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Abstract

The main goal of this Thesis is twofold. First, we want to develop a solid method
for identifying the field aligned currents related to the specific non-conjugate auro-
ral features identified by Reistad et al. [2013] and Laundal et al. [2010]. Secondly,
by utilizing this method we explore the idea that the non-conjugate aurora can be
explained by asymmetries in the field aligned current system in the two hemispheres
Østgaard and Laundal [2012]. By transforming ground magnetometer measurements
from the SuperMAG network in both hemispheres to the coordinate system used
by the VIS Earth and WIC cameras on board the Polar and IMAGE satellites, we
combine the two datasets. We present four non-conjugate auroral events were a
current system associated with the observed aurora and the ground magnetometer
measurements can be postulated. For one out of four events we can identify signa-
tures attributed to asymmetric field aligned currents. Three factors stand out as
important for the identification of these; the position of the ground magnetometer
station in relation to the non-conjugate auroral feature, the spatial extension of the
feature, and its intensity compared to surrounding auroral features.
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1 Introduction

The Aurora observed in the northern and southern high latitude regions is a striking
visible phenomenon related to the coupling of our Earth’s atmosphere and space.
Plasma from the Sun, enters the Earth’s magnetosphere and precipitates down into
the ionosphere along the Earth’s magnetic field lines. At the footpoint of the mag-
netic field lines, the plasma collides with particles in the atmosphere as the density
increases, and excites the atmospheric species. Auroral lights are produced when the
excess energy is released. The aurora can be observed in an oval shaped region fixed
in space relative to the Sun and the magnetic poles in the southern and northern
hemisphere.

The coupling of the aurora to charged particles originating from the Sun was first
suggested by Kristian Birkeland in 1908. He proposed horizontal currents coupled
to a field aligned current systems flowing in and out of the upper polar atmosphere
along the Earth’s magnetic field Birkeland [1908]. His original figure of the current
system associated to aurora is shown in the picture below. However, such a three-

Birkeland’s original figure of the current systems related to aurora.
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2 1. INTRODUCTION

dimensional current system is impossible to determine with ground measurements
alone [Chapman, 1935; Fukushima, 1976] and consequently is was not verified until
the first satellite measurements could be made of the field aligned currents [Zmuda
and Armstrong , 1974a; Zmuda et al., 1967]. Since then, these current systems have
been the subject of numerous studies as they play an important role in the coupling
of the ionosphere and magnetosphere.

Much of our understanding of the auroral electrodynamics and the coupling to the
magnetosphere and space is based on observations from the northern hemisphere
only. The assumption was made that the aurora in the southern hemisphere is a
mirror image of the aurora in the northern hemisphere. Through simultaneous con-
jugate imaging of the aurora in both hemispheres, both ground based and airborne,
this has changed. Observations have shown that asymmetries in location and inten-
sity exist.Recently, a number of non-conjugate aurora events have been identified
from simultaneous imaging of the polar hemispheres by the Polar and IMAGE satel-
lite [Laundal and Østgaard , 2009; Reistad et al., 2013]. Based on previous studies
Østgaard and Laundal [2012] suggested that the auroral asymmetries in the two
hemispheres can be related to asymmetric currents. This Thesis aims to further ex-
plore this idea by investigating the current systems associated with different auroral
displays in the two hemispheres.

Ground based magnetometers have been utilized for the investigation of the currents
coupling the ionosphere and magnetosphere for decades. The perturbations mea-
sured on the ground of the Earth’s magnetic field are related to ionospheric, field
aligned and magnetospheric currents as well as currents induced within the Earth.
The SuperMAG network combines measurements from more than 400 ground mag-
netometers world wide and provides these in a unified coordinate system, making it
a valuable tool for global studies.

In this Thesis we utilize simultaneous satellite observations of the entire auroral oval
in the two hemispheres provided by the IMAGE WIC and Polar VIS Earth cameras.
We combine these with measurements of the perturbation to the Earth’s magnetic
field from ground magnetometers provided by the SuperMAG initiative. With this
combination of spaceborne and ground based measurements, we attempt to expand
our knowledge about the current systems associated with the non-conjugate auroral
features. We present ground magnetometer measurements in the direct vicinity of
the non-conjugate auroral features reported by Reistad et al. [2013] and interpret
these in terms of asymmetric field aligned currents in the two hemispheres. The key
objectives in the present thesis are to:

• Develop a method for identifying field aligned currents related to specific au-
roral features in conjugate areas of the two hemispheres

• Investigate the field aligned current system in both hemispheres, associated
with non-conjugate aurora.

The thesis is organized as follows: In Chapter 2, basic concepts in space physics
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relevant to this work are presented. Magnetic fields in the Sun-Earth system and
basic space plasma theory are introduced in the first section. The Ionosphere and
the current systems linking the magnetosphere to it are introduced in the next
chapter. The last chapter describes the aurora and the processes that cause this
well known phenomenon, and briefly revisits the mechanisms proposed to produce
the non-conjugate aurora. Chapter 3 holds a description of the instruments and data
used in this thesis. Special emphasis is placed on the description of the SuperMAG
network of ground magnetometers and the cameras on board the IMAGE and Polar
Satellites. In Chapter 4 we first describe the procedure for the image processing.
The next section contains a detailed description of the different magnetic coordinate
systems used and the transformation between these. The necessity and accuracy of
this will be discussed in this as well as later Chapters. The last section of this chapter
is crucial for the analysis of the results as it describes the methodical procedure used
to interpret our results. We present the observations in Chapter 5 and each section
is dedicated to one event. Data is presented first, followed by our interpretation.
In Chapter 6 the observations are discussed and put into the context of our key
objectives. Summary and conclusions follow in Chapter 7, while Chapter 8 lists
ideas for future work.
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2 Background

In this Chapter we give an overview of the theoretical background needed for the
topics treated in this thesis. In the first section, basic concepts of space plasma
and magnetic fields will be explained, starting at the Sun. Section 2.2 describes
the currents in the magnetosphere - ionosphere system and how these are coupled.
In the last section the aurora is briefly explained and a definition of non-conjugate
aurora is presented.

2.1 Magnetic fields in the Sun - Earth system

To understand electromagnetic phenomena, such as aurora that occurs in the iono-
sphere surrounding the Earth, we need to understand the processes that cause them.
In the following sections the coupling between the Sun, Solar Wind, the Earth’s mag-
netosphere and the Ionosphere will be explained.

2.1.1 The Sun, Solar Wind and Interplanetary Magnetic Field

The Sun located at a distance of 1.5 × 1011 m from the Earth. It has a mass close
to 2 × 1030 kg and the core temperature is assumed to be as high as 1.5 × 107 K.
The heat from the core is transported outwards by radiation and convection until it
reaches the hottest and outermost part of the Sun, the corona. Here the temperature
can be regarded as uniform and close to 106 K. The Suns atmosphere in the corona
is fully ionized and so hot that hydrogen and helium can escape its gravitational
forces. This forms a continuous outflow of mass called solar wind [Brekke, 2013].

As a result of the constant illumination, high temperature, and compression and
subsequent expansion of the corona, the solar wind is a fully ionized supersonic
plasma flow [Kelley , 2009]. It is quasi neutral and consists of an equal amount of
electrons and protons. The magnetic field of the Sun is structured by convective flow
of conducting material on the surface and the magnetic properties are transported
outward as the solar wind expands. Its temperature decreases adiabatically while the

5



6 2. BACKGROUND

Earth orbit
Above
Below

Earth

Figure 2.1: A three-dimensional sketch of the solar equatorial current sheet sepa-
rating the anti-parallel magnetic field lines. The small upper figure is a sideways
view, the xz-plane in GSE coordinates, of the larger figure where the magnetic field
lines are indicated in black. The purple line indicates the current sheet. Outwards
pointing field lines are above the current sheet, indicated by the grid surface, and
inward pointing field lines are below the current sheet. The Figure is adopted from
Kelley [2009].

density decreases with the inverse square of the distance to the Sun [Baumjohann
and Treumann, 2012]. Figure 2.1 shows a sketch of the Suns magnetic field as
it stretches outwards, in the small upper panel. Magnetic field lines are directed
outwards above the purple line indicating the solar equatorial current sheet and
towards the Sun below. The direction of the Sun’s magnetic field reverses with a
period of 11 years [Babcock , 1961].

The solar equatorial current sheet is a result of the geometry of the magnetic field.
Adjacent, anti parallel magnetic field lines must be separated by a current sheet as
a consideration of Maxwells equation, ∇ ×B = µ0J, shows. In the larger panel of
Figure 2.1 the solar equatorial current sheet is indicated by the checkered surface.
It forms a skirt-like configuration, rotating with a 27 day period. The orbit of the
Earth around the Sun is alternately above and below the solar equatorial current
sheet, observed as a change in the direction of the magnetic field. The small upper
panel of Figure 2.1 shows a cross section, in the plane containing the Earth-Sun line
and Z, normal to the Earth’s elliptic plane, where the Earth is below the current
sheet.

The Solar magnetic field is frozen in (see Chapter 2.1.3.2) to the streaming, hot,
supersonic, magnetized and collision-less plasma of the solar wind. This is called
the Interplanetary Magnetic Field (IMF). The components of the IMF are denoted
Bx, By and Bz for the x, y, and z direction, where x is positive toward the Sun on
the Sun-Earth line, z is along the dipole-axis of the Earth and y completes the right
handed system. The IMF is the dominant parameter coupling the solar wind to the
Earth’s magnetosphere (see Chapter 2.1.4) [Dungey , 1961; Sonnerup, 1974]. At a
distance of the Earth’s orbit, typical value ranges of the solar wind are [Baumjohann
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and Treumann, 2012]:

Typical Solar Wind values

Velocity, v 300 - 1500 km
s

Temperature, T 105 K
Density, ρe 5 cm−3

Field strength, BT 3 - 12 nT

2.1.2 Earth’s Magnetic field

The Earth’s magnetic field has its origin in the interior of the Earth. To first order
it can be approximated as a dipole field, tilted relative to the Earth’s rotational axis
[Kelley , 2009]. Currently the magnetic pole in the northern hemisphere is tilted
towards North America by an angle λtilt ≈ 11◦. The Earth’s magnetic field is affected
by the IMF and the interaction between them shapes the magnetosphere. The
boundary separating the magnetosphere and the interplanetary space dominated
by the IMF is called the magnetopause. A combination of normal and tangential
stresses, like pressure and viscous effects between the two regions, from the solar
wind/IMF form the magnetosphere [Russel , 1986]. The pressure from the solar wind
compresses the dipole field at the magnetopause on the dayside of the Earth. On
the nightside the terrestrial field is stretched out anti-sunward, into a long tail-like
configuration. This is called the magnetotail and stretches far out into space. This
configuration of the Earth’s magnetic field is sensitive to changes in the IMF and
dynamically dependent on the direction of the IMF. This will be discussed further
in Chapter 2.1.4.

Figure 2.2: A sketch of the Earth’s magnetic field. x is in the Sunward direction, z
is along the Earth’s dipole axis shown in green and y is positive out of the plane.
The rotational axis of the Earth is indicated in orange, and as the Earth rotates the
green dipole axis will wobble relative to it.
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2.1.3 Fluid description of a Plasma

The Earth’s magnetic field is affected by the plasma carried in the solar wind, thus
the dynamics of this system involves mechanics of the plasma motion. To understand
the motion and dynamics of the Earth’s magnetic field, we first need to understand
the properties of the large scale bulk-motion of the plasma [Parker , 2007].

2.1.3.1 Magnetohydrodynamics

A plasma can be described as a fluid if the density is known on a scale where
macroscopic variables do not change much. The equations describing the dynamics
of a plasma fluid are conservation laws for mass and momentum. The derivation of
these is carried out in detail in several textbooks [e.g. Baumjohann and Treumann,
2012; Parker , 2007]. The equations are as follows:

∂ρ

∂t
+ v · ∇ρ = 0 (2.1)

where ρ = nm and ∇·v = 0 is assumed. Equation 2.1 is the continuity equation for
a plasma fluid and states that in a plasma where no particles are added or subtracted
the number density, n, mass, m, and velocity v are conserved during the motion of
the plasma.

ρ

(
∂v

∂t
+ v · ∇v

)
= −∇ · P̄ + j×B (2.2)

Equation 2.2 is the momentum density conservation equation of the plasma in mo-
tion. It relates the velocity of the plasma fluid and the electromagnetic forces acting
on the fluid. The left side of the equation is the net change of momentum density
of a fluid element. P̄ is the fluid pressure or plasma pressure tensor, which arises
due to the random motion of the particles the mean bulk velocity. The j×B term
is the divergence of the Maxwell stress tensor and relates the magnetic pressure and
tension forces on the magnetic field lines to the change of momentum density of the
plasma fluid volume.

The above equations are called magnetohydrodynamic (MHD) equations. For a
plasma, the variables n, m and v are considered to be some combination of the
individual mass, number density and velocity of the ion and electron fluids. In the
reference frame of a moving plasma in space and most of the magnetosphere, mag-
netic fields are conserved while any electric fields that may arise, cancel. The highly
mobile electric charges in a moving plasma cancel potential differences rapidly. Be-
cause no magnetic monopoles exist, this cancellation does not happen for magnetic
fields and thus they are conserved [Parker , 2007].

MHD equations describe the evolution of the plasma where time-scales are larger
than the inverse plasma frequency and length-scales are much larger than the Debye
length. This is the case for most of the magnetosphere and actually the rest of the
cosmos with only a few exceptions [Parker , 2007]. However, one important example
of when MHD breaks down are regions where magnetic reconnection occurs. This
is an important concept, and necessary for understanding the plasma circulation in
the Earth’s magnetosphere and its coupling to the solar wind. The topic will be
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discussed in Chapter 2.1.4.

2.1.3.2 Frozen in concept

Electric fields cannot be supported in the moving frame of the plasma. This is true
almost everywhere in space, where plasma is collision-less, gravity can be neglected
and only the electromagnetic forces act on the plasma. Important exceptions to
this, related to the break-down of ideal MHD exist, and will be discussed in Chapter
2.1.4. The non-relativistic Lorenz transformations of the electric and magnetic fields
are described by the following equations:

E′ = E + v ×B (2.3a)

B′ = B− v ×E

c2
(2.3b)

In the reference frame of the collision-less plasma moving at velocity v, the electric
field is E′ ≈ 0. Equation 2.3a then becomes:

E = −v ×B (2.4)

This is the electric field observed when considering a plasma fluid volume at ve-
locity v. The physics of electromagnetic fields is the same in all moving frames
and Maxwells equations apply. Faradays law for a collision-less plasma of infinite
conductivity is one of Maxwells equations and stated as follows:

∂B

∂t
= −∇×E (2.5)

Inserting Equation 2.4 into this yields:

∂B

∂t
= ∇× (v ×B) (2.6)

This is the MHD induction equation for an ideal fluid. Its physical implication is
that the magnetic field is carried bodily with the plasma. The plasma can not cross
magnetic field lines but move along them. This can be shown by examining the time
rate of change of a plasma volume bound to a magnetic field line, with cross section
A and magnetic field B. The magnetic flux Φ through this area is

Φ =

∫
A

B · dA (2.7)

exist As the magnetic field B does not change with time, the rate of change of the
flux ∂Φ

∂t must be zero as well. This is true also when the field line and the plasma are
moving through space. A detailed calculation and discussion of the above is given
in Parker [2007]. This result is known as the frozen in theorem of space plasma
and is illustrated in Figure 2.3. Initially magnetic field lines are straight, shown in
black in the first column. If a patch of plasma is moved, illustrated by the orange
arrows, the magnetic field lines will be deformed accordingly, as illustrated in the
second and third panel. This is a fundamental concept in the understanding of the
dynamic processes in the magnetosphere.
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Figure 2.3: The frozen in theorem illustrated by magnetic field lines (black) moving
with the plasma (orange).

2.1.4 Magnetic Reconnection and the Dungey cycle

In Chapter 2.1.3 we state that the plasma flow can not alwasy be assumed to be
collision-less and frozen in. In fact, it is the violation of those principles that allows
for the interaction between the solar wind and the Earth’s magnetosphere [Strange-
way , 2009]. The most important example of this is magnetic reconnection, namely
the process where field lines are cut and reconnect to oppositely directed field lines,
thus changing the topology of the magnetic field. This process is rather complex
and still an active field of research. In this thesis we will not go into detail, but
try to outline the basic concept of the process [Baumjohann and Treumann, 2012;
Biskamp, 2000].

Figure 2.4 illustrates the concept of reconnection. At a time t = 0 two domains have
stationary magnetic field lines with anti-parallel components (see Figure 2.4a). An
example of this is the previously mentioned solar equatorial current sheet, where
magnetic field lines point away from the Sun above the current sheet and towards
the Sun below the current sheet (see Chapter 2.1.1). However, if the field lines are
not stationary but moving towards each other, a magnetic neutral point where the
magnetic field is zero can be established. The middle panel of Figure 2.4 illustrates
this step, where the red arrows indicate the flow of the plasma. Here the magnetic
field is zero at the center of the figure, in the middle of the bent X-like configuration.
In a three dimensional space this neutral point or X-point forms a line, often called
the neutral line or X-line. In Figure 2.4 it would extend out of the page. The result
of this process is illustrated in the right panel of the figure. The field lines and the
plasma are transported towards the neutral point. Here the field lines break and the
frozen in approximation breaks down. This happens first for ions and is indicated
by the yellow area in the figure. The green area indicates where the MHD approxi-
mation for electrons break. The cut field lines from one domain reconnect with a cut
field line from the other and form a new magnetic field line. Due to magnetic tension
forces the new field line is then expelled from the neutral point and moves away.
With the new field line, a mix of plasma populations from both domains are trans-
ported in a direction perpendicular to the original flow, illustrated by the red arrows.

In the case of the Earth’s magnetosphere, magnetic reconnection occurs commonly
in two areas for certain configurations of the IMF. The first area is at the mag-
netopause on the dayside of the magnetosphere. If the IMF has a southward (i.e.
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(a) t = 0 (b) t = 1 (c) t = 2

Figure 2.4: Sketch illustrating the evolution of the magnetic field topology during
magnetic reconnection of anti-parallel field lines. At time t = 0 the field lines are
anti-parallel and stationary. When forces act on the plasma frozen to the field lines,
the field lines may converge toward each other. This is illustrated in panel b at
time t = 1. At time t = 2, the frozen in approximation breaks down, first for ions,
indicated by the yellow area and then for electrons, indicated by the green area. The
red arrows indicate the flow of the plasma.

negative z) component it can reconnect with the closed field lines of the Earth’s
magnetic field and form open field lines, each with one footpoint in the solar wind
and one footpoint on Earth. This is illustrated in Figure 2.5, where the progress of
one field line is tracked through the Earth’s magnetosphere. The incoming IMF field
line numbered 1, reconnects with the Earth’s magnetic field and is now open. Due
to the momentum of the solar wind, the open field line is transported anti-sunward,
illustrated by the field line at stage 2, 3, 4, 5 and 6. This process is what forms
the magnetotail mentioned in Chapter 2.1.2. The second area of reconnection is on
the nightside, where the open field line that was transported from the dayside may
reconnect and form new a closed field line. Line number 7 in Figure 2.5 illustrates
this in the magnetotail. The new field line, number 8, will then relax and move
towards the Earth, transporting plasma (originally in the solar wind) frozen to the
field line. The direction of the plasma transport during this process is illustrated by
the yellow and orange arrows. In an equilibrium situation the newly closed field line
will convect back to the dayside magnetosphere and close the cycle. This conceptual
picture of the plasma circulation was first suggested by Dungey [1961] and is now
widely known as the Dungey cycle.

2.1.4.1 Effects of the IMF By and Bx

The two other components of the IMF also affect the Earth’s magnetic field, but
in a different manner than the Bz component. The By and Bx components of the
IMF can cause asymmetries of the open magnetic field lines by reconnection on the
dayside. A newly opened field line on the dayside is transported tailward, as the
IMF acts on the field line, creating magnetic tension. The magnetic tension force
is different for the two parts of the newly opened field line. When the field lines
have convected to the magnetotail, the two open field lines initially together will not
reconnect with each other. Instead, reconnection can occur with other open field
lines in the tail. This process is sketched in Figure 2.6. The left panel illustrates the
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Figure 2.5: The Dungey cycle is the conceptual picture of the plasma circulation
driven by the magnetospheric reconnection and convection in the Earth’s magneto-
sphere. The numbered field lines show how the solar wind magnetic field reconnects
to the Earth’s magnetic field (1 ) and subsequently is transported to the magnetotail
(2,3,4,5,6 ) and eventually reconects again in the tail (7 ). Here the flow is reversed
and the magnetic field lines and the plasma carried by them is convected towards
the dayside (8 ). Figure adopted from Baumjohann and Treumann [2012].
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Figure 2.6: A sketch of the different reconnection locations on the dayside for a
positive IMF By is shown in the left panel. The right panel shows a sketch of the
subsequent reconnection in the tail. Field lines with symmetric footpoints in the
two hemispheres will not reconnect due to an oppositely directed magnetic tension
force, indicated by the large orange and blue arrows. Instead field lines with certain
asymmetric footpoints will reconnect and introduce a magnetic field component in
the y-direction to the Earth’s magnetic field. The figure in the right panel is adopted
from Østgaard et al. [2004]

different locations at which reconnection can occur on the dayside of the magneto-
sphere, for a positive IMF By component. The magnetic tension force in the bend of
the newly open field lines is directed in the opposite direction for the two field lines.
The right panel shows the situation subsequent to the convection of the field lines to
the nightside and reconnection in the tail. The field lines with symmetric footpoints
in the two hemispheres, indicated by the solid orange and blue lines, will not recon-
nect as they are pulled away from one another. Instead, field lines with asymmetric
footpoints in the two hemispheres, indicated by the dashed orange and blue lines,
can reconnect. The result is a closed field line with asymmetric footpoints in the
two hemispheres in a geomagnetic coordinate system [Østgaard et al., 2004]. The
penetration of the IMF By component into the Earth’s magnetosphere is supported
by satellite measurement, reporting a twist in the magnetotail at geosynchronous
orbit, in the direction of the IMF By [Lui , 1984; Wing et al., 1995].

Similarly, the IMF Bx component can affect the Earth’s magnetic field. Instead of
a dawn-dusk asymmetry this can cause a north-south asymmetry. Magnetic tension
on the two parts of the initially closed and now open magnetic field line is different
in the two hemispheres. Figure 2.7 illustrates this. After the open field lines have
convected to the magnetotail, the tension force differs for the two end of the initially
closed field lines. This is suggested to affect the energy conversion from the solar
wind to the magnetosphere [Cowley , 1981; Reistad et al., 2014].
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Figure 2.7: A sketch of the reconnection process for a positive IMF Bx and negative
IMF Bz component. The tension, indicated by the green arrows, in the northern
and southern hemisphere differs. Figure adopted from Cowley [1981].

2.1.5 Ionosphere

The ionosphere is the ionized part of the Earth’s atmosphere and it is the transition
region from the fully ionized magnetospheric plasma to the neutral atmosphere. So-
lar UV radiation ionizes a fraction of the neutral atmosphere depending on density
and chemical composition [Baumjohann and Treumann, 2012]. The ionosphere can
be viewed as a shell of variable ionization where the ionization is highly altitude
dependent [Brekke, 2013]. Thus, it consists of several regions. The region with the
highest plasma density is called the F-region at an altitude range of 100-500 km,
with a peak around 300 km. Below, at an altitude range from 90-150 km, is the
E-region with an ionization peak around 110 km. The region below 90 km altitude
is termed the D-region, and is only weakly ionized.

Chapter 2.1.4 described the circulation pattern of magnetic field lines in the Earth’s
magnetoshpere as a result of magnetic reconnection. Reconnection occurs first on
the dayside and subsequently the open magnetic field lines are transported towards
the nightside due to the solar wind flow, with one footpoint in the solar wind and
one footpoint on Earth. Because plasma is frozen in to the magnetic field lines,
this motion applies to the plasma as well. As the ionosphere is initially at rest, the
magnetospheric motion creates a tension force on the magnetic field lines. This per-
turbation from the bend in the field line propagates downward into the ionosphere.
The neutral particles in the atmosphere are not directly affected by electromagnetic
forces, while the plasma in the ionosphere is accelerated. This introduces collisions
of the plasma species with the neutrals in the ionosphere. As a result the field lines
are bent further. The magnetic field continues to bend, until the tension forces
balance the frictional forces arising from the collisions of the plasma [Song and Va-
syliunas, 2011]. The collisional plasma is accelerated by this process and as a result
the ionospheric flow pattern matches that of the magnetospheric flow [Strangeway ,
2009]. Figure 2.8 shows a sketch of the resultant ionospheric flow pattern. Orange
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Figure 2.8: Schematic view of the convection pattern in the polar ionosphere. The
orange lines indicate the general direction of the flow. Concentric solid blue circles
show latitude in degrees, while the dashed blue circle indicates the poleward bound-
ary of the auroral oval. The black arrows indicate the high-latitude electric field
caused by the flow of the magnetic field across the polar cap.

lines indicate the convection streamlines of the plasma flow. The black arrows il-
lustrate the ionospheric electric field, as a result of the the stress imposed on the
ionosphere by the magnetospheric flow. Figure 2.8 is a simplified sketch of the con-
vection pattern to illustrate this concept. The actual pattern of convective flow is
closely linked to the direction and magnitude of the IMF and varies greatly in shape
according to it [e.g. Cowley et al., 1991; Förster et al., 2008; Weimer et al., 2010].
In addition, the pattern in the two hemispheres can be very different, particularly
during a southward directed IMF and thus enhanced energy input from the solar
wind [Haaland et al., 2007].

