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1 Introduction

“Some say that the northern lights are the glare of the Arctic ice and snow;
And some say that it is electricity, and nobody seems to know”.

This is a quote from Robert W. Service [Ballad of the Northern Lights,
1909] and captures to some extent the struggle of this field of science from
pure folkloristic views to present scientific conceptions with all of its current
models and definitions.

This thesis undergraduate work has been conducted in order to estab-
lish and to possibly clarify the characteristics of the auroral phenomenon
known as transpolar auroral arcs (or occasionally known as theta aurora
from their characteristic geographical distribution over the poles, which to-
gether with the normal auroral oval resembles the Greek letter theta, )
from the vast amount of data collected by different scientific instruments on
the first Swedish satellite, Viking.

The transpolar aurora is a large-scale (>100 km) region of auroral emis-
sion, which is generally sun-aligned and reaches contiguously across the polar
cap from the dayside to the nightside sectors of the auroral oval. The optical
emissions in the aurora result from light consisting of atomic line spectra
and molecular band spectra. The ambient atmospheric particles are excited
by impacting auroral particles, that convert their kinetic energy to optical
and infrared emissions of discrete wavelengths through processes initiated
by inelastic collisions. The atmospheric species may spontaneously relax to
lower energy states directly while emitting radiation. Alternatively, they
may undergo one or more chemical reactions, finally resulting in an excited
product which also emits energy by spontaneous radiative decay. Thus,
there are several mehanisms behind the auroral emission. The production
of a given excited state may be the result of electron impact in inelastic
collisions of the form

e+ N N"Je
or the result of energy transfer
M 4+N->M+N~
or the result of a chemiluminescent reaction
A+BC - AB* +C

Here the asterisk indicates an excited state of the atom or molectule.



1.1 The Ionosphere and the Magnetosphere

The ultimate reasons why a beautiful physical phenomenon as the aurora
takes place around the Earth’s magnetic poles is the presence of the so-
lar wind from the Sun, the existence of an atmosphere containing different
molecular and atomic species and being threaded by a geomagnetic field.

The atmosphere is generally divided into layers according to different
physical aspects, either by the thermal conditions prevailing at different
altitudes or by the transport processes. The latter leads to an atmosphere
divided into a lower layer, the homosphere, where turbulent mixing makes it
rather homogenous. In the upper layer, the heterosphere, diffusive transport
processes govern the motion of particles. The turbopause constitutes the
border between these at an altitude about 110 km above the Earth’s surface.
In the heterosphere, molecular oxygen and nitrogen decrease in abundance,
so that atomic oxygen dominates in the 200 km to 600 km altitude interval.
At even higher altitudes, atomic hydrogen and helium take over.

In 1883, Stewart suggested the existence of an electrically conducting
layer in the upper atmosphere in order to explain the daily variations of the
Earth’s magnetic field. This layer of ionized gases, which is tied by friction
to the atmosphere, reaches roughly from 50 km to about 1000 km in alti-
tude. It is called the ionosphere and it consists of free electrons and positive
ions that are produced when the ultraviolet radiation (UV, wavelengths less
than 240 nm) from the Sun is absorbed by the atoms and molecules in the
atmosphere. The cosmic radiation, with extremely high energy, is responsi-
ble for ionization in the lowest altitude range of about 70 km. The altitude
and character of the ionized layers depend on both the nature of the solar
radiation and on the composition of the atmosphere.

The electron, n., and ion densities, n;, in the individual ionized layers are
essentially equal. This state of the conductive matter is generally phrased as
quasineutrality, i.e., the ionized gas is neutral on large enough scale sizes that
one can take n; ~ n, ~ n, where n is a common density called the plasma
density, but it is not so neutral that all the interesting electromagnetic forces
vanish. When ionized gases fulfil this condition such that the gas locally is
dense enough that the Debye length,

kpT,
Ap = 2] 52
V ne

is much smaller than a characteristic length £, they are being called a plasma.
The Debye length is a measure of the shielding distance of a charged cloud,
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outside of which it is by definition quasineutral.

A common definition made, is that the ionosphere ends without a sharp
boundary at a level of 1000 to 2000 km, above which the hydrogen ion is the
dominating ion species (during average conditions). This region of space,
which is dominated by the geomagnetic field, is called the magnetosphere
(see Figure 1). Its outer boundary is called the magnetopause, where an
external magnetic field was found by Cahill. The reason for this boundary is
the highly conducting plasma flow from the Sun, the solar wind, that reaches
through interplanetary space and which carries with it electrical currents.
The magnetopause develops as a consequence of the balance between the
dynamic pressure of the solar wind flow and the magnetic pressure of the
magnetospheric magnetic field.

Since the solar wind has a high enough conductivity to conserve magnetic
fluxes, the magnetic field of the solar corona appears to follow the solar wind,
t.e., the magnetic field is coupled to the motion of matter in such a way that
it is said to be “frozen-in” (after Hannes Alfvén). Thus, the solar wind
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Figure 1: The Magnetosphére.

brings with it a magnetic field, generally called the IMF (interplanetary



magnetic field).

The geomagnetic field derives from the electric current systems in the
interior of the Earth and it is roughly a dipole field at the surface. The
largest magnetic field strength is found at the poles, where it reaches values
of about 62 uT. The magnetic dipole axis makes an angle of about eleven
degrees with the rotation axis (from which it is also displaced about 350 km).
Since the magnetic dipole axis is opposite to the rotation axis, the geographic
northpole is close to the magnetic southpole and vice versa. Thus, the field
is directed in the negative zgsas direction (cf. Appendix A) in the northern
polar cap, a region of open magnetic field lines, i.e., the magnetic field lines
close so far away from the Earth, that they appear to be open from our
point of view. Therefore, they are defined as “open”.

The structure of the magnetosphere is today essentially known and its
most important parts are illustrated in Figure 1. A couple of Earth radii
in front of the magnetopause, a practically collisionless shock front (the
phenomenon resembles the shock front that is created in front of an aircraft
when it reaches the speed of sound), the bow shock, arises since the Earth’s
magnetosphere constitutes an obstacle to the supersonic flow of the solar
wind. The bow shock represents a transition from supersonic to subsonic
plasma flow. On the nightside, the solar wind causes the magnetosphere
to be elongated in a tail-like manner and thus it is called the magnetotail.
Inside the bow shock and outside the magnetopause, a region of subsonic
plasma flow is found, called the magnetosheath.

Over the past years, two fundamental mechanisms for transferring en-
ergy to the magnetosphere from the solar wind have been suggested: the
viscous interaction model [Axford and Hines,1961] and the magnetic merg-
ing model [Dungey,1961].Both models explain many qualitative features of
magnetospheric convection and auroral particle energization [Eastman et
al.,1976; Mozer et al.,1979].

Since the solar wind is electrically conducting, it gives rise to an electric
field when it moves in a magnetic field. This is a well known result of
electromagnetic theory. Because of the rather low velocity of the solar wind,
the formula deduced from the special relativity theory, transverse to the
direction of motion

E' = y(u)- (B + i x B)



where v(u) is

1(w) = =

simplifies to
E = B + 11X B

where primed quantities refer to the restframe of the solar wind. The elec-
tric field component parallel to the direction of motion is unaffected. Since
the solar wind is a good conductor as mentioned, its electric field, E , will
become approximately zero. Thus, in an Earth centred frame of reference
(geocentric solar magnetic, cf. Appendix A), the generated electric field
will be antiparallel to d x B. When the IMF is southward, i.e., opposite
to the geomagnetic field in the equatorial plane, the energy injection be-
comes strong. This case corresponds to a positive interplanetary electric
field (IEF), parallel to ygsa (dawn-to-dusk). When, on the other hand,
the IMF is directed northward, i.e., parallel to the geomagnetic field in
the equatorial plane, the energy injection becomes weak, corresponding to
a negative IEF, antiparallel to ygsays. The solar wind interaction with the
magnetosphere thus shows a behaviour which is similar to a rectifier and it
is said to act as a magnetohydrodynamic (MHD) generator.

In the magnetosphere, some well defined plasma populations have been
identified. Vasyliunas [1979] defined magnetospheric boundary layers as re-
gions of space threaded by geomagnetic field lines, but populated by plasma
similar to that found in the magnetosheath. The plasma mantle e.g., is
found on open magnetic field lines, while the plasma sheet boundary layer is
found in closed field line portions of the magnetosphere. The plasma mantle
was first identified as a magnetosheath-like plasma flowing along magnetic
field lines inside the magnetopause in the near-Earth lobes of the magneto-
tail [Rosenbauer et al.,1975] . The plasma density and the spatial thickness
of the mantle are greatest during periods of southward IMF [Sckopke et
al.,1976] . Mantle particles are believed to enter the magnetosphere near
the dayside cusp. Pilipp and Morfill [1978] suggested that mantle particles
may be one source of plasma sheet particles. The Earth’s plasma sheet is
the highly dynamical region of the magnetosphere that acts as a depository
for auroral particles. It is a region of closed magnetic field lines which has a
distinct inner edge that varies as a function of local time and the level of ge-
omagnetic activity [Vasyliunas,1968; Frank,1971]. Figure 2 shows a view of
the magnetotail portion of the plasma sheet as seen from two perspectives.



Electron 2 Vela

Magnetopause — Southern lobe

Figure 2: top; The distribution of nightside, plasma sheet electrons in merid-
ional plane [Vasyliunas,1968], bottom; Cross-sectional view of magnetotail
locking Earthward (from the Handbook of Geophysics and the Space Envi-
ronment,1985).

