 eV/cm2 s sr, ji > 1010 eV/
cm2 s sr, Ee < 200 eV and Ei < 2700 eV, the
region was cusp.

• If the energy flux in the 2 or 5 keV electron
channel was less than 107 eV/cm2 s sr eV,
je > 6× 1010 eV/cm2 s sr, ji > 1010 eV/
cm2 s sr, and 3000 eV < Ei < 6000 eV or
220 eV < Ee < 600 eV, the region was
LLBL.

• Else the region was neither cusp or LLBL.

je , ji , Ee and Ei are the electron and ion energy
fluxes and the average electron and ion ener-
gies, respectively.
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From these simple algorithms, [Newell and
Meng, 1988] found the probability of observ-
ing the cusp peaked near noon, dropping off
rapidly away from noon. Their cusp showed a
latitudinal width of 0.8-1.1o MLAT at noon,
the width being rather independent of local
time. Newell and Meng also found the precipi-
tating ion number flux 3.6 times larger in the
cusp than the LLBL. The spectral characteris-
tics varied little with local time, and a peak in
the  ene rgy  fl ux  was  obse rved  nea r
1400-1430 MLT, although the probability of
observing the cusp here is lower than at noon.
Individual cusp passes showed the peak ion
flux near the equatorward boundary (associated
with southward IMF Bz) or no peak ion flux at
all. A statistical average also showed the peak
energy flux closer to the equatorward than the
poleward boundary.

How is the pitch angle distribution within
the cusp? Particle observations from the Viking
satellite showed the cusp plasma to be domi-
nated by isotropic magnetosheath electrons and
structured fluxes of ions, [Lundin, 1988]. This
is also confirmed by e.g. the cusp particle spec-
tra of [Reiff et al., 1977]. From DE-2 plasma
observations in the mid-altitude cusp (~ 4 Re)
[Burch et al., 1982] also reported the ions to
have a pitch angle “V”-shape (log E vs. αo).
The peak energy flux occurred at a higher
energy for a larger pitch angle. Sometimes the
electron observations displayed this pattern
too. Burch et al. also noted from their model
that in low-altitude (~ 900 km) the “V”-signa-
tures become weaker and disappear.

The cusp is also a region of intense wave
activity. E.g. combining the Halley coherent
scatter HF-radar and the DMSP F9 satellite
[Baker et al., 1990] observed 10-m scale irreg-
ularities and severe electron field turbulence
generated in the cusp. [Marklund et al., 1990]
have also presented observations of irregular
and burst-like electric fields. Using the Viking

satellite in high-altitude Marklund et al. found
a persistent wave activity in the cusp with
broad-band spectra in the 0.1 to 0.4 Hz fre-
quency range, in contrast to the more sharply
peaked spectra in the rest of the dayside oval
and cleft.

4.2.2 The LLBL
In older publications, e.g. [McDiarmid

et al., 1976], the Low-Latitude Boundary
Layer (LLBL) region is called the ‘cleft’, and
the term ‘LLBL’ is not mentioned at all. Later
works, e.g. [Newell et al., 1991b], widely use
the name ‘LLBL’ instead, while the ‘cleft’ term
is completely omitted. This may perhaps be the
result of an evolving idea where the LLBL is
thought to be the closed low-latitude border of
the open cusp field lines.

The LLBL is very much similar to the cusp,
however, the plasma is more thermalized with
hotter ions and lower ion bulk flow velocities.
The electrons are also a bit hotter in the LLBL,
see e.g. the ISEE 1 low-latitude magnetopause
crossings in [Eastman et al., 1985]. [Newell
et al., 1991b] found their inferred ion densities
a factor ~ 5 smaller, and the spectral peak in
the ion flux a factor ~ 10 smaller (~ 107 eV/
cm2 s sr eV) than in the cusp. The total elec-
tron number fluxes are less than in the cusp, but
the high-energy portion of the particle popula-
tion lift the electron energy flux up to almost
the same level as in the cusp. Usually, a higher
percentage of magnetospheric high-energy par-
ticles is observed, with the electrons tending to
be more beam-like, rather than isotropic,
[Lundin, 1988]. E.g. from electron distribution
functions from the ISEE 1 satellite in the
high-altitude LLBL, [Ogilvie et al., 1984]
found  s eve ra l  c a se s  o f  b id i r ec t i ona l
field-aligned streaming distributions or a net
flow of electrons along the magnetic field.
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The LLBL electron temperatures are higher
than in the cusp, about 70 to 200 eV [Newell
and Meng, 1992], giving an average electron
energy less than 400 eV [Newell et al., 1991b].
The density varies from 0.5/cm3 to about 10/
cm3, the flow velocities from 100 km/s to
magnetosheath values (or even higher, up to
more than 800 km/s) and the temperatures
f rom 100  t o  1000 -2000 eV [Newe l l
et al., 1991b].

From the criteria in Section 4.2.1 on
page 58 [Newell and Meng, 1988] found the
probability of observing the LLBL near unity
away from noon, with a minimum at noon.
[Newell and Meng, 1992] also found good
chances for observing the LLBL out to about
0930 MLT, and some identifications were done
before 0830 MLT, however, not “classic”
examples. Newell and Meng suggested the
asymmetry seen in the postnoon sector might
be explained by the Region 1 current pointing
out of the ionosphere (associated with electron
acceleration events). This field aligned poten-
tial drop experienced by a precipitating elec-
tron, modify the energy spectrum and the
straightforward LLBL identifications based
on the known typical high-altitude observa-
tions brake down. Another study by [Newell
et al., 1991b] also found the LLBL to corre-
spond to the Region 1 current, and they got a
potential drop of 5 keV across the LLBL in
their limited sample.

Based on 9 DMSP passes, where the LLBL
was wide (~ 1.85o MLAT in average) and eas-
ily identified, [Newell et al., 1991b] found the
convection reversal boundaries (CRB) closest
to the equatorward boundary of the LLBL. In
average the CRBs were occurring at typically
~ 30% of the LLBL width, poleward of the
equatorward boundary. The most equatorward
portion of the LLBL was convecting very
erratic or slow, while the rest of the LLBL was
dominated by antisunward convection. Later,

[Sandholt et al., 1993] also found the CRB
within the LLBL during a DMSP F9 pass Jan-
uary 12 1991.

Using 2-dimensional particle velocity dis-
tributions obtained from the Fast Plasma
Experiment on board the ISEE 2 spacecraft
[Gosling et al., 1990] found the inner edge of
magnetosheath electrons earthward of the
inner edge of magnetosheath ions (i.e. at a
lower latitude in the ionosphere) in the LLBL
during accelerated flow events. This is a conse-
quence of the magnetosheath electrons having
higher parallel velocity than the ions, while the
transverse drifts are the same.

Is the LLBL on open or closed field lines?
This is an important question to solve out. The
LLBL is probably one of the most important
magnetospheric borders towards the magne-
tosheath solar wind plasma. So, to better
understand the solar wind vs. ionosphere
energy transfer, the degree of this coupling in
the LLBL is of great importance. Is this con-
nection direct (i.e. an open LLBL) or indirect
(i.e. closed LLBL)? The rest of this subsection
is devoted to this subject.

Closed LLBL

Using many observations during magnetic
quiet conditions (Kp < 3) in the 1000 to
1200 MLT and 1400 to 1600 MLT sectors of
soft electrons and protons and energetic elec-
trons from the Isis 2 satellite (circular polar
orbit at 1400 km altitude) in 1971 and 1972,
[McDiarmid et al., 1976] found the average
electron spectrum harder (more often > 1 keV
electrons) postnoon than prenoon MLT. They
also discovered protons more frequently pre-
noon than postnoon. Together with observa-
tions of anisotropic pitch angle distributions in
the cleft (today: LLBL), McDiarmid et al. sug-
gested the cleft was on closed field lines dur-
ing average conditions.
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Later, [Eastman and Frank, 1982] used
ISEE plasma observations of 1 eV to 45 keV
electrons and positive ions from a magneto-
pause crossing September 8, 1978, and was
able to find the velocity distributions near the
magnetopause. An observed high-speed ion
flow in the boundary layer was consistent with
the acceleration from reconnection. However,
observations of low-energetic plasma incon-
sistent with the tangential stress balance, the
lack of any normal flow component vn and pan-
cake-shaped pitch angle distributions seen in
the > 45 keV electrons led Eastman and Frank
to suggest the entire LLBL is on closed field
lines.

Open LLBL

Afterwards, [Curran and Goertz, 1989]
studied particle orbits in a two-dimensional
steady state reconnection field geometry
model. Curran and Goertz showed how a
trapped ion distribution (which have a peak
near 90° pitch angle) can exist on topologically
open magnetic field lines in the magneto-
sphere. At the magnetopause the magnetic
moment is not conserved, since the scale length
of the magnetic field is of same order as the
gyroradius of the particles. Therefore, an adia-
batic assumption is not valid here, and non-adi-
abatic reflections and energetizations may
occur. The conclusion from [Eastman and
Frank, 1982] implicitly took for granted that
particles move adiabatic all the time. From
their calculations [Curran and Goertz, 1989]
thus concluded that the observations of [East-
man and Frank, 1982] can best be explained in
a open magnetopause model with a tangential
electric field, hence a open LLBL.

Thereafter, [Moen et al., 1996] combined
groundbased optics from Ny Ålesund with par-
ticle measurements from NOAA-12 during an
event of dayside moving transients in the mag-
netic postnoon region. Their particle observa-
tions revealed that the auroral forms were

associated with a population of injected mag-
netosheath plasma mixed with a secondary
component for magnetospheric ions of energies
> 30 keV and well poleward of the CPS. There-
fore, Moen et al. classified the region as LLBL
and on open field lines at least along the track
of NOAA-12. The auroral transients were con-
sistent with footprints of reconnection, both
patchy and sporadic in time, at the dayside
magnetopause.* The same NOAA-12 particle
observations were also studied by [Lockwood
and Moen, 1996], who were able to describe
the data with an open magnetopause model
allowing for transmission of magnetosheath
ions across one or both of the two Alfvén
waves emanating from the magnetopause
reconnection site. Their model was based on
the work of [Lockwood et al., 1996]. The very
good agreement between model results and
observations, led [Lockwood and Moen, 1996]
to propose the events and the LLBL precipita-
tion were both on open field lines.

Both Open and Closed LLBL

[Newell and Meng, 1998] have presented
two DMSP passes through the LLBL; one pass
near noon and one in the prenoon sector. In
their noon pass [Newell and Meng, 1998, Fig-
ure display 1†] the LLBL was classified as
being on open field lines immediately equator-
ward of the cusp. The open LLBL is a narrow
region of electrons at approximately the same
energy as in the cusp, but with a lower density,
which was explained by Newell and Meng as

* In a most recent paper, [Moen et al., 1998]
reported these dayside auroral forms also to be cor-
related with a bursty Hβ proton auroral activity. The
simultaneous occurrence of both proton (486.1 nm)
and electron (630.0 nm) aurora further supports a
magnetopause reconnection mechanism injecting
magnetosheath plasma on the dayside.
† In [Newell and Meng, 1998] an error has
occurred probably during typesetting.
The titles of Figures 1 and 2 are interchanged, so
Figure Display 1 is described in Figure Title 2.
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the result of charge quasi-neutrality (the more
slowly moving ions have not had the time to
reach the ionosphere, giving a retarding poten-
tial which keeps the majority of the electrons
away). Within and equatorward of the open
LLBL they found a population of high energy
(i.e. > 10 keV) ions, but the low energy mag-
netosheath electrons showed a cutoff by the
equatorward border of the LLBL. Therefore,
Newell an Meng classified the region equator-
ward of the LLBL as CPS.

In Newell and Meng’s prenoon pass around
10 MLT [Newell and Meng, 1998, Figure
display 2‡] the LLBL was classified as being
on closed magnetic field lines. Although
observation of no significant fluxes of high
energy electrons would indicate an open
LLBL, lower ion densities typical 1/5 of the
density in the magnetosheath, slightly higher
electron temperatures and spectrally complete
ions with no low energy ion cutoff are indicat-
ing that the LLBL was on closed field lines
during this DMSP pass. The LLBL was also
observed on antisunward convecting field
lines. Equatorward of the LLBL a region of
magnetosheath plasma overlapping several
keV electrons on sunward convecting field
lines was classified as BPS.

Other low-altitude observations also con-
firm this picture; a closed LLBL only away
from noon and an open LLBL only immedi-
ately equatorward of the cusp [Newell and
Meng, 1998]. This led Newell and Meng to
suggest that the merging rate is depending on
magnetic local time (peaked near 12 MLT and
declining away from noon) while the diffusion
rate is constant. Consequently, near noon the
stripping away of magnetosheath plasma on
closed field lines is too rapid, and any popula-

‡ Same reason as in Footnote †.
Figure Display 2 is described in Figure Title 1 of
[Newell and Meng, 1998].

tion of magnetosheath origin cannot persist on
closed field lines there. However, away from
noon the merging rate is lower, and the domi-
nating diffusion rate is able to maintain a
closed boundary layer.

4.2.3 The Mantle
Compared with the cusp, the mantle parti-

cles are de-energized magnetosheath plasma.
The mantle is therefore the region containing
the lowest average ion energy at higher lati-
tudes [Newell et al., 1991b]. Usually, the aver-
age ion energies (flow + thermal) are only a
few hundred eV. The flow and thermal veloci-
ties generally decline poleward, and the densi-
ties are also much lower than in the cusp and
LLBL. The temperatures range from a few
tens of eV up to ~ 100 eV, the densities typi-
cally 10-2 to 10-1 cm-3 and the flow velocities
100-200 km/s [Newell et al., 1991a; Newell
et al., 1991b].

An example of the most intense mantle pre-
cipitation is the “cusp plume”, a poleward
low-energetic ion extension of the cusp seen
during particular IMF Bz southward and
strong poleward convection and a latitudinal
narrow cusp, e.g. [Shelley et al., 1976; Reiff
et al., 1977]. The “cusp plume” is character-
ized by the highest number fluxes of the man-
tle, typically ~ 107 ions/cm2 s sr, [Newell
et al., 1991a]. Examples of “cusp plumes” are
presented by e.g [Reiff et al., 1977, Figure 4 &
Figure 5b; Newell and Meng, 1988, Plate 1;
Newell et al., 1991a, Plate 1]. Away from noon
(and the cusp) the mantle is also found. [New-
ell et al., 1991a] shows several examples of
this, e.g. in their Plate 2. This mantle at the
dayside flanks is characterized by lower fluxes
(a little less than 106 ions/cm2 s sr).
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[Newell et al., 1991a] mention several crite-
ria of identification they used for the mantle:

• Location, poleward of the cusp and dayside
auroral oval.

• General tendency of the density and average
ion energy to decline with increasing lati-
tude.

• Drift meter measurements showing antisun-
ward convecting field lines in the mantle.

• Fitted convecting Maxwellian distributions
having ion temperatures from a few tens of
eV up to about 100 eV and ion densities
from a few times 10-2 to a few times
10-1 cm-3.

In a statistical study, combining particle and
magnetic field data from 48 Viking orbits,
[Erlandson et al., 1988] discovered the tradi-
tional cusp current (now: mantle current) to
map to the plasma mantle instead of the cusp.
Their mantle current was observed near noon
and poleward of the Region 1 current, which
was found to be associated with the most
intense flux of magnetosheath like electrons.
Erlandson et al. also encountered a IMF By
dependency in the MLT location and extent of
both the prenoon and postnoon parts of the
Region 1 and mantle currents. Later, [Newell
et al., 1991a] also found their mantle in agree-
ment with mantle current system of Erlandson
et al.

The mantle is observed over a much wider
area than the cusp poleward of the auroral oval.
[Newell and Meng, 1992] indicated a mantle
some few degrees wide in MLAT (from single
passes). Their probability of observing the
mantle spans over a much wider interval in
magnetic local time than the cusp, consistent
with a wide (in local time) mantle current sys-
tem.