2.1.6 Two paradigms

The ionospheric processes explained above, are presented in what is known as the
B v paradigm (where B is the magnetic field and v the plasma bulk flow). The
ionospheric electric fields are explained in terms of the magnetic field and plasma
motion. This is in contrast to the E j paradigm (E is the ionospheric electric field
and j the electrical current density), where the electric field in the ionosphere is
established as the cause for the plasma motion. Several authors argue [e.g. Parker ,
2007; Vasyliunas, 2005; Vasyliunas and Song , 2005] that using the premise that the
electric field causes the plasma motion hides the fundamental physics and is thereby
false. However, in the reference frame of the Earth the E j approach is valid and is
commonly used in ionospheric physics [Kelley , 2009].
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2.2 Currents

Currents transport mass, charge, momentum and energy and are crucial to the
coupling of the Earth’s magnetosphere to the ionosphere. A complicated system
of currents exists within the magnetosphere as a result of the distortion from the
solar wind flow. The importance of the magnetic field aligned currents, linking
the ionosphere and magnetosphere of the Earth, was first suggested by Birkeland
[1908]. In the following the large scale magnetospheric currents, field aligned and
ionospheric currents are described. The last section of this chapter describes how
these can be measured.

2.2.1 Magnetospheric currents

Chapter 2.1.2 discusses the Earth’s magnetic field and how it is distorted by the
continuous flow of the solar wind in space. This distortion of the dipole field is
associated with large scale current systems in the Earth’s magnetosphere and field
aligned currents coupling the magnetosphere and the ionosphere [Akasofu, 1983].
Figure 2.9 shows a schematic view of the large scale magnetospheric currents. As-
sociated with the transition region from the IMF to the Earth’s magnetic field are
the magnetopause current in the compression region on the dayside and its corre-
sponding tail current on the nightside. Connected to the tail current is the neutral
sheet current flowing across the magnetosphere from dawn to dusk. Some of the
tail current also connects to the magnetopause current [Strangeway , 2009]. The
ring current flows in a westward direction around the Earth at a distance of sev-
eral Earth radii. These currents flow perpendicular to the Earth’s magnetic field.
The currents flowing parallel to the magnetic field, shown in red in Figure 2.9, are
the large scale field aligned currents connecting the magnetospheric currents to the
ionospheric currents, closing the system. These currents are affected, and addi-
tional currents, like the substorm current wedge (see Chapter 2.3), can be induced
by different configurations of the IMF as the magnetosphere opens and magnetic
reconnection occurs [Dungey , 1961; Strangeway , 2009] (see Chapter 2.1.4). Figure
2.9 does not show the complex system of ionospheric currents, which we will discuss
in Section 2.2.3.

2.2.2 Field Aligned Currents

Field aligned currents are the link between the magnetosphere and ionosphere, and
play a central role in the transfer, conversion and circulation of energy and mo-
mentum between the two regions [Iijima, 2000]. Kristian Birkeland was the first to
suggest that electric currents in the atmosphere (the ionosphere was not discovered
at that time) are associated with the aurora and that these currents flow in and out
of the upper polar atmosphere along the magnetic field lines of the Earth [Birkeland ,
1908; Potemra, 1985]. Their existence was later confirmed by in situ measurements
[Zmuda and Armstrong , 1974a,b] and has since been the subject of many studies
[e.g. Iijima, 2000]. Iijima and Potemra [1978] determined the large scale morphol-
ogy of the the field aligned currents in the Earth’s polar ionosphere as shown in
Figure 2.10. Currents that flow into the ionosphere on the dawn side and out of the
ionosphere on the dusk side at the higher latitudes are referred to as Region 1 (R1)
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Figure 2.9: Schematic of the magnetospheric currents around the Earth. Currents
are shown in yellow, while black arrows indicate the Earth’s magnetic field. The large
scale field aligned currents are indicated in red. Figure adopted from Baumjohann
and Treumann [2012].

currents. Currents at the lower latitudes flow in the opposite direction to the R1
currents and are referred to as Region 2 (R2) currents. These current configurations
are persistent during a magnetic substorm, which is defined as a time interval where
the energy dissipated from the magnetosphere into the auroral oval in the ionosphere
is increased [Rostoker et al., 1980]. This process was first termed auroral substorm
and described in detail by Akasofu [1964]. Both the R1 and R2 currents increase as
the magnetic activity increases [Sugiura and Potemra, 1976]. R1 are more intense
than R2 currents and close in different regions in the magnetosphere.

2.2.3 Polar Ionospheric Currents

The ionosphere is generated by the highly altitude dependent ionization of the neu-
tral gas in the Earth’s atmosphere. Hence, the conductivity of the different plasma
species, entering the ionosphere via the field aligned currents, is altitude dependent.
As the plasma enters regions of higher density in the atmosphere it becomes colli-
sional, and the MHD equations specified in Chapter 2.1.3.1 no longer apply. Instead
the equations need to be modified to include collisions for each of the plasma species
[Strangeway and Raeder , 2001]. The difference of mass and cross section of the the
plasma species cause collisions to become important at a higher altitude for ions
than for electrons. In the presence of an electric field, this leads to a charge separa-
tion causing a net current. In a fully ionized plasma with low collision frequencies
and infinite conductivity, Ohm’s law is given by:

j = σ(E− v ×B) (2.8)

where σ is the plasma conductivity. Accounting for collisions and the different mass
and cross-section of the species, which give rise to different gyro and neutral-collision



18 2. BACKGROUND

Current into ionoshpere
Current away from ionoshpere

Figure 2.10: Distribution of the large scale field aligned currents in the polar iono-
sphere, adopted from Iijima and Potemra [1978].

frequencies, and decomposing Ohm’s law states:

j = σ‖E‖ + σPE⊥ −
σH(E×B)

B
(2.9)

where σ‖ is the conductivity parallel to the magnetic field B. This first term on
the right hand side is zero as the parallel electric field goes to zero as σ‖ goes to
infinity along magnetic field lines. The conductivities denoted by σP and σH are
the Pedersen and Hall conductivities perpendicular to the Earth’s magnetic field,
B. The Pedersen current, jP = σPE⊥, is carried by the motion of the ions and flows
along the present ionospheric electric field (see Chapter 2.1.5) and perpendicular to
the magnetic field B [Kelley , 2009]. The Hall current, jH = σH(E⊥ ×B), is carried
by the electron motion relative to the motion of the ions with the neutrals (due to
collisions) and is perpendicular to both the electric field and the magnetic field. As
the ionospheric conductivity is highly altitude dependent, the range in which these
perpendicular currents can flow is from approximately 90 km to 130 km altitude.
The Hall currents flow closest the surface of the Earth, while the Pedersen currents
flow above [Baumjohann and Treumann, 2012]. The resulting horizontal current
pattern in the polar ionosphere is sketched in Figure 2.11. The green circular re-
gion indicates the auroral oval. The horizontal eastwards and westward electrojet
primarily consisting of the Hall currents are indicated in red. The primary source
of σH and thus, the Hall currents, is the solar radiation on the dayside and the elec-
tron precipitation in the auroral oval maximizing around 00 MLT [Ahn et al., 1999].
As a result, enhanced field aligned currents during magnetic substorm can intensify
these substantially. The intense westward electrojet flows in the morning sector and
typically extends past 00 MLT along the poleward boundary of the auroral oval,
where it then diverges into field aligned currents. This westward component of the
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Figure 2.11: A sketch of the horizontal Hall and Pedersen currents in the polar iono-
sphere. Black arrows indicate the Pedersen currents, while two red arrows indicate
the Hall currents. These are also called the eastward (left) and westward (right)
electrojets. The green circle is a sketch of the auroral oval.

Hall current, is sometimes enhanced in the midnight sector, due closure of the sub-
storm current wedge (see Chapter 2.2.4) [e.g. McPherron et al., 1973; Newell and
Gjerloev , 2011]. The black arrows show the horizontal Pedersen currents, peaking
at an altitude around 130 km. The Pedersen currents are fed by the field aligned
R1 and R2 currents (see Figure 2.10). The region spanning from around 21 MLT
to 01 MLT is called the Harrang discontinuity region. Here, the Pedersen currents
overlap and three sheets of field aligned currents exist.

Figure 2.8 and 2.11 are idealized sketches of the convection and currents in the polar
ionosphere. As mentioned in Chapter 2.1.5, the pattern of the convection depends
greatly on the direction and magnitude of the IMF and reflects the pattern of the
plasma convection in the magnetosphere. The same is true for the current system
in the ionosphere as it is closely linked to the convection. The solar wind - mag-
netosphere - ionosphere system is highly dynamic and thus the average convection
pattern changes [e.g. Kelley , 2009; Weimer et al., 2010]. The auroral electrojets are
also affected by the seasonal differences [Guo et al., 2014] and recent studies show
that the convection patterns can be very different in the two hemispheres for a given
orientation of the IMF [Haaland et al., 2007].

2.2.4 Substorm currents

In Chapter 2.1.4 the concept of magnetic reconnection and the flow of plasma in
the Earth’s magnetosphere was described. The Dungey cycle does not nessessarily
represent an equilibrium state with the same amount of reconnection on the dayside
as on the nightside but can be greatly dependent on the orientation of the IMF and
the solar wind speed. Magnetic flux transported to the tail of the Earth’s magnetic
field by the solar wind may build up and reconnect abruptly in the tail. Plasma
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Figure 2.12: Sketch of the disruption in the neutral current sheet forming the sub-
storm current wedge. Downward field aligned currents on the morning side close
in the ionosphere and flow upwards and back to the neutral current sheet. Figure
adopted from Mcpherron et al. [1973].

particles, initially from the solar wind, frozen to the field lines, are accelerated and
deposited in the auroral oval of the ionosphere. This interval of sudden increased
energy dissipation in the ionosphere is termed auroral substrom and has a vivid
observable effect in the form of aurora and the horizontal ionospheric currents [Ros-
toker et al., 1980]. The aurora will be discussed in more detail in Chapter 2.3.

The current pattern during a magnetospheric substorm consists of two components.
First, as a result of the increased reconnection and magnetospheric plasma circula-
tion during intervals with a significant southward directed component of the IMF,
the plasma circulation in the ionosphere increases. This enhances the Hall cur-
rents/electrojets in the auroral oval. Second, a substorm electrojet is formed in the
ionosphere, as a result of a substorm current wedge. These two mechanisms have
very different time evolution and intensity [Kamide et al., 1996].

The substorm current wedge (SCW) was introduced by Mcpherron et al. [1973]. It
is formed when part of the neutral sheet current (see Figure 2.9) diverts through
a downward field aligned current into the ionosphere, a westward auroral electrojet
and an upward field aligned current on the west side of the wedge. The current in
the neutral current sheet is enhanced prior to a substorm [Kaufmann, 1987]. Figure
2.12 illustrates this process and highlights how the magnetosphere is directly coupled
to the ionosphere.

2.2.5 Measuring ionospheric and field aligned currents

Steady currents generate magnetic fields that are constant in time. This relation is
expressed by Biot-Savarts law

B(r) =
µ0

4π

∫
J(r′)× r

r3
dτ ′ (2.10)

where J(r′) = J(x′, y′, z′) is the current distribution inside a volume dτ = dx′dy′dz′,
and B(r) is the magnetic field induced by the volume current at a point r = (x, y, z).

Currents in the magnetosphere-ionosphere system generate magnetic fields that can
disturb the Earth’s magnetic field. In the present thesis, the current generated
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magnetic field at ground level is termed ground magnetic perturbation field. The
magnetic perturbation fields can be measured with magnetometers in space and
on the Earth’s surface to study the characteristics of the currents. Ground-based
magnetometers determine the magnetic perturbation field along three mutually per-
pendicular components, usually in the north-south, east-west and vertical direction.
The method used for interpreting ground magnetometer data, will be explained in
detail in Chapter 4.4, and has been used in numerous studies using observatories
at mid- and low-geomagnetic latitudes [e.g. Akasofu and Meng , 1969; Clauer and
McPherron, 1974; Fukushima and Kamide, 1973a; Haaland et al., 1999; Nakano,
2005]. A number of studies use ground magnetometer data from all stations above
mid-latitudes (< 60◦) during various conditions to determine characteristics of the
polar ionosphere , like conductivity distribution, electric field potential, large scale
current distribution, the auroral electrojets and field aligned current distribution,
of the polar ionosphere [e.g Friis-Christensen et al., 1985; Guo et al., 2014; Kamide
and Kokubun, 1996; Kamide et al., 1981]. Gjerloev and Hoffman [2014] argue that
perturbations measured by stations within the polar cap are largely due to field
aligned currents flowing into the auroral zone. In this thesis we aim at using ground
magnetometer stations at high latitudes and stations in the auroral oval in addition
to stations at mid-latitudes simultaneously, to investigate currents associated with
the non-conjugate auroral features (see Chapter 4.4).

The geomagnetic field lines at latitude regions of the auroral oval and higher, are
close to vertical. For the ideal case of radial field lines in a spherical geometry and
uniform conductivity in the ionosphere, the magnetic perturbation from the field
aligned currents and the irrotational, spreading horizontal Pedersen currents cancel
exactly [Fukushima, 1976]. The ground magnetic perturbations observed below the
ionosphere are then solely due to the horizontal ionospheric hall currents. This is
known as Fukushimas Theorem. For realistic, curved field lines and a non-uniform
ionospheric conductivity, Fukushimas Theorem does not hold [e.g. Fukushima, 1994;
Vasyliunas, 2007]. Sun et al. [1985] found the effect of vertical versus non-vertical
field lines on the ground magnetic perturbation to differ by 5-20 % at high latitudes
around the auroral zone, and 15-35% at mid-latitudes (< 60◦). It is mathemati-
cally impossible to determine the true three-dimensional current distribution solely
from ground magnetic perturbation measurements, as they are a superposition of
horizontal ionospheric currents, field aligned currents and currents in the distant
magnetosphere [e.g. the ring current Fukushima and Kamide, 1973a,b].

2.3 The Aurora

The aurora is a signature of the magnetospheric processes and dynamics. It is
caused by the energetic electrons and ions precipitating into the polar ionosphere
along the magnetic field lines. The radiation is the result of collisions between
the constituents of the atmosphere and the precipitating particles. The kinetic
energy from precipitating particles causes, in part, the atoms and molecules in the
atmosphere to excite. During the relaxation process of the excited atmospheric
particles, the excess energy is given of as radiation at characteristic wavelengths
determined by the species [Kivelson and Russel , 1996]. Part of this light can be
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seen from the Earth and space by the naked eye.

2.3.1 Non-conjugate Aurora

For a symmetric dipole field of the Earth, the auroral features at the footpoint of
magnetic field lines would be observed at the same geomagnetic coordinates in both
hemispheres. However, the Earth’s magnetic field is strongly affected by the IMF
and the footpoints of magnetic field lines may be displaced in geomagnetic coordi-
nates. An auroral feature appearing in both hemispheres on the same field line is
termed conjugate, even if the geomagnetic coordinates differ. This is called a loca-
tion asymmetry and can be explained in terms of the asymmetric forces from the
IMF on the magnetosphere, causing field lines that where not originally together, to
reconnect in the tail (see Chapter 2.1.4). Non-conjugate aurora is defined as aurora
on a given field line, appearing in one hemisphere but not the other or significantly
brighter in one hemisphere [Østgaard et al., 2004].

Several studies have focused on the aurora in the conjugate regions of the two hemi-
spheres. The fist systematic study was done by DeWitt [1962], using All-Sky cam-
eras. Later Sato et al. [1998] reported both conjugate and non-conjugate auroral
features at the two geomagnetically conjugate stations Syowa (southern hemisphere)
and Husafell (northern hemisphere). Stenbaek-Nielsen and Otto [1997] reevaluated
airborne all-sky camera data, previously presented by Stenbaek-Nielsen et al. [1972],
and described observations of non-conjugate aurora. Simultaneous satellite imaging
of the aurora in both hemispheres was first possible with the Dynamic Explorer 1
(DE1) and Viking satellites [Craven et al., 1991; Pulkkinen et al., 1995]. More re-
cently, a number of conjugate studies have increased our knowledge about the global
aurora, using the images provided by the Polar and IMAGE satellites [e.g. Laundal
and Østgaard , 2009; Østgaard , 2005; Østgaard et al., 2004, 2007].

As the aurora is mainly caused by precipitating electrons along the magnetic field
lines, upward field aligned currents are associated to auroral features [Frey et al.,
2001]. Based on numerous observational studies of non-conjugate aurora Østgaard
and Laundal [2012] suggest that asymmetries in the auroral location or intensity are
related to asymmetric currents and propose three mechanisms for the generation of
these. They are described in detail in their paper and the mechanisms will only
briefly be summarized here.

1. Hemispheric differences of the Solar Wind dynamo induced currents
The difference in the magnetic tension force on the newly opened field lines
with a footpoint in one hemisphere induces currents of different magnitude for
the two hemispheres. For a positive IMF Bx this is apparent in Figure 2.7,
where the tension force indicated by green arrows is larger in the southern
hemisphere on the field lines numbered 3. In the reference frame of the Earth
this is observed as a current opposing the electric field set up by the solar
wind. R1 are believed to partly connect to this part of the magnetosphere,
and consequently the ionospheric current closing this system is stronger in the
southern hemisphere for Bx > 0, possibly introducing auroral asymmetries.

2. Penetration of the IMF By into the closed magnetosphere
The penetration of an IMF By component into the Earth’s magnetosphere is
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described and sketched in Chapter 2.1.4.1. From consideration of Ampere’s law
one can argue that a pair of interhemispheric currents are induced mapping to
different regions in the two hemispheres.

3. Conductivity differences in conjugate regions
As a result of the angle between the Earth’s rotation axis and the dipole
axis the two hemishperes are exposed differently to the radiation from the
Sun. Figure 2.2 illustrates this. This leads to a difference in ionization in
the two hemispheres an consequently a difference in the conductivity. The
summer hemisphere will have a larger conductivity than the winter hemisphere.
This may lead to a difference in the R1 currents and non-conjugate aurora in
the dusk sector of the hemisphere. Currents from the sunlit hemisphere are
believed to close through the winter hemisphere on field lines located in regions
having a conducting-gradient, such as the terminator.

Reistad et al. [2013] identified 15 non-conjugate auroral features from a 19 hour
data set of conjugate images from Polar and WIC. They categorized the individual
observations in terms of these three mechanisms. These identified events of observed
non-conjugate aurora form the observational basis of this thesis.
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3 Data and Instrumentation

In the following Chapter we give an overview of the instruments used to collect the
data utilized in this thesis. The main instruments are two far ultra violet cameras on
board the satellites IMAGE and Polar, and the ground based magnetometers part
of the SuperMAG network. We also use solar wind data obtained by the Advanced
Composition Explorer (ACE) satellite.

3.1 Solar Wind data

Processes in the Earth’s magnetosphere are closely linked to the solar wind and
the embedded IMF. Thus, monitoring the properties of the solar wind is essential
in understanding the solar wind - magnetosphere coupling. In the present thesis,
measurements of the IMF from the ACE satellite are utilized through the OMNI
database.

ACE was launched August 25, 1997 and is currently orbiting the Earth - Sun liber-
ation point, around 240 RE sunward of Earth [Stone et al., 1998]. Measurements of
the IMF at ACE, are obtained from the MAG instrument consisting of two triaxial
fluxgate magnetometers mounted on booms 4.19m off center from the spacecraft
[Smith et al., 1998]. Because ACE is located upstream of the magnetosphere in
terms of the solar wind, it is necessary to time-shift the data in order to combine
the correct IMF data with the measurements obtained at Earth. Several meth-
ods exist for calculating the time-shift [e.g. Weimer , 2003]. The 1 minute reso-
lution IMF data used in this thesis is time-shifted taking into account the speed
of the Earth’s orbital motion, the exact position of the spacecraft and solar wind
speed[King and Papitashvili , 2005]. It is obtained from NASA’s Space Physics Data
Facility, http://omniweb.gsfc.nasa.gov.

25
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3.2 SuperMAG

The geomagnetic field of the Earth is disturbed by currents flowing in the near
Earth space, which are a result of the solar wind - magnetic field - ionosphere cou-
pling. As described in Chapter 2.2, the currents generate magnetic fields, described
by Biot-Savarts law (Equation 2.10), that are related perturbations to the Earth’s
magnetic field. Using ground based magnetometers, it is possible to measure the
induced magnetic disturbances by these currents, in the Earth’s magnetic field. In
the following we introduce the network of ground magnetometer stations and the
data product used in the present thesis.

SuperMAG is a collaboration of organizations and agencies operating ground-based
magnetometers. The network consists currently of more than 400 magnetometers
spread all over Earth. Figure 3.1 shows a geographic map of all SuperMAG magne-
tometer stations.

SuperMAG Stations

Figure 3.1: Map projection with the position of all SuperMAG stations indicated in
geographic coordinates. Each station is indicated by a red dot.

The raw data from the magnetometers come in a variety of formats, coordinate
systems, units, sampling rates etc., from the various stations. This is very imprac-
tical for global studies. The data used in this thesis is processed extensively by the
SuperMAG initiative to provide a more unified data set. The following four steps
are a summary of this rather intricate process, outlined in detail by Gjerloev [2012];
(1) re-sampling to 1-min time resolution, (2) validation of data, (3) rotation into a
common reference system, and (4) subtracting the baseline.

The purpose of subtracting the baseline is to perform a separation of sources so that
the perturbations can be studied separately from the general magnetic field of the
Earth. As the Earth’s field varies, the determination and subtraction of the baseline
from the data are performed in three steps from one full year of observations. The
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first step is to subtract diurnal variations, the second to remove yearly trends and the
third to subtract any known local residual offset from the rotated data set. In this,
the baseline subtraction used for the SuperMAG data set differs from the traditional
methods of using a Quiet Day Curve (QDC) and as a result avoids all the difficulties
associated with identifying the quiet days. Gjerloev [2012] argues that there is no
objective way to evaluate this method compared to other methods, as there are no
observations independent of the processing technique. That is, we do not have a
set of truths or facts to compare with. Thus, it is not possible to determine which
method is the better or more precise at subtracting the general background mag-
netic field. The advantage of SuperMAG data is that the background subtraction is
performed in the same way for all stations.

The coordinate system used by the SuperMAG initiative is the NEZ local magnetic
coordinate system, where N is local magnetic North, E is eastward, perpendicular to
north, and Z is towards the Earth’s center and completes the right handed system.
The definition of this system is explained further in Chapter 4.2.2. Later in this the-
sis both the Modified Apex coordinate system and the similar AACGM coordinate
system will be used to visualize the data. The transformation between the systems
is explained in Section 4.2.

3.2.1 Geomagnetic indices

The Auroral Electrojet indices, defined and developed by Davis and Sugiura [1966],
reflect a measure of the global electrojet activity. Twelve ground magnetometer
stations distributed in local time in the auroral oval, are used to calculate the three
indices, AL, AU and AE. The maximum and minimum horizontal magnetic pertur-
bation field at an instant of time give the AU and AL indices, and reflect a measure
of the eastward and westward electrojets, respectively. The AE index at any time
is defined as the separation between the upper and the lower envelopes (AU and
AL) of that instant. In the present study we use the AE index as a measure of the
geomagnetic activity.

The Sym-H index is derived from six ground magnetometer stations at low lati-
tudes. It is essentially equivalent to the widely used Dst (Disturbed storm time)
index first introduced by Sugiura [1964]. The Sym-H index is calculated as the aver-
age southward component of the Earth’s horizontal magnetic field and is a measure
of the large scale behavior the ring current around the Earth with a 1-minute time
resolution [Wanliss, 2005; Wanliss and Showalter , 2006]. In the present thesis the
classification by Gonzalez et al. [1994] are adopted to place measurements of the
Sym-H index in context. Thus, for a typical substorm the values of the Dst/Sym-H
index fall between -30nT and -50nT.