1.2 Motion of Charged Particles in Electric and Magnetic
Fields

In a neutral gas, the atoms and molecules move in straight ballistic orbits be-
tween practically instantaneous collisions and they are unaffected by electric
and magnetic fields.

In a plasma, however, the charged particles are influenced not only by col-
lisions with neutrals, but also by “equivalent” collisions with other charged
particles governed by the long ranged Coulomb force. This means that they
are affected by the electric and magnetic fields at all times.



When a charged particle enters a homogenous magnetic field, ﬁ, it will
perform a circular motion with constant angular velocity (the gyro(angular)
frequency), wy, transverse to the magnetic field. This is due to the balance
between the centrifugal and the magnetic force (cf. Appendix B). Along
the magnetic field, the particle moves with constant velocity, V|- The final
motion in a homogenous magnetic field is thus a spiral.

When an electric field, E, is superimposed on the magnetic field, the
particle will start drifting transverse to both the magnetic and the electric
field (cf. Appendix C). This drift velocity, ii, , gives the plasma convection
as seen in the ionosphere over the poles in the presence of the geomagnetic
field and the jonospheric, electric field. During southward IMF, this convec-
tive drift motion, the E x ﬁ-drift, is generally in the antisunward direction
(-zgsar) at high latitudes. According to this convective drift motion, par-
ticles of different charge will drift in the same direction, therefore they will
not carry any current. Along the magnetic field, the particles will be accel-
erated by the parallel component of the electric field (see the section about
double layers below).

The magnetic field is in reality usually inhomogenous, which means that
a gradient is present in the magnetic fleld. In regions of larger magnetic
field strengths, the gyroradii of the particles decrease, while they increase in
regions of smaller magnetic field strength. This leads to a drift motion, the
gradient drift, in opposite directions for positive and negative particles, i.e.,
a current is established. The magnetic force, averaged over the gyro-orbit,
is given by

Fn=-p-VB

Here, p is the magnetic moment, whose magnitude is the product of the area
of the gyrocircle and the average current, carried by the gyrating particle.
The average force has the same effect on the particle as an electric field,
ﬁm/q. When this equivalent electric field is used in the expression for the
E x B-drift, the motion transverse to the magnetic field is given. When the
same force is combined with Newton’s equation of motion, the acceleration
along B is given as

_T_‘L; -(VB),

Thus, the particle will experience a decelerating force field when entering
a region of larger magnetic field strength. If the particle’s pitch angle is



larger than some threshold value, the particle might turn at a point called
the magnetic mirror point.

The most important drift motions are illustrated in Figure 3.
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Figure 3: Drift motions of electrically charged particles (after Alfvén and
Félthammar,1963)
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1.3 Current Density Distributions

Before discussing the electrodynamics of the high-latitude ionosphere, it is
worth mentioning the theory of magnetosphere/ionosphere coupling, put
forward by Vasyliunas [1970]. This model illustrates the physical laws de-
scribing how magnetospheric convection may couple with the ionosphere. It
is presented in Figure 4 in the form of a loop of equations (straight lines)
and of quantities to be determined (boxes). External sources of particles,
cross-magnetospheric potentials etc are imposed boundary conditions. The
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Figure 4: Outline of self consistent calculation of magnetospheric convection
[Vasyliunas,1970].

loop is self-consistently closed which means that it may be entered at any
point. Suppose that we have an initial idea about the distribution of mag-
netospheric electric fields and particles. Now, with knowledge of the electric
field, the motion and distribution of charged particles in the magnetosphere
and hence the total plasma pressure at any point may be calculated. From
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the plasma pressure gradients, the components of the electric current per-
pendicular to the magnetic field may be deduced. The force balance equation

Vo =j‘>< B
leads to

2 ﬁ X Vp

o= =%

Here, the pressure is assumed to be isotropic for simplicity. When calculating
the divergence of this perpendicular current and averaging over each flux
tube, we obtain (jj) the field-aligned currents (FAC) flowing between the
magnetosphere and the ionosphere.

8y _ 1
ds'B B
From the requirement that these FACs be closed by perpendicular currents

in the ionosphere, we obtain the configuration of the electric current in the
ionosphere. The continuity of ionospheric current requires that

Vi

V-f:j”-sinx

where T is the height integrated current and x the inclination of magnetic
field lines. In the ionosphere, Ohm’s law

f:g-(ﬁ-{-\_"nxﬁ)

where X is the height integrated conductivity tensor and ¥, is the neutral
wind velocity (usually unknown), finally gives the ionospheric electric field.
There is empirical evidence suggesting a functional relationship between
FAC in discrete auroral arcs and field-aligned potential drops (double layers)
[Lyons et al.,1979].

It is clear from the derivation above, that measurements of E and J
are very important to the understanding of the magnetosphere/ionosphere
circuit. Measurements of precipitating particle fluxes are also needed to
identify the dominant carriers of Jj|» to calculate field-aligned potential drops
and to understand spatial variations in the height integrated conductivity
tensor.

The concept of FACs in the polar regions was introduced by Birkeland
[1908], but not until 1966 did satellite observations of magnetic disturbances
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transverse to the main geomagnetic field provide direct evidence for their
existence. The FAC density is determined from such measurements by using
the Maxwell equation (Ampére’s law)

VXﬁ:#ﬂj

FACs are important because of the role they play in the coupling be-
tween the magnetosphere and the ionosphere, for the transfer of energy and
momentum from interplanetary space and also for their relationship to au-
roral phenomena and geomagnetic storms due to increased solar activity
[Bostrom,1974] . The distribution of FAC in the northern auroral region
has been determined e.g., through analysis of magnetometer data obtained
by the Triad satellite [[ijima and Potemra,1976]. They are directed into the
ionosphere at the poleward boundary and away from the ionosphere at the
equatorward boundary of the FAC region during the morning hours. These
directions are the opposite for the evening hours, as seen in Figure 5. The
two principal regions of FAC which have been distinguished encircling the
geomagnetic poles, are reminiscent of the so called auroral oval defined from
optical studies of the aurora [Feldstein,1966]. The auroral oval is an annular
region, eccentric with respect to the magnetic pole (displaced toward the
nightside) and essentially fixed in space, while the Earth rotates under it,
where the geographic distribution of the aurora is given at an instant in
time.

The region at the poleward side of the auroral oval is denoted as region 1
(R1) and the equatorward region as region 2 (R2) as illustrated in Figure 6.
The current density in R1 statistically exceeds the current density in R2 at
all local times except near the midnight hours (2100-0300 MLT, magnetic
local time), when the most active auroral electrojets are frequently observed.
The R1 currents appear to persist even during very low geomagnetic activity.

A new magnetic disturbance region, poleward of R1, was observed by the
MAGSAT satellite during periods of strongly northward IMF and was shown
to increase in amplitude as B, increased. This pattern was interpreted in
terms of Birkeland currents (FAC) by Iijima et al. [1984] . The stable,
well-defined FAC system has been referred to as the “NBZ" system for its
characteristic “northward B.” dependence. This NBZ FAC system flows
into the polar ionosphere on the duskside and flows away from the polar
ionosphere on the dawnside (opposite to the usual R1 FACs) [lijima and
Shibaji,1987].

13



Electric currents
to and from
auroral oval

Auroral
electrojet

Auroral oval

Figure 5: Sketch of the electric current system to and from the auroral oval
(after Lanzerotti 1988).

00 MLT

Figure 6: Geometry of the current system used in the model by Blomberg
‘and Marklund [1991].
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1.4 The Concept of Double Layers

A wide variety of observations of auroral particle spectra, both upward
flowing ions and downward accelerated electrons, have been interpreted in
terms of potential drops along the magnetic field (henceforth called parallel
potential drops). The magnetic field-aligned potential drop may be esti-
mated by three independent methods that are found to give similar results
[Burch,1988; Reiff et al.,1988). Weimer [1988] shows results that indicate
very strongly that electron and ion acceleration on auroral field lines can, to
first order, be explained by a dc potential drop. It is possible that these par-
allel electric fields are concentrated in double layers (DL). Since quasineu-
trality is not valid locally in a DL, it can be thought of as a low-density
region that separates two plasmas from one another. Electrons [rom one of
the plasmas are reflected by the layer and ions are accelerated to a beam into
the other plasma. The roles of particles from the other plasma are reversed.
The potential distribution for a DL is depicted in Figure 7, as well as the
phase space for the ions and the electrons.

\

ELECTF\'OIIS X

\ ;\"\“*

\\ \\ \/k’

Figure 7: Schematic picture of a) the potential distribution, b) phase space
for the ions, and c) phase space for the electrons in a double layer (after

Carlqvist [1979]).
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In space, the sources of these plasmas consist of the ionosphere and the
magnetospheric convection, that supplies plasma from the magnetotail to
the auroral field lines, while simultaneously generating the necessary po-
tential difference and this available circuit voltage may well be shared by
several layers in series [Block,1972; Lennartsson,1977] .

The interior of a (laboratory) DL shows a monotonic potential variation
from investigations made e.g., by Baker et al. [1981). In this article, it was
also shown that the radial (perpendicular to the magnetic field direction)
electric field partly turned towards the central (parallel) axis. As a conse-
quence of current continuity with the upward directed FAC, inward directed
electric flelds usually prevail in the ionosphere. Thus, the 3-D potential
is distributed with U-shaped equipotentials, oriented as is observed above
auroras (illustrated in Figure 8).