[Newell et al., 1991a] sometimes also
observed electron acceleration events within
the mantle, which is associated with discrete
aurora poleward of the oval and field aligned
currents. [Murphree et al., 1990] presented
Viking UV images of this mantle aurora pole-
ward of the noon sector continuation of the
normal diffuse auroral distribution from the
afternoon sector (the traditional auroral oval).
This mantle aurora was observed during north-
ward IMF and appeared to be limited to nega-
tive IMF Bx and positive IMF By conditions.
These auroral forms were often also found to
exist in combination with polar arcs, and they
expanded with typical speeds of 1 km/s east- or
westwards and 0.3 km/s poleward. Further-
more, [Øieroset et al., 1997] found an inverse
energy vs. latitude ion dispersion in the mantle
from DMSP F11 particle observations during a
period of northward IMF, consistent with sun-
ward convection, see [Øieroset et al., 1997,
Plate 1].

4.2.4 The CPS
The Central Plasma Sheet (CPS) is the

region of hard precipitation (spectrally smooth
clouds of > 1 keV electrons and ions) [Newell
and Meng, 1992]. The CPS show two bands:

• The more intense band is extending from
the morning side towards noon, primary due
to keV electron precipitation, with some
associated ion precipitation (sometimes at
much lower energies).

• The other and less sharply defined band is
extending from the dusk side towards noon.
This mainly consists of energetic ion precip-
itation.
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4.2.5 The BPS
The Boundary Plasma Sheet (BPS) is the

region of diffuse and discrete aurora, as
defined on the night-side of the Earth. The
BPS lies poleward of the CPS and is character-
ized by more spatially and spectrally struc-
tured  e lec t ron  prec ip i ta t ion ,  [Newel l
et al., 1991b]. The electron and proton precipi-
tation in the BPS is softer than in the CPS, but
most discrete auroral arcs and electron acceler-
ation events occur within this soft background
dayside BPS electron precipitation. The ion
precipitation shows no clear magnetosheath
origin, and the electron temperatures are a few
hundred eV. It is also possible that this region
later will prove to have more than one source,
[Newell et al., 1991b]. Newell et al. also found
the BPS to correspond with the Region 2 cur-
ren t .  Fur thermore ,  f rom [Newel l  and
Meng, 1992] the probability of observing BPS
is much higher on the dusk side than the dawn
side and is greatly reduced at noon.

4.2.6 Polar Rain
Polar rain occurs at the highest latitudes and

was first identified by [Winningham and
Heikkila, 1974] from particle observations
from the Isis 1 satellite. They found “a broad
and structureless but rather weak flux of
low-energy electrons” with the maximum
counting rate near 100 eV, which they called
polar rain. The flux was isotropic, except
within the up-going loss cone. The peak in the
electron energy spectrum was detected at the
same energy as within the cleft, suggesting the
polar rain is of magnetosheath origin. The pro-
ton flux was generally too weak to be detected.
This led Winningham and Heikkila to con-
clude “although there may be an accompany-
ing proton flux, it is even more attenuated than
the electron flux from the values observed in
the cleft”.

Later, [Newell et al., 1991c] found polar
rain to consist of fairly Maxwellian electrons
with typical temperatures 60-110 eV (some-
times much higher) and with little or no ion
accompaniment. Newell et al. identified the
polar rain as comparatively unstructured,
although large-scale polar cap gradients exists.
According to [Newell and Meng, 1992] polar
rain is observed 50% of the time above
80 ° MLAT and  a lmos t  neve r  be low
75o MLAT.

4.2.7 Void
Some cases are not easily fitted into any of

the categories of [Newell and Meng, 1992;
Newell and Meng, 1994]. This happens both at
low and high latitudes. Several regions may be
identified at the same local time/latitude at the
same pass, or there may be void of significant
particle fluxes (~ 0.01 ergs/cm2 s). Therefore,
Newell and Meng also had to establish a class
containing these regions.

4.2.8 An Alternative Classification
Scheme 1

[Kremser and Lundin, 1990] have pre-
sented an alternative way of classifying the
dayside particle distribution. Their classifica-
tion was based on observations of energetic
particles in mid-altitude by the swedish Viking
satellite during 146 crossings of the cusp/cleft.
Visual inspection of all the spectrograms led
Kremser and Lundin to divide the high-lati-
tude dayside into the cleft, the “cusp”, the
“cusp proper” and the plasma mantle, see
Figure 4.5 and Figure 4.6:

• The “cleft” is equatorward of the cusp.
Here the magnetosheath ions are absent,
while strong electron acceleration is domi-
nating. This region is connected to the
high-altitude LLBL.
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• The “cusp” (76-82˚ ILAT, 08-14 MLT) is
characterized by magnetosheath particles
and important electron acceleration signa-
tures. The magnetosheath particles are
thought to enter via the entry layer.

• The “cusp proper” (77-82˚ ILAT, 1000-
1330 MLT) is a small region, within the
cusp, containing of magnetosheath ions

without electron acceleration. The cusp
proper is connected to the exterior cusp.

• The plasma mantle is poleward of the cusp.
Here the magnetosheath ions present, but
the magnetosheath electrons are absent.

[Kremser and Lundin, 1990]’s “cusp proper”
corresponds to the cusp of [Newell and
Meng, 1992; Newell and Meng, 1994], while
the “cusp” and “cleft” are matching Newell and
Meng’s LLBL.

4.2.9 An Alternative Classification
Scheme 2

[Lockwood et al., 1996] have also presented
an alternative classification scheme to the one
used by [e.g. Newell and Meng, 1988]. Lock-
wood et al. used the time elapsed since recon-
nection  to separate the regions, where ts
is the observation time at a satellite and to the
time of reconnection. By assuming the length
of a field line from the reconnection site to the
ionosphere of d=20Re [Lockwood et al., 1996]
classed the DMSP pass presented by [Newell
et al., 1991a]:

• CPS when

• BPS or void when

• LLBL when

• cusp when

[Lockwood  e t a l . , 1996 ]  p l aced  t he
open -c lo sed  fi e l d  l i ne  bounda ry  a t

, giving the LLBL on open field
lines.

4.2.10 Further Details
For further details on the dayside iono-

sphere, magnetosphere and the cusp/cleft
region [Crooker and Burke, 1991; Smith and
Lockwood, 1996; and references therein] are
recommended.

FIGURE 4.5 Schematic representation of the
event distributions in the regions
“cusp”, “cusp proper”, “cleft” and
“plasma mantle”, modified after
[Kremser and Lundin, 1990].

FIGURE 4.6 Schematic presentation of the
magnetosphere and its boundary
layers, [Lundin, 1987].
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4.3 The Optical Aurora

4.3.1 The Dayside Auroral Transients
One of the most discussed phenomena in

the high-latitude dayside aurora, the last 10
years or so, is the moving auroral forms, the
days ide  aurora l  t rans ients .  [Sandhol t
et al., 1986] presented several examples,
which they interpreted as the ionospheric sig-
natures of FTE (Flux Transfer Events), tran-
sient and small-scale reconnection processes
due to an increase in the merging rate. Later,
[Newell and Sibeck, 1993] questioned this
coupling of azimuthal flow bursts with an
increased merging rate, showing how an
abrupt not-transient increase in the IMF By
component can introduce a faster flow east/
west, or an abrupt decrease in IMF By can lead
to an auroral transient moving poleward. New-
ell and Sibeck’s model also predicts a larger
class of transients, not just azimuthal flow
bursts.

The auroral transients, also called midday
auroral break-up, are frequently observed
09-15 MLT during periods of IMF Bz < 0,
[Sandholt et al., 1989; Sandholt, 1990]. These
transient optical arcs and channels of enhanced
flow typically brighten near the equatorward
boundary of the persistent 630 nm aurora and
then move poleward. In the most intense cases,
the 557 nm emissions may reach 10 to 20 kR.
Other times the 630 nm is dominating at inten-
sities of 5 to 10 kR, with the 557 nm less then
1 kR. A characteristic motion pattern with
respect to the background arc is always
observed [e.g. Sandholt et al., 1993; Moen
et al., 1995]. Sandholt et al. also observed a
northwestward motion into the polar cap of the
auroral forms within 73o to 78o MLAT in the
08 to 10 MLT sector, near the zero-potential
line separating the morning and postnoon con-
vection cells, and approximately along the sta-
t ist ical  plasma flow lines for that  IMF

orientation. An observed energy vs. latitude
dispersion in the ions indicated that this region
was within the plasma mantle. At the same
time westward (tailward) moving auroral
b r igh t  spo t s  were  obse rved  a t  71 o  to
72o MLAT (LLBL/BPS). These 557 nm lumi-
nosities were much more varying in intensity,
frequently reaching 10 to 15 kR.

[Moen et al., 1995] studied eastward mov-
ing auroral forms in the postnoon sector and
found good agreement with enhanced convec-
tion on both sides of noon. Moen et al. also
found the background aurora (LLBL and/or
BPS) located on predominately sunward con-
vecting field lines. 557.7 nm aurora was indi-
cating that the Region 1 current is distributed
within the background aurora. The moving
auroral forms were found to coincide with
magnetosheath-like particle precipitation
(from DMSP F10 particle observations and
630.0 nm emissions), as they moved eastward
with approximately the local convection veloc-
ity. A secondary population of energetic ions
introduced uncertainty whether the moving
auroral forms were associated with open flux
tubes, magnetopause reconnection and bursty
ionospheric ion flow events.

4.3.2 Auroral Classification
These first investigations of the moving

auroral forms were the initial step in a process
of classifying the dayside aurora. Later, [Sand-
holt et al., 1996b; Sandholt et al., 1996a; Øier-
oset et al., 1997] have divided the cusp aurora
into two main types; Type 1 (south) and
Type 2 (north),  and recently [Sandholt
et al., 1998] have presented a brief review of
the classification of the dayside aurora. A sum-
mary is given in Figure 4.7:

1. Type 1 aurora is rayed bands, dominated by
the red line emission and is typically much
stronger than the Type 2 aurora. Further-
more, Type 1 aurora is located at much
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lower latitudes (~ 72-74° MLAT). This
group is also associated with the appearance
of quasi-periodic (T~5min.) sequences of
auroral forms which brighten at the equator-
ward boundary of the pre-existing Type 1
and subsequently propagate poleward. Dur-
ing IMF By > 0 (By < 0) these forms typi-
cally brighten close to or slightly postnoon
(prenoon) and propagate northwest (north-
east) and fade out in the prenoon (postnoon)
sector at ~ 75-77° MLAT, respectively.

2. Type 2 is a rather homogeneous aurora gen-
erally consisting of higher red line intensi-
ties. This group only exists during IMF
Bz > 0. The longitudinal extensions in the
pre- and postnoon sectors are called Type 2.
Type 2 is the midday gap aurora.

3. Type 3 is diffuse green line aurora caused
by the precipitation of electrons from the
dayside extension of the plasma sheet. This
most equatorward form can in principle
stretch all around noon from dawn to dusk,
but the local time extent varies from case to
case.

4. Type 4 is situated at ~ 73-78° MLAT (pole-
wa rd  o f  Type 3 )  i n  t he  p r enoon
(06-09 MLT) sector only during IMF
Bz > 0. This aurora consists of multiple, dis-
crete forms and is inhomogenous in the
east-west direction.

5. Type 5 is situated at ~ 73-78 MLAT (pole-
wa rd  o f  Type 3 )  i n  t he  pos tnoon
(06-09 MLT) sector only during IMF

FIGURE 4.7 Schematic overview of dayside auroral forms for different IMF orientations,
from [Sandholt et al., 1998].
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Bz > 0. This aurora consists of multiple,
discrete arcs of relatively strong emissions
(~ 1-10 kR) in both the green and red lines.

6. Type 6 is located in the prenoon sector and
often appear as a longitudinal extension of
the Type 1 aurora, but the green line inten-
sities are higher away from noon.

7. Type 7 is located i the postnoon sector and
often also appear as a longitudinal exten-
sion of the Type 1 aurora, but the green line
intensities are higher here too.

• An extra discrete form is observed in the
midday sector (09-15 MLT). This form of
enhanced green line intensity (~ 1kR
stronger than Type 2) is observed at the
poleward (equatorward) boundary of
Type 2 when IMF By > 0 (By < 0).

The Type 1 aurora occurs during southward
IMF, and the Type 2 when IMF is strongly
northward. A third case combining these two
exists when the IMF is weakly northward,
when there may be both Type 1 in south and
Type 2 in north. [Sandholt et al., 1997]
encountered all these three combinations Janu-
ary 12 1997 during IMF By < 0 conditions.

Type 1 aurora is believed to be related to
reconnection at low magnetopause latitudes.
The Type 2 aurora is instead thought to be
associated with “lobe reconnection” between
geomagnetic and interplanetary magnetic field
lines at high magnetopause latitudes (tailward
of the cusp) during periods of northward IMF,
[Øieroset et al., 1997; Sandholt et al., 1996a;
and references therein]. From groundbased
magnetometers, optics and interplanetary data
from IMP-8 Sandholt et al. found a low mag-
netic shear at the frontside magnetopause to
correspond with the Type 2 aurora including a
sunward convection in the dayside polar cap.
Conversely, during periods of larger magnetic
shear the Type 1 aurora and an antisunward
flow was observed instead.

[Sandholt et al., 1996a] also reported two
examples of sharp transitions in the dayside
630.0 nm aurora between Type 1 and Type 2
aurora in response to a switch between large
negative and large positive IMF Bz compo-
nents, respectively. The Type 2 aurora was
found to last for several tens of minutes indi-
ca t i ng  “ lobe  r econnec t i on”  t o  be  a
quasi-steady process. A statistical study by
[Øieroset et al., 1997] has also revealed the
existence of Type 2 aurora in the northern
hemisphere for both IMF Bx polarities, where
the 557 nm line showed an enhanced intensity
mainly during Bx < 0.

4.4 Models
A process is not completely known before

all its aspects can be described by a model, and
this model should also describe and explain
new data. To better understand the processes
taking place good models are crucial, and now
some useful models will be presented.

4.4.1 Plasma Transport on Open
Magnetic Field Lines

[Onsager et al., 1993] modelled the plasma
transport in the open magnetic field region of
the dayside magnetosphere to investigate the
source regions and the distribution of solar
wind plasma in the cusp and mantle. They
included a variation in the magnetosheath
properties as the plasma accelerates away from
the subsolar point, a variation in the transport
of magnetosheath plasma across the magneto-
pause as the orientation of a field line changes
after reconnection, and the transport of the
magnetosheath plasma within the magneto-
sphere. A comparison of the results for a set of
given solar wind parameters showed good
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agreement with DMSP low-altitude particle
data from [Newell et al., 1991a]. However the
model did not return the fine structure in the
data.

[Onsager et al., 1993]’s model also very
well displayed the velocity filter (ExB-drift)
effect and how particles at different energies,
observed in low-altitude by a satellite at a given
latitude, originate from completely different
source regions in the magnetosheath, see
Figure 4.8. Here it is seen how (at a given lati-
tude) the lowest energy particles originate
closer to the reconnection point than the higher
energy ones.

4.4.2 Open Field Line Model of the
LLBL Near Noon

[Lyons et al., 1994] investigated whether
several characteristics observed in the LLBL
and cusp region could be accounted for in an
open field line model. Using a magnetic field
model including a penetrating uniform 1 nT

IMF Lyons et al. defined the LLBL to be the
open portion of the magnetosphere equator-
ward or sunward of the cusp bifurcation line. In
their model the open-closed field line boundary
was simply the inner or equatorward boundary
of the LLBL. Their cusp was poleward (anti-
sunward) of the cusp bifurcation line.

Several of their results was in good agree-
ment with published observations:

• Magnetosheath particles

1. abruptly decrease in intensity at the inner
(equatorward) LLBL boundary at high
(low) altitudes

2. appear as one continuous region across
the LLBL/cusp boundary.

• Energetic magnetospheric electrons

1. abruptly decrease in intensity at equator-
ward boundary of LLBL

2. show trapped pitch angle distributions
within LLBL

3. abruptly decrease to background inten-
sity across the LLBL/cusp boundary.

• Energetic magnetospheric protons

1. often have fluxes continuous across equa-
torward boundary of LLBL

2. have isotropic pitch angle distributions
within and equatorward of LLBL

3. abruptly decrease to background inten-
sity across LLBL/cusp boundary.

• Poleward boundary of LLBL/equatorward
boundary of cusp

1. has no significant interhemispherical dif-
ference dependent upon IMF Bx

2. shifts equatorward with increasingly neg-
ative IMF Bz

3. has variations and interhemispherical dif-
ferences dependent upon dipole tilt.