Both indices are obtained from NASA’s Space Physics Data Facility http://omniweb.

gsfc.nasa.gov, as for the IMF data from ACE. The data is provided by the World
Data Center for Geomagnetism, Kyoto HTTP://wdc.kugi.kyoto-u.ac.jp/index.

html.

http://omniweb.gsfc.nasa.gov
http://omniweb.gsfc.nasa.gov
HTTP://wdc.kugi.kyoto-u.ac.jp/index.html
HTTP://wdc.kugi.kyoto-u.ac.jp/index.html
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Figure 3.2: IMAGE and Polar spacecraft orbit.

3.3 IMAGE and Polar satellites

The conjugate images of the northern and southern hemispheres used in this thesis
are obtained by instruments on two NASA satellites, the Imager for Magnetopause-
to-Aurora Global Exploration (IMAGE) satellite and the Polar satellite. The in-
struments will be described below. During the years 2001 and 2002 their positions
were such that simultaneous imaging of both hemispheres was possible. Figure 3.2
shows a sketch illustrating their orbits during those years.

The purpose of the IMAGE mission was to image the Earth’s magnetosphere using
techniques of ultra violet imaging, neutral atom imaging, and radio plasma imaging
[Burch, 2000]. During its lifetime it provided data to investigate the global structure
and dynamics of the magnetosphere. The satellite was launched in March 2000 in
a highly elliptical orbit at 90◦ inclination with an apogee at an altitude of 7RE and
perigee at 1000km [Burch, 2000]. IMAGE completed one orbit every 14.2 hours and
provided data until December 18th 2005.

The Polar satellite was part of the Global Geospace Science Program (GGS) which
is in an element of the International Solar-Terrestrial Physics (ISTP) campaign. In
addition to Polar, a second satellite, WIND, was part of the GGS program. The
goal of the ISTP program was to improve the current understanding of the energy,
mass and momentum transports in the near Earth space [Acuña et al., 1995]. The
Polar satellite was spinning at a rate of 10 revolutions per minute. However, most
of the instrumentation on board Polar was mounted on a despun platform. It was
launched into an elliptic orbit with 90◦ inclination in February 1996. Apogee of
the orbit was at 9RE while the perigee was at 1.8RE [Acuña et al., 1995]. Polar
completed one orbit every 17.5 hours and provided data until April 2008.

3.3.1 IMAGE Far Ultraviolet Wideband Camera

On board the IMAGE satellite were three Far Ultraviolet (FUV) instruments. The
Wideband Imaging Camera (WIC) [Mende et al., 2000a], the Spectrographic Imager
(SI) and the GEO photometer [Mende et al., 2000b]. The SI, a monochromatic im-
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ager had filters at two different wavelengths. The SI-13 filter was focused at 135.6 nm
for observation of line emissions from atomic oxygen. This emission line is produced
mainly by electron precipitation with some contribution from proton precipitation.
The SI-12 filter made observations of the Doppler-shifted Lyman-α emissions from
hydrogen produced by precipitating protons only. The wavelength pass-band of this
filter was from 119-126 nm, but was blocked at 121.566 and 120.0 to only observe
the Doppler-shifted emissions from the interaction of the precipitating protons with
electrons [Mende et al., 2000c]. The geocoronal photometer consisted of three pho-
tometers designed to measure the geocoronal Ly-α surrounding Earth [Mende et al.,
2000b].

In this thesis we use the measurements from the WIC imager only. The primary
objective of the WIC is to provide broadband ultraviolet images of total terrestrial
aurora intensity over the entire polar region [Mende et al., 2000c]. The camera ob-
serves a few N-lines in the Lyman-Birge-Hopfield (LBH) emission band of the far
ultraviolet aurora with a spectral wavelength range from 140 - 190 nm, with peak
response at 150nm [Mende et al., 2000c]. Due to the rotating platform on which the
imager is mounted, the Earth sweeps through the FOV of the camera for approxi-
mately 10 seconds for every revolution. During this time a set of 300 images is taken,
each with an exposure time of 0.033 seconds. The rotating motion causes the im-
ages to be slightly distorted. To ensure minimal resolution loss and compensate for
the motion of the satellite, every image is distortion-corrected and images are then
superimposed on one another. This method of processing the data is called Time
Delayed Integration (TDI) and results in one image per revolution of the satellite
[Mende et al., 2000a]. As the on board storage and the down link are limited this is
done in situ before the final image is transmitted.

To map the downloaded images onto the Earth we use the Fuview software, devel-
oped by the FUV team at Space Science Laboratory, Berkeley USA. This software
is an IDL based library of routines to map and display data from all three cameras
on the IMAGE satellite. As the satellite is most of the time located several REs
from Earth, even a small inaccuracy in the pointing of the imagers would lead to
large errors in the mapping onto Earth. To avoid this, the pointing is determined
by adjusting the images such that the stars in the field of view (FOV) of the camera
align with the predicted position of those known stars. This calibration was done
once for every day of data using this software. During the IMAGE mission several
pieces of the Radio Plasma Imager antenna broke of, which resulted in a wobbling
motion [Frey , 2010]. The error this motion produced was not possible to correct for
using the star-alignment method. The data used in this thesis is adjusted as good
as possible and the introduced error is not believed to be significant for data used
in this thesis [Laundal , 2010; Reistad , 2012].

3.3.2 Polar VIS Earth Camera

There are three cameras on board the Polar satellite. Two of these are designed
to image the nighttime aurora oval at visible wavelengths with high spatial resolu-
tion. They share some of the same optics but have different spatial resolution. The
primary objective of the third camera was to monitor the other two cameras FOV
with respect to the sunlit Earth [Frank et al., 1995]. In this study we will use this
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Satellite IMAGE Polar

Perigee 1000km 1.8RE
Apogee 7RE 9RE
Orbit time 14.2h 17.5h
Lifetime Mar 2000 - Dec 2005 Feb 1996 - Apr 2008
Revolution time 0.5± 0.01rpm 10rpm

Camera WIC VIS Earth

Wavelength 140 -190nm 124 - 149nm
Cadence 123s 54s
Integration time 10s 32.5s
Field of View 17◦ × 17◦ 20◦ × 20◦

Resolution 256×256 256×256

Table 3.1: The main characteristics of the satellites and the cameras on board used
in this thesis [Acuña et al. [1995], Frank and Sigwarth [2003], Frank et al. [1995],
Mende et al. [2000a],b,c].

third camera, namely the VIS Earth camera, as it has a large FOV (20◦ × 20◦) and
is pointed at the Earth at all times. To achieve this, the camera is mounted on a
despun platform. Instead of one image per revolution of the satellite the theoretical
rate of images can be as low as 12 seconds [Frank and Sigwarth, 2000]. However,
for the dataset used in this thesis the nominal cadence was 54 seconds [Frank and
Sigwarth, 2003]. VIS Earth camera is equipped with a broadband filter with a spec-
tral wavelength range of 124 nm - 149 nm that is in the UV range [Frank et al.,
1995]. The wide bandpass encompasses both the atomic oxygen line at 130.4 nm
and some of the LBH-band. According to Frank and Sigwarth [2003] the atomic
oxygen emissions at 130.4 nm are dominant and give 83% of the total response.

The determination of pixel position for the VIS Earth camera is done by observing
the emissions from known stars slowly passing through the FOV. The wobble of
the spacecraft, induced by the center-of-mass not being at the rotational axis, was
corrected for by on board software which shuttered the camera synchronized with
the spacecrafts spin [Frank and Sigwarth, 2000].

3.3.3 Comparison of Far Ultra Violet cameras

As specified in Chapter 3.3.2 and 3.3.1 the spectral bandpass for the WIC imager
and the VIS Earth camera are 140 - 190 nm and 124 - 149 nm, respectively. Further-
more, Frank and Sigwarth [2003] state that the response in the VIS Earth camera is
dominated by 83% by the emissions from the 130.4 nm OI line, while the remaining
17% are due to the OI emission at 135.6 nm and the N2 LBH band emissions. This
means that the cameras observe different auroral emissions, and the intensity in
counts of the images can not be directly compared. Figure 3.3 is adopted from Frey
et al. [2003] and emphasizes the difference in spectral response of the two cameras.
The issue has been addressed by several studies [Frank and Sigwarth, 2003; Frey
et al., 2003; Laundal and Østgaard , 2009; Reistad et al., 2013]. In the following
some of the arguments presented in those studies are listed.
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Wavelength [nm]

Figure 3.3: Laboratory spectrum of FUV emission from N2 [Ajello and Shemansky ,
1985] is shown by the solid black line. WIC relative spectral response is indicated
by the orange line and the wavelength, 130.4 nm, where the VIS Earth has 83% of
its total response is indicated by the purple line. The dotted black line marks the
second OI line at 135.6 nm. Figure adopted from Frey et al. [2003].

The FUV Lyman-Birge-Hopfield (LBH) emissions observed by the WIC imager are
primarily N2 lines produced by the direct impact of electrons and two atomic nitro-
gen lines produced by secondary electrons. Atmospheric oxygen, O2, is an absorbing
agent and can affect the FUV emissions on their way out of the atmosphere, depend-
ing on the wavelength. Emissions from high energy electrons from deeper in the
atmosphere have a thicker layer of absorbing O2 to penetrate, above. It is possible
to relate the observed intensities to the altitude of the emissions and by that to the
energy of the precipitating electrons. The absorption of the emissions by O2 thus
reduces the intensity of the LBH emissions observed by the WIC imager [Frey et al.,
2003]. For high energy precipitation, the emissions observed by the WIC imager are
more reduced than the atomic oxygen emissions observed by the VIS Earth camera.
Another aspect that could introduce further differences between the cameras is the
effect of sunlight and the heating of the atmosphere. Heating of the atmosphere
affects the scale height of N2 more than the scale height of O2, so in illuminated
areas the reduction by O2 is less effective. Hence, the areas illuminated by the Sun
are likely to have slightly brighter auroral emissions in the LBH band than the areas
in darkness, given the same electron precipitation. As mentioned earlier, molecular
O2 reduces the LBH band more efficiently than the the OI lines, so this effect of the
sunlight altering the scale heights of atmospheric constituents is more prominent in
the WIC camera.
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4 Methodology

4.1 UV image processing

Due to the tilt angle λtilt, of the Earth relative to the Sun the two hemispheres are
exposed to an unequal amount of daylight unless the angle is close to zero, λtilt → 0.
Most of the time this is not the case, and the illuminated area in one hemisphere
extends further towards the night side than in the other. Especially in the summer
hemisphere this daylight contamination is a significant fraction of the total observed
intensity and makes comparison difficult.

Since the Earth is approximately spherical, the sunlight induced emissions differ
depending on where on the surface they are observed. This means that a geographic
area of a certain size close to the equator will have a different amount of daylight
contamination than an equally sized area at higher latitudes, depending on the area
illuminated by the Sun. An area illuminated by the Sun is always perpendicular to
the Sun-Earth line. The size of the area is proportional to the cosine of the solar
zenith angle, cos θSZA, the angle made by the vertical and the line to the geometric
center of the Sun. Similarly, the same area as observed by a pixel from the cameras
is dependent on the angle of the vertical and the line to the camera. We call this
angle the satellite zenith angle, θDZA. The intensity observed by each pixel is then
proportional to 1

cos θDZA
. Since we are looking at emissions from a volume in the

atmosphere, this angle, unless it is zero, results in a larger volume observed by a
pixel. This means that the observed emissions from an area is dependent on the size
of the observed volume, which in turn is dependent on the solar zenith angle and the
satellite zenith angle. Figure 4.1 illustrates this concept, with area S1 and area S2
indicating the differently sized areas as seen from the Sun. The same effect appears
for the area as seen from the satellite and is indicated by the red line on the Earth’s
surface, showing the area observed by one pixel. We see that as θDZA increases, the
pixel extends over a larger area and thus the volume of atmosphere above this area
also increases. In addition, the solar zenith angle of pixel 1 is smaller, exposing it to
a greater amount of direct solar radiation. Hence, the intensity observed by pixel 1

33
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Figure 4.1: The effect of a slant viewing angle from the satellite for two pixels is
illustrated. Volume 1 observed by pixel 1 is larger than volume 2 observed by pixel 2
due to the larger satellite zenith angle , θDZA1 > θDZA2. Consequently the observed
intensity of pixel 1 is affected by a greater amount of dayglow contamination as the
solar radiation acts on a larger volume.

(from volume 1), is affected to a greater degree by both direct solar radiation and
dayglow emitted inside the volume. Both factors increase the amount of dayglow-
contamination in pixel 1 compared to pixel 2.

From this analysis we obtain a relation between the observed intensity of every pixel
to the solar zenith angle and the satellite zenith angle, θSZA and θDZA. For a given
pixel with given θSZA and θDZA the observed intensity is:

Ibackground = I0
cosθSZA
cos θDZA

= I0r, θ ≤ 75◦ (4.1)

where r = cos θSZA
cos θDZA

.

When making a model for the observed background intensity we take advantage of
this relation (Equation 4.1) to some extent. The upper left panel of Figure 4.2, shows
the relation of the intensity of selected pixels (with no auroral emissions) relative to
the ratio r = cosθSZA

cos θDZA
. For ratios less than zero, the observed background intensity

is constant, while for r ε [0, 3] the pixels follow a clear trend. In the calculation of
the model, explained in detail in the next section, we try to find an approximation
to the observed intensity of every pixel. We will use the examination of the above
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relation as a starting point.

To summarize, there are primarily three sources for counts in the images:

1. Auroral emissions

2. Sunlight induced emissions from sunlight illuminating the atmosphere

3. A time-varying instrument noise background affecting all pixels

A significant portion of the total observed intensity comes from the two latter com-
ponents. To be able to compare larger parts of the image pairs and improve the
dynamic range of the aurora imaged, we model this background for every image
and subtract it. In the following chapter we describe in detail how we model and
subtract the contributions from these.

4.1.1 Dayglow removal technique

The procedure to subtract the dayglow from the images is written in IDL language.
First, we select an area in the image well outside the auroral oval. Typically this is
from 40◦ to 52◦ magnetic latitude and above 80◦ magnetic latitude. By magnetic
latitude we mean Modified Apex coordinates explained in Chapter 4.2.4. For the
remaining pixels the ratio of cosθSZA

cosθDZA
is calculated. We plot the intensity of these

pixels versus this ratio. The upper left panel of Figure 4.2 shows an example of
this. Next, we bin these counts in small ratio bins and calculate the median of
every bin, with binsize 0.1. In the next step we interpolate between all calculated
median points of each bin, for all ratios of cosθSZA

cosθDZA
, including ratios that are inside

the auroral oval. By doing this we calculate model-counts for all existing ratios for
our image including pixels inside the auroral oval. In the upper left panel of Figure
4.2 this is shown as a red line. Here we also see the uncertainty of our method in
the spread of the pixel intensity as a function of the cosθSZA

cosθDZA
ratio. Hence, we have

calculated a model-count for the dayglow of every pixel in the image. The upper
right panel of Figure 4.2 shows the model-counts plotted in magnetic/MLT coordi-
nates. The original image is shown in the lower left panel of Figure 4.2. Looking at
the model (Figure 4.2) we see that most of the dayside is black, meaning that it is
saturated. For low ratios ,r < 0, the background intensity is constant and is due to
the instrument noise. In the upper left panel of Figure 4.2 this is seen in the small
blue area centered around 00 MLT, where the only contribution to the signal is from
instrument noise. We proceed to subtract the modeled background from the image.
The result of this is presented in the lower right panel of Figure 4.2. We are left
with only the auroal emissions and some noise, especially towards the dayside. This
noise is due to deviations of the model from the actual background. The black line
in the images indicate the terminator, i.e. the virtual line across Earth where the
solar zenith angle is θSZA = 90◦. However, we note that the contamination of the
solar radiation extends further than this as a result of the atmosphere’s thickness.
As mentioned above, this process removes background emissions induced by the sun-
light and by the instrument noise.

A method similar to the one described above is used in Reistad et al. [2013] and
Laundal [2010]. Instead of calculating a median for small bins and interpolation
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Figure 4.2: Example of the dayglow removal technique applied on all images. The
upper left panel shows the intensity in selected background pixels plotted against the
ratio cosθSZA

cosθDZA
. The red line indicates the modeled background intensity calculated

from these pixels. The upper right panel shows the modeled background which we
subsequently subtract from the image, shown in the lower left panel, to obtain an
image where the auroral emissions are clearly discernible, as shown in the lower right
panel.

between them, they use a high order polynomial fitted to the background counts of
30-60 images. By this method, pixels from several images are used simultaneously
to calculate the model. Using their method the calculated background is valid for
all images used to calculate it, which typically is 60-120 minutes. For the present
study we found it difficult to find a good polynomial approximation for all ratios,
especially in the area where the selected pixel change from following an apparent
constant relation to being more linear. Therefore, we have attempted to improve
this method as well as calculate a model for each of the images separately.

4.2 Magnetic Coordinate systems

The structure and dynamics of the ionospheric plasma as well as its motion is a result
of the interaction between the solar wind, Earth’s magnetic field and the ionosphere.
This interaction gives rise to a complex system of electric currents flowing in the
magnetosphere-ionosphere system which is highly organized by the Earth’s magnetic
field. As previously mentioned, currents produce magnetic disturbances that can be
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measured on ground. To investigate these perturbations, caused by the ionospheric
currents, a frame of reference in which the properties of the magnetic field and the
currents can be represented, is needed. In space physics, several coordinate sys-
tems can be used to describe the organization of the ionosphere, upper atmosphere
and geomagnetic field. Depending on the interest of the study, one coordinate sys-
tem might be better suitable than the other. Several papers have been published
on this topic to give an explanation of the different systems, their derivation and
their use, [Baker and Wing , 1989; Emmert et al., 2010; Richmond , 1995; VanZandt
et al., 1972]. For studies of the ionosphere and the horizontally stratified currents
associated with aurora the Quasi Dipole coordinates, based on the Apex coordinate
system, are useful [Emmert et al., 2010; Richmond , 1995]. These will be further
explained in Chapter 4.2.4.

The presentation of data is dependent on the reference system used an equal mea-
surements can look very different when displayed in different reference systems. In
this thesis we encounter several coordinate systems in which the obtained raw data
are presented. As mentioned in Chapter 3.2, the data provided by SuperMAG are
in a local magnetic coordinate system, the NEZ-system. Images of aurora from the
Polar VIS Earth and IMAGE WIC cameras, are analyzed in Modified Apex coordi-
nates. In this thesis we have transformed the SuperMAG data from NEZ-coordinates
to AACGM coordinates, which are very siilar Apex coordinates. Figure 4.3 shows
an example of SuperMAG data in NEZ-coordinates and AACGM coordinates, re-
vealing the significance of the reference coordinate system. Another example of how
the transformation affects the data set is shown later in Chapter 4.2.6, in Figure
4.10. SuperMAG vectors are displayed in NEZ-coordinates (pink) and AACGM co-
ordinated (blue) on a map in AACGM coordinates. Again the difference is evident.

A detailed description of all coordinate systems used in this thesis is given in Chap-
ter 4.2.
The separate coordinate systems and definitions are explained, as well as the proce-
dure for the transformation between them (Chapter 4.2.6).
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Figure 4.3: Example of data from SuperMAG station CSY plotted in NEZ coordi-
nates (pink) and AACGM coordinates (blue).

4.2.1 Magnetic Local Time

Magnetic Local Time (MLT) is a coordinate which is frequently used in space physics
instead of magnetic longitude. It is given as a time and relates the magnetic longitude
and the Universal Time (UT) to the point of interest. MLT midnight is where the
position P , a magnetic pole (either north or south) and the sun are in the same
plane. Figure 4.4 shows a sketch of this.

Sun

Pole

MLT Midnight

0⁰ Geographic  Longitude
at 4.73 (05:00) UT

P

12

0618

00
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Figure 4.4: Definition of the Magnetic Local Time coordinate.

MLT is defined as

MLT = Φ/15− 4.73 + UT (4.2)

where Φ is the magnetic longitude, UT is universal time given in hours and the
constant −4.73 is due to the chosen reference point at magnetic north (0◦N, 0◦E)
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[Baker and Wing , 1989]. Then the time is determined in the normal manner where
one hour passes for every 15◦ latitude. Neither seasonal effects nor the variation
due to the Earth’s position in its orbit around the sun are taken into account in
this definition. During the course of a year the sun has an apparent motion along
the north-south axis. As a result, the UT and MLT values correspond to different
times in the course of a year. Also, due to the eccentricity of Earth’s orbit around
the Sun, the apparent position of the sun relative to the mean position, varies. As
universal time is defined by the mean position of the sun, these variations introduce
a possible shift of ±20 minutes over course of a year.

The images from the Polar and IMAGE satellites in this thesis are presented in
Modified Apex and MLT coordinates , where we have taken into account the above
mentioned variations.

4.2.2 NEZ-coordinates

As mentioned in Chapter 3.2, SuperMAG uses its own local magnetic coordinate
system, the NEZ-system. It is defined as follows:

B = (BN , BE , BZ)

where N is local magnetic north, E is local magnetic east and Z is towards the
center of the Earth. These directions are determined by the data themselves. North
is determined to be in the direction of the typical horizontal magnetic field at each
station. A 17-day sliding window is used for this, where the local time dependent
declination angle is calculated by

θ = θ(t) = arctan

(
B1

B2

)
where B1 and B2 are the horizontal components of the magnetic field in the old
coordinate system. The determination of typical values for SuperMAG data is not
straight forward and is described in detail by Gjerloev [2012]. Using the declination
angle θ, the data is rotated such that the typical direction of the magnetic field is in
the northward direction. The eastward vector, E, is then defined to be perpendicular
to N in an eastward direction. The Z component is defined as positive towards the
center of the Earth. Figure 4.5 illustrates this. The original coordinate system is
an example and only meant to illustrate this procedure. It is assumed that offsets,
due to local magnetic phenomena such as geological variations, are either small or
known [Gjerloev , 2012].

In this thesis we make the assumption that the N-direction calculated by SuperMAG
at the stations is in the direction along the Earth’s magnetic field as described by
the International Geomagnetic Reference Field model.

4.2.3 International Geomagnetic Reference Field

The International Geomagnetic Reference Field (IGRF) is a mathematical model of
the Earth’s internal magnetic field in the absence of external influences. The mag-
netic field of the Earth originates in the Earth’s interior and changes over time, with
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Figure 4.5: Sketch illustrating the determination of the local magnetic coordinate
system used by SuperMAG. The red arrow indicates the typical value horizontal
vector of a 17-day window, in the XY coordinate system. The local magnetic NEZ-
system is defined such that north is in the direction of the typical horizontal field
during that time. The NEZ-coordinat system is indicated by the blue grid.

timescales from a few years to decades and more. As a result the IGRF model has
to be updated regularly. It is revised usually every five years by the International
Association of Geomagnetism and Aeronomy (IAGA).

The field itself roughly resembles that of a dipole. This is a simplification and the
IGRF model would be more suitable as it describes the more complex morphology
of the field. Several well known features, like the South Atlantic Anomaly, are en-
compassed by IGRF. Finlay et al. [2010] show the declination, inclination and total
intensity of the field at Earth’s surface in 2010 as the IGRF model describes it. The
differing features as compared to a dipolar field become apparent here. Our Figure
4.6 is adapted from their paper to give an indication of the field model and arrange-
ment of the coordinate system aligned with it. In the figure the differences between
the field as calculated by the IGRF model and a dipolar magnetic field become clear.
The top panel shows the declination, the angle between magnetic north and true
north, as given by the model. We see here that instead of two agonic lines (lines
where true and magnetic north are on the same line, i.e. the declination is zero), the
IGRF model magnetic field has three. One crossing America, one crossing southeast
Asia and Australia and one that goes across Africa before looping back over Siberia
and going back to the north pole. The inclination, the angle between the magnetic
field and the horizontal, is shown in the second panel and the total field intensity is
shown at the bottom. The low field intensity in South America is called the South
Atlantic Anomaly. In this model the direction of the components are described as
follows: X points to geographic north, Y points to geographic east and Z vertically
down. In addition the horizontal intensity H, declination D, the inclination I and
the field strength F , in nT are;

H =
√
X2 + Y 2 (4.3a)
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Figure 4.6: Magnetic Field declination, inclination and field strength in 2010, as
calculated by the IGRF model. Zero line is shown in green, positive contours in red
and negative contours in blue. Figure adapted from Finlay et al. [2010].

F =
√
X2 + Y 2 + Z2 (4.3b)

D = arctan(X/Y ) (4.3c)

I = arctan(Z/H) (4.3d)

In general the field can be represented by the scalar potential B = −∇V . For
IGRF this potential is expressed in terms of a spherical harmonic with Gaussian
coefficients:

V (r, θ, φ, t) = a

N∑
n=1

n∑
m=0

(a
r

)n+1
[gmn (t)cosmφ+ hmn (t)sinmφ]× Pmn (cosθ) (4.4)

where r is the distance from the center of the Earth in km, a = 6371, 2km is the
spherical radius of Earth, θ is the geocentric co-latitude (90◦ - latitude), and φ is lon-
gitude going east [Finlay et al., 2010]. Pmn (cosθ) are the Schmidt quasi-normalized
associates Legendre functions of degree n and order m. The Gauss coefficients, gmn
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and hmn , are given with a time interval of five years and are based on data. For the
years from 2010 to the present, the coefficients are derived using linear interpolation.
Finlay et al. [2010] describe the model in detail and provide a complete record of the
Gauss coefficients from 1900 to 2010 at five year intervals for the main field. For the
time span from 2010 to 2015 the predicted coefficients are given in units of nTyr−1.