Figure 8: Suggested equipotential surfaces above an auroral arc at a per-
pendicular electric field reversal. Electrons injected in region (1) will fall
through the entire DL potential drop. Electrons drifting along surfaces in
regions (2) at shaded altitudes will fall through part of the drop. Electrons
on surface (3) will not see any parallel electric field (from (Block,1981]).

16



The reason is understood, as mentioned, to be associated with the parti-
cle budget. To balance perpendicular losses of electrons and ions, the electric
field must be directed towards the center with, but away without, a mag-
netic field. As pointed out by Block [1969] the electrostatic equipotentials
in a DL must turn upwards to become field-aligned around the FAC. The
first direct in situ measurements, made on the 53-3 satellite [Temerin et
al.,1982], found a large number of small DLs, each with a net potential drop
of the order of 1 V. The frequency of occurrence of these layers indicated
that there are thousands of them in series along auroral field lines. They
can therefore account for the kilovolt potential drops required to explain
acceleration of auroral electrons and upward ion beams in terms of parallel
electric fields.

1.5 The Aurora

Aurora is the name given to the light resulting from the precipitation of
electrons and protons from the magnetosphere into the Earth’s atmosphere.
The flow of particles gives rise to the Birkeland currents (FAC) and the
emitted light consists of atomic line spectra and molecular band spectra
characteristic principally of oxygen and nitrogen, the chief constituents of
the upper atmosphere, which are ionized or excited by collisions with the
precipitating particles. The most intense visible feature of the aurora is the
atomic oxygen 557.7 nim auroral green line.

The auroral features are distinguished according to their spatial struc-
tures, where the structured component is known as the discrete aurora while
the unstructured formation is known as the diffuse (or continuous) aurora.
The latter is often neglected because its faintness and absence of contrast
makes it difficult to observe. The discrete aurora results from electrons
alone, while the diffuse aurora may result from both electron and proton pre-
cipitation. The frequency of accurrence of the aurora has been determined
by all-sky cameras (ASCA) [Feldstein,1966] to be statistically distributed in
a band encircling the pole. This region is, as mentioned above, called the
auroral oval, the high and low latitude borders of which are the average lo-
cations of the edges of auroral luminosity seen in ASCA photographs. With
increasing magnetic activity, the oval expands and moves equatorward. A
coordinate system often used to describe the oval is the corrected geomag-
netic latitude and the corrected geomagnetic local time (MLT).

Winningham and Heikkila [1974] identified three classes of low energy
electron precipitation: polar rain, polar showers and polar squalls. Polar
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rain is a relatively uniform type of precipitation that can fill the entire
polar cap. Particles have mean thermal energies of about 100 eV and are
isotropically distributed outside the atmospheric loss cone. Polar showers
are characterized by locally enhanced fluxes of precipitating electrons with
mean energies of about 1 keV and are usually embedded in broader regions
of polar rain. They are thought to be responsible for sun-aligned arcs in the
polar cap. Polar squalls are described as localized, intense fluxes of electrons
that have undergone field-aligned accelerations of several kV. They are found
in the polar cap during geomagnetic substorms.

1.6 The Transpolar Arc Phenomenon

The transpolar auroral arc (or theta aurora) is a configuration of auroral
and polar cap luminosities for which a generally sun-aligned transpolar arc
extends contiguously from the dayside to the nightside sectors of the au-
roral oval. During periods of a relatively bright transpolar arc the plasma
convection, due to E x ﬁ-drift, in the polar cap region associated with the
transpolar arc is usually sunward. Elsewhere over the polar cap, the convec-
tion is antisunward. The convection pattern over the auroral zones and polar
cap is suggestive of the existence of four cells of plasma convection [Frank et
al.,1986]. Field-aligned electron acceleration into the polar atmosphere and
FAC sheets are present in the transpolar arc plasmas.

There are probably two general states of the polar cap, as suggested by
Frank et al. [1986]: a bright, well-developed transpolar arc and a dim or
even absent transpolar arc. When the feature is dim or at its initial stages
of brightening, there is a severe corresponding change in the character of
luminosities, convection electric fields and plasmas over the polar cap re-
gion. The plasma convection is then generally turbulent or sunward in the
polar cap and exhibits no longer the signature of a simple four-cell convec-
tion pattern. During periods of a relatively dim arc or an absence of such
an arc, the polar cap region is characterized by a simultaneous appearance
of complex spatial distributions of polar arcs and of field-aligned electron
acceleration into the atmosphere. The electric fields of the polar regions are
suggestive of the existence of a four-cell convection pattern spanning the
auroral zones and polar cap, with two cells located over the polar cap. The
transpolar arc is positioned near the common boundary of these two cells
in a region of sunward flow and it occurs during periods of persistent north-
wardly directed IMF. The auroral oval contracts and the luminosities in the
oval remain relatively constant. The transpolar arc is distinguished from po-
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lar ares in that it traverses the entire polar cap. Sporadic, spatially narrow
zones of electron precipitation are the signatures of polar showers. These
electron distributions exhibit often the effects of field-aligned acceleration
and are associated with the major lnminosity features of the polar cap. Co-
incident with the observations of such field-aligned accelerations, the convec-
tion electric fields are directed inward, toward the acceleration region, i.e.,
V-E<0 (the divergence of a vector field A at a point is defined as the net
outward flux of A per unit volume as the volume about the point tends to
zero).

The detection of field-aligned electron acceleration into the atmosphere
over the polar cap region is insufficient evidence to establish the existence of
a transpolar arc, since such electron distributions often occur elsewhere over
the polar cap. Usually, energetic ions in the energy range about 1-10 keV
are present within the transpolar arc region and they are not observed in
other regions of the polar cap when a bright, well-developed transpolar arc is
present. This feature distinguishes the transpolar arc from other luminosity
features in the polar cap. The region of energetic ions remains intact within
the polar cap region during dimming of the polar arc.

During one of DE 1’s passages through the polar region when a trans-
polar arc was developing, the Earth’s magnetosphere was immersed within
substantial intensities of solar electrons [Frank et al.,1986]. These electrons
were observed over the entire polar cap with the exception of the region
associated with the transpolar arc. The magnetic field lines threading both
the transpolar arc and poleward zones of the auroral oval thus displayed
an absence of comparable intensities of solar electrons. This absence of
solar electrons provides substantial, but not irrefutable evidence that the
magnetic field lines in these two regions are closed, thus preventing direct
particle entry from the magnetosheath and interplanetary medium. Sub-
stantial FACs were detected in the transpolar arc plasmas traversed by the
DE 1 satellite and two pairs of oppositely directed current sheets were found.
The orientations of these current sheets were also found to be approximately
parallel to the transpolar arcs as determined by Frank et al. [1986].

Frank et al. [1982] suggested that the theta aurora is the signature of
the bifurcation of magnetotail lobes by a region of upward flowing plasmas
from the boundary layer of the plasma sheet in the distant magnetotail.

Potemra et al. [1984] have studied the IMF B,-dependence of convection
patterns over the poles during IMF B, > 0 conditions and they concluded
that the convection patterns may be ordered principally by the IMF B,
component. This dependence is also well-described by Chiu et al. [1985].
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During periods of weak IMT B,, two polar convection cells are symmetri-
cally located on either side of the noon-midnight meridian, thus producing
sunward convection across the pole. As the IMF B, becomes more and
more positive (negative), the dawn (dusk) convection cell expands across
the northern polar cap, whereas the other cell shrinks. The behaviour is the
opposite across the southern polar cap. During strong IMF By, (> 5nT) this
cell expansion gives the appearance of a single convection cell in the polar
region (see Figure 9). At the “collapsed” cell a large convective plasma flow

View aver North Pole

during B, > 0
By >0 B, >0 By=0 8, <0 8y, <0
e — —-— —_— —_—
12 12 12 12 12
18.3518.0518 @G.D DE1E.05 16.08
00 a0 00 Q0 0o

MM ML

Figure 9: Schematic diagram of convection flow (along the top) and elec-
tric field and NBZ FACs distribution along the dawn-dusk meridian (in the
middle) in the north polar regions for IMF B. > 0. The R1 and R2 FAC
systems have been omitted to avoid confusion [Potemra et al.;1984].

gradient is developed where reversal of the NBZ FAC system, antisunward
polar ionosphere current and the most intense polar cap electric fields are
statistically observed. This convection gradient region is suggested [Potemra
et al.,1984] to be associated with sun-aligned arcs and the transpolar arc of
the theta aurora. The convection patterns proposed are consistent with the
antiparallel merging model [Crooker,1979] in which the IMT merges with
the geomagnetic field lines in the tail lobe during IMF B, > 0 conditions.
This process divides the open field lines of the lobes and produces an area
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of closed field lines in the polar cap associated with the transpolar arc of
the theta aurora (illustrated in Figure 10).

Weak convection
cell induced by
"viscous'
interaction

Figure 10: Cross section of the geomagnetic tail as viewed from the distant
tail looking toward the Earth [Potemra et al.,1984].
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2 Observational Results

The first Swedish satellite project was the scientific satellite Viking, which
was launched on 22 February 1986, from Kourou, French Guyana by an
Ariane rocket into an 817 (perigee) by 13530 km (apogee) polar orbit with
an inclination of 98.8° and an orbital period of 262 min. It carried five
different instruments built by groups in Sweden, Denmark, France, Canada
and the United States. The Alfvén Laboratory was responsible for the in-
strument measuring the electric field. The measurements were conducted
by six probes mounted on four wire booms, each 40 m long and two rigid
booms, 4 m each. The other experiments consisted of a magnetic field ex-
periment with a tri-axial flux gate magnetometer, a hot plasma/energetic
particle experiment, a low-frequency wave experiment and a high-frequency
experiment and an auroral imaging experiment with wavelength ranges 124-
150 nm and 133-190 nm (two CCD cameras). At apogee, one pixel covered
20 by 20 km?®. The main scientific objective of the project was to investigate
the auroral acceleration processes, by flying through the region where the
acceleration is believed to take place. Operations ceased on 12 May 1987,
after fifteen months of operation, well beyond the estimated nominal lifetime
of eight months.