FIGURE 4.8 Noon-midnight meridian magnetic
field. The shaded regions indicate
where 32 eV to 30 keV protons
detected by a satellite at 81o and 85o

latitude cross the magneto- pause,
from [Onsager et al., 1993].
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Some results was not currently testable with
published observations:

• Width of LLBL at low altitudes varies with
IMF direction and has interhemispherical
differences dependent upon IMF Bx.

• LLBL region at high altitudes

1. has width dependent upon IMF direction

2. contains narrow region of detached field
lines for strongly northward IMF.

Based on these results [Lyons et al., 1994] pro-
posed the LLBL could be explained in an open
field line model near noon.

Now, some of the basic characteristics of
the dayside aurora have been presented. In the
next chapter several examples will be pre-
sented and put into this context using this
established framework.
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Chapter 5

January 12 1997
- Event Studies

First, a short overview of the solar wind
parameters and groundbased optical data,

before further discussion of five
NOAA-12 passes over Svalbard
5.1 Selecting the Events
Having presented an overview of the

NOAA-12 particle data and the solar wind con-
ditions from January 9 to 12, 1997, it is appro-
priate to look for corresponding groundbased
optical measurements to compare with. At the
Auroral Station in Longyearbyen the instru-
ments were running most of the actual period.
However, cloudy weather conditions the first
three days and the fact that the aurora moved
far equatorward, out of the field-of-view on
January 10, leaves only January 12 as the
appropriate day for such comparative studies.

First, a comprehensive overview of the
interplanetary data and the groundbased data
will be given. Then a detailed comparison
between these data and some NOAA-12 passes
will be presented. Finally, some images of the
X-ray aurora from the PIXIE camera on board
the Polar satellite will be shown to illustrate the
lack of severe fluxes of energetic electrons in
the cusp/cleft region.

5.2 Solar Wind Conditions
Proved to be important magnetospheric

input parameters is the solar wind conditions.
Therefore, when discussing ionospheric parti-
cle data and groundbased optical data, the cor-
responding solar wind parameters should be
taken into account. The Wind spacecraft, pre-
sented in Section 2.3 on page 23, carries suita-
ble instrumentation for such measurements.

5.2.1 January 12, 1997
In Figure 5.1 the January 12 1997, 06:00 to

16:00 UT segment of the solar wind parame-
ters, previously presented in Figure 3.3 on
page 27, is shown. The interplanetary magnetic
field (IMF), the IMF clock angle, the electron
& ion densities, ion & electron temperature,
thermal velocity and the flow velocity is dis-
played. The IMF clock angle was defined in
Equation 3.1 in Section 3.2.2 on page 28. In
the  ac tua l  pe r i od  Wind  moved  f rom
{XG S E = 102,  YG S E = -54,  ZG S E = -5}
to {105, -53, -6}.
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FIGURE 5.1 Solar wind parameters from the Wind spacecraft 06:00-16:00 UT on January 12 1997.
This figure is an expanded part of Figure 3.3 on page 27. The guide lines 1, 2, 3, 4 and 5
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correspond to the five NOAA-12 passes discussed in Section 5.6, for a 25 min. time delay.
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The first aspect to notice is how the solar
wind conditions have stabilized on January 12,
from the more disturbed conditions the previ-
ous days, cf. Chapter 3. The IMF has returned
to pre-storm values, and the densities are back
to normal values. However, the temperatures
and the thermal and flow velocities are still
larger than typical. This is best seen in the flow
velocity XGSE -component, which is between
-600 km/s and -500 km/s GSE.

After a brief northward interval, the IMF
turned southward at 07:00 UT and stayed nega-
tive until 08:22 UT. Then, the IMF returned
northward and stayed so until 09:18 UT. Dur-
ing the rest of the period, the IMF was mostly
northward with only shorter (~5-10 min.)
southward turning events. The IMF By compo-
nent was mostly positive, but had three major
negative sequences. The strongest one was
from 09:15 to 10:01 UT.

5.2.2 The Wind-Ionosphere Time Delay
The ionospheric response of an abrupt

change in the IMF conditions observed at the
Wind spacecraft is not seen at once at the
Earth. The solar wind needs some time to
travel from Wind to the polar ionosphere, and
the ionosphere also needs some time to react,
as discussed in Section 3.2.3 and Section 3.2.4.
The time delay was estimated to be ~ 25 min.
plus the ionospheric response time, using a
modified version of a formula presented by
[Lockwood et al., 1989]. The results of this
calculation using Equation 3.6 on page 30 and
the solar wind parameters January 12 1997 at
06:00-16:00 UT were shown in Figure 3.9 on
page 32. This time delay was in good agree-
ment  wi th  tha t  repor ted  by  [Sandhol t
et al., 1997]. Their estimate gave a 25 min.
propagation delay, while their observations
(09:30-1030 UT on January 12) occurred
~ 28 min. after a strong southward rotation of
the IMF at Wind.

In the following discussion a 25 min. time
delay is used to find the matching solar wind -
ionospheric conditions. In fact, in Figure 5.1
this time delay has been applied to find the
matching Wind observations to five NOAA-12
passes discussed later in Section 5.6.

5.3 The AE Index
Groundbased magnetic indices are very use-

ful as indicators of the geomagnetic activity,
the auroral substorm activity. Figure 5.2 shows
the Auroral Electrojet (AE) index on January
12 1997, based on mostly 8 stations* in the
auroral zone. The corresponding AU, AL, and
AO indices are also displayed. The events 1, 2,
3, 4 and 5, related to the five NOAA-12 passes
to be studied in Section 5.6, are also indicated.

From these Kyoto Quick Look AE and AL
indices a geomagnetic substorm started around
07:30 UT. This activity later had three major
intensifications and reached its maximum
around 08:20 UT. Afterwards the activity
slowly decreased. Later, from 16:00 to around
21:00 UT, some activity is also seen.

The first NOAA-12 event takes place some
15 min. after the first activation, while the sec-
ond one is late in the recovery phase of the sub-
storm. The three other events occurred during
low activity.

* Except a couple very short intervals where only 7
stations were used.
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5.4 The Meridian Scanning
Photometer

The Meridian Scanning Photometer (MSP),
scanning the sky from north to south, gives a
lot of useful information. The north/south
positioning of the aurora along the local mag-
netic meridian is viewed in several narrow
wavelength intervals. This makes it easy to
compare the intensities between the different
wavelengths, and the north/south motion of
auroral borders at the meridian are clearly
obtained. An advantage of the MSP is also its
way of summarizing the auroral activity during
a day. By plotting each scan using either a col-
our table or stack plots, the time development
of the aurora along the line-of-sight is easily
seen. Each method have both its advantages

and disadvantages; colour plots summarize the
observations best, while stack plots display the
absolute intensity of each MSP scan better.

On January 12 two MSPs were running at
Svalbard. In Longyearbyen at the Auroral Sta-
tion (78˚ 12’ 09’’ N, 15˚ 49’ 45’’ E)† a MSP
was observing at four wavelengths: 630.0 nm
(OI), 427.8 nm (N2

+), 557.7 nm (OI) and
486.1 nm (Hβ). In Ny Ålesund (78.9˚ N,
11.9˚ E)‡ another MSP was operating at
630.0 nm and 557.7 nm.

First, an overview of the MSP data from the
Auroral Station at 00:00 to 15:00 UT on Janu-
ary 12 1997 is shown in Figure 5.3. A very

† Measured with a portable GPS January 29 1998.
‡ From [Moen et al., 1996].

FIGURE 5.2 The Auroral Electrojet indices (8) on January 12 1997. The events 1, 2, 3, 4 and 5
correspond to the five NOAA-12 passes discussed in Section 5.6.
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clear zenith, via south to north motion of the
aurora is seen in all wavelengths from 07:30 to
09:00 UT. The ASC images from Longyear-
byen (to be presented in Figure 5.12 and
Figure 5.13) reveal that this is a real north/
south motion of the whole auroral arc, and not
any artificial effects caused by an east-west
propagation of forms of latitudinal structure
through the MSP field-of-view.

5.4.1 Finding the Altitude of the Auroral
Emissions

When comparing groundbased optical
observations from several stations, it is in some
cases possible to find the altitude of the emis-
sions. A precise altitude assumption is also
necessary when transforming an auroral picture
from elevation and azimuth angles to equiva-
lent latitudes and longitudes.

FIGURE 5.3 Meridian Scanning Photometer intensities (630.0 nm, 427.8 nm, 557.7 nm & 486.1 nm)
from the Auroral Station in Longyearbyen, 00:00 to 15:00 UT on January 12 1997. The
events 1, 2, 3, 4 & 5 correspond to the five NOAA-12 passes discussed in Section 5.6.
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The first studies to determine the altitudes
of the auroral emissions were carried out using
photos of the aurora. Strong auroral structures
and their relative location on the background
sky were visually identified in simultaneous
exposed images from several points on the
ground, and the auroral heights could be calcu-
lated, see e.g. [Störmer, 1955]. Figure 5.4
presents the variation in intensity vs. altitude
of some of the most typical auroral emission
lines, from [Carlson Jr. and Egeland, 1995].
The 630.0 nm emission line shows a wide
maximum in intensity at about 250 km alti-
tude. The 557.7 nm line displays the maximum
at about 170 km altitude on the dayside and
about 120 km on the nightside. The 427.8 nm
line more or less follows the 557.7 nm line.

The 557 nm and 630 nm MSP channels
from Longyearbyen and Ny Ålesund may also
be used in a fast check of the altitude of the
emissions. The Ny Ålesund data set is proc-
essed as it is (for elevations from 10-165˚
above the northern horizon), while in the
Longyearbyen MSP data set only the eleva-
tions > 15˚ above the horizon are used. For
each wavelength and station the elevation with
the maximum intensity (in kR) of each scan is
recorded**. Assuming the emissions to come
from a very thin layer at a given height, the
corresponding magnetic latitude may be calcu-
lated. The transformation is described in
Appendix B. The height is stepped from
50-200 km (557.7 nm) and 100-500 km
(630.0 nm) in 10 km steps††. The magnetic lat-
itude (where the elevation crosses the emission

** In fact, the Ny Ålesund intensities have to be
interpolated to get the same time as in the Long-
yearbyen recordings.
†† The altitude ranges were by purpose chosen this
wide to include both realistic and unrealistic alti-
tudes. If an unrealistic altitude of the emissions is
found, some of the assumptions in our method
have broken down.

layer) of each altitude is calculated for each
station and altitude. Figure B.1 on page 121
may be used as an illustration of the procedure.
The elevation θ is kept constant while the
height h is varied and the magnetic latitude Λeq
from Equation B.13 is calculated for each h.
Based on the two stations, the altitude which
gives the smallest difference in magnetic lati-
tude, is chosen as the ‘correct’ height of the
emissions. This procedure is then repeated for
the next scan.

The resulting altitudes change rather much
from scan to scan (especially the 557.7 nm
band), so to better see the overall picture these
values are run though a low-pass filter. In this
way the noise is eliminated, while the overall
shape is reproduced. Figure 5.5 shows the

FIGURE 5.4 The relationship between the
intensities of the most typical
auroral emission lines vs. altitude,
from [Carlson Jr. and
Egeland, 1995]
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height vs. time when the data set is run through
a ~ 15 min. low-pass filter, when all the scans
from 06:00 to 16:00 UT on January 12 1997
have been used.

The error bars in Figure 5.5 are established
in the following way. While the ‘correct’ height
was found from the elevation of the maximum
intensity, the elevation of the second largest
intensity may be used as an estimate of the
uncertainty in the method. This elevation is
then run through the same procedure, and the
difference ‘correct’ minus ‘second best’ gives
an estimate of the width of the error interval.

This fast and automatic method also implic-
itly assumes the maximum intensity observed
at each station is the same auroral structure.
This assumption quickly breaks down if the
intensities are very low, if several bright struc-
tures  (e .g .  double  arcs)  are  within  the
field-of-view, or if a structure looks brighter
from the side than from straight below.

In Figure 5.5 the 630.0 nm emissions indi-
ca t e  t he  max imum in t ens i t y  i n  abou t
~ 200-350 km altitude at 07-09 UT. The
557.7 nm emissions display the maximum
intensity in about ~ 100-180 km height, mostly
below 150 km, in the same interval. During this

FIGURE 5.5 The calculated altitude of the 557.7 nm and 630.0 nm emissions, based on the elevations of
maximum intensity from the Longyearbyen and Ny Ålesund MSPs on January 12 1997.
In order to remove the noise in the single scans, each data point is a ~ 15 min. average. The
error bars indicate the interval to the second largest maximum in the intensity, an estimate
of the uncertainty of this method.
Some of these altitudes are not realistic. E.g. for the 557.7 nm line an altitude <100 km
seems improbable. Inspection of the MSP stack plots (Figure 5.9 and Figure 5.10) reveals
that these low altitudes are found to correspond with the times when multiple or wide arcs
are within the field-of-view; e.g. around 09:00 and 10:00 UT where both Type 1 & Type 2
aurora is present. (This demonstrates a weakness of the method, where the assumptions
break down.)
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time the magnetic local time of Longyearbyen
and  Ny  Å le sund  wen t  f r om 10 :15  t o
12:15 MLT. Simultaneous, the 630.0 nm line
was very bright and shifted equatorward.
Therefore, double arcs are no trouble here and
the obtained altitude is reliable for the
630.0 nm. In the 557.7 nm the intensity is gen-
erally much weaker and the structures more
discrete, with shorter periods of strong intensi-
fications. The maximum altitude just after
08:00 UT occurred during an interval when the
557.7 nm emissions almost moved out of the
field-of-view (equatorward). Consequently,
some extra uncertainty is associated with this
event.

Later, from 09:00-12:00 UT the 630.0 nm is
very disturbed by the sun-glow in the southern
horizon. (The sun was below the horizon.) The
557.7 nm however was less disturbed, but
partly absent 557.7 nm emissions in this inter-
val introduce an extra error. Any altitude deter-
mination of the 557.7 nm emissions to be
below 100 km is clearly unrealistic, indicating
the assumptions for our method not to be satis-
fied. In the period ~ 12:00-13:00 UT the Ny
Ålesund MSP was turned off, therefore the
data gap.

Thus, an assumed 120 km altitude for the
557.7 nm does not seem too unreasonable as
an  ave rage  o f  t he  who le  pe r i od
06:00-16:00 UT. This is in acceptable agree-
ment with the results of [Carlson Jr. and
Egeland, 1995] in Figure 5.4. Keeping in mind
the uncertainties of the method, assuming a
250 km altitude of the 630.0 nm emissions is
a lso  in  to lerable  correspondence with
Figure 5.4 and Figure 5.5,  although at
08:00 UT ~ 300 km seems more correct, and
after about 09:00 UT the altitude of the
630.0 nm line is observed to fall below
200 km. The latter is partly caused by the
existence of wider and multiple structures
within the field-of-view. In this way the maxi-

mum intensity recorded at the two stations
may not correspond to the same point in the
ionosphere, which introduces an extra error.

Nevertheless, if the two guessed altitudes
were very wrong, the two pictures obtained
later (Figure 5.6 and Figure 5.7) from Ny
Ålesund and Longyearbyen should diverge.
This is not the case.

This method presents an alternative and
more automatic way to decide the altitude of
auroral emissions, when the maximum inten-
sity of a MSP scan is easily obtained from two
stations. However, the uncertainties in the
assumptions needs to be investigated further,
especially when multiple or wide arcs are
within the field-of-view. And, a direct compar-
ison with the traditional method of first identi-
fying a structure manually from the two sites
and then calculate the height is important. But,
that is well without the scope of this thesis and
is left for future work.

5.4.2 A New Way of Using MSP Data
Previously the MSP data has frequently

been displayed using waterfalls, stack or col-
our plots as a function of time and elevation
angle only. In this way the magnetic local time
and magnetic latitude variations is lost (or at
least not straight forward to see for the less
experienced reader).