Dr. Nikolai Tsyganenko has developed a set of FORTRAN routines for various
models of the Earth’s internal and external magnetic field. As a part of this, he
has written a library of routines for the transformations between several coordinate
systems commonly used in geophysics. He provides these in a software package,
GEOPACK, that can be downloaded for free from his homepage [Tsyganenko, 2014].
IN GEOPACK there are subroutines to calculate the IGRF magnetic field model at
a given geographic position. However, as the code is provided in the FORTRAN
syntax we also make use of the Dynamic Link Module, IDL GEOPACK DLM, which
enables us access to the GEOPACK in the Interactive Data Language (IDL) [Korth,
2014]. This is written and made available by Haje Korth at John Hopkins University,
Applied Physics Laboratory. All the calculations of the IGRF magnetic field model
in this thesis are done using this software.

4.2.4 Apex, Modified Apex and Quasi Dipole coordinates

For studies of the high-latitude magnetometer data in combination with conjugate
studies of the aurora in both hemispheres [e.g. Laundal and Østgaard , 2009; Laundal
et al., 2010; Østgaard et al., 2007; Reistad et al., 2013], it is essential to have a
coordinate system based on a realistic model of the magnetic field, in which the data
can be presented. The apex-based, Quasi Dipole coordinate system is well suited for
this as it based on the IGRF magnetic field model and specially useful for studies
of horizontally stratified phenomena (e.g. auroral electrojets etc.) [Emmert et al.,
2010; Richmond , 1995]. In Apex, Modified Apex and Quasi Dipole coordinates, a
point in space is described by the coordinates in terms of A, the apex radius. The
Apex of a field line is the point in space where the field line is at its highest altitude,
hA, above Earth. The distance to this point is the apex radius in units of RE , and
defined as:

A = 1 +
hA
RE

(4.5)

The latitude, λA, and longitude, φA, are given by:

λA = ±arccos(A−
1
2 ) (4.6a)

φA = arcsin

[
cosλsin(φ− φ0)

cosλD

]
(4.6b)

where λD = arcsin [ sinλ sinλ0 + cosλ cosλ0 cos(φ − φ0) ] is the dipole latitude in
terms of λ and φ, the geographic latitude and longitude of the apex, and λ0 and φ0,
the geographic latitude and longitude of the north pole of the dipole field [VanZandt
et al., 1972]. hA is the altitude above the surface of the oblate spheroidal Earth
with semimajor axis rE = 6378.165 and eccentricity ε = 1/298.25. So to find the
Apex coordinates of a point at given geographic position at an altitude above Earth,
we trace the magnetic field line as given by the IGRF model, described in Chapter
4.2.3, and follow it to its apex. We then follow a virtual dipolar magnetic field-line
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back down towards the surface of the Earth. Figure 4.7 illustrates this. From a
starting point P0 we follow the green line indicating the IGRF magnetic field line to
the apex. From there we follow the purple dipole field line back to the surface of the
Earth. The latitude and longitude are then calculated from the geographic position
of this point, PA. The third coordinate of the system can be chosen as any quantity
that varies along a field line [Richmond , 1995]. VanZandt et al. [1972] suggested the
altitude H, whereas Richmond [1995] use the magnetic potential V0.

N

λ
Re

hA

Apex

mag
geo

P0

N

λgeo

PA

PM

h

λM

A

IGRF

Dipole Field

R

Figure 4.7: Conversion from geographic coordinates is done by tracing the IGRF
magnetic field line to its Apex and defining the apex latitude in terms of RE and
hA as in Equation 4.6a.

From this definition we see that the Apex latitude is a function of the Apex radius
only, and therefore all points of equal A have the same latitude. The sign indicates
the northern hemisphere for all positive values and the southern hemisphere for all
negative values. So for all points on a IGRF field line the apex coordinates, λA
and φA, are constant by this definition. Points along a field line with footpoints in
both hemispheres would have symmetric coordinates if no external influences where
present.

For modified Apex coordinates this is almost identical except for a constant reference
altitude hR, to which the dipolar field line is traced back to instead of the Earth’s
surface. In Figure 4.7 this is indicated by the orange line. The field line tracing
stops at the reference height hR. From there a vertical line is followed to the point
PM at the surface of the Earth, where the modified apex latitude is calculated. The
modified form of the latitude is

λm = ±arccos

(
R

RE + hA

) 1
2

(4.7)

where R = RE + hR, and the subscript m denotes modified apex coordinates.

This is used for the images from WIC and VIS Earth, which are presented in Mod-
ified Apex coordinates at a reference height of 130 km.
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For these calculations we use a slight modification of the Modified apex coordinate
system called Quasi-Dipole Coordinates. It differs from Modified Apex in that there
is no reference height associated with it. Instead the altitude h is used as the third
coordinate. The coordinates are defined as follows:

λq ≡ ±arccos

(
RE + h

RE + hA

) 1
2

(4.8)

which is identical to equation 4.7 except for h which now is the altitude rather than
a reference height hR and also gives the third coordinate of the system, [Richmond ,
1995]. The longitude is as before φq = φA. With λq defined in this manner, lines of
constant latitude extend vertically from the surface of the Earth. This implies that
λq varies along a magnetic field line, unlike in Modified Apex coordinates where λm
is constant along a field line.

For these coordinates Richmond [1995] provides a set of equations for the calcu-
lation of the magnetic perturbations on ground, produced by overhead equivalent
currents in the ionosphere. The perturbations rotated by 90◦ are nearly propor-
tional to these currents and so the currents direction and magnitude can be derived
from measurements of the magnetic perturbations. We calculate base vectors for
this system and apply them in the transformation between the coordinate systems
explained in Chapter 4.2.6. The base vectors are given in Equations (6.7), (6.8) and
(6.9) by Richmond [1995] and are as follows:

f1 = −(RE + h)k ×∇λq (4.9)

f2 = (RE + h)cosλqk ×∇φq (4.10)

F = f1 × f2 · k = (RE + h)2cosλqk · ∇φq ×∇λq (4.11)

where F is a scaling factor, ∇λq is the gradient of the latitude and ∇φq is the
gradient of the longitude. Considering these gradients it becomes apparent that this
is a non-orthogonal coordinate system. We will later calculate these gradients using
the standard definition of a gradient in spherical coordinates. This is a reasonable
assumption if the base vectors f1 and f2 do not vary much over the area where
the gradient is calculated. Figure 5 by Richmond [1995] shows a plot of f1 and f2
projected on a geographical grid. It illustrates that the spacial variation is indeed
small considering a limited area. Our Figure 4.8 is a duplicate of this figure and
included here to affirm our assumption.
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Figure 4.8: Figure adopted from Richmond [1995] showing the spatial variation of
f1 and f2 at 110 km altitude. An arrow of 10◦ in longitude (x-axis) corresponds to
unit length.

Having a coordinate system based on the IGRF magnetic field model enables us
to better compare the magnetic perturbations measured by SuperMAG, in the two
hemispheres.

As a result of the non-orthogonality of this system, the calculation of field compo-
nents is somewhat more complex. The calculation is not carried out here, but results
from Richmond [1995] for the horizontal components of the magnetic perturbation,
are used. They are then given by:

∆Bqφ =
f1 ·∆B

F
(4.12)

∆Bqλ =
f2 ·∆B

F
(4.13)

where ∆B is the measured magnetic perturbation in geographic coordinates and F
is a scaling factor which arises due to the non-orthogonality .

4.2.5 Altitude Adjusted Corrected Geomagnetic coordinates

The last coordinate system we will use in this thesis is the Altitude Adjusted Cor-
rected Geomagnetic Coordinates (AACGM). It is closely related to the apex-based
coordinate systems but differs slightly in the tracing of the field lines. Instead of fol-
lowing the field line to the apex, the highest point above Earth, one traces the field
line to where it crosses the geomagnetic dipole equatorial plane. From this point
one again follows a virtual purely dipolar magnetic field line towards the surface
of the Earth, before calculating the geomagnetic latitude and longitude [Weimer ,
2005, Appendix A].
Figure 4.9, adopted from Laundal [2010], shows Apex, red, and AACGM, black,
coordinates mapped onto a geographic grid. Here we see that the two systems are
indeed very similar. In fact the difference between the two is less than the uncer-
tainty introduced when mapping the images from the WIC and Polar Earth camera
[Laundal , 2010]. Consequently we assume them to be equally good in this thesis.
Also, this figure nicely displays the non-uniform nature of the Earth’s magnetic field.
Conjugate cells (boxed by latitudinal and longitudinal lines) in the two hemispheres
are differently sized depending on the magnetic field strength in the two areas. This



46 4. METHODOLOGY

Figure 4.9: Apex and AACGM coordinate systems are mapped onto a geographic
grid. Apex coordinates are shown in red and AACGM coordinates in black. Figure
adopted from Laundal [2010].

is most apparent towards the South Atlantic Anomaly as one would expect since we
use the IGRF field model (see Figure 4.6) for the calculation of the coordinates.

The small deviation between the apex-based Quasi Dipole coordinate system and
the AACGM system allows us to use IDL routines for AACGM coordinates in our
calculations. Routines are written by R.J. Barnes at the Johns Hopkins University,
Applied Physics Laboratory for calculations between coordinate systems [Barnes,
2013]. In this thesis we use this software to calculate AACGM coordinates and
MLT values. The calculations for AACGM coordinates and MLT calculations in
this thesis are done using this software.

4.2.6 Coordinate transformation procedure

In Chapter 4.2.2 we described the NEZ-coordinates used by SuperMAG to present
their data. The images from the satellites are presented in modified apex coor-
dinates. To be able to compare and combine these measurements we made two
assumptions:

1. We assumed that the N-coordinate of the SuperMAG system is along the IGRF
field model. By doing this we can use the IDL routines for converting between
magnetic coordinates and geographic coordinates provided by the GEOPACK
library.

2. We assumed that the deviation between the apex-based Quasi Dipole coor-
dinates at ground level (h = 0), modified Apex coordinates at the height of
auroral emissions (hA = 130km), and AACGM coordinates is so small that we
can consider them as equal for our purposes. This is a reasonable assumption
for auroral latitudes, as explained by Weimer [2005] Apendix A.

The procedure for calculating and transforming the magnetic perturbation vectors
from the SuperMAG data and plotting them on the aurora images from the two
satellites consists of the following steps:
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At the geographic position P of a magnetometer, we calculate the angel α between
the horizontal vectors of the IGRF model magnetic field at that time, and the
Geographic north direction, using the GEOPACK library routine for IDL [Tsyga-
nenko, 2014]. We then use these to compose base vectors, x̂geo = [cosα,−sinα] and
ŷgeo = [sinα, cosα], to transform the measured SuperMAG vectors, BN = Bsm

x and
BE = Bsm

y , from the NEZ-coordinate system to geographic coordinates as follows.

Bgeo
x = x̂geo ·Bsm = cosα ·Bsm

x − sinα ·Bsm
y (4.14)

Bgeo
y = ŷgeo ·Bsm = sinα ·Bsm

x + cosα ·Bsm
y (4.15)

The next step is the transformation to Quasi Dipole/AACGM coordinates. This
is done by multiplication with base vectors for this coordinate system, f1 and f2.
These base vectors are dependent on the gradients of λq and φq (see Equations 4.9
and 4.10). We find them by projecting one small, strictly north-south vector and one
small, strictly east-west vector in geographic coordinates to AACGM coordinates.
This is done using the conversion routine provided in the AACGM IDL library by
Barnes [2013]. The vector projections are then used to find the gradients of λq
and φq, which we calculate using the standard definition of a gradient in spherical
coordinates. The accuracy of this is discussed at the end of Chapter 4.2.4.

Having found the gradients, we use Equations 4.9, 4.10 and 4.11 to find base vectors
for the AACGM coordinate system. Having found f1 and f2 we can use Equation
4.13, 4.12 and applying the scaling factor F suggested by Richmond [1995], to
calculate the measured magnetic disturbance in AACGM coordinates. The magnetic
disturbance in the north direction, BAACGM

x , and in the east direction, BAACGM
y ,

are given by the following:

BAACGM
x =

f1 ·Bgeo
x

F
(4.16)

BAACGM
y =

f2 ·Bgeo
y

F
(4.17)

Finally, we find the direction of the equivalent current from the magnetic distur-
bances by rotating the total horizontal field vector BAACGM = [BAACGM

x , BAACGM
y ],

clockwise by 90◦.

An example of the result of this procedure is shown in Figure 4.10, where the total
horizontal field vector as measured by SuperMAG (pink) rotated clockwise by 90◦,
is shown, as well as the calculated and likewise rotated BAACGM (blue). Strictly
speaking it is not entirely correct to plot Bsm on this image, as it is in AACGM
coordinates. But doing so illustrates how the transformation effects the vectors.
Also, this example illustrates the non-orthogonality of the coordinate system as the
individual vectors are affected differently depending on their position.
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Figure 4.10: Example of the effect of transforming horizontal components of the
measured disturbances of the magnetic field.

Figure 4.10 also illustrates how the data in this thesis will be presented. If not
otherwise stated the images will show counts with the associated colorbar on the left,
vectors indicating the direction of the equivalent current but keeping the magnitude
of the measured magnetic disturbance in nT , and date and time in UT of the image
and measurement at the bottom. The dot at the beginning of each of the vectors
indicate the position of the ground magnetometer in AACGM coordinates. The
MLT is shown at the edge of the outer semicircle in steps of three hours.

4.3 Determination and identification of non-conjugacy
and ∆MLT

Three of the non-conjugate aurora events presented in this thesis were identified by
Reistad et al. [2013] from a 19 hour conjugate image pair dataset. The last event
included in this thesis, from May 12th 2001, is identified and presented by Laundal
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and Østgaard [2009].

The determination of non-conjugate auroral features is challenging due to the dif-
ference in camera sensitivity (see Chapter 3.3.3) and a direct comparison of the
intensities from the cameras is not straight forward. To compensate for this, Reis-
tad et al. [2013] developed a fairly robust method to scale the intensity of the two
cameras so that non-conjugate aurora could be identified. This was done by com-
paring the intensity distributions of an intensity profile along a reference MLT-slice
that is located well outside the suspected asymmetric auroral features in the con-
jugate images and has count rates well above noise level. A conjugate image pair
are images within 60 seconds of one another. The intensities from the VIS Earth
camera are then scaled compared to the WIC images, from the intensity relation
found by these profiles. This is reflected in the color scale of the conjugate image
pairs, given in corrected counts. Subsequently the non-conjugate features are tested
by an MLT-slice test to determine if they indeed are non-conjugate. The slice-test
is a plot of the pixel counts of a slice along the MLT where we see unequal auroral
features, versus the latitude along the slice. By comparing the intensity distribution
of these plots, Reistad et al. [2013] identified the non-conjugate auroral features. To
be classified as a non-conjugate feature, the intensity in one hemisphere must be
twice the intensity in the conjugate region in the other hemisphere when the men-
tioned scaling is used. Figure 4.11 shows an example of a typical conjugate image
pair, where the intensity of the VIS image is scaled so that its color should reflect an
approximate equal brightness in the WIC image. The color bar, in corrected counts
for each image, is shown on the left. The center of exposure time is obtained is
indicated at the top of each image, while the time of the SuperMAG measurements
is indicated in red in the lower left corner. In the rest of this Thesis we refer to the
time of the SuperMAG measurements when referring to conjugate images pairs, as
this will be equal for VIS and WIC images.

Southern Hemisphere Northern Hemisphere

Figure 4.11: Example of a conjugate image pair. Images are obtained at 04:43 UT
on November 3rd 2002 as indicated above the images. A color bar of the corrected
counts is shown left of the images. The solid black line indicated the terminator,
where SZA = 90◦. Magnetic perturbation measurements at SuperMAG stations are
indicated by purple dots and lines. The time at which SuperMAG measurements
are obtained is indicated in red in the bottom left corner, and a reference length
vector in purple in the lower right corner.

The By and Bx components of the IMF can introduce latitudinal and longitudinal
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Figure 4.12: Example of a map in AACGM coordinates where the northern hemi-
sphere is shifted such that conjugate regions are in the same position. Stations and
MLT+∆MLT coordinates in the Northern Hemisphere are shown in green while
stations and MLT coordinates in the Southern Hemisphere are shown in pink.

displacement of conjugate points in the different hemispheres with respect to the
IGRF model [Cowley et al., 1991]. For the identification of true conjugate regions
being on the same field line, Reistad et al. [2013] perform a correlation test of the
conjugate image pairs after the intensity relation is found. The images are mapped
on a rectangular grid and shifted in 0.1 MLT steps for ±2 hours. For each step a
correlation coefficient is calculated. The MLT shift giving the largest correlation is
then defined to be the displacement of conjugate regions expressed as ∆MLT. The
images from the northern hemisphere are shifted dawnward for positive ∆MLT and
duskward for negative ∆MLT.

In the present thesis we use ∆MLT in a similar manner, as calculated Reistad et al.
[2013], to shift the northern hemisphere. In Chapter 5 we present a map for each
event, in AACGM coordinates at the time of the observed asymmetry, where the
SuperMAG stations used, in northern and southern hemisphere are projected on
top of each other. The stations are indicated in different colors for each hemisphere.
Here we have shifted the northern hemisphere by ∆MLT so that conjugate regions
are at the same position on the map. The indicated stations are shifted as well.
Inspection of these maps lets us determine which stations are approximately in
conjugate regions. We will refer to these stations as conjugate stations in this thesis.
Figure 4.12 shows an example of this. Stations in the Northern Hemisphere are
shown in pink while stations from the Southern Hemisphere are shown in green.
Also, a dotted circle or shape is drawn on every map, intended to give the reader
an idea of the approximate position of the asymmetry of the particular event. The
coloring is based on which hemisphere the asymmetry is observed in. The concentric
circles indicate the magnetic latitude for both hemispheres (positive for the northern
hemisphere and negative for the southern hemisphere). At the end of every radial
line the MLT and shifted MLT for the respective hemisphere are indicated.
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4.4 Analyses

In order to study the currents associated with the observed non-conjugate aurora,
we investigate the ground magnetic perturbations to the Earth’s magnetic field. The
aurora is created by particles precipitating along the geomagnetic field. It typically
occurs in regions dominated by electron precipitation and hence an upward field
aligned current is associated with auroral activity (see Chapter 2.3). In the follow-
ing we will describe how we search for signatures of the upward field aligned currents
expected to be associated with the intense non-conjugate aurora observed.

4.4.1 Duration of non-conjugate aurora intervals

We first need to determine the duration of the observed non-conjugate aurora. This
will be a crucial step as we look for magnetic perturbation signatures that occur
simultaneous and thus can be associated to the observed non-conjugacy. It is done
by visual inspection of the conjugate images prior and after the time at which Reistad
et al. [2013] identified clear non-conjugate auroral features. We plot a time series
of conjugate image pairs centered at this time, using the same intensity scaling on
all image pairs. We then look for the non-conjugate feature of the initial image
pair identified by Reistad et al. [2013], in the image pairs obtained before and after.
Doing this we identify the first image pair in which the non-conjugate feature is
clearly visible and the last. The time at which these two image pairs are obtained are
now defined as the interval of the non-conjugate auroral feature. When presenting
our results in Chapter 5 we include a figure of the 5-6 conjugate image pairs centered
around the time of the initial image pair where the non-conjugacy is most clearly
seen, and including the identified start and end time of the non-conjugate auroral
feature. In the presented magnetometer data, we indicate these two times by vertical
solid red lines in each plot.

4.4.2 Magnetic perturbation analyses

Biot-Savarts law (Equation 2.10) gives the magnetic field B(r), at a point r, in terms
of an integral over the volume current density J. Using this relation, the expected
magnetic perturbations to a field aligned current at mid-latitudes are in the east-
ward or westward direction, depending on the direction of the field aligned current
and the hemisphere in which it is observed (see Figure 4.13)[Sun et al., 1984]. In
this thesis we make use of this mid-latitude signature of a field aligned current,
as has been done by numerous studies investigating the Magnetosphere-ionosphere
coupling [Akasofu and Meng , 1969; Clauer and McPherron, 1974; Fukushima and
Kamide, 1973a; Haaland et al., 1999; Iyemori , 1990; Kamide et al., 1996; Nakano,
2005]. In addition to this well established interpretation of the ground magnetic per-
turbations at mid-latitudes, we attempt to use the same approach at higher latitudes
inside the auroral oval and well poleward of the asymmetric aurora that we investi-
gate. One might expect these signatures to be less pronounced due to the bending of
the geomagnetic field. Nevertheless, it has been suggested [Gjerloev and Hoffman,
2014] that ground magnetometers well within the polar cap experience signatures
of field aligned currents. Thus, it is of interest to explore this possibility in this study.
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We define three regions of interest from which we study the ground magnetometer
data. The poleward region is, as the name implies, poleward of the non-conjugate
aurora and outside the auroral oval. Stations within this region are referred to as
poleward stations regardless of the hemisphere. Likewise, the equatorward region is
defined as the region towards the equator of the non-conjugate aurora, well outside
the auroral oval at mid-latitudes above 30◦ magnetic latitude to avoid effects from
the field aligned currents in the other hemisphere [Fukushima and Kamide, 1973a;
Nakano, 2005].Stations are referred to as equatorwards stations in this thesis. The
last region of interest is the region within the auroral oval and in the vicinity of the
non-conjugate aurora. This is a very general definition of regions and the distance
to the stations within these can vary greatly. We will consider the position of all
stations in relation to the observed auroral features, separately for all events pre-
sented.

When investigating the ground magnetic perturbation measurements (see Chapter
5), special attention is given to the direction of the perturbations. The same argu-
ments as for the mid-latitude ground magnetometer stations are used in the poleward
region to determine the expected direction of the generated magnetic perturbation
field from field aligned currents. The direction of the field, from Biot-Savart law
(Equation 2.10), is given as a right-handed system. For a simplified situation of a
single upward field aligned current in the northern hemisphere, we therefore expect
a magnetic perturbation field on the ground, in an anti-clockwise direction around
the current as we look from space. In the poleward region this implies an eastward
perturbation, while we expect a westward magnetic perturbation field in the equa-
torwards region. The sketch in Figure 4.13 is intended to give a simple picture of the
expected directions of the magnetic perturbation fields for a simplified field aligned
current in both hemispheres.

The left panel of Figure 4.13 shows a field aligned current, JFAC , directed away
from the Earth in the northern and southern hemisphere as indicated by the blue
arrows. The generated torodial magnetic perturbation field, Bp, is indicated by the
black arrow and the direction by the two circles. Small, red houses represent pole-
ward and equatorward ground magnetometer stations. From the simple sketch in
the left panel of Figure 4.13 we discern the expected ground magnetic perturbations
direction at each station. At the poleward station in the northern hemisphere and
the equatorward station in the southern hemisphere we expect the direction of Bp
from an upward field aligned current to be westward. At the equatorward station in
the northern hemisphere and the poleward station in the southern hemisphere we
expect Bp from an upward field aligned current to be eastward [Nakano, 2005]. It is
clear from the left panel of Figure 4.13 that a given field aligned current generates
equal but opposite horizontal magnetic perturbation fields in the two hemispheres.

The right panel of Figure 4.13 shows a similar sketch to that of the left panel. The
blue circles indicate the horizontal westward electrojet, JWEJ , in both hemispheres
with the respective generated perturbation magnetic field ,Bp, shown in black. Fig-
ure 4.13 (right) illustrates the response of a horizontal current in the ionosphere at
the ground magnetometer stations in the different regions in both hemispheres. The
poleward and equatorward stations experience a vertical magnetic field perturba-
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Figure 4.13: Expected ground magnetic perturbation direction of a simple upward
field aligned current at poleward and equatorward stations in both hemispheres
(left panel). Expected vertical and horizontal ground magnetic perturbation field at
poleward-, oval-, and equatorward stations in both hemispheres (right panel).

tion, BpZ , where the direction is dependent on the location of the current relative
to the ground magnetometer station. A perturbation towards the Earth’s center is
defined to be in the positive Z direction, while a radially outwards perturbation is
negative. The magnitude of BpZ is dependent on the distance to the horizontal gen-
erating current, indicated as JWEJ , as the field falls of by 1

r according to Equation
2.10. At conjugate stations in the two hemispheres the vertical component is equal
but oppositely directed for a given horizontal current.