In this paper we will use the electric field data, the particle data and to
some extent the magnetic field data in order to examine some properties of
transpolar auroral arcs. Some of the data and plots used in this thesis are
found on the pages following the appendices.

The strategy that was chosen incorporated the identification of as many
polar orbits as possible, sharing the following criteria. The detected electric
field for a particular orbit should have a clear peak (> 10 mV/m) in the
standard deviation of the dawn-to-dusk electric field poleward of the auro-
ral oval, which was assumed never to exceed 80° invariant latitude (ILat).
The standard deviation, o, results from a least squares sine wave fit of the
raw electric field data in the spinning satellite frame of reference and it is
computed once per spin, or every 20 seconds. It has been shown that a
high value in o is, in most cases, a clear indicator of auroral activity on
the magnetic field lines crossed by the satellite. In Figure 11 is shown two
examples of this profile, where the poleward part of the auroral oval is dis-
played at 20:38:00 UT (ILat 67.7°) and at 21:26:00 UT (ILat 77.6°) for orbit
121 and at 11:58:00 UT (ILat 75.9°) 12:55:00 UT (ILat 81.1°) for orbit 328.
The polar arc, possibly a transpolar feature, is assumed to be located at
21:18:00 UT and at 12:32:00 UT for the orbits 121 and 328 respectively.
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The data acquired in this search amounted to 43 orbits. This number de-
creased further when the particle information was included, due to the fact
that we wanted to study orbits which also showed a particle signature in the
neighbourhood of the arc. Therefore, cases with a clear negative divergence
in the dawn-to-dusk electric field (which has been shown to coincide with
larger polar precipitation) where precipitating particles were absent, were
excluded in this study. These cases were titled as type 3 events by Obara et
al. [1993]. So, this study involves seventeen orbits. All data were obtained
in the northern hemisphere (since there was no on-board storage and no
receiving station in the Antarctic region) and the satellite moved in a dusk-
to-dawn passage across the polar cap region in nearly all the seventeen orbits
(see Figure 12), mainly from the evening to premidnight sector to the late
morning to noon sector. The lines, fixed at the footprint of the satellite,
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Figure 11: The o-profiles of orbit 121 (left) and orbit 328 (right). Diagrams
like these were used to locate possible transpolar auroral arcs. The peak is
located at approximately 21:18:00 UT, invariant latitude 81.4° for orbit 121
and at 12:32:00 UT, invariant latitude 85.3° for orbit 328.

show whether the convection drift velocity is mostly sunward or antisun-

ward. In this particular case (orbit 121), the site of the possible transpolar
arc is located in a region of sunward convection (as shown with a black dot).

23




Particle (electrons and singly charged ions) precipitation coincided with the
peak in the different o-profiles and the region of precipitating particles was
to a large extent an isolated feature, separated from the continously dis-
tributed auroral oval precipitation. These relations probably corresponded
to polar cap arc events. Whether it is also a part of a transpolar arc is
discussed in section 4.

All clear signatures poleward of the auroral oval, which were interpreted
as polar arcs were located mostly at 0600-1200 MLT (magnetic local time),
i.e., on the morningside of the noon-midnight meridian. The events were
classified after the particles energy vs time spectra according to the model
suggested by Marklund and Blomberg [1991] for possible configurations of
the field-aligned current around transpolar arcs. This procedure is some-
what uncertain, since it only takes the most apparent features into consid-
eration and there is a high probability in losing the less energetic, but more
frequent signatures which should have a larger contribution to the field-
aligned currents. This is discussed further on in section 3 and 4. For case

Orbit 0121L Viking V1 Data
1586-03-15 Canvection velocity
20:31 - 21:55 t

Figure 12: The convection velocity for orbit 121 calculated at the satellite
in an inertial frame of reference, based on the spin plane component of the
electric field.

1 of Marklund and Blomberg [1991], only a single upward current sheet is
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present. For cases 2 and 3, two equal but oppositely directed current sheets
exist back to back. The upward FAC sheet is on the dawnside, while the
downward one is located on the duskside for case 2. This configuration is
reversed for case 3. All polar cap field-aligned currents are represented by a
number of sun-aligned (in the local noon-midnight direction) current sheets.
The reason being that polar arcs usually are sun-aligned during northward
IMF conditions.

When performing the classification mentioned above on the signatures
for the seventeen orbits (some orbits show more than one interesting feature
in the o-profile, which lead to a total of more than seventeen events) we
found ten case 1, six case 2 and five case 3 events. The cases have been col-
lected and tabulated after their most prominent features in Table 1. Now,

Current Density Cases
Casel Case2 C(Case3 unknown

121 115 191 479
131 160 328 605
175 187 570

235 584

264

460

627

812

Table 1: The suggested cases, defined by Marklund and Blomberg [1991] as
derived from particle precipitation. See this text for an explanation of the
various cases.

since the currents existing back to back of case 2 and case 3 close in the iono-
sphere across the polar cap, then the local electric field is directed towards
dawn for case 2 and towards dusk for case 3. This should result in local sun-
ward convection between the current sheets for case 2 and local antisunward
convection for case 3. If we compare this prediction for the different cases
as estimated in Table 1 with the local convection as concluded in Table 6,
we will find a good correlation for the case 2 and case 3 directions. Orbits
115, 160 and 187 have current signatures which are assumed to be case 2
events, and therefore they should have sunward convection. This is true
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for all three events. Orbits 191, 328, 570 and 584 are estimated to be case
3 events. Here, all the events hold a convection which are antisunwardly
directed as was expected, except for orbit 191, which is an “intermediate”
state. This result shows that the procedure of classification which is used in
this paper is acceptable, even if not irrefutable.

IMF values, all with IMF B, > 0, were available for eight orbits. This
is consistent with earlier results of the dependence on IMF B, for the theta
aurora. Six of these orbits also show a positive IMF B, (see Table 2 below).
According to theories of the possible IMF B,-dependence over the polar cap,
there should be a higher frequency of transpolar arc signatures on the dusk
side of the polar cap, or very near to the magnetic pole, during IMF B, > 0
conditions when B,, is positive. These signatures should be located clearly
towards dawn in the polar cap when B, is negative. When we estimated the
different locations of these signatures in convection velocity diagrams, three
definite cases of a duskward location were found, while one case was located
just on the dawn side and two cases were located clearly on the dawn side
when B, was positive. The definite case of a negative By, orbit 812, was
found to be situated in the dawn side. The result put forward here is vaguely
in favor of the present theories on the IMF B,-dependence in the polar cap.
However, it should be noted that the total amount of IMF B, data in this
study was too small to give any stronger evidence of this dependence.

IMF Dependencies

IMF B. IMF B, Orbit number
>0 >0 131, 160, 264, 479, 570, 627
>0 <0 328, 812

Table 2: Table of IMF data as analysed in this paper.

The magnetic activity, as measured by the K -index (cf. Appendix D),
was less than or equal to K,=3 for all orbits, which means that the magnetic
activity was rather low, in agreement with a northward IMF (see Table 3).
The energy injection into the Earth’s magnetosphere was probably weak
during all these seventeen cases because of the northward IMF.

The electron energy spectra for the different orbits show that auroral
emissions most probably were excited by precipitating electrons in the 100
eV to 1 keV range for all cases that were correlated with a clear peak in the
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o-profile. The electron and ion energy vs time spectra for orbits 121 and
328 are shown in Figure 13. Both electrons and ions were measured in the
40 eV to 40 keV range on the particle experiment carried by Viking. The
ion energies were distributed over a wider range than the electrons. In orbit

K, Values

P Orbit number
812
187, 235, 570, 584, 605, 627
115, 131, 187, 264, 328, 460, 479
121, 160, 175, 191

wwr—w::g

Table 3: Table of magnetic activity index. The larger the value, the more
turbulent the magnetospheric conditions.

121, they were less than or equal to 8.6 keV, but in orbit 328 they were
below 650 eV. In the ESP1 diagram of orbit 121, one can see a well-defined
signature distributed around 21:18:00 UT at the 320 eV level. There are
also some signatures of ions present as well in this region, that may carry
some of the upward FAC. Both signatures are well correlated with the peak
o-value located at 21:18:00 UT.

There is an interesting declining feature in the PISP diagram from higher
ion energies (to the left) to lower ion energies (to the right). This feature is
not as clear for orbit 328, but it is still visible. This dependence has not been
observed for the electron precipitation as far as this survey is concerned. A
possible explanation could be the E x B-drift. This would make faster jons
arrive earlier to the satellite than slower ions, which would be deviated from
their original velocity direction. This is similar to the velocity filter effect
used to explain the magnetosheath ion dispersion observed poleward of the
cusp.