One day of Meridian Scanning Photometer
data represents a scan through all magnetic
local times in the ionosphere, as the Earth is
continuously rotating. Therefore, by assuming
a constant altitude of the optical emissions (for
simplicity) and by plotting the MSP intensities
vs. magnetic local time and magnetic latitude,
a global map of the aurora, where the period of
scanning is 24 hours, is obtained.
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Our choice to use a constant emission alti-
tude needs to  be commented on.  From
Figure 5.4 this altitude is obviously different at
day and night, especially for the 557.7 nm and
427.8 nm lines. This discrepancy is partly due
to a different ionospheric configuration (in the
F-layer) and the much more energetic particle
precipitation in the nightside. These energized
particles thus precipitate to a lower altitudes.
However, since we here focus on the dayside
aurora, by choosing typical dayside altitudes
this point is not critical for the conclusions.
The projection in the night side must neverthe-
less be treated with more caution.

In order to perform a transformation from
MSP elevation angles to the magnetic latitudes,
one must make two assumptions:

1. The altitude of the emissions

2. The emissions must be a thin layer

If these two assumptions are fulfilled the trans-
formation is straight forward. However, two
questions must be answered; which altitude
should be used, and how goes the transforma-
tion?

The first question was partly answered in
the last section, Section 5.4.1; 630.0 nm at
250 km altitude and 557.7 nm at 120 km.
According to Figure 5.4 the 427.8 nm display a
similar pattern to 557.7 nm, so 120 km is
assumed here too. The 486.1 nm emissions are
worse; no curve is presented. Thus, we just
assume a 120 km altitude. However, the
486.1 nm intensities are very low, and this
assumption is therefore not causing any diffi-
culties.

The second question is solved by using the
technique developed in Appendix B. The
geometry is shown in Figure B.1 on page 121.
Through several trigonometric transformations
an expression for the equivalent magnetic lati-

tude Λeq of an elevation angle θ is achieved,
given the magnetic latitude of the station, the
Earth’s radius and the assumed altitude of the
optical emissions.

Now, the two questions are solved and
Figure 5.6, Figure 5.7 and Figure 5.8 are
obtained. The MSP intensities is plotted in the
centre of the plot using a colour scale, sur-
rounded by the IMF clock angle in red, blue
and black. The IMF clock angle was defined in
Equation 3.1 on page 28 and is computed from
the Wind IMF By and Bz components. Red
colour indicates IMF clock angles 90 to 180˚,
CAR 3, (southward IMF) associated with
strongly reconnection at the magnetopause at
lower latitudes giving an expansion of the polar
cap and equatorward motion of the auroral
oval. Blue colour shows IMF clock angles from
0 to 45˚, CAR 1, (strongly northward IMF
clock angle) related to compression of the
polar cap and poleward motion of the auroral
oval. The outer red dotted circle denotes a
clock angle of 180˚ and the inner blue dotted
circle is 0˚. The 25 min. time delay for the IMF
to propagate from Wind to the noon cleft iono-
sphere is taken into account. Thereby, the clock
angle and the UT scale are rotated 6˚ in the
counterclockwise direction. However, the extra
ionospheric response time has not been
included.

The MSP intensities is displayed, as a func-
tion of the calculated CGMLAT, onto a double
grid. The outer one is the MLT and the inner
one is the UT. Assuming the time distance
between the local MLT of a station and the UT
is constant during a day, the MLT grid is found
using both the UT and the magnetic midnight
of Longyearbyen (20:44 UT) and Ny Ålesund
(20:48 UT). The UT grid shows when the MSP
was scanning in that MLT region, and is also
used to plot the IMF clock angle, which is of
course independent of the MLT grid.
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FIGURE 5.6 Meridian Scanning Photometer (630 nm & 557 nm) from Ny Ålesund and IMF clock angle
from Wind, January 12 1997 plotted onto a MLT/CGMLAT grid. The outer UT scale and
clock angle is rotated 6˚ counterclockwise (i.e. a 25 min. time delay), the inner MSP plot is
80
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FIGURE 5.7 Meridian Scanning Photometer (630 nm & 557 nm) from Longyearbyen and IMF clock
angle from Wind, January 12 1997 plotted onto a MLT/CGMLAT grid, the same grid as in
Figure 5.6.
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FIGURE 5.8 Meridian Scanning Photometer (427 nm & 486 nm) from Longyearbyen and IMF clock
angle from Wind, January 12 1997 plotted onto a MLT/CGMLAT grid, the same grid as in
Figure 5.6.
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Figure 5 .6  shows  the  630 .0 nm and
557.7 nm MSP intensities from Ny Ålesund,
06-16 UT January 12 1997, the time interval of
NOAA-12 passes near Svalbard. The reason
for not plotting the rest of the day is not that the
data do not exist, but rather that we concentrate
on data from this period. Both the 630 nm and
557 nm emissions shown here is for all eleva-
tions between 10˚ to 165˚ from the northern
horizon.

Just before 07:30 UT (~1045 MLT) a very
clear equatorward motion of the 630.0 nm arc
is seen as a response of the clock angle being
strongly southward for some time. The pole-
ward turning just after 12 MLT agrees very
well with a northward rotation of the IMF. No
557 nm in this area suggest the region shown is
only consisting of high fluxes of soft particle
precipitation, the cusp. It is seen that the cusp/
c l e f t  “wa lk s”  f rom 74 -75 ˚ MLAT v i a
71-72˚ MLAT and back to 75-78˚ MLAT just
after magnetic noon.

The MSP in Longyearbyen confirms this
picture, see Figure 5.7. Here the 630 nm and
557 nm intensities is shown only for elevations
> 15˚. The same equatorward motion of the
630 nm ova l  f r om 74 -75 ˚ MLAT v i a
71-72˚ MLAT and back to 75-78˚ MLAT
around magnetic noon is seen here. In fact the
very good agreement is suggesting that our
assumption of 250 km altitude for the 630 nm
emissions is not too bad.

It must also be noted that the auroral arc just
before magnetic noon looks wider in magnetic
latitude as seen from Ny Ålesund than from
Longyearbyen. This can be explained by a dif-
ference between Ny Ålesund and Longyear-
byen in the elevation angles where the auroral
structure is observed. Ny Ålesund is further
poleward than Longyearbyen and is therefore
looking at the same auroral pattern at a lower
elevation angle. If the aurora has some extent

in altitude, which is reasonable especially for
630 nm, the Ny Ålesund MSP, looking more
from the side, will observe the same auroral
signature at several elevations. Thereby, the Ny
Ålesund arc becomes a bit wider at low equa-
torward elevations.

Figure 5.8 presents the two other MSP
channels in Longyearbyen; 427.8 nm and
486.1 nm. Here also the intensities are shown
only at elevations above 15˚. For both channels
the assumed altitude is 120 km. The intensities
are very low in the 486.1 nm channel, but the
427.8 nm intensities show a similar equator-
ward motion near noon, though not as far equa-
torward as the 630 nm.

From Figure 5.7 and Figure 5.8 (upper
panel) a strong auroral activity was observed in
the nightside from 19 to 22 UT (22-01 MLT).
The AE-index (Figure 5.2) suggests that this
optical activity was associated with intensifica-
tion of the electrojet and substorm activity,
probably poleward expansions. However, fur-
ther discussion of this nightside event is with-
out the scope of this thesis.

Looking at the 557.7 nm intensities in
Figure 5.6 and Figure 5.7, the region of almost
no emissions from 10-12 MLT and the follow-
ing region of relatively strong discrete struc-
tures from 13-16 MLT is interesting. [Cogger
et al., 1977] have reported a gap or a disconti-
nuity in the 557.7 nm aurora to be usually
p re sen t  ( a l t hough  no t  a lways )  i n  t he
10.5-12.5 MLT sector,  consis tent  wi th
Figure 5.6 and Figure 5.7. Cogger et al. also
found a maximum intensity enhancement
between 14 and 16 MLT, comparable with our
557.7 nm spot in the 13-16 MLT sector. This
strong postnoon optical intensification also
coincides with the maximum in the upward
Region 1 field-aligned current (FAC), reported
by [e.g. Iijima and Potemra, 1978] in the 12 to
16 MLT sector, and the observations of a local
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maximum in the precipitating particle energy
flux around 77˚ ILAT and 14 MLT, see
[Evans, 1985].

Later, [e.g. Liou et al., 1997b] have pre-
sented several series of Polar UVI images dis-
p l ay ing  pos tnoon  b r igh t  spo t s  i n  t he
neighbourhood of the 14 to 16 MLT sector.
The spots were found to be on average 2 hours
of MLT in longitudinal extent. Monthly aver-
aged maps of the Polar UVI observations pub-
lished by [Liou et al., 1997a] also support this
pattern. Their maps indicate the maximum
dayside UV intensity at about 1500 MLT and
75-76˚ MLAT. [Newell et al., 1996] have pre-
sented probability maps of observing electron
acceleration events vs. MLT and MLAT based
on 9-years of DMSP particle data. Their maps
also confirm the 14-16 MLT ‘hot spot’ of Liou
et al., with the maximum centred at 15 MLT.
This maximum in probability is present both
during southward and northward IMF, but dur-
ing the latter the spot is more easily distin-
guished from the evening and nightside
electron precipitation. From the maps of New-
ell et al. the least possible place to observe
electron acceleration is at noon; the ‘midday
gap’.

It must however be noted that the studies of
Newell et al. and Liou et al. are an average of
different conditions, while our study only is a
case study during given conditions. However,
the agreement seems apparent. The strong
intensity enhancements in the 557.7 nm line
observed from both Longyearbyen and Ny
Ålesund in the postnoon/afternoon sector may
therefore be associated with the region 1 cur-
rent (upward FAC) and electron acceleration
events.

An overall  good agreement is  found
between the IMF clock angle and the latitudi-
nal position of the aurora. The similarity is of
course best near noon, since the ionospheric

response time has not been included. Away
from noon an extra time delay of ~ 10-15 min.
(equivalent to an extra 3-4˚ counterclockwise
rotation and dependent of the relative location
away from noon) must be added to compensate
for the ionospheric convection. If this is done,
the correspondence becomes better there. The
abrupt and very short-lived changes in the IMF
on time scales << 5 min. are not clearly repro-
duced in the auroral position, indicating some
inertia in the process.

5.4.3 Traditional Stack Plots
In the last subsection the overview of the

optical activity as observed from the Long-
yearbyen and Ny Ålesund MSPs was pre-
sented. This new way of displaying and
summarizing MSP data also have some disad-
vantages. The largest one is the loss of rapid
dynamics at time scales of about 1 min. or
less. Traditional stack plots are very fruitful
here. Therefore, the MSP activity in the
630.0 nm, 557.7 nm and 427.8 nm channels
are presented in Figure 5.9, Figure 5.10 and
Figure 5.11. Each single scan has been run
through a low-pass filter to remove the very
small-scale fluctuations.

These stack plots are created in the follow-
ing way:

(5.1)

where T is the UT time of the scan in seconds,
C is a wisely chosen scaling constant and I is
the observed intensity at the elevation E. Y is
the position along the ordinate or time axis of
the curve at a given time and elevation.

Y T E,( ) T C I E( )×–=
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FIGURE 5.9 MSP from Longyearbyen January 12 1997, 07:00 to 10:00 UT. The Type ➀ and ➁ auroras,
intervals B, C, D and E of [Sandholt et al., 1998] and the events 1 & 2 to be discussed in
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FIGURE 5.10 MSP from Longyearbyen January 12 1997, 10:00 to 13:00 UT. The Type ➀ and ➁ auroras,
intervals E and F of [Sandholt et al., 1998] and the events 3 & 4 to be discussed in
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FIGURE 5.11 MSP from Longyearbyen January 12 1997, 13:00 to 16:00 UT.
The event 5 to be discussed in Section 5.6 is marked.
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There is one difficulty in using this method.
If an offset or a background intensity is
present, then each scan is shifted in time. This
is clearly illustrated e.g. in the last scan in the
630.0 nm panel in Figure 5.9, where the scan
looks shifted 3-4 min. backwards in time. This
time shift is however not always easy to dis-
cover, so to prevent confusion a reference time
(equal to when the intensity is 0) of each scan
must be indicated. This is shown using grey
lines to the left and right in each panel in
Figure 5.9 to Figure 5.11. To more easily see
the time of each scan, every 10th scan is also
plotted using a heavy weighted dotted line.

The intensity of the 427.8 nm band (N2
+) is

nearly independent of the energy for electrons
between 0.5 and 20 keV, [Omholt, 1971, and
r e f e r ences  t he r e in ;  Ca r l son  J r.  and
Egeland, 1995]. Hence, the intensity of this
band can be used to determine the net down-
ward electron energy. But, as discussed by
[Omholt, 1971] some practical problems arise.
Optical instruments from the ground integrate
along the line-of-sight, so a direct comparison
is strictly valid only when the optical observa-
tions are made up along the magnetic field
line, observing the light produced by the group
of particles following exactly that field line.
Away from this line the measurements are use-
ful too, as an indicator, although here the con-
nection is not this direct.

In Figure 5.9 to Figure 5.11 the 427.8 nm
band more or less reproduces the main struc-
tures in 557.7 nm line, however, the intensities
are less. The equatorward displacement of the
aurora is also clearly seen in the interval
denoted ‘B’. The intervals B, C, D, E and F
have been adapted from the study of [Sandholt
et al., 1998], and the marks 1, 2, 3, 4 and 5
refer to the NOAA-12 passes to be discussed
in Section 5.6.

5.5 The All-Sky TV Camera
The MSP gives no azimuthal resolution, so

to fulfil the picture, All-Sky TV Cameras are
needed. The All-Sky TV Camera, having the
largest field of view, is the best optical instru-
ment to monitor spatial and temporal varia-
tions in the aurora as seen from the ground.
Figure 5.12, Figure 5.13, Figure 5.14 and
Figure 5.15 show the aurora in 5 minutes steps
from 07:00 to 14:55 UT January 12 1997 as
seen by the 630.0 nm UNIS/UiO camera. Each
All-Sky TV image is cut at 70˚ zenith-angle
and run through a projection routine, assuming
the optical emissions are in 250 km altitude, a
typical height for 630.0 nm emissions. This
altitude is also in good agreement with the
results obtained in Section 5.4.1.

The final image is then projected onto the
world-map superposed with a geographical
grid. Each image presented in this thesis is an
integration over a 20 s interval, where the
given time is the centre time of the interval,
and the same colour table is used, so the rela-
tive intensities are comparable. The chosen
5 min. steps between each image, in this sec-
tion, only gives the large-scale temporal varia-
tions. Rapid dynamics at smaller time-scales
may disappear and is not shown here.

However, it is the overview of the more sta-
ble and long-lived features that are of most
interest now. This overview will constitute a
main framework for the discussion of the
NOAA-12 satellite passes in the next section.
Since each crossing last just for some few min-
utes, when interpreting only particle data from
a satellite, it is therefore hard to separate the
spatial variations from the temporal. Thus, the
comprehensive review of the auroral activity
during the period of observation as seen by an
observer at the Auroral Station, will give an
extended information. Consequently, the five
NOAA-12 passes (1, 2, 3, 4 and 5) through the
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FIGURE 5.12 ASC TV images (630.0 nm) projected to 250 km altitude, from the Auroral Station in
Longyearbyen 07:00 to 08:55 UT on January 12 1997. The event 1, related to a NOAA-12
pass to be discussed in Section 5.6, is marked.

1997/01/12 - 07:00:13 UT 1997/01/12 - 07:05:14 UT 1997/01/12 - 07:10:15 UT 1997/01/12 - 07:15:16 UT

1997/01/12 - 07:20:18 UT 1997/01/12 - 07:25:19 UT 1997/01/12 - 07:30:20 UT 1997/01/12 - 07:35:21 UT

1997/01/12 - 07:40:22 UT 1997/01/12 - 07:45:23 UT 1997/01/12 - 07:50:24 UT 1997/01/12 - 07:55:26 UT

1 1
1997/01/12 - 08:00:07 UT 1997/01/12 - 08:05:08 UT 1997/01/12 - 08:10:09 UT 1997/01/12 - 08:15:10 UT

1997/01/12 - 08:20:11 UT 1997/01/12 - 08:25:12 UT 1997/01/12 - 08:30:13 UT 1997/01/12 - 08:35:14 UT

1997/01/12 - 08:40:16 UT 1997/01/12 - 08:45:17 UT 1997/01/12 - 08:50:18 UT 1997/01/12 - 08:55:19 UT
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FIGURE 5.13 ASC TV images (630.0 nm) projected to 250 km altitude, from the Auroral Station in
Longyearbyen 09:00 to 10:55 UT on January 12 1997. The event 2, related to a NOAA-12
pass to be discussed in Section 5.6, is marked.