As described in Chapter 2.2.5, field aligned currents produce no ground magnetic
perturbation directly underneath the ionosphere. Thus, for a ground magnetometer
station directly below the auroral oval the observed ground magnetic perturbations
are mainly a result of the ionospheric Hall current/electrojets [Fukushima, 1994].
The right panel of Figure 4.13 illustrates this and shows the expected direction of
the ground magnetic perturbation field in the auroral oval region, below the west-
ward electrojet. In both hemispheres we expect a strong southward perturbation at
the stations in this region.
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5 Observations

In this chapter a total number of 4 non-conjugate auroral events are presented. Im-
ages of both hemispheres obtained by the Polar VIS and IMAGE WIC cameras in
combination with ground magnetic perturbation measurements from ground mag-
netometer stations, part of the SuperMAG network, are the basis of this study. In
the following analyses we pay special attention to the observed magnetic perturba-
tions magnitude and direction simultaneous to the observed non-conjugate auroral
features.

5.1 Non-conjugate auroral events and corresponding Su-
perMAG measurements

The non-conjugate auroral events presented in the following section are not in
chronological order as there are only four. Instead we present events ordered from
the event with the best data coverage, first, to the event with less than optimal
data coverage, last. Each event is presented in a separate section, with the satel-
lite images and ground magnetometer data first, followed by our interpretation of
the data. Eight figures are shown for each event, with the exception of the first
event, where we show nine. A large figure of the conjugate image pair where the
non-conjugate auroral feature is most clearly seen is presented first, followed by a
plot of the IMF and geomagnetic activity during the event. Five or six conjugate
image pairs for the interval of the non-conjugate event are presented in panels in the
next figure. A map of the conjugate station pairs and the measurements from these
stations are presented next, followed by three plots of the ground magnetometer
perturbation in the three regions of interest. The last figure presented for every
event, is an illustration of our interpretation of the data in terms of currents and
magnetic perturbation. For the first event, we also show a plot of the Sym-H index
in the second section.
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5.1.1 Event of May 12th 2001

5.1.1.1 Observations

The first event we analyze occurred on May 12th 2001 and has been the subject
of previous studies [Laundal and Østgaard , 2009; Laundal et al., 2010]. It occurred
during a large substorm in the evening sector. This is the most geomagnetically
active event presented in this thesis. In Figure 5.1 we present images, in a AACGM
coordinates, from Image WIC (upper) and Polar VIS Earth (lower) at 21:45 UT on
May 12th 2001 when the observed asymmetry is most clearly visible in the morning
sector. Each image has a colorbar to its left displaying the colorscale of the intensity
in corrected counts. The concentric circles indicate the latitude (AACGM) from
±40◦ to ±80◦ with negative values for the southern hemisphere. Radial lines are
drawn for every 3 hours of MLT with midnight at the bottom. The black line across
the images show the position of the terminator at 90◦ SZA. This reveals the sea-
sonal difference of the two hemispheres. A substorm occurred in both hemispheres
with onset at 21:20 UT around 22-23 MLT [Laundal and Østgaard , 2009]. In the
southern hemisphere the aurora is most dominant in the dusk sector and located
further towards the pole than in the northern hemisphere. However, we will focus on
a transient spot in the northern hemisphere dawn sector appearing twice, at 21:39
UT lasting until 21:53 UT, and at 22:11 UT lasting til 22:18 UT. In Figure 5.1 the
blue ring indicates the recurrent non-conjugate feature, while the dashed blue ring
shows the conjugate area in the southern hemisphere. Laundal and Østgaard [2009];
Laundal et al. [2010] suggested the conductivity difference effect to be the cause of
this non-conjugate feature (see Chapter 2.3.1). Purple dots and lines indicate the
position and magnetic perturbation vector at the time of the image. The direction
and length of the vectors indicate the measured direction and magnitude of the total
horizontal magnetic perturbation field in AACGM coordinates. The exact time of
the measurements and the length of the unit vector for the SuperMAG measure-
ments are shown at the bottom of each image. It is apparent from Figure 5.1 that
the equatorward stations are far from the substorm onset location and the main
auroral activity in the dusk sector.

The general geomagnetic and IMF conditions of the event that occurred on May
12th 2001 are shown in Figure 5.2. The dashed vertical blue line shows the time of
substorm onset. Two solid vertical red lines, indicate the time of the first and last
image where we clearly see the non-conjugate auroral feature. Two dashed vertical
red lines indicate the second appearance of the non-conjugate auroral feature. In
the time span from 21:00 UT to 23:00 UT the IMF was dominated by a positive Bx
around 9nT, indicated in orange. The By component of the IMF, shown in green,
was stable around 0nT until 21:50 UT where it increased slightly up to a maximum
value of 5nT around 22:30 UT. Bz, shown in pink, fluctuated between −3nT and
−6nT during this time interval. The AE index indicated by the black line and the
right y-axis, experienced a maximum value 1100nT at 21:40 UT and then decreased
to a minimum value of 620nT at 22:15 UT.

Figure 5.3 shows six conjugate image pairs in the time span from 21:35 UT to 21:53
UT covering the first appearance of the non-conjugate auroral feature in the morn-
ing sector of the northern hemisphere. Images of the southern hemisphere are shown
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Northern Hemisphere

Southern Hemisphere

Figure 5.1: Conjugate image pair from IMAGE WIC (upper) and Polar VIS Earth
(lower) obtained at 21:45 UT on May 12th 2001. The blue circle indicates the non-
conjugate auroral feature in the northern hemisphere, the dashed circle the conjugate
area in the southern hemisphere. Purple lines show the SuperMAG magnetic per-
turbation field vector at the time of the image. The exact time of the exposure of
the images is shown at the top of each image while the exact time of the magnetic
measurement is shown in the lower left corner of the figure. A unit vector is shown
in the lower right corner of each image.
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Figure 5.2: IMF and geomagnetic conditions on May 12th 2001. The dashed blue
line indicates the time of substorm onset, solid red lines indicate the first appear-
ance and disappearance of the non-conjugate auroral feature, while the dashed red
lines indicate the second appearance of the non-conjugate feature. The x, y and
z components of the IMF are shown in orange, green and pink, respectively. The
black line shows the AE index with the scale indicated on the right axis.

in the left column, while images of the northern hemisphere are shown in the right
column. In the rest of this thesis we refer to the time of the obtained SuperMAG
magnetometer measurements, indicated in red in the left corner of every image,
when referring to the individual conjugate image pairs. The non-conjugate feature
observed in the morning sector on May 12th 2001 is first clearly observed in the
WIC images at 21:39 UT and lasts until 21:53 UT. The first panel of Figure 5.3 is
obtained at 21:35 UT 15 minutes after substorm onset. The non-conjugate feature
is not yet evident. However, the large spatial extent of the substorm in the evening
sector is clear. The second panel shows the conjugate image pair obtained at 21:39
UT, and is the first where the non-conjugate feature in the morning sector is visible.
Also, the difference in the location of the polar cap boundary found by Laundal and
Østgaard [2009] is apparent in the evening sector. The second, third and fourth
panel show the spatial evolution towards the pole, of the non-conjugate auroral fea-
ture in the morning sector of the northern hemisphere. Laundal and Østgaard [2009]
report a poleward leap as large as 10◦ latitude by 21:53 UT. In the fourth panel the
non-conjugate auroral feature has expanded northward of the poleward station VIZ.
A small an weak auroral feature directly equatorward of CSY, the poleward station
in the southern hemisphere becomes visible in the fifth panel. This will be discussed
in more detail in Section 5.1.1.2. The bottom panel shows the last conjugate image
pair where the non-conjugate feature in the morning sector of the northern hemi-
sphere is visible during its first appearance. From this image series we identify the
interval of the first appearance of the non-conjugate auroral feature to be from 21:39
UT to 21:53 UT, while the second appearance is observed from 22:11 UT to 22:18
UT (see Chapter 4.4.1).

Figure 5.4 shows a map in AACGM coordinates, identical to those used in the
satellite images. The northern hemisphere is rotated by ∆MLT = −0.2, and pro-
jected onto the map of the southern hemisphere, such that the used SuperMAG
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Southern Hemisphere Northern Hemisphere

Figure 5.3: Conjugate image pairs from Polar VIS Earth (left) and IMAGE WIC
(right) obtained at 21:32 UT, 21:39 UT and 21:43 UT on May 12th 2001. Purple
lines show the SuperMAG magnetic perturbation field vector at the time of the
image.
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magnetometer stations line up to the expected footpoint of the conjugate field lines.
The ∆MLT calculated by Reistad [2012] and used here is ∆MLT = −0.2. Pink
dots indicate the position of the SuperMAG magnetometer stations in the southern
hemisphere, while green dots mark stations in the northern hemisphere. The MLT
is given for both hemispheres, green for north and pink for south. The dashed green
shape is a sketch of the observed non-conjugate aurora in the northern hemisphere
to give an impression of the approximate position in relation to the conjugate Su-
perMAG ground magnetometer stations. From Figure 5.4 it is apparent that no
conjugate station pairs are in the auroral oval region for this event. However, there
are two pairs of conjugate stations in the equatorward region of the asymmetric
feature. The first pair, IRT and GNA, is in the dawn sector and the second pair,
PTK and CNB, is in the early morning sector. The conjugate stations pairs for this
event are defined as:

Poleward region : VIZ and CSY

Equatorward region 1 : IRT and GNA

Equatorward region 2 : PTK and CNB

In the following presentation of the ground magnetic perturbation measurements
for each of the three regions, we will pay special attention to any signature start-
ing around 21:20 UT, at substorm onset and any signature corresponding to the
appearances and duration of the non-conjugate auroral feature. However, we note
that substorm onset is around 22-23 MLT and far from our equatorward station
pairs. Thus, we expect any signature of substorm onset, if any is observed, to be
weak.

Polewards stations CSY and VIZ
Figure 5.5 shows the measured magnetic perturbation field at the poleward stations,
VIZ and CSY, in the northern and southern hemisphere. The top panel shows the
northward component of each station, again green indicates the northern hemisphere
while pink shows measurements from the southern hemisphere. Measurements are
shown with nano Tesla (nT) on the y-axis and universal time (UT) on the x -axis.
The middle and bottom panel of Figure 5.5 are similar but show the eastward and
vertical component, respectively. The scale of the y-axis varies depending on the
measured values and varies greatly for the three panels of this event. The time of
substorm onset, at 22-23 MLT, is indicated by the dashed blue line, the solid red
lines indicate the first appearance and disappearance of the non-conjugate auroral
feature in the morning sector of the northern hemisphere, while the dashed red lines
indicate the second. At CSY, the poleward station in the southern hemisphere,
the northward component is steady around 100nT until 21:51 UT where a sudden
decrease to a minimum value of −100nT is apparent. VIZ station, the conjugate sta-
tion in the northern hemisphere, has a steady northward component around 100nT
before a rapid southward turning to −200nT, starting at 21:43 UT. An increase to
almost 0nT is observed at 21:46 UT before a gradual decrease to -250nT at 21:54
UT and a subsequent more rapid decrease to -600nT at 22:18 UT. The eastward
component at both stations (middle panel) shows a clear response to the substorm
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Figure 5.4: Map of the Southern Hemisphere in magnetic AACGM coordinates at
21:45 UT on May 12th 2001, indicating relevant SuperMAG stations used for this
event. Stations in the northern hemisphere, shown in green, are projected onto
the map and rotated by ∆MLT = −0.2 [Reistad et al., 2013]. The stations in
the southern hemisphere are shown in pink. Each concentric circle indicates the
magnetic latitude for the northern hemisphere (positive values) and the southern
hemisphere (negative values). MLT values are shown for both hemispheres, green
for north and pink for south. Conjugate station pairs for this event are GNA and
IRT, CSY and VIZ, and CNB and PTK. The green dotted line shows an approximate
outline of the non-conjugate aurora observed in the northern hemisphere to give an
impression of its position in relation to the stations used.
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onset occurring at 21:20 UT in the distant 22-23 MLT region. At VIZ (north) we
see a sudden increase from approximately −75nT to +150nT in the time span from
onset to 21:38 UT, followed by a decrease to −100nT. The sudden westward turning
at VIZ coincides with the appearance of the transient non-conjugate auroral feature.
Before 21:43 UT the total direction of the magnetic perturbation field in the north-
ern hemisphere is consistent with an upward field aligned current. At this time the
non-conjugate spot has been visible in the images for 4 minutes, although not as
intense as at this time. In right panel of Figure 5.3 we see an increase in the intensity
and spatial extent of the non-conjugate auroral feature in the morning sector. The
fourth panel of Figure 5.3 reveals that VIZ station in the northern hemisphere, is
just at the edge of the non-conjugate auroral feature and eventually beneath the
transient feature. In both the Polar VIS images and the ground magnetometer
measurements it is clear that VIZ is in the region of the transient feature after the
poleward expansion of the non-conjugate auroral feature at 21:43 UT. Consequently,
after 21:43 UT the signature at VIZ is consistent with an overhead westward hori-
zontal current. From this point VIZ is no longer comparable to the poleward station
in the southern hemisphere within the method defined in Chapter 4. Compared
to VIZ, the conjugate station in the southern hemisphere, CSY, is located further
towards the pole (see Figure 5.4) and shows a gradual decrease of 200nT in the
time span from 21:20 UT to 21:46 UT. At 22:11 UT, the time the non-conjugate
feature appears for the second time, the eastward component in both hemispheres,
which have had a comparable magnitude and direction for about ten minutes, show
opposite evolution for about five minutes. At CSY the eastward component of the
magnetic perturbation field shows a small eastward turning of about 50nT while a
westward turning of the same magnitude is observed in the northern hemisphere.
Consistent with the arguments presented in Chapter 4.4, no response related to the
time span where we observe the non-conjugate auroral feature the first time in the
northern hemisphere, is visible at CSY in the southern hemisphere. However, we see
a sharp increase from −150nT to 100nT at 21:52 UT corresponding to an eastward
turning at CSY.

The vertical component at VIZ, shown in green in the bottom panel of Figure 5.5,
is positive shows a gradual increase starting at substorm onset. This suggests that
the observed overhead horizontal westward current is centered equatorward of the
station. At CSY, in the southern hemisphere, we first see an increase of about 100nT
before the vertical component decreases to fluctuate around−300nT, starting around
21:40 UT, the time of the appearance of the non-conjugate auroral feature. In the
time from 22:11 UT to 22:18 UT an increase and subsequent decrease from -300nT
to -100nT is observed at CSY.

Equatorward stations IRT and GNA
The equatorward stations IRT and GNA in the northern and southern hemisphere
are located at a magnetic latitudes of 47.4◦ and −44.4◦, respectively. Measurements
of the ground magnetic perturbation field from these stations are shown in Figure
5.6. Again, we will pay special attention to signatures starting at substorm onset
at 21:20 UT, and any signature during the periods of the non-conjugate auroral
feature. The northward components at IRT and GNA, shown in the upper panel,
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Poleward Stations

Figure 5.5: Conjugate stations CSY in the southern hemisphere (pink) and VIZ in
the northern hemisphere (green) positioned poleward of the auroral oval on May
12th 2001. The dashed blue line indicates the time of substorm onset, solid red lines
indicate the first appearance and disappearance of the non-conjugate auroral feature,
while the dashed red lines indicate the second appearance of the non-conjugate
feature. After 21:43 UT, VIZ station in the northern hemisphere, is beneath the
transient non-conjugate auroral feature.



5.1. NON-CONJUGATE EVENTS 65

are very similar. Both show a gradual decrease of about 25nT starting at substorm
onset followed by an increase to a maximum of 0nT at 22:20 UT. The eastward
component at both stations, shown in the middle panel, shows a sudden change
starting at substorm onset at 21:20 UT. At IRT, in the northern hemisphere, a
decrease from 10nT to a minimum of −25nT takes place, while at GNA, in the
southern hemisphere, we see an increase from 10nT to a maximum of 40nT. For the
duration of the non-conjugate auroral feature in the northern hemisphere, indicated
by the two solid and dashed red line pairs in each plot, we do not see any clear
signatures in any of the components at GNA, in the southern hemisphere. At IRT
in the northern hemisphere, an increase of the eastward component from negative
25nT to 0nT starting at 21:36 UT is observed. This indicates a small change of
direction for the total direction of the magnetic perturbation field from being some-
what westward to being mostly southward. The expected direction at this position
in the northern hemisphere is eastward, considering the arguments from Chapter 4.4.

The vertical component at IRT, displayed in the bottom panel of Figure 5.6 shows a
very stable evolution around 0nT. In the southern hemisphere we observe an increase
from 10nT to 25nT in the measurements from the southern hemisphere at the time
of substorm onset.

Equatorward stations PTK and CNB
Figure 5.7 shows ground magnetic perturbation field measurements at the two conju-
gate stations in the morning sector of the equatorward region of the second conjugate
station pair. We expect the same signatures in this area, as for the two stations in
the early morning sector. However, PTK and CNB are relatively far from the main
auroral activity and therefore only very small variations are detected in the ground
magnetic perturbation field measurements of these two stations. A signature of sub-
storm onset is observed, in the northward component at both stations, in the form
of a gradual decrease of 25nT starting at 21:20 UT. The measured magnitude of
the northward component at the stations are separated by an offset of 20nT, with
the largest absolute value seen in the southern hemisphere. The eastward compo-
nent at PTK is steady around 0nT for the duration of the substorm and the first
appearance of the non-conjugate auroral feature. In the southern hemisphere we
detect only minor fluctuations of the eastward component around 15nT until 22:11
UT. At 22:11 UT the eastward component of both stations experiences an equal but
opposite change. In the southern hemisphere this is observed as a eastward turn-
ing of about 25nT while we see a westward turning of the same magnitude in the
northern hemisphere. In the southern hemisphere the total direction of the magnetic
perturbation field is consistent with that of a downward field aligned current for the
duration of the substorm and both appearances of the non-conjugate feature. In
the northern hemisphere we only see a weak signature of a downward field aligned
current for the duration of the last appearance of the non-conjugate feature.

The vertical component at PTK, in the northern hemisphere, is steady around 5nT
for the duration of the non-conjugate auroral feature. However, no signatures di-
rectly related to the duration of the non-conjugate auroral feature are detectable. In
the southern hemisphere the vertical component is steady around -13nT indicating
a steady horizontal current in this hemisphere.
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Equatorward Stations

Figure 5.6: Conjugate stations IRT and GNA in the dawn sector, equatorward of
the auroral oval on May 12th 2001. The dashed blue line indicates the time of
substorm onset, solid red lines indicate the first appearance and disappearance of
the non-conjugate auroral feature, while the dashed red lines indicate the second
appearance of the non-conjugate feature.
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5.1.1.2 Interpretation

In the following we present a possible interpretation of the ground magnetometer
data and satellite images from May 12th 2001.

Figure 5.8 illustrates the simultaneous aurora in the northern and southern hemi-
sphere, and the ground magnetic perturbation field measured at the SuperMAG
stations. The upper panel shows our interpretation of the system of field aligned
and horizontal currents related to the observed aurora and ground magnetic per-
turbations, at 21:35 UT being after substorm onset and before the non-conjugate
feature first appears. On the left side of the circle representing the Earth we indicate
the magnetic latitude in both hemispheres. The longitudinal green lines, numbered
21, 00, 03, 06 and 09 indicate the MLT. Midnight MLT is shown as a red line to
highlight that the reference point is shifted dawnward from the center for a better
field of view of the morning sector. A simplified sketch of the aurora observed by the
two imagers onboard Polar and IMAGE satellites (see Figure 5.3), are shown in light
blue. As the aurora is mostly produced by downward going electrons, we associate
an upward field aligned current to these regions. We indicate these field aligned
currents by blue arrows out of the plane. Proposed downward field aligned currents
are indicated by brown arrows. Black arrows are drawn to indicate the approximate
size and the direction of the horizontal currents in the ionosphere. The dashed black
line in the southern hemisphere is shown to indicate the edge of the satellite im-
age FOV. Magnetometer stations are drawn as red dots with an arrow pointing in
the direction of the measured total horizontal ground magnetic perturbation field.
One should keep in mind that Figure 5.8 sketches a three-dimensional system on a
two-dimensional plane. Also, the shift in MLT of the conjugate points in the two
hemispheres is not included in the sketch. The bottom panel is similar to the top
panel but shows a sketch of the aurora and ground magnetic perturbation measured
at 21:45 UT when the recurring non-conjugate auroral feature in the morning sector
of the northern hemisphere is clearly visible. A sketch of the non-conjugate feature
and the associated ground magnetic perturbation measurement are drawn in yellow.
As the coverage of auroral oval by the VIS Earth Camera is decreasing towards the
end of the substorm, our main focus is on the first appearance of the non-conjugate
auroral feature.

After substorm onset and before the appearance of the non-conjugate auroral feature
in the morning sector of the northern hemisphere, the ground magnetic perturba-
tion measurements are not distinctly consistent with a single field aligned current
regardless of polarity. This leads us to interpret the measurements as a superpo-
sition of several field aligned currents. We suggest the two-current-wedge (DCW)
system proposed by Gjerloev and Hoffman [2014] as a possible current configuration
at this time. Gjerloev and Hoffman [2014] present a DCW system model derived
from ground magnetic measurements of 116 substorms in the northern hemisphere.
The key features are a poleward shift of the westward electrojet in the premidnight
sector, a polar cap vortex bounded by the westward electrojet towards the equator
and a significant difference in magnitude of the two current wedges. For the May
12th 2001 event, we observe two of the three key features specified by Gjerloev and
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Equatorward Stations

Figure 5.7: Conjugate stations PTK and CNB in the morning sector, equatorward
of the auroral oval on May 12th 2001. The dashed blue line indicates the time of
substorm onset, solid red lines indicate the first appearance and disappearance of
the non-conjugate auroral feature, while the dashed red lines indicate the second
appearance of the non-conjugate feature.
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Figure 5.8: Sketch of the observed aurora, proposed current and double current
wedge system for the event of May 12th 2001 at 21:35 UT (upper panel). Ground
magnetometer stations and the associated measurements are shown in red. The
large black arrows show the horizontal currents. The dashed black line indicates the
edge of the satellite FOV in the southern hemisphere. Field aligned currents are
indicated in blue and brown depending on their direction. The lower panel shows
the proposed current systems at 21:45 UT. Perturbation measurements at the time
of the non-conjugate auroral feature, are shown in yellow. The dashed pink line at
IRT in the northern hemisphere of the lower panel is identical to the solid line at IRT
in the upper panel, and show here to highlight the change from the measurement at
21:35 UT.
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Hoffman [2014]. The poleward shift of the westward electrojet and the polar cap
vortex are apparent when utilizing most of the available SuperMAG ground mag-
netometer stations in the northern hemisphere. To support this suggestion we have
included a plot of this in Appendix B. Consequently, we interpret the measurements
as a DCW system as sketched in the top panel of Figure 5.8. In the southern hemi-
sphere we postulate a downward field aligned current consistent with the observed
magnetic perturbation field and the arguments of Chapter 4.4 in the postmidnight
sector, and upward field aligned currents and a westward electrojet in the 03-21
MLT sector in the southern hemisphere. We note that the indicated downward field
aligned currents in the two hemispheres around 04 MLT are at conjugate footpoints.
As we do not have as many ground magnetometer stations in the southern hemi-
sphere, as in the northern, and VIS images have a restricted coverage compared
to WIC at this time, we can not confidently propose an equal DCW system here.
Laundal et al. [2010] point out a significant asymmetry in the polar cap boundary lo-
cation in the two hemispheres starting at substorm onset. This further complicates
an assumption of similarity of the current configuration in the two hemispheres.
However, the few measurements in the southern hemisphere do not contradict the
existence of such a DCW in the southern hemisphere. Consequently, we indicate the
DCW configuration in the conjugate region in the southern hemisphere as a possible
current configuration at this time.

Identifying the field aligned current system during the non-conjugate auroral fea-
ture in the morning sector of the northern hemisphere, is challenging. As mentioned
earlier, we do not see a distinct signature in the ground magnetic perturbation mea-
surements, of the non-conjugate auroral feature. In the bottom panel of Figure 5.8, a
sketch of the horizontal ground magnetic perturbation and the non-conjugate auroral
feature at 21:45 UT is shown in yellow. The poleward station VIZ, in the northern
hemisphere is beneath the transient auroral feature and exhibits a large southward
component, as is the expected signature of an overhead westward electrojet (see
right panel of Figure 4.13). Consequently, we are not able to measure signatures of
field aligned currents at VIZ at this time (see Chapter 2.2.5). In the fourth panel
of Figure 5.3 it is apparent that CSY, the conjugate station in the southern hemi-
sphere, is further polewards than VIZ, and poleward of the aurora at 21:45 UT.
In the time span of the non-conjugate auroral feature we observe a decrease from
-50nT to -270nT of the vertical component at CSY, indicating an increase in the
westward electrojet, equatorward of the station. However, we do not observe any
signature indicating that an upward field aligned current exists, that is comparable
to the upward field aligned current we propose to be related to the non-conjugate
feature in the northern hemisphere. In addition we observe a slight increase in the
horizontal magnetic perturbation field at CSY, consistent with a slight increase of a
downward field aligned current, indicated by the brown arrow. In the period from
21:50 UT to 22:00 UT a large response in the eastward component is observed at
CSY (see Figure 5.5). However, the satellite images in the two bottom panels of
Figure 5.3 reveal a small auroral feature appearing directly above CSY in that time
span, and consequently we attribute the response to this feature.