In the ESP1 diagram of orbit 328, a similar structure as was found in the
ESP1 diagram for orbit 121, is seen in the 390 eV level, but it is displaced
to the right from the location of the peak o-value. Both structures, as
measured from ESP1 data, are distributed in approximately a 140 seconds
broad region, which is within the calculated limits of the measured full width
at base-values (180 seconds for orbit 121 and 225 seconds for orbit 328) from
the o-profiles.
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When looking at the electron precipitation regions for all the orbits, after
the peak in &, we found that they were to a large extent located at the peak
(approximately -60 to +55 seconds) or dawnward of the peak (approximately
+40 to 4110 seconds). This is being clarified in Table 4.
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Figure 13: The electron (ESP1) and ion (PISP) energy spectra are shown
for some different energy levels of orbits 121 and 328. The particles’ pitch
angles (0°-180°) are introduced in the lowest panel, 0° being a minimum
in the plotted curve, i.e., the particles are moving into the ionosphere from

above.
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Now, from UV images taken from the Viking satellite during orbits 121
and 328, there is no theta aurora present for the former (where magneto-
spheric substorms are present, personal communication with R.D.Elphinstone
of University of Calgary) but there is one nice theta aurora present for the
latter one. In section 4 below, this difference will be discussed further.

The total acceleration voltage drops correlated with the time of possi-
ble polar cap auroras were calculated from the small deviations as seen in
the potential profile along the dawn-to-dusk meridian and they were esti-
mated never to exceed 3 kV, and the average potential drop was estimated
to be 1 kV. The local electric potential drop is calculated by integrating
the measured electric field at the specific altitude where the Viking satellite
is passing. Since the electric potential is U-shaped and field-aligned and
the electric field is directed radially inwards, it is only the positive ions,
measured by the particle experiment, that are affected by the estimated po-
tential drop of 3 kV. The energetic electrons which were measured by Viking
must have been accelerated through a potential drop above the satellite if
the local parallel electric fields did not change direction. The altitude for
the approximate location of transpolar arc events ranged from 9.474 km to
13.524 km. This, and the relatively low energies of the electrons, which in-

Electron precipitation offset

left at peak right

191 [-30,-10] 115 [-80,105] 131 [120,220]

570 [-130,-100] 121 [-80,40] 175 [-,60]

584 [-,-10] 160 [-20,50] 187 [40,50]
235 [-60,30] 264 [-,120]
460 [-50,50] 328 [10,125]
479 [-60,50] 605 [15,35]
627 [-155,65]
812 [-20,40]

Table 4: The distribution of electron precipitation signatures as related to
the o-peak for all the seventeen orbits. The orbit is presented with its
correlated electron precipitation interval location in seconds and marked
around the peak.

dicate that they have not yet entered the parallel potential region, suggest
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that the satellite was most oftenly passing above the acceleration regions.
The energies of the electrons might correspond to the particular plasma
population from where they originated.

Another intriguing result is the different cross polar cap potentials eval-
uated along the ygsas direction as the difference between the duskward and
the dawnward potential at the poleward side of the auroral oval. One would
expect that most events would show a negative total cross potential, thereby
giving mostly antisunward plasma flow across the polar cap. However, we
discovered that a total of six orbits had a positive net value, while seven
orbits showed the expected negative values (see Table 5). The remaining

Cross Polar Cap Potential

AP,
kv Orbit number
-26.59 187
-25.58 175
-19.10 235
-7.04 131
-6.08 264
-3.01 605
-2.22 191
1.86 121
6.15 584
13.75 570
18.40 479
19.01 328
48.35 460

Table 5: The potential evaluated from the spin plane component of the elec-
tric field. The values were computed as the difference between the duskward

potential and the dawnward potential at the poleward side of the auroral
oval.

four satellite orbits did not cross the entire polar cap. Four examples of this
cross polar cap potential are illustrated in Figure 15.

There is also found a nearly perfect match between the negative di-
vergence in the dawn-to-dusk electric field and the occurrence of electron
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precipitation (illustrated in Figure 14). A positive slope of the electric field
curve indicates a negative divergence of the electric field, since the satellite
moves in a dusk-to-dawn direction and the electric field is positive towards

dusk. The peak in o is clearly correlated with the peak in the electric field,
and hence to the electron precipitation.
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Figure 14: The o-profile is displayed on top of the electric field in the dawn-
to-dusk direction for orbit 121 (top) and orbit 328 (bottom), in order to show
the correlation between them during a negative divergence of the clectric
field. A positive value in the electric field gives an antisunward convective
flow and a negative value results in a sunward convection.
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Figure 15: The polar cap electric potential integrated solely along the dawn-
to-dusk electric field for orbits 121 (top left), 131 (bottom left), 328 (top
right) and 350 (bottom right). Notice the higher frequencies of notches for
orbit 350 than for orbit 121. These notches are assumed to coincide with
particle precipitation and to give an estimate of the DC voltage drop. The
respective locations of polar arcs are, in the same order as above: 21:18:00
UT, 17:08:00 UT, 12:32:00 UT and 12:30:00 UT.
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3 Estimation of the Current Density

A great deal of attention has been paid to the Birkeland currents during
the past decade or so. A lot of research has been done in order to measure
these currents at different altitudes and during various conditions, such as
magnetic substorms. The reason being to achieve a better understanding
of phenomena like the aurora. But how do you measure these quantities?
One suggestion would be to probe the particle flow in sifu, by orbiting satel-
lites, but this method is not as reliable as desired and usually gives doubtful
results. The main cause for this is the difficulty in tracing low energy parti-
cles, whose contribution to the current may be of utmost importance. The
derivation of FACs in the magnetosphere and ionosphere are today usu-
ally made through interpretations of magnetometer data, accumulated by
satellifes and to some extent by rockets. The interpretation is made on the
assumption that the currents in the ionosphere are homogenous and stream
through idealized sheets of constant width and infinite length. This method
has been the most useful one when deducing current densities on the basis
of magnetometer data.

We shall now deduce the analytical expression between a magnetic field,
}:’;, and a current density, j', in an infinite current sheet, limited along e,
and parallel to &,. Let us assume that _f = j &, i.e., the current density is
homogenous. Then, the current density from magnetometer satellite data
is derived using Ampere’s law, V x B = ,ugj‘, where the effect of horizontal
currents is being neglected as was assumed above. Then the field-aligned
current density may be derived as

dB, 0B;

gz By = Hol||

in the &, direction. When the satellite passes through an imaginary infinite
current sheet assumed to be sun-aligned, measuring the magnetic field along
its course in an inertial frame of reference, the sheet is generally crossed at an
angle. If the sheet were crossed perpendicularly by the satellite, we would get
the current density in a rather straightforward manner, using BTBIH, since the
second term above is cancelled out using the infinite sheet assumption. The
derivatives might be calculated as differences between nearby data points as
—AA—%‘L. However, when the satellite crosses the sheet at an angle you will need
to introduce new assumptions, since information is missing about the rate of
change of the magnetic field in the direction perpendicular to the orbit. The

choice made here was to take the difference between every other data point,

33



i.e.,, AB,(i) = By(i + 1) — B,(i — 1), at the particular data point i. This
will give current density features in the approximate spatial range from 100
to 200 km, i.e., large-scale phenomena. The model we decided to use in this
thesis fixes the infinite current sheet direction to be sun-aligned throughout
the orbit (all vectors in the model are displayed in the geocentric equatorial
inertial, GEI, coordinate system, cf. Appendix A). Now, to extract the
interesting variations in the magnetic field, the total magnetic field measured
by the satellite can not be used right away. The IGRF model magnetic field,
which is a static multipole magnetic field imitating the Earth’s magnetic field
at its surface, must be subtracted from the total measured magnetic field.
Then we use this new field and project it onto the current sheet direction
and then evaluate the magnetic field differences for nearby data points. The
distance in the denominator is evaluated as the scalar product between the
satellite velocity vector and &, multiplied by the time difference of the data
points. Since we are interested in knowing the ionospheric current densities
and the satellite measured the local magnitude, the evaluated currents are
scaled down to ionospheric altitudes, as Mione = %"—:!‘111:1 . j”m i

In Figure 16 below, the o-profile is plotted on top of the current density
for orbits 121, 131, 328 and 302 respectively. There seems to be a good cor-
relation between the auroral oval signatures and the current density profiles
for all orbits, reflecting the region 1 and region 2 FACs (in direction). This
correlation is well depicted for orbit 302, a case of no polar arc disturbances.
The FACs are directed as they should be, as illustrated in Figure 5. When
it comes to verifying any correlation between possible transpolar arcs as de-
rived from o, magnetically deduced currents and particle precipitation data,
it is not as obvious. For orbit 121, the precipitation spectrum indicates an
upward current, a case 1 event in the model of Marklund and Blomberg
[1991], carried by both electrons and positive ions around 21:18:00 UT. This
feature seems to be reflected in the current density profile as a hump of ap-
proximately 1.7 uA/m? (peak value at 21:17:00 UT) flowing away from the
ionosphere. Orbit 131 exhibits a highly varying electric field that possibly
has to do with instrumental disturbances because of the periodic fluctua-
tions as indicated by o. The particle data indicate an upward flowing FAC
two to three minutes to the right of the o-peak. This feature is seen in the
current density profile as well, located at 17:10:40 UT. The peak value is esti-
mated to be approximately 2.4 uA /m?. For orbit 328, the features are more
difficult to distinguish. From particle precipitation, we observe a smooth
structure distributed two minutes to the right in the electron spectrum,
but it is barely distinguishable in the current density profile (< 1 pA/ m?).
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Figure 16: The current density profiles in pA/m? for orbits 121 (top left),
131 (bottom left), 328 (top right) and 302 (reference case, bottom right).
Positive values coincide with a current directed out of the ionosphere. The
respective o-profile in mV /m is distributed on top of each plot for correlation
estimates.