1997/01/12 - 09:00:20 UT 1997/01/12 - 09:05:21 UT 1997/01/12 - 09:10:22 UT 1997/01/12 - 09:15:23 UT

1997/01/12 - 09:20:24 UT 1997/01/12 - 09:25:26 UT 1997/01/12 - 09:30:27 UT 1997/01/12 - 09:35:28 UT

1997/01/12 - 09:40:29 UT 1997/01/12 - 09:45:30 UT 1997/01/12 - 09:50:31 UT 1997/01/12 - 09:55:32 UT

2 2

1997/01/12 - 10:00:14 UT 1997/01/12 - 10:05:15 UT 1997/01/12 - 10:10:16 UT 1997/01/12 - 10:15:17 UT

1997/01/12 - 10:20:18 UT 1997/01/12 - 10:25:19 UT 1997/01/12 - 10:30:20 UT 1997/01/12 - 10:35:21 UT

1997/01/12 - 10:40:22 UT 1997/01/12 - 10:45:24 UT 1997/01/12 - 10:50:25 UT 1997/01/12 - 10:55:26 UT
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FIGURE 5.14 ASC TV images (630.0 nm) projected to 250 km altitude, from the Auroral Station in
Longyearbyen 11:00 to 12:55 UT on January 12 1997. The events 3 & 4, related to two
NOAA-12 passes to be discussed in Section 5.6, are marked.

1997/01/12 - 11:00:07 UT 1997/01/12 - 11:05:08 UT 1997/01/12 - 11:10:09 UT 1997/01/12 - 11:15:10 UT

1997/01/12 - 11:20:11 UT 1997/01/12 - 11:25:12 UT 1997/01/12 - 11:30:14 UT 1997/01/12 - 11:35:15 UT

1997/01/12 - 11:40:16 UT 1997/01/12 - 11:45:17 UT 1997/01/12 - 11:50:18 UT 1997/01/12 - 11:55:19 UT

3 3

1997/01/12 - 12:00:01 UT 1997/01/12 - 12:05:02 UT 1997/01/12 - 12:10:03 UT 1997/01/12 - 12:15:04 UT

1997/01/12 - 12:20:05 UT 1997/01/12 - 12:25:06 UT 1997/01/12 - 12:30:07 UT 1997/01/12 - 12:35:08 UT

1997/01/12 - 12:40:09 UT 1997/01/12 - 12:45:10 UT 1997/01/12 - 12:50:12 UT 1997/01/12 - 12:55:13 UT

4 4
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FIGURE 5.15 ASC TV images (630.0 nm) projected to 250 km altitude, from the Auroral Station in
Longyearbyen 13:00 to 14:55 UT on January 12 1997. The event 5, related to a NOAA-12
pass to be discussed in Section 5.6, is marked.

1997/01/12 - 13:00:14 UT 1997/01/12 - 13:05:15 UT 1997/01/12 - 13:10:16 UT 1997/01/12 - 13:15:17 UT

1997/01/12 - 13:20:18 UT 1997/01/12 - 13:25:19 UT 1997/01/12 - 13:30:21 UT 1997/01/12 - 13:35:22 UT

1997/01/12 - 13:40:23 UT 1997/01/12 - 13:45:24 UT 1997/01/12 - 13:50:25 UT 1997/01/12 - 13:55:26 UT

1997/01/12 - 14:00:07 UT 1997/01/12 - 14:05:08 UT 1997/01/12 - 14:10:09 UT 1997/01/12 - 14:15:11 UT

1997/01/12 - 14:20:12 UT 1997/01/12 - 14:25:13 UT 1997/01/12 - 14:30:14 UT 1997/01/12 - 14:35:15 UT

1997/01/12 - 14:40:16 UT 1997/01/12 - 14:45:17 UT 1997/01/12 - 14:50:18 UT 1997/01/12 - 14:55:20 UT

5 5
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optical field-of-view are also marked in
Figure 5.12 to Figure 5.16. The details during
each of the five NOAA-12 passes will be pre-
sented in Section 5.6.

The equatorward motion of the 630.0 nm
emissions from about 07:30 to 09:00 UT,
described in Section 5.4 for the MSP, is also
clearly seen in Figure 5.12 and Figure 5.13.
These figures clearly demonstrates how the
whole arc within the field-of-view is displaced
equatorward, reaching the minimum magnetic
latitude from about 08:10 to 08:40 UT. There-
fore, the equatorward motion of the 630.0 nm
intensity discussed in Section 5.4 is a real one
and no artificial effects caused by auroral struc-
tures moving in the east/west direction through
the MSP field-of-view.

5.6 Event Studies
Having presented the groundbased optical

overview as seen from Svalbard and the match-
ing solar wind parameters in the previous sec-
tions, it is now fruitful to compare with the
simultaneous particle data from five NOAA-12
satellite passes over Svalbard. This comparison
is partly motivated by the fact that it is some-
times very hard to distinguish the LLBL from
the cusp using only groundbased optics,
[Sandholt, 1990]. Since typically no clear tran-
sition signature is found in the electron fluxes
near the cusp/LLBL border, [Newell and
Meng, 1988], the electron aurora (630.0 nm) of
these two regions is not expected to be separa-
ble.

5.6.1 The First Pass (07:42-07:45 UT)
NOAA-12 first passed over Svalbard at

07 :42 -07 :45 UT on  J anua ry  12 ,  s ee
Figure 5.17. The corresponding electron and
proton observations from the MEDED and

TED detectors are displayed in Figure 5.16.
From the top the following is plotted:

1. The 0˚ TED electron integral number flux in
the 300-458 eV energy range.

2. The 10˚ and 80˚ MEPED electron integral
number fluxes (>30 keV) plotted as solid
and dot-dashed lines, respectively.

3. The 10˚ and 80˚ MEPED electron integral
number fluxes (>100 keV), plotted as solid
and dot-dashed lines, respectively.

4. The characteristic TED electron energy in
the 300 eV to 20 keV energy range.

5. The 0˚ TED proton integral number flux in
the 300-2349 eV energy range. This is the
sum of the 300-458 eV, 773-1088 eV and
1718- 2349 eV channels.

6. The 10˚ and 80˚ MEPED proton differential
number fluxes (30-80 keV), plotted as solid
and dot-dashed lines, respectively.

7. The 10˚ and 80˚ MEPED proton differential
number fluxes (80-250 keV), plotted as
solid and dot-dashed lines, respectively.

8. The characteristic TED proton energy in the
300 eV to 20 keV energy range.

Borders in the particle observations are marked
by either dotted vertical guide lines (to be com-
pared with ASC TV images) or arrows (to be
commented on in the text). The grey shading
indicates when NOAA-12 was within the ASC
field-of-view.

As discussed in Section 2.1.1 on page 16
and Section 2.1.2 on page 18 both the 0˚ and
10˚ detectors are detecting particles within the
atmospheric loss cone, while the 80˚ detector is
monitoring the trapped particles. Furthermore,
in Panel 1 and Panel 5 the time resolution var-
ies through the satellite pass in a cycle of 8, 8,
8 and 16 seconds. In all the other panels the
time resolution is 2 seconds, cf. Section 2.1.2
too.
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The ASC TV image in Figure 5.17 was
taken when the NOAA-12 satellite was in the
centre of the optical field-of-view. Some useful
coordinates obtained from the satellite data
should therefore be listed:

• 07:42:00 UT (1302 MLT, 75.5˚ ILAT),
the maximum invariant latitude of the pass.

• 07:43:00 UT (1213 MLT, 75.1˚ ILAT)

• 07:44:00 UT (1128 MLT, 73.9˚ ILAT)

• 07:45:00 UT (1049 MLT, 72.2˚ ILAT)

FIGURE 5.16 NOAA-12 particle observations
from the first Svalbard pass, where
the LLBL onset and the sheath
electron cutoff are the two main
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FIGURE 5.17 630.0 nm UiO/UNIS ASC from the
Auroral Station in Longyearbyen at
07:43:03 UT on January 12 1997.
The image is projected to 250 km,
and the NOAA-12 footprint and
two particle borders are added, see
text.
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NOAA-12 is thus moving equatorward through
the ASC field-of-view. In order to separate
magnetospheric particles from magnetosheath
particles, two definitions must be made:

• If a region contains <1 keV electrons
(characteristic electron energy <1 keV),
magnetosheath particles are present.

• If a region contains >30 keV particles,
magnetospheric particles are present.

These definitions are in good agreement with
Chapter 4 and the classification used by [Moen
et al., 1996].

From the particle data in Figure 5.16 the
characteristic electron energy (Panel 4) is low
and at the threshold level of 380 eV from
07:39:38 UT (1450 MLT,73.3˚ ILAT) to
07:44:44 UT (1059 MLT, 72.7˚ ILAT). Thus in
this interval magnetosheath electrons are
present. The latter border is the sheath elec-
t ron  cu to f f  and  i s  w i th in  t he  ASC
field-of-view (Figure 5.17). It marks the equa-
torward border of the magnetosheath electron
precipitation. This border is also indicated by
the second vertical guide line in Figure 5.16.

FIGURE 5.18 A westward and poleward moving auroral form during IMF By > 0. The 630.0 nm UiO/
UNIS ASC TV images are projected to 250 km altitude, using a pseudo colour table, where
red is maximum intensity and blue is minimum. The NOAA-12 footprint is indicated
plotted in four of the images (when the satellite was within the field-of-view), see
Figure 5.17 for reference.

1997/01/12 - 07:39:02 UT 1997/01/12 - 07:40:02 UT 1997/01/12 - 07:41:02 UT

1997/01/12 - 07:45:03 UT 1997/01/12 - 07:46:03 UT 1997/01/12 - 07:47:04 UT

1997/01/12 - 07:42:03 UT 1997/01/12 - 07:43:03 UT 1997/01/12 - 07:44:03 UT
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Within both the ASC field-of-view and the
region of magnetosheath electron precipita-
tion, an extra very clear border is found in the
ene rge t i c  e l e c t rons  and  p ro tons .  A t
07:42:54 UT (1218 MLT, 75.1˚ ILAT) the
>30 keV electron fluxes (Panel 2) and the
30-80 keV proton fluxes (Panel 6) abruptly
rise from the background flux level. This
marks the poleward boundary where magneto-
spheric particles are present; the LLBL onset
in Figure 5.17. This border is marked by the
first vertical guide line in Figure 5.16.

Between these two main borders (07:42:54-
07:44:44 UT) particles of both magnetosheath
and magnetospheric origin was detected.
Therefore, this region can be interpreted as the
LLBL, cf. Section 4.2.2. Poleward of the
LLBL onset (07:42:54 UT) only particles of
magnetosheath origin is detected, thus that
region can be interpreted as the cusp, cf.
Section 4.2.1.

A further inspection of the particle observa-
tions around the two main borders reveals that
the characteristic proton energy (Panel 8)
increased a bit when NOAA-12 crossed the
LLBL onset. And, the >30 keV & >100 keV
electron and 30-80 keV proton fluxes changed
from isotropic to anisotropic at the magne-
tosheath electron cutoff, the equatorward
boundary of the LLBL.

Within the LLBL a strong precipitation of
0 .3 -2 .35 keV magne toshea th  p ro tons
(Panel 5) was also found. These magne-
tosheath protons showed their maximum flux
near the poleward border of the LLBL, weakly
decreasing in intensity equatorward. At the
poleward and equatorward borders of the
LLBL an abrupt rise/fall in the flux (a factor
about 100) was measured.

The strongest 630.0 nm intensity was
observed in the cusp, poleward of the LLBL
onset in Figure 5.17. The 0.3-0.46 keV elec-
tron flux does not explain the difference in the
luminosity between the cusp and the LLBL,
which suggests the presence of an intense flux
of electrons <300 eV. If the NOAA-12 satellite
could have measured electrons <300 eV, high
fluxes would be expected in the cusp, cf.
Section 4.2.1. If the magnetic local time (about
12 MLT)  and  t he  i nva r i an t  l a t i t ude
(75.1-75.5˚ ILAT) are considered, this cusp is
in good agreement with the position of the sta-
tistical cusp of [Newell and Meng, 1992; New-
ell and Meng, 1994]. Just equatorward of the
cusp, in the LLBL, the 630.0 nm intensity was
less and decreased away from the LLBL onset.

The region equatorward of the LLBL and
the  magne to shea th  e l ec t ron  cu to ff
(07:44:44 UT, 72.7˚ ILAT) in Figure 5.17 is
most likely the dayside extension of the CPS.
Here the magnetosheath plasma is absent, and
the characteristic electron energy is high.
Thus, only magnetospheric particles are
detected.

Then the question arises whether there is a
BPS within the so far classified LLBL? In the
LLBL, between the LLBL onset and the mag-
netosheath electron cutoff, changing flux lev-
e l s  i s  obse rved  i n  F igu re 5 .16 .  The
high-energy electron and proton fluxes are
seen to rise and fall off several times during
this crossing. This can be caused by the satel-
lite skimming along the boundaries of a tem-
porarily varying aurora in the LLBL, cf.
Figure 5.18.

However, from the energetic particles
observations in Figure 5.16 and the ASC TV
image (Figure 5.17), it looks as if an extra bor-
der may be present within this interval. At
07:43:50 UT (1135 MLT, 74.1˚ ILAT) the iso-
tropic energetic electron and proton fluxes
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experienced a local minimum, and around the
same time NOAA-12 crossed the equatorward
boundary of the 630 nm emissions (Display 6
in Figure 5.18). Further equatorward no signifi-
cant 630 nm was observed and the energetic
particle fluxes (>100 keV & 80-250 keV) also
became important. Therefore, it is possible that
this region (72.7-74.1˚ ILAT) could be the
noon-prenoon BPS, where the LLBL is just
poleward of it (74.1-75.5˚ ILAT). If so; the
30-80 keV proton flux increases vs. increasing
latitude in the LLBL, all the energetic particle
fluxes decrease vs. increasing latitude in the
BPS, and the energetic particle fluxes are in
average (during this satellite pass) larger in the
BPS than in the LLBL. Nevertheless, we will
not stress this point any further in this thesis
and just leave the question open for future stud-
ies. The LLBL onset and the magnetosheath
electron cutoff is still clear borders.

This auroral event is a typical moving auro-
ral  form as reported by [e .g.  Sandholt
et al., 1986; Sandholt et al., 1993; Moen
et al., 1995; Sandholt et al., 1998]. During
periods of southward IMF (CAR 3) auroral
forms are seen moving poleward from the
equatorward boundary of the background arc
(Type 1 aurora). This motion is strongly
dependent on the IMF By component and is
westward (eastward) during By > 0 (By > 0).
Allowing a time shift of ~ 25 min. from Wind
to the noon ionosphere, the IMF around
07:20 UT (guide line 1 in Figure 5.1) is found
to correspond with this event. At about
07 :20 UT the  IMF was  approx imate ly
(-1, 3, -6) nT GSE. Therefore, according to e.g.
[Sandholt et al., 1993; Sandholt et al., 1998] a
westward moving auroral form is expected.
This is also what is seen in Figure 5.18. An
auroral form originating in the east (postnoon)
is seen to move westward and poleward (pre-
noon) before it fades out, probably on mantle
field lines. We do not have any particle obser-
vations from the fade out region, since

NOAA-12 did not traverse that, however,
[Sandholt et al., 1993] found a similar event to
fade out on mantle field lines.

From the MSP (Figure 5.9) and ASC
(Figure 5.12) observations this moving auroral
form is seen to evolve from a rather narrow and
stable in latitude, east-west elongated, Type 1
aurora. The equatorward boundary was moving
very slowly equatorward, and no other (this
clear) poleward moving candidates were
observed 07:30 to 08:00 UT. The poleward
moving form was also associated with very
strong (>10 kR) 557.7 nm emissions at 07:44
to 07:47 UT ~ 45˚ north of zenith in Longyear-
byen, Figure 5.9. The Ny Ålesund MSP
observed this structure near zenith. Combining
these two observations, from Figure 2.5 in
120 km altitude, this strong intensification is
found to be associated with the strong 630 nm
red patch in Display 7 and 8 of Figure 5.18. At
the same time the Longyearbyen 427.8 nm line
also intensified at the same elevation, indicat-
ing a major energy flux being precipitated.
From Figure 5.9 the emissions of the 557.7 nm
line also seemed to move poleward, but we do
not have All-Sky images in that wavelength.