The total direction of the horizontal magnetic perturbation field at the equatorward
stations IRT and PTK, in the northern hemisphere, are mostly southwards and not
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Figure 5.9: Sym-H index indicating the activity in the ring current on May 12th
2001. The dashed blue line indicates the time of substorm onset, solid red lines
indicate the first appearance and disappearance of the non-conjugate auroral feature,
while the dashed red lines indicate the second appearance of the non-conjugate
feature.

consistent with the expected eastward perturbation from the postulated upward field
aligned current in the area of the non-conjugate feature [e.g. Stenbaek-Nielsen et al.,
1972]. It is likely that the equatorward stations are significantly affected by contri-
butions from the ring current during this event. In fact, the ring current indicies
SMR, SMR LT, and Sym-H, indicating the activity in the ring current, are derived
using ground magnetometer stations at geomagnetic latitudes up to ±50◦ [Newell
and Gjerloev , 2012; Wanliss and Showalter , 2006]. Figure 5.9 shows the Sym-H
index for the present event. For the duration of the non-conjugate auroral feature
the Sym-H index had an average value of −34nT, indicating a slightly intensified
ring current. The northward component at IRT and PTK in the equatorward region
of the northern hemisphere show similar values. Starting at 21:35 UT we observe a
small change of the total horizontal ground magnetic perturbation field in an east-
ward direction at IRT. We interpret this eastward turning to be consistent with an
overhead upward field aligned current, related to the observed non-conjugate auroral
feature in the morning sector of the northern hemisphere superposed on the ground
magnetic perturbation field induced by the ring current. In Figure 5.8 this small
eastward turning is illustrated in the lower panel. The dashed red arrow at IRT,
identical to the solid arrow at IRT in the upper panel, indicates the direction of
the ground magnetic perturbation field before the appearance of the non-conjugate
auroral feature, while the yellow solid arrow shows the direction as influenced by
the non-conjugate auroral feature at 21:45 UT. In total we observe one signature in
the ground magnetic perturbation measurements at IRT which we attribute to the
first appearance of the non-conjugate auroral feature in the morning sector.

A surprising observation at IRT and GNA is that the absolute magnitudes of the
horizontal magnetic perturbation fields at these stations are comparable in the pe-
riod from substorm onset to 21:36 UT. Also, subsequently, for the duration of the
observed intense non-conjugate auroral feature in the northern hemisphere, the ab-
solute magnitude of the horizontal magnetic perturbation field in the northern hemi-
sphere is less than in the southern hemisphere. Satellite images in Figure 5.3 reveal,
by the position of the terminator, that IRT is in the sunlit hemisphere while GNA
is in the dark hemisphere. In addition IRT is closer to the auroral oval and the
observed non-conjugate aurora than GNA, further leading us to expect a larger



72 5. OBSERVATIONS

ground magnetic perturbation field in the northern hemisphere. A possible factor
contributing to the comparable magnitudes of the horizontal component in the two
hemispheres, is that the postulated downward current in the conjugate region in the
dark southern hemisphere is stronger and equals the expected difference from the
non-conjugate aurora in the sunlit northern hemisphere. Such effects are reported
to occur in the post midnight sector. Ohtani et al. [2009] found that, for a given
field-aligned current density, the electron and ion precipitation is more intense and
energetic in the dark (winter) hemisphere. They suggest that because the plasma
density in the acceleration region is significantly lower in the dark hemisphere, the
electrons need to be more accelerated along the field line to carry imposed currents.
However, it is unknown if this effect can occur in the morning sector.

The comparable eastward and northward component at GNA supports our believe
that the ground magnetic perturbation field observed in the equatorward regions
before, during and after the non-conjugate auroral feature, is a superposition of the
magnetic fields induced by the proposed field aligned currents and the ring current.
The comparable value of the Sym-H index to the value of northward component at
GNA, supports this (see Figure 5.6 and 5.9) . Also, the decrease in the northward
component of the measurements from PTK and CNB, at substorm onset, is con-
sistent with a ring current intensification at both stations. For an intensified ring
current we expect an increased southward directed magnetic perturbation at ground
magnetometer stations at low latitudes. The slight offset in magnitude observed in
the northward component of CNB and PTK is expected as CNB is at a lower mag-
netic latitude than PKT (−45.20◦ and 46.34◦ respectively). This is supported by
the vertical components at PTK and CNB. The vertical components at IRT and
GNA are not conclusive. It is also notable that both CNB and PTK are in the
sunlit hemisphere for the duration of this event.

To summarize, we observe one signature at IRT which we attribute to the first ap-
pearance of the non-conjugate auroral feature. Further, we interpret the absence of a
signature of an upward field aligned current in the southern hemisphere, comparable
to the upward field aligned current we propose to be associated to the non-conjugate
feature, as an indication of the existence of an asymmetric current.

5.1.2 Event of November 3rd 2002

5.1.2.1 Observations

The second event we present occurred on November 3rd 2002, during a magnetic
substorm with onset at 04:40 UT. In Figure 5.10 we present conjugate satellite im-
ages from Image WIC (upper) and Polar VIS Earth (lower) at 04:47 UT when the
observed asymmetry is most clearly visible. Figure 5.10 is in the same format as
Figure 5.1, but here we only show the nightside oval. It should be noted that there
is a large seasonal difference in the two hemispheres signified by the position of the
terminator in the southern hemisphere. The terminator in the northern hemisphere
is not visible in the image as it is far into the dayside. This is due to the large tilt
angle of λtilt = −28◦, at this time, leaving the entire southern oval sunlit, unlike
the northern oval which is in darkness. In Figure 5.10 we indicate the asymmet-
ric feature by a blue circle and a dashed blue circle at the conjugate region in the
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hemisphere where we do not see the feature. In this event the non-conjugate auroral
feature is a small bright spot at 01-02 MLT on the poleward edge of the oval in the
northern hemisphere. Due to the asymmetry induced by the large IMF By compo-
nent, Reistad et al. [2013] calculated a ∆MLT of 0.4 for this event, which we will
use in the following analyses (see Chapter 4.3). Also, Reistad et al. [2013] reported
that none of their considered mechanisms for producing interhemispheric or asym-
metric currents can explain the observed asymmetry. They argue that a possible
explanation for this particular event could be the ionospheric conductivity feedback
mechanism proposed by Newell et al. [1996]. Dots and vectors at the position of the
SuperMAG stations used for the event are indicated in purple.

The summarized general geomagnetic conditions during this event are shown in Fig-
ure 5.11. The dashed blue line shows the time of substorm onset while the solid
vertical red lines indicate the time of the first and last image where we clearly see
the non-conjugate auroral feature in the northern hemisphere. The black line and
the right y-axis indicate the value of the AE index, which at 04:40 UT shows a
sudden increase, coinciding with substorm onset identified from the satellite images.
The IMF Bx, shown in orange, fluctuates between −2 and −10nT, as well as the
IMF Bz, shown in pink, which fluctuates between 0nT and −9nT. The By compo-
nent of the IMF, shown in green, is more steady during the event at a value around
8nT.

Figure 5.12 shows conjugate satellite images from VIS and WIC in the same format
as in Figure 5.10. We show five conjugate image pairs from the time span from
04:39 UT to 04:49 UT, with images of the southern hemisphere in the left column
and images of the northern hemisphere in the right column. The second row shows
the conjugate image pair obtained at 04:41 UT, just after substorm onset. The
different spatial extent of the auroral features appearing at onset, around 00 MLT
are apparent in the images at this time. Images in the third row, obtained at 04:45
UT, show the first indication around 01 MLT and 66◦ latitude, of the non-conjugate
auroral feature, in this time series of conjugate image pairs. The fourth panel shows
the same images as in Figure 5.10, as this is the image pair that shows the non-
conjugate feature of this event most clearly and to place it within context of the
observed substorm. In the bottom panel we show the image pair obtained at 04:49
UT, which is the last pair where we see the non-conjugate auroral feature. In the
image series in Figure 5.12, substorm onset, the increasing auroral intensities and
the non-conjugate auroral feature, and the subsequent decrease in auroral intensities
is apparent. As in Figure 5.10, the purple vectors indicate the SuperMAG obser-
vations with direction and magnitude of the total horizontal magnetic perturbation
field in AACGM coordinates. From this image series we identify the interval of the
non-conjugate auroral feature to be from 04:45 UT to 04:49 UT (see Chapter 4.4.1).

Figure 5.13 shows a map in the same format as Figure 5.4. The northern hemisphere
is rotated by ∆MLT = 0.4, and projected onto the map of the southern hemisphere,
so the stations line up to the expected footpoints of the conjugate field lines. Pink
dots indicate the position of the stations in the southern hemisphere, while green
dots mark stations in the northern hemisphere. The MLT is given for both hemi-
spheres, green for north and pink for south. A sketch of the observed asymmetric
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Southern Hemisphere

Northern Hemisphere

Figure 5.10: Conjugate image pair from IMAGE WIC (upper panel) and Polar VIS
Earth (lower panel) obtained at 04:47 UT on November 3rd 2002. The blue circle
indicates the non-conjugate auroral feature in the northern hemisphere. The purple
dots show the position of the SuperMAG stations used in this event, while lines
indicate the direction and magnitude of the measured magnetic perturbation field
vector. The exact time of the exposure of the images is shown at the topof each
image while the exact time of the magnetic measurement is shownlower left corner
of the Figure. A unit vector is shown in the lower right corner.
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Figure 5.11: IMF and geomagnetic activity on November 3rd 2002. The x, y and
z components of the IMF are shown in orange, green and pink, respectively. The
black line shows the AE index with the scale indicated on the right axis. The
vertical dashed blue line indicates the time of substorm onset while the vertical red
lines indicate the time interval of the visible non-conjugate aurora.

feature is also included to give an idea of its position. The color of this dashed line
signifies that the observed asymmetric feature in this event occurred in the northern
hemisphere. From this map we determine three station pairs for the three different
regions mentioned in Chapter 4.4. They are:

Poleward region: IQA and B21

Equatorward region: GTF and B02

Oval region: NAN and B12

Poleward stations IQA and B21
Measurements from the two poleward stations IQA and B21 are shown in Figure
5.14. Vertical red lines are drawn at the time when we first observe the asymmetry
clearly in the satellite images and the time of the last image before it disappears.
Dashed blue lines indicate the time of substorm onset. A westward turning, in-
dicated by a negative value of the eastward component, starting at 04:40 UT is
observed at IQA. At this point the perturbation measured at IQA is 50 nT. The
measured ground magnetic perturbation in southern hemisphere station, B21, is
equal in magnitude to IQA at 04:40 UT and is slowly increasing. Measurements of
the eastward component in the southern hemisphere does not change significantly
at any time during the duration of the spot. The northward component of both
stations decreases in magnitude at a comparable rate, starting 3 minutes earlier in
the northern hemisphere.

The vertical components shown in the bottom panel, indicate the activity in the
horizontal currents. For this event no significant differences except for a difference
in magnitude ranging from 20nT to 50nT can be detected. It is notable that the
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Figure 5.12: Conjugate image pairs from the southern (left) and northern (right)
hemisphere from 04:39 UT to 04:49 UT on November 3rd 2002. Purple lines show
the SuperMAG magnetic perturbation field vector at the time of the image.
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Figure 5.13: Map of the southern hemisphere in magnetic AACGM coordinates at
04:47 UT on November 3rd 2002, indicating the SuperMAG stations used for this
event. Stations in the northern hemisphere, shown in green, are projected onto the
map and rotated by ∆MLT = 0.4. The stations in the southern hemisphere are
shown in pink. ∆MLT as calculated by Reistad et al. [2013] is shown in the lower
right corner. Each concentric circle indicates the magnetic latitude for the northern
hemisphere (positive values) and the southern hemisphere (negative values). MLT
values are shown for both hemispheres, green for north and pink for south. The
green dotted circle is a sketch of the approximate position of the asymmetric auroral
feature in the northern hemisphere. Conjugate station pairs for this event are IQA
and B21, GTF and B02 and NAN and B12.
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vertical component in both hemispheres is positive, as we would expect an equal but
opposite value in the two hemispheres if the measured perturbations were due to a
symmetric westward electrojet (see Chapter 4.4).

Equatorward stations GTF and B02
Figure 5.15 displays measurements from the conjugate station pair, GTF and B02,
in the same format as Figure 5.14 but for stations in the eqautorward region. The
station in the northern hemisphere, GTF, indicated in green shows an increase of
approximately 30 nT in the eastward component starting at 04:40 UT and an in-
crease of approximately 20 nT in the northward component also starting at 04:40
UT. This corresponds to a turning in a counterclockwise direction of the total mag-
netic perturbation field vector. This corresponds well to the expected direction of
the magnetic perturbation field generated by an upward field aligned current. Mag-
netic ground measurements from the station in the southern hemisphere, B02, show
a slow, gradual decrease of 50nT in the eastward component, starting at 04:30 UT.
The northward component of B02 shows a slight decrease of 10nT starting at 04:34
UT. These observed changes in the two horizontal components in the southern hemi-
sphere have a different evolution in time than the observed changes in the northern
hemisphere. At GTF we see a development in the eastward component, coinciding
with substorm onset at 04:40 UT.

The vertical components of both stations show an increase in absolute magnitude
(negative for the northern hemisphere and positive for the southern hemisphere)
of approximately 10nT starting first at 04:31 UT at B02 and 9 minutes later at
GTF. The increase in absolute magnitude the northern hemisphere is simultaneous
to substorm onset. We note that the increase in the southern hemisphere happens at
the same time as the observed change in the other two components for this station.

Stations NAN and B12 in the auroral oval
Figure 5.16 shows SuperMAG measurements from the two conjugate stations, NAN
and B12, positioned in the auroral oval close to the observed asymmetric feature
in the northern hemisphere. For NAN and B12, all components show a strikingly
similar development. In the southern hemisphere, shown in pink, both horizontal
components decrease by 150nT starting at 04:39 UT. Similar development occurs
for NAN in the northern hemisphere starting 5 minutes prior, at 04:34 UT. During
the time where we observe the asymmetric feature, the horizontal components at
NAN reach the minimum value observed with an offset of approximately 75nT com-
pared to B12. However, there does not seem to be a clear signature directly related
to the appearance and disappearance of the asymmetric feature in the northern
hemisphere. Perhaps the most notable in the horizontal measurements, is the short
period where the magnetic perturbation field vector had a westward component in
the southern hemisphere. However, its magnitude is small compared to the north-
ward component, making only a small change to the direction of the total vector.

The vertical components vary with ±50nT throughout the time series and are almost
mirror images of each other with only a difference in sign. As described in Chapter
4.4 the vertical components corresponds to the activity in the horizontal currents so
for comparable currents in the northern and southern hemisphere we expect equal
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Poleward Stations

Figure 5.14: Conjugate stations IQA and B21 positioned poleward of the oval in
the northern (green) and southern hemisphere (pink), respectively, for the event on
November 3rd 2002. The dashed blue line indicates substorm onset while the solid
red lines indicate the appearance and disappearance of the non-conjugate feature.
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Equatorward Stations

Figure 5.15: Conjugate stations GTF and B02 positioned equatorward of the oval
in the northern and southern hemisphere, respectively for the event on November
3rd 2002. The dashed blue line indicates substorm onset while the solid red lines
indicate the appearance and disappearance of the non-conjugate feature.
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but opposite vertical measurements.

5.1.2.2 Interpretation

In the following we propose a possible interpretation of the data shown in Section
5.1.2.1, in terms of the associated large scale current systems.

Figure 5.17 illustrates the simultaneous aurora in the northern and southern hemi-
sphere, and the ground magnetic perturbation field measured at the SuperMAG sta-
tions. The upper panel of Figure 5.17 shows our interpretation of the field aligned
current system from 04:20 UT to 04:40 UT. The figure is similar to Figure 5.8, but
00 MLT is now at the center of the sketch. A simplified sketch of the aurora observed
by the two cameras (see Figure 5.12), is shown in light blue. As the aurora is mostly
produced by downward going electrons, we associate an upward field aligned current
to these regions. In order to explain the magnetic perturbation field measurements
we need to postulate downward field aligned currents in the poleward region. These
are shown as brown arrows and will be explained and justified in more detail in the
discussion below.

Before substorm onset (upper panel of Figure 5.17), weak aurora is observed in the
auroral oval in both hemispheres. It is somewhat more stretched in the southern
hemisphere than in the northern. At IQA, the ground magnetic perturbation field
in the northern hemisphere appears to be affected by several different field aligned
currents, as shown by the upper panel of Figure 5.17. We postulate a weak down-
ward R1 current in the early morning sector, indicated by brown arrows into the
plane. A downward current in this area is consistent with the statistical results
of Iijima and Potemra [1978] (see Chapter 2.2.2). Utilizing most of the available
SuperMAG stations in the morning sector of the northern hemisphere, ground mag-
netic perturbation fields consistent with weak downward field aligned currents are
observed in parts of the west-Greenland magnetometer chain east of IQA. As we
have no conjugate stations to these in the southern hemisphere, we do not include
the measurements from the west-Greenland stations here. Instead, we include a
plot of the ground magnetic perturbation field in the morning sector of the northern
hemisphere in Appendix B to support our interpretation. The measured horizon-
tal ground magnetic perturbation field at IQA and its position as well as magnetic
perturbation measurements from the additional stations in the northern hemisphere
support the argument for postulating the R1 downward current in the morning sec-
tor. As apparent from Figure 5.17 we propose comparable currents in the conjugate
region of the southern hemisphere. The measured magnetic perturbation at IQA
is mostly a response to the downward R1 current with only a slight contribution
from the weak upward field aligned current with a footpoint in the observed aurora.
In the southern hemisphere the proposed current system is similar to that in the
northern hemisphere for this time interval before substorm onset. The horizontal
ground magnetic measurements at B21 are consistent with both upward and down-
ward field aligned currents. However, unlike in the northern hemisphere, we propose
that the contribution from the upward field aligned current at this station, is com-
parable to the contribution from the downward field aligned current. The sketch
of the southern hemisphere in the top panel in Figure 5.17 illustrates this. This is
reasonable since the strong IMF By during this event will, tend to rotate the entire
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Oval Stations

Figure 5.16: Conjugate stations NAN and B12 positioned in the auroral ovals in
their respective hemispheres on the event of November 3rd 2002. The dashed blue
line indicates substorm onset while the solid red lines indicate the appearance and
disappearance of the non-conjugate feature.
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Figure 5.17: Sketch of the aurora and observed magnetic perturbations field at
ground magnetometer stations for the event of November 3rd 2002. The upper panel
shows the proposed system of field aligned currents causing the aurora and magnetic
perturbations in the time span from 04:20 UT to 04:40 UT, before substorm onset.
Ground magnetometer stations and the associated measurements are shown in red.
Upward field aligned currents are indicated in blue, while brown arrows show the
proposed downward field aligned currents. The lower panel is similar, but shows the
proposed current systems at 04:47 UT. The magnetic perturbation measurements
are shown in yellow for this time. The dashed red arrow at IQA in the northern
hemisphere shows the magnitude and direction of the magnetic perturbation at 04:45
UT, two minutes prior to the arrow indicated in yellow, to highlight the change of
direction that occurred at this station.
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R1/R2 pattern, consistent with our placements of the postulated R1 currents. At
the equatorward station B02, the direction of the horizontal magnetic perturbation
field is consistent with an upward field aligned current in the auroral oval, consistent
with arguments presented in Chapter 4.4. Likewise, at GTF, in the northern hemi-
sphere, the horizontal ground magnetic perturbation is consistent with an upward
field aligned current in the area of the observed aurora, indicated by the blue circles.

The bottom panel of Figure 5.17 is similar to the top panel, but shows a sketch
of the proposed field aligned currents during the observed non-conjugate auroral
feature indicated in yellow. The light blue auroral features are sketches of the
observed aurora at 04:47 UT (Figure 5.10). The yellow shape represents the non-
conjugate, transient auroral feature as visible in the Polar VIS image, while the
yellow arrows indicate the measured horizontal ground magnetic perturbation field
at 04:47 UT. The dotted blue arrow out of the plane indicates the enhanced field
aligned current with its footpoint in the non-conjugate auroral feature. The dashed
red arrow shows the direction and magnitude of the magnetic perturbation measured
at 04:45 UT, two minutes prior to the measurement indicated by the yellow arrow.
In the conjugate satellite images in Figure 5.12 we see that, while the pre-onset
aurora was centered around 3 MLT, the substorm onset is centered around 00 MLT
in the northern hemisphere and 00 MLT +∆MLT in the southern hemisphere.
The horizontal magnetic perturbation measurements in the southern hemisphere are
consistent with an upward field aligned current in the auroral oval after substorm
onset and during the substorm. At B02, in the equatorward region, we see no
significant change in the direction of the horizontal magnetic perturbation field. In
the poleward region of the southern hemisphere we observe a southward turning of
the horizontal magnetic perturbation field, likely a response to the expansion and
intensification of the aurora in the auroral oval, especially around 01 MLT, during
the substorm. Comparing the upper and lower panel of Figure 5.17, the westward
turning of the horizontal magnetic perturbation field at IQA mentioned above, is
evident. As the aurora intensifies and expands during substorm onset at 04:40
UT, the horizontal magnetic perturbation field at IQA turns in a response to the
enhanced field aligned currents with footpoints in the auroral oval. The evolution at
IQA is clearly seen in the ground magnetic measurements (Figure 5.14 middle panel)
and in the satellite images in the right panel of Figure 5.12 where IQA is the poleward
station around 73◦ latitude. At 04:45 UT we see a small enhanced southward turning
in the northward component. We indicate the magnetic perturbation measurement
at 04:45 UT by a red dashed arrow, to highlight the subsequent change. As this
change is simultaneous to the appearance of the non-conjugate feature, and absent
in the measurement from the southern hemisphere, it is a possible signature of the
currents associated with the non-conjugate feature. However, the small response at
IQA occurs as a slight deviation from a response we largely attribute to substorm
onset. At GTF, in the equatorward region, we see a clear response to the substorm
onset at 04:40 UT in the eastward component, reaching a maximum at 04:46 UT
and decreasing slightly after that (see Figure 5.15 middle panel). We do not observe
a corresponding response in the southern hemisphere. We attribute the observed
signature in the northern hemisphere to the auroral activity starting at substorm
onset. We note that the substorm onset in the southern hemisphere is more elongated
and spreads over a larger region, and a less distinct signature of substorm onset is
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therefore expected to some extent. Because a substorm onset signature is absent in
the southern hemisphere, the asymmetry of the two magnetic signatures at GFT and
B02, may be due to a combination of the more restricted extent of substorm onset
and the non-conjugate auroral feature in the northern hemisphere. This is however
not distinctly evident in the measurements. In total we observe one response at
IQA, that is possible signature of asymmetric field aligned currents associated with
the non-conjugate auroral feature. However, the signature is small and in the same
direction as the change we attribute to substorm onset. Thus, we can not draw
confident conclusions for this event.

5.1.3 Event of July 2nd 2001

5.1.3.1 Observations

The event of July 2nd 2001 is presented in the following section. Figure 5.18 shows
the conjugate image pair from the two satellite imagers IMAGE WIC (upper panel)
and Polar VIS Earth (lower panel), obtained at 04:41 UT, in the same format as Fig-
ure 5.1. Reistad et al. [2013] reported two separate non-conjugate auroral features
for this event. The first is seen as an elongated shape in the southern hemisphere,
which is absent in the northern. The second is seen in the area from 03 MLT to 04
MLT in the northern hemisphere. As the coverage by Polar VIS Earth of the con-
jugate region in the southern hemisphere is limited in the beginning of the data set
it is not possible to determine the exact time of appearance for the second feature.
Thus, we will focus on the non-conjugate feature observed in the southern hemi-
sphere between 23 MLT and 00 MLT. We indicate the feature with a blue shape
as before. The asymmetry occurred during the recovery phase of a substrom with
an onset at 04:29 UT in the winter hemisphere. Reistad et al. [2013] attributes the
non-conjugate feature to the solar wind dynamo effect (see Chapter 2.3.1). It is first
clearly visible around 23-00 MLT, in the images obtained at 04:39 UT and last in
the image obtained at 04:43 UT.

The IMF and geomagnetic conditions are summarized in Figure 5.19, presented in
the same format as Figure 5.2. The By component, shown in green, dominated
the IMF with steady values around −9nT. The Bx and Bz component of the IMF,
shown in orange and pink, are steady at 3nT and 1nT, respectively, for the duration
of this event. The AE index, shown in black, fluctuated and was approximately at
320nT at the time of the observed asymmetry. The vertical red lines at 04:39 UT
and 04:43 UT indicate the time and duration of the non-conjugate auroral feature,
while the dashed blue line indicates the time of substorm onset [Frey and Mende,
2006].