35



e - — T




4 Discussion and Conclusion

We have studied the possible relations between the electric fleld (and its
standard deviation) in the dawn-to-dusk direction and the particle precip-
itation (mainly electrons) that might correspond to transpolar arcs in the
northern hemisphere during a solar cycle minimum. The convective electric
fields showed to large extent a negative divergence, coincident with possi-
ble observations of field-aligned accelerations. The inward directed electric
fields usually prevail in the ionosphere in regions of FAC. This is a conse-
quence of current continuity with the upward directed currents and it is also
a necessary condition for the existence of arcs as formulated by a kinetic
theory of arc formation.

The direction of the electric field was dawnward rather than duskward
for the probable cases of polar arc activity, which corresponds to sunward
convection. When comparing this result with the plots for the convection
velocities based on the spin plane component of the electric field, the polar
arcs are usually found in a region of sunward convection, as might have
been expected (see Table 6). Sunward convective plasma motion may be

Convection Velocity Distribution

antisunward sunward intermediate
328 115 191
570 121 264
584 131 460
812 160 605
175
187
235
479
627

Table 6: The main convection velocity state for the possible local, transpolar
arcs for the different orbits as derived from the electric field in the dawn-to-
dusk direction and as verified, too, by the convection velocity plots.

an indicator of precipitating electrons of plasma sheet origin as is suggested
by Hoffman et al. [1985] and also to some extent by the measured electron
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energies just below the 1 keV level found in this paper.

The question raised now, is whether the signatures we have studied in
this paper really are parts of a transpolar arc or if they simply are isolated,
sun-aligned polar arcs. From a personal communication with R.D.Elphinstone
of University of Calgary, there were not so many theta auroras observed in
the UV pictures as was expected from the o-profiles. Orbit 121, for instance
is interpreted as a magnetic substorm and not as a polar arc. Maybe, the
signature is even a part of a so-called double auroral-oval on the morningside
of the polar cap, partly because of its closeness to the auroral oval. When
there is some kind of signature present in the polar cap, it is interpreted
as a polar arc rather than as a theta aurora. The only clear case of theta
aurora was found for orbit 328. In orbit 350, there are only some faint, quiet
polar arcs present. Since orbit 328 and 350 were passing above regions of
possible transpolar arcs at approximately the same altiude (the latter one
was located about 150 km above the former one at 12.961 km), then this dif-
ference suggests that orbit 350 experienced a denser electric field than orbit
328 did, suggesting that the acceleration region for orbit 350 was located at a
higher altitude than for orbit 328. Another conceivable explanation is that,
from a physical phenomenon point of view, there may actually be polar arcs
present, even if they are not glowing in the observable wavelength ranges as
were chosen for the Viking satellite. The isolated particle signatures that
are present for noticeable standard deviations of the electric field, though
lacking a visible UV emission, are the suggestion of this and future studies of
these typical signatures as measured by improved and extended UV auroral
imagers might just reveal these particle signatures as really being parts of
transpolar arcs. -

We suggest that future studies of the transpolar auroral arc investigate
the exact contribution of the various energy levels of the precipitating parti-
cles and especially the electron distribution functions in order to determine
the role of low-energetic electrons for the Birkeland currents, since they
probably carry the major part of the FACs and also as a way to deduce
the magnetospheric origins of the precipitating electrons. The low-energetic
electrons in the 100 eV range may originate in the magnetosheath.

Another interesting future assignment would be to compare the men-
tioned IMF B,-dependence in this paper with the possible features of trans-
polar arcs in the UV-images and also to compare the events where no particle
precipitation were present, though a clear negative divergence was found in
the dawn-to-dusk electric field, with the UV-images. These events were ex-
cluded from the original 43 orbits and they may amount to as many as 26
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orbits.

Yet another result put forward in this paper are the different profiles of
the cross polar cap potentials and their odd shapes across the polar cap.
As mentioned in this paper, there are some cases of a positive total cross
polar cap potential as computed from dusk to dawn. This suggest a sunward
convection during most of the orbit’s passage. A good example of this is orbit
213 (see Figure 17 below), which also shows a strong northward IMF B, (3.2
nT) and a positive IMF B, (around 2.0 nT) component. The convection
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Figure 17: To the left is illustrated the “positive” potential profile as in-
tegrated along the dusk-to-dawn meridian for orbit 213. The convection
across the northern hemisphere along the Viking orbit is illustrated to the
right, showing a major sunward convection.

is sunward across the major part of the polar cap and a possible polar arc
signature may be located near 15:03:00 UT, in a region between sunward
and antisunward convection. Note also how close to the auroral oval (at
15:12:00 UT) this is.

It is important to remember that the evaluated potential does not rep-
resent a complete, true polar cap cross potential distribution, since it was
calculated using only one component of the electric field. The potential
along the three perpendicular GEI directions is proportional to the distance
covered by the satellite. Then, we may define that the total potential is
composed of the calculated potential in the dawn-to-dusk direction and a

rest term, which will hold the values of the other two unknown quantities.

Thus, if the distances from the remaining two directions are relatively small
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compared to the dusk-to-dawn direction, then the rest term might be ne-
glected and dismissed as a source of the odd shapes in the polar cap cross
potential. In the case of orbit 213, the distances covered in the zgg; and the
Yycgy direction are of comparable magnitude, which makes the interpretation
of the odd potential distribution in just one direction very uncertain.

The current density model that was employed in this paper utilizes the
magnetic field data in an infinite current sheet approximation projected onto
a plane perpendicular to the IGRF magnetic model direction. The infinite
current sheet was supposed to be sun-aligned and limited in the dawn-to-
dusk direction. This is the best possible assumption employed today as
compared with a particle flux derivation. Our model seems to follow the
signatures of the auroral oval fairly well, but the smaller the changes are
the less reliable the model should be in terms of actual values of the current
density. A further, possible development of the model would be to consider
an averaging procedure over nearby data points rather than just taking
the differences as was conducted and then to compare the directions of the
FAC (into or away from the ionosphere) with the ones deduced applying
the particle precipitation spectra. This is of particular importance when it
comes to verifying the different cases as adopted by the model of Marklund
and Blomberg [1991].

In conclusion, we have analyzed the data obtained by the Viking satellite
in the northern polar cap region. Electron as well as some ion precipitation
were found to be located, mostly to the right of a clear peak in the standard
deviation of the dawn-to-dusk electric field (based on the component in the
spin plane). The regions of precipitation were found to be well correlated
to a negative divergence of this electric field, but the possible events of an
electric field signature without any particle precipitation were not studied in
this paper. This will become a logical future step in investigating the Viking
data. In those cases where an interplanetary magnetic field had been eval-
uated by solar wind satellites, the IMF showed a northward component, as
was expected. The electron energies were to a large extent found at lev-
els below 1 keV, while the ion energies were seen to be spread in a wider
range, though never exceeding the 10 keV level. Furthermore, Hoffrnan et
al. [1985] reported that polar cap arcs show sunward flow superimposed on
the antisunward convection and they inferred that the precipitating particles
originate in the plasma sheet or plasma sheet boundary layer. Now, since
the local convection velocity in the expected regions of a transpolar arc was
sunward rather than antisunward, we suggest that the particles may be of
plasma sheet origins. From the signatures of possible transpolar arcs, the
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field-aligned currents were flowing away from the ionosphere. These current
density sheets were interpreted as case 1 events according to the model of
Marklund and Blomberg [1991], after the particle distributions rather than
the estimated current density profiles evaluated from the magnetic distur-
bance data. This doubtful interpretation by using the particle precipitation
should be locked into in the near future, and possibly be confirmed by an
improved, averaging FAC model. Below are the main results found in this
study:

IMF B, was positive when available.

A negative divergence of the electric field was well correlated with a
particle precipitation region.

The particle precipitation region was located at the transpolar arc, as
defined from the variance in the electric field data, or dawnward of it.

Electron energies were most often below 1 keV.

Ion energies were on average found at the 2 keV level and rarely ex-
ceeded 10 keV.

Local sunward convection was found for locally balanced currents in
the sense of case 2 events.

Locally enhanced antisunward convection was found for locally bal-
anced currents in the sense of case 3 events.

The global plasma convection was sunward for almost as many orbits
as it was antisunward. There were typically more cases of sunward
convection early during the Viking mission than antisunward. This
situation was the opposite in the late part of the mission.