Looking closer at Figure 5.1, the IMF clock
angle is seen to decrease from ~ 150˚ to ~ 120˚
3-4 min. before the vertical guide line number
1 at 07:20 UT, suggesting the poleward moving
auroral form might be associated with this.
Since no other very strong moving forms are
observed near this form (in time), such an
interpretation seems reasonable. This leads to a
question; is the occurrence of moving auroral
forms not just dependent of IMF being south-
ward, but also to some extent dependent of the
degree of the southward turning? With other
words; is there an extra clock angle regime
CAR 4 within that of [Sandholt et al., 1998],
where moving auroral forms are less frequent?
From Figure 5.1 in region B the auroral forms
look weaker and are almost absent from 08:05
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to 08:35 UT, consistent with the IMF clock
angle being very large (~ 170-180˚). Thus,
should there be a fourth clock angle regime
CAR 4 for e.g. θ >135˚, where poleward mov-
ing auroral forms are nearly absent and the
background arc very stable? This is however
outside the scope of this thesis, but it needs to
be studied further. Nevertheless, this event
looks to be associated with low-latitude recon-
nection at the magnetopause, and a decrease in
the low-latitude reconnection rate may have
initiated the poleward moving form.

This NOAA-12 satellite pass also contain
interesting information outside the optical
field-of-view. In the afternoon sector, encoun-
tered before the satellite passed over Svalbard,
several other interesting borders are seen. At
07 :37 :26 UT (1603 MLT,  68 .3 ˚ ILAT)
NOAA-12 crossed the >100 keV electron and
80-250 keV proton isotropy boundaries (blue
markers in Figure 5.16). About 10 sec. later
(0.6˚ ILAT poleward) the satellite traversed the
>30 keV electron and 30-80 keV proton isot-
ropy boundaries. This is in good agreement
with a study of [Sergeev et al., 1983]. They
investigated the nightside isotropy boundary
using ESRO IA energetic proton observations
during quiet conditions and compared with
magnetic field models. Their calculations
showed the isotropy boundary to move equa-
torward for increasing geomagnetic activity,
and for a higher proton energy the more equa-
torward is the isotropic boundary, controlled
by the ratio of the field line curvature and the
particle gyroradius, [cf. Sergeev et al., 1983,
Figure 2].

Fu r the r  po l eward ,  a t  07 :38 :48 UT
(1521 MLT, 71.7˚ ILAT), are the >30 keV and
>100 keV electron and 80-250 keV proton
trapping boundaries found. An abrupt fall in
the 30-80 keV isotropic proton flux is also
observed here, however, this trapping bound-
ary is not traversed before 07:40:00 UT

(1435 MLT, 73.9˚ ILAT). In between, at
07:39:40 UT (1448 MLT, 73.4˚ ILAT), both a
drop in the characteristic electron energy
below 1 keV (magnetosheath electron onset)
and a sudden rise in the 30-80 keV protons
were detected. This latter rather narrow
(0.5˚ ILAT wide) spike in the energetic protons
looks very similar to another 0.2˚ ILAT wide
local maximum in the noon sector within the
ASC field-of-view, just equatorward of the
LLBL onset. However, a difference between
these two structures is that the first one was
traversed almost straight poleward along the
meridian, while the latter crossing also
involved a significant longitudinal motion.
Furthermore, the noon structure is also associ-
ated with an additional population of energetic
electrons (as well as the magnetosheath elec-
trons and protons and the energetic protons). It
is likely to couple both these structures to the
LLBL. If so, the region between is the cusp/
mantle‡‡, which is at least ~ 2.3 hours wide in
MLT.

At first sight the noon LLBL event looks
quite different from a NOAA-12 pass pre-
sented and discussed by [Moen et al., 1996;
Lockwood and Moen, 1996], respectively.
These authors concluded that they did not find
energetic electrons in the LLBL, and they
associated an abrupt cutoff in the magneto-
spheric electron flux, [cf. Moen et al., 1996,
Figure 4 d) and f)], at the LLBL/CPS bound-
ary with the last closed field line. However,
Moen et al. used a linear ordinate (Y-axis)
instead of the logarithmic scale we use (e.g.
Figure 5.16). In a linear axis system the pres-
ence of a significant energetic electron flux,
say a factor >10 less than the maximum CPS
level, will effectively be squeezed towards and

‡‡ Due to the very low particle energies in the
mantle (cf. Section 4.2.3) the low energy TED
detector is probably not able to distinguish
between the mantle and the cusp.
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hidden in the abscissa (X-axis). Therefore, a
logarithmic ordinate is preferable, and the con-
clusion of [Moen et al., 1996; Lockwood and
Moen, 1996] of no energetic electrons in the
LLBL may be wrong.

Is the LLBL open? Several of the observa-
tions during the NOAA-12 crossing of the
LLBL support the open field line model results
of [Lyons et al., 1994], cf. Section 4.4.2:

• The abrupt decrease in the flux of magne-
tosheath plasma at the equatorward bound-
ary of the LLBL

• The abrupt decrease to background intensity
of magnetospheric particles across the
LLBL/cusp border

• The isotropic magnetospheric protons
within and equatorward of the LLBL

• The continuous flux of magnetospheric pro-
tons (30-80 keV) across the equatorward
boundary of the LLBL

• The decrease in the magnetospheric electron
flux at the equatorward boundary of the
LLBL

However, the magnetospheric electrons had
an isotropic pitch angle distribution rather than
a trapped one within the LLBL, and only the
magnetosheath electrons looked continuous
across the cusp/LLBL boundary. The magne-
tosheath protons (present both in the cusp and
LLBL) had a sharp rise in intensity from the
cusp to the LLBL. The more results in agree-
ment than in disagreement with the model sug-
gest the LLBL was open in this case. This is
also in accordance with an open LLBL near
noon under normal conditions, [Newell and
Meng, 1998]. However, the few discrepancies
with Lyons et al.’s model results need to be
studied further to draw more precise conclu-
sions. That is without the scope of this thesis
and is left for future work.

5.6.2 The Second Pass (09:23-09:26 UT)
The next pass (09:23-09:26 UT) is a com-

pletely different situation, displayed in
Figure 5.19; the panels are similar to those of
Figure 5.16. The All-Sky TV image when
NOAA-12  was  i n  t he  cen t r e  o f  t he
field-of-view, is shown in Figure 5.20. Some
useful coordinates obtained from the satellite
data files are:

• 09:23:00 UT (1406 MLT, 76.6˚ ILAT)

• 09:24:00 UT (1312 MLT, 77.0˚ ILAT),
the maximum invariant latitude of the pass.

• 09:25:00 UT (1217 MLT, 76.6˚ ILAT)

From these coordinates NOAA-12 moved
almost at a constant latitude through the ASC
field-of-view. The most clear particle bounda-
ries are the magnetosheath electron onset and
cutoff .  From 09:21:24 UT (1519 MLT,
74.6˚ ILAT) to 09:25:30 UT (1150 MLT,
76.1˚ ILAT) magnetosheath electrons are
present. This latter border is marked by a verti-
cal guideline in Figure 5.19 and the sheath
electron cutoff in Figure 5.20. Thus, for the
630.0 nm aurora crossed by NOAA-12 in
Figure 5.20 a magnetosheath electron compo-
nent is present.

From Figure 5.19 no trapping boundaries
are found in this satellite pass. However, sev-
eral isotropy boundaries are encountered both
within and outside the ASC field-of-view.

Within the ASC field-of-view these isotropy
boundaries are found: the >30 keV electron
isotropy boundary at 09:25:10 UT (1208 MLT,
76.4˚ ILAT), the 30-80 keV proton isotropy
boundary  a t  09 :25 :58 UT (1127 MLT,
75.5˚ ILAT), and the 80-250 keV proton isot-
ropy boundary at 09:26:34 UT (1059 MLT,
74.6˚ ILAT). The >100 keV electron isotropy
boundary was coincident with the magne-
tosheath electron cutoff at 09:25:30 UT.
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Othe r  bo rde r s  ou t s i de  t he  op t i c a l
field-of-view in the afternoon sector are; the
80-250 keV proton isotropy boundary at
09:20:06 UT (1603 MLT, 71.8˚ ILAT), the
30-80 keV proton isotropy boundary at
09:21:16 UT (1524 MLT, 74.4˚ ILAT), the
>100 keV electron isotropy boundary at
09:21:34 UT (1512 MLT, 74.9˚ ILAT) and the
>30 keV electron isotropy boundary at
09:22:12 UT (1445 MLT, 75.8˚ ILAT).

In Figure 5.21 the NOAA-12 footprint is
added in the three displays in the middle row.
This is where NOAA-12 was within the optical
field-of-view. A weak reduction of the lumi-

FIGURE 5.19 NOAA-12 particle observations
from the second Svalbard pass,
where the magnetosheath electron
cutoff is the main border. (Other
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FIGURE 5.20 630.0 nm UiO/UNIS ASC from the
Auroral Station in Longyearbyen at
09:25:24 UT on January 12 1997.
The image is projected to 250 km,
and the NOAA-12 footprint and a
particle border are added, see text.
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nosity was seen 2-3 min. before the pass. From
the MSP (Figure 5.9) and ASC (Figure 5.13)
overviews, this second event occurred just after
a transition from the presence of both Type 1
and Type 2 aurora to only Type 2 aurora. The
fragments of this transition is displayed in the
first two displays in Figure 5.21.

The IMF clock angle in Figure 5.1 also
changed from regime CAR 2 to CAR 1 just
before this event. Assuming a 25 min. time
delay from Wind to the noon ionosphere, the
IMF conditions observed by Wind (Figure 5.1)
around 09:00 UT should correspond to the cen-
tral time of this event. At 09:00 UT the IMF is
found to be (-3, 5, 1) nT GSE. Thus, the IMF is

northward and in CAR 1 during the NOAA-12
pass. Although, some few minutes earlier the
IMF was in CAR 2.

Nevertheless, this event is much more stable
in time than the first one (Section 5.6.1), and
the 630 nm intensity is less, as shown in
Figure 5.21. This is also supported by the max-
imum of the 0.3-0.46 keV electron flux being a
factor ~ 10 less within the optical field-of-view
in Figure 5.19 than in Figure 5.16. The main
difference from the first event is the presence of
an important population of isotropic energetic
particles. The energetic electron and proton
fluxes are a factor 100 larger than in the previ-
ous NOAA-12 pass. Therefore, this region can-

FIGURE 5.21 ASC 09:20:04 to 09:28:06 UT in 1 min. steps on January 12 1997. The images are
projected to 250 km altitude using a pseudo colour table, where red is maximum intensity
and blue is minimum. The NOAA-12 footprints are plotted in three of the images (when
the satellite was within the field-of-view), see Figure 5.20 for reference.

1997/01/12 - 09:20:04 UT 1997/01/12 - 09:21:05 UT 1997/01/12 - 09:22:05 UT

1997/01/12 - 09:26:06 UT 1997/01/12 - 09:27:06 UT 1997/01/12 - 09:28:06 UT

1997/01/12 - 09:23:05 UT 1997/01/12 - 09:24:05 UT 1997/01/12 - 09:25:06 UT
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not be cusp. Furthermore, in this satellite pass
too a maximum in the magnetosheath proton
precipitation (Panel 5) is found within the
ASC field-of-view, but in average the charac-
teristic proton energy (Panel 8) is lower. The
region can be LLBL, but the very high-latitude
position (>76.6˚ ILAT) of the aurora and the
characteristic proton energy point at the man-
tle.

[Murphree et al., 1990] concluded from
Viking UV observations that discrete auroral
features can exist poleward of the normal day-
side aurora in the northern hemisphere during
periods of both northward IMF, Bx < 0 and
By > 0, as for this event. Later, [Øieroset
et al., 1997] studied several cases of northward
IMF cusp aurora. They reported Type 2 aurora
to occur for both IMF Bx polarities and found
enhanced green line intensity during negative
Bx conditions. This is in good agreement with
the current event, since Figure 5.9 reveal some
557 nm enhancement (~ 1 kR) and Bx is nega-
tive. Thus, it is tempting to associate this
aurora with high-latitude magnetopause recon-
nection, see [Øieroset et al., 1997; and refer-
ences therein]. (Both this and the previous
event are planned to be discussed more in
detail in a future article, so only a very brief
overview is given here.)

5.6.3 The Third Pass (11:03-11:06 UT)
The following NOAA-12 pass over Sval-

bard at 11:03 to 11:06 UT is displayed in
Figure 5.22. The corresponding 630.0 nm
ASC TV images are displayed in Figure 5.23.
Before discussing the pass any further, some
useful footprint coordinates, in the middle row
of Figure 5.23, should be listed:

• 11:03:00 UT (1549 MLT, 76.2˚ ILAT)

• 11:04:00 UT (1505 MLT, 78.0˚ ILAT)

• 11:05:00 UT (1407 MLT, 79.3˚ ILAT)
FIGURE 5.22 NOAA-12 particle observations

from the third Svalbard. Borders:
Sheath electron onset and
high-latitude sheath ion cutoff.
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• 11:06:00 UT (1258 MLT, 79.8˚ ILAT),
the maximum invariant latitude.

From these magnetic coordinates NOAA-12
was continuous moving towards a higher invar-
iant latitude during this pass. Two borders were
encountered before NOAA-12 entered the opti-
cal field-of-view. At 11:02:20 UT (1611 MLT,
74.8˚ ILAT) the >100 keV electron trapping
boundary was crossed. 20 seconds later
(11:02:40 UT,  1601 MLT,  75.5˚ ILAT)
NOAA-12 passed across both the magne-
tosheath electron cutoff and the >30 keV
electron isotropy boundary. The latter border is
marked  by  t he  ve r t i c a l  gu ide  l i ne  i n
Figure 5.22. This is, however, outside and just
be fo r e  NOAA-12  en t e r ed  t he  op t i c a l

field-of-view. Thus, all the optical signatures
crossed by NOAA-12 in Figure 5.23 is above
this border and poleward of the magnetosheath
electron cutoff. No clear energetic proton isot-
ropy boundaries are seen around this time.
Neve r the l e s s ,  a round  11 :04 :12 UT
(1454 MLT, 78.3˚ ILAT) the 30-80 keV proton
trapping boundary was crossed.

Since NOAA-12 did not reach the maxi-
mum latitude before 11:06:00 UT, from the
low-energy protons (Panel 5 of Figure 5.22)
there is also a poleward border (indicated by
the second vertical guide line in Figure 5.22
and the red spot in Figure 5.23):

• 11:04:22 UT (1445 MLT, 78.6˚ ILAT)

FIGURE 5.23 630.0 nm UiO/UNIS ASC images from the Auroral Station 11:00:27 UT to 11:08:29 UT
January 12, 1997. The images are projected to 250 km altitude, using a pseudo colour
table, where red is maximum intensity and blue minimum.

1997/01/12 - 11:00:27 UT 1997/01/12 - 11:01:27 UT 1997/01/12 - 11:02:27 UT

1997/01/12 - 11:06:28 UT 1997/01/12 - 11:07:28 UT 1997/01/12 - 11:08:29UT

1997/01/12 - 11:03:28 UT 1997/01/12 - 11:04:28 UT 1997/01/12 - 11:05:28 UT

11:03
11:04

11:05

11:06
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The low-energy electrons do not show this
border, but in the >30 keV electrons a trapping
boundary is found.

Therefore, in this satellite pass significant
fluxes of both low-energy magnetosheath par-
ticles and isotropic high-energy particles were
present within the field-of-view. The >30 keV
electron flux is a factor 10 larger and the
30-80 keV proton flux was a factor 100 larger
than the minimum flux level of the detectors.
Both fluxes also decreased as the latitude
increased.