Figure 5.20 shows five conjugate image pairs obtained in the time span from 04:35
UT to 04:43 UT on July 2nd 2001. The first panel shows the conjugate pair obtained
at 04:35 UT, before the non-conjugate auroral feature is clearly visible. At 04:37 UT,
shown in the second panel, the elongated auroral feature around midnight MLT in
the southern hemisphere intensifies. However, at this time it is difficult to tell from
the satellite images alone whether the auroral feature in the southern hemisphere is
non-conjugate, as the conjugate feature in the northern hemisphere between 1 and
2 MLT shows a somewhat similar, slightly elongated auroral shape on the poleward
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Southern Hemisphere

Northern Hemisphere

Figure 5.18: Conjugate image pair from IMAGE WIC (upper panel) and Polar VIS
Earth (lower panel) obtained at 04:41 UT on July 2nd 2001. The blue ring indicates
the non-conjugate auroral feature in the northern hemisphere identified by Reistad
et al. [2013]. The dashed ring indicates the conjugate area. Purple lines show the
SuperMAG magnetic perturbation field vector at the time of the image. The exact
time of the exposure of the images is shown at the top of each image while the exact
time of the magnetic measurement is shown in the lower left corner of the figure. A
unit vector is shown in the lower right corner of each image.
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Figure 5.19: The IMF and geomagnetic conditions on July 2nd 2001. The dashed
blue line indicates the time of substorm onset, solid red lines indicate the appearance
and disappearance of the non-conjugate auroral feature. The x, y and z components
of the IMF are shown in orange, green and pink, respectively. The black line shows
the AE index with the scale indicated on the right axis.

edge. The third panel shows the first conjugate image pair where the non-conjugate
feature is clearly identifiable at 04:39 UT. The elongated auroral feature visible in
the southern hemisphere, is not visible at the poleward edge in the northern con-
jugate hemisphere. The fourth panel show the same image pair as in Figure 5.18,
obtained at 04:41 UT. The bottom panel is obtained at 04:43 UT. This is last image
pair in which the non-conjugate auroral feature is still clearly visible in the south-
ern hemisphere. Consequently, we define the end time of the non-conjugate auroral
event to be at 04:43 UT, in the following analyses.

Figure 5.21 is in the same format as Figure 5.4 and shows the map of the northern
hemisphere, with the used SuperMAG stations for this event, rotated and projected
onto a similar map of the southern hemisphere. The calculated ∆MLT for this event
is −1.3 [Reistad et al., 2013]. We indicate a sketch of the non-conjugate auroral fea-
ture by a dashed pink shape. There are no stations within the auroral oval for this
event, but two conjugate station pairs in the poleward region. The identified conju-
gate station pairs for this event are:

Poleward region 1 : CY0 and SBA

Poleward region 2 : ATU and SPA

Equatorward region : STJ and LIV

Poleward stations SBA and CY0
All components of the ground magnetic perturbation field at the two stations, CY0
and SBA, shown in Figure 5.22 are small in magnitude. This is likely due to the
distance between the stations and the auroral oval, with SBA being ∼ 800km fur-
ther into the polar cap. The northward component of the station in the northern
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Southern Hemisphere Northern Hemisphere

Figure 5.20: Conjugate image pairs obtained in the time span from 04:35 UT to 04:43
UT on July 2nd 2001. Purple lines show the SuperMAG magnetic perturbation field
vector at the time of the image.
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Figure 5.21: Map of the Southern Hemisphere in magnetic AACGM coordinates at
04:41 UT on July 2nd 2001, indicating relevant SuperMAG stations used for this
event. Stations in the northern hemisphere, shown in green, are projected onto the
map and rotated by ∆MLT = −1.3. The stations in the southern hemisphere are
shown in pink. Each concentric circle indicates the magnetic latitude for the northern
hemisphere (positive values) and the southern hemisphere (negative values). MLT
values are shown for both hemispheres, green for north and pink for south. Conjugate
station pairs for this event are SBA and CY0, SPA and ATU, and LIV and STJ.
The pink dotted line shows the approximate outline of the non-conjugate aurora
observed in the southern hemisphere.

hemisphere, CY0, is steady around 15nT. At SBA, in the southern hemisphere the
northward component fluctuates slightly more around a value of 10nT. For the du-
ration of the non-conjugate auroral feature we observe a small local maximum in
this component with a magnitude of 5nT. The eastward component at CY0 is sta-
ble around -10nT, while at SBA we observe a slight increase from 15nT to 20nT
at the time of the non-conjugate feature. At CY0, in the northern hemisphere, we
see a decrease in the eastward component from 0nT at 04:20 UT to a minimum
of −15nT at 05:10 UT, with no fluctuations or changes occurring during the time
interval of the observed non-conjugate auroral feature. At SBA, slight fluctuations
around 15nT are observed in the northward component. The total direction of the
horizontal ground magnetic perturbation field in the southern hemisphere is consis-
tent with an upward field aligned current, considering the arguments in Chapter 4.4.
In the northern hemisphere the observe direction of the total horizontal magnetic
perturbation field at CY0, also corresponds to an upward field aligned current.

The vertical component at CY0 is approximately 5nT for the duration of the non-
conjugate auroral feature observed in the southern hemisphere. This is the only
time interval with downward directed vertical component at this station. Before
and following the non-conjugate auroral feature this component is negative and
fluctuating between −10nT and −5nT. Simultaneously the vertical component SBA
station shows a gradual decrease from 5nT to −5nT.

Poleward stations ATU and SPA
Figure 5.23 show SuperMAG measurements of the two stations, ATU and SPA,
positioned around ±74◦ latitude close to midnight at the time of the observed non-
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Poleward Stations

Figure 5.22: Poleward conjugate stations SBA and CY0 around the midnight sector
on July 2nd 2001. The dashed blue line indicates the time of substorm onset,
while solid red lines indicate the appearance and disappearance of the non-conjugate
auroral feature.
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conjugate auroral feature. The northward component at both stations is slowly
decreasing from 30nT to 0nT, in the time span form 04:00 UT to 05:00 UT. They
show a very similar evolution in time except for a small increase and subsequent
decrease of 10nT in the time span from 04:36 UT to 04:40 UT at ATU, in the north-
ern hemisphere. The eastward component at both stations is shown in the middle
panel. Measurements at SPA fluctuate around 0nT. At 04:31 UT an increase to a
local maximum value of 20nT occurs. After fluctuating for approximatley 18 min-
utes a decrease to 0nT occurs. At ATU values fluctuated around −25nT. Similar to
the observations in the other polward region at, CY0 and SBA, the total horizontal
direction of the ground magnetic perturbation field is consistent with an upward
field aligned current in the northern hemisphere and an upward field aligned current
in the southern hemisphere.

The vertical components at both stations, shown in the bottom panel of Figure
5.23, show a very similar evolution only separated by a difference in magnitude of
approximately 50nT. At ATU the vertical component has an increase of 20nT su-
perimposed onto a gradual increasing trend. We note that both are positive with
the largest values in the southern hemisphere.

Equatorward stations STJ and LIV
The STJ and LIV station are located well outside the auroral oval towards the equa-
tor in both hemispheres. Measurements obtained from these stations are show in
Figure 5.24. The northward component at both stations is steady around -10nT.
No variations in relation to the observed non-conjugate auroral feature are clearly
visible. The eastward component at STJ, in the northern hemisphere, increases
gradually from 5nT to 15nT in the time span of one hour, starting at 04:00 UT.
In the southern hemisphere, the eastward component is steady around -20nT. The
total direction of the ground magnetic perturbation field in the northern hemisphere
consistent with an upward field aligned current. The same is true for the southern
hemisphere.

The vertical components displayed in the bottom panel of Figure 5.24 show little
variation. In the southern hemisphere the observed vertical perturbation field is
approximately 2nT. The northern hemisphere is steady at 5nT from 04:00 UT 04:30
UT where an increase to 10nT and a subsequent decrease to 0nT at 04:52 UT, is
observed. The increase and subsequent decrease does not coincide with the non-
conjugate aurora feature observed in the southern hemisphere.

5.1.3.2 Interpretation

An interpretation of the non-conjugate auroral event that occurred on July 2nd 2001
is presented in Figure 5.25. The Figure is in the same format as Figure 5.8. In the
upper panel, the ground magnetic perturbation field at the SuperMAG magnetome-
ter stations and the proposed field aligned currents are shown at 04:35 UT. The
lower panel is identical but shown at at 04:41 UT, the time when the non-conjugate
auroral feature is most clearly seen in the satellite images. A sketch of the non-
conjugate auroral feature we focus on, is drawn in yellow, while the dashed black
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Poleward Stations

Figure 5.23: Poleward stations ATU and SPA located around midnight and ±74◦

latitude on July 2nd 2001. The dashed blue line indicates the time of substorm onset,
while solid red lines indicate the appearance and disappearance of the non-conjugate
auroral feature.
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Equatorward Stations

Figure 5.24: Equatorward stations STJ and LIV located around 53.6◦ latitude and -
47.8◦ latitude, respectively on July 2nd 2001. The dashed blue line indicates the time
of substorm onset, while solid red lines indicate the appearance and disappearance
of the non-conjugate auroral feature.
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line indicates the edge of the satellite image.

After substorm onset the measured ground magnetic perturbations field, is consis-
tent with upward field aligned currents in the auroral oval in both hemispheres. The
upper panel of Figure 5.25 illustrates this. As for the event on May 12th 2001, the
equatorward stations in this event, show a southward component. This may indicate
that the measurements here, are affected by the ring current. The direction of the
vertical components at the equatorward stations supports this. However, the aver-
age value of the Sym-H index for the duration of the non-conjugate auroral event is
−13 nT, indicating low activity in the ring current.

The bottom panel shows our interpretation of the field aligned currents for the du-
ration of the non-conjugate auroral feature. There are no clear signatures in the
measured horizontal ground magnetic perturbation field at any stations related to
the non-conjugate auroral feature appearing in the southern hemisphere. Only mi-
nor changes or fluctuations are observed at all stations. At the poleward stations
ATU and SPA we observe strikingly similar fluctuations in the eastward component,
however in opposite directions and at an offset of about 25nT. The reason for the
offset is unknown.

It is possible that we do not observe clear signatures of any non-conjugate field
aligned currents during the present event, as the non-conjugate auroral feature has
a small spatial extent compared to the non-conjugate features of the events presented
earlier. In addition local magnetic variations are known to exist in the vicinity of the
SBA station in the southern hemisphere [Adams and Christoffel , 1962; Cullington,
1968]. This may considerably affect the measurements.



5.1. NON-CONJUGATE EVENTS 95

80
70

60

50

-80
-70

-60

-50

N

S

03 062118 00 

ATU

SPA

STJ

CY0

SBA

LIV

80
70

60

50

-80
-70

-60

-50

N

S

03 062118 00 

SPA

LIV

SBA

STJ

ATU
CY0

Before non-conjugacy: 04:35 UT

At non-conjugacy: 04:41 UT

Figure 5.25: Proposed field aligned currents before and during non-conjugate auro-
ral event on July 2nd 2001. The upper panel shows the proposed system of field
aligned currents causing the aurora and magnetic perturbations 04:35 UT. Ground
magnetometer stations and the associated measurements are shown in red. Upward
field aligned currents are indicated in blue. The lower panel is similar, but shows the
proposed current systems at 04:41 UT. The magnetic perturbation measurements
are shown in yellow for this time. The dashed line indicates the FOV of the VIS
image from the southern hemisphere.
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5.1.4 Event of July 5th 2001

5.1.4.1 Observations

In the following section we present the event of July 5th 2001. Two non-conjugate
auroral features were observed around 05:52 UT in the evening sector of the south-
ern hemisphere [Reistad et al., 2013].

Figure 5.26 shows the conjugate image pair obtained at 05:52 UT, where we indicate
the non-conjugate features in blue rings and label them 1 and 2. The dashed circles
show the conjugate areas in the opposite hemisphere. In the southern hemisphere
we observe an intense wavelike structure in the evening sector, between 20 -23 MLT,
that is not visible in the northern hemisphere. A second non-conjugate auroral fea-
ture is observed in the northern hemisphere, in the dusk/evening sector. A small
auroral spot is visible between 20 and 21 MLT, around 70◦ latitude, that is absent
in the southern hemisphere. We label the two features 1 and 2. Reistad et al. [2013]
reports Feature 1 as consistent with the Solar Wind dynamo generator mechanism
while Feature 2 is not consistent with any of the proposed generator mechanisms for
non-conjugate aurora. In the present thesis we focus on Feature 1 as it has a larger
spatial extent and is closer to the available conjugate SuperMAG station pairs. Un-
less otherwise indicated, the following presentation of data and interpretations will
refer to Feature 1.

Figure 5.27 summarizes the IMF and geomagnetic conditions during this event. At
the time of the observed asymmetry the AE index, indicated in black, was 320nT.
The IMF Bx was steady around 6nT while By fluctuated slightly between -5nT
and -7nT during the non-conjugate auroral event. The Bz component was negative
with one short northward turning just prior to the observed non-conjugate auroral
feature. Frey and Mende [2006] report a substorm onset at 03:34 UT and at 06:04
UT, well before and after the observed non-conjugate auroral features appear. We
indicate the second onset by a dashed blue line. Vertical red lines indicate the time
span where the non-conjugate auroral feature is visible in the satellite images. The
first conjugate satellite image pair, obtained at 05:52 UT, where the non-conjugate
feature is visible is also the first image pair of simultaneous images from both hemi-
spheres. We do not have a sufficient field of view in the satellite images of the
southern hemisphere prior to this. Consequently, we do not have an unambiguous
time span where the non-conjugate auroral features begin for this event.

Figure 5.28 is a time series of five conjugate image pairs from the satellite imagers
VIS (left column) and WIC (right column). The first panel shows the conjugate
image pair obtained at 05:52 UT. The non-conjugate auroral feature observed in the
southern hemisphere is clearly visible between 20 and 23 MLT in the left panel. Each
successive panel displays a conjugate image pair with two minute cadence (except
for the bottom panel which is obtained 3 minutes after the previous image pair),
showing the development of the non-conjugate auroral feature in the southern hemi-
sphere. From this image series we identify the interval of the non-conjugate auroral
feature to be from 05:52 UT to 05:56 UT.

The ∆MLT for this event, calculated by Reistad et al. [2013], is ∆MLT = 0.4, and
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Figure 5.26: Conjugate image pair from IMAGE WIC (upper panel) and Polar
VIS Earth (lower panel) obtained at 05:52 UT on July 5th 2001. The blue rings
indicate the non-conjugate auroral features in the northern and southern hemisphere
identified by Reistad et al. [2013]. The dashed rings indicate the conjugate areas.
Purple lines show the SuperMAG magnetic perturbation field vector at the time of
the image. The exact time of the exposure of the images is shown at the top of each
image while the exact time of the magnetic measurement is shown in the lower left
corner of the figure. A unit vector is shown in the lower right corner of each image.
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Figure 5.27: IMF and geomagnetic condition on July 5th 2001. The solid red lines
indicate the appearance and disappearance of the non-conjugate feature, while the
dashed blue line indicates substorm onset. The x, y and z components of the IMF
are shown in orange, green and pink, respectively. The black line shows the AE
index with the scale indicated on the right axis.

in Figure 5.29 we show a map of the rotated northern hemisphere projected onto the
southern hemisphere to identify conjugate SuperMAG stations, similar to Figures
5.4, 5.13 and 5.21. Note that there are no stations in the auroral oval region. Also,
the equatorward stations for this event are more than 3 hours MLT and 10◦ latitude
away from the observed non-conjugate auroral features. We identify the following
conjugate station pairs from Figure 5.29:

Poleward region 1 : CBB and SBA

Poleward region 2 : IQA and SPA

Equatorward region : APL and LIV

Poleward stations CBB and SBA
Figure 5.30 is in the same format as 5.5 and shows the northward, eastward and
vertical components of the two conjugate stations CBB and SBA, poleward of the
observed non-conjugate auroral feature. CBB at a magnetic latitude of 77.22◦ is
closer to the conjugate region than SBA at -79.91◦. The northward components at
both stations, shown in the upper panel, show a very similar development. Mea-
surements at both stations are stable around 0nT until 05:40 UT before gradually
increasing. The eastward component at CBB is steady around -35nT for the time
span of conjugate image pairs. In the southern hemisphere at SBA the eastward
component is steady around -15nT for the same time interval. The direction of the
total horizontal ground magnetic perturbation field at SBA in the southern hemi-
sphere is somewhat consistent with a downward field aligned current. At CBB in the
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Southern Hemisphere Northern Hemisphere

Figure 5.28: Conjugate image pairs obtained in the time span from 05:52 UT to 06:01
UT on July 5th 2001. Purple lines show the SuperMAG magnetic perturbation field
vector at the time of the image.
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Figure 5.29: Map of the southern hemisphere where the northern hemisphere is
rotated by ∆MLT and projected onto a map of the southern hemisphere on July
5th 2001. Each concentric circle indicates the magnetic latitude for the northern
hemisphere (positive values) and the southern hemisphere (negative values). MLT
values are shown for both hemispheres, green for north and pink for south. The
dashed shapes indicate the observed non-conjugate auroral features. Their color
indicates the hemisphere in which they are observed. Conjugate station pairs for
this event are CBB and SBA, IQA and SPA and APL and LIV.

northern hemisphere we see signatures of an upward field aligned current considering
the arguments presented in Chapter 4.4. From the measurements of the horizontal
ground magnetic perturbation components at CBB and SBA, shown in Figure 5.30,
we do not see any clear signature of the non-conjugate aurora. However, we note the
small decrease and subsequent increase in the eastward component at SBA, starting
at 05:43 UT and lasting until 06:00 UT. As we do not know the exact time span
for the non-conjugate auroral feature, it is a possible response to an increase of field
aligned currents associated with the non-conjugate feature.

The vertical component at CBB show a steady gradual increase throughout the
event. A small decrease of 5nT is observed at 05:45 UT, simultaneous to a small
increase of the vertical component at SBA. At this time the evolution at SBA and
CBB is in opposite directions. The increase at SBA is followed by a gradual decrease
starting at 05:52 UT.

Poleward stations IQA and SPA
Figure 5.31 shows the magnetic perturbation field measurements from the two pole-
ward stations in the post-midnight sector, IQA and SPA. As for Figure 5.30 we have
drawn vertical red lines for the time of the exposure of the conjugate image pair
in Figure 5.26. In the southern hemisphere, at SPA, the northward component is
steady around 10nT at the time of the observed non-conjugate aurora. The eastward
component at SPA is steady at approximately -7nT for the same time span. We
note that is evolution is very similar to the eastward component at SBA. The total
direction at this station in the southern hemisphere is consistent with an upward
current in the aurora oval from the arguments presented in Chapter 4.4. In the
northern hemisphere, at IQA, the northward component of the horizontal magnetic
perturbation field varies from a maximum of 20nT at 05:49 UT to -25nT at 06:12
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Poleward Stations

Figure 5.30: Poleward stations CBB and SBA on July 5th 2001. Vertical red lines
indicate the time of the first and last conjugate satellite image pair where the non-
conjugate aurora is visible. The start time of the feature is uncertain for this event
as the FOV of Polar VIS is not sufficient prior to 05:52 UT.
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UT. For the time span of the non-conjugate aurora, the northward component is
5nT. The eastward component at IQA has a local maximum and minimum simul-
taneous to the northward component. At the time of the non-conjugate aurora the
eastward component is around 15nT. As we can not easily determine the beginning
and end of the non-conjugate event, we are not able to say whether we do see a
signature of the feature in the southern hemisphere from these plots.

The vertical components of the stations are both positive and reveal similar de-
velopment with an offset of 30nT, with larger values in the northern hemisphere.
Although, we see the non-conjugate feature in the southern hemisphere.

Equatorward stations APL and LIV
Figure 5.32 shows measurements of the horizontal and vertical ground magnetic
perturbation field at the conjugate station pair APL and LIV, in the equatorward
region. All components are very stable throughout the event in both hemispheres.
In Figure 5.29, showing the conjugate station pairs and their approximate position
related to the non-conjugate auroral features, we see that APL and LIV are in a
different MLT sector and at a large distance from the non-conjugate auroral feature.
Consequently, no response to the non-conjugate aurora is apparent. The northward
component at APL is stable at 10nT for 30 minutes from 05:40 UT to 06:10 UT. At
LIV the northward component is gradually increasing from -10nT at 05:30 UT to
5nT at 06:30 UT. For the time interval of conjugate satellite image pairs, indicated
by the vertical red lines, the northward component at LIV is -10nT. The eastward
component for the same time interval is 0nT at APL and -5nT at LIV in the south-
ern hemisphere.

The vertical components at the two stations are equal in magnitude but opposite
in direction. In the northern hemisphere we see a negative vertical component,
while a positive vertical component is observed in the southern hemisphere. This
is consistent with the arguments of Chapter 4.4 and expected, and it is a possible
indication of a westward horizontal current in the poleward of the station.

5.1.4.2 Interpretation

As mentioned above, we have a limited number of conjugate satellite image pairs for
the present event. No images are available for the time prior to the appearance of the
non-conjugate aurora. As a consequence, we are not able to compare the measured
ground magnetic perturbation field before and at the time of the non-conjugacy, as
we have done for the previous events. Thus, we present only one figure in the follow-
ing interpretation of the measurements and the associated current system. Figure
5.33 shows the proposed field aligned and horizontal currents at 05:54 UT where the
intense non-conjugate aurora is sketched in yellow in the southern hemisphere.

In Figure 5.33 it is clear that the available ground magnetometer stations, especially
in the equatorward region, are not in optimal positions in respect to the observed
non-conjugate auroral feature in the southern hemisphere on July 5th 2001. The
best positioned conjugate station pair is CBB and SBA in the poleward region. From
the measurements at these stations, presented in Figure 5.30, no clear response was
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Poleward Stations

Figure 5.31: Poleward sations IQA and SPA on July 5th 2001. Vertical red lines
indicate the interval of the visible non-conjugate aurora. The start time of the
feature is uncertain for this event as the FOV of Polar VIS is not sufficient prior to
05:52 UT.
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Equatorward Stations

Figure 5.32: Equatorward stations APL and LIV on July 5th 2001. Vertical red
lines indicate the time of the first and last conjugate satellite image pair where the
non-conjugate aurora is visible. The start time of the feature is uncertain for this
event as the FOV of Polar VIS is not sufficient prior to 05:52 UT.
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Figure 5.33: Proposed field aligned currents during non-conjugate auroral event at
05:54 UT on July 5th 2001. Upward field aligned currents are indicated in blue, while
brown arrows show the proposed downward field aligned currents. The magnetic
perturbation measurements are shown in yellow.
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observed for the indicated interval of non-conjugate aurora. However, it is proba-
ble that the non-conjugate feature existed for a longer period before and after the
time span of conjugate image pairs. This leads us to consider the mentioned de-
crease of 20nT in the eastward component at SBA at 05:43 UT to 06:00 UT as a
possible response to the non-conjugate feature in the southern hemisphere. For the
same time interval we see an increase in the vertical component at SBA, indicat-
ing an intensification of an eastward horizontal current. At CBB, in the northern
hemisphere, we do not see a similar response or change in that time interval. The
eastward component in the northern hemisphere continues to be stable at -35nT.
Nevertheless, the total horizontal direction of the ground magnetic perturbation
field at SBA in the southern hemisphere, is not in a direction consistent with the
expected perturbation from the proposed field aligned currents in the area of the
non-conjugate auroral feature. Nor is the decrease of the eastward component at
SBA, mentioned above. A decrease in the eastward component indicates a westward
turning of the total horizontal magnetic perturbation field. Considering the argu-
ments presented in Chapter 4.4, we expect an eastward turning at this station, as a
response to the observed non-conjugate auroral feature. This apparently contradic-
tory response leads us to consider a downward field aligned current to be associated
with the non-conjugate auroral feature. For this event the Defense Meteorological
Satellite Program (DMSP) satellite F.13 passes through the non-conjugate auroral
feature in the southern hemisphere. The DMSP satellites measure the ion and elec-
tron precipitation in the region they pass through. The DMSP F.13 pass through
the non-conjugate arc in the southern hemisphere shows that there is a large flux of
precipitating protons in this area. This may indicate that the current in this arc is
carried mostly by protons and consequently is directed downward. This should be
investigated further (see Chapter 8). In Figure 5.33 we propose a downward cur-
rent, consistent with the measurements at SBA and possibly the DMSP data. For a
downward current, the decrease and subsequent increase at SBA, discussed above, is
a possible signature of the current associated with the non-conjugate aurora. How-
ever, as we can not identify the start time of the non-conjugacy accurately and the
DMSP data needs further analysis, we can not conclude confidently about this sig-
nature. Additionally, as for the event on July 2nd 2001, the concern regarding the
local magnetic variations, possibly affecting the measurements at SBA, should be
kept in mind.