Particle precipitation regions are not always associated with visible
arcs.
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A Coordinate Systems

In describing interactions between the solar wind and the Earth’s magne-
tosphere, the geocentric solar magnetospheric (GSM) coordinate system is
generally employed as a superior system for ordering data. It is a right-
handed Cartesian system, with coordinates TGSa, Yesar and zggps and its
origin at the center of the Earth (see Iigure 18). The positive zggps axis is
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Figure 18: Some coordinate systems used in the description of geomagnetic
phenomena. The geocentric solar magnetospheric sytem is described in the
text (from Handbook of Geophysics and the Space Environment,1985).

directed toward the sun. The z5gp; axis lies in the plane containing both
the zgsps axis and the geomagnetic dipole axis. The system not only ro-
tates with the orbital period of the Earth around the sun, but also rocks
back and forth through 23 degrees (a rotation about the Tospar axis) with
a period of one day. The system is particularly useful for referencing data
from distant regions of the magnetosphere, since time-dependent features
that result from the conical motion of the dipole axis are, to a large extent,
eliminated; i.e., to a first approximation, the entire magnetosphere, in its
main features, may be expected to rock back and forth in this way.
Another coordinate system, which was used for some Viking quantities, is
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the geocentric equatorial inertial, GEI, coordinate system and it is defined as
follows. The zgE; axis is directed towards the vernal equinox, the zgp; axis
is parallel to the Earth’s spin axis and the y;p; axis completes the coordinate
system. The directions of the infinite current sheet, in GEI coordinates, é,
and &, for the current model used in this thesis, are computed as follows.
First you take the direction of the sun, §, and then you evaluate the cross
product with the IGRF model magnetic field, 1f, at the position of the
Viking satellite

W=5Xm

This vector becomes parallel to the yggas direction. The employed, perpen-
dicular, infinite sheet direction &, is given as

The parallel direction of the infinite current sheet is evaluated as the cross
product between m and W as

s

F=mxXx

Then, &, is given as

| =

eu:

Hi

The electric field and the potential integrated from it, utilizes a coor-
dinate system based on the Viking satellite’s spin plane. The z axis is in
the spin plane, along the projection of the magnetic field, ]§, onto the spin
plane. The y axis is also in the spin plane, perpendicular to B and the z
axis is parallel to the spin axis.

B The Particle Gyration

In the presence of a homogenous magnetic field, B, the equation of motion
of the charged particle becomes
dv

= e B
mo =V X
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where m, q and ¥ are the particles mass, charge and velocity. If we look at
the perpendicular motion, we get

<l

mw?p = g( xﬁ)l

where § is the momentary position vector of the particle, directed outwards
from the center of gyration. This is what the expression looks like when the
centrifugal force balances the magnetic force. w is the angular velocity at
which the position vector rotates. Since

vy =uwp
the gyro(angular)frequency is easily calculated as
B

W=wy = |9|E

Thus, the gyroradius is given as

_ Wy
lg| B

C The Convective Drift Motion

The equation of motion of a charged particle in a magnetic and electric field
is given as

dv

— =gE+vxB
m— = ¢(E+ 7 x B)

If the total transverse velocity is split into a sum of an initially unknown
average velocity, i, and a superposed periodic velocity v, te

V=i +V)
then, by inserting this expression in the equation of motion one gets

di;
dt

&, o oo
m ;rt‘!' :q(v"XB)-{-qE_L-}-q(uJ_XB)—m

If the electric and magnetic fields are assumed to be constant in time and
space, the last term is zero. If we now form the time average of the resulting
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equation, terms containing V' disappear, because ¥ is periodic and hence
has a zero average. Thus, we are left with

0=qﬁ¢+qﬁJ_Xﬁ

If this equation is vector multiplied by ]§, we get the final expression for the
transverse drift motion

i) =

D Basic Concepts

There are some concepts that you often run across when discussing phe-
nomena related to space physics and especially to auroral physics. We will
describe some of the most frequently encountered ones in this appendix.

The magnetograms and averaged data supplied by magnetic observato-
ries are too detailed for many puposes. Therefore, some numerical parame-
ters that indicate the level of general magnetic activity have been computed.
The K, index (“p” for planetary) is probably the most widely used of all
indices. It is a measure of the worldwide average level of magnetic activity
and it is very sensitive to auroral zone activity. It is based on the K in-
dices from 12 ground stations longitudinally distributed. The K index is a
measure of the irregular variations of standard magnetograms and it is an
indicator of the general level of disturbance at a given observatory. The K %
index takes on integer values ranging from 0 to 9. A value in between two
values is given a superscript: +,- or 0, depending on the relative closeness to
this particular value. The higher the value, the higher the magnetic activity.

Three quantities are used to locate a specific phenomenon or a satellite’s
position. These are the universal time (UT), the corrected geomagnetic lat-
itude (invariant latitude) and the corrected geomagnetic local time (MLT).
The universal time is essentially equivalent to the Greenwich Mean Time.
The invariant latitude is centred around the geomagnetic poles, having 90°
at the northern geomagnetic pole and -90° at the corresponding pole in the
southern hemisphere. The invariant latitude and the MLT coordinates are
well depicted in Figure 12 for the convection velocity.
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E Fortran and IDL Programmes

We have used three different programmes. First, we searched for interesting
events with “Search.for”, then we transfered the chosen data to data files
with “Transz.for”. The conversion from .dat-files to .ps-files was basically
conducted interactively with “Read.pro” in an IDL environment.
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program OrbitSearch

implic
intege

it none
r*4 n,i,j,k,count, tic,start, finish, total, ok, check, high, low

parameter (n=1000)
integer*4 refy,refm,refd, sthr, stmt, sphr, spmt, success, tac

intege
intege
real*4
real*4
1

real*4
real*4
real*d
real*d
real*8
logica

call a
call a
if (st
sto
endif
call a
call a
call a
call a
call a

r*4 orb(l:n),rec(l:n),pos(l:n),flag{l:n),kp,num{l:n),Q

r*4 UTh(1l:n),UTm(l:n),UTs(1l:n),UTmil{l:n)

upper, lower, invlim
time(l:n),El1(1l:n),E2(1:n),sigma(l:n),Bx(1l:n),By{(l:n),
Bz (l:n)
spinphi(l:n),DevVig(l:n),VEg(l:n),DevELl{(1l:n),DevE2(1l:n)
DevElw(l:n),DevE2w{l:n),Devr3(l:n),Devrl(l:n}
Alt(l:n),IL{(l:n) MLT(1l:n),FLat(l:n),FLon(l:n)

PolLat, EqlLat

reftime

1l cross

ski(’'Give Viking startorbit’,0,start)
ski('Give Viking endorbit’,0, finish)

art.eq.0.or.finish.eq.0) then
=
skf(’Sigma upper limit’,0,upper)

skf ('Sigma lower limit', 0, lower)
skf('InvLat limit’,0,inv1lim)
ski('Higher limit of hits’,0,high)
ski('Lower limit of hits’, 0, low)

total=finish-start+l
if ({(total.ge.l).and. (total.le.n)) then
orb(l)=start
rec(l)=1
pos(l)=1
tac=0
do 10 i=1,total
count=0
tic=0
Q=0
call get_info{orb(i},num(i),refy, refm, refd,
L sthr, stmt, sphr, spmt, reftime, ok)
if (ok.eg.l) then
call get_kp(orb(i),pos (i), kp, check)
if (check.eqg.l.and.kp.gt.0) then
Q=int (kp/10)
do 20 j=1,num(i)
call get_data(orb(i),rec(j),time(j),E1(J),.E2(]),
1 sigma{j),Bx(j),By(j),Bz(j),spinphi(j},
2 DevVig(j),VEg(]j),DevEl(j),DevE2 (j},DevElw(j),
3 DevE2w(j),Devr3(j},Devrl(j), flag(j))
UTh(q)=int (Eime(3)/3600.0)
UTm(j)=int ((time(j)-real (UTh(j)*3600.0))/60.0)
UTs(j)=time(j)-UTh(j)*3600.0-UTm{j)*60.0
UTmil(j)=UTs(j)/1000.0
call get_orbitdata(orb(i),UTh(j),UTm(j),UTs(3j),UTmil(]),
1 Alt (3}, IL{]),MLT(]),FLat(j),FLon{j),flag(ij})

call oval_edges(Q,MLT(j),PolLat,EglLat, success)
if (success.ne.l) then
stop
else
if (IL(j).ge.PolLat) then
count=count+1
endif
endif
rec(j+1l)=rec(j)+1
continue
do 30 k=1, count
if (sigma(k).gt.upper) then
cross=.true.
else
cross=.false.
endif
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if (.not.cross.and.IL(k)}.gt.invlim.and.
1 sigma{k).gt.lower) then
tic=tic+1
endif
30 continue
if (tic.ge.low.and.tic.le.high) then
write(*,*) orb(i)
write(*,*) tic
tac=tac+l
endif
endif
endif
orb(i+l)=orb(i)+1
pos(i+l)=pos(i)+1

10 continue

else
write(*,*} 'Bad input’
goto 95

endif

write(*,*) tac

stop

end
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program FetchData
implicit none
integer*4 i,j,n,antal,start,slut,num

real*8

my0, reftime, pi

parameter (n=1000)

parameter (my0=12.56637061,pi=3.1415926535)

integer*4 okl,ok2,ok3,okd,ok5,ok6,ck?