A 25 min. IMF time shift gives the match-
ing IMF conditions observed by Wind around
10:38 UT. From Figure 5.1 and the vertical
guide line 3, the IMF is found to be about
(2, 2, -3) nT GSE, so the IMF is weakly south-
ward. The IMF clock angle was turning from
90-100˚ to a 170˚ spike a couple of minutes
later. In the bottom row of Figure 5.23 a proba-
bly associated eastward moving form is seen
coming into the field-of-view from left. In
Figure 5.14 this form is also seen at 11:10 and
11:15 UT.

This event is also associated with strong
auroral intensities in the other auroral bands.
In Figure 5.10 the 557.7 nm displays intensi-
t ies of  > 10 kR, which from the strong
427.8 nm line also is associated with a signifi-
cant precipitated energy flux. This is consistent
with the presence of the isotropic high-energy
particles.

In the prenoon and morning sector (far out-
side the optical field-of-view) several other
borders are observed; the >30 keV electron
trapping boundary around 11:07:30 UT
(1113 MLT, 79.0˚ ILAT), the 30-80 keV and
80-250 keV proton trapping boundaries at
11:08:30 UT (1022 MLT, 77.6˚ ILAT), the
magnetosheath electron cutoff at 11:08:36 UT

FIGURE 5.24 NOAA-12 particle observations
from the fourth Svalbard pass.
Border: Sheath electron onset.
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(1017 MLT, 77.4˚ ILAT), and the 30-80 keV
proton isotropy boundary at 11:09:18 UT
(0949 MLT, 76.1˚ ILAT).

5.6.4 The Fourth Pass (12:42-12:45 UT)
The next NOAA-12 pass over Svalbard at

12:42 to 12:45 UT is displayed in Figure 5.24.
The corresponding UiO/UNIS ASC TV images
are displayed in Figure 5.25. Some useful foot-
print coordinates, marked in the middle row of
Figure 5.25, are:

• 12:42:00 UT (1718 MLT, 71.7˚ ILAT)

• 12:43:00 UT (1701 MLT, 74.5˚ ILAT)

• 12:44:00 UT (1636 MLT, 77.2˚ ILAT)

• 12:45:00 UT (1559 MLT, 79.7˚ ILAT)

Here the NOAA-12 satellite also was mov-
ing towards higher latitudes through the optical
field-of-view, where only one border is seen:

• 12:42:52 UT (1704 MLT, 74.1˚ ILAT)

A fall in the characteristic electron energy
gives this equatorward boundary of the
magnetosheath electrons***. So, all the opti-
cal signatures in Figure 5.25 is poleward of this
border. In fact, just poleward of this boundary a
maximum i seen in the 0.3-0.46 keV magne-
tosheath electrons (Panel 1). From Figure 5.25

*** The fall in the characteristic electron energy is
flipping. Thus, the most poleward dropout has been
chosen. The satellite skimming along a border may
give raise to the flipping.

FIGURE 5.25 630.0 nm UiO/UNIS ASC images from the Auroral Station 12:40:09 UT to 12:48:11 UT
January 12 1997. The images are projected to 250 km altitude, using a pseudo colour table,
where red is maximum and blue minimum intensity.

1997/01/12 - 12:40:09 UT 1997/01/12 - 12:41:10 UT 1997/01/12 - 12:42:10 UT

1997/01/12 - 12:46:11 UT 1997/01/12 - 12:47:11 UT 1997/01/12 - 12:48:11 UT

1997/01/12 - 12:43:10 UT 1997/01/12 - 12:44:10 UT 1997/01/12 - 12:45:10 UT

12:42
12:43

12:4412:45
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this precipitation maximum matches the maxi-
mum in the 630.0 nm aurora.

The  magnetoshea th  e lec t ron  cu toff
(12:42:52 UT) was also poleward of both the
>30 keV electron isotropy boundary at
12:42:24 UT (1712 MLT, 72.8˚ ILAT), the
>100 keV electron isotropy boundary at
12:42:06 UT (1717 MLT, 72.0˚ ILAT), the
30-80 keV proton isotropy boundary at
12:41:02 UT (1730 MLT, 68.9˚ ILAT) and the
80-250 keV proton isotropy boundary at
12:40:52 UT (1732 MLT, 68.5˚ ILAT). Pole-
ward of al l  these borders the fluxes of
high-energy electrons were very low (near the
lower threshold level), while a significant flux
of high-energy protons was present. Just pole-
ward of the magnetosheath electron cutoff an
extra border was crossed; the >30 keV electron
and 80-250 keV proton trapping boundaries at
12:43:10 UT (1658 MLT, 75.0˚ ILAT). The
30-80 keV proton flux had an abrupt fall at the
same time, but its trapping boundary was not
reached before 12:45:26 UT (1537 MLT,
80.7˚ ILAT).

From Figure 5.25 this event looks very sta-
ble in time, and combining the event 4 in
Figure 5.14 and Figure 5.10 (630.0 nm) this is
confirmed. The poleward boundary of the
630.0 nm is very stable ~ 60˚ north of zenith
and does not move much about this event. The
557.7 nm line in Figure 5.10, however, display
a poleward motion about the event, although
the precipitating energy flux (427.8 nm) is far
from intense.

A 25 min. IMF time delay gives the match-
ing solar wind parameters observed by Wind
around 12:18 UT. At 12:18 UT the IMF was
(-2, 0, 1) nT GSE, and the clock angle was in
CAR 1, see Figure 5.1. Thus, the IMF was
northward. At this magnetic local time
(1600-1700 MLT) the question also rises
whether the ionospheric propagation delay Tis

FIGURE 5.26 NOAA-12 particle observations
from the fifth Svalbard pass. Main
border: Sheath electron onset.
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becomes important (i.e. ~ 10-15 min.) and
must perhaps be included. However, since the
solar wind parameters are very stable and do
not change significantly before and after this
time, just ignoring Tis gives the same results.

Some other interesting borders are also
observed far outside the field-of-view. In the
morning sector the trapping boundaries was
crossed in the following way: >30 keV elec-
trons at 12:50:04 UT (0918 MLT, 80.7˚ ILAT),
30-80 keV protons around 12:50:18 UT
(0909 MLT, 80.3˚ ILAT) and 80-250 keV pro-
tons at 12:51:06 UT (0842 MLT, 78.4˚ ILAT).
The >100 keV electron trapping boundary, the
>30 & >100 keV electron isotropy boundaries
and the 80-250 keV proton isotropy boundary

are very hard to distinguish. The magne-
tosheath electron cutoff was traversed at
12:51:54 UT (0823 MLT, 76.2˚ ILAT), and the
30-80 keV proton isotropy boundary at
12:52:42 UT (0809 MLT, 74.0˚ ILAT).

5.6.5 The Fifth Pass (14:23-14:25 UT)
The last NOAA-12 pass over Svalbard on

January 12 1997 is shown in Figure 5.26. UiO/
UNIS ASC TV images around this satellite
pass are displayed in Figure 5.27. The footprint
coordinates, marked in the middle row of
Figure 5.27, are:

• 14:23:00 UT (1744 MLT, 72.4˚ ILAT)

• 14:24:00 UT (1734 MLT, 75.5˚ ILAT)

• 14:25:00 UT (1718 MLT, 78.6˚ ILAT)

FIGURE 5.27 630.0 nm UiO/UNIS ASC images from the Auroral Station 14:20:12 UT to 14:28:13 UT
January 12 1997. The images are projected to 250 km altitude, using a pseudo colour table,
where red is maximum and blue is minimum intensity.

1997/01/12 - 14:20:12 UT 1997/01/12 - 14:21:12 UT 1997/01/12 - 14:22:12 UT

1997/01/12 - 14:26:13 UT 1997/01/12 - 14:27:13 UT 1997/01/12 - 14:28:13 UT

1997/01/12 - 14:23:12 UT 1997/01/12 - 14:24:13 UT 1997/01/12 - 14:25:13 UT

14:24

14:23

14:25
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From these coordinates NOAA-12 now moves
almost straight poleward along the same mag-
netic local time, where only one border within
the optical field-of-view is seen in Figure 5.26
in the characteristic electron energy:

• 14:23:30 UT (1740 MLT, 73.9˚ ILAT)

This border is indicated in Figure 5.26 by a
vertical guide line and by a red spot in
Figure 5.27. This magnetosheath electron
onset is also very close to and just poleward of
the electron isotropy and trapping boundaries.
The >30 keV electron isotropy and trapping
boundary was crossed around 14:23:22 UT
(1741 MLT, 73.5˚ ILAT), and the >100 keV
electron isotropy and trapping boundary
around 14:23:00 UT (1744 MLT, 72.4˚ ILAT).
The 30-80 keV proton isotropy boundary at
14:22:42 UT (1747 MLT, 71.4˚ ILAT) and the
80-250 keV proton isotropy boundary at
14:21:34 UT (1754 MLT, 67.9˚ ILAT) were
even further equatorward.

All the 630.0 nm emissions took place well
poleward of both these borders, where only
low-energy electrons and protons including
30-80 keV protons were present and the
high-energy electron absent. The flux of these
h igh -ene rgy  30 -80 keV p ro tons  a l so
decreased vs. increasing latitude. Their trap-
p ing  bounda ry  was  fi r s t  r e ached  a t
14:25:58 UT (1651 MLT, 72.4˚ ILAT).

From Figure 5.27,  F igure 5 .15 and
Figure 5.11 this event 5 was not as stable in
time as event 4. The auroral activity had been
very low for a long time (about 1 hour), before
a structure appeared around 14:20 UT. This
multi-patch aurora reached its maximum
intensity during this NOAA-12 pass and faded
some minutes later. This event was also associ-
ated with some 557.7 nm intensity (>5 kR),
however, the 427.8 nm line did not show sig-
nificant energy flux being precipitated.

A 25 min. IMF time delay gives the inter-
planetary conditions observed by Wind around
14 :00 UT.  A t  14 :00 UT the  IMF was
(-4, -1, 2) nT, see Figure 5.1. The clock angle
was ~ 40˚ and in CAR 1. As for the last event,
ignoring the Tis makes no difference, since the
solar wind parameters remained nearly con-
stant for a longer period about this time
(except some few and very sporadic excursion
of the clock angle to CAR 2 on 1 min. time
scales).

In the morning sector some extra borders
are seen in the particle spectra; the 30-80 keV
proton trapping boundary at 14:32:12 UT
(0739 MLT, 77.9˚ ILAT), the magnetosheath
electron cutoff at 14:32:48 UT (0730 MLT,
76.0˚ ILAT), the 80-250 keV proton trapping
boundary  a t  14 :33 :20 UT (0724 MLT,
74.2˚ ILAT), the >100 keV electron isotropy
boundary  a t  14 :33 :42 UT (0721 MLT,
73.0˚ ILAT) and the 30-80 keV proton isot-
ropy boundary at 14:34:00 UT (0719 MLT,
71.9˚ ILAT). The other boundaries; the
>30 keV electron isotropy and trapping bound-
aries, the >100 keV electron trapping bound-
ary and the 80-250 keV proton isotropy
boundary, are very hard to determine in this
magnetic local time sector.

5.7 Polar - PIXIE
Now an event detected by the PIXIE†††

X-ray camera on-board the Polar satellite is
very briefly presented (Figure 5.28). The pur-
pose is to show the lack of severe precipitation
of energetic electrons in the high latitude day-
side cusp/cleft region. The energetic electron
precipitation is instead very typical in the night
and morning sectors on closed magnetic field

††† Polar Ionospheric X-ray Imaging Experiment.
For a complete description of PIXIE, see [Imhof
et al., 1995]
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08:00-08:05 UT 08:05-08:10 UT

08:10-08:15 UT 08:15-08:20 UT

08:20-08:25 UT 08:25-08:30 UT 08:30-08:35 UT

FIGURE 5.28 10-20 keV X-ray aurora from the PIXIE camera on-board the Polar satellite, 08:00 to
08:35 UT on January 12 1997. Each image, a 5 min. exposure, is projected onto a MLT/
CGMLAT grid (dotted lines), where the 00, 06, 12 and 18 meridians are marked by solid
lines. The terminator (dashed line) and magnetic noon are to the left. Also indicated are the
geographic North Pole P, the sub-satellite point ◊ and the centre of the field-of-view ❑.
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lines. Due to the magnetic drift these energetic
electrons drift westward from an injection
region near magnetic midnight.

5.7.1 Observations Related to the
January 12 Event

Figure 5.28 shows a sequence of PIXIE
10-20 keV X-ray images from 08:00 to
08:35 UT on January 12 1997. Each image is
superposed onto a MLT/CGMLAT grid, cf.
[Thorsen, 1998]. The terminator, the border
between the sunlit and dark ionosphere, is
marked by the heavy dashed line in the left
edge of each display, so magnetic noon is to
the left. The meridians 00, 06, 12 and 18 MLT
are marked by solid lines, while the others are
dotted. The magnetic latitude (CGM) is plotted
from 40-80˚ CGMLAT in 10˚ steps.

A strong intensification in the X-ray aurora
is observed in the 21 MLT sector from 08:05
to 08:15 UT. This intensity then slowly
decrease and the X-ray aurora starts to evolve
eastwards towards the morning side. No sig-
nificant flux of X-rays was detected near Sval-
bard at this time, consistent with Svalbard
be ing  w i th in  t he  cusp / c l e f t  r eg ion
(~ 75˚ CGMLAT, ~ 1115-1145 MLT). In the
cusp the average electron energy and the fluxes
of precipitating energetic electrons are typi-
cally very low [e. g. Newell et al., 1991b and
others]. However, Newell et al. did not meas-
ure electrons above 30 keV, but that contribu-
tion is probably very low, since the cusp is
often defined to originate from direct entry of
low-energy magnetosheath plasma along open
magnetic field lines.

This X-ray event is the most active part of
the event studied by [Bjordal et al., 1997].
From the AE/A0 indices (Figure 5.2) they
found the start of a geomagnetic substorm,
with negative bays near magnetic midnight, at
07:28 UT, which also corresponds very well

with the equatorward motion seen in the day-
side MSP data from Longyearbyen (e.g.
Figure 5.6 to Figure 5.8).

5.8 Summary
Having presented an optical overview of

January 12 1997, with special focus on the
time about the five NOAA-12 passes over
Svalbard, it is time to summarize the observa-
tions and results.

First, a brief overview of both the solar
wind parameters from Wind 06:00-16:00 UT
and the AE indices were presented as a frame-
work for the discussion. The time delay from
Wind to the noon ionosphere was calculated to
be 25 min.

Secondly, meridian scanning photometer
data from both Longyearbyen and Ny Ålesund
was showed. The data was displayed in three
different ways; traditional colour plot, tradi-
tional stack plot and projected onto a MLT/
MLAT grid. In order to do this projection the
altitudes of the auroral emissions had to be
assumed. Therefore,  a simple estimate
(Figure 5.5) was made for the 557 nm and
630 nm emissions based on the MSP observa-
tions from Longyearbyen and Ny Ålesund.
This was in reasonable good agreement with
Figure 5.4, taken from [Carlson Jr. and
Egeland, 1995]. The projections using these
altitudes (Figure 5.6 and Figure 5.7) also gave
more or less the same image, indicating the
assumed heights was not too wrong. Taking
the calculated time delay into account, a fair
correspondence was found between the
north-south motion of the aurora and the IMF
clock angle, especially the equatorward dis-
placement around 07:30-09:00 UT.
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Subsequently, a sequence of All-Sky images
from 07:00-17:00 UT was presented as an
overview and a basis for the succeeding discus-
sion of the five NOAA-12 passes over Sval-
bard. The first two passes took place during
substorm activity (Figure 5.2), while the others
were in the middle of quiet conditions.

Table 5.1 presents a brief review of the most
clear particle borders (isotropy boundaries,
trapping boundaries and magnetosheath elec-
tron cutoffs) identified in the satellite data at
given UT, MLT and ILAT.

Table 5.2 summarizes the groundbased and
NOAA-12 particle observations during the five
passes over Svalbard:

1. The first pass traversed the cusp and the
LLBL (perhaps also the BPS equatorward
of the LLBL). In the cusp, poleward of the
first border, only particles of magnetosheath
origin were detected, and the 630.0 nm
emissions reached the maximum intensity.
In the LLBL, between the two borders, par-
ticles of both magnetosheath and magneto-
sphere origin were measured, and the
630,0 nm emissions decreased in intensity
moving away from the cusp. This event was
also associated with a moving auroral form.