5.2 Summary of the observations

In Chapter 5.1 we presented and interpreted four observations of non-conjugate au-
rora events previously identified by Laundal and Østgaard [2009] and Reistad et al.
[2013] and the associated ground magnetometer measurements. We summarize and
categorize our findings in the following. Results are presented in Table 5.1.

In one of the four presented events we were able to find signatures of asymmetric
field aligned currents in the two hemispheres related to the non-conjugate aurora.
From the observations we find that there are three essential factors that are decisive
in finding signatures of field aligned currents directly linked to non-conjugate auroral
features.
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1. The spatial evolution of the non-conjugate auroral features.

2. The temporal evolution of the non-conjugate auroral features.

3. The position of the conjugate ground magnetometer station pairs in relation
to the non-conjugate auroral features.

The magnitude and spatial extent of a current are important as the magnetic per-
turbation of the current is proportional to this (see Equation 2.10). For an isolated
intense auroral feature we are likely to detect signatures of the respective intense
field aligned current. Signatures of non-conjugate auroral features and their accom-
panying field aligned currents are extremely difficult to detect with certainty as we
have no means for source separation of the ground magnetometer data. Especially
when they are in close vicinity of other auroral features of similar or higher intensity
or have a small spatial extent. In our analyses we found that three of the four pre-
sented events show isolated intense non-conjugate auroral features. In Table 5.1 we
indicate the events that had intense auroral features by an ×, in the third column.
For one of these, the auroral feature was intense, but had a small spatial extent.
This is indicated by the parenthesis. Also, for the same reasons the position of the
conjugate ground magnetometer station pairs relative to the observed non-conjugate
auroral features is important. We found that three out of the four events presented,
had conjugate station pairs at acceptable locations. The second column of Table 5.1
summarizes this.

A distinct temporal evolution of the non-conjugate auroral features is important for
the identification of the asymmetric field aligned currents and their signatures. For
events with a well defined start and end time of the non-conjugate feature, deter-
mined from the satellite images, we examined the ground magnetic perturbation
measurements for a simultaneous response. For changes coinciding with the appear-
ance and disappearance of the non-conjugate auroral feature we interpret these as a
response to the associated field aligned current. We were able to identify well defined
start and end times for three of four of the non-conjugate events presented. These
are indicated in the fourth column of Table 5.1. In the last column we indicate if a
response associated with the identified non-conjugacy was observed.
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Event
Good Intense Well defined interval Visible
Station Non-conjugate Non-conjugate Magnetic
Position Aurora Aurora Signature

May 12th 2001 × × × ×
November 3rd 2002 × (×) × (×)
July 2nd 2001 × - × -
July 5th 2001 - × - -

Table 5.1: Events are categorized in terms of the position of the ground magnetome-
ter station used and the spatial extent and intensity of the non-conjugate auroral
features. In the last column we indicate if a response associated with the identified
non-conjugacy was observed. For the event of November 3rd the magnetic signatures
were inconclusive, indicated by the (×).



6 Discussion

In the following chapter we discuss the general outcome of our observations. This is
followed by a discussion of the method. Last we briefly comment on the limitations
of the method.

6.1 Discussion of the findings

Our goal for this thesis was to investigate the field aligned currents in both hemi-
spheres, associated with non-conjugate aurora. Our observations, presented in Chap-
ter 5, suggest that we can measure signatures of the the field aligned currents in the
ground magnetic perturbation field if certain conditions are met. Such conditions
occurred for one out of four events analyzed, and we identified signatures of field
aligned currents that appeared to be asymmetric in the two hemispheres, using the
method developed in Chapter 4. On May 12th 2001, which has been the focus of sev-
eral studies [Laundal and Østgaard , 2009; Laundal et al., 2010], we observed that the
evolution of the ground magnetic perturbation field in the equatorward region of the
two hemispheres was different. This was interpreted as a signature of an asymmetric
field aligned current associated with the transient non-conjugate auroral feature in
the morning sector of the northern hemisphere. The absence of a signature from
a current in the southern hemisphere, associated with the non-conjugate feature in
the northern hemisphere, further supports this. Similar observations were made on
November 3rd 2002 where the evolution of the ground magnetic perturbation field
was slightly different for the two hemispheres. The signature is in accordance with
a field aligned current present in the northern hemisphere where a small, intense
non-conjugate auroral feature is observed. This current is absent in the southern
hemisphere. However these signatures were small, and we could not make confident
conclusions for this event.

In Table 5.1 we summarized our findings from the observations and listed the fac-
tors we found to be significant for identifying asymmetric field aligned currents. By
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comparing the data sets for the four events presented we found that the presence of
a signature from asymmetric field aligned currents at the conjugate ground magne-
tometer stations depends on the position of the conjugate station pairs, the intensity
and the temporal evolution of the associated non-conjugate auroral feature. This
is based on the assumption that the spatiotemporal behavior of the non-conjugate
auroral feature is dependent on the associated field aligned current as suggested by
Østgaard and Laundal [2012] based on a number of previous studies. The ground
magnetometer data show measurements of all perturbations to the Earth’s magnetic
field at its position related to external sources (see Chapter 3.2). As we have no
means to separate these sources, the interpretation is complex [Kelley , 2009]. The
more intense a given field aligned current is, causing a proportionally intense non-
conjugate feature, the larger and more clear we expect the magnetic perturbation
measured in the vicinity of it to be. The magnitude of the magnetic perturbation
also depends on the relative distance of the measurement to the source current.
This is a direct result of Biot-Savart’s law (Equation 2.10) and consequently, we
found the position of the ground magnetometer station to be of great importance.
Actually, the lack of adequate stations is the reason for the exclusion of the remain-
ing non-conjugate events identified by Reistad et al. [2013]. However, we can not
make confident conclusions about any critical distance region at which a signature
fades, as we do not know the magnitude of the field aligned currents causing the
non-conjugate features and the lack of means to identify any source current uniquely.

For the two events on the 2nd and 5th of July 2001 we found no signatures of asym-
metric field aligned currents. In our analyses of the data set for each of these events
we found the major difference compared with the other events, to be the three fac-
tors mentioned above. Because only four of the ten identified non-conjugate auroral
events from Reistad et al. [2013] had sufficient ground magnetometer data available,
our data set is limited. In order to conclude more confidently on the crucial factors
for the identification of field aligned currents associated to the non-conjugate aurora,
a larger data set is needed.

6.2 Discussion of the method

The method for analyzing our data is described in Chapter 4. A substantial part
of the data processing we do before interpreting the data, consists of a transforma-
tion between coordinate systems. We convert magnetic perturbation measurements
from the local magnetic coordinate system used by SuperMAG [Gjerloev , 2009] to
geographic coordinates and subsequently to AACGM coordinates [Baker and Wing ,
1989] using the approach suggested by Richmond [1995]. The method we used
(Chapter 4.2) is similar to the method described by Laundal and Gjerloev [2014] as
it was developed simultaneously and in cooperation with one of the authors.

We argue that the transformation is essential as the comparison of two data sets
should be in a common reference system. Omitting this step could lead to different
and likely erroneous interpretations and conclusions, as the difference between the
coordinate systems is variable and large at the position of some ground magnetome-
ter stations, especially close to the magnetic pole in the southern hemisphere (see
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Figures 4.3 and 4.10). The ionospheric electrodynamics are altitude dependent and
highly organized by the Earth’s magnetic field. Using a reference frame based on a
realistic magnetic field model such as Apex and AACGM will therefore better repre-
sent the SuperMAG measurements, originally given in an orthogonal frame defined
locally at ground level. Unfortunately, the IGRF model we use in the transforma-
tion, does not include sources of local variations of less than ∼ 3000 km extent,
which can be significant at some of the SuperMAG ground magnetometer stations.
As mentioned in Chapter 5.1.3.2 and 5.1.4.2, we have strong indication that the
local magnetic variations are indeed a significant contribution at SBA (Scott Base,
Antarctica) in the southern hemisphere. However, we did not observe any signa-
tures of asymmetric field aligned currents for the two events where measurements
from SBA were used. Ideally, information of the small scale local magnetic field at
the position of the magnetometer, if such were available, should be included in the
calculations and analysis.

Our analyses of the non-conjugate auroral events is based on the events identified by
Reistad et al. [2013]. We outline their method in Chapter 4.3. The process for the
identification of non-conjugate features is challenging as a result of the difference in
camera sensitivity of WIC and VIS (see Chapter 3.3.3). A general intensity rela-
tion between the two cameras is established from an intensity profile at a reference
magnetic latitude, and used to scale the images obtained by VIS Earth so that the
color should reflect an approximate equal brightness in the WIC image. Although
the method developed by Reistad et al. [2013] is fairly robust, a slight change in
the scaling factor can lead to a significant change in the appearance of the aurora
in the conjugate image pairs. To avoid misinterpretation, Reistad et al. [2013] per-
forms an MLT-slice test, validating the suspected non-conjugate auroral features by
demanding an intensity difference of a factor 2 in conjugate regions. We apply the
identical intensity relation as suggested by Reistad et al. [2013] to images in a time
interval, centered at the time of the conjugate image pair in which the non-conjugate
auroral feature first was identified. Subsequently, we identify the interval where the
non-conjugate auroral feature is visible in these images, by visual inspection. This
method for determining the duration of the non-conjugate feature is crude and a
possible source of error. Ideally, a slice-test identical to the one performed by Reis-
tad et al. [2013], should be carried out for each of the conjugate images pairs, to
identify the duration of the non-conjugate feature. Because we try to identify signa-
tures of current systems directly related to the non-conjugate auroral features, we
search for responses simultaneous to the appearance and disappearance of these. A
misinterpretation in the identification of the start and end time of the non-conjugate
auroral features, could lead to an erroneous analysis of the magnetic perturbation
measurements related to the auroral feature. However, in the present thesis we have
used the identified start and end times in an indicative manner, rather than a strict
requirement, when looking for simultaneous signatures in the magnetic perturbation
measurements. Thus, the presented results are not thought to change significantly
for a small change in the time interval of the non-conjugate feature.
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6.3 Limitations

To perform the analyses of the non-conjugate auroral events in Chapter 5, multiple
assumption were made regarding the coordinate systems, conjugate footpoints of the
magnetic field lines and their geometry. Some of the limitations induced by these
will be discussed here as well as potential sources of error.

In Chapter 4 we described in detail the method developed for the analyses of the
data. The assumptions made in relation to the coordinate transformation are
stated in Chapter 4.2.6 in accordance with Gjerloev [2012], and we assumed the
N-coordinate of the SuperMAG coordinate system to be along the IGRF model. As
briefly mentioned in Chapter 5.1.4.2, we found the measurements at SBA in the
southern hemisphere to be inconsistent with any reasonable current system during
the event of July 5th 2001. We mentioned the effects of local magnetic variation for
the SBA station in Chapter 5.1.4.2 In Chapter 6.2 explain that the local magnetic
variations are not taken into account in the IGRF model. Laundal and Gjerloev
[2014] compared the declination computed by SuperMAG and IGRF and used it
as an indicator of the local variations. This concern is not unique regarding to the
SBA station and further examples are known, where this is a significant effect [e.g.
Kiruna, Sweden Laundal and Gjerloev , 2014].

Further, in our analysis and interpretation of the data we used the ∆MLT value
calculated by Reistad et al. [2013] to compensate for the displacement of conjugate
points in the two hemispheres. We shifted the northern hemisphere such that foot-
points of conjugate field lines aligned, and by this we determined conjugate ground
magnetometer station pairs and compared the measurements from these. The same
value for ∆MLT is used for the entire interval of an event and regardless of the po-
sition of the non-conjugate auroral feature. The shift varies with local time [Cowley
et al., 1991] and Reistad et al. [2013] limited the calculation of the ∆MLT to the
nightside region of the oval within 20-04 MLT. The events on May 12th 2001 and
July 5th 2001 presented here, show non-conjugate auroral features in areas just at
the border of this limitation. Also, Laundal et al. [2010] found that for the event on
May 12th 2001 the interhemispheric differences in the polar cap location and size
may change rapidly during the substorm expansion phase, confirming that processes
linked to the asymmetric and non-conjugate aurora are very dynamic. However, a
change in the ∆MLT during the interval of the non-conjugate auroral event is not
likely to alter our interpretation of the current systems significantly. As the number
of available ground magnetometer stations in the preferred regions relative to the
non-conjugate aurora is limited, we would likely, depending on the magnitude of the
change of ∆MLT choose the same conjugate magnetometer station pairs.

We made the assumption of negligible contributions from the ring current for ground
magnetic measurements from latitude regions of the auroral oval and higher in Chap-
ter 2.2.5. In the event of May 12th 2001, we proposed that the equatorward measure-
ments were strongly affected by contributions from the ring current as the position
of the station is at low magnetic latitudes (below ±50◦). For all presented events the
equatorward boundary of the auroral oval was around ±60◦ or higher. We assume
no contribution from the ring current to the ground magnetic perturbation measure-
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ments in this region. All stations determined to be in the equatorward region for
the events are at latitudes above ±50◦ but below ±60◦. The latitude at which the
effects from the ring current becomes truly negligible is uncertain, making the in-
terpretation of the extent of the impact from the ring current on the measurements,
difficult at these station. The Sym-H index gives an indication of the intensity of
the ring current.

The non-conjugate events that form the base of this Thesis, are identified by Reistad
et al. [2013]. The identification of these is challenging, as a result of the difference
in camera sensitivity.
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7 Summary and Conclusions

Our main goal with the present thesis was twofold. First, we wanted to develop a
solid method for identifying the field aligned currents related to the specific non-
conjugate auroral features identified by Reistad et al. [2013] and Laundal et al.
[2010]. Secondly, by utilizing this method we intended to explore the idea that the
non-conjugate aurora can be explained by asymmetries in the field aligned current
system in the two hemispheres [Østgaard and Laundal , 2012].

7.1 Key Results

Based on the methods of numerous previous studies [e.g. Nakano, 2005], we ex-
panded and developed a method to identify field aligned currents associated with
identified non-conjugate auroral events. We transformed the ground magnetometer
measurements to AACGM coordinates and combined them with conjugate satel-
lite images from Polar VIS Earth and IMAGE WIC. Using ∆MLT, the shift of the
conjugate footpoints of magnetic field lines, calculated by Reistad et al. [2013], we
found conjugate ground magnetometer station pairs in a geomagnetic coordinate
system. We proposed expected ground magnetic perturbation field directions from
the field aligned currents assumed to cause the non-conjugate auroral features, using
Biot-Savart’s law. We compared them to our measurements and utilized these to
postulate a current system. For one out of four events presented we were able to
identify signatures of asymmetric field aligned currents. Three factors stood out,
that we found to be important for the identification of these currents. The position
of the ground magnetometer station in relation to the non-conjugate auroral feature,
the spatial extent of the feature and its intensity compared to surrounding auroral
features. We summarize that our developed method and our findings are an indica-
tion that the field aligned currents causing non-conjugate aurora can be identified
and are asymmetric.
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7.2 This thesis in a larger context

Several studies have been concerned with the identification of non-conjugate aurora
in terms of location and intensity, and understanding the processes and dynamics
involved [e.g. Laundal and Østgaard , 2009; Laundal et al., 2010; Østgaard et al., 2007;
Reistad et al., 2013]. The present thesis aims to contribute to this effort. Based on
conjugate satellite imaging by IMAGE WIC and Polar VIS Earth, Østgaard and
Laundal [2012] suggested that the observed non-conjugate aurorae can be explained
in terms of asymmetric currents in the two hemispheres. We explore this possibility
by utilizing and expanding well established methods for studying the field aligned
currents in the ionosphere with ground based magnetometers [e.g. Friis-Christensen
et al., 1985; Iyemori , 1990; Kamide et al., 1981; Nakano, 2005]. Combining the
ground magnetic perturbation data with conjugate satellite images of identified non-
conjugate auroral events [Laundal and Østgaard , 2009; Reistad et al., 2013], we were
able to identify signatures of field aligned currents related to the non-conjugate
aurora in two out of four suitable events, supporting the suggestions of Østgaard
and Laundal [2012]. Identifying and quantifying the non-conjugate aurora and the
asymmetric field aligned currents can advance our understanding of the processes
that lead to the interhemispheric asymmetries in the aurora and current systems
and thereby the coupling of the ionosphere to the magnetosphere and space for the
two hemispheres.



8 Future Work

In this thesis we identify ground magnetic perturbations field that we relate to
asymmetric field aligned currents associated with the observed non-conjugate au-
rora in one out of four non-conjugate events. Few non-conjugate auroral events
are published in the conjugate images from Polar VIS Earth and IMAGE WIC at
the present time. Only four of these had adequate ground magnetometer stations
available during the event. Thus, besides aspiring to motivate the identification of
further non-conjugate auroral events, we present our suggestion for future work in
this chapter.

8.1 Suggestions for improvement

Based on the experience gathered throughout this Thesis and the discussion in Chap-
ter 6, we suggest improvements that could clarify and expand the present work in
the following section.

• Perform an MLT slice-test, as done by Reistad et al. [2013], to verify the begin-
ning and end time of the non-conjugate auroral feature with greater confidence.

• Calculate ∆MLT more frequently, using the method described by Reistad et al.
[2013], to validate the conjugacy of the station pairs in the northern and south-
ern hemisphere during the whole time interval of the non-conjugate aurora.

• Calculate and compare the deviation of the declination, D, derived by Su-
perMAG and the IGRF model, to give an indication of the local magnetic
anomalies that might affect some magnetometer stations [as done by Laundal
and Gjerloev , 2014].

• Calculate the power difference of the measured asymmetric field aligned cur-
rents. Use Biot-Svart’s law and estimating the extent of the asymmetric field
aligned current producing the non-conjugate auroral features, to quantify the
asymmetries observed between the two hemispheres.
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8.2 Comparison to ground magnetic perturbation from
conjugate auroral events

We have developed a method for identifying asymmetric current systems in associa-
tion with observed non-conjugate aurora in conjugate regions of the two hemispheres.
Applying the same method to conjugate auroral events should yield symmetric cur-
rent systems and symmetric ground magnetic field perturbations in conjugate re-
gions. A comparison of ground magnetic perturbations of conjugate auroral events
to the events presented in this thesis would give further insight to the topic of
asymmetric currents causing non-conjugate aurora. We suggest to carefully select
conjugate events at similar general geomagnetic activity and seasons as the pre-
sented non-conjugate events, to minimize differences induced by effects from other
sources than the aurora. As the number of observed conjugate auroral events is
much larger, it is likely possible to find events with several ground magnetometer
station in conjugate regions of the two hemispheres.

Such an analysis and comparison could, depending on the result, strengthen or
weaken the hypothesis of asymmetric field aligned currents causing non-conjugate
aurora as well as give further indication to if the developed method is adequate for
the study of these.

8.3 Inclusion of additional data sets

The proposal of the field aligned currents in the presented events based on Super-
MAG data only is crude. It would be useful to use additional data to verify the
field aligned currents. Satellite data with passes over the area of the proposed cur-
rents would greatly improve the confidence of the proposed field aligned current
areas. One such satellite data set is the Defense Meteorological Satellite Program
(DMSP) data. The DMSP satellites are run by the United States Air Force Space
and Missile Systems Center part of Department of Defense program and National
Aeronautics and Space Administration (NASA). They follow a near-polar orbit at
an altitude of 830km. A Precipitating Electron and Ion Spectrometer on board the
satellites could provide information about particle fluxes and magnetic coordinates
of the area in which the particles are absorbed in the aurora oval [NOAA, 2015].
However, to use this data the satellite must pass over the auroral features we wish to
investigate. For the events presented in this thesis we were able to find one suitable
satellite pass through the non-conjugate auroral feature on July 5th 2001. The data
of the ion and electron precipitation from the DMSP F.13 should be investigates
further for this event. The probability of finding a well suited non-conjugate auroral
event, well positioned conjugate SuperMAG station pairs in both hemispheres and
DMSP data for the same time interval is low. However, not impossible as there
are four DMSP satellites and future analyses of asymmetric field aligned currents
related to non-conjugate aurora should investigate the availability of DMSP data.
For non-conjugate auroral events after January 2010, it is possible to use Active
Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE)
data derived from measurements done by the Iridium satellites. The magnetic field
measurements provided by AMPERE can be used to determine areas in which field
aligned currents flow [Kramer , 2002]. In combination with the method developed



8.3. INCLUSION OF ADDITIONAL DATA SETS 119

in this thesis, further insight on the small scale field aligned currents related to the
non-conjugate aurora could be gained from additional satellite data.
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Appendices
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A SuperMAG station information

In Table A.1 we list all SuperMAG stations used in this Thesis and their respective
geographic latitude and longitude, magnetic latitude and longitude, and both com-
ponents of the f1 and f2 vectors calculated (see Chapter 4.2.6). For SPA station
in the southern hemisphere we indicate the geographic latitude and longitude used
to calculate f1 and f2 in brackets. This is done to avoid a numerical error in the
calculations.
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B Supplementary plots

B.1 Supplementary plot for May 12th 2001

Figure B.1 is plot of the measured magnetic perturbation rotated by 90◦ clockwise
to indicate the equivalent current direction. All available SuperMAG stations above
40◦ magnetic latitude in the northern hemisphere are utilized. The plot is included
here to support our proposal of a two wedge current system on May 12th 2001 in ac-
cordance to the model suggested by Gjerloev and Hoffman [2014]. The key features
of the two wedge current model are: A poleward shift of the westward electrojet con-
necting the post- and premidnight components,a polar cap vortex on the poleward
edge of the westward electrojet with a center around 74◦ magnetic latitude, and dif-
fering magnitudes in the post- and premidnight sectors of the westward electrojet.
In Figure B.1 we plot the equivalent current direction instead of the magnetic per-
turbation (as in the rest of the Thesis) for easier identification of these key features.
Centered at approximately 21 MLT and 75◦, a swirl-shape is apparent, consistent
with the second key feature of Gjerloev and Hoffman [2014]. A poleward shift of the
westward electrojet is also visible in the region it is observed (from approximately
23 to 01 MLT). A difference in magnitude of the post- and premidnight westward
electrojet is not clearly identifiable. As two out of three key features are visible,
we propose the double current wedge current system as a possible solution to the
current system during the non-conjugate auroral event on May 12th 2001.
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Figure B.1: Magnetic perturbation rotated clockwise by 90 ◦ indicating the direction
of equivalent currents at all available SuperMAG stations in the northern hemisphere
on May 12th 2001.
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B.2 Supplementary plot for November 3rd 2002

Figure B.2 shows a plot of the magnetic perturbation at all available SuperMAG
station in the northern hemisphere on November 3rd 2002. We indicate the ground
magnetometer stations on the west Greenland coast by a pink dashed circle. In
Chapter 5.1.2.2 we postulate downward field aligned currents in the area eats of the
indicated stations around the same latitude region. The plot in Figure B.2 shows
that the ground magnetic perturbation field at the west Greenland coast stations is
consistent with these currents.

Figure B.2: Magnetic perturbation at all available SuperMAG stations in the north-
ern hemisphere on November 3rd 2002.
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C List of Abbreviations

AACGM Altitude Adjusted Corrected Geomagnetic Coordinates

ACE Advanced Composition Explorer

AE Kyoto Auroral Electojet index

AL Kyoto Wesward Electrojet index

AU Kyoto Eastward Electrojet index

AMPERE Active Magnetosphere and Planetary Electrodynamics Response
Experiment

Bx IMF x-component [nT]

By IMF y-component [nT]

Bz IMF z-component [nT]

DCW Double Current Wedge

DE1 Dynamic Explorer 1

DMSP Defense Meteorological Satellite Program

Dst Disturbed Storm Time index

DZA Satellite Zenith Angle

FAC Field Aligned Current

FOV Field Of View

FUV Far Ultraviolet

IAGA International Association of Geomagnetism and Aeronomy
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IGRF International Geomagnetic Reference Field

IMAGE Imager for Magnetopause to Auroral Global Exploration

IMF Interplanetary Magnetic Field

λtilt Tilt angle of dipole axis with respect to the rotational axis of
the Earth

LBH Lyman-Birge-Hopfield

MHD Magnetohydrodynamics

MLT Magnetic Local Time

NASA National Aeronautics and Space Administration

nT nano Tesla

OMNI NASA data product

QDC Quiet Day Curve

RE Earth radii (≈ 6731km)

RIP Radio Plasma Imager

SCW Substorm Current Wedge

SuperMAG Global Ground-Based Magnetometer Initiative

SW Solar Wind

SZA Solar Zenith Angle

TDI Time Delay Integration

UT Universal Time

UV Ultraviolet

VIS Visible Imaging System

WIC Wideband Imaging Camera
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