integer*4 refy,refm,refd, sthr, stmt, sphr, spmt

integer*4 orb,pos(1l:n),flagl, flag2, flag3, flagd, flag5, flag6, flag?
integer*4 flag8, flag9, flagl0,UTh(l:n),UTm{(l:n),UTs(1l:n),UTmil(1l:n)
legical same

real*4
real*4
real*4
real*4
real*4
real*4d
real*4
real*4d
real*4
real*4d
real*d
real*4d
real*4
real*d
real*d
real*4d
real*d

time(l:n),El(l:n),E2(1:n),sigma(l:n),Bx(1:n),By(1l:n),Bz(1l:n)
IMFx(l:n), IMFy(l:n),IMFz(l:n),sx(l:n),sy(1l:n),sz(1l:n)
spinphi(1l:n),DevVig(l:n},VEg(l:n),DevEl(l:n),DevE2(1:n)
DevElw(l:n),DevE2w(l:n),Devr3(l:n),Devrl(l:n)
Alt(l:n),IL(l:n),MLT(1l:n),FLat(1l:n),FLon(l:n)
timel(l:n),time2{l:n),pot2(l:n),pot2c(l:n)
potl2{l:n),potl2c(l:n),potl23(l:n),poti23c(1l:n)
ns(l:n),ew(l:n),scale(l:n),t{l:n)
subl,sub2,tl,t2,ex(1l:n),ey(l:n),ez{l:n),B(l:n),v{l:n),vreal(l:n)
mx(l:n), my(l:n), mz(l:n),vx(l:n),vy(l:n),ve(l:n)
rx(l:n),ry(l:n),rz(l:n),wx(l:n),wy(l:n),wz(l:n),E(l:n)
dump_dot,dt,Br2{1:n)

vxbl(l:n),vxb2(1l:n),vxb3{1l:n),vel(l:n)
dsw2(1l:n),dE,divE(l:n)

ds(l:n),vw2(l:n}, fac3(l:n),dBr2(1:n)
rl(l:n),r2(l:n),r3(1l:n),wl{(l:n),w2(l:n),w3(l:n),r,w

suml, sum2, sum3, addl, add2, add3,L1,L2,L3,delta

call aski(’'Give Vikingorbkit', 0,orb)
call get_info{orb, num,refy, refm, refd,

sthr, stmt, sphr, spmt, reftime, flagl)

write(*,200) ‘Number of Data Records:’,num
format(* ',T2,A,I5)
if (num.eq.0) then

stop

endif
call aski('Give startrecord ',0,start)
call aski('Give endrecord ‘,0,slut)

if

(start.eq.0.or.slut.eq.0) then
stop

endif
antal=slut-start+1

if

(antal.le.n.and.slut.le.num.and.start.le.slut) then

pos(l)=start
do i=1,antal

call get_data{orb,pos(i),timel(i),EL1{(i),E2{(i),sigma(i),
Bx(i),By(i),Bz(i),spinphi(i),DevVEfg(i),VEig(i),DevEl (i),
DevEZ(i),DevElw(i),DevE2w(i),Devr3(i),Devrl (i), £lag2)

call corotation_field(orb,pos(i),vxbl(i),vxb2(1i),vxb3(i),
flag3)

call get_imf_gsm({orb,pos(i), IMFx (i), IMFy (i), IMFz (i), flagd)

call get_igrf{orb,pos(i), mx(i), my{i),mz(i), £lags)

call get_sundir(orb,pos(i),sx(i),sy(i),s=z(i),flagé)

call get_velocity{orb,pos(i),vx(i),vy(i),vz{i), £Llag7)

call get_dipolescale(orb,pos(i),ns(i),ew(i),flag8d)

call get_potential(orb,pos(i),time2(i),pot2(i),potl2(i),
potl23 (i}, pot2ec(i),potl2e¢{i),potl23c(i), flag9)

if (timel(i).eqg.time2(i)) then

same=.true.
else
same=.false.

endif

time(i)=timel (i)

t(i)={(time(1)/3600.0)

UTh(i)=int(t(i))

UTm(i)=int ((time(i)-real (UTh(i)*3600.0))/60.0)

UTs (i)=time(i)-UTh(i)*3600.0-UTm(i})*60.0

UTmil(1)=UTs(i)/1000.0

call get_orbitdata(orb,UTh(i),UTm(i)},UTs(i),UTmil (i),
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Alt(i),IL(i) ,MLT(i),FLat(i),FLon(i), flagl0)
call dump_cross(sx(i},sy(i),sz (i), mx(i),my(i),mz(i),
wx (1) ,wy(i),wz(1i}))
call dump_cross (mx(i),my (i), mz (i), wx(i),wy(i), wz(i),
rx{i),ry (i), rz(i))
call dump_cross(vx(i),vy(i),vz(i),Bx(i),By(i),Bz(i),
ex{i),ey(i),ez(i))
r=sgré{rx (i) **2+ry (i) **2+rz (i) **2)
rli(i)=rx(i)/r
r2(i)=ry(i)/r
r3(i)=rz(i)/r
w=sgrt (Wwx (1) **2+wy (1) **24wz (1) **2)
wl(i)=—wx(i)/w
w2(1i)=-wy (i) /w
w3 (i)=-wz (i) /w
E(i)=E2(i)+vxb2 (1)
open(unit=91, file='sigma.dat’, access='direct’, status='new’,
recl=25, err=30, recordtype="fixed’, shared)
open(unit=92, file='time.dat’, access="direct’, status="'new’,
recl=25, err=30, recordtype='£fixed’, shared)
open{unit=93, file='e.dat’, access="direct’,status='new’,
recl=25, err=30, recordtype='fixed’, shared)
open(unit=94, file='alt.dat’,access='direct’, status="'new’,
recl=25, err=30, recordtype="'£fixed’, shared)
open(unit=985, file='ilat.dat’, access='direct’, status='new’,
recl=25,err=30, recordtype=’'£fixed’, shared)
open(unit=5%6, file="pot2c.dat’,access="'direct’, status='new’,
recl=25,err=30, recordtype=‘fixed’, shared)
write(91,rec=i,err=30,iostat=ckl) sigmal(i)
write(52,rec=1,err=30, iostat=ck2) time(i)/3600.0
write(93,rec=1i,err=30, iostat=0ck3) E(i)
write(94,rec=1i,err=30, iostat=ckd) Alt(i)
write(95,rec=i,err=30, iostat=ok5) IL{i)
write(96,rec=1i,err=30, iostat=0k6) pot2c(i)/1E3
Bx(i)=Bx(i)-mx (i)
By (1)=By (i) -my (i)
Bz(i)=Bz{(i)-mz(1i)
pos{i+l)=pos(i)+1
end do
if (.not.same) then
write(*,300) 'CAUTION: Times from routines get_data &'
write(*,400) ’'get_potential are NOT the same."‘
write(*,400) ‘The times from get_data are chosen’
endif
format (' ',T2,4)
format (’ *,T12,A)
do i=1,antal
vreal (1)=sqrt (vx (1) **2+vy (i) **2+vz (i) **2)
vel{i)=sgrt(vx(i)**2+vy (i) **2)
B(i)=sqrt(Bx(1i)**2+By (1) **2+Bz(i)**2)
Br2(i)=dump_dot (Bx(i),By{i),Bz(i),rl(i),r2(i),r3(i))
vw2 (1) =dump_dot (vx (i), vy{i),vz(i),wl(i),w2(i),w3(i))
end do
do i=2,antal-1
dBr2(i)=(Br2(i+1)-Br2(i-1))
dE=E(i+1)-E{(i-1)
dsw2(1)=0
ds (i)=0
do j=i-1,1
det=time(j+1)-time(]j)
ds(i)=ds(i)+vel(j)*dt
dsw2 (i)=dsw2{i)+vw2(])*dt
end do
scale{i)=ns (i) *ew(i)
fac3 (i) =scale(i)*1E4~* (dBr2(i)/abs(dsw2(i))}/my0
divE(i)=-dE/abs(ds (1)) _
open(unit=99, file='fac3.dat”’,access="'direct’,status='new’,
recl=25,err=30, recordtype='fixed’, shared)
write(99,rec=1i,err=30,iostat=0k7) fac3(i)
end do
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end
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suml=0

sum2=0

sum3=0

do i=1l,antal-1
delta=time(i+l)-time(i)
addl=vx (i) *delta
add2=vy (i) *delta
add3=vz (i) *delta
suml=suml+addl
sum2=sum2+add2
sum3=suml+add3

end do

Ll=suml

L2=sum2

L3=sum3

write(*,*) L1,L2,L3

write(*,*) L1/L2,L3/L2

if (okl.or.ok2.or.ck3.or.okd.or.okS5.or.ok6.or.

1 ok7.gt.0) then
write(*,*) ’'Error in transition to file’
write(*,*) okl,ok2,ok3,ckd
write(*,*) ok5, oké, ok?
else

call askf(’'Give timel’,0,t1l)
call askf('Give time2’,0,t2)
do i=2,antal-1

subl=t (i) -tl

subZ=t(i)-t2

if (abs(subl).le.5E-3) then

write(*,*) 'tl =',pos(i)

endif
if (abs(sub2).le.5E-3) then
write(*,*) 't2 =',pos(i)
endif
end do
write(*,*) ‘Transition to file completed’
endif
else
goto 999
endif
stop

end
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FUNCTION Read, file

OpenR, lun, file, /Get_ LUN

data=F1ltArr (1000)

temp=0.0

1=0

WHILE (NOT EOF{lun)) DO BEGIN
ReadU, lun, temp
data(i)=temp
i=i+l

ENDWHILE

data=data(0:1-1)

Free_LUN, lun

RETURN, data

END












F Data Plots

Three different data plots for all the orbits are given below. The orbits are
115, 121, 126, 131, 160, 175, 187, 191, 213, 235, 245, 252, 264, 292, 301,
302, 328, 341, 350, 353, 370, 423, 460, 467, 479, 484, 536, 569, 570, 573, 584,
595, 605, 627, T13, 725, 734, 742, 764, 798, 812, 836, 847 and 852. The plots
depict, in order of appearance:

e Four small plots of the dawn-to-dusk electric field in mV /m (top left),
the o-profile in mV /m (bottom left), the invariant latitude (top right)
and the altitude in m (bottom right).

e Three plots of (from top to bottom) the o-profile (mV/m) on top of
the dawn-to-dusk electric field (mV/m), the polar cap potential in the
dawn-to-dusk direction (kV) and the o-profile on top of the estimated
current density (pA/m?).

e The convection velocity at the satellite in an inertial frame of reference.
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