2. The second pass crossed the mantle, where
particles of both magnetosheath and mag-
netosphere origin was detected poleward of
the electron isotropy boundary and magne-
tosheath electron onset. This event was sta-
ble in time.

3. The third pass also crossed the aurora pole-
ward of the magnetosheath electron onset,
which was before NOAA-12 entered the
field-of-view. This aurora was also charac-
terized by the presence of particles of both
magnetosheath and magnetosphere origin,
however, the high-energy electron flux was
low. The border within the field-of-view is
the high-latitude cutoff in the 0.3-2.35 keV
magnetosheath protons.

4. The fourth pass traversed a thin east-west
elongated arc poleward of both the magne-
tosheath electron onset and the electron
trapping boundary. A population of magne-
tosheath particles and magnetosphere pro-
tons (no magnetosphere electrons) was
detected.

5. The fifth pass crossed a stable multi-patch
aurora poleward of both the magnetosheath
electron onset and the electron trapping
boundary. This aurora was also associated
with precipitation of magnetosheath parti-
cles and magnetosphere protons, (no mag-
netosphere electrons).

Finally, a sequence from the PIXIE camera
on-board the Polar satellite of a X-ray aurora
substorm event was introduced to illustrate the
absence of severe energetic electron precipita-
tion in the cusp/cleft region. This X-ray aurora
was instead very active on the night and morn-
ing sides, and afterwards (not shown) some
activity on the dayside at lower latitudes
(60-70˚ CGMLAT).

In the next Chapter the conclusions of this
thesis will be drawn, and planned future work
will be pointed at.
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NOAA-12
Particle Borders

1 2 3 4 5
UT UT UT UT UT

MLT ILAT MLT ILAT MLT ILAT MLT ILAT MLT ILAT

Electrons
>30 keV

IB
07:37:38 09:22:12 11:02:40 12:42:24 14:23:22

1557 68.9˚ 1445 75.8˚ 1601 75.5˚ 1712 72.8˚ 1741 73.5˚

TB
07:38:48

-
11:04:22 12:43:10 14:23:22

1521 71.7˚ 1445 78.6˚ 1658 75.0˚ 1741 73.5˚

TB
07:42:54

-
11:07:30 12:50:04

-(1218 75.1˚) 1113 79.0˚ 0918 80.7˚

IB
07:44:44 09:25:10

- - -
1059 72.7˚ 1208 76.4˚

Electrons
>100 keV

IB
07:37:26 09:21:34 11:02:20 12:42:06 14:23:00

1603 68.3˚ 1512 74.9˚ 1611 74.8˚ 1717 72.0˚ 1744 72.4˚

TB
07:38:48

- - -
14:23:00

1521 71.7˚ 1744 72.4˚

TB - - - - -

IB
07:44:44 09:25:30

- -
14:33:42

1059 72.7˚ 1150 76.1˚ 0721 73.0˚

Protons
30-80 keV

IB
07:37:38 09:21:16

-
12:41:02 14:22:42

1557 68.9˚ 1524 74.4˚ 1730 68.9˚ 1747 71.4˚

TB
07:40:00

-
11:04:12 12:45:26 14:25:58

1435 73.9˚ 1454 78.3˚ 1537 80.7˚ 1651 81.6

TB
07:42:54

-
11:08:30 12:50:18 14:32:12

(1218 75.1˚) 1022 77.6˚ 0909 80.3˚ 0739 77.9˚

IB
07:44:44 09:25:58 11:09:18 12:52:42 14:34:00

1059 72.7˚ 1127 75.5˚ 0949 76.1˚ 0809 74.0˚ 0719 71.9˚

Protons
80-250 keV

IB
07:37:26 09:20:06

-
12:40:52 14:21:34

1603 68.3˚ 1603 71.8˚ 1732 68.5˚ 1754 67.9˚

TB
07:38:48

- -
12:43:10

-1521 71.7˚ 1658 75.0˚

TB - -
11:08:30 12:51:06 14:33:20

1022 77.6˚ 0842 78.4˚ 0724 74.2˚

IB -
09:26:34

- - -1059 74.6˚

Magnetosheath
Electron Cutoff

07:39:38 09:21:24 11:02:40 12:42:52 14:23:30

1450 73.3˚ 1519 74.6˚ 1601 75.5˚ 1704 74.1˚ 1740 73.9˚
07:44:44 09:25:30 11:08:36 12:51:54 14:32:48

1059 72.7˚ 1150 76.1˚ 1017 77.4˚ 0823 76.2˚ 0730 76.0˚

TABLE 5.1 A brief summary of particle borders (UT, MLT & ILAT) the found in the NOAA-12
observations during the five satellite passes on January 12 1997. The isotropy boundaries
(IB), trapping boundaries (TB) and the magnetosheath electron cutoffs are given.
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Events
January 12

1997

1 2 3 4 5

Time
UT 07:42-07:45 09:23-09:26 11:03-11:06 12:42-12:45 14:23-14:25

MLT 1000-1230 1200-1400 1330-1600 1530-1730 1630-1900

Clock Angle CAR 3 CAR 1 CAR 3 CAR 1 CAR 1

IMF [nT] (-1, 3, -6) (-3, 5, 1) (2, 2, -3) (-2, 0, 1) (-4, -1, 2)

Sheath
Electr. Y Y Y Y Y

Ions Y Y Y Y Y

Sphere
Electr. N / Y Y weak N N

Ions N / Y Y Y Y Y

Equatorward
Borders

1. 1218 MLT,
75.1˚ ILAT

2. 1059 MLT,
72.7˚ ILAT

1150 MLT,
76.1˚ ILAT

1445 MLT,
78.6˚ ILAT

1704 MLT,
74.1˚ ILAT

1740 MLT,
73.9˚ ILAT

MSP
[nm]

630.0 strong strong strong strong strong

557.7 very strong
spikes very weak very strong strong strong spikes

427.8 strong weak strong some some

Auroral
Position south north

north,
expanding
southward

north north

Stable poleward
moving form Y Y (?) Y Y

Source
Regions

1. Cusp (?)
2. LLBL (?)

Mantle (?) BPS (?) BPS (?)

TABLE 5.2 A summary of the observations during the five NOAA-12 passes over Svalbard on
January 12 1997. (The red and blue coloured text matches the arrows in the image
displays in the first row.)
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Chapter 6

CONCLUSIONS

Summarize the observations,
draw the lines and point at future work
6.1 Results
The combination of particle observations

from the NOAA-12 satellite and simultaneous
groundbased observations from Svalbard has
proved to be useful. The existing infrastructure
at Svalbard, including the ideal geomagnetic
position, makes Svalbard the natural centre for
studies of the high-latitude dayside aurora.
And, the NOAA satellites carry suitable instru-
ments detecting particles in a wide energy
range from 300 eV to several MeV. In fact, the
new genera t ion  NOAA sate l l i tes  f rom
NOAA-15 (launched 1998) and onwards are
even more flexible having a lower energy thres-
hold (50 eV).

6.1.1 January 9-12 1997
An overview of the NOAA-12 observations

during this CME event has been presented in
Chapter 3. The satellite observations revealed a
huge intensification in the fluxes of both
t rapped and precip i ta t ing  par t ic les  on
January 10. A good correspondence between
the particle fluxes and the Dst index was also

found. An equatorward displacement of the
particle precipitation in the northern evening
sector was consistent with a strongly negative
IMF Bz component. The energetic protons
showed the largest fluxes in the evening sector,
while the energetic electrons dominated in the
morning sector. This was explained by the
magnetic drifts. The low-energy protons dis-
played the opposite pattern, which was
explained by the E × B drift in the corotating
electric field. An interhemispherical difference
in the particle fluxes was found, where the
southern (summer) hemisphere was dominat-
ing. This suggests the presence of a time of
year effect, however, it needs to be further stud-
ied in a statistical study also including observa-
tions from other times of the year.

A problem of calculating the solar wind
time delay from the Wind spacecraft to the ion-
osphere was encountered using the method of
[Lockwood et al., 1989], so the formulae had
to be redefined. And, the 80˚ high-energy
MEPED proton detector showed a reduced effi-
ciency vs.  the 10˚ detector,  which was
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explained as radiation damage to the front win-
dow. The electron detector did not exhibit this.

6.1.2 January 12 1997
The overview of the observat ions in

Chapter 3 and the brief review of the dayside
aurora in Chapter 4 constituted the framework
for a study of five NOAA-12 passes over Sval-
bard on January 12 1997 (Chapter 5) in the
noon and postnoon sector. These passes
included different interplanetary conditions
and the borders in the particle spectra were
especially examined.

First, an overview of the groundbased opti-
cal observations were presented, using both the
UiO/UNIS All-Sky camera and MSP in Long-
yearbyen and the MSP in Ny Ålesund. A new
way of displaying MSP data was also sug-
gested, and approximate emission altitudes
were found using a simple automatic method.

The five NOAA-12 passes were briefly sum-
marized in Table 5.1 and Table 5.2. The first
pass crossed the cusp and the LLBL (perhaps
also the BPS), while the second one traversed
the mantle. The three other passes were in the
postnoon sector and showed the 630.0 nm
auroral structures to be primarily associated
with precipitation of soft magnetosheath parti-
cles including high-energy ions (probably BPS
candidates). All these satellite passes will be
considered in more detail in order to be pub-
lished.

6.2 Future Work
The software developed to analyze the

NOAA-12 data is suitable for studies of other
events too. Further event and statistical studies
of the sources and losses in the ring current and
the consistency with the Dst index, using the
summary plots in Chapter 3, will give more

knowledge about these important processes.
Ring current studies using polar satellites
(NOAA, Polar) combined with equatorial satel-
lites (CRRES, GOES) are fruitful here. It
would also be of great interest to estimate the
precipitated energy flux based on the NOAA
satellite observations.

The NOAA satellites can also be used in a
statistical study of the particle source regions to
create maps like [Newell and Meng, 1992;
Newell and Meng, 1994]. Newell and Meng’s
data set was limited to field aligned particles in
the 32 eV to 30 keV energy range only. There-
fore, the contribution from the higher energy
particles is not included. Newell and Meng
have not studied the pitch angle dependency in
the particle population either. The NOAA satel-
lites are useful here, having a very wide energy
range and an enormous data set available (more
than 2 decades). It will also be very interesting
to create energy spectrums (from 300 eV to
~ 1 MeV) vs. time from the MEPED and TED
data. This is a much wider energy range than is
covered by the DMSP satellites.

Today, the more large-scale patterns in the
dayside aurora are thought to be reasonable
well understood. The large scale currents
(Region 1, Region 2 and cusp/mantle) and the
associated large-scale ionospheric flows are
accepted by most researchers. However, the
more small scale structures are less studied as
noted by [Yamauchi et al., 1998]. A future
study looking at these phenomena also includ-
ing data from e.g. the Polar and Fast satellites
is planned.
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Appendix A

ABBREVIATIONS

Often abbreviations are used without any further
explanation. However, sometimes this causes
confusion, so here is a listing of some of the

acronyms used in this thesis:
Abbreviation Explanation

3-DP 3-D Plasma experiment

AE Auroral Electrojet

ASC All-Sky Camera

BPS Boundary Plasma Sheet

CAR Clock Angle Region (see definition in Section 3.2.2)

CDEM Continuous Dynode Electron Multiplier

CME Coronal Mass Ejection

CPS Central Plasma Sheet

CRB Convection Reversal Boundary

DE Dynamics Explorer

DMSP Defence and Meteorological Satellite Program

DPU Data Processing Unit
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EISCAT European Incoherent SCATter facility

EISCAT ESR EISCAT Svalbard Radar

ESA Electrostatic Analyser

ESRO European Science Research Organisation

ESRO IA ESRO 1 Aurorae

ESRO IB ESRO 1 Boreas

FTE Flux Transfer Events

GLAT Geographic LATitude

GLON Geographic LONgitude

GSE The Geocentric Solar Ecliptic coordinate system, see [Hapgood, 1992]

ILAT Invariant LATitude

IMF The Interplanetary Magnetic Field

IR InfraRed radiation

ISSE International Sun Earth Explorer

ISTP International Solar Terrestrial Physics program

LASCO Large Angle Spectrometric COronagraph

LLBL Low Latitude Boundary Layer

NATO North Atlantic Treaty Organization

NOAA National Oceanic and Atmospheric Administration

NSSDC National Space Science Data Center

MEPED Medium Energy Proton and Electron Detector

MFI Magnetic Field Investigation

MLT Magnetic Local Time

MSP Meridian Scanning Photometer

PC Personal Computer

PIXIE Polar Ionospheric X-ray Imaging Experiment
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SEM Space Environment Monitor

SOHO The SOlar and Heliospheric Observatory

sr steradian

SSD Solid State Detector

SWE Solar Wind Experiment

TED Total Energy Detector

TIROS Television and InfraRed Observation Satellite

UiB University of Bergen

UiO University of Oslo

UNIS University Courses on Svalbard

UT Universal Time

UV UltraViolet radiation

WWW World Wide Web
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Appendix B

CONVERSION

A description of the procedure converting
from MSP elevation angle to equivalent

magnetic latitude
B.1 From Elevation Angle to
Latitude

By making altitude assumptions of the auro-
ral emissions one is able to convert from eleva-
tion angles to latitudes and longitudes. Given
the geomagnetic coordinates at a station and
assuming the optical emissions to take place
only in a very thin curved layer, the calcula-
tions are as follows for a curved Earth surface.

Figure B.1 shows a sketch of the trigono-
metric transformation. The thick curved solid
line is the Earth’s surface, and the dashed one
is the assumed very thin layer of optical emis-
sions in h km altitude, e.g. 250 km for 630 nm
emissions. λ is the angle between the station
and the emission as seen from the centre of the
Earth, at a given MSP elevation angle θ. Re is
6370 km, the radius of the Earth. a, b, c, and d
are trigonometric parameters used in the calcu-
lations:

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

a2 Re
2 b c+( )2 2Re b c+( ) λcos–+=

FIGURE B.1 A sketch of the trigonometric
transformation, from elevation
angle to invariant latitude, see text.

θ

Re

h a

b

d

c

λ

NorthSouth

b
Re

λcos
------------=

c b+ Re h+=

d Re λtan=

c2 d2 a2 2ad θcos–+=
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Equation B.3 is inserted in Equation B.1, and Equation B.2, Equation B.3 and Equation B.4 are
combined with Equation B.5 giving:

(B.6)

(B.7)

Using both Equation B.6 and Equation B.7 gives:

(B.8)

which may be simplified to:

(B.9)

Quadrating both sides and collecting terms, leads to

(B.10)

which has the two solutions:

(B.11)

A careful examination gives:

(B.12)

where θ is the elevation angle taken from the northern horizon, Re is the Earth’s radius and h is the
assumed height of the auroral emissions.
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CONVERSION
Having found the angle between the station
and the emissions as seen from the centre of
Earth, the equivalent magnetic latitude may be
calculated. Since the two MSPs in Longyear-
byen and Ny Ålesund are approximately scan-
ning along the local magnetic meridian, the
transformation is as follows:

(B.13)

Here Λ is the magnetic latitude of the given sta-
t ion (75.1o CGM in Longyearbyen and
76.0o CGM in Ny Ålesund), and λ follows
directly from evaluation of Equation B.12.
During the transformation the magnetic longi-
tude or MLT at each elevation angle is just the
same as that of the station, because the scan-
ning along a meridian.

This procedure does not take into account
the effect of a varying effective thickness of the
emission layer, as seen with the MSP, as the
elevation angle changes from 0o through 90o to
180o. Therefore the intensities near the horizon
(those farthest from the station in magnetic lat-
itude) become too high. However, the position-
ing of an auroral structure in magnetic latitude
is correct if the height assumption is valid.

Equation B.12, as given here, is valid both
in the northern and southern hemisphere,
though only the northern is used here. There is
only one problem; when the station is too close
to one of the magnetic poles. Then the projec-
tion may become incorrect, . This
is however not any problem at Longyearbyen
and Ny Ålesund for normal emission altitudes.

Λeq Λ λ+=

Λ λ+ 90°>